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Abstract

Influenza A virus (IAV) is one of the major causative agents of acute respiratory
infections in humans. Influenza disease causes up to 650,000 deaths every year with its burden
highest among high-risk populations. A major complication during IAV infections is the
increased susceptibility to bacterial secondary infections, however the impact on the
commensal bacterial community is still poorly understood. This is particularly important
during childhood, when AV infections are frequent and the microbiota community is still
developing. Vaccination is the best way to prevent influenza disease. The live attenuated
influenza vaccine (LAIV) provides good protection and induces mucosal responses important
in blocking transmission. However, due to safety concerns, key target populations that could
benefit from the advantages of this vaccine, are left out. The aim of this thesis was two-fold.
To optimize the current LAIV backbone and increase its safety profile and to explore the effects
of a childhood TAV infection on the development of the host microbiota and their impact in
adult life using a mouse model. To address the first aim, we performed targeted mutagenesis
on the backbone of the LAIV and rescued an optimized LAIV (optiLAIV) with a higher
attenuation degree. We characterized optiLAIV in two mouse models representing infants
under 2-years old and highly susceptible populations to viral infections. In neonatal mice, we
showed that optiLAIV is cleared faster from the upper respiratory tract (URT) while still
maintaining its protective ability against two challenge models. Additionally, we showed that
in adult mice lacking a key player of the interferon signaling response, optiLAIV presented
reduced replication in the lower respiratory tract (LRT) and caused no signs of morbidity
compared to a 50% mortality rate observed in animals vaccinated with LAIV. OptiLAIV
induced UPR-related genes in a human nasal epithelial tissue model suggesting this pathway
as a potential mechanism of attenuation. Our results present an optimized LAIV candidate that
could be explored as a safer alternative to the licensed LAIV in high-risk patient groups. To
address the second aim, we used a neonatal mouse model, in which we report that a single
subclinical IAV infection leads to a significant decrease in the bacterial abundance of the small
intestine in adulthood. This observation was accompanied by an enrichment of
Enterobacteriales and a reduction of Clostridiales. Furthermore, IAV-imprinted male animals
had an increased body weight and lower energy expenditure compared to mock imprinted
animals. Cohousing experiments abrogated the body weight differences observed while a high-
fat-high-sucrose diet enhanced the phenotype, suggesting a microbiota-dependent effect. Our
results show that an acute respiratory infection during childhood induces long-term dysbiosis

with possible consequences on host metabolic processes. Together, our findings highlight the
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importance of preventing IAV infections during childhood and propose an alternative strategy

to do so.



Résumé

Le virus de l'influenza A (IAV) est l'un des principaux agents responsables des
infections respiratoires aigué€s chez I'homme. La grippe cause jusqu'a 650 000 décés chaque
année, avec un taux de mortalité plus élevé chez les populations a haut risque. L’augmentation
de la susceptibilité aux surinfections bactériennes constitue I'une des principales complications
des infections au virus de la grippe. Cependant, son impact sur la communauté bactérienne
commensale est encore peu compris. Ceci est particulierement important pendant I'enfance,
lorsque les infections a IAV sont fréquentes mais la communauté microbienne est encore en
cours de développement. La vaccination reste le meilleur moyen de prévenir la maladie de la
grippe. Le vaccin vivant atténué contre la grippe (LAIV) offre une protection efficace et induit
des réponses muqueuses importantes pour bloquer la transmission. Cependant, en raison de
problémes de sécurité, des populations cibles clés, qui pourraient en bénéficier, sont laissées
de coté. Ce travail de theése avait deux objectifs différents concernant le virus de la grippe: (1)
d’une part, ’optimisation du LAIV actuel et ’amélioration de son profil de sécurité; et (2)
d’autre part, I’exploration, en utilisant un mode¢le de souris, des effets d'une infection infantile
par le IAV sur le développement du microbiote de I'hdte et de leur impact a 1'dge adulte.Pour
atteindre le premier objectif, nous avons préparé, par mutagénese dirigée a partir de I’actuel
LAIV, une version optimisée (optiLAIV) avec un degré d'atténuation plus élevé. Nous avons
caractérisé I'optiLAIV dans deux mod¢les de souris représentant des nourrissons de moins de
2 ans et des populations tres sensibles aux infections virales. Chez les souris néonatales, nous
avons montré que l'optiLAIV est éliminé plus rapidement des voies respiratoires supérieures
(VRS) tout en conservant sa capacité de protection contre deux modeles de provocation. De
plus, nous avons montré que chez les souris adultes dépourvues d'élément clé de la réponse de
signalisation de l'interféron, le virus optiLAIV présentait une réplication réduite dans les voies
respiratoires inférieures (VRI) et ne provoquait aucun signe de morbidité, contrairement aux
souris vaccinées avec le LAIV ou le taux de mortalité était de 50%. OptiLAIV a induit des
genes liés au stress du réticulum endoplasmique (la voie du UPR) dans un mode¢le de tissu
¢épithélial nasal humain, suggérant que cette voie constituerait un mécanisme potentiel
d'atténuation. Nos résultats suggerent un candidat vaccin LAIV optimisé qui pourrait étre
¢tudié comme une alternative plus slire au LAIV autorisé dans les groupes de patients a haut
risque. Concernant le deuxiéme objectif, nous avons utilis¢ un modéle de souris néonatale,
dans lequel nous rapportons qu'une seule infection subclinique par le IAV entraine une
diminution significative de 1'abondance bactérienne de l'intestin gréle a 1'dge adulte. Cette

observation s'accompagne d'un enrichissement des Enterobacteriales et d'une réduction des



Clostridiales. De plus, les animaux males ayant recu une empreinte IAV avaient un poids
corporel plus ¢élevé et une dépense énergétique plus faible que les animaux utilisés comme
contrdle. Les expériences de cohabitation ont aboli les différences de poids corporel observées,
tandis qu'un régime riche en graisses et en saccharose a renforcé le phénotype, ce qui suggere
un effet dépendant du microbiote. Nos résultats montrent qu'une infection respiratoire aigué
pendant I'enfance induit une dysbiose a long terme avec des conséquences possibles sur les
processus métaboliques de I'hdte. Ensemble, nos résultats soulignent l'importance de la
prévention des infections au virus de la grippe A pendant I'enfance et proposent une stratégie

alternative pour y parvenir.



Acknowledgements

Before anything, I would like to acknowledge and thank my PhD supervisor Prof.
Mirco Schmolke. Almost four years of engaging scientific discussions, support, guidance, and
a lot of patience. Thank you for teaching me how to think and ask questions with a clear goal

and always providing the means to achieve any crazy ideas I had.

I would like to thank my thesis committee: Prof. Simone Becattini, Prof. Arnaud
Didierlaurent, and Prof. Ronald Dijkman for accepting to read and comment this work. Our
scientific exchanges have been very enlightening so far and I am sure that future discussions

will be extremely fruitful and widen my knowledge beyond the focus of this project.

I would like to thank all my scientific collaborators and the exceptional people that
taught me how to perform the experiments that fell outside of my comfort zone. Laure, Paola

and Ingrid, your contributions were key to finish this project.

I want to express my utmost gratitude to a special person that followed my journey
from the beginning: Filomena Silva. Minha protetora, meu anjo, e salvadora! I can think of a
million reasons to thank you including your support, your good will, your invaluable expertise,
but nothing was more important than your emotional and personal support. Thank you! Thank
you! Thank you! You made this step of my career possible and I will take with me everything

I learned from you.

I would like to thank the present and past lab members: Dr. Beryl Mazel-Sanchez, Dr.
Ines Boal-Carvalho, Dr. Soner Yildiz, Nathalia Williams, Alicia Besomi, Chengyue Niu and

Marion Lagune for their help and companionship.

I wish to express my gratitude for all the staff and members of the microbiology
department. Dylan for always being helpful and efficient in solving any kind of problems.

Genevieve for her good humor and always lifting my spirit with funny French words and jokes.

Also, I thank my friends in the PhD school and outside of the University. Inés Filipe,
Callum, Albert and Josh, Safa and Rouaa, Nathalia, thank you for always providing me with



an escape from work, encouraging my love for boardgames and never saying no to a drink after

negative results! This thesis would not be possible without your support

I would like to thank my parents, my sisters and my grandparents, for always answering
my facetime calls, for supporting me emotionally throughout my thesis even at a distance, and

for helping to shape the person I am today. This would not be possible without you!

And lastly, but most importantly, I would like to thank my partner Chris Baker for his
unconditional support, love and care. Thank you for understanding my crazy meltdowns,

encouraging my career ambitions, and always believing in me!



Table of Contents

1. Introduction
1.1. Chapter 1: Influenza A Virus
1.1.1. Influenza A Virus Classification
1.1.2. Influenza A Virus Tropism
1.1.3. Influenza A Virus Structure and Morphology
1.14. Influenza A Virus Replication Cycle

1.1.5. Influenza A Virus Glycoproteins
1.1.5.1. Hemagglutinin
1.1.5.2. Neuraminidase

1.1.6. Influenza A Virus Nonstructural Proteins
1.1.6.1. NS1

1.1.7. Influenza A Virus in the Human Population
1.1.8. Influenza A Pandemics History

1.1.9. The Influenza Disease
1.1.9.1. High-risk patient groups
1.1.9.1.1. Children under 5 years old
1.1.9.1.2. Individuals with chronic medical conditions
1.1.9.1.3. The elderly
1.1.9.1.4. Pregnant Women:

1.1.10.  Host responses to Influenza Virus
1.1.10.1.  Innate immune responses
1.1.10.2.  Innate immune cells
1.1.10.2.1.  Neutrophils
1.1.10.2.2. Natural Killer Cells
1.1.10.2.3. Macrophages and Dendritic Cells
1.1.10.3.  Adaptive Immune responses

1.1.11.  Influenza Virus Vaccine Targets
1.1.11.1.  Surface proteins as vaccine targets
1.1.11.2.  Internal proteins as vaccine targets

1.1.12. Influenza Prevention
1.1.12.1.  Influenza Vaccines
1.1.12.1.1. Production models
1.1.12.1.2. Inactivated vaccines (IIV)
1.1.12.1.3. Recombinant vaccines
1.1.12.1.4. Live attenuated influenza vaccines (LAIV)
1.1.12.2.  Universal Influenza Vaccine
1.1.12.3.  Influenza vaccines in high-risk groups
1.2. Chapter 2: The human microbiota
1.2.1. General introduction
1.2.2. Microbiome nomenclature

1.2.3. Characterization of the Human Microbiome
1.2.3.1. Compositional Characterization
1.2.3.2. Functional Characterization
1.2.3.3. Anatomic Location
1.2.3.3.1. The gut microbiota
1.2.3.3.2. The respiratory tract microbiota
1.2.3.4. Animal models in the characterization of the Human microbiome
1.2.3.5. Human microbiome in health and disease
1.2.3.5.1. Colonization Resistance

11
11
11
12
13
14

16
16
17

18
18

19
20

22
23
23
24
24
25

26
26
27
27
27
27
29

30
31
32

32
33
33
33
34
34
36
36

37
37
38

38
39
39
40
40
41
42
43
43



1.2.3.5.2. Secondary Metabolites
1.2.3.5.3. Imprinting and Immunoregulation
1.2.3.6. Influenza infections and dysbiosis
2. Aims
2.1. Aim 1
2.2. Aim 2
3. Results

45
45
46

48
48
49

50

3.1. Optimizing the live attenuated influenza A vaccine (LAIV) backbone for high-risk

patient groups

3.1.1.  Published Results
3.1.2.  Complementary Unpublished Results

3.1.2.1.
U
3.1.2.2.
U
U

Results

Humoral response to LAIV and optiLAIV
Materials and Methods

ELISA

Microneutralization assay

3.2 A single respiratory tract infection early in life reroutes healthy microbiome
development and affects adult metabolism in a preclinical animal model

3.2.1.  Published Results

3.2.2. Complementary Unpublished Results

3.2.2.1.
U
U
U
3.2.2.2.
U

[y |

3.3.  Visualization of respiratory commensal bacteria in context of their natural host

environment

Results

IAV causes long term dysbiosis in GPR41/43 knockout mice

IAV imprinting does not affect humoral responses after vaccination
[AV imprinting causes long-term dysbiosis in lung microbiota
Materials and Methods

Animals

RT-gPCR

Immunization and antibody response

ELISA assay

3.3.1. Published Results

4. Discussion

50
50
78
78
78
78
78
79

80
80
95
95
95
98
98
100
100
100
101
101

102
102

111

4.1. Optimizing the live attenuated influenza A vaccine (LAIV) backbone for high-risk

patient groups

4.2 A single respiratory tract infection early in life reroutes healthy microbiome
development and affects adult metabolism in a preclinical animal model

4.3. General Discussion

. List of Abbreviations

. List of Figures and Tables

5
6
7. References
8

. Appendix - Contributions to Other Publications

111

115
118
120
124
125
162

8.1.  Respiratory tissue-associated commensal bacteria offer therapeutic potential against
pneumococcal colonization

8.2 Influenza A viruses balance ER stress with host protein synthesis shutoff

162
195

10



1. Introduction

1.1.Chapter 1: Influenza A Virus

Viral pathogens with a pandemic potential rank among the top threats to global health.
While SARS-CoV-2 is the most recent example, influenza viruses stand as one of the oldest
and best described pathogens with a history of at least five human pandemics and a devastating
burden on human lives®. Influenza viruses are zoonotic viruses from the Orthomyxoviridae
family divided into four types, i.e. A, B, C and D. Influenza A virus (IAV) has a natural
reservoir in wild waterfowl and infects multiple animal species including swine, bats, domestic
poultry, horses, birds, and humans. Influenza B virus (IBV) and influenza C virus (ICV) are
restricted to human circulation with a few reported cases in pigs, dogs, and seals. Influenza D
virus (IDV) mainly circulates in cattle. Regarding human disease, only types A, B and C cause
acute infections presenting mild to severe respiratory symptoms, with types A and B
accounting for more than 90% of reported cases?. Of these two, AV is of utmost medical
importance, being responsible for up to 75% influenza infections in humans and the causative
agent of devastating influenza pandemics . For these reasons, the focus of this thesis will be

on influenza A virus.

1.1.1. Influenza A Virus Classification

Influenza A viruses are classified according to the antigenicity and phylogenetic
diversity of their surface glycoproteins hemagglutinin (HA) and neuraminidase (NA). HA
antigenicity is based on antibody recognition determined by a double immunoprecipitation
assay. According to a World Health Organization (WHO) memorandum, a consensus in the
antigen classification was established based on the diffusion of antibody-antigen complexes .
Upon mixture of different HA (or NA) with rabbit hyperimmune sera, these complexes will
present characteristic diffusion patterns which classify the glycoprotein into distinct subtypes’™
%, So far, 18 HA (H1-H18) subtypes and 11 NA subtypes (N1-N11) have been described.
Moreover, to account for minor variations within the same IAV subtype, a hemagglutination
inhibition (HI) assay further classifies HA-like subtypes. The HI assay measures the titration
of serum from an infected animal required to bind viral HA and prevent red blood cell
hemagglutination. Based on the Center for Disease Control and Prevention (CDC) guidelines,
a difference smaller than a 4-fold dilution in HI titers defines two HAs from the same subtype
as “like” each other!®. HA phylogenetic diversity is based on gene sequence similarities and

separates [AVs into two main groups. Group 1 comprises H1, H2, H5, H6, H8, H9, H11, H12,
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H13, H17 and H18 and group 2 comprises H3, H4, H7, H10, H14 and H15"!, which can be
further attributed to different clades and subclades!>!?.

Both categorizations are helpful to define the evolution of influenza viruses and the
ecology of outbreaks. This allows a better design of effective public health countermeasures
such as the establishment of surveillance networks, targeted vaccination campaigns, and
zoonotic control programs. In fact, several subtypes have been found to circulate in multiple
animal species (Table 1), a phenomenon known to drive the emergence of antigenically unique

strains with pandemic propensity!4.

H1, H2, H3 ’h’]‘ N1, N2 'ﬁ‘ﬂ\ (3 »
H4 N3, N4, N5 ('S
H5 it NeNo it [S
HoH7 T4 | N10,N11 ['S o )
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Table 1: Hemagglutinin and neuraminidase subtypes and the species in which they have
been detected. Adapted from the Center for Disease Control and Prevention®
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1.1.2. Influenza A Virus Tropism

In addition to its role in IAV classification, HA is also an important player in
determining viral tropism!¢. Viral tropism indicates the ability of an AV strain to productively
infect a particular cell, tissue or host species and represents a key element in the dynamics of
IAV transmission. One critical factor defining viral tropism is the specificity of the receptor
binding protein of IAV to its host receptor. Although no single protein has been described as
the main receptor for influenza viruses, the ability of HA to bind sialic acids is a central dogma
of AV biology. Sialic acids are small sugars present at the outmost end of long carbohydrate
chains that decorate proteins and lipids!’. Sialic acids are linked to the subterminal galactose
residue of glycans in two main configurations, alpha 2,3 or alpha 2,6'%, which govern HAs
preference to the host cell. For example, the human upper respiratory tract (URT) is
predominantly decorated with an alpha-2,6-linked sialic acids and human [AV strains express
HA subtypes that bind this configuration'®. On the other hand, avian respiratory and intestinal

epithelial cells are predominantly decorated with alpha-2,3-linked sialic acids, explaining why
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most avian AV strains express HAs that preferentially bind alpha-2,3-linked sialic acids and
cause a gastro-intestinal disease in birds?°. Curiously, pigs contain both sialyation patterns and
are susceptible to co-infections with swine, avian and human IAVs 222, Thus, pigs have been
proposed as an optimal mixing vessel for the generation of pandemic strains, although the
evidence for this is only circumstantial>**?6, Another aspect governing TAV tropism is
temperature?’. By infecting a multitude of hosts, TAVs adapt their optimal replication
temperature accordingly. In birds and bats, core body temperatures reach 41°C, while in
humans and pigs they vary between 33°C in the upper airways, to 37°C in the lower airways>®
30, The repercussions of temperature and receptor specific adaptations as drivers of viral
tropism are observed during spillover events. Avian IAVs causing severe disease in humans
were shown to replicate best in the lower respiratory tract (LRT) of humans, where there is a
higher density of alpha 2-3-linked sialic acids and temperatures are closer to the avian intestinal
tract. Alongside sialic acid preference and temperature, other factors driving viral tropism have
been reported, such as glycan topology, sialic acid density, other non-described receptors and

species-specific restriction factors3!-3.

1.1.3. Influenza A Virus Structure and Morphology

Influenza A virus is a negative, single stranded, segmented enveloped RNA virus.
Infectious viral particles span from 80-120 nM in diameter and their spatial organization ranges
from spherical to filamentous shapes, with the latter reaching up to 20 uM in length*-*, Each
particle contains 8 different RNA segments encoding for at least 15 proteins from which 8 are

essential for the structural composition of IAV particles (Figure 1).

HA VRNP

Influenza A virus

Accessory Proteins
e PB1-F2
* PA-X
o N40
o M42
* NS1
* NEP

Figure 1: Structure and morphology of 1AV genome. Adapted from Journal of Infectious
Diseases 2021%.
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The nucleoprotein (NP) forms long multimers with each RNA segment wrapped around
them in a coiled conformation. The 3’ and 5’ ends fold back and protrude from the same side
to form a double-strand structure which is bound by the influenza viral polymerase (FluPol).
FluPol, an RNA-dependent RNA polymerase, is composed of three subunits: polymerase basic
protein 1 (PB1), polymerase basic protein 2 (PB2) and acidic polymerase (PA). Altogether,
these four viral proteins associate to a single genomic RNA segment of IAV and constitute the
viral ribonucleoprotein (VRNP)*®, Each vRNP is anchored to the viral envelope through
interactions with a fifth structural protein, the matrix protein 1 (M1). On the surface of each
IAV particle, HA, NA and the matrix protein 2 (M2) represent the last three structural proteins
of influenza particles. The glycoproteins HA and NA govern viral entry and release from the
host cell’”*8 while the less abundant M2 protein is an ion channel involved in fusion with the
host cell. Non-structural proteins encoded by IAV act during viral replication and focus on
avoiding the host response or promoting viral replication. The most well characterized example
is the non-structural protein 1 (NS1). Other examples — PB1-F2, PA-X, N40, M42, NEP -
derive from alternative splicing or open reading frames and are expressed in a strain dependent

manncr.

1.1.4. Influenza A Virus Replication Cycle

The replication cycle of IAV starts with the viral attachment to its host cell (Figure 2).
This interaction starts with receptor-binding HA binding to sialic acids present in the cell
surface. After endocytosis, endosomal acidification and the presence of the ion channel M2
enable the influx of H+ protons into the viral particle. The lower pH provokes an extensive
conformational rearrangement in HA exposing the fusion peptide (FP). Each individual FP is
inserted in the endosomal membrane bringing the viral envelope to close proximity.
Subsequently, both membranes fuse and expel the vVRNPs into the cytoplasm of the infected
cell. Nuclear localization signals present in the NP allow translocation of vVRNPs into the
nucleus where FluPol initiates mRNA transcription and vRNA replication. During
transcription, two interesting strategies adopted by FluPol allow viral transcripts to exploit the
translational machinery of the host cell without being detected. First, FluPol sequesters 5’-caps
from nascent host RNAs and uses them as the starting template for viral messenger RNA
(mRNA) generation, a phenomenon known as cap-snatching®®. Second, a repetition of uracil
nucleotides at the 3° end of each vVRNA leads to a transcription stutter generating long poly-A
tails*. Capped and polyadenylated viral mRNAs are then indistinguishable from host mRNAs
and exported into the cytoplasm where translation will start. In parallel, accumulation of viral

NP is believed to switch polymerase function from transcription to replication and intermediate
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positive strands of the VRNA segments are generated by FluPol, which serve as template for

the production of new vVRNAs.

. (1) Attachment
P

% %e
Sialic Acid ‘{\ gfﬁ

Budding
and release
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“h ER ® | : :
&Y % . post tr?nslatlonal
=4 S difications
ot = p o) MO

VRNPs /> Replication —» vRNI5=3 \p x.;‘;;}
& @ Protein 5' .§

U, synthesis
ﬂ > Transcription%§
Nucleus n

Figure 2: Influenza A virus replication cycle. (1) Virus attachment to sialic acid receptors
via HA; (2) fusion of virus particle with the endosome and uncoating; (3) vVRNPs entry into the
nucleus followed by transcription of mRNA and replication of the viral RNA genome; (4) viral
protein translation in cytoplasmic ribosomes and ER-associated ribosomes; (5) import of NP,
M1 and FluPol into the nucleus and assembly with newly synthetized genomic RNA into
VRNPs and export to the cell surface; (6) trafficking of HA, NA and M2 through endoplasmic
reticulum (ER) and Golgi apparatus where post-translational modifications take place; (7)
assembly of viral components; (8) budding at the host cell membrane and release of new viral
particles from the host cell. Adapted from vaccines 2021*

Viral protein synthesis is exclusively dependent on the host cell machinery and occurs
either in ER-associated ribosomes (for viral envelope proteins) or in cytosolic ribosomes (for
the remaining proteins). Upon translation, viral envelope proteins HA and NA are translocated

into the ER lumen and the Golgi apparatus where folding and glycosylation take place,
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respectively. Fully mature HA trimers and NA tetramers are trafficked in vesicles to the cell
membrane where they accumulate in cholesterol-rich lipid rafts. On the other hand, structural
viral proteins from cytosolic ribosomes re-enter the nucleus via a nuclear import sequence or
co-shuttling with host proteins and form new vRNPs with the recently copied genomes. With
the help of NEP and M1, fully assembled vRNPs are then exported to the plasma membrane
interface where they localize in close proximity to viral glycoproteins®®4>#, Ultimately, an
infectious IAV particle assembles the eight different vVRNPs and buds out from the host cell
through a M1-dependent process**. As a final step, viral release from infected cells occurs upon

sialic acid cleavage by NA present in the membrane of newly formed virions.
1.1.5. Influenza A Virus Glycoproteins

A successful IAV replication cycle is orchestrated by a balance between the binding
strength of HA and the enzymatic activity of NA. These two glycoproteins are essential for the
structure and infectivity of IAV and represent the main targets of host immune responses. In
the next paragraphs I will introduce the structural and functional characteristics of HA and NA.

1.1.5.1. Hemagglutinin

Hemagglutinin is distributed along the viral envelop as trimeric spikes and represents
~80% of viral surface proteins*®#. During viral replication, HA is expressed as a single
polypeptide (HAO) and a cleavage event by host proteases is necessary to achieve its final
active conformation as HA1 and HA2 linked by a disulfide bond (Figure 3A). The cleavage
site of HA is an important dictator of viral pathogenicity by modulating the sensitivity of HA
to different proteases. For example, human AV strains usually encode HAs with a monobasic
cleavage site susceptible to extracellular or membrane bound serine-proteases restrictively
expressed in the respiratory tract. In turn, highly pathogenic avian influenza (HPAI) viruses
encode a multibasic cleavage site susceptible to ubiquitously expressed proteases,
corroborating the high dissemination and pathogenicity associated with these viruses when
they infect humans*®. HA cleavage is part of the post-translational modifications during trans-
Golgi transit but can also be achieved after viral release by extracellular proteases*’#%. After
proper folding and glycosylation, HA monomers associate into trimer spikes which are
trafficked in Golgi-generated vesicles to the cell membrane. Structurally, HA is divided in a
globular head domain and a stalk domain. The head domain (shaped by the central portion of
the HA1 polypeptide) contains the receptor-binding site and therefore directly impacts host
tropism*. HA head domain constitutes the antigenically immunodominant region of HA and
is the primary target of antibodies. As a result of such high selective pressure, most of the

variability between each HA subtype is located in the globular head domain®®. The stalk
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domain (shaped mostly by the HA2 polypeptide) bridges the globular head domain and the
transmembrane region of HA. Because of its spatial conformation, this region is shielded from
the immune system rendering it antigenically immunosubdominant®'~>3, It is therefore, the
most conserved region amongst different HAs and the target of broadly neutralizing antibodies.

In humans, this is evidenced by the ability of patient serum containing anti-stem antibodies to

neutralize IAVs from different antigenic groups>*>%.
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Figure 3: Linear and 3D structure of influenza HA and NA. (A) upper panel Schematic
representation of IAV HA linear structure. The fusion peptide (FP) is flanked by the HA1 and HA2
polypeptides. The globular head domain is represented in red, stalk domain in blue and transmembrane
(TM) in yellow. Lower panel Schematic representation of immunodominant antigenic sites and the
conserved amino acids along HA monomeric structure. Sa and Sb sites are the main target of strain-
specific antibodies, while Cal, Ca2 and Cb are the main target of cross-reactive antibodies. Adapted
from JCI 2018°°. (B) upper panel Schematic representation of IAV NA linear structure. The head
domain is represented in red, stalk domain in blue and transmembrane (TM) in yellow. Lower panel
Schematic representation of the 3D structure of N1 and the sequence conservation among N1 subtypes.
White and black arrow represent the target of anti-NA inhibiting antibodies and anti-NA non-inhibiting
antibodies, respectively. Adapted from Frontiers 2021°’

1.1.5.2. Neuraminidase

Neuraminidase is a sialidase which removes sialic acid from glycoconjugates in host
cell proteins. It is the second most abundant influenza surface glycoprotein (~17%) and
decorates the viral envelope as tetramer spikes. Like HA, NA is divided in a stalk domain and
a globular head domain docking the enzymatic activity of the protein (Figure 3B). By cleaving
sialic acids, NA exerts three main functions in IAV transmission and infectivity>®>°. The first
is during the passage through the respiratory tract, where NA strips sialic acid from mucous
proteins and thus, prevents entrapment of viral particles within the mucous layer of respiratory
tract. The second is during the lateral rolling of the virus particle on the host cell surface after
attachment, where sialic acid cleavage by NA increases virus motility and internalization®.
The third is during viral release from the host cell membrane, where it strips sialic acid at

regions from which new viral particles bud out, preventing reattachment to the recently infected
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cell. Additionally, NA also cleaves sialic acids from the viral glycoproteins preventing
unproductive virus-virus interactions and facilitating viral segregation and spread®'. Being
exposed on the viral envelope surface, NA is accessible to the immune system and is also a
target of antibodies. Indeed, NA-binding antibodies are detected in naturally infected patients

and can protect against both N2 and N1 subtypes during a lethal challenge in animal models®?.

1.1.6. Influenza A Virus Nonstructural Proteins

As an obligatory intracellular pathogen, influenza virus replication is heavily dependent
on the host cell machinery. While the structural proteins of influenza virus are essential for
proper viral assembly and replication, several accessory viral proteins have evolved to
counteract host signaling pathways and facilitate viral replication. For the purpose of my thesis,

I will solely focus on NS1.

1.1.6.1. NSI

NS1 is encoded by the smallest VRNA segment and represents the best described
virulence factor of IAV. NS1 has an RNA-binding domain (RBD) and an effector domain (ED)
separated by a linker sequence. Upon expression, NS1 dimerizes and acts both in the cytosol
and the nucleus. NS1 best-described function is to counteract the antiviral response. In the
cytosol, the RBD domain binds to RNA sensor retinoic acid-inducible gene I (RIG-I) which
recognizes double stranded RNAs (dsRNA). The amino acid residues at position 38 and 41
mediate this interaction which impairs interferon expression®. Furthermore, the same motif
also binds tripartite motif containing 25 (TRIM25) and inhibits downstream regulatory
checkpoints of the RIG-1 pathway®*. Besides modulating the antiviral response, NS1 is also
capable of inhibiting inflammatory responses by blocking nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB) signaling®, sustaining cell survival by binding
phosphatidylinositol-3-kinase (PI3K) and promoting viral replication®®. The RNA-binding
protein kinase (PKR), another cellular protein recognizing viral byproducts and triggering
antiviral effector mechanisms, is also inhibited by direct binding with NS1¢7, highlighting the
breadth of NS1 effector mechanisms®. An important feature of NS1 is the tight regulation
happening at the post-translational level during its expression. NS1 can be phosphorylated,
acetylated, ISGylated and SUMOylated®. These processes are mediated by the host cell
machinery and modulate NS1 functions. For example, phosphorylation at the threonine residue
49 reduced binding to RIG-1 and TRIM25 complex™.

NSI1 also interferes with cellular transcription. This is mainly achieved in the nucleus,
where NS1 ED binds to a protein complex involved in the processing of host transcripts. NS1

binding to the cleavage and polyadenylation specificity factor 30 (CPSF30) blocks the cleavage
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and polyadenylation of cellular mRNAs and induces a host transcription shutoff defined by a
drastic reduction of antiviral genes expression’!’2. Since it is FluPol that mediates the
polyadenylation of viral transcripts, inhibition of CPSF30 outlines a precise mechanism to
interfere with the infected cell machinery without affecting viral replication. Generally, NS1
effector strategies converge into promoting viral replication by limiting the antiviral response
and delaying the onset of an immune response capable of clearing the virus. Consequently,
IAV strains with NS1 deletions are attenuated in vivo’. Furthermore, knocking out central
players of the antiviral response, i.e. signal transducer and activator of transcription 1 (STAT-
1) and interferon receptors (IFNRs), in mice, reverts the attenuated phenotype of NS1-deleted
viruses’*. These observations indicate the interferon signaling as a main target of NS1 mediated
strategies to counteract the host response. Interestingly, a recent report showed that NS1 is
capable of modulating another signaling pathway called the unfolded protein response (UPR),
independently of the canonical interferon response. This mechanism was dependent on the
ability of NS1 to bind CPSF30, which reduced the expression of key mRNAs involved during
UPR. Furthermore, mice infected with IAV NSI mutants with gradual CPSF30-binding
phenotypes presented increased body weight loss and higher viral loads in their respiratory
tract’>. The ability to limit the UPR in addition to the IFN response represents a complementary

strategy of [AV to control host signaling pathways in favor of viral replication.

1.1.7. Influenza A Virus in the Human Population

The broad antigenic diversity together with a wide host-species range and the
abundance of strategies to evade host defenses makes IAV a constant threat to humans. Records
of influenza-like illness in humans date back to 412 BC, suggesting a long history of AV in
the human population. Over the years, IAV has established itself as an endemic pathogen in
humans causing seasonal outbreaks every year. The evolutionary success of influenza viruses
can be mainly attributed to two particular features. One comes from the RNA nature of IAVs,
which encode a polymerase with a high error rate. An accumulation of point mutations,
particularly in the receptor-binding interface of HA, results in the emergence of new variants
capable of avoiding antibody recognition, changing host tropism and efficiently spreading
throughout the population. The best example are the HA mutations E190D/G225E observed in
the pandemic strain of 1918 which conferred specificity to a-2,6 linked sialic acids and
increased transmissibility in a ferret model, possibly contributing to its emergence in
humans’®’7, Known as antigenic drift, this phenomenon is the reason why influenza outbreaks
happen every year. The second feature stems from the segmented nature of IAVs, which

enables gene reassortment. Under the circumstance of co-infections, i.e. in permissive animal
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reservoirs, IAV strains of different origins can interchange whole segments and produce
variants with distinctive antigenic and replicative properties’®. Also known as antigenic shift,
when this process happens between zoonotic and human [AVs, it can generate highly infectious

strains with enhanced transmissibility causing worldwide pandemics.

1.1.8. Influenza A Pandemics History

So far, IAV has been responsible for at least five pandemics, namely the Spanish Flu
(1918), Asian Flu (1957), Hong Kong Flu (1968), Russian Flu (1977) and the Swine Flu (2009)
(Figure 4).

History of Influenza A Pandemics
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Figure 4: Influenza pandemics timeline. Adapted from Francis et al 2019

The Spanish Flu had the worst unfolding, with death tolls reaching up to 50 million and
affecting healthy young population groups. The reason behind this is still not well understood®®,
although the absence of available vaccines and antibiotic treatments during this period are
likely main contributors to the aggravated outcomes®!. Indeed, the majority of deaths were due
to secondary bacterial infections®?. The strain responsible for this pandemic was an avian HIN1
influenza A virus that accumulated enough adaptations conferring high infectivity in humans.
It is still debated if the 1918 IAV strain acquired its adaptations in a mammalian host preceding
the pandemic outbreak or if it jumped directly from an avian host into humans®*®4,
Nevertheless, after emerging in the human population, it established itself as the dominant
seasonal circulating strain causing outbreaks every year®®. Almost forty years later, a
reassortment with a H2N2 avian virus caused the Asian Flu in 1957. This virus replaced HIN1
strains and circulated for about 11 years until it reassorted again with another avian virus, this
time a H3N2 subtype, causing the Hong Kong Flu pandemic in 1968. Although less severe

than the Spanish Flu, the mortality rates during these pandemics were still high, with two

million deaths reported during the Asian Flu and one million deaths during the Hong Kong
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Flu”. Curiously, a HIN1 subtype re-emerged in the human population around 1977 and caused
a pandemic in Russia. This strain showed high genetic identity with the HIN1 subtype dated
from the pre-Asian Flu era. It is still debated whether its re-emergence after 20 years occurred
naturally or through human misconduct®. Since then, HIN1 and H3N2 subtypes have started
co-circulating in the human population and account for over 90% of seasonal IAV outbreaks.
In 2009, a novel pandemic IAV strain emerged. It was the result of a reassortment between a
swine AV and a triple reassorted swine IAV containing gene segments from swine, human
and avian viruses®”%°. This HIN1 pandemic strain caused the Swine Flu of 2009 and replaced
circulating human HIN1 subtypes at the time. The death toll of the 2009 Swine Flu was lower
compared to other pandemics with total number of deaths ranging between 155’700 and
575°400. Despite the inherent advances in medicine throughout the years with better access to
healthcare and wide-spread vaccination programs, the 2009 pandemic had an unprecedented
burden in younger populations®. This is partially explained by the presence of pre-existing
cross-reactive antibodies in older adults against pre-1957 HIN1 strains, which are antigenically
similar to the 2009 pandemic HIN1°1-%3, Seasonal influenza A virus HIN1 strains circulating
up until this day are derived from the 2009 pandemic HIN1 strain and cause millions of severe
flu cases every year®*,

Given the history of recurrent IAV pandemics and their devastating impact on global
health, it is essential to monitor the evolution of animal-origin influenza strains. Thus, in 1952,
the WHO created the global influenza surveillance and response system (GISRS), a systematic
network responsible for monitoring and characterizing zoonotic IAVs. Notably, the GISRS
detected two avian subtypes as high-level threats for causing the next pandemic. Responsible
for small and contained outbreaks, avian HSN1 viruses cause infections mainly in humans
directly working in poultry farms and present more than 50% mortality rates®. Likewise, a
H7NO9 avian strain in China has caused 1’568 human infections since 2013 with a case-fatality
rate of 39%°°. Although limited human-to-human transmission has been reported, these HPAI
viruses could have catastrophic consequences if they acquire human-to-human
transmissibility?’. Moreover, the measures in place to contain avian outbreaks, particularly in
poultry farms, involve the culling of an astonishing number of domestic birds with severe
economic and environmental consequences. From October 2021 to May 2022, for instance,

more than 77 million birds worldwide have been culled to curb the spread of an H5N1 virus®®-

100
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1.1.9. The Influenza Disease

Influenza virus is the main causative agent of acute respiratory infections in humans
commonly referred to as “the flu”. The WHO estimates that 1 billion cases, 3-5 million severe
cases and over 500°000 deaths occur due to influenza virus infections every year’. Influenza
is an airborne virus that thrives on rapid and efficient transmission between each host.
Transmission occurs via fomites, aerosols, and droplet nuclei, which carry infectious particles
upon coughing and sneezing. The physical properties and size of air droplets allow the transport
of viable viral particles throughout relatively long distances and even maintain them suspended

in the air for hours!0:102

, reflecting the highly transmissible profile of influenza viruses.
According to human challenge studies, transmission is higher during symptomatic disease and
correlates with viral shedding, which peaks at an average of 4.8 days post infection. However,
several reports also point to active shedding during incubation periods, which contributes to
undetected viral spread!'®. Flu has an incubation period of two days after which symptoms may
appear. Based on paired seroconversion data, it is known that, in healthy adults, ~75% of
influenza virus infections are asymptomatic or present mild symptoms!'®. Common mild
symptoms include dry cough, headaches, fever and myalgia, and resolve within 10 days. Severe
disease is infrequent and characterized by acute respiratory distress syndrome, otitis,
pneumonia, and sinusitis. In addition, secondary bacterial and viral co-infections can
exacerbate influenza pathology leading to multiorgan failure, sepsis, and death!%, In animal
models, influenza pathogenesis is characterized by disseminated replication in the LRT and an
exacerbated inflammatory response associated with tissue damage. Ultimately, acute infection
interferes with primary physiological functions of the lung by inducing loss of alveolar
structure, airways obstruction and degradation of the lung epithelial layer, leading to
respiratory failure and death!96:197,

The precise mechanisms driving disease severity are still poorly understood, however
a mixture of host and viral characteristics seem to be involved'®®. From the virus side,
expression of virulence factors, replication fitness and host-adaption mutations have all been
described to enhance pathology in animal models and in humans'®!''?, For example, a single
mutation in the virulence factor PB1-F2 of the HSN1 HPALI strain was attributed to its severe

phenotype in mice'!!

. In line with this observation, HPAI preference to replicate in the LRT
together with a stronger host response led to high mortality rates among healthy young
adults''>"'!4 Moreover, lungs of avian H5N1 infected patients present elevated levels of pro-
inflammatory cytokines (known as ‘“cytokine storm”) followed by development of severe

pneumonia, arguing in favor of intrinsic characteristics of the virus being able to dictate disease
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severity and pathogenicity!'>!'®, From the host side, a range of individual characteristics has
been associated with disease severity!!”. Some examples include: vaccination status, pre-
existing immunity, genetics, sex, ethnicity, pregnancy, age, and underlying medical
conditions!!8,

Pregnancy, age and underlying medical conditions denote three relevant clinical risk
factors for flu severity since they define key populations severely affected by influenza

complications!!®

. Understanding how flu affects these populations is helpful to design targeted
preventive measures and mitigate the socio-economic impact of the higher hospitalization and
mortality rates observed. For example, when vaccination campaigns prioritized care homes,
pre-schools and solid organ transplant recipients, flu incidence, all-cause pneumonia and
mortality risks were reduced!?*-!24, According to CDC, high-risk patient groups can be divided
into four main categories: children under 5 years old, individuals with chronic medical

conditions, pregnant women and adults over 65 years 0ld'?>1?°, In the following sections, I will

summarize the risks and burden associated with flu in these patient groups.
1.1.9.1. High-risk patient groups
1.1.9.1.1. Children under 5 years old

The impact of flu in children is highlighted by a recent systematic review estimating
the burden of flu across the world. It was estimated that 109.5 million influenza virus episodes
occurred in children under 5 years old with 870 000 hospital admissions and 34 800 deaths in
2018 alone!?’. Compared to older children, children under 5 are more likely to be hospitalized
and develop complications after flu infection'?813%, A recent study performed in Norway
further confirmed this observation after evaluating hospitalization rates among 1000 children
with laboratory confirmed influenza in the period of 2017-2019. Their findings report a decline
in hospitalization rates as the age of the patients increased!*!. Moreover, when stratified by age,
influenza burden is even higher in children under 1 year old. In this demographic, higher
mortality rates are more frequent among hospitalized children with severe illness!*2. Amid the
factors contributing to this higher susceptibility, the lack of previous exposure to influenza
virus and the immature state of their immune system are thought to play a major role!33!34,
Besides higher hospitalizations and flu-related complications, young children also have longer
and intensified shedding of influenza virus!*>!36, In combination with an environment of close
contact with peers, e.g. in pre-schools and childcare centers, children represent an important
target-population for flu outbreak control'®”. In fact, preschools have been pointed out as an
important element in the chain of transmission during flu outbreaks in different countries!'3%

141 Notably, young children are also the most likely index case in household transmissions!4?.
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Altogether, these observations have led WHO, CDC and the European CDC to include this age
group as a high-risk population galvanizing the development of new strategies to prevent and

mitigate the burden of influenza disease in this demographic.

1.1.9.1.2. Individuals with chronic medical conditions
Several underlying medical conditions are associated with higher rates of severe
complications from influenza infections. A systematic review evaluated different chronic
conditions affecting the risk of hospitalizations, intensive care unit (ICU) admission and all-
cause mortality in patients with laboratory-confirmed influenza or influenza-like illness.
Obesity, chronic lung disease, asthma, diabetes, neuromuscular disease, cardiovascular
disease, metabolic disorders, and liver disease were all accounted for as risk factors for higher

rates of at least one of the assessed outcomes!'!®143

. In addition, patients receiving
immunosuppressive treatment or with impaired immune functions are also more susceptible to
flu complications. The immunosuppressed status can derive from inherited genetic disorders
(primary immunodeficiencies) or environmental factors (secondary immunodeficiencies).
Among immunosuppressed patients, those most affected by flu are individuals with primary
immunodeficiencies (PID), patients who have received solid organ transplant (SoT) or
hematopoietic stem cell transplant (HSCT), HIV-infected patients, individuals receiving
corticosteroid therapy and cancer patients undergoing chemotherapy treatment. These patients
have higher viral replication, prolonged shedding and are at higher risk of developing

144-147 Tn the case

pneumonia, reflecting an increased mortality rate after influenza infections
of SoT and HSCT, pulmonary chronic dysfunction might still develop even after acute
infection has been resolved'*®. Importantly, the higher viral replication and longer shedding
observed in these patients offer a suitable environment for the emergence of drug resistant IAV

strains!'#?,

1.1.9.1.3. The elderly

Populations over 65 years old represent the most affected high-risk group by influenza.
According to a study published by CDC, 70 to 85% of flu-related deaths are among this
population in the US'° Older populations are more prone to live with other medical
conditions, such as diabetes, renal dysfunctions and cardiovascular complications which are all
risk factors for influenza-related complications'>!. In addition, three important phenomena
define this population’s higher susceptibility to flu. The first is named the original antigenic
sin (OAS) or immune imprinting and is described by a skewed immune response to influenza
subtypes encountered during childhood!2. The second phenomenon named “inflammaging” is

characterized by a chronic inflammatory status associated with defective immune
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responses'>*134, The third is defined as a status of immune senescence and corresponds to a
general unresponsiveness of the immune system to extrinsic stimulus impairing immune
responses to infections!>. This was associated with the inability of monocytes from elder
patients to control viral replication due to a lack of antiviral responses!*®!3’. Another
explanation for the higher susceptibility of older patients is their propensity to develop
pneumonia due to suboptimal lung function. Lung elastic recoil and mucous development are

two important mechanisms determining pathogen clearance which are both affected by age!8.

1.1.9.1.4. Pregnant Women:

During pregnancy, the body goes through physiological and immunological changes to
accommodate the growth of the fetus. Pregnant women have a transient immunosuppressive
status, decreased lung capacity and increased oxygen consumption, which challenge their
ability to fight infections. Although clinical symptoms in pregnant women are comparable to
healthy adults, pregnant women infected with flu have higher rates of morbidity and mortality,

159—-

and these increase with each trimester!>°~!6!, Flu infections during pregnancy also affect birth

outcomes. A large cohort study recently reported higher rates of miscarriage and reduced

162

birthweights if the mother contracted flu during gestation'®”. Moreover, a systematic review

found an increased risk of stillbirth for pregnant women with laboratory confirmed flu'é?.
Collectively, the available evidence places pregnancy as a risk factor on its own, regardless of
comorbidities or underlying medical conditions, characterizing pregnant women as a high-risk

patient group!®.

Given the severe consequences of flu in the aforementioned groups, it is remarkable
that ~75% of infections are asymptomatic or present mild symptoms. In addition, IAV
infections are usually resolved without the need of medical assistance. This is mainly due to a
functional immune system that can control the virus and clear infection without complications.
An efficient response to influenza viruses involves the rapid and coordinated interaction
between the innate immune system and the infected cells to contain viral replication until the
arrival of the adaptive immune response which fully clears reminiscent viral particles.
Concomitantly, a precise regulation of the immune response is crucial to avoid harmful

reactions to the infected tissue.
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1.1.10. Host responses to Influenza Virus

1.1.10.1. Innate immune responses

The recurrent host-pathogen interactions happening over millions of years resulted in
the evolution of complex defense mechanisms from the host side, capable of recognizing and
fighting infections at multiple stages. As a respiratory virus, influenza’s first obstacle is a thick
layer of mucus lining the upper respiratory tract. The mucus matrix is composed of heavily
glycosylated proteins called mucins, which serve as decoy receptors entrapping viral particles.
Mucins also provide a viscous consistency to the mucus slowing down dissemination of virions
along the respiratory tract. Moreover, ciliated cells line the surface of the respiratory
epithelium, which constantly renew the mucous layer through a paced, beating movement
resulting in viral particles clearance. Defensins and surfactant proteins provide an extra layer
of defense by directly binding to HA and aggregating viral particles, blocking viral entry into
permissive host cells!®3-167,

Only by surpassing these obstacles can the influenza virus bind to epithelial cells where
it establishes a productive infection and complete its viral cycle. Once inside the cell, it has to
evade several subsets of proteins responsible for detecting pathogen associated molecular
patterns (PAMPs) named pattern recognition receptors (PRRs). PRRs can be divided into five
families: Toll-like Receptors (TLRs), NOD-like Receptors (NLRs), RIG-like receptors
(RLRs), C-type lectin receptors (CLRs) and AIM2-like receptors (ALRs)!%®. The molecular
mechanisms through which PRRs recognize viral components are reviewed elsewhere and are
thus, not discussed in this thesis'®17°, Importantly, some PRRs activation converge into a rapid
and direct antiviral response characterized by the induction of interferons (IFNs) and
interferon-stimulated genes (ISGs). [FNs are small protein molecules with multiple effector
functions dependent on their type, receptor, and target cell. For example, type I and III IFNs
act on epithelial cells and induce the expression of ISGs which encode proteins that can directly
inhibit viral replication at multiple steps.

Another alarm system triggered during active viral replication is the UPR!7:172, The
massive demand to produce glycosylated viral proteins amidst the intrinsic host cell’s protein
production, overloads the folding capacity of the endoplasmic reticulum (ER), leading to an
accumulation of misfolded proteins. Consequently, quality control chaperones such as the
binding immunoglobulin protein (BiP), signal ER receptors to activate the transcription
machinery of the UPR and increase protein production capacity, ER volume, and expression
of additional chaperones, ultimately restoring proteostasis. Concomitantly, UPR cross talks

with immune signaling pathways and induces expression of cytokines and chemokines.
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Ultimately, if not resolved, ER stress culminates in cell death via apoptosis and aborts viral
replication. Different strains of influenza have been shown to activate this pathway during HA
and NA production’>!73174 "however it is still debated if AV exploits this pathway to enhance
their own protein production or if its activation is detrimental to viral replication by alerting
the innate immune system.

Collectively, PRR- and UPR-mediated induction of inflammatory cytokines and
chemokines results in the recruitment of different subsets of immune cells aiming to control
viral replication at the tissue level. Neutrophils, natural killer (NK) cells, macrophages and
dendritic cells (DCs) deploy incremental effector functions which are responsible for

controlling early viral replication and dissemination until the adaptive response initiates.
1.1.10.2. Innate immune cells

1.1.10.2.1. Neutrophils

Neutrophils are the most abundant immune cells infiltrating infected tissue and are
important mediators of viral elimination by phagocyting viral particles, promoting antibody-
dependent cellular cytotoxicity (ADCC), discharging cytotoxic granules and releasing DNA
extracellular traps!”. In mice, depletion of neutrophils prior to IAV infection aggravates
disease severity by increasing lung inflammation and reducing respiratory function!’®. In
humans, on the other hand, exacerbated infiltration of neutrophils combined with their bursting
artillery often leads to collateral tissue damage and is associated with poorer prognosis of
severe IAV infections, highlighting the importance of fine-tuning the immune response to

avoid tissue damage!”717°,

1.1.10.2.2. Natural Killer Cells

NK cells represent an important cell population during viral infections. They contribute
to IAV clearance by producing inflammatory cytokines, mediating ADCC and eliminating
infected cells'®%1¥!, In mice, NK cells accumulate in the lungs upon infection!8?, however their
role in viral clearance is still elusive. While some studies show that depletion of NK cells
aggravates mortality after IAV infection!®3, other reports show that the presence of NK cells
promote immunopathology and enhanced disease severity in mice!®*. Once again, these
observations likely reflect the balance between viral clearance and tissue damage required for
an ideal infection resolution. In agreement with the role of neutrophils, it seems that optimal

NK activity promotes viral clearance while exacerbated activation enhances disease.

1.1.10.2.3. Macrophages and Dendritic Cells
Macrophages and DCs are professional phagocytes able to control viral spread by

englobing infected cells and viral aggregates. In the lung, macrophages take on multiple roles
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during infection depending on their phenotype. Alveolar macrophages can uptake viral
byproducts triggering internal PRRs which culminate in IFN secretion. Moreover, alveolar
macrophages also respond to IFNs by secreting potent inflammatory cytokines such as tumor
necrosis factor alpha (TNF- o) and interleukin 6 (IL-6) which provoke and sustain a killing
phenotype in phagocytes at the site of infection. On the other hand, interstitial lung
macrophages undertake a regulatory role acting on the resolution phase of the infection,
clearing cell debris, promoting tissue repair and dampening inflammation!®>-!%6, Most functions
of macrophages overlap with DCs during IAV infection and, in vivo, experimental evidence
struggles to correctly attribute the observed outcomes to either cell type. This is partly due to
the vast use of clodronate-mediated depletion techniques, which target phagocytes in
general!86:187 Nevertheless, depletion of both cell populations shows increased viral loads,
higher morbidity, tissue damage and mortality after IAV infection underscoring their crucial
role in resolving infection'®”-18%. Another defense mechanism of macrophages and DCs is that
influenza replication is abortive, depicting a strategy to limit viral spread!*’. Moreover, when
infected, these cells function as signal amplifiers since they have a higher basal expression of
PRRs and the ability to secrete high levels of cytokines and chemokines. In particular, the
NLRP3 pathway induces a burst of interleukin 1 (IL-1) and interleukin 18 (IL-18), which is
essential to elicit cytotoxic IAV-specific T CD8+ cells, an important cell population for viral
clearance and protection against disease!?:192,

Altogether, this general recognition of pathogens characterizes the innate immune
response. By fine-tuning cytokine production and immune cells’ recruitment and activation,
the innate immune response orchestrates the balance between the desired ability to control the
virus (antiviral resistance) and the undesired consequences of the inflammatory response
(disease tolerance). Meanwhile, during this phase, antigen presenting cells (APCs) migrate to
secondary lymphoid tissues, bridging the communication between the unspecific innate
response and the precise adaptive immune response. The adaptive immune response is the
ultimate defense barrier of the host, and its effector mechanisms peak around one week after
infection. Activation of this branch of the immune response depends on tightly coordinated

3

steps described elsewhere!®® and culminates in infection resolution and establishment of a

memory surveillance network.
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1.1.10.3. Adaptive Immune responses

The late onset of the adaptive immune response is balanced by the specificity of its
effector mechanisms. They are divided into two key categories: humoral immunity (mainly
mediated by antibodies) and cellular immunity (mainly mediated by T lymphocytes). The
antibody response is characterized by different classes of immunoglobulins (Ig). In a naive
subject, Immunoglobulins M (IgMs) are the predominant effector Igs that bind IAV, block viral
entry and activate the complement system!**!%3, Upon the first encounter with TAV, B
lymphocytes go through antibody maturation and class-switching processes and differentiate
into antibody producing cells named plasma cells (PCs). PCs secrete highly specific and
protective anti-IAV antibodies such as Immunoglobulin G (IgG) and Immunoglobulin A (IgA).
IgGs circulate in the bloodstream and correlate with a better disease prognosis by limiting viral
spread into the LRT, while IgAs are most abundant in the mucosal cavity and prevent

transmission!?6-197

. Mechanistically, these immunoglobulins mainly recognize viral surface
proteins and promote viral neutralization, viral particle aggregation, phagocytosis of infected
cells and ADCC. The presence of antibodies during early stages of viral infection makes this
branch of the adaptive response a crucial player in providing sterilizing immunity, particularly

198 For this reason, eliciting neutralizing

if antibodies are readily available at the viral entry site
mucosal antibodies is the desired goal of novel vaccine strategies'**-2°!. On the other hand, the
humoral response can only act on IAV during its extracellular phases, e.g., just before infection
and during particle release and spread. Thus, activating the cellular immunity branch of the
adaptive response is still key to achieve broader levels of protection.

Cellular immunity is mostly mediated by CD8+ cytotoxic T lymphocytes (CTLs) and
CD4+ T-helper lymphocytes (Th)?%2. CTLs directly recognize infected cells by interacting with
MHC I molecules complexed to antigens deriving from internal viral proteins. This cell
subtype adds an extra layer of protection by acting synergistically with the humoral response.
In mice lacking antibody responses, adoptive transfer of IAV-specific T CD8+ cells partially

203 Mechanistically, CTLs secrete granules

recovered protection against a lethal IAV challenge
containing granzymes and perforins, and engage with Fas receptors to promote cell
apoptosis?*. Moreover, CTLs also secrete effector cytokines such as interleukin 2 (IL-2), IFN-

205-207 The essential

v and TNF-a which sustain immune activation and promote viral clearance
role of mediator cytokines is highlighted by CD4+ Th lymphocytes. By secreting defined
cocktails of cytokines, CD4+ Th lymphocytes amplify the cytotoxic phenotype of other
immune cells, mediate antibody maturation and immunoglobulin class switch and stimulate

memory responses?20%,
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In summary, beyond the intrinsic physical and chemical barriers, the main goal of the
innate immune response is to buy time until a potent adaptive response arrives and vanquishes
active infectious agents. When fully synchronized, both responses coordinate efficient viral
control, neutralization and clearance whilst promoting a non-detrimental resolution of the
active infection from the respiratory tract. Yet, the fundamental aspect of the adaptive immune
response relies on the generation of long-lived, pathogen-specific memory cells. During
activation and differentiation of B and T lymphocytes, a fraction of each effector cell
population acquires a memory phenotype responsible for continuous surveillance of the host
organism. Upon re-encounter with an antigenically similar pathogen, memory cells are
promptly activated, and control pathogen spread, drastically reducing the probability of the
host to develop disease. In the case of IAV, memory responses prevent re-infection with
matching strains but are particularly important to grant cross protection against different IAV

210-213

subtypes . This memory response is an extraordinary feature of the immune system and

the mechanistic basis of vaccination.

1.1.11. Influenza Virus Vaccine Targets

Vaccination works by priming the immune system with components from a pathogen to induce
a robust memory response. Thus, after a natural encounter with that pathogen, a fast and
effective recall response is triggered, preventing disease onset. An optimal vaccine contains
antigens that are important for the entry process, are capable of activating multiple facets of
the adaptive response and are accessible to the immune system during infection. In the case of
IAV, most vaccines target the major surface glycoprotein HA, although the design of
alternative antigenic peptides capable of eliciting a broader, cross-protective response is an
active field of research?'42!6, This is partly due to immune-escape mutants rising from
antigenic drift in seasonal strains. Indeed, single mutations in the exposed globular head

domain of HA were shown to evade antibody recognition in humans?!’-2!°, Effectively, the

30



ability to design an optimal vaccine against flu benefits from a thorough understanding of the

targets of the immune response during influenza infections (Figure 5).
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Figure 5: Antigenicity of IAV. Adapted from Vaccines 2021**°

1.1.11.1. Surface proteins as vaccine targets

HA and NA are the main target of the immune response to influenza virus and can elicit
protective neutralizing antibodies. In fact, sera with a titer of HA binding antibodies higher
than 1:40 for adults, or 1:320 for children, are considered the gold standard correlate of
protection against influenza illness??!-223, Still, most available vaccines achieve only partial
protection, particularly against heterologous subtypes. Hence, novel vaccines focus on
formulations capable of inducing broadly neutralizing antibodies against conserved regions of
HA and NA. A promising strategy proposes the use of hyper-glycosylation patterns and
cysteine bonds to stabilize HA trimers and redirect the immunodominance of HA towards
desired epitopes??*. The M2 protein is also a strong vaccine candidate 22°226, Antibodies against
M2 ectodomain (M2e) have been identified after natural infection in humans and protected
mice in heterosubtypic challenges??’2%%, Thus, vaccine candidates targeting M2e conserved
epitopes are a common strategy in vaccine development. Other examples include headless-HA
proteins, chimeric HA constructs and NA-based vaccines, which are undergoing clinical trials
trying to achieve a broadly protective influenza vaccine??°~2*!, For example, a recent phase I
trial testing a chimeric hemagglutinin-based vaccine showed a strong induction of broad and

long-lasting anti-stalk antibodies?*
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1.1.11.2. Internal proteins as vaccine targets
Flupol, NP and M1 constitute key structural components of the viral particle performing
essential roles during replication. These viral proteins are enclosed by the virus membrane
avoiding direct exposure to antibodies. Consequently, they are less prone to the selective
pressure enforced by the immune system. Moreover, their multifunctional role during the
different steps of viral replication renders them less tolerant to mutations. These features reflect

3 making them

on the sequence conservation of internal proteins along different strains?’
promising vaccine targets, important to elicit cross-protective T cell responses. In a proof-of-
concept study, mice vaccinated with a NP peptide fused to a penetrating peptide to promote
antigen delivery induced high levels of NP-specific CD8+ T cells. Moreover, vaccinated mice
were protected against three different lethal challenges using HIN1, H3N2 and HIN2 subtypes
of IAV 234, Likewise, human phase II clinical trials with a vaccine candidate containing NP
and M1 also induce higher T cell responses**®. No currently licensed vaccine targets any of

these proteins directly, however several clinical trials show robust cross protection of vaccine

formulations containing diverse combinations of these antigens?®.

1.1.12. Influenza Prevention

Seasonal flu imposes a large economic and medical burden to the healthcare system of
every country. In the US alone, the CDC estimates between 9 and 41 million flu cases every
year with an associated cost of 11.2 billion US dollars to the healthcare system, highlighting
the utmost need of prophylactic interventions®*’2*%, The best way to prevent influenza was
verified during the covid-19 pandemic and consists of a combination of different public health
measures. Self-isolation, hygienic practices, mask wearing and avoiding contact reduced flu
cases by 99% characterizing an unprecedent flu season with only 1675 reported cases in the
US?*. Nevertheless, these measures are not sustainable since they impose severe socio-
economic consequences. Thus, vaccination remains the most cost-effective method of
preventing flu. Dating back from 1930s, influenza vaccines protect millions of individuals
against flu illness every year. During the 2019/2020 flu season, mathematical models estimated
that 7.52 million illnesses and 3.69 million medical visits were averted by influenza
vaccination®®’. To date, there are 26 licensed inactivated influenza vaccines, 2 live attenuated
influenza vaccines and 1 recombinant influenza vaccine across Europe and the US with the
majority being produced in embryonated chicken eggs. The next section will introduce the
production models and the different types of vaccines available, highlighting their advantages

and disadvantages.
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1.1.12.1. Influenza Vaccines

1.1.12.1.1. Production models

Every year vaccine formulation needs to be updated according to a GISRS report
predicting the circulating influenza variants for the upcoming flu season. The choice of vaccine
formulation initiates large-scale production of influenza vaccines in embryonated chicken
eggs. The lack of the interferon response in this model allows the vaccine virus to replicate
unencumbered and yield high stock titers. However, three main disadvantages arise from this
production method. First, vaccine strains require an adaptation period to achieve optimal
growth in eggs. Second, the presence of egg-derived contaminants in the final vaccine
formulation which poses a risk for individuals with egg allergies**!. Third, and more
importantly, the possible egg-adaptation mutations that can occur during viral propagation
which have been shown to interfere with protective antibody responses?#>243, Altogether, these
constraints reduce vaccine efficacy and curb pandemic preparedness initiatives that rely on a
quick and accessible vaccine production. Consequently, alternative manufacturing processes
are extensively explored to tackle these problems. For example, the use of canine kidney
immortalized cell line (MDCKSs) to produce influenza vaccine stocks which has been licensed
since 2007%**. Another alternative production model, characteristic of recombinant vaccines, is

the expression of HA proteins in insect cells which was granted approval in 2013 24°,

1.1.12.1.2. Inactivated vaccines (I1V)
Inactivated vaccines are the most commonly available licensed vaccines for flu. Most
IIVs are licensed for human use from 6 months old, when maternal antibody titers start to

246.247 - After propagation of the chosen vaccine variants in chicken eggs, the harvested

wane
allantoic fluid is submitted to high temperatures or chemical treatment such as formaldehyde
and B-propiolactone. High temperatures cause protein denaturation while chemical agents form
protein crosslinks, both leading to viral particle inactivation. Inactivated vaccines can be further
divided into whole particle vaccines (WPVs), split virion (SV) vaccines and subunit (SU)
vaccines.

WPVs are cheaper and require a less laborious process. After concentration and
removal of non-viral contaminants, the harvested allantoic fluid containing viral particles is
formulated into a vaccine. WPVs were first approved for military use but rapidly replaced by
SV and SU vaccines due to pronounced reactogenicity and unwanted side effects. Nowadays,
WPVs are mostly used to prevent avian influenza outbreaks in poultry farms?#®,

SV vaccines go through an additional treatment with detergents to disrupt the viral

envelope and expose internal viral proteins. The presence and accessibility of internal viral
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proteins in split vaccines triggers the cellular branch of the immune response?*, important to
promote viral clearance and protect against disease. Indeed, in elderly populations, which often
present suboptimal antibody responses, SV vaccines seem to offer the best protection among
all ITVs>°, however the overall clinical evidence is still weak?!.

The last type of inactivated influenza vaccine differs from split vaccines by an
additional enrichment step. SU vaccines lack the viral ribonucleoproteins and matrix
proteins?>2, containing mainly HA and NA. Thus, the antibody response to SV and SU vaccines

is similar denoted by several studies showing equivalent seroconversion rates?>3-2¢,

1.1.12.1.3. Recombinant vaccines
Recombinant influenza vaccines are licensed for adults ranging from 18 to 54 years old
and administered intramuscularly. Recombinant vaccines are generated by expression of HA
in insect cells and overcome several disadvantages related to the egg reliance of other vaccines.
Recombinant vaccines are devoid of egg contaminants, require no pre-adaptation of vaccine
strains to optimal growth in eggs or cells and bypass the appearance of unwanted mutations

that could compromise immunogenicity>*27.

Additionally, recombinant vaccines are
formulated with an antigen amount three times higher (45ug/dose) than SV and SU vaccines®®
which augments antibody responses. The recombinant HA is also trimerized in its pre-fusion
state (HAO) from the lack of furin-like proteases in the insect production system. This structural
characteristic, which is absent in other inactivated vaccines, exposes unique epitopes capable
of eliciting broadly neutralizing antibodies®”°.

1.1.12.1.4. Live attenuated influenza vaccines (LAIV)

The third type of influenza vaccines is based on a replication-competent virus that was
attenuated after several passages in chicken eggs at low temperatures?®’. The currently licensed
LAIV strains are generated via recombinant mutagenesis using the 6 gene segments of a master
donor virus (MDV) cold-adapted strain (caA/AnnArbor/6/1960(H2N2)) and HA and NA
segments encoding the surface glycoproteins of the virus strains recommended by the GISRS.
The MDYV possesses three main attributes conferring its suitability as a vaccine backbone, i.e.
temperature-sensitive (ts), cold adapted (ca) and attenuated (att). The mutations conferring
each of these phenotypes are well described in the literature and mapped to five different
substitutions in the segments encoding PB1, PB2 and NP2°!. The combination of ca, ts and att
phenotypes limits viral replication to the URT of humans and prevent LAIV from causing
disease. LAIV ability to replicate in the URT offers advantages compared to inactivated and
recombinant vaccines. It mimics a natural infection exposing a plethora of internal and surface

antigens, it is delivered through a needle-free intranasal spray increasing the likelihood of
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vaccine uptake, and it triggers an immune response at the site of infection inducing mucosal
immunity with potent IgA and memory T CD8+ cell responses. Such features of LAIV have
been associated to the potential of limiting transmission and reflect the good efficacy profile

reported for this vaccine, particularly in children?6%263

. The replicative nature of LAIV also
provides an extra source of immunogenicity by self-amplifying the antigen content of the
vaccine and continuously exposing it to the immune system, dispensing the use of additional
adjuvants. On the other hand, LAIV’s ability to replicate is also a major concern over its safety
profile, especially in high-risk target populations. Live attenuated vaccines designed for other
diseases have shown complications after administration in immunocompromised patients due
to uncontrolled replication, transmission of vaccine strains to vulnerable populations and

264267 In the case of LAIV, so far, no incidents of

reversion to virulence causing disease
reversion to virulence have been reported in humans and only one example of vaccine virus
transmission was described?6%2%. This relatively safe profile of LAIV is most likely due to the
three attenuation phenotypes of the vaccine strain spread out amongst three different segments.
However, higher prevalence of wheezing, coughing and rhinorrea in children under 2 years old
has been observed after LAIV administration?’%?’!, Thus, the fear of uncontrolled replication
and reversion to virulence and the higher rates of adverse events prevent LAIV from being
applied to high-risk populations. Even though IIVs can be safely administered in vulnerable
populations with relatively good levels of protection, the added effect of a safe mucosal
vaccine, capable of inducing robust cellular and humoral immunity would certainly benefit
high-risk population groups.

The high mutagenic profile of IAV retains vaccine effectiveness at suboptimal levels
ranging between 30-60%2">274, In fact, up to 10% of healthy individuals do not produce
adequate levels of antibodies after IAV vaccination?’>. Apart from the general aspects of
vaccination failure, i.e. low vaccine uptake, differences in the immune responses and
discrepancies in methodology assessing effectiveness, other factors such as age, genetic
diversity, immune status and previous exposure to other viruses also contribute to vaccine
failure?’¢2”. The distinctive antigenic drift and shift events also contribute to low vaccine
effectiveness. In fact, vaccine strain mismatch is a main concern during influenza vaccine
design and can be responsible for decreased vaccine effectiveness?®%-2%4, Nevertheless, even
when the match is good, vaccine effectiveness is still low, encouraging the pursuit of a
universal vaccine able to surpass the aforementioned obstacles and achieve broad protection

against multiple IAV subtypes, including zoonotic emergent strains™.
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1.1.12.2. Universal Influenza Vaccine

According to the National Institute of Allergy and Infectious Disease (NIAID), a
universal influenza vaccine (UIV) must achieve at least 75% efficacy against symptomatic
disease, provide durable protection for at least 1 year, cross-protect against group 1 and 2 IAVs,
and be approved for all age groups. In the last decade, 27 UIV candidates were tested in human
clinical trials spanning different immunization routes, administration regimens, adjuvants and
target antigens®®. One of them, a trivalent adjuvanted virus-like particle vaccine, underwent a
phase III clinical trial showing seroconversion rates of 99, 99 and 92.2% towards HIN1, H3N2
and influenza B, respectively?®®2%7, In addition, UTVs’ ability to induce broad protection is
often explored by using antigens that are conserved among different strains and can elicit strong
cellular responses?®®. Thus, formulations with internal proteins such as NP and M1 are common

amongst UIV candidates?**->%°,

1.1.12.3. Influenza vaccines in high-risk groups
As mentioned above, children, pregnant women, immunocompromised and patients
with comorbidities and individuals over 65 years old categorize populations at higher risk of
developing flu-related complications. They represent a subset of the population which benefits
the most from vaccination and thus, are the core target of vaccine recommendation guidelines.

In fact, an extensive body of literature reviews the benefits of IIVs in pregnant women?’!,

292 293,294 295-298

immunocompromised patients=~, elderly and very young children

Although IIVs provide satisfactory protection in most of these population groups and
present a good safety profile, they are the only vaccine type accessible to them. Thus,
alternative strategies are adopted to offer extra layers of protection to these vulnerable
populations. One example is to target other population groups in close contact with susceptible
patients. Indeed, influenza vaccination campaigns aiming at school children and healthcare
workers provide herd immunity and block chains of transmission towards the elderly and the
immunocompromised community!??2%?. Additionally, this strategy also proved to be highly
cost-effective by protecting a wider community. In a controlled study, childhood vaccination
reduced general practitioner visits, absenteeism from employment, ICU admissions and

antibiotic prescriptions®?-392,
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1.2. Chapter 2: The human microbiota

1.2.1. General introduction

For centuries, microorganisms have been associated with harm when it comes to human
health. Mostly associated to a pathogenic behavior and being the causative agent of many
deadly diseases, microbes have been actively kept away from our organisms through the use
of disinfectants, antiseptics and medicinal substances with antimicrobial properties. This
mentality started to change at the beginning of the 20" century, when Pasteur observed that
bacteria in fermented milk could have beneficial effects for the human gut. However, it was
only several years later that a commensal microbial community was described in relation to
relevant physiological processes®®®. These microbial communities constitute the host
microbiome which includes bacteriophages, archaea, bacteria, eukaryotic virus, and fungi. The
host microbiome plays an essential role in the maintenance and development of a healthy

functional organism3*,

It does this by participating in the metabolism of complex
carbohydrates and drugs, producing important metabolites, priming the immune system and
offering protection against other pathogens. 3%

The first moment of interaction between humans and their commensals is still debated,
with inconsistent evidence for in utero exposure®®. Regardless, upon birth, newborns are
subjected to a robust influx of microbes that colonize various surfaces. The warm, humid and
nutrient-rich environment of the human mucosa allows the establishment of microbial
communities at different body sites, i.e. gut, airways, skin. Several factors affect this process
such as delivery mode, antibiotic usage, host genetics, feeding type and environmental

306,307

exposure . The acquisition of certain species during this period is key to establish a healthy

mature microbiota3?®

. During infancy, the commensal community is characterized by a low
diversity and biomass, with major changes in composition happening over a time of 2 to 3
years®?’. Due to this immature state of the microbiome, emerging evidence defines childhood
as a critical period, susceptible to external cues that shape the host microbiota with
consequences to health in adult life (Figure 6). Accordingly, several pathologies in adulthood,
including cardiovascular, metabolic, neurological and allergic diseases, are associated with
perturbances in early life microbiome composition such as excessive antibiotic treatment and
malnutrition®!°12, The adult microbiota is characterized by a generally stable and resilient
community with the ability of restoring its equilibrium after a perturbation’!>3!4, Geographical
location, diet and lifestyle contribute to the structure of the adult microbiota across different

human populations. However, even in adult life, external challenges can still cause temporary

or permanent fluctuations in the composition of the host microbiota, potentially leading to or
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supporting diseases. Thus, understanding the underlying mechanisms governing host-
microbiota interactions represent an important field of research with great impact for human
health.
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Figure 6: Human microbiota development. Upon birth a variety of microorganisms colonize the
newborn body surface. This process is influenced by environmental exposure, antibiotics use, birth
mode and feeding type. During childhood, the microbiota is characterized by a low biomass and is
shaped by external cues along human development. Diet, geographical location and lifestyle modulate
the composition of the host microbiota, particularly during the first 2 to 3 years of life. By that time,
human microbiota matures into a stable, steady-state community which remains until adulthood. In
adults, the host microbiota has a direct impact on human health with different compositions being
asso<:3ilat3elcél to several diseases. Adapted from Journal of Laboratory Medicine 2021 and eBioMedicine
20217

1.2.2. Microbiome nomenclature

Two main terms are used to describe our microbial communities. While the term
microbiota solely refers to the compositional aspect of a particular community, i.e. taxonomic
classification, the term microbiome describes the individual microorganisms alongside their

genomes, metabolomes and dynamic interactions®!’

. Another important aspect is the diverse
composition of the human microbiota. An organized terminology exists that divides it into
“omes” according to the nature of the microorganism. For instance, the human virome
describes the viral component of the microbiome?!8 while the human mycobiome describes the
fungal component®'?. Since the second part of this thesis refers to the bacterial component,

namely the human microbiome, the next subchapters will refer specifically to it.

1.2.3. Characterization of the Human Microbiome

The human microbiome is a dynamic network of microorganisms constantly changing
and adapting to external and internal stimuli. Since the discovery of its role in human health, a
huge effort has been put into describing a steady-state core universal community shared across
different populations. The Human Microbiome Project (HMP) represents the largest

consortium trying to achieve that with a database consisting of 11’000 sampled specimens over
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18 body sites from 300 individuals across the globe*?’. Although a universal core microbiota
was never found, these studies contributed to the characterization of different microbiota

communities according to their composition, function, and anatomical location.

1.2.3.1. Compositional Characterization

The appearance of culture-independent techniques revolutionized the field of
microbiology. Nowadays, most of the studies employ high-throughput sequencing as a way to
classify the host microbiota according to specific marker genes*?!. The most common is the
16S ribosomal RNA gene (16S rRNA) which contains nine variable regions (V1-9) each
flanked by conserved sequences throughout the bacteria kingdom. By sequencing the variable
regions and matching them to a reference database, it is possible to map the different
phylotypes present in a sample and structurally characterize the microbiota. It is estimated that
hundreds of species have been identified within the human microbiota using this technology
that were previously not cultivable in vitro. Moreover, the large volumes of data generated
using this platform allowed the systematic assessment of the human microbiota across different
populations, as evidenced in branch studies from the HMP. In doing so, it became clear that
changes in diversity correlate with a wide spectrum of human conditions*?2. Indeed, disease-
associated microbiota communities are commonly associated with a loss in biodiversity by
overrepresentation and/or depletion of specific phylotypes compared to healthy controls3?3-32¢,
For example, in patients with obesity and metabolic disorders, an overrepresentation of
Proteobacteria is often observed in their gut microbiota?’.

Two important parameters are used to measure microbiota diversity, namely alpha and
beta diversity. Alpha-diversity quantifies the total number of different species present within a
community (richness) and their abundance (evenness). Beta-diversity describes the variation
observed between communities. Both parameters represent key tools to describe the degree of
diversity between and within samples and establish reliable correlations regarding pathological

phenotypes across different human populations®?8-32°,

1.2.3.2. Functional Characterization
Besides compositional analysis, another important aspect of microbiome
characterization includes metagenomic, proteomic and metabolomic analysis. These
approaches identify and characterize collective genomes, proteins and metabolites present in a
defined environment or ecosystem, hence giving insight into the functions of non-cultivatable
bacteria. Highly diverse communities with similar functional roles better predict a core
microbiome profile shared within different human populations. A complementary study to the

HMP highlighted this by using metagenomic approaches to characterize over 3 million
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bacterial genes from fecal specimens of 124 European individuals. When these genes were
pooled and used to predict functional outcomes of each microbiota community, they revealed
specific signatures shared amongst all sampled individuals®**’. This also applies for disease
states. Five Crohn’s disease patients with very different microbial communities in
compositional terms presented equivalent behaviors in functional terms, yielding similar
metabolic profiles*!. A good example attesting the added value of the functional
characterization of the microbiota is the case of the Bifidobacterium spp. In children, the lack
of this genera correlates with higher systemic inflammation®*2. Through the combination of
16S sequencing with metagenomic data and metabolic profiling, it was found that these
bacteria possess a gene signature capable of metabolizing human milk oligosaccharides
(HMOs)**. In turn, the ability to metabolize HMOs promotes a subset of regulatory T cells
capable of attenuating inflammation®3*. Another relevant application of these analyses is shown
through the use of metabolomic profiling to fish for potential biomarkers able to predict disease
progression and treatment outcome®®. For instance, a recent study reported a set of
microbiome-derived metabolites that were detected exclusively in colon rectal cancer

patients33,

1.2.3.3. Anatomic Location
Anatomic location is also an important criterion during microbiome characterization.
In humans, several niches have been described with a characteristic microbiota, namely the
skin, the ear, the oral cavity, the genitourinary tract, the vaginal zone, the respiratory tract and
the gastro-intestinal tract. For the purpose of this thesis, I will focus on the methods used to

characterize the last two body sites.

1.2.3.3.1. The gut microbiota

The gut microbiota is represented by microorganisms lining the epithelial surface of the
gastro-intestinal (GI) tract and is the larger community in the human body, with an estimated
bacterial load of 10'! microbial cells per gram in the colon®*” (Figure 7A). The GI tract spans
from the oral cavity to the rectum, passing through the oesophagus, stomach, small intestine
and large intestine. Serving as a passageway for food digestion, the GI tract is characterized by
different nutritional and chemical gradients, and extreme physiological conditions, favoring
different niches of microbial communities along its length. For instance, the acidic environment
of the stomach promotes a microbiota enriched in acid-resistant species®3®, while the lack of
oxygen in the distal part of the large intestine nurtures a predominantly anaerobic

339

community>>’. The predominant phyla of the GI tract microbiota are Actinobacteria,

Bacteroidetes, Firmicutes, Proteobacteria and Tenericutes, with the first three phyla
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representing up to 90% of all the known members**°, However, most studies rely on stools and
rectal swabs as the standard sampling procedure, using stool-derived microbiota as a proxy for
the GI tract composition. Although this approach is a non-invasive procedure, requires fewer
resources, and allows longitudinal follow-up, it does not fully reflect the gut microbiota
community. This is shown in two studies comparing microbiota composition in feces and
biopsy samples from the same individuals which have reported significant differences between
the two communities**!-342, Alternative sampling techniques include biopsy collection via
luminal brush, surgery, catheter aspiration and laser capture microdissection, however they all

employ invasive procedures with inevitable cross-contamination.
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Figure 7: Microbiota distribution along the gut and lungs. (A) Gradients of pH and oxygen
along the longitudinal axis define the bacterial community in the small intestine with low bacterial load
in the proximal areas and abundant bacterial loads in the distal regions. Simple nutrients overflow in
the small intestine and sustain the growth of taxa able to effectively consume these compounds. In
contrast, the large intestine is populated by taxa that can break down more complex compounds such
as dietary fibers. (B) The lung microbiome is defined by a balance between immigration from the URT
by microaspiration and air inhalation and elimination via immune and mechanical processes. Adapted
from Environmental microbiology 2017** & Journal of Clinical Investigation 2021***

1.2.3.3.2. The respiratory tract microbiota

The human airways are a dynamic environment with high influx and efflux of material.
They are divided into URT and LRT. The URT comprises the nasal cavity, naropharynx,
oropharynx and larynx and a detailed description of their microbiota composition has been
reviewed elsewhere**347, Being on the interface between the external environment and the
LRT, the URT contains a highly dynamic microbiota that heavily influences the composition
of the LRT microbiota through a bidirectional flow of bacteria due to micro aspiration and air
inhalation®#, In fact, the oropharynx cavity is the main source of the LRT microbiota and can
be a major driving force of pathological colonization of the LRT3*-°. Streptococcus

pneumonia and Staphylococcus aureus, two major pathobionts that can cause severe
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pneumonia, are frequently part of the URT commensal microbiota®!. Sampling of the URT
includes swabs, nasal rinses and dry filter papers.

The LRT comprises the trachea, bronchi and the lungs. For a long time, the LRT was
believed to be sterile, with microbial content only observed during pathological conditions®2.
With the advance of sequencing techniques, it is now accepted that the LRT is also colonized
by a healthy microflora. As opposed to the GI tract, the intricate architecture of the LRT,
combined with a dynamic retrograde flux of material and active immunosurveillance, makes
the presence of commensal microbes transient at this body site (Figure 7B). Nonetheless, the
biological relevance of the lung microbiome is supported by observational studies in humans
where alterations of the LRT microbiota diversity have been associated with a plethora of
diseases such as asthma, chronic obstruction of pulmonary disease (COPD) and cancer®33-3%7,
In humans, it is technically challenging to sample the LRT microbiota. Not only due to its low
bacterial load, which is three orders of magnitude lower than the GI tract microbiota, but also
because most sampling techniques are invasive and require qualified trained staff*3%3%,
Nevertheless, common sample specimens of the LRT are sputum and the bronco-alveolar
lavage (BAL)***362 which are used to describe a healthy human lung microbiota containing
Firmicutes and Bacteroidetes as the predominant phyla. However, this composition has been
challenged by recent studies directly analyzing biopsies of lung tissue, where Proteobacteria

were the prevailing taxa’®?

. The cross contamination from the URT and the oral cavity during
BAL and sputum collection have been pointed to as the sources of the discrepancies observed
in the literature®*. The clear contrast between lung microbiome composition studies highlights
the importance of properly defining sampling methods and carefully controlling for
contaminants from the oral cavity during sampling procedures. Alternative techniques such as

protected brushing and surgical resection of lung tissue have been employed to study lung

microbiota, however both represent extremely invasive procedures.

1.2.3.4. Animal models in the characterization of the Human microbiome

Defining the composition and function of the human microbiota is important to
understand the physiological roles of the microbiome and its impact on human health.
However, the biological relevance of the microbiome field is undermined by a lack of causality
studies, mostly from scarce evidence defining the changes in the microbiota as a cause or a
consequence of the disease state’®3-6. So far, only two human diseases, i.e. Helicobacter
pylori-associated peptic ulceration and Clostridium difficile infection-associated diarrhea, have
367,368

been described with an established causal relationship between microbiota and pathology

In addition, the inherent heterogeneity of the human microbiome, along with the immeasurable
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number of confounding factors and the technical and ethical constraints associated with human
experimental designs represent other obstacles when defining causal relationships between the
human microbiome and disease. Thus, a common approach is to use animal models. Animal
models resolve some of the issues associated with human studies by controlling for
environmental, behavioral and genetic confounders. Also, the possibility to maintain germ-free
(GF) animals is a useful tool to assess the contribution of human microbiota to pathologies and
establish causality***37%, A good example is the use of human microbiota-associated rodents in
which human fecal microbiota from diseased patients is transplanted into the intestine of GF
animals to monitor disease phenotypes compared to fecal microbiota from healthy patients®’!.
For instance, transplanting fecal microbiota from obese human donors, but not lean, into mice,
resulted in increased total body and fat mass, as well as obesity-associated metabolic
phenotypes?’2. Moreover, the use of gnobiotic animals colonized with selected bacterial species
enables reductionist approaches to evaluate the pathological and physiological relevance of
particular microbiota constituents®’®. On the other hand, the use of different animal vendors,
housing facilities, and diet regimens creates huge reproducibility problems and generates
conflicting results. Nevertheless, in vivo mechanistic studies coupled with functional and
compositional characterization of the microbiota serve as a good basis to formulate hypotheses
regarding the biological relevance of the microbiome in human health. In fact, several
mechanisms have been proposed to mediate important functions in metabolic processes,
immune homeostasis, and protection against pathogens. The next section will introduce key

examples of these mechanisms which have a direct impact in health and disease outcomes.

1.2.3.5.  Human microbiome in health and disease
The human microbiota exerts its effects on human health through different mechanisms.
First, it can outcompete pathogenic strains offering a layer of protection towards other
pathogens (colonization resistance). Second, it can produce secondary metabolites with the
ability to modulate different physiological processes. These include short-chain fatty acids
(SCFAs), neurotransmitters, microbe-associated molecular patterns, secondary bile acids and
enterosynes. Third, through its active role during immune maturation, it can imprint the

immune system compartment into a less reactive phenotype.

1.2.3.5.1. Colonization Resistance

Colonization resistance represents a major benefit of the commensal microbiota which

374,375

protects against other pathogens . This can happen via direct interactions between

microbial communities such as nutrient competition, niche exclusion and secretion of

6

bacteriocins®’® or indirectly via mucous stimulation, promotion of epithelial integrity and
y p Y grity
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modulation of the immune system by inducing IgA production and Th17 lymphocytes®’”-378,

The pathobiont Clostridium difficile illustrates a good example of the many mechanisms
characterizing colonization resistance®’®3%! (Figure 8A). Under homeostatic conditions,
production of bacteriocins by Baccilus thuringiensi has been shown to control C. difficile

382 Moreover, the consumption of sialic acids and monomeric glucose by the cecal

expansion
microflora also depletes nutrients essential for the growth of C. difficile’®3. Overall, the medical
relevance of these interactions between host health and microbiota is evidenced by a rise in

opportunistic infections in hospitalized patients after antibiotic treatment3$*3%3,

A Colonization ; Secondary C Immune
Resistance : Metabolites Imprinting
. o
Bacteriocins SO B ;}'I’%
productlon : \ o A
. C. d/ffC//e : _ Lungs
° O o0 . N

/v g €| :
/ :| “Fattissue, CNS
: [Pancreas, Liver ' :
Spatlal Nutrlents : E E
avallablllty, .. oo : Complex ! '
carbohydrates :
@% /Ifcoll
Consumption3 : 1 Microbial '
of nutrients : T’ﬁ : ; Ai @ antigens :
o E E - E
:;J S|gA ; : DC ;
‘ & ° .:J > i Q é
B Cells T \ L SCFAs
' T o N ' :
Immunoregulatlon : @° oo ; Tregs :

= @/ Capillary
Figure 8: Host microbiota effector mechanisms implicated in health and disease. (A) The
intestinal microbiota promotes colonization resistance to intestinal opportunistic pathogens by both
direct and indirect mechanisms of action: (1) Production of microbial products (bacteriocins) protecting
against infection by directly killing pathogenic bacterial species. (2) Spatial occupation of the intestinal
epithelial surface by commensal species preventing attachment of pathogenic strains. (3) Competing
for nutrients preventing overgrowth of opportunistic species. (4) Increased production of IgA by B cells
and differentiation of T helper 17 (Th17) cells strengthening the immune and epithelial barrier against
invading pathogens. (B) Anaerobic fermentation of indigestible polysaccharides such as dietary fiber
and resistant starch into short chain fatty acids (SCFAs). Colon-derived SCFAs reaches the systemic
circulation and other tissues, leading to fat tissue activation, regulation of liver mitochondrial function,
increased insulin secretion by P-pancreatic cells, modulation of neuroinflammation in the central
nervous system (CNS), and maintenance of lung metabolic tone. (C) The presence of a microbial
community in the infant’s gut leads to the passage microbial antigens through a process named goblet
cell-associated antigen passage (GAP). DCs take up these antigens and in the absence of an infection

Th17
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or an inflammatory environment, a population of T regulatory cells (Tregs) expands which correlates
to less immunoreactive phenotypes in adult life. Adapted from Nature Reviews Immunology 2013;
Frontiers in Endocrinology 2020°"; Journal of allergy and clinical immunology 2020°**

1.2.3.5.2. Secondary Metabolites
SCFAs are the most abundant secondary metabolites produced from dietary fibers by
the gut microbiota. The main SCFAs are acetate, propionate and butyrate. Concentrations of
SCFA can reach the millimolar range in the intestinal lumen, where they act locally by
strengthening the epithelial barrier, inducing the production of antimicrobial peptides and

serving as the primary energy source for epithelial colon cells®®’

. Upon absorption, these
molecules enter the bloodstream and exert tissue-specific effects at distal organs (Figure 8B).
SCFAs have been implicated in cardiovascular health®*?, skeletal muscle function®!, glucose

392393 and immune regulation®**. The discovery of the pleotropic effects

and lipid metabolism
of SCFA boosted specific fields of research dedicated to understanding the crosstalk between
the gut microbiota and specific organs, namely gut-lung axis, brain-gut axis and liver-gut
axis®”3%7, Mechanistically, SCFAs signal through the G-protein coupled receptors GPR41,
GPR43 and GPRI109A, expressed in immune, epithelial and adipose cells**®3%°. The
physiological relevance of SCFAs is highlighted in studies using GPR41 and GPR43 deficient

400 reduced weight gain*®!, increased steatosis*®?,

mice which present decreased heart rate
exacerbated inflammation*®3 and increased colon cancer progression*?*. Alternatively, SCFAs
can also directly inhibit the activity of histone deacetylases (HDAC) and regulate gene
expression. The ability of the gut microbiota to produce SCFAs together with the pervasive
tissue-specific activity of these molecules makes the gut microbiota a key player in maintaining

systemic homeostasis.

1.2.3.5.3. Imprinting and Immunoregulation
Being in direct contact with the mucosal surface since birth, the human microbiota
provides a constant source of bacterial antigens under a nonpathogenic context which
contributes to the development and education of the host immune system. In line with this
imprinting phenomenon, GF mice present aberrant gut-associated lymphoid tissue (GALT)
with deficient maturation of IgA producing B cells, colonic T cell development and aberrant

levels of IgE and pro-allergic cells*>4%8

. Interestingly, GF mice colonized before weaning but
not after, reversed their susceptibility to inflammatory colitis, pointing towards a specific
period where the immune system is susceptible to microbiota-induced modulations*®#!!, The
time restriction of this microbiota imprinting seems to coincide with the transition from liquid
to solid food in mammals. Mechanistically, a very exciting ongoing theory proposes that during

infancy, the formation of transient goblet cells-associated passages, triggered by the cessation
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of milk, allows bacterial components to be transported into GALTSs, where they induce
tolerogenic cell populations*'? (Figure 8C). In mice, this window of opportunity is transient
and characterized by the expression of the inflammatory markers TNF-a and IFN-y in the distal
portion of the small intestine, a site enriched in GALTs. Termed ‘the weaning response’, this
phenomenon expands a population of T regulatory cells which will imprint the immune system
towards a tolerogenic state in adult life*!°.

Another consequence of this imprinting phenomenon is observed in the immune
response to vaccines*!®. Mice treated with antibiotics in early life but not in adulthood, had
impaired antibody responses to 13 different vaccines*'*. In humans, this is evidenced by large
cohort studies comparing vaccine efficacy in high and lower-middle income countries. In the
latter, gut dysbiosis in infants caused by short-term breast-feeding, malnutrition and higher
rates of diarrhea accounted for the decreased antibody titers post vaccination*'®. Moreover, the
presence of Bifidobacterium genus in infants from 6 to 15 weeks of age positively correlated
with better T CD4+ responses and memory responses after Bacillus Calmette-Guérin (BCG)

and stool IgAs after oral polio vaccination*! 417

. Thus, several interventional approaches focus
on using probiotics and commensal bacteria as adjuvant alternatives during vaccine
administration to boost efficacy. In fact, a systematic review evaluating 26 randomized
controlled trials (RCTs) using probiotics as an intervention to ameliorate vaccine responses in

infants showed a beneficial role of this strategy*!8.

1.2.3.6. Influenza infections and dysbiosis
An abundance of external factors can perturb the steady state microbiota and can
unbalance the mutualistic relationship with its host organism, an outcome termed ‘dysbiosis’.
Although dysbiosis is not defined by a specific microbiota composition, it is commonly
described in the literature as the absence of eubiosis. Dysbiosis has been reported in a multitude
of non-communicable diseases including ulcerative colitis*!?, asthma**’, diabetes**! and

422 but also infectious diseases*?*#?*. While antibiotic administration and diet are two

obesity
obvious drivers of dysbiosis, only recently infectious diseases, in particular influenza
infections, have been implicated in dysbiosis with significant impacts on human health#2>426,
The consequences of an active viral infection on the host microbiota have only been
recently described*?’. In the case of IAV infections, both mice and human studies indicate a
direct impact of influenza on the gut microbiota which is transiently destabilized during acute
infection*?®* 39, A recent study addressed the mechanism of TAV-associated dysbiosis using a

mouse model. During IAV pathogenesis, the loss of appetite induced a shift in food intake

which altered the composition of gut microbiota. A decrease in fermenting bacteria led to lower
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SCFA production which in turn reduced the killing activity of alveolar macrophages. To prove
their idea, naive mice were transplanted with microbiota from IAV-infected animals which
rendered them more susceptible to bacterial superinfection**!. In another study, transplanting
gut microbiota of mice that survived a H7N9 infection into naive mice improved their survival
following a lethal challenge with the same virus. This effect was lost when the transplanted gut

microbiota came from animals that succumbed to infection**?

. These studies support the idea
that gut microbiota dysbiosis after IAV infections is capable of modulating susceptibility to
subsequent infections and disease.

Although most studies focus on alterations in the microbial community of the gut after
IAV infections, few have explored their impact on the dynamics of the lung
microbiota®?*43343, Since lung microbiota dysbiosis has already been shown to affect an array
of physiological functions of the lung and inflammation**>*¢, this is an important topic of
research that could uncover novel mechanisms steering IAV pathogenesis and susceptibility to
respiratory infections. More importantly, studies exploring the effect of IAV infections in gut
and lung microbiota during the maturation phase of the immune system are scarce in the
literature. This is partly due to the novelty of this field, but also to the rarity of clinical evidence
in humans from the lack of appropriate controls, since most IAV infections can be
asymptomatic and/or pass undetected. Nevertheless, we believe that using mouse models to
address the impact of respiratory infections during microbiota maturation could shed light onto
important, overlooked mechanisms of host dysbiosis with long term consequences in health

outcomes.
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2. Aims
2.1.Aim 1

The search for novel influenza vaccines is overwhelmingly saturated by candidates with

a universal protective profile*’

, particularly in young and adult populations. On the other hand,
strategies to improve current vaccines targeting high-risk patient groups, the most affected
during flu seasons, are scarce. The breadth of potential applications and advantages offered by
LAIVs make it a promising candidate for further optimization. In fact, a body of literature
reports several attempts to improve the safety and immunogenic profile of LAIVs*%, However,
the lengthy and costly process of transitioning a preclinical vaccine candidate into humans,
confines most of these vaccine candidates to preclinical models. In addition, these candidates
are mostly tested in adult healthy animals which do not account for an impaired immune
response often observed in high-risk groups.

With that in mind, the aim of the first block of this PhD thesis was to modify the already
licensed LAIV backbone and increase its safety profile envisioning its application in high-risk
patient groups. In order to achieve that I aimed to:

o Perform targeted mutagenesis in the NS1 gene of the LAIV backbone and increase the
attenuated phenotype of the vaccine virus

o Evaluate the production efficiency of the optimized vaccine (optiLAIV) using two
different manufacturing models

o Confirm vaccine efficacy in healthy adult animals

o Characterize the replication and efficacy of the optimized LAIV in two in vivo models
mimicking high-risk patients

o Describe the immune response to optiLAIV and compare it to the parental LAIV

o Characterize distinct molecular pathways induced by the optimized LAIV in vitro and

the mechanisms of attenuation.
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2.2.Aim 2

TAV infections are a known source of dysbiosis in the intestinal microbiota*?®. Animal
studies propose biological plausible mechanisms for this phenomenon which culminates in
susceptibility to secondary bacterial infections, both in the intestine and in the respiratory
airways*1:439449 However, little is known about the impact of a subclinical viral infection
during infancy on the composition and maturation of the host microbiota at different body sites.
As described above, this period represents a window of opportunity to prime the host immune
system by exposure to distinct microbial species and metabolites. Moreover, the establishment
of a steady-state microbiota takes place during infancy which can imprint future physiological
processes. Thus, in the second block of this thesis, I aimed to evaluate the impact of a
subclinical IAV infection during infancy on the microbiota composition and its consequences
in adult life using a neonatal mouse model. In order to achieve that, the main questions this
thesis aimed to answer were:

o Does a subclinical IAV infection during infancy causes dysbiosis in the lungs or the
intestine of infected mice?

o Does this dysbiosis last until adulthood?

o What are the consequences of this dysbiosis in the host metabolism?

o What are the consequences of this dysbiosis in the responses to vaccination?

o Are these effects dependent on microbiota compositional changes?

o What are the molecular mechanisms leading to the consequences of the dysbiosis

process?
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3. Results

3.1. Optimizing the live attenuated influenza A vaccine (LAIV) backbone for

high-risk patient groups

3.1.1. Published Results
Jodo P. P. L. Bonifacio!, Nathalia Williams', Laure Garnier!, Stephanie Hugues!?, Mirco
Schmolke!?, Beryl Mazel-Sanchez!
'Department of Microbiology and Molecular Medicine, University of Geneva, Geneva, Switzerland
’Geneva Center for inflammation research (GCIR), University of Geneva, Geneva, Switzerland
Status:
Manuscript published in Journal of Virology — PMID: 36190240
Summary:

The first part of my thesis aimed to improve LAIV efficacy by reducing the ability of
LAIV NSI1 to bind CPSF30. This would prevent the host shutoff and abolish its interference
on the establishment of the UPR. We hypothesised that, a LAIV candidate that no longer
inhibits the host response would have an enhanced attenuated profile combined with increased
immunostimulatory properties. Using target mutagenesis, we introduced five point mutations
in the NS1 segment of caAnnArbor and rescued our optimised live attenuated influenza
vaccine (optiLAIV) virus expressing an NS1 with reduced binding to CPSF30. In adult mice,
we observed lower replication of optiLAIV compared to LAIV and similar protection after
challenge. The attenuated phenotype of optiLAIV led us to evaluate the safety profile of this
vaccine in a neonatal mouse model, representing a high-risk patient group. In neonatal mice,
we observed lower replication of optiLAIV in the upper respiratory tract with earlier
clearance compared to LAIV. Despite lower replication, optiLAIV equally protected mice
against a long-term heterologous challenge and a heterosubtypic challenge. We further
confirmed the safety profile of optiLAIV in STATI-/- mice, which are highly susceptible
to viral infections. optiLAIV-administered mice showed no signs of morbidity or mortality,
compared to a 50% mortality rate observed in animals vaccinated with wr LAIV.
Corroborating to previous results published by our group, optiLAIV induced UPR-related
genes in a human nasal epithelial tissue model suggesting this pathway as a potential
mechanism of attenuation. Interestingly, we show that UPR is induced in an IFN
signalling-independent manner. We propose that optiLAIV allows the establishment of the
UPR triggered by ER stress, which contributes to the attenuated phenotype of optiLAIV.
Based on our results, optiLAIV could be explored as a safer alternative candidate to the
licensed LAIV.
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For this project, I conceptualized, designed and performed all the experiments, analysed
and interpreted all the results and wrote the manuscript with contributions from my thesis
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Optimizing the Live Attenuated Influenza A Vaccine Backbone

for High-Risk Patient Groups
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ABSTRACT Together with inactivated influenza vaccines (IIV), live attenuated influ-
enza vaccines (LAIV) are an important tool to prevent influenza A virus (IAV) illnesses
in patients. LAIVs present the advantages to have a needle-free administration and
to trigger a mucosal immune response. LAIV is approved for healthy 2- to 49-year
old individuals. However, due to its replicative nature and higher rate of adverse
events at-risk populations are excluded from the benefits of this vaccine. Using tar-
geted mutagenesis, we modified the nonstructural protein 1 of the currently licensed
LAIV in order to impair its ability to bind the host cellular protein CPSF30 and thus
its ability to inhibit host mRNA poly-adenylation. We characterized our optimized
LAIV (optiLAIV) in three different mouse models mimicking healthy and high-risk
patients. Using a neonatal mouse model, we show faster clearance of our optimized
vaccine compared to the licensed LAIV. Despite lower replication, optiLAIV equally
protected mice against homosubtypic and hetesubtypic influenza strain challenges.
We confirmed the safer profile of optiLAIV in Stat1~/~ mice (highly susceptible to vi-
ral infections) by showing no signs of morbidity compared to a 50% mortality rate
observed following LAIV inoculation. Using a human nasal 3D tissue model, we
showed an increased induction of ER stress-related genes following immunization
with optiLAIV. Induction of ER stress was previously shown to improve antigen-spe-
cific immune responses and is proposed as the mechanism of action of the licensed
adjuvant ASO3. This study characterizes a safer LAIV candidate in two mouse models
mimicking infants and severely immunocompromised patients and proposes a sim-
ple attenuation strategy that could broaden LAIV application and reduce influenza
burden in high-risk populations.

IMPORTANCE Live attenuated influenza vaccine (LAIV) is a needle-free, mucosal vaccine
approved for healthy 2- to 49-year old individuals. Its replicative nature and higher rate
of adverse events excludes at-risk populations. We propose a strategy to improve LAIV
safety and explore the possibility to expand its applications in children under 2-year old
and immunocompromised patients. Using a neonatal mouse model, we show faster
clearance of our optimized vaccine (optiLAIV) compared to the licensed LAIV. Despite
lower replication, optiLAIV equally protected mice against influenza virus challenges. We
confirmed the safer profile of optiLAIV in Stat1~/~ mice (highly susceptible to viral infec-
tions) by showing no signs of morbidity compared to a 50% mortality rate from LAIV.
OptiLAIV could expand the applications of the current LAIV and help mitigate the bur-
den of IAV in susceptible populations.

KEYWORDS influenza, high-risk patient, live attenuated vaccine, optimization, vaccine

nfluenza A viruses (IAV) are the etiological agents of one of the most significant respira-
tory tract infections, accounting for approximately 2% of all annual respiratory deaths (1).
Hospitalizations and deaths occur mainly among high-risk groups, which include children,
elderly, pregnant women and immunocompromised patients (2-4). One of the most
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effective ways to prevent influenza illnesses is vaccination. Three types of vaccines are
available against IAV: recombinant influenza vaccines (RIV) and split-virus inactivated influ-
enza vaccine (IlV), both injected intramuscularly, and a live-attenuated influenza vaccine
(LAIV), in the form of a nasal spray. LAIV uses the genetic backbone of a temperature sensi-
tive (ts), cold-adapted (ca), attenuated (att) influenza strain derived from A/Ann Arbor/6/
1960. These features restrict vaccine virus replication to the upper respiratory tract at 33°C,
thus preventing disease onset (5, 6). LAIV mimics a natural infection, which brings the
advantage of triggering mucosal (7), cellular and cross-protective (8, 9) immune responses.
Hence, LAIV vaccine effectiveness (VE) ranges from 40 to 69%, which is equivalent to the
VE observed for IIVs (10-14). The nature of this vaccine, however, excludes key-populations
from LAIV recommendation guidelines. The major concern being higher rates of fever,
rhinorrhea and wheezing observed following LAIV administration in children younger than
2 years old. Uncontrolled replication of the vaccine virus and reversion to virulence in
immunocompromised patients has been reported for other attenuated vaccines (15-18).
Therefore, different strategies have been explored to improve the safety of the LAIV with a
particular focus on the modulation of IAV nonstructural protein 1 (NS1) (19-21).

NS1 is a virulence factor that modulates the cellular antiviral response (22). In part this
was attributed to its interference with host mRNA maturation by interacting with the
30 kDa subunit of the cleavage and polyadenylation specificity factor (CPSF30). CPSF30 is a
key factor in the polyadenylation complex. In its absence, cellular pre-mRNAs are not polya-
denylated and thus rapidly degraded leading to a reduced host cell protein production.
The interaction between NS1 and CPSF30 is well described in the literature (23) with a crys-
tal structure showing the amino acids responsible for it (24). While positions 103 and 106
are important to stabilize the interaction, positions 108, 125 and 189 were shown to antag-
onize the innate immune response by reducing antiviral genes expression (25, 26). We
recently demonstrated that during IAV infection, NS1 binding to CPSF30 is also essential to
limit the unfolded protein response (UPR) induced by excessive neuraminidase production
in the endoplasmic reticulum (ER) (27). UPR is an intrinsic mechanism cells use to adjust
the folding capacity of the ER in times of elevated glycoprotein production. Viruses often
exploit the UPR to enhance their replication (28, 29). Recent findings describe a cross talk
between UPR and innate immune responses with implications on viral clearance and
induction of an antiviral state (30, 31). Moreover, UPR contributes to the adjuvant effect of
AS03, a licensed adjuvant present in the formulation of the inactivated influenza vaccine
Prepandrix (32).

In this study, we applied a targeted approach to mutate the NS1 protein of the LAIV
backbone rendering it unable to bind the host factor CPSF30. The goal is to improve
the safety profile of the existing LAIV and present a suitable vaccine candidate for a
broader target population. We confirm that our approach would not reduce vaccine
manufacture efficiency or production using standard models. We demonstrate a safer
replication profile of our optimized vaccine (optiLAIV) in three relevant in vivo models
representative of adult, infant and highly susceptible populations. OptiLAIV provided
similar protection compared to the current LAIV. As a mechanism of action, we pro-
pose a self-adjuvanted effect through activation of the UPR, independent of the cellu-
lar interferon response.

RESULTS

Limiting NS1-CPSF30 binding ability does not impact vaccine virus growth. We
generated a LAIV parental strain encoding the genetic backbone (segments 1, 2, 3,5, 7
and 8) of the cold-adapted influenza A/Ann Arbor/6/1960 (H2N2) and segments 4 and
6 (hemagglutinin and neuraminidase) from A/Puerto Rico/8/1934 (H1N1) as described
previously (33). We refer to this 6 + 2 virus as LAIV. In a targeted approach, we abol-
ished exclusively the ability of NS1 to interact with the cellular host factor CPSF30. We
used targeted mutagenesis to introduce the following amino acid changes in the LAIV
backbone: F103S, M106l, K124E, D144R and D189G. We then rescued the mutant virus
by reverse genetics and refer to this vaccine candidate as optiLAIV.
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FIG 1 OptiLAIV NS1 binds to CPSF30 without compromising vaccine virus growth in eggs or MDCK cells.
(A) 293T cells were transfected with pCAGGS.Flag-CPSF30 or pCAGGS.Flag-ZsGreen for 24 h prior to
infection with either LAIV or optiLAIV at a multiplicity of infection (MOI) of 5. Cells were incubated for 16
h at 33°C and then lysed. Anti-Flag M2 affinity beads were used to immunoprecipitate (IP) the flag-tagged
protein and its interactors. Precipitates were separated by SDS-PAGE and detected by Western blotting
(WB) using the anti-flag antibody and the anti-NS1 antibody. The amount of NS1 protein that was bound
to Flag-CPSF30 was quantified via a densiometric analysis (n = 2). (B) 10-day-old embryonated chicken
eggs were infected with 100 PFU, and MDCK B cells were infected at a MOI of 0.1. After 46 h at 33°C,
allantoic fluid and supernatant were collected. Viral titers were determined via plaque assay in MDCK
cells at 33°C. Graphs represent the mean =+ standard deviation (SD) of n = 3 to 7 repeats. Statistical
significance was determined using a Mann-Whitney test.

To confirm that the five amino acids mutations introduced abrogate NS1-CPSF30
binding in context of infection, we overexpressed a flag-tagged CPSF30 protein in HEK
293T cells and superinfected those cells with either vaccine virus. Following immuno-
precipitation of CPSF30, we successfully retrieved LAIV NS1. Compared to LAIV,
optiLAIV NS1 coprecipitation was reduced by 80%, indicating reduced CPSF30-NS1
interaction (Fig. 1A). Enhanced attenuation of LAIV could result in deleterious replica-
tion defects, with unwanted consequences for large scale vaccine production (19, 21).
We thus compared the replication of LAIV and optiLAIV in embryonated chicken eggs
and MDCK cells, two relevant vaccine production models. Titers of LAIV and optiLAIV
were similar in both production systems (Fig. 1B).

These results indicate that the targeted mutagenesis used to produce optiLAIV sig-
nificantly impaired its NS1 protein ability to bind CPSF30 without compromising its
potential for large-scale vaccine production.

OptiLAlV is attenuated without compromising protection in adult mice. In order
to demonstrate that our targeted NS1 mutagenesis strategy results in an attenuated
phenotype in vivo, adult mice were vaccinated with a weight-adjusted dose of LAIV or
optiLAIV according to recommendations for human adults (34) (Fig. 2A and Fig. S1).
Then we monitored body weight as a general indication of well-being and viral titers
in the upper and lower respiratory tract as an indication of viral fitness. In comparison
to mock-vaccinated animals, neither vaccine virus caused alterations in body weight of
adult mice (Fig. 2B), reflecting the already attenuated phenotype of the parental vac-
cine virus in immunocompetent hosts. However, we observed a clear difference in viral
replication both in the upper and lower respiratory tract. Indeed, at 4 days postvaccina-
tion, we detected LAIV in both upper and lower respiratory tracts of vaccinated mice,
while optiLAIV was absent in all snout samples and was present in only 2 out of 7
(28%) lung samples at viral loads close to the limit of detection (Fig. 2C).
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FIG 2 OptiLAIV is attenuated and protects adult mice against a homosubtypic/heterologous challenge. (A)
Scheme of mouse immunization and challenge. (B) Female 8-week-old mice were vaccinated intranasally
under anesthesia with 10* PFU LAIV or optiLAIV in 25 uL PBS and body weight was monitored for 14 days
postvaccination. (C) Female 8-week-old mice were vaccinated intranasally under anesthesia with 10° PFU
LAIV or optiLAIV in 25 uL and at 4 days postvaccination snouts (left panel) and lungs (right panel) were
collected and vaccine viral titters were determined by plaque assay (n = 7 per group). (D) Female 8-week-
old mice vaccinated with 10 PFU of LAIV or optiLAIV were challenged at day 21 postvaccination with 20
PFU (10xLD,,) of mouse adapted A/Netherlands/602/2009 (H1N1) in 20 uL PBS under light anesthesia
(n = 14 per group). Body weight (left panel) and survival (right panel) were monitored for 14 days
postchallenge. The statistical significances between LAIV group and optiLAIV group were determined using
Mann-Whitney test in panel G two-way ANOVA with the Geisser-Greenhouse correction and post hoc
Dunn’s multiple-comparison test in panels B and D and Mantel-Cox test for survival curve. P-values are
indicated in the figure. Lo.D. = limit of detection (5 PFU). Graphs are representative of 3 independent
experiments and indicate geometric mean for panel C or mean = SEM for panels B and D. Symbols
represent data from individual mice for panels a and b. In D, black dotted line represents 15% body weight
loss cutoff.

The mutation introduced in the NS1 of the optiLAIV renders it less efficient in limit-
ing host transcription (35, 36), which might result in undesired detrimental inflamma-
tory responses. A hallmark of lung inflammation is the infiltration of immune cells into
the lung tissue. Thus, we characterized the immuno-population of the respiratory tract
of vaccinated mice at 4 days postvaccination. When comparing lungs and snouts of
mice administered with PBS, we observed that, optiLAIVdoes not significantly changes
the total of cell infiltrates or population composition compared to the LAIV (Fig. S2).
When considering the optiLAIV as an alternative candidate for LAIV, the absence of

Month YYYY Volume XX Issue XX

Journal of Virology

10.1128/jvi.00871-22

4

Downloaded from https://journals.asm.org/journal/jvi on 21 October 2022 by 77.241.232.28.


https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.00871-22

Optimized Live Attenuated Influenza Vaccine in High Risk groups

viral load and comparable cellular infiltration in the respiratory tract argue in favor of a
generally increased safety profile.

Since, previous studies associated lower replication fitness of different LAIV strains
to lower immunogenicity and decreased vaccine effectiveness (37, 38), we evaluated if
the protection elicited by optiLAIV was compromised compared to LAIV. 8 weeks-old
mice were vaccinated intranasally with increasing doses of LAIV or optiLAIV. At 21 days
postvaccination, the animals were challenged with influenza A/Netherlands/602/2009
(H1N1) strain, simulating a severely drifted virus based on HA sequences (homosub-
typic/heterologous challenge). We monitored body weight (Fig. 2D - left panel) and
survival (Fig. 2D - right panel) for 14 days after challenge. All animals were protected
after a weight-adjusted dose for either vaccine (Fig. 2D). While we found a trend to-
ward a longer recovery of the initial body weight (Fig. STA) and a reduced protection
with lower vaccine doses of optiLAIV (Fig. S1B), there was overall no statistically signifi-
cant difference observed for the protective dose 50 (PD,) of both vaccines (Fig. S1C).
In conclusion, compared to LAIV, our vaccine candidate presented impaired replication
in the respiratory tract of adult mice, while still conferring similar protection against
infection with a virus harboring a severely drifted HA.

OptiLAlV is attenuated without compromising protection in neonatal mice. An
important target population outside the recommendation guidelines for LAIV adminis-
tration are children under 2 years of age (39, 40). Indeed, clinical trials have reported
higher incidence of adverse events, such as wheezing and coughing following vaccina-
tion (41, 42). To demonstrate an improved safety profile of optiLAIV in an animal model
closer to this target population, we vaccinated neonatal mice (7 days old) with an adult
dose of LAIV and optiLAIV. We then monitored body weight daily for 14 days and
vaccine virus replication in the respiratory tract every other day up to 9 days after vac-
cination (Fig. 3A). Neither vaccine caused any significant alteration in body weight gain of
neonatal mice (Fig. 3B), once again reflecting the already attenuated phenotype of LAIV. In
line with the results obtained in adult mice, at 2 days postvaccination we observed lower
viral titers in optiLAIV-vaccinated animals compared to LAIV in the upper respiratory tract
(Fig. 3C). While at day 4 viral loads of both vaccines were reduced compared to day 2, we
observed that at day 8 postvaccination, LAIV was still present in 7 out of 13 (53%) vacci-
nated animals. This was not the case for the optiLAIV group, where only 2 out of 12 (16%)
vaccinated animals had detectable virus. After 9 days, both vaccine viruses were cleared
from the upper respiratory tract. In lungs, we did not consistently detect virus after infec-
tion with either vaccine (data not shown), which is most likely a consequence of vaccine
administration in the absence of anesthesia. We conclude from these data that optiLAIV
reaches lower peak titers and is cleared faster from the airways of neonatal mice compared
to LAIV.

The immune system of young children is in an immature state with compromised
immune responses to vaccines (43). Thus, we asked if LAIV administered in our neona-
tal mouse model could elicit protection and if the attenuated phenotype of optiLAIV
would impair this effect. To answer this question, we evaluated protection after a het-
erosubtypic challenge with A/Vietnam/2004 (H5N1) (Fig. 3D) or a homosubtypic/heter-
ologous challenge with influenza A/Netherlands/09 (H1N1) (Fig. 3E). In both challenge
models, significant protection was observed for both vaccines in a similar fashion (Fig.
3D and E - right panels). Unexpectedly, after heterosubtypic challenge, mock-vacci-
nated mice showed 50% survival after challenge with 20 adult LD, nevertheless sig-
nificant protection was still observed in vaccinated animals even with lower doses of
both vaccines (Fig. S3A, B). After the homosubtypic/heterologous challenge, only the
adult-dose of optiLAIV was protective compared to LAIV (Fig. 3E and Fig. S3C, D).
However, there was no overall statistically significant difference observed for the pro-
tective dose 50 (PDs,) of each vaccine (Fig. S3E). In conclusion, similar to LAIV, our vac-
cine candidate optiLAIV protects neonatal mice against both a homosubtypic and a
heterosubtypic challenge.

Higher adverse reactions observed in young children might be explained by an
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FIG 3 OptilAlV is attenuated and protects neonatal mice against homosubtypic/heterologous challenge
and heterosubtypic challenge. (A) Scheme of mouse immunization and challenge. (B) Seven-day-old mice
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exacerbated host response to a replicating virus (41, 44, 45). By unblocking host tran-
scription and protein translation, optiLAIV could induce a damaging host response in
young patients and worsen potential adverse reactions in this target population.
Hence, we assessed the expression of two inflammatory genes implicated in a deleteri-
ous response in neonatal mice respiratory tract at 2 days postvaccination, when vac-
cine titers peaked (Fig. 3C). No significant expression of Tnfa and //6 was observed com-
pared to mock-vaccinated animals (Fig. 3F). Furthermore, both vaccines induced
expression of antiviral cytokines Cxc/70 and Ccl5 at similar levels. Overall, our data do
not support a differential induction of innate immune or inflammatory genes by
optiLAIV that could exacerbate any unwanted reactions compared to LAIV.

OptiLAlV is attenuated and safer in Stat1—/— adult mice. Due to its replicative na-
ture, LAIV is not recommended for immunocompromised patients (39, 40) who might
struggle to clear the vaccine virus. Further attenuation of this vaccine could be benefi-
cial to this target population. To simulate a patient highly susceptible to viral infec-
tions, we used Stat1-deficient (Stat1~/~) adult mice, which are largely devoid of type |,
Il and Il interferon responses and consequently lack key defense mechanisms to com-
bat pathogen challenges. Stat1~/~ adult mice were vaccinated with an adult dose of
LAIV or optiLAIV and we monitored body weight after vaccination as a general indica-
tion of well-being (Fig. 4A). OptiLAIV vaccinated mice showed no weight loss and no
mortality while vaccination with LAIV resulted in weight loss 5 days postvaccination
and 50% mortality (Fig. 4B).

This pronounced difference led us to explore the dose-range equivalence between
LAIV and optiLAIV for the induction of adverse effects (Fig. S5A). We found that a LAIV
dose of 103 PFU caused equivalent body weight loss as a 10° PFU dose of optiLAIV (Fig.
S5B). Notably, one out of five animals vaccinated with 103 PFU of LAIV lost more than
15% body weight and had to be sacrificed, while all optiLAIV vaccinated mice stayed
above this threshold. In order to evaluate if the two vaccines might protect Stat1~/~
mice, the remaining animals were challenged with a lethal dose of A/Netherlands/602/
2009 (H1N1) (Fig. S5C). We observed that all optiLAIV vaccinated mice survived with an
overall mild weight loss, while LAIV vaccinated mice had a more pronounced weight
loss, with one animal crossing the experimental threshold. Considering both vaccina-
tion and challenge, our results point toward a safety window of 100-fold between LAIV
and optiLAIV doses.

In order to understand the differences in morbidity and mortality observed in
Stat1~/~ mice, we quantified vaccine virus replication in both upper and lower respiratory
tract. Compared to wild-type animals, Stat1~/~ animals have approximately 100-fold higher
viral titers in both upper and lower respiratory tracts at 4 days postvaccination.

FIG 3 Legend (Continued)

were vaccinated intranasally with 10* PFU LAIV or optiLAIV in 5 uL PBS and body weight was monitored
for 14 days postvaccination. Cutoff was defined as twice the difference between the average weight of
the nonvaccinated group and the lightest mouse of that group, calculated daily. (C) Seven-day-old mice
were vaccinated intranasally with 10° PFU of LAIV or optiLAIV in 5 ul PBS. At 2, 4, 6, 8 and 9 days
postvaccination vaccine viral titters in the snouts were determined by plaque assay (n = 11 to 19 per
group). (D) Seven-day-old mice vaccinated with 10* PFU of LAIV or optiLAIV were challenged at day 21
postvaccination with 10° PFU (20xLD,,) of A/Vietnam/1203/2004 (H5N1) in 20 uL PBS under anesthesia
(n = 11 per group). Body weight (left panel) and survival (right panel) were monitored for 14 days
postchallenge. (E) Seven-day-old mice vaccinated with 10* PFU of LAIV or optiLAIV were challenged at
day 49 postvaccination with 20 PFU (10xLD,,) of A/Netherlands/602/2009 (H1N1) in 20 uL PBS under
anesthesia (n = 11 to 17 per group). Body weight (left panel) and survival (right panel) were monitored
for 14 days postchallenge. (F) Seven-day-old mice (n = 11 to 12) were vaccinated intranasally with 10°
PFU of LAIV or optiLAIV in 5 uL PBS. At 2 days postvaccination snouts were harvested and RT-gPCR was
performed from isolated RNA. The statistical significances between LAIV group and optiLAIV group were
determined using multiple Mann-Whitney tests in panel C; two-way ANOVA with the Geisser-Greenhouse
correction and post hoc Dunn’s multiple-comparison test in panels B, D and E and Mantel-Cox test for
survival curves; Kruskal-Wallis test and post hoc Dunn’s multiple-comparison test in panel F. P-values are
indicated in the figure. * comparison between LAIV and optiLAIV; # comparison between mock and
optiLAIV. L.o.D. = limit of detection (5 PFU). Graphs are representative of 2 independent experiments and
indicate geometric mean for panel CG; mean * SEM for panels B, D and E; mean = SD for panel F.
Symbols represent data from individual mice for panel C. In D and E, black dotted line represents 15%
body weight loss cutoff.
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FIG 4 OptiLAIlV is attenuated and safe in Stat1~~ mice. (A) Scheme of mouse immunization. (B) 8-week-
old Stat1~/~ mice were vaccinated intranasally under anesthesia with 10* PFU LAIV or optiLAIV in 25 ulL
and body weight (left panel) and survival (right panel) were monitored for 14 days postvaccination (n = 4
mock-vaccinated group; n = 8 per vaccinated group). (C) 8-week-old Stat1™/~ mice were vaccinated
intranasally under anesthesia with 10° PFU LAIV or optiLAIV in 25 ul PBS. At 2, 4 and 6 days
postvaccination snouts (left panel) and lungs (right panel) were collected and viral titers were determined
by plaque assay (n = 5 per group). The statistical significances between LAIV group and optiLAIV group
were determined using two-way ANOVA with the Geisser-Greenhouse correction and post hoc Dunn'’s
multiple-comparison test in panel B and Mantel-Cox test for survival curve; multiple Mann-Whitney tests
in panel C;. P-values are indicated in the figure. *, comparison between LAIV and optiLAIV. L.o.D. = limit of
detection (5 PFU/mL). Graphs are representative of 2 independent experiments and indicate mean = SEM
for panel B and geometric mean for panel C. Symbols represent data from individual mice for panel B. In
C, black dotted line represents 15% body weight loss cutoff.

Importantly, optiLAIV titers remained lower than LAIV titers in the lower respira-
tory tract, confirming its enhanced attenuated phenotype (Fig. 4C).

In conclusion, in the absence of a functional type |, Il and IIl interferon response,
optiLAIV vaccine virus safety profile was improved compared to LAIV.

OptiLAIV induces the unfolded protein response in vitro. The ability of NS1 to
bind CPSF30 was thought to only antagonize the innate antiviral host response (46, 47).
However, mutations of the CPSF30-binding domain of NS1 were recently described to
modulate ER stress activation and the UPR through the XBP1 pathway (27). We introduced

Month YYYY Volume XX Issue XX

Journal of Virology

10.1128/jvi.00871-22

8

Downloaded from https://journals.asm.org/journal/jvi on 21 October 2022 by 77.241.232.28.


https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.00871-22

Optimized Live Attenuated Influenza Vaccine in High Risk groups

the same mutations in the NS1 of optiLAIV and hypothesized that the establishment of a
host response, mediated by UPR, could explain the attenuated phenotype of optiLAIV.
Indeed, the reduced viral replication of optiLAIV was STAT1-independent, pointing to a
mechanism independent of the canonical interferon-mediated antiviral response.

Proving an involvement of ER stress in vivo is technically challenging. While knock-
out of the main UPR component, XBP1, is lethal during embryonic development, the
fast turnover of this response largely narrows the window of detectable signal in vivo.
In addition, there is high background signal from unspliced XBP1 mRNA present in
uninfected cells. This technical hurdle was confirmed by analysis of two UPR-induced
genes at vaccine virus peaks in neonatal mice respiratory tract (Fig. S4A). Thus, we
turned to in vitro models to address our hypothesis.

First, we asked if the lower CPSF30 binding ability of optiLAIV NS1 allowed the
establishment of the UPR upon infection. We infected A549 human lung epithelial cells
and evaluated the splicing of XBP1T mRNA by semiquantitative RT-PCR and the expres-
sion of the spliced form of XBP1 protein (sXBP1) by Western blot. sXBP1T mRNA levels
in optiLAlV-infected A549 increased compared to LAIV (Fig. 5A). Accordingly, we
observed that sXBP1 protein expression increased in a time-dependent manner after
infection, an increase that was more pronounced in cells infected with optiLAIV (Fig.
5B). We also analyzed by RT-qPCR the induction of genes downstream of the transcrip-
tion factor sXBP1, namely, DDIT3 and DNAJB9. Compared to LAIV, expression of these
two genes increased in cells infected with optiLAIV (Fig. 5C, upper panel), in line with
previous published results (27). Of note, induction of UPR genes by optiLAIV was inde-
pendent of Stat1 signaling (Fig. 5C, lower panel). This increase was also observed when
we used a murine lung epithelial cell line (Fig. S4B) indicating that this phenomenon is
species independent and could occur in our murine in vivo models. Additionally, viral
replication was similar in all three cell models ruling out possible differences in replica-
tion kinetic as an explanation for the phenotype observed (Fig. 5D and Fig. S4Q).

Next, we used a relevant 3D cell model of stratified primary human nasal epithelial
cells grown in air-liquid interface. In line with the results obtained with immortalized
epithelial cell lines, we observed an increased induction of UPR-induced genes in
optiLAIV infected tissues compared to LAIV, and no differences in the induction of anti-
viral response genes or inflammatory cytokine genes (Fig. 5E). These cells would be the
first in contact with LAIV virus in case of vaccination of human patients and the upreg-
ulation of DNAJB9 and DDIT3 in this model, corroborates our hypothesis of UPR as a
potential optiLAIV attenuation mechanism.

DISCUSSION

From a medical and immunological point of view the LAIV platform provides advan-
tages over the inactivated vaccine, including easier, needle-free application, a broader
immune response against IAV and a reduction of viral transmission due to mucosal immu-
nity as demonstrated in animal models (48, 49). Regrettably, safety concerns exclude highly
susceptible populations to IAV from benefiting from this vaccine platform.

In the present work, we modify LAIV protein NS1 in a targeted manner and characterize
optiLAIV, a vaccine candidate with an increased attenuated profile without affecting its effi-
cacy. Other groups described that an IAV with full NS1 deletion used as a single intranasal
dose was well tolerated, safe, and able to induce neutralizing antibodies in three different
clinical trials (20, 50, 51). Similarly, IAV vaccines expressing truncated NS1 were safe and pro-
tected both adult ferrets and aged mice (52, 53). These approaches, however, rely on blunt
removal of the effector domain of NS1 affecting multiple host-pathogen interaction path-
ways. Additionally, efficacy and safety were not assessed against the current standard of care
(LAIV). Our strategy to attenuate LAIV exploits a more targeted approach by performing five
single amino acid substitutions in the currently licensed LAIV backbone and we characterized
its safety profile in two relevant animal models that are representative of high-risk patient
groups. Moreover, we compare efficacy and safety to the parental LAIV. Interestingly, a simi-
lar targeted approach mutated two key amino acids for CPSF30 binding (F103S/M106I)
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FIG 5 OptiLAIV NS1 allows unfolded protein response activation in human cell models. (A-B) A549 cells were
infected at an MOI of 5 with LAIV or optiLAIV or treated with tunicamycin at 5 ug/mL. At 16 h and 24 h
postinfection RT-PCR was performed from isolated RNA for the spliced form of XBP1T mRNA (A). In parallel at
8 h, 16 h and 24 h postinfection, lysates were analyzed by Western blot for expression of sXBP1, actin, NP and
NS1 proteins (B). (C) A549wt cells (upper panel) or A549Stat] /= cells (lower panel) were infected at an MOI of
5 with LAIV or optiLAIV and RT-qPCR for UPR-induced genes DNAJB9 and DDIT3 was performed in RNA lysates
at 16 h and 24 h postinfection. (D) A549wt cells (upper panel) or A549Stat1~/~ cells (lower panel) were infected
at an MOI of 0.01 with either LAIV or optiLAIV. Supernatants were collected at indicated time postinfection and
viral titers determined by plaque assay. (E) Primary human nasal epithelial cells (Mucilair) were infected at an
MOI of 5 with LAIV or optiLAIV. Cells were lysed at 24 h postinfection and RT-qPCR for each respective gene
was performed. The statistical significances between LAIV group and optiLAIV group were determined using
one-way ANOVA with post hoc Tukey's multiple-comparison test for panels A, C and E; two-way ANOVA with

*

the Geisser-Greenhouse correction and post hoc Dunn’s multiple-comparison test for panel D. *, comparison

between LAIV and optiLAIV; # comparison between mock and optilLAIV; ns =

representative of 3 independent experiments and indicate mean = SD.
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in the LAIV A/Ann Arbor/6/60 backbone; however, this strategy failed to revert the shutoff of
the host response and did not increase LAIV safety in adult mice (54). Our data suggest that
the additional three mutations in NS1 (K108R/D125E/D189G) are responsible for the acceler-
ated clearance of optiLAIV from adult and neonatal mice.

Abrogation of NS1 binding to CPSF30 is largely associated with an increased expression
of IFN-mediated genes (23-25, 35), however, optiLAIV's attenuated phenotype was Stat1-
independent, pointing to an alternative mechanism of attenuation. A thorough RNA-seq
analysis performed in cells infected with weak NS1-CPSF30 binding influenza strains
showed upregulation of UPR-induced genes (55). This observation led us to postulate that
UPR activation during optiLAIV replication induces a self-adjuvanting mechanism contrib-
uting to its faster clearance without affecting its protective efficacy. In accordance, UPR
activation was described in mice as the mechanism of action of AS03, a licensed adjuvant
used in IIV formulation (32). Furthermore, upregulation of UPR-induced XBP1 after IIV
administration in human patients was suggested as a molecular marker for seroconversion
against the three vaccine strains present in the vaccine’s formulation (56).

One limitation of the present study is the lack of in vivo data linking UPR to the atte-
nuated profile of optiLAIV. The transient nature of this pathway, together with the
background noise from uninfected cells makes detection of ER stress in vivo challeng-
ing. On top, mice deficient for central elements of the ER stress sensing pathway are
unviable (57). Still, our data encourages future studies to explore how UPR impacts the
immune response to live replicating viral vaccines (58).

LAIV is approved for 2 to 49 years old immunocompetent patients. Our data pro-
vides the first attempt to characterize and improve it in a neonatal mouse model. We
provide unprecedented evidence of LAIV cross-protection in a neonatal mouse model.
Furthermore, the observed optiLAIV attenuation in this model could be used in combi-
nation with strategies to develop a universal vaccine against influenza. For example,
matching internal influenza segments to circulating strains (59) and inducing immunity
against conserved epitopes in the stem region of HA (60) could be strategies incorpo-
rated into the optiLAIV backbone. Generating an immunogenic yet safer vaccine could
broaden LAIV application to high-risk patients. This is particularly interesting in chil-
dren under 2 years old. In France alone, more than 28’000 children below the age of 2
were admitted to a hospital with an IAV infection for the period of 2011 to 2020 (61).
While 11V is available for this target population, a needle-free applicable LAIV, which
does not cause severe side effects, could increase the willingness of parents to vacci-
nate their children. Additionally, mathematical models predict better efficacy for live
attenuated vaccines if vaccinees are children without previous exposure to circulating
strains (62), which encourages LAIV implementation in this population in which protec-
tion from maternal antibodies start to wane (63, 64). This is specifically interesting since
the first exposure to IAV is believed to imprint later immune responses (65). This bias
could potentially be overcome by an early targeted exposure to H1 and H3 antigens in
context of LAIV administration.

We also characterize for the first time LAIV in a a severely immunocompromised
Stat1-deficient mouse model. While Stat1-deficient mice do not reproduce the full
spectrum of phenotypes from a chemically induced immunosuppression, the absence
of clinical signs after vaccination of optiLAIV in this model suggests that it could be
safely used in target populations with milder immunosuppression such as organ trans-
plant recipients or patients with other comorbidities. In fact, LAIV has already been
shown safe without causing any adverse reactions in ferrets under a regimen of immu-
nosuppressors (66). We hypothesize that the use of optiLAIV in immunocompromised
patients would represent an additional safety measure to ensure the absence of side
effects. Also, we showed in a preliminary proof-of-concept experiment that a higher
dose of optiLAIV could be safely administered and achieved full protection. It would be
of interest to further investigate the relation between optiLAIV vaccine dose and pro-
tection in clinically relevant animal models.

In summary, we propose here an optimized LAIV backbone, with an improved
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TABLE 1 Antibodies and dyes for flow cytometry staining

Antibodies Source Clone Cat. number
eBioscience Fixable Viability eFluor 780 Thermo Fischer NA 65-0865-14
CD45 BUV395 BD biosciences 30-F11 564279
CD11b BV605 biolegend M1/70 101237
CD11c Pecy7 Thermofischer N418 25-0114-82
F4/80 PE €610 Thermofischer BM8 61-4801-82
MHCII A700 Biolegend M5/114.15.2 107622
Ly6G APC Thermofischer 1A8-Ly6g 17-9668-82
Ly6C BV510 Biolegend HK1.4 128033
CD68 BV421 Biolegend FA-11 137017
NK1.1 PercPcy5.5 Thermofischer PK136 45-5941-82
Siglec F PE Thermofischer 1RNM44N 12-1702-82

safety profile in adult, neonatal and immunocompromised hosts, while still protecting
against lethal infection. Deriving from an already licensed vaccine, optiLAIV possesses
the scalability to be produced at similar titers as the current LAIV, without major chal-
lenges. It would be interesting to study in more detail the immune responses triggered
by this vaccine and its safety in higher mammal models before proceeding to clinical
studies. In addition, the mechanism of attenuation remains to be fully characterized,
although our data suggest a potential role of the UPR. Our approach opens the possi-
bility to expand the applications of the current LAIV with the possibility of targeting
high-risk populations in which IAV burden is still a serious problem.

MATERIALS AND METHODS

Materials availability. All unique/stable reagents generated in this study are available from the
Lead Contact with a completed Materials Transfer Agreement.

Reagents. Antibodies for immunoblotting include: mouse anti-actin HRP (Abcam number ab49900),
mouse anti-Flag HRP (Sigma number A8592), rabbit anti-XBP1 (ThermoFisher number PA5-27650), rabbit
anti-influenza NP (ThermoFisher number PA5-32242), rabbit anti-influenza NS1 (1-93) (kind gift from A.
Garcia-Sastre) and goat anti-rabbit IgG HRP (Sigma-Aldrich number A8275).

Antibodies and dyes for flow cytometry staining are detailed in Table 1.

All oligonucleotides (Table 2) were purchased from Microsynth (France).

Plasmids. pCAGGS.Flag-CPSF30 and pCAGGS.Flag-ZsGreen. The plasmids of the LAIV strain A/AA/
1960 ca (AA) were kindly provided by Peter Palese and Adolfo Garcia-Sastre (Icahn School of Medicine at
Mount Sinai, New York, NY, USA). pDZ plasmids contain a bidirectional expression cassette for a given
influenza A gene segment and have been described previously (67). The AA NS viral segment was

TABLE 2 Oligonucleotides

Journal of Virology

Application Name Forward (5’ to 3')

Reverse (5’ to 3’)

Mutation of CPSF30 binding sitein ~ flank TCGCTCTTCTGGGAGCAAAAGCAGGGTG TCGCTCTTCTATTAGTAGAAACAAGGGTG

IAV NS1 mut1 CAAGGGACTGGAGCATGCTAATCCCCAGACAGA  GCCACTTTCTGTCTGGGGATTAGCATGCTCCAG
AAGTGGC TCCCTTG
mut2 GACCAGGCAATCATGGAGAAGAACATCATATTG CAATATGATGTTCTTCTCCATGATTGCCTGGTC
mut3 GGACTTGAATGGAATGGTAACACAGTTCGAGTC GACTCGAACTGTGTTACCATTCCATTCAAGTCC
PCR hXBP1 TTACGAGAGAAAACTCATGGCC GGGTCCAAGTTGTCCAGAATGC
Bactin GGGTCAGAAGGATTCCTATG GGTCTCAAACATGATCTGGG
qPCR hCXCL10 GGAACCTCCAGTCTCAGCACCA AGACATCTCTTCTCACCCTTC
hiL29 GCCCCCAAAAAGGAGTCCG AGGTTCCCATCGGCCACATA
hDDIT3 AGAACCAGGAAACGGAAACAGA TCTCCTTCATGCGCTGCTTT
hDNAJB9 TCTTAGGTGTGCCAAAATCGG TGTCAGGGTGGTACTTCATGG
mexcl10 TTCACCATGTGCCATGCC GAACTGACGAGCCTGAGCTAGG
mddit3 GGAGGTCCTGTCCTCAGATGAA GCTCCTCTGTCAGCCAAGCTAG
mdnajb9 CTCCACAGTCAGTTTTCGTCTT GGCCTTTTTGATTTGTCGCTC
mccl5 TGCCCACGTCAAGGAGTATTTC TCCTAGCTCATCTCCAAATAGTTGATG
mtnfa-fwd ~ AGAAACACAAGATGCTGGGACAGT CCTTTGCAGAACTCAGGAATGG
mil6 TGAGATCTACTCGGCAAACCTAGTG CTTCGTAGAGAACAACATAAGTCAGATACC
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subcloned into a pDZ plasmid (68) to introduce the following mutations using site-directed mutagene-
sis: T333A, T334G (F103S), G344C (M106l), A349G, G350A (K108R), T401G (D125E) and A592G (D189G).

Cell lines. A549 and A549 STAT1~/~ (adenocarcinomic human alveolar basal epithelial cells, ATCC) were
grown in DMEM/F12 (Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12, Gibco) supplemented with
10% (vol/vol) heat-inactivated fetal bovine serum (Gibco) and 100 U/mL Pen/Strep. HEK 293T (human embry-
onic kidney, ATCC) and MDCK (Madin-Darby canine kidney, ATCC) cells were grown in DMEM (Dulbecco's
Modified Eagle Medium, Gibco) supplemented with 10% (vol/vol) heat-inactivated fetal bovine serum (Gibco)
and 100 U/mL Pen/Strep. LA4 (lung adenoma) cells were grown in DMEM/F12 (Dulbecco's Modified Eagle
Medium: Nutrient Mixture F-12, Gibco) supplemented with 15% (vol/vol) heat-inactivated fetal bovine serum
(Gibco) and 100 U/mL Pen/Strep. Human airway epithelia (MucilAir, Epithelix Sarl, Switzerland) were main-
tained in Mucilair medium (Epithelix Sarl, Switzerland) that was changed every 2 days. The total number of
differentiated cells was estimated to be 200,000 cells per well. All cells were maintained at 37°C with 5% CO,
and 90% humidity.

Animals. All animal procedures were in accordance with federal regulations of the Bundesamt fur
Lebensmittelsicherheit und Veterendrwesen (BLV) Switzerland (Tierschutzgesetz) and approved by an
institutional review board and the cantonal authorities (license number GE/105/19 and GE96). C57BL/6J
mice and C57BL/6J Stat1™/~ (7 to 8 weeks of age) were purchased from Charles River Laboratories
(France) and housed under SPF/BSL2 conditions. All animals were housed for 7 days to adjust to housing
conditions under a strict 12 h light/dark cycle and fed ad libitum before entering an experiment or the
breeding process. Breeding cages were checked three times a day during labor period and time of birth
was recorded for each dam. Litters born in the same day were divided into equal groups and left with
the lactating parent until weaning at 21 days of age. After weaning, males and females were separated
in groups of 4 to 5 animals/cage.

Viruses. A/Netherlands/602/09 (HIN1) (mouse adapted after two passages in mice) (Neth602) was
kindly provided by Krammer (Icahn School of Medicine at Mount Sinai, New York, NY, USA). A/Viet Nam/
1203/2004 HALo (low pathogenic version) (H5N1) (VN1203) was rescued by reverse genetic as described
previously (27).

Recombinant LAIV virus was produced using the eight-plasmid rescue system (68). The A/AA/1960
ca PB2, PB1, PA, NP, M and NSwt (GenBank: M23968.1) or NSmut pDZ plasmids and PR8 HA and NA pDZ
plasmids were used to rescue the vaccine virus LAIV and optiLAIV. Briefly, HEK293T (6-well plate format,
1 x 10° cells/well) were cotransfected in suspension, using Lipofectamine 2000 and Opti-MEM medium
with 500 ng of each plasmid and incubated at 37°C. At 24 h posttransfection, supernatants were col-
lected and used to infect fresh monolayers of MDCK cells (6-well plate format, 1 x 10° cells/well) and
incubated at 33°C with 5% CO,. After 48 h, unique viral clones were isolated after plaque assay on MDCK
and grown either in embryonated eggs or in MDCK cells, as described before (69). Virus stocks were
quantified by plaque assay in MDCK cells at 33°C and sequenced.

Immunoprecipitation assay. 293T were transfected with 1 ng of pCAGGS.Flag-CPSF30 or with 0.5 ug
of pCAGGS.Flag-ZsGreen using 2 uL/ug DNA of TransIT-LT1 (Mirus number Mir2304). 24 h posttransfection,
cells were infected at an MOI of 5 with either LAIV or optiLAIV. Cells were lysed on ice after 16h in 300 uL IP
lysis buffer (50 mM Tris HCI pH 7.5, 150 mM NaCl, 0.5% vol/vol NP-40, 5 mM EDTA with protease inhibitors
[Pierce number 88266]). 50 uL of the cleared lysate were mixed 1:1 with protein lysis buffer (50 mM Tris HCI
pH 6.8, 10% glycerol, 2% SDS, 0.1 M DTT and 0.1% bromophenol blue in H,0) to serve as whole-cell lysate
control, while the remaining 200 uL was processed for immunoprecipitation over night at 4°C using anti-Flag
M2 affinity gel (Sigma number A2220). Samples were then used in a Western blot.

Viral growth kinetic. Multicycle growth kinetics were carried out by infecting A549 cells (12-well
plate format, 2 x 10° cells/well, triplicates) with indicated viruses at a multiplicity of infection (MOI) of
0.01. After 45 min of viral adsorption at 33°C, supernatants were replaced by fresh infection medium
supplemented with 0.1 wg/mL of N-tosyl-.-phenylalanine chloromethyl ketone (TPCK)-treated trypsin
(Sigma number T1426) and plates were incubated at 33°C with 5% CO,. Supernatants were collected at
the indicated times postinfection and viral titers were determined by plaque assay in MDCK cells.

Infections. For A549 and LA4, infections were carried out in a 12-well plate format (2 x 10° cells/well)
with indicated viruses at a multiplicity of infection (MOI) of 5. After 45 min of viral adsorption at 33°C, super-
natants were replaced by fresh infection medium and incubated at 33°C with 5% CO,. Tunicamycin (Merck
number T7765) was added to the culture medium at 5 ug/mL. At the indicated time point, cells were washed
with PBS and either TRK lysis buffer (E.Z.N.A) or protein lysis buffer (TrisHCI 50 mM pH 6.8, glycerol 10%, SDS
2% and DTT 100 mM) was added to the wells and stored at —70°C until further analysis.

For human airway epithelia, cells were incubated with PBS supplemented with Ca** and Mg?*
(100 mg/L of CaCl, and 100 mg/L of MgCl,—6H,0) for 45 min at 37°C, 5% CO, and subsequently washed
three times with PBS with Ca?* and Mg?*. Cells were then inoculated in triplicates with LAIV or optiLAIV
at MOI 5 for 3 h at 33°C, 5% CO,. Cells were then washed three times with PBS with Ca?* and Mg** and
then left at the air-liquid interface at 33°C with 5% CO, and 90% humidity. At the indicated time point,
cells were washed with PBS and TKR lysis buffer (E.Z.N.A) was added to the apical side. Lysates were col-
lected and stored at —70°C until further analysis.

RT-PCR and RT-qPCR. Following infection, total cellular RNA was isolated using E.Z.N.A Total RNA
kit 1 (Omega Bio-Tek number R6834-01) according to manufacturer’s instructions. cDNA was synthesized
using M-MLV Reverse transcriptase (Promega number M170A) according to manufacturer’s instructions
using 500 ng of RNA as starting material and 500 ng of oligo dT as primers.

To perform PCR, GoTaq G2 DNA polymerase (Promega number M784B) was used with 5x Green GoTaq
reaction buffer (Promega number M791A). The primers were designed to flank the splicing site of XBP1
mRNA in order to amplify both the unspliced and spliced form. A PCR for B-actin was used as a control. PCR
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products were separated on a 3% agarose gel containing EtBr for visualization. Images were acquired using
GelDoc XR+ System (Bio-Rad) and analyzed with Image Lab software (v4.1 from Bio-Rad).

To perform gPCR, 1 uL of cDNA was mixed with 10 uL of 2x KAPA SYBR FAST qPCR Master Mix-uni-
versal (KAPA Biosystems, USA), 1 uL of each respective forward (0.5 uM) and reverse (0.5 wM) primers in
a final volume of 20 uL with RNase, DNase Free Molecular Biology Grade Water (Amimed, BioConcept,
Switzerland). Quantitative PCR was performed following a thermal cycling protocol of an initial denatu-
ration step at 95°C for 5 min, followed by 40 cycles of denaturation at 95°C for 30 s and annealing/exten-
sion at 60°C for 60s. After each reaction melting curves were determined for each primer set to confirm
the correct amplification of the target gene.

Western blots. Cell lysates were sonicated and boiled for 5 min at 95°C. The same volume of lysates
was loaded on a denaturing SDS-polyacrylamide gels, transferred to Polyvinylidene fluoride (PVDF) mem-
branes (GE Healthcare), blocked with 5% skimmed milk in TBS containing 0,1% Tween 20 (Applichem) and
incubated with the respective primary antibodies overnight at 4°C. Secondary anti-mouse or anti-rabbit con-
jugated to HRP were incubated for 1 h and developed using the WesternBright ECL-spray (Advansta).

Plaque assays. Monolayers of MDCK cells (6-well plate format, 1,5 x 10° cells/well) were infected
with 10-fold serial dilutions in PBS + 0,2% BSA of the correspondent virus for 45 min at 33°C.
Supernatants were replaced by fresh overlay medium supplemented with 1 ug/mL of N-tosyl-L.-phenylal-
anine chloromethyl ketone (TPCK)-treated trypsin (Sigma) and 0,6% purified agar (Oxoid) and plates
were incubated at 33°C 5% CO, (70). After 48 h, cells were fixed for 1 h at RT with 4% paraformaldehyde
(PFA) and the overlays were removed. Cells were stained using a solution of 16% Metanol and crystal
violet and plaques were counted visually.

Flow cytometry. Lungs and snouts were cut into small pieces and digested in RPMI containing 1 mg/
mL collagenase IV (cat. number LS004189, Worthington Biochemical Corporation), 40 mg/mL DNase |, and
2% FCS for 30 min at 37°C. Any tissue remaining after 30 min was further digested with 1 mg/mL collage-
nase D (cat. number 11088882001, Roche), and 40 mg/mL DNase | and 1% of FCS for 20 min at 37°C. The
reaction was stopped by addition of 5 mmol/L EDTA and 10% BSA. Samples were further disaggregated
through a 70-mm cell strainer and blocked with anti-CD16/32 (cat. number 14-0161-86, Invitrogen). Single-
cell suspensions were counted and stained with antibodies as previously described (71). Intracellular stain-
ing with anti-CD68 was done using the Intracellular Fixation and Permeabilization buffer set (Thermo
Fisher): Fixation/permeabilization concentrate (cat. number 00-5123-43) and Diluent (cat. number 00-5223-
56), Permeabilization Buffer 10 x (cat. number 00-8333-56). Cells were acquired on a Fortessa and analyzed
using FlowJo software using the gating strategy depicted in Fig. S2A.

Animal vaccination. For neonatal mice, at 7 days postbirth, pups were weighed and marked. All ani-
mals over 3 g in weight were inoculated with 5 uL of the indicated dose of vaccine diluted in cold-PBS
via the intranasal route.

For adult mice, 8 weeks-old females were weighed, marked and injected intraperitoneally with 10
rL/g of ketamin/xylazine (100 mg/kg and 5 mg/kg, respectively) diluted in sterile PBS. Upon reaching
deep anesthesia, mice were inoculated with the respective doses of each vaccine in 20 wL PBS via the
intranasal route.

To assess vaccine susceptibility, body weight was monitored for 14 days after vaccination. For neo-
natal mice, the cutoff threshold was determined as the interval from the difference between the average
weight of the mock-vaccinated group and the lightest mouse of that group (biological variation of the
pups’ weight), times two, calculated for each day postvaccination. For adults, a 15% body weight loss
from the initial weight was used.

To assess virus replication, 7 days-old mice or 8 weeks-old females were vaccinated with 1 x 10°
PFU of either vaccine and at the indicated day postvaccination animals were euthanized by decapitation
(pups) or controlled CO, exposure (adults). Snouts and lungs were harvested immediately after euthana-
sia using sterile tools in 1 mL cold-PBS and homogenized twice with 4" ceramic grinding balls (MPBio,
USA) using a Bead Blaster 24 (Benchmark Scientific, USA) with a speed setting of 6 m/s for 30 s with a
30 s break on ice between each cycle. Samples were centrifuged at 10,000 x g for 10 min at 4°C.
Supernatants were collected and frozen at —70°C to be used in plaque assays. Pellets were resuspended
in 1 mL TRIzol (Invitrogen) and frozen at —70°C for further RNA extraction.

To assess antibodies response, blood samples were harvested on the respective days by lateral tail-
vein bleeding. Briefly, mice were placed under a plastic restrainer and an orthogonal incision was made
on the left vein of the tail. Blood was collected in 1,5 mL polystyrene tubes and incubated at room tem-
perature for 30 min to 1 h to allow coagulation. Samples were centrifuged at 10,000 x g for 5 min at
room temperature and supernatants collected into fresh tubes and stored at —20°C to be used in micro-
neutralization assays.

Animal challenge. At the indicated day, vaccinated mice were injected intraperitoneally with 10 uL/
g of ketamin/xylazine (100 mg/kg and 5 mg/kg, respectively) diluted in sterile PBS. Upon reaching deep
anesthesia, mice were challenged with 20 ulL of 10 x LD, of A/Netherlands/2009 (H1N1) or 20 x LD,
of A/VietNam/1203/2004 (H5N1) HALo (low pathogenic version) in cold-PBS via the intranasal route.
Body weight was monitored for 14 days postchallenge and upon reaching experimental or humane end-
points (85% of initial body weight) animals were euthanized using controlled CO, exposure.

Statistics. Statistical analysis was performed using GraphPad Prism 8 and statistical tests applied are
indicated in each respective figure legend.

Data availability. The data generated and analyzed during this study are available from the corre-
sponding author upon reasonable request.
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Figure S1: LAIV and optiLAIV body weight loss and survival in adult mice after challenge.
(A — B) Female 8-weeks-oldmice vaccinated with 102 PFU (A) or 10° PFU (B) of either LAIV or
optiLAIV were challenged at day 21 post-vaccination with 20 PFU (10xLDsg) of

A/Netherlands/602/2009 (HIN1) in 20 pL PBS under anaesthesia (n=14 per group).



Body weight (left panels) and survival (right panels) were monitored for 14 days post-
challenge.

(C) PDso was calculated according to Reed & Muench. Linear regression was used to determine
statistical significance between the two PDsg.

The statistical significances between LAIV group and optiLAIV group were determined using
two-way ANOVA with the Geisser-Greenhouse correction and post-hoc Dunn’s multiple
comparisons test for panels A and B and Mantel-Cox test for survival curve. *: comparison
between LAIV and optilAIV; #: comparison between mock and optiLAIV; ns = non-significant.

Graphs are representative of 3 independent experiments and indicate mean + SEM.
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Figure S2: Cell infiltrates after LAIV administration in adult mice respiratory tract .



(A) Gating strategy (B-C) Female 8-weeks-old mice were vaccinated intranasally under
anaesthesia with 10° PFU LAIV or optilAIV in 25 uL and at 4 days post-vaccination (B) lungs
and (C) snouts were collected, homogenized and cells were stained for different surface
markers to distinguish between different immune cell populations (left panels) and total cell
number was determined counting cells manually (left panels). The statistical significances
between LAIV group and optilAIV group were determined using two-way ANOVA and post-
hoc Tukey’s multiple comparisons test for left panels and one-way ANOVA and post-hoc
Tukey’s multiple comparisons test for right panels. ns = non-significant. Graphs are

representative of 2 independent experiments and indicate mean + SD.
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Figure S3: Body weight loss and survival after challenge in neonatal mice previously
vaccinated with LAIV and optilAIV.

(A — B) Seven-days-old mice were vaccinated intranasally with 102 PFU (A) or 103 PFU (B) of
LAIV or optilAIV in 5 uL PBS. At day 21 post-vaccination, mice were challenged with 103 PFU
(20xLDsg) of A/Vietnam/1203/2004 (H5N1) in 20 uL PBS under anaesthesia (n=11 per group).
Body weight (left panels) and survival (right panels) were monitored for 14 days post-
challenge.

(C — D) Seven-days-old mice were vaccinated intranasally with 10% PFU (C) or 103 PFU (D) of
LAIV or optiLAIV in 5 uL PBS. At day 49 post-vaccination, mice were challenged with 20 PFU
(10xLDsg) of A/Netherlands/602/2009 (H1N1) in 20 uL PBS under anaesthesia (n=11-17 per
group). Body weight (left panels) and survival (right panels) were monitored for 14 days post-
challenge.

(E) PDsp was calculated according to Reed & Muench. Linear regression was used to determine
statistical significance between the two PDsg.

The statistical significances between LAIV group and optilLAIV group were determined using
two-way ANOVA with the Geisser-Greenhouse correction and post-hoc Dunn’s multiple
comparisons test for panels A-D and Mantel-Cox test for survival curve. *: comparison
between LAIV and optiLAIV; #: comparison between mock and optiLAIV ; ns = non-significant.

Graphs are representative of 2 independent experiments and indicate mean £+ SEM.



Figure S4
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Figure S4: UPR-induced genes after LAIV and optilLAIV vaccination in neonatal snouts and
murine lung cell lines.
(A) Seven-days-old mice(n=11-12) were vaccinated intranasally with 10> PFU of LAIV or
optiLAIV in 5 pL PBS. At 2 days post-vaccination snouts were harvested and RT-qPCR
performed in isolated RNA for UPR-induced genes Dnajb9 and Ddit3.
(B) LA4 cells were infected at a MOI of 5 with LAIV or optilLAIV and RT-qPCR for UPR-induced
genes Dnajb9 and Ddit3 was performed in RNA lysates at 16h and 24h post infection.
(C) LA4 cells were infected at a MOI of 0.01 with either LAIV or optilLAIV. Supernatants were
collected at indicated time post infection and viral titers determined by plaque assay.
The statistical significances between LAIV group and optilLAIV group were determined using
one-way ANOVA and post-hoc Tukey’s multiple comparisons test in panels A and B; two-way

ANOVA with the Geisser-Greenhouse correction and post-hoc Dunn’s multiple comparisons



test for panel C. *: comparison between LAIV and optilAIV; #: comparison between mock and
optilAIV; ns = non-significant. Graphs are representative of 2-3 independent experiments and

indicate mean £ SD.
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Figure S5. optiLAIV protects stat1-/- mice against homosubtypic challenge.

(A) Scheme of mouse immunization and challenge.

(B) Eight-weeks-old Stat1”- mice were vaccinated intranasally under anaesthesia with 103 PFU
LAIV or 105 PFU optilLAlIV in 25 pL and body weight (left panel) and survival (right panel) were
monitored for 14 days post-vaccination (n=4 for mock-vaccinated group; n=5 per vaccinated
group).

(C) Female 8-weeks-old mice vaccinated with 103 PFU of LAIV or 10° PFU of optilLAIV were
challenged at day 21 post-vaccination with 20 PFU (10xLD50) of mouse adapted
A/Netherlands/602/2009 (HI1N1) in 25 uplL PBS under light anaesthesia (n=4 in mock-
vaccinated and LAIV group and n=5 in optiLAIV group). Body weight (left panel) and survival
(right panel) were monitored for 14 days post-challenge. The statistical significances between
LAIV group and optiLAIV group were determined using; two-way ANOVA with the Geisser-
Greenhouse correction and post-hoc Dunn’s multiple comparisons and Mantel-Cox long-rank
test for survival curve. p-values are indicated in the figure. Graphs indicate mean + SEM

Black dotted line represents 15% body weight loss cut-off.



3.1.2. Complementary Unpublished Results
3.1.2.1. Results

LAIV brings the advantage of triggering mucosal immunity. In order to explore the
mechanisms of protection elicited by optiLAIV in comparison to LAIV we explored the

humoral and cellular response to LAIV in neonatal mice.

o Humoral response to LAIV and optiLAIV

Mucosal surfaces are important entry points for a variety of pathogens. Hence, the
mucosal response is an important compartment of the immune system to prevent transmission
of influenza viruses. We tested the capacity of optiLAIV to induce IgAs in the BALs of
vaccinated neonatal animals at 24-26 days post vaccination. We were not able to detect binding
IgA antibodies to IAV in neither of the vaccinated groups (data not shown). In parallel, we also
evaluated the ability of optiLAIV to induce serum IgGs compared to LAIV. According to our
results, both vaccines induce similar levels of IgG binding antibodies against IAV (Figure 9).
In addition, we found no serum neutralizing antibodies in vaccinated mice with either LAIV or

optiLAIV (data not shown).
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Figure 9: LAIV and optiLAIV induce IgG binding antibodies in serum. Seven-days-old mice
were vaccinated intranasally with 10* PFU LAIV or optiLAIV in 5 pL or mock-vaccinated. Sera from
LAIV and optiLAIV mice 24 days post vaccination (n = 6 mice/group) or 26 days post vaccination (n
= 8 mice/group) were tested for binding IgGs to PRS8 virus by ELISA. The statistical significances
between LAIV group and optiLAIV group were determined using multiple t-test. p-values are indicated
in the figure. Each graph represents one independent experiment.

3.1.2.2. Materials and Methods
o FLISA

Blood samples and BALs were collected on day 24 after vaccination centrifuged at
10°000 rpm for 5 minutes at room temperature and supernatants were frozen at -20°C. Anti-
PR8 binding antibodies in serum and BAL were determined by an ELISA assay adapted from
[Wolfetal 2011 —J Clin Invest]. To determine virus-specific IgG and IgA, 96-well plates were
coated overnight at 4°C with egg-grown PR8 virus (107 PFU/well) or allantoic fluid (as
controls) diluted in carbonate buffer (pH = 9.6). Wells were blocked with PBS supplemented
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with 1% bovine serum albumin (Gibco) and 0.05% Tween-20 and incubated at 37°C for 1h.
Plates were washed three times with PBS and 0.05% Tween-20. Samples were serial-diluted
(2-fold) 4-times in blocking buffer and 100 pL were added to each well and incubated for 2h
at RT. Plates were washed three times with PBS and 0.05% Tween-20 and 100 pL of secondary
antibody anti-mouse IgG conjugated with HRP (1:2°000) or anti-mouse IgA conjugated with
HRP (1:2°000) were added in blocking buffer. Plates were washed five times with PBS and
0.05% Tween-20 and 100uL of 3,3°,5,5” — tetramethylbenzidine (TMB) substrate solution was
added to each well for 30 mins at RT in the dark. The reaction was stopped by adding 50 pL
of 2M sulphuric acid to each well. The optical intensity (OD4sonm and OD570nm) was determined
with an ELISA reader and calculated using SoftMax Pro software. ODaisonm-570nm Was
determined and values from allantoic fluid coated wells were subtracted from all the other
groups.
e Microneutralization assay

Influenza-specific reactivity of serum antibodies was determined using an adapted
microneutralization assay. Briefly, serum was treated with receptor-destroying enzyme from
cholera filtrate (Cholera filtrate sigma C8772) overnight at 37 °C, heat-inactivated at 56 °C for
30 minutes and 2.5% citrate in PBS was added for a final dilution of 1:10. Serial dilutions (1:2)
were performed in infection media (Dulbecco's Modified Eagle Medium (Gibco) supplemented
with 0.2 % (v/v) bovine serum albumin (Gibco) and 100U/ml Pen/Strep) and incubated with
4’500 PFU of A/Netherlands/2009 virus for 1h at RT. PBS-washed MDCK cells (4 x 10*
cells/well) were exposed to serum-virus mixtures for 45 min at 37 °C with 5% CO.. The
inoculum was removed, washed and cells were incubated overnight in infection media
supplemented with 1 pg/mL of N-tosyl-L-phenylalanine chloromethyl ketone (TPCK)-treated
trypsin at 37 °C with 5% COa. Cells were fixed for 1h at RT with 4% paraformaldehyde (PFA)
and stained using a solution of 16% Metanol and Crystal Violet and neutralization titers were

calculated.
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3.2. A single respiratory tract infection early in life reroutes healthy
microbiome development and affects adult metabolism in a preclinical animal

model

3.2.1. Published Results
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Summary:

The second part of my thesis addressed the role of acute respiratory infections as a
driver of dysbiosis during microbiota development and resulting consequences for the host.
Previous results published by our group showed a transient gut dysbiosis after IAV infection
in adult mice*”. Thus, we hypothesised that during infancy, a subclinical IAV infection could
disturb microbiota development with long-term implications in host physiology. Using a
neonatal mouse model, we assessed the small intestine microbiota composition after IAV
HS5NI1 infection up to 56 days post infection. At 7 days post infection, we observed a decrease
in the number of different species of bacteria, although microbiota abundance was similar
between mock and infected animals. On the contrary, at 56 days post infection, a significant
decrease in bacterial abundance was observed in infected animals despite an unchanged alpha
diversity. Interestingly, at this time point IAV imprinted animals had an enrichment of
Enterobacteriales and a reduction of Clostridiales, an observation previously described in
pathological dysbiosis leading to obesity. Accordingly, these changes in microbiota were
accompanied by an increased body weight in male mice when compared to mock imprinted
animals. In line with these findings, imprinted animals had lower energy expenditure compared
to mock and a slight increase in total fat mass. Cohousing experiments abrogated the body
weight differences while a high-fat-high-sucrose diet enhanced the phenotype, suggesting a
microbiota-dependent effect. Our data suggests that an acute respiratory infection during the
critical period of microbiota maturation induces long-term dysbiosis with possible

consequences on host metabolic processes.
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Personal Contribution:

This work was part of a project started by the co-author Soner Yildiz, in which my
contributions were most helpful to construct a coherent publication. In detail, I designed and
performed all the experiments related to GPR41/43 knockout mice and the weaning response
(additional data to the publication). I also participated in the writing of the first draft,
interpretation of the data previously generated and figures construction. Finally, I performed
all the experiments and analysis after peer-review pertaining LefSe and PCoA analysis together
with the respective statistical tests (Figures le, 1f, 2f, S2b, S2c¢, S3b, S3c¢, S5 and
Supplementary Tables), additional qPCR and animal experiments (Figure S2d) and refinement

of figure legends, the methods section and rebuttal letter.
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A single respiratory tract infection early in life reroutes healthy
microbiome development and affects adult metabolism in a

preclinical animal model

Soner Yildiz'?, Beryl Mazel-Sanchez(®'?, Joao P. P. Bonifacio™* and Mirco Schmolke

1,24

In adult animals, acute viral infections only temporarily alter the composition of both respiratory and intestinal commensal
microbiota, potentially due to the intrinsic stability of this microbial ecosystem. In stark contrast, commensal bacterial communities
are rather vulnerable to perturbation in infancy. Animal models proved that disruption of a balanced microbiota development e.g.,
by antibiotics treatment early in life, increases the probability for metabolic disorders in adults. Importantly, infancy is also a phase
in life with high incidence of acute infections. We postulated that acute viral infections in early life might pose a similarly severe
perturbation and permanently shape microbiota composition with long-term physiological consequences for the adult host. As a
proof of concept, we infected infant mice with a sub-lethal dose of influenza A virus. We determined microbiota composition up to
early adulthood (63 days) from small intestine by 16S rRNA gene-specific next-generation sequencing. Infected mice underwent
long-lasting changes in microbiota composition, associated with increase in fat mass. High-fat-high-glucose diet promoted this
effect while co-housing with mock-treated animals overwrote the weight gain. Our data suggest that in the critical phase of infancy
even a single silent viral infection could cast a long shadow and cause long-term microbiota perturbations, affecting adult host

physiology.

npj Biofilms and Microbiomes (2022)8:51; https://doi.org/10.1038/s41522-022-00315-x

The establishment of a stable adult-like intestinal microbiota takes
three to four years in humans (reviewed in'). In laboratory mice,
this phase takes about three weeks?, due to the higher
developmental speed, and is largely driven by the change in
nutrition from milk to solid chow. Interference with microbial
ecology in this early phase, e.g., by administrating antibiotics
(ABX), results in a long-term dysbiotic state and increased
incidence of obesity and type Il diabetes both in humans®# and
mice®. Of note, the time frame between ABX treatment and
clinical readout was limited in human observational studies to a
maximum of 12 years.

Infancy is also a phase in human life with increased incidence of
acute infections. From previous experiments we knew, that an
established and robust adult intestinal microbiota, returns to
baseline after undergoing qualitative and quantitative changes in
consequence of an acute infection, e.g., with influenza A virus®=2.
We hypothesized that a single acute infection event, might be
sufficient to permanently perturb commensal bacterial composi-
tion, when occurring in a dynamic and vulnerable phase of
microbiota development. As a proof of concept, we demonstrate
here that infant mice infected with influenza A virus (IAV) undergo
a microbiota imprinting event, with an elevated risk for long-
lasting qualitative and quantitative changes in intestinal micro-
biota composition and overall animal growth.

Infection of 7d- old (D7), infant C57BL/6J mice with a single
sublethal dose (40pfu) of influenza A virus A/Viet Nam/1203/2004
Halo'®, which resulted in robust viral replication restricted to the
upper and lower respiratory tract (as determined by plaque assay
(Fig. 1a and Fig. S1a), had no measurable impact on early life body
weight development (Fig. 1b). This dose was previously used to
sub-lethally infect adult animals® and surprisingly did not cause

differences in weight gain here infant mice. Our finding contrasts
observations made with mouse-adapted H1N1 virus, which is
more lethal in neonate mice''. We thus consider our model as a
subclinical infection model, mimicking a mild childhood disease in
humans. Viral titers were cleared by 14d post-infection, compar-
able to viral kinetics in adult animals®. We next used 165 rRNA
gene-specific next-generation sequencing (NGS) as described
previously® on total DNA from small intestinal tissue homogenates
from day 7, 14, and 56-post viral infection. Mice were infected in at
least two independent experiments with at least two independent
cages per run. In adult animals, we previously described
quantitative reduction of small intestinal microbiota in IAV-
infected animals, associated with a reduced alpha diversity and
a shift in beta diversity. At the same time, we did not find changes
in fecal microbiota diversity®. Similar to these results from adult
mice infected with IAV, infant mice displayed significantly reduced
alpha diversity 7d post-infection, but not at later time points
(Fig. 1¢). Additionally, we found overall ~5-fold reduced 16 S/18 S
levels® in the small intestine of D56 mice infected with IAV in
infancy, indicating a long-term reduction in bacterial colonization
by viral imprinting (Fig. 1d). Of note by D14 post-infection we
already determined a reduced 165/18S ratio, suggesting that this
development starts during or right after clearance of the virus.
When comparing microbiota composition on day 7-post infection,
we found predominance of Bacilli both in mock-treated and IAV-
infected animals, which is likely a consequence of breast milk-
based nutrition (Fig. S2a). The drop in alpha diversity and the
relative overrepresentation of Lactobacilli could be explained by a
loss of low abundance populations, present in mock-treated mice
(Fig. S2a/b). 14 days post-treatment (age 21d) mice showed
diversified intestinal microbiota, with all major classes present in
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Published in partnership with Nanyang Technological University

npj


http://crossmark.crossref.org/dialog/?doi=10.1038/s41522-022-00315-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41522-022-00315-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41522-022-00315-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41522-022-00315-x&domain=pdf
http://orcid.org/0000-0001-5446-3017
http://orcid.org/0000-0001-5446-3017
http://orcid.org/0000-0001-5446-3017
http://orcid.org/0000-0001-5446-3017
http://orcid.org/0000-0001-5446-3017
http://orcid.org/0000-0002-2491-3029
http://orcid.org/0000-0002-2491-3029
http://orcid.org/0000-0002-2491-3029
http://orcid.org/0000-0002-2491-3029
http://orcid.org/0000-0002-2491-3029
https://doi.org/10.1038/s41522-022-00315-x
mailto:mirco.schmolke@unige.ch
www.nature.com/npjbiofilms

S. Yildiz et al.
Lungs Snouts b Neonatal mice
a) 106y 068 1064 — 203 ) 12 —— Mock
—_ — 0.99 0.002 11
S 405 907 0.0004 S 105 == T S 10- - AV
2 < A £ 97
o S 4o A = 84 0.99
2 -g_ —— -g,’ 74
=] = 103 A ey G 6-
Q Q A A A ; 5
E £ 107 > 47
- - T 34
= = o
S £ 10 @ 29
S S Qe 14
0 T T ekt 0 rrrr1r1rr1rr1rrr1rr1rr1.1
3 7 14 3 7 14 012345678 9101112131415
Days post-infection Days post-infection Days post-infection
c) Small Intestine d) Small Intestine
10 - 0.32 0.04
& *  Mock < T 0.007 w , = mock
—_— L] A A
0.08 0.61 4 1AV E g L] AAA L] bl 4 N 1AV
X 64 . A
g6 : <o 1d. L =y F
£ . BT s [T & "
§4{ 003 'F Lo af | . = WL
E - E i1 - ®© Lo m A s
E i . g £0.1 LW
A
S B 58 : n
i & = )
0 T T T 0.01 T T T
7 14 56
Days post-infection
e)
HEl Mock , , , , = a: Unknown
I AV Firmicutes.Clostridia =S ﬁﬁ;r;ﬁ:ﬁ:z::e
Firmicutes.Clostfidia.Clostridiales mm d: Clostridiales
Prateobacteria. Gamraproteobacteria mm e: Enterobacteriaceae
Psel 1adales.Pset PseL a = f: Enterobacteriales

Firmicutes.Clostiidia.Cl
Firmicutes.Clostridia.Clostridiales.
Firmicutes.Clostridia.Clostridiales.
Firmicutes.Clostridia.Cl idis
Firmicutes.Clostridia.Clostridiales._Mo
Firmicutes.Clostridia.Clostridiales._Mogibacteriaceae_|
Clostridia.Clostridi .. Ruminococcus_
Firmi Clostridia.Clostridiales.Ri

Lachr

]
)
Q
@
o
o

o

G

. 1 Proteobacteria |

.

-4 -2 0 2
LDA SCORE (log 10)
f)
PC2 (30.01%)
["Mock ;
.‘ 0.08 D AV 7dpi
@
] .. 0.96 WMock |
° [\
® ®
@ 0.23 =m:)/°k ‘56dpi
@ @
®
° °g ® oo
e® ®
R o & o
@ [N ]
o ® ¢ e %o
D °

PC3 (5.6%)

adult microbiota (Fig. S2a), most likely to the introduction of solid
food into the diet and the lack of continuous milk intake. LefSe
analysis'? revealed significant increase in Gammaproteobacteria in
IAV-infected mice at this stage (Fig. S2c). By day 56-post infection
(9-weeks-old mice) we found Enterobacteriaceae significantly
increased in IAV-infected mice. Conversely, in mock-treated
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PC1 (51.15%)

animals several groups of Firmicutes (mainly of the class Clostridia)
were enriched. (Fig. Te) Intriguingly, in mice, Enterbacteriaceae are
favored under high-fat diet conditions' or after low dose
penicillin treatment, which both lead to obesity in mice®. In line
with our findings from adult mice, in two American studies,
populations of obese patients had enriched Enterobacteriaceae
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Fig. 1 Neonatal IAV infection changes microbiota composition in adult mice. Seven-days-old mice were infected intranasally with PBS or 40
pfu of VN/1203 in 5 uL of PBS. a At 3-, 7- and 14 dpi viral titers in lungs and snouts for IAV infected mice were determined by plaque assay.
Each dot represents one animal (n = 7-8) and the median titer is represented by a black dash. Limit of detection is represented by a black
dashed line. Statistical significance between groups was determined by Kruskal-Wallis test. P-values are indicated. b Body weight was
followed for 14 days after infection and values for male mice are plotted as mean + SEM (n = 29 for mock-treated and n = 38 for IAV-infected).
Statistical significance between groups was determined by 2-way Anova test. P-value is indicated. ¢ Individual Shannon H-index of small
intestine microbiota at 7, 14, and 56dpi of mock-treated (black squares) and IAV-infected mice (red triangles) are depicted for indicated days of
sampling. Mean = SD per experimental group are shown. Statistical significance between groups was determined by unpaired students’ t-test.
P-values are indicated. d Normalized individual 16 S/18 S gPCR results (n-fold relative to mean of mock samples) in small intestine at 7, 14, and
56 dpi are depicted for mock-infected (black squares) and IAV-infected (red triangles). Mean +SD per experimental group are shown.
Statistical significance between groups was determined by unpaired students’ t-test. e LefSe analysis of the composition of the microbiota in
small intestines of mock-treated and IAV-infected mice based on 16S rRNA gene sequencing of samples collected at 56dpi. Linear discriminant
analysis scores (LDA) are indicated for different taxonomic groups significantly overrepresented (p < 0.05) in mock-treated or IAV infected
mice. (n = 15). Kruskall-Wallis statistical test was performed as described previously'. Cladograms of OTUs, as annotated by Qiime1, that are
differentially represented in small intestine samples taken from mock and IAV infected animals on the right-hand side. Overrepresented
taxonomy groups are given on legends next to the corresponding cladogram. f Scaled 3D principal coordinates analysis (PCoA) plots using a
weighted-UniFrac distance matrix from small intestine microbiota of mock-treated or |IAV-infected mice at indicated time points post-
infection. Each symbol represents one individual mouse. Percentages explain variation in PC1 (x-axis), PC2 (y-axis) and PC3 (z-axis).
PERMANOVA and PERMDISP statistical tests were performed and p-values are indicated in the figure and listed in Supplementary Table 1.

and decreased Clostridia'. In accordance with the compositional
data, weighed PCoA analysis revealed a more dispersed beta
diversity for mock-treated animals on D7 post-infection (Fig. 1f). By
D14 post-infection, no obvious differences between the two
mouse groups were apparent. Interestingly, a higher divergence
along PC1 and PC2 was found for IAV-infected animals on D56
post-infection, which does not reach statistical significance,
probably as a consequence of the large variance within this
group (see Permadisp analysis in Supplementary Table 1). A direct
comparison of D56 mock and IAV treated mice by Permanova
analysis indicated a p-value of 0.178. Since we cannot monitor the
severity of the infection in the young mice, due to lack of clinical
signs, we propose that variability of infection could explain why
few of the infected animals cluster with the majority of the mock-
treated mice (bottom right corner of the graph in Fig. 1f). While
IAV does not replicate in the intestine an increased interferon
response was proposed to trigger microbiota changes in the
intestinal tract after IAV infection®. We confirmed the absence of
viral RNA in the small intestine by highly sensitive gPCR (Fig. S2d).
Intriguingly we found 2fold-increased levels of IL28 mRNA but no
changes in IP10 mRNA in the intestine of mice infected with 1AV
(Fig. S2e). This could explain the alterations of microbiota diversity
and composition. At this stage, we speculate that the loss of rare
OTUs might create a bottleneck early in life, which results in
different trajectory of microbial community development. Likely,
both direct and indirect mechanism play a role in this alteration.
Obviously, this would open a therapeutic window for correction of
infection-dependent microbiota depletion, e.g., by targeted
application of probiotics. Strikingly, as previously shown in adult
animals®, fecal microbiota were completely resistant to infection-
related imprinting effects as shown by indistinguishable alpha and
beta diversity and only minor differences in composition (Fig.
S3a-c).

Intestinal microbiota are a driving force of host physiology
(reviewed in'®). In adult mice, acute IAV infection causes metabolic
changes in adipose tissues, which eventually last until after 1AV
clearance'®. We thus asked whether the long-term changes in
small intestinal microbiota composition after early-life infection
indeed affect the metabolism of adult mice. A striking observation
arose from adult body weight curves. While there was overall no
difference in the weight development of infected vs. mock-treated
mice, gender-stratified data revealed a clear increase of absolute
body weight in adult male mice infected with IAV in early in life
starting around D42 post-infection (Fig. 2a), adding up to a
median of about 3% body weight gain by D56 post-infection. We
observed overall a similar tendency but with more variation in
body weight among female mice, potentially due to the
unsynchronized hormonal cycle of these animals (Fig. S4a). It

Published in partnership with Nanyang Technological University

further has to be taken into account, that female mice respond
generally weaker to e.g., diet-induced weight gain'’. Hence, we
focused on male mice to further address the observed weight gain
phenotype. Since both decreased activity or increased food
uptake or processing could be a reason for the increase weight,
we performed metabolic phenotyping of individually caged male
mice 56d post-infection using TSE Labmaster system (TSE Systems,
Germany). We found no difference in movement patterns, food,
and water intake, or fatty acid oxidation'®, which could have
explained increased body weight (Fig. S4b—f). Similarly, caloric
uptake, as determined by bomb calorimetry of consumed food
and shed fecal matter, yielded no differences between the two
mouse groups (Fig. S4g). We did, however, observe a decrease in
specific energy expenditure (determined by indirect calorimetry'®)
after 1AV infection, both during day- and night-time which could
explain in part the increase body weight (Fig. 2b). We next
determined lean and fat mass by Echo-MRI, and found a tendency
for increased total fat mass in previously IAV-infected mice
(p=0.13) (Fig. 2c). Acute IAV infection was recently shown to
affect white fat browning'®. However, analysis of fat browning-
related marker genes did not reveal important differences in
mMRNA expression as determined by specific qPCR (Fig. S4h). This
makes involvement of reduced-fat browning in weight gain
unlikely.

In order to address if intestinal microbiota were responsible for
the weight gain, we co-housed mice in parallel to non-co-housed
experiments described before, which were either treated with PBS
or IAV in infancy, in equal proportion, after weaning and after viral
clearance and followed weight gain until nine weeks of age.
Importantly, we did not observe differences in median weight
gain between PBS treated and IAV infected animals (Fig. 2d) or
differences in selected organ weights (Fig. 2e), implicating that
exchange of microbiota with PBS treated animals could compen-
sate for the effects by IAV infection early in life. Co-housing
resulted indeed in a significantly distinct microbiota as indicated
by the shift in beta diversity away from both non-co-housed IAV-
infected mice (Fig. 2f). Importantly, towards the non-co-housed
mock-treated mice these differences were not significant. There
was no difference in beta diversity between cohoused IAV
infected and mock-treated mice, confirming the successful
exchange of intestinal microbiota between infected and mock-
treated mice. Accordingly, we did not find major differences in the
compositional data (Fig. S5 and Supplementary Table 2). This
implicates that microbiota exchange with mock animals can
override the IAV-caused dysbiosis even after viral clearance.

Finally, we asked, if mice, which underwent an IAV infection in
infancy were more prone to diet-induced alterations of body
mass. We hence fed a high fat/high glucose (HFHG) diet ad libitum
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from 35d post-infection onwards to IAV infected or PBS treated
mice. While the overall body mass did not differ between PBS
treated and infected mice on D56 or D80 post-infection (Fig. 2g),
we found an increase in visceral and subcutaneous fat in adult
mice (D80 post-infection), which were infected with IAV in infancy
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(Fig. 2h) with about 30% median effect size in VAT. This suggests
that early life infections could sensitize to adulthood food-induced
gain of fat mass in specific depots. The mechanistic link between
the altered microbiota after early life IAV infection and the
metabolic changes will require additional investigations.
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Fig. 2 1AV related imprinting causes long term metabolic changes. a Body weight was monitored for each mouse weekly for 56 days after
infection and values of male mice are plotted as mean = SEM - left panel. Individual weight values of male mock-treated (n =29) and IAV-
infected mice (n = 38) at 56dpi are shown—right panel. Statistical significance between groups was determined by unpaired student’s t-test
(left panel) and two-way ANOVA (right panel). b Energy expenditure in calories (H) for individual male mice at 56dpi from mock-treated (black
squares) and |AV-infected groups (red triangles) are depicted for indicated periods of the day. Mean + SD are represented. ¢ Fat mass (left
panel) and lean mass (right panel) of individual male mock-treated mice (n = 14) or male IAV-infected mice (n = 12) was measured by EcoMRI
at 56dpi. d Individual weight values of male mock-treated (n = 15) and male IAV-infected co-housed mice (n=10) at 56dpi are shown.
e Individual organs weight from mock-treated (n =9) and IAV-infected co-housed mice (n = 10) at 56dpi are depicted by different organ/
tissue. Median is represented by a black dash for each group. Statistical significance between groups was determined by unpaired student’s t-
tests. f Scaled 3D principal coordinates analysis (PCoA) plots using a weighted-UniFrac distance matrix from small intestine microbiota of co-
housed mock-treated or IAV-infected mice and single housed mock-treated or IAV-infected mice at 56 post-infection. Each symbol represents
one individual mouse and single-housed mice data are the same as in Fig. 1f. Percentages explain variation in PC1 (x-axis), PC2 (y-axis) and PC3
(z-axis). PERMDISP statistical tests were performed and p-values are indicated in the figure and listed in Supplementary Table 1. g Individual
weight values of male mock-treated (n = 7) and male IAV-infected mice (n = 13) at 56dpi (left panel) or 80dpi (right panel) fed a high fat/high
glucose (HFHG) diet are shown. Statistical significance between groups was determined by unpaired student’s t-tests. h Individual organs
weight from mock-treated (n = 8) and |AV-infected mice (n = 16) fed a high fat/high glucose (HFHG) diet at 80dpi are depicted by different
organ/tissue. SCAT subcutaneous adipose tissue, VAT visceral adipose tissue, BAT brown adipose tissue. Median is represented by a black dash

for each group. Statistical significances were determined by two-way ANOVA. p-values are indicated in the graphs.

While we cannot provide a detailed mechanism at this stage,
we believe that our proof of principle study demonstrates that a
single acute infection early in life could cause sufficient perturba-
tion of intestinal microbiota development to provoke long-lasting
changes in commensal bacterial composition and their function in
host metabolism. Beyond changes in the host metabolism, early
life infections could also affect other microbiome-driven processes
of the host organism.

Limitations of this study: While mice are frequently used as a
model system to study pathological effects of microbiota changes,
they differ in many ways from humans. Microbiota compositions is
substantially different?*2!, mice are coprophagic allowing easier
exchange of intestinal microbiota between cage mates®>?3, mice
have a faster aging rate and a substantially increased metabolic
rate as compared to humans. Since we cannot sample small
intestinal content from mice longitudinally, we can only provide
snap-shots of microbiota dynamics, without the option of
following the development within each animal.

We nonetheless believe that for our proof-of-principle study the
mouse model remains useful. |AV-caused microbiota changes
were also described in adult human patients?*. Association studies
in humans would be required to prove, if severe childhood
infections could have long-lasting impact on microbiota composi-
tion and host physiology.

METHODS

Animal experiments, metabolic phenotyping, and organ
collection

C57BL/6) mice (male/female, 7-8 weeks of age) were purchased as
breeders from Charles River Laboratories (France). Animals were housed at
specific pathogen free (SPF)/biosafety level 2 (BSL2) animal facility of
Central Medical University (CMU) at University of Geneva under a strict 12-
hour light/dark cycle and fed ad libitum with standard chow diet (RM3 (E)
FG, 3 Special Diets Service, UK) unless otherwise stated. Breeding couples
were time-mated and 7-day old pups, born in house to IAV naive parents,
were used for the experiments indicated in this study. At age 21d, pups
were weaned and housed separately based on sex and experimental
group. All animals were introduced to a new clean cage with fresh bedding
and enrichment every two weeks.

For infection, 7-day-old pups were inoculated with 5 pl of PBS (1X) or IAV
A/Viet Nam/1203/2004 (VN/1203, 40 pfu) HALo'® (low pathogenic version)
through intranasal route without anesthesia. Body weights of the animals
were followed daily for two weeks following infection, then weekly up to
56 days post-infection, if not every two days for animals under HFHG diet.

For physiological and metabolic phenotyping'8, 56-day-old mice (either
mock-treated or IAV infected at 7-day of age), were individually introduced
into TSE Labmaster/Phenomaster (TSE Systems, Germany). Animals were
adapted to the caging conditions for two days. Experimental data were
gathered for 3 days following the adaptation period. Energy expenditure
was calculated based on Vg, and Vo, from individually housed mice'®.
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At 42 days post-infection, animals were introduced to clean cages in
pairs. Food intake and feces production over 48 hours were measured for
each cage. Fecal pellets were subsequently collected, vacuum-dried, and
grounded to fine powder. Caloric content of food and feces was measured
by an oxygen bomb calorimeter (Parr, 6100, USA)?°. Average caloric uptake
of two animals was calculated based on caloric content of consumed food
and excreted feces. At 56 days post-infection, body composition of the
animals, i.e,, fat mass, lean mass, and free fluids, were analyzed through the
use of EchoMRI-700 (EchoMRI, Houston, USA), without anesthesia.

For experiments including high caloric diet, animals were fed HFHG diet
(HCD), (22.1 MJ/kg Gross Energy; 45kJ% Fat, 20kJ% Protein, 35kJ%
Carbohydrates, D12451, Ssniff, Germany) for 3 weeks starting from 35 days
post-infection, at age of 6 weeks.

Upon reaching experimental endpoints, animals were euthanized using
controlled CO, exposure. Organs were sampled following euthanasia using
sterile tools, sterilized between groups, under aseptic conditions. Tissue
samples were collected from visceral adipose tissue (epididymal WAT,
unilateral), subcutaneous adipose tissue (inguinal WAT, unilateral), liver
(medial lobe), or muscle (quadriceps, unilateral). Samples were weighed
where necessary and immediately stored at —80°C to be used in viral titer
determination, metabolic processing or extraction of DNA. Fecal pellets
were freshly sampled on the day indicated before euthanasia. Infectious
virus particles in indicated organs were quantified by standard plaque
assay on MDCK cells?, Briefly, organ homogenates were precleared using
2000 x g centrifugation at 4 °C. Supernatants were serially diluted and
transferred to confluent monolayers of MDCK cells. These were subse-
quently overlayed with 2% agar-containing medium to limit free viral
diffusion and allow plaque formation. Plaques were stained with crystal
violet solution and counted to determine infectious virus titers.

All animal procedures were in accordance with federal regulations of the
Bundesamt fur Lebensmittelsicherheit und Veterenarwesen (BLV) Switzer-
land (Tierschutzgesetz) and approved by cantonal authorities (License
number: GE/159/17).

Quantitative PCR for viral genomic RNA and host mRNA
Total tissue RNA was isolated using Trizol (Invitrogen). By reverse
transcription (Superscript lll) using either a vVRNA-specific reverse primers
for IAV¥ or oligo dT primer we generated cDNA according to the
manufacturer’s protocol. Quantitative PCR was performed using SYBR-
Green. Primers for browning-related genes were previously published®.
165 and 18S specific qPCRs were described earlier® (16S_F: 5'- TCC
TACGGGAGGCAGCAGT -3’; 16S_R: 5'- GGACTACCAGGGTATCTAATCTT -3/;
18S_F: 5/ — GTAACCCGTTGAACCCCATT -3/; 18S_R: 5- CCATCCAATCGGTAG
TAGCG -3/; M1_F: 5/- AGATGAGTCTTCTAACCGAGGTCG -3/; M1_R: 5'- TGCA
AAAACATCTTCAAGTCTCTG -3; IP-10_F: 5’- TTCACCATGTGCCATGCC -3’; IP-
10_R: 5- GAACTGACGAGCCTGAGCTAGG -3'; IL28_F: 5- GTTCAAGTC
TCTGTCCCCAAAA  -3’; IL28_R: 5- GTGGGAACTGCACCTCATGT -3/;
PRDM16-F: 5'-CAGCACGGTGAAGCCATTC-3/, PRDM16-R: 5-GCGTGCATCCG
CTTGTG-3’; UCP1_F: 5’- CACCTTCCCGCTGGACACT -3/; UCP1_R: 5/- CCCTAG
GACACCTTTATACCTAATGG -3/; TBX1_F: 5/-

CIDE-A_F: 5’- TGACATTCATGGGATTGCAGAC -3’; CIDE-A_R: 5’- GGCCAG
TTGTGATGACTAAGAC -3'). Samples were measured in technical triplicates.
Fold changes were determined based on the 22T method?.
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Bacteria DNA Extraction, Library construction, and
Bioinformatic analysis

Total DNA extraction from small intestine and fecal pellets was performed
using QIAGEN Pathogen Cador Mini kit (USA) and PowerlLyzer PowerSoil
DNA isolation kit (MoBio, QIAGEN, USA), respectively, according to
manufacturer's instructions with slight modifications®>°, together process
matched control tubes. DNA preps were used either for 165 rRNA DNA
quantification or library preparation for analysis of bacterial composition®°.
QIIME13" was used for bioinformatics analysis of the sequences generated
through lllumina (USA) sequencing through a pre-defined pipeline®32=4°,

Statistics

In order to determine statistical significance, we applied unpaired students’
t-test for parametric comparison of two experimental groups, or Kruskal-
Wallis or 2-way Anova for comparison of longitudinal data sets, and
multiple corrected t-tests for comparison of more than two parameters
from the same two experimental samples, using Graph Pad Prism 7.0. T
Statistical tests are indicated in each figure legend. Analysis of microbiome
composition was performed using LefSe'2. Statistical analysis of beta
diversity was done with PERMANOVA and PERMADISP24'42,

DATA AVAILABILITY

NGS sequencing data are deposited under NCBI Bioproject PRINA768309. Material is
available through the lead contact.
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Supplementary Figure 1: IAV titers in small intestine and spleen

Seven-days-old mice were infected intranasally with PBS or 40 pfu of VN/1203 in 5 pL. (a) At 3, 7
and 14 days post-infection (dpi) viral titters in intestine (left panel) and spleen (right panel) for
IAV infected mice were determined by plaque assay. Limit of detection is represented by a black
dashed line. No statistical testing was performed.
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Supplementary Figure 2: microbiota composition in in small intestine

(a) Microbiota composition in the small intestine of IAV or mock treated animals on D56 post infection. Mean relative bacterial abundance as analyzed by Qiimel is plotted for each
group at class level (%). (b/c) LefSe analysis of the composition of the microbiota in small intestines of mock-treated and IAV-infected mice based on 16S rRNA gene sequencing of
samples collected at day 7 post-infection (b) or day 14 post-infection (c). Linear discriminant analysis (LDA) scores for significantly overrepresented (p<0.05) taxonomic groups of
microbiota from IAV-infected or mock-treated mice are plotted on a genus-level resolution for each group (n=12-16). Cladograms of OTUs, as annotated by Qiimel, that are
differentially represented in small intestine samples taken from mock and IAV infected animals at 7 (b) or 14 (c) post-infection are shown on the right-hand side. Kruskall-Wallis
statistical test was performed as described previously. Overrepresented taxonomy groups are given on legends next to the corresponding cladogram. (d) Quantitative PCR for genomic
RNA of IAV in small intestine. Standard curve on the left-hand side, correlating viral RNA copies with PCR cycles (Cgs). qPCR result from small intestinal samples of mock treated mice
(n=2) or IAV infected mice (n=4). Limit of detection indicated by dotted line. (e) Relative gene expression as quantified by RT-gPCR from small intestinal samples of IAV-infected (n=4)
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and mock-treated (n=2) animals. Statistical significance between mock and IAV groups for each gene was tested by unpaired t-test. P-values are indicated.
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Supplementary Figure 3: microbiota composition and diversity in feces

(a) Individual Shannon H-index of feces microbiota at 56dpi of mock-treated (black squares) and IAV-
infected mice (red triangles). Mean + SD per experimental group is shown.(b) LefSe analysis of
microbiota abundance in faeces of mock-treated and IAV-infected mice was determined based on 16S
rRNA gene sequencing of samples collected at 56 days post-infection. LDA scores for significantly
overrepresented (p<0.05) groups are plotted on a genus level resolution for each group (n=15).
Cladograms of OTUs, as annotated by Qiimel, that are differentially represented in faeces samples
taken from mock and IAV infected animals at 56 days post-infection are shown on the right-hand side.
Kruskall-Wallis statistical test was performed as described previously. Overrepresented taxonomy
groups are given on legends next to the corresponding cladogram.(c) Scaled 3D principal coordinates
analysis (PCoA) plots using a weighted-UniFrac distance matrix from faeces microbiota of mock-treated
or |AV-infected mice at 56 days post-infection. Each symbol represents one individual mouse.
Percentages explain variation in PC1 (x-axis), PC2 (y-axis) and PC3 (z-axis). PERMANOVA statistical test
was performed and p-value is indicated in the figure.
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Supplementary Figure 4: Female mice body weight and metabolic
phenotyping of IAV-imprinted adult male mice
Seven-days-old mice were infected intranasally with PBS or 40 pfu of VN/1203

a) 56dpi (females) in 5 pL. (a) Individual weight values of female mock-treated (n = 9) and IAV-
infected mice (n=15) at 56dpi are shown. Home cage activity as recorded by
TSE Labmaster/Phenomaster for different periods of the day. Each bar
26 0.53 represents mean = SEM of mock-treated male mice (n=14) or |IAV-infected
5 T male mice (n=12) (b) Ambulatory activity. (c) Respiratory exchange ratio. (d)
£ 244 Fatty acid oxidation. (e) Food intake. (f) Water intake. (g) Caloric uptake of
E 294 mock-treated (n = 12) and IAV-infected mice (n=12) at 42dpi was calculated
=) based on caloric content of consumed food and excreted feces and depicted as
é 204 energy consumption in kcal. Each symbol represents the average of two mice.
g Statistical significances were determined using unpaired t-test (panel a and g),
8 18- 2-way Anova (panel b-f), or multiple t-tests (panel h). P-values are indicated in
each panel.
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Supplementary Figure 5: Differential microbiota abundance in single and co-
housed mice treated with IAV or mock Cladograms of OTUs, as annotated by
Qiimel, that are differentially represented in small intestine samples based on
LDA scores. Small intestine samples were taken from co-housed mock-treated or
IAV-infected mice and single housed mock-treated or |AV-infected mice at 56
post-infection. Overrepresented taxonomy groups are given on legends next to
the corresponding cladogram. Blank legends correspond to unknown genus.
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Supplementary Tables

Supplementary Table 1: Statistical test of PCoA. PERMADISP analysis for direct comparison of indicated

data sets from Figure 1f resulted in displayed p-values.

PERMDISP
p-value
IAV_14dpi | IAV_56dpi | IAV_7dpi | Mock_14dpi | Mock_56dpi | Mock_7dpi

1AV_14dpi 0.0390 0.0010 0.9640 0.8740 0.0010
IAV_56dpi 0.0315 0.0010 0.0320 0.2310 0.0010
IAV_7dpi <0.0001 <0.0001 0.0010 0.0050 0.0800
Mock_14dpil  0.9619 0.0289 <0.0001 0.8450 0.0010
Mock_56dpi|  0.8630 0.2331 0.0044 0.8521 0.0070
Mock_7dpi| <0.0001 <0.0001 0.0988 <0.0001 0.0057

Supplementary Table 2: Statistical test of PCoA. PERMADISP analysis for direct comparison of indicated

data sets from Figure 2f resulted in displayed p-values.

PERMDISP
p-value
colAV coPBS | IAV_56dpi [Mock_56dpi
colAV 0.961 0.002 0.396
coPBS 0.964 0.002 0.389
IAV_56dpi 0.003 0.004 0.283
Mock_56dpi|  0.365 0.385 0.274

method name

PERMANOVA

test statistic name

seudo-F

30

number of groups

2

test statistic

1.657099606

0.178

number of permutations

999




3.2.2. Complementary Unpublished Results
3.2.2.1. Results

e TAV causes long term dysbiosis in GPR41/43 knockout mice

SCFA are secondary metabolites released by fermenting bacteria, e.g. in the intestine.
They act systemically via GPR41 and GPR43 receptors and activate pathways of host
metabolism involved in lipogenesis, glycogenesis and hormonal regulation. In order to evaluate
the contribution of SCFA to the weight gain observed in adulthood we performed the same set
of experiments in GPR41 and GRP43 double-knockout mice. We hypothesized that a long-
term dysbiosis caused by IAV infection would still happen, however without the down-stream
effect on mice physiology, i.e. increased body weight. First, we assessed, if our sublethal
infection model was comparable between double-knockout and wild-type mice by assessing
viral titers and body weight gain after infection. We saw no significant differences in body
weight gain and viral titers at 7 days post infection were higher compared to wild-type animals,
confirming the onset of an acute sublethal infection (Published Figure 1a,b and Figure 10A).
Next, we assessed small intestine microbiota composition at 56 days post infection (Figure
10B). Compared to wild-type animals, GPR41/43”- mice had a distinct intestinal flora
characterized by a pronounced presence of Erysipelotrichi and Verrucomicrobiae classes.
Moreover, when comparing mock- to IAV-imprinted double-knockout mice, we observed a
significant enrichment of Cyanobacteria and a decrease of Bacilli corroborating to a long-term
dysbiosis provoked by IAV infection (Figure 10C). Interestingly, no effect on body weight of
these animals was observed, which suggests an effect mediated by SCFAs (Figure 10D).
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Figure 10: Neonatal IAV infection long-term dysbiosis does not affect body weight in
adult GPR41/43”- mice. Seven-days-old GPR41/43" mice were infected intranasally with PBS or
150 PFU of VN/1203 in 5 pL of PBS. (A) left panel - At 7 dpi viral titers in lungs and snouts for [AV
infected mice were determined by plaque assay. Each dot represents one animal (n = 3) and the median
titer is represented by a black dash. Limit of detection is represented by a red dashed line. Right panel
- Body weight was monitored for 14 days after infection and values for male mice are plotted as mean
+ SEM (n = 24 for mock-treated and n = 16 for [AV-infected). Statistical significance between groups
was determined by 2-way ANOVA and post hoc Sidak's multiple comparisons test. P-values are
indicated in the figure. (B) Microbiota composition in the small intestine of IAV or mock treated
animals at 56dpi. Mean relative bacterial abundance as analyzed by Qiimel is plotted for each group at
class level (in %). (C) LefSe analysis of the composition of the microbiota in small intestines of mock-
treated and IAV-infected mice based on 16S rRNA gene sequencing of samples collected at 56dpi.
Cladograms of OTUs, as annotated by Qiimel, that are differentially represented in small intestine
samples of mock (n=17) and IAV-imprinted (n=14) animals. Linear discriminant analysis scores (LDA)
are indicated for different taxonomic groups significantly overrepresented (p < 0.05). Kruskall-Wallis
statistical test was performed. (D) left panel - Body weight was monitored for each mouse weekly for
56 days after infection and values of male mice are plotted as mean + SEM. Right panel - Individual
weight values of male mock-treated (n = 24) and [AV infected mice (n = 16) at 56dpi are shown.
Statistical significance between groups was determined by two-way ANOVA (left panel) and unpaired
student’s t-test (right panel). P-values are indicated in the figure.

96



Early life interventions causing gut microbiota dysbiosis have been shown to imprint
the host immune system and exacerbate pathological outcomes later in life. This happens by
interfering with the weaning reaction, an inflammatory response to rapid microbiota changes
in the intestine after the sudden exposure to solid food. Since the host response to our model
of IAV infection coincides with the weaning period, we asked if it would affect the weaning
response and contribute to the long-term dysbiosis and increased body weight observed in [AV-
imprinted animals. To answer this question, we evaluated the expression of TNF-a and IFN-y
in the ileum of mock and imprinted animals at 21 days of age (Figure 11A). Our results confirm
previous published data, with a significant increase of these two cytokines compared to basal
levels at 11 days of age in the mock-imprinted group. However, no significant differences were
observed when comparing mock- and IAV-imprinted animals, showing that early life IAV

infections do not affect the weaning response (Figure 11B).
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Figure 11: Neonatal IAV infection does not affect the weaning response. (A) Schematic
representation of the experimental design to evaluate the weaning response. (B) Seven days old mice
were inoculated intranasally with PBS or 150 PFU of H5SN1 in 5 pL PBS. At day 11 and day 21 of age
the distal ileum was harvested and RT-qPCR was performed in isolated RNA for the indicated genes.
Mean + SD per experimental group is shown. Statistical significance between groups was determined
by one-way ANOVA and post-hoc Tukey’s multiple comparisons test. P-values are indicated in the
figure. Graphs are representative of 4 independent experiments and each dot represents one animal (n
=12-17).
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e TAV imprinting does not affect humoral responses after vaccination

Differences in host microbiota composition have been shown to modulate vaccine
responses. To evaluate if long-term dysbiosis by IAV infection would impair vaccine responses
we followed the antibody responses after immunization with Infanrix (Figure 12A). This
vaccine is administered via the intramuscular route and induces systemic IgG responses.
Indeed, our results show an increase in IgG titers against two of the antigens present in the
vaccine formulation (diphtheria and filamentous hemagglutinin (FHA)) after 14 and 28 days
post vaccination. However, no significant differences between mock- and IAV-imprinted

animals were observed (Figure 12B).
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Figure 12: Neonatal IAYV infection long-term dysbiosis does not affect antibody responses.
(A) Schematic representation of the experimental design to evaluate antibody responses after
vaccination. (B) Seven days old mice were infected intranasally with PBS or 150 PFU of VN/1203 in
5 pL of PBS. At 56dpi mice were immunized i.m. with 1/5 dose of Infanrix. FHA-specific (Left panel)
or Diptheria-specific (Right panel) IgG serum antibody titers were assessed 14 and 28 days post
vaccination. The graphs show the mean log10 IgG titers (= SEM) of individual mouse sera from mock
group (n = 7) and AV imprinted group (n=12). IgG titers from pre-immunization serum (day 0) was
calculated by pooling samples from all animals for each respective group. Statistical significance
between groups was determined by 2-way ANOVA and post hoc Sidak's multiple comparisons test. P-
values are indicated in the figures.

e TAV imprinting causes long-term dysbiosis in lung microbiota
IAV infections were previously shown by our group to cause a transient dysbiosis in
the lung microbiota of adult mice. Based on this observation we asked if an early life infection

could affect the lung microbiota composition. As a final result, we evaluated lung microbiota
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composition along the development of wild-type mice infected with IAV at 7 days of age
(Figure 13A). Compared to mock-imprinted animals, IAV-imprinted animals had significant
compositional changes in lung microbiota at several time points after infection (Figure 13B).
We observed significant differences in the Bacteroidia class after short periods post infection,
with enrichment at day 7 post infection and decrease at 14 days post infection, compared to
mock animals. Moreover, at 56 days post infection, when infection is long resolved, we still
observed significant compositional changes in Bacilli, with enrichment of this class in [AV-
imprinted animals. The data presented for the lung microbiota dysbiosis after neonatal IAV
infection is still explorative and a former PhD student (Soner Yildiz) performed the
experimental procedures. For these results, I executed the bioinformatic analysis and the

construction of the images.
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Figure 13: Neonatal IAV infection changes lung microbiota composition in adult mice.
(A) Schematic representation of the experimental design to evaluate lung microbiota composition. (B)
LefSe analysis of the composition of the microbiota in lungs of mock-treated and IAV-infected mice
based on 16S rRNA gene sequencing of samples collected at 7, 14 and 56dpi. From left to right: Linear
discriminant analysis scores (LDA) are indicated for different taxonomic groups significantly
overrepresented (p < 0.05 after Kruskall-Wallis statistical test) in lung samples of mock and IAV-
imprinted animals; Cladograms of OTUs, as annotated by Qiimel, that are differentially represented
according to LDA scores; Microbiota composition at class level plotted as mean relative abundance as
analyzed by Qiimel for each group.
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3.2.2.2. Materials and Methods

All the animal experiments on GRP41/43”- animals and the bioinformatics analysis
were performed according to the materials and methods of the attached publication, except
A/Viet Nam/1203/2004 HALo inoculation which was increased to 150 PFU due to a change in
viral stocks.

e Animals

All animal procedures were in accordance with federal regulations of the Bundesamt
fiir Lebensmittelsicherheit und Veterendrwesen (BLV) Switzerland (Tierschutzgesetz) and
approved by an institutional review board and the cantonal authorities (license number GE45).
C57BL/6J GRP41 and GPR43 double-knockout (GRP41/437") were generated by artificial
insemination with sperm from a double knockout animal on a C57BL/6J background.
Heterozygous offspring were backcrossed until we obtained double knockout homozygous
offspring confirmed by genotyping. GRP41/43”- animals were housed under a strict 12 h
light/dark cycle and fed ad libitum before entering an experiment or the breeding process.
Breeding cages were checked three times a day during labor period and time of birth was
recorded for each dam. Litters born on the same day were divided into equal groups and left
with the lactating parent until weaning at 21 days of age. After weaning, males and females
were separated in groups of 4-5 animals/cage.

e RT-¢gPCR

At 11 and 21 days of age (14dpi), animals were euthanized using controlled CO:
exposure. The 5 cm of the distal ileum were sampled following euthanasia using sterile tools,
sterilized between groups, under aseptic conditions in RNA protect (QIAGEN) and incubated
overnight at RT. On the following day, samples were transferred into Trizol and stored at -
70°C until further analysis. Total tissue RNA was isolated using Trizol (Invitrogen). cDNA
was synthetised using M-MLV Reverse transcriptase (Promega #M170A) according to
manufacturer’s instructions using 500 ng of RNA as starting material and oligo dT as primers.
To perform qPCR, 1 pL of ¢cDNA was mixed with 10 ul of 2X SYBRGreen (KAPA
Biosystems), 1 pl of each respective forward (10 uM) and reverse (10 uM) primers in a final
volume of 20 ul with RNAse, DNase Free Molecular Biology Grade Water (Amimed,
BioConcept, Switzerland). Quantitative PCR was performed following a thermal cycling
protocol of an initial denaturation step at 95°C for 5 min, followed by 40 cycles of denaturation
at 95°C for 30 s and annealing/extension at 60°C for 60s. After each reaction melting curves

were determined for each primer set to confirm the correct amplification of the target gene. Ct
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values were normalized to Hprt gene and fold induction was calculated using 2*"AACt method
to samples from day 11 animals.
Primers:
18S F:5-GTAACCCGTTGAACCCCATT-3"; 18S R:5-CCATCCAATCGGTAGTAGCG-3";TNF-
a F:5'-GGTCCCCAAAGGGATGAGAAGTT-3";TNF-a_R:5'-
GGTTGTCTTTGAGATCCATGCCG-3"; IFN-g F:5-TGGAGGAACTGGCAAAAGGATG-3";IFN-
¢ R:5-GGACCTGTGGGTTGTTGACCTCAAA-3";Hprt_F:5'-
CTGGTGAAAAGGACCTCTCGAAG-3";Hprt R:5'-CAGTTTCACTAATGACACAAACG -3';
e Immunization and antibody response

At 56 days post infection, animals were weighed, marked and injected intramuscularly
with 1/5 dose of the human dose of Infanrix hexa vaccine (GSK Lot: A21CD120B) diluted in
100 uL PBS. Each mouse was administered 50pL in each hind limb. Blood samples were
harvested on the respective days by tail bleeding as previously described (Bonifacio et al).
Briefly, mice were placed in a plexiglass restrainer and an orthogonal incision was made on
the left veins of the tail. Blood was collected in 1,5 mL polystyrene tubes and incubated at
room temperature for 30 minutes to 1 hour to allow coagulation. Samples were centrifuged at
10,000 x g for 5 minutes at room temperature and supernatants collected into fresh tubes and

stored at -20 °C to be used in ELISA assays

o ELISA assay

Diphteria and pertussis (FHA) antigen-specific antibody titers were determined by
ELISAs according to (Auderset 2019 Frontiers immunology). Briefly, 96-well plates (Nunc
MaxiSorp™; ThermoFischer Scientific) were coated with Diphteria antigen diluted 1:10°000
(FA229295) or FHA (1 pg/ml). Wells were incubated with 2-fold serial dilutions of individual
or pooled mouse prior to incubation with secondary horseradish peroxidase (HRP) conjugated
anti-mouse IgG (Invitrogen). The optical density of each well was measured at 405 nm and the
data analyzed with SoftMax Pro software. IgG titers were expressed as Logl0 in reference to

a standard curve using reference anti-serum.
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3.3. Visualization of respiratory commensal bacteria in context of their natural
host environment

3.3.1. Published Results

Joao P. P. Bonifacio and Mirco Schmolke”

Microbiology and Molecular Medicine Department, University of Geneva, Geneva, Switzerland
*Correspondence: Mirco Schmolke

Status:

Manuscript published in Frontiers Microbiology — PMID: 34149669

Summary:

The aim of this work was to adapt an RNA in situ hybridization (ISH) technique named
RNAScope, to visualize tissue-associated commensal microbiota in the lungs. We performed
frontal sections of specific pathogen-free (SPF) mice lungs embedded in paraffin and used the
16S RNA gene as target for probe hybridization. Based on a previous publication from our
group, we designed a probe to specifically hybridize with the 16S RNA sequence of the gram-
positive bacteria Lactobacillus murinus. This strain was isolated and cultured from SPF animal
housed in our facility and was shown to represent over 95% of the tissue-associated flora of
the lungs (Yildiz & Bonifacio et al 2020). We show that a standard colouring method to stain
for gram-positive bacteria (Giemsa staining) was not able to detect the presence of intact
bacteria associated with the tissue. In contrast, our adapted RNA ISH protocol detected tissue-
associated Lactobacillus murinus. Moreover, we resolved the spatial distribution of tissue-
associated microbiota and found most bacteria located in medium and large airways in between
the epithelial cell layer. The specificity of the assay was also assessed in tissue sections from
germ-free mice, in which the signal from our probe was absent. Overall, this technique offers
advantages over standard staining protocols and is able to detect low-density commensal
bacteria in the lungs. In addition, it also provides valuable information on the spatial
localization of commensal bacteria in this tissue, which contributes to our understanding of

lung microbiota dynamics.

Personal Contribution:

For this publication, I performed all the experimental setup and design. I also performed
the acquisition, analysis, interpretation and construction of the images. In addition, I wrote the
first draft of the manuscript and contributed to the final revisions together with Mirco

Schmolke.
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Visualization of Respiratory
Commensal Bacteria in Context of
Their Natural Host Environment

Joao P. P. Bonifacio and Mirco Schmolke*

Microbiology and Molecular Medicine Department, University of Geneva, Geneva, Switzerland

Commensal microbes are an integral component of mammalian physiology. 16S
rRNA gene-specific next generation sequencing from DNA of total organs, swabs or
lavages has revolutionized the characterization of bacterial communities in virtually every
ecological niche of the body. Culturomics, next allowed the isolation and characterization
of commensal bacteria in the lab and the establishment of artificial communities of
bacteria, which were eventually reintroduced in model organisms. Spatial organization
of microbiota within a given host environment is critical to the physiological or
pathological phenotypes provoked by commensal microbiota. /n situ hybridization (ISH)
is a complementary technique to sequencing and culturing to visualize the presence
of individual bacterial operational taxonomic unit (OTUs) in context of the colonized
organ. We recently applied highly sensitive in situ RNA hybridization to detection of
commensal bacteria in low abundance respiratory tract samples of mice housed under
specific pathogen free conditions. This technique allows species-specific detection of
living bacteria using RNAScope™ technology, while preserving the natural environment
of the organ. We here provide a detailed step-by-step protocol describing the detection
of commensal lung bacteria in respiratory tissue.

Keywords: L. murinus, lung tissue, microbiome, commensal bacteria, in situ hybridization, RNAScope

INTRODUCTION

Characterization of bacterial communities in various ecological niches of human or animal bodies
largely relies today on 16S rRNA gene specific next generation sequencing. This highly sensitive and
valuable technique allows quasi unbiased quantification and identification of bacteria from DNA of
swabs, lavages or total tissue samples (Human Microbiome Project Consortium, 2012). It does,
however, not distinguish between living and dead bacteria and resolution of spatial organization
of the identified bacteria within a given niche is limited to the choice of organ section used for
DNA isolation. Complementary analysis of shotgun DNA sequencing allows deeper insight into
the physiological state of a given group of living bacteria under changing environmental conditions
(Westermann et al., 2016; Griesenauer et al., 2019; Becattini et al., 2021) since bacterial RNA
is rather short-lived. Culturomics, that is the isolation and amplification of bacteria by using
multiple growth conditions, allows further detailed characterization of bacterial species which were
previously considered unculturable (Sibley et al.,, 2011; Browne et al., 2016). As a complement
to these techniques we present here a protocol for RNA-based in situ hybridization to detect
commensal or pathogenic bacteria in a sensitive fashion in context of the host organ. Previous
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studies have used fluorescent based approaches to determine
spatial organization of commensal microbiota in the intestine
and lung (Yun et al., 2014; Tropini et al., 2017; Welch et al,
2017) using phylum specific probes. We extended this approach
recently to the respiratory tract of mice, which displays 10* to
10°-fold less bacterial content than the intestine (Yildiz et al.,
2020). This technique allowed us to identify tissue associated
bacteria in the large airways of the lung, with probes detecting
all eubacteria or only specific species. We here provide a detailed
step-by-step protocol describing the detection of commensal lung
bacteria in respiratory tissue, which could easily be adapted to
other tissues or other host species.

MATERIALS AND EQUIPMENT

Animals

Animals should be housed and treated according the respective
national animal welfare guidelines. Hygiene standards of
the respective animal facility will largely contribute to the
colonization of the investigated animals (Laukens et al., 2015;
Rausch et al., 2016). We base this protocol on specific pathogen
free housed mice, but we see no limitations on extending it to
conventionally housed or wild animals.

Extraction and Fixation of Mouse Lung

Tissue

Scissors (F.S.I.), micro-dissecting forceps (F.S.I.) Falcon 15-
mL conical centrifuge polypropylene tubes (Thermo Fisher
Scientific), Paraformaldehyde 4% (Merck), Ethanol 70%.

Paraffinization and Histological Cuts

Cooling block grid (Leica), histology cassettes (Leica) microscope
slides (Thermo Fisher Scientific), microtome (Leica RM2235),
Paraplast (Leica), Ethanol with 2% methyl ethyl ketone (MEK)
(Biosystems), Histo-Sav (Mallinckrodt Baker).

Deparafinization
Histological grade xylene, ethanol 99.9 grade, Fume-hood, x8 50-
mL beakers, dry oven.

RNAscope—ISH

RNA Scope kit (ADC) containing: RNAScope Hydrogen
Peroxide, RNAScope 10X Target Retrieval, RNAScope 50X Wash
Buffer, RNAScope Protease Plus, RNAScope Hydrophobic pen,
RNAScope probes (#475131 or #451961), RNAScope AMPI1-
6 Reagents, RNAScope Fast Red-A, RNAScope Fast Red-B,
RNAScope EcoMount. Lysozyme (40 pg/mL), 5X SSC Buffer
(optional), Meyer’s Solutions (Sigma), Ammonia, Histological
grade xylene, Steam Cooker (e.g., Tefal Vitacuisine Compact
VS4003 digitale steam cooker Art. #IP095536), Coverslips, Dry
Oven, HybEZ Oven, Slide’s Rack for washing.

Visualization
Brightfield Olympus BX61VS120 with a motorized stage
(Olympus LifeSciences) equipped with Plan Apo N 2x/0.08 and

U Plan S Apo 100x/1.4 Oil objectives and a Pike F505C VC50
detector (Allied Vision Technology).

METHODS

This methodology was adapted from the protocol guidelines
provided by the ACD RNAScope platform (ACD, 2021).
Furthermore, the company provides step-by-step short videos on
each step of the process under “training videos” tab. A graphical
overview of the process is presented in Figure 1.

Animal Husbandry

Germ free animals with C57BL/6] background were generated
and maintained by the Clean Mouse Facility of Department
of Biomedical Research of the University of Bern kindly
provided by Dr. Mercedes Gomez and Prof Sigfried Hapfelmeier.
They were born and raised in flexible film isolators in at
the University of Bern, transferred aseptically into sterile IVC
cages provided with sterile food and water ad libitum. Seven
to eight weeks colonized C57BL/6] mice were housed in a
specific pathogen-free and climate-controlled animal facility
at the University of Geneva. Mice were provided with water
and pelleted diet ad libitum. All cages were provided with
environmental enrichment in the form of nesting material and
mouse houses. Procedures and experimentation were carried out
in accordance with federal regulations of the Bundesamt fiir
Lebensmittelsicherheit und Veterenirwesen (BLV) Switzerland
(Tierschutzgesetz) and approved by an institutional review board
and the cantonal authorities. Animal license GE/159/17.

Extraction and Fixation of Mouse Lung
Tissue

1.1 Euthanize animals (here done by controlled CO; exposure).
Confirm death by controlling from absence of reflex after
pinching the footpad of the hind limbs.

1.2 Place the animal on the back and attach it with needles to a
preparation board.

1.3 Wet the fur of the chest and abdomen with 70% ethanol.
Avoid spilling ethanol in mouth or nose of the animal.

1.4 Lift the fur at the level of the lower tip of the sternum and
make a horizontal incision.

1.5 Remove the fur from the mid abdomen to the neck by
extending the cut along the lower end of the rib cage,
followed by two lateral upward cuts toward the front limbs.

1.6 Flush fur attached to the exposed chest muscle tissue with
70% ethanol or sterile isotonic saline solution.

1.7 Make a small horizontal incision below the sternum and
extend to this cut along the lower end of the rib cage.

1.8 Carefully puncture the diaphragm to collapse the lungs and
open the rib cage by two lateral cuts toward the front limbs.

1.9 Carefully remove the lungs from the chest cavity. Pay

attention not to put too much pressure with the forceps to

the lung to avoid tissue damage.

Disconnect the attached connective tissue the trachea and

the heart with scissors.

1.10
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1. Baking 2. Deparaffinization

3. Target Retrieval

4. Probe Hybridization
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FIGURE 1 | Graphic protocol scheme Summary of the RNAScope staining protocol and the different steps involved. (1) Baking of the paraffinized slides at 60°C. (2)
Deparaffinization of slides with subsequent washes in xylene and ethanol. (3) Permeabilization of the slide and incubation with a target retrieval solution. (4) Probe
hybridization with target RNA. (5) Signal amplification with subsequent staining with FastRed dye. (6) Counterstaining of the lung tissue with Hematoxylin. (7)
Mounting of the slides. (8) Visualization under a brightfield microscope and image acquisition. (microscope schematic from https://favpng.com/)

1.11 Immerse lungs in prepared 50 ml tubes with in PBS with
4%v/v freshly prepared paraformaldehyde solution (see
“Materials” section) and stored at room temperature for
24 h. Make sure that the organ is fully immersed in the
fixative. This can be achieved e.g., by adding the lid of a
15 ml tube upside down into the 50 ml tube, to hold the
lung below the air-liquid interface. Of note, inflation of the
lung with fixative is not recommended, since it could flush
commensal bacteria out of their natural niche and might
lead to artificial location in the organ.

2.10 Transfer lungs into paraffin I for 2 h.

2.11 Transfer lungs into paraffin II for 4 h.

2.12 After hardening, cut paraffin blocks into 1 pM frontal
sections using a microtome (Leica RM2235 Rotary
Microtome).

2.13 Perform five consecutive transversal cuts at four different
depths (1, 51, 101, and 151 pm). Cutting could be adapted
according to experimental goals.

2.14 Transfer two consecutive slices of each depth onto one
microscope slide and leave them to dry overnight at RT.
Slides can be left either unstained or stained e.g., with
Giemsa.

2.15 Submerge the slides in 20% Giemsa dye (Mallinckrodt
Baker) diluted in distilled water.

2.16 Quickly dip the slides in 0.2% acetic acid (Sigma Aldrich)
diluted in distilled water (organ samples should turn pink).

2.17 Quickly dip the slides in ethanol 90% (organ samples should
turn blue).

2.18 Submerge the slides in isopropanol (Fluka) for 2 min.

2.19 Quickly dip the slides in ethanol 100%.

2.20 Quickly dip the slides in Histo-Sav (Mallinckrodt Baker).

2.21 Mount the slides following the protocol provided by
UltraKit (Mallinckrodt Baker).

Paraffin Embedding

2.1 After fixation place lungs in cassettes, orient them properly
according to the envisioned cutting program and dehydrate
as follows.

2.2 Immerse lungs fully in 70% ethanol for 2 h at RT.

2.3 After 2 h Immerse Lungs fully a second time in 70% ethanol
for 2 h at RT.

2.4 Immerse lungs fully in 90% ethanol for 1 h at RT.

2.5 Immerse lungs fully in 95% ethanol for 1 h at RT.

2.6 Immerse lungs fully in 100% ethanol for three consecutive
steps of 30 min.

2.7 Transfer lungs into Histo-SAV I (Mallinckrodt Baker) for

30 min. 2.22 Place the slides containing the organ cuts in a dry oven for
2.8 Immerse lungs fully in Histo-SAV II (Mallinckrodt Baker) 1 hat 60°C to dry.

for 30 min. 2.23 Place eight 50-mL beakers under a fume-hood and filled
2.9 Immerse lungs fully in Histo-SAV III (Mallinckrodt Baker) with either histological grade xylene or ethanol 99.9 grade

for 30 min. (four beakers for each solution).x
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2. Deparaffinization

3. Target Retrieval

FIGURE 2 | STEP-BY-STEP Visual protocol scheme. (1) Visual summary of the RNAScope staining protocol and the different steps involved. (2) Deparaffinization of
slides with subsequent washes in xylene and ethanol. (3) Permeabilization of the slide and incubation with a target retrieval solution and subsequent hydrophobic
barrier and washing. (4) Probe hybridization with target RNA. (5) Signal amplification with subsequent staining with FastRed dye. (6) Counterstaining of the lung
tissue with Hematoxylin.

6. Counterstaining

2.24

2.25

Dip the dried microscope slides first into each xylene-
containing beaker for 5 min each.

Continue with the ethanol-containing beakers for 1 min
each and leave to air dry. Deparaffinized slides were used
for the RNAScope procedure described in the next section
(see also Figures 2-2.1).

In situ Hybridization

3.1
3.1.1

3.1.2
3.1.3

314
3.1.5
3.1.6

3.1.8
3.1.9

Target Retrieval

Lay the slides in the HybEZ tray and add enough drops of
RNAscope Hydrogen Peroxide to cover the samples on each
slide.

Incubate at room temperature for 10 min.

Tap the slides on top of absorbent paper to remove excess
liquid and immediately submerge the slides in a reservoir
containing distilled water.

Lift the slides up and down for a proper wash.

Repeat the washing step.

Place two reservoirs containing RNAscope 1X Target
Retrieval Reagent and Distilled water in a steam cooker
(Tefal, #1P095536) machine set at 99°C.

Add slides to the distilled water container for 10 seconds
and move them into the container with RNAscope 1X
Target Retrieval Reagent.

Monitor the temperature with a thermometer.

Cover the steam cooker and incubate for 45 min (refer to
Figures 2-3.1). This incubation time is susceptible to changes
according to the samples.

3.1.10
3.1.11

3.1.12

3.1.13
3.1.14

3.1.15

3.1.16

3.1.17

3.1.18
3.1.19

3.1.20

3.1.21

3.1.22

Meanwhile, pre-warm HybEZ Oven at 40°C for 10 min.
Remove slides from steam cooker and wash with distilled
water.

Move the slides to a container with Ethanol 99.9 grade for
3 min.

Dry the slides in a dry oven at 60°C.

Using the hydrophobic pen, draw a circular barrier around
the samples on each slide and let it dry completely at room
temperature for 5 min (refer to Figures 2-3.2).

Lay the slides in the HybEZ tray and add enough drops of
RNAscope Protease Plus to cover the samples on each slide.
Incubate at 40°C inside the tray of the HybEZ Oven
for 30 min. This incubation time is susceptible to changes
according to the samples.

Tap the slides on top of absorbent paper to remove
excess liquid and immediately submerge the slides
in a reservoir containing distilled water (refer to
Figures 2-3.3, 2-3.4).

Lift the slides up and down for a proper wash.

Lay the slides in the HybEZ tray and add enough drops of
Lysozyme (40 pg/mL) to cover the samples on each slide
(optional).

Incubate at 40°C inside the tray of the HybEZ Oven for
90 min (optional).

Tap the slides on top of absorbent paper to remove excess
liquid and immediately submerge the slides in a reservoir
containing distilled water.

Lift the slides up and down for a proper wash.
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Probe Hybridization

3.2.1 Pre-warm the HybEZ Oven at 40°C and the RNAScope
probes at 37°C for 10 min.

Tap the slides on top of absorbent paper to remove excess
liquid and lay them in the HybEZ tray.

Add enough drops of the appropriate probe to cover the
samples on each slide (refer to Figures 2-4.1).

Incubate at 40°C inside the tray of the HybEZ Oven for 2 h
(refer to Figures 2-4.2).

One at a time, tap the slides on top of absorbent paper to
remove excess liquid and place it back on the tray.
Submerge the slides in a container filled with 1X Wash
Buffer and lift them up and down for a proper wash.
Repeat the washing step.

Optional Step: Place the slides in a container with 5X SSC
Buffer and leave them overnight.

Remove excess liquid by tapping the slide on top of
absorbent paper and place them back on the tray.

322
323
324
3.25
3.2.6

3.2.7
3.2.8

3.29

Signal Amplification
The next steps consist on the amplification of the probe signal by
adding AMP1-4 reagents and incubating them at 40°C inside the
tray of HybEZ Oven at 40°C.

Note: Always add enough drops of each reagent to cover the
samples on the slides and remove excess liquid after incubation.

3.3.1 Add AMP 1 Reagent and incubate for 30 min (refer to
Figures 2-5.1, 2-5.2).

3.3.2 Wash the slides twice with 1X Wash buffer.

3.3.3 Add AMP 2 Reagent and incubate for 15 min.

3.3.4 Wash the slides twice with 1X Wash buffer.

3.3.5 Add AMP 3 Reagent and incubate for 30 min.

3.3.6 Wash the slides twice with 1X Wash buffer.

3.3.7 Add AMP 4 Reagent and incubate for 15 min.

3.3.8 Wash the slides twice with 1X Wash buffer.

The next steps consist on the final amplification of the probe
signal by adding AMP5-6 reagents and incubating them at
room temperature.

3.39 Add AMP 5 Reagent and incubate for 30 min. This
incubation time can be modulated to adjust probe signal
intensity.

3.3.10 Wash the slides twice with 1X Wash buffer.

3.3.11 Add AMP 6 Reagent and incubate for 15 min.

3.3.12 Wash the slides twice with 1X Wash buffer.

3.3.13 Meanwhile, prepare a solution of Fast RED (A + B) by
adding: 1 volume of Fast RED-B and 60 volumes of Fast
RED-A.

Pipette enough volume of Fast RED mix to cover the
samples in each slide (~300 L per slide) and incubate for
10 min at room temperature.

Tap the slides on top of absorbent paper to remove excess
liquid and lay them in the HybEZ tray.

Rinse the slides with distilled water.

3.3.14

3.3.15

3.3.16

Counterstaining

4.1 Submerge the slides in a container filled with Meyer’s
solution diluted 1:2 for 2 min at room temperature (refer
to Figures 2-6.1) This dilution can be modulated to adjust
staining intensity.

4.2 Wash the slides with distilled water until the water is clear
and has no traces of Meyer’s solution.

4.3 Submerge the slides in 0.02% ammonia diluted in distilled
water and move the slides up and down a few times until
the sample turns blue.

4.4 Wash the slides with distilled water.

4.5 Dry the slides at 60°C for at least 15 min or air dry until all
visible liquid is evaporated.

4.6 Briefly dip the slides into a 50-mL beaker containing fresh
histological grade xylene and add 1-2 drops of EcoMount
(Vectamount) while the slides are still wet.

4.7 Cover the sample with a coverslip carefully to prevent
formation of air bubbles and let it air-dry.

Visualization

A large variety of imaging systems can be used for visualization.
The following steps are thus solely to indicate a technical
guidance and should be adapted to the existing infrastructure in
each laboratory.

5.1 Visualize slides using a Olympus VS120 brightfield
microscope (Olympus) and QuPath-0.2.1 Software.

5.2 Screen slides first with a 2x magnification for a quick visual
scan of the overall distribution of positive signal (red-pink
staining).

5.3 Choose a one random field from each slice and scanned
again with the 100x/1.4 Oil objective using a multifocal
approach. The VS-ASW creates a focus map with multiple
coordinates defined by the user. This allows the optimal
Z-position to be determined and saved on various parts of
the sample, allowing a height profile of the sample to be
compiled before detailed scan acquisition.

5.4 Process and analyze an average of 5-8 fields per sample
at higher resolution. This value can be adapted to the
experimental requirements of each user.

5.5 Determine positive staining of red-pink punctate dots
around epithelial cells of airway ducts.

RESULTS

In order to get an impression of the quality of tissue slices we
performed Giemsa staining (Figure 3).

Technically this should allow the detection of bacteria in tissue
(Tian et al, 2011; Morris et al, 2019), however, the density
of flora and the nature of the bacteria could be limiting this
staining technique.

Generally, the consultation of experienced histo-pathologists
is advised in order to evaluate the quality of tissue slices.

The specific colorimetric staining for Panbacteria or
L. murinus used here will provide a bright red-pink coloration of
bacterial clusters (black arrows) attached to the medium or large
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with a 100x/1.4 Qil objective.

FIGURE 3 | Lung architecture with Giemsa staining— Sections obtained by performing transversal cuts of whole lung and visualized under a brightfield microscope

Germ-free
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L. Murinus 16S

Panbacteria 16S

20pme 4, o
sart ug
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FIGURE 4 | L. murinus and panbacteria visualization in lung sections of SPF and GF mice— Sections obtained by performing transversal cuts of whole lung and
visualized under a brightfield microscope with a 100x/1.4 Qil objective. Black arrows indicate the presence of target RNA: L. murinus (top panel) or Panbacteria

airways (Figure 4-right panel). When adapted to other tissues,
the density and location of commensal bacteria could differ
(Welch et al,, 2017). We recommend staining of consecutive
slides with two probes (here Panbacteria and species specific)
to independently confirm the presence of commensals. As a
negative control we used lung tissue from axenic mice (Figure 4-
left panel), which should remain free of staining. Alternatively,
gnotobiotic animals lacking a certain species of bacteria could
also be used as a negative control for the species-specific staining.

Conventionally housed mice or «wild » mice derived tissues
would probably show a different distribution and colonization
density with commensal bacteria. From previous experiments we
know that the lung of SPF housed mice (in our facility) contains
about 10°> CFU of bacteria when plated in rich chocolate agar or

Columbia agar (Yildiz et al., 2020), most of which are L. murinus
based on NGS data. 16S rRNA specific qPCR for this commensal
revealed approximately 107 genome equivalents. The discrepancy
could be based on dead bacteria. Regardless, these numbers could
be used as proxy for minimum colonization density required for
successful ISH approaches.

Critical Steps and Troubleshooting
e It is important to always use freshly prepared histological
grade xylene, ethanol 99.9 grade and Meyer’s solution.
e The efficiency of the staining process primarily depends on
the target retrieval step, which allows the permeabilization
of the tissue granting the probe access to the target.
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e The temperature of the steam cooker is crucial to be
maintained constant (between 96 and 99°C) throughout the
target retrieval incubation. The use of a thermometer on the
steam cooker helps monitoring the temperature with the
specified machine.

e We tried an additional stage of permeabilization since
gram-positive bacteria such as L. murinus are known
to have a thicker cell wall. For that we introduced a
lysozyme incubation step for 90 min at 40°C. However,
this additional exposure did not improve staining results
(data not shown).

e Another important point during the staining process is
the adjustment of the time of incubation during the signal
amplification step. Amp5 incubation can be left for longer
or shorter times for intensity regulation of the probe
signal. On the same note, Meyer’s solution dilution can
also be adjusted for a stronger counterstaining of the tissue
slice. The fine-tuning of both these steps is helpful if the
probe intensity is faint and contributes to a better contrast
between counterstaining and target signal.

DISCUSSION

In this article we presented a general pipeline for ISH allowing
visualization of commensal bacteria in an environment of low-
colonization density. Combined with specific probes, detection
of a given bacterial species in context of its natural organ
context is possible. The technique provides a high signal to
noise ratio as shown by the lack of background staining in
axenic animals. In contrast to hybridization approaches targeting
bacterial DNA (Choi et al., 2015), it further allows detection of
mostly living bacteria since the targets are short lived bacterial
RNAs. Similar approaches were already used to detect pathogenic
bacteria in the densely colonized digestive tract of pigs (Jonach
et al.,, 2014) or in human feces (Harmsen et al., 2002). As for
metagenomic approaches the targeted bacterium does not require
to be culturable. Nevertheless, FISH and ISH techniques are
limited to a rather small number of targets, thus we propose
this technique as complementary to genomic (Barfod et al., 2013;
Pendleton et al., 2017) and culturomic approaches (Sibley et al.,
2011; Browne et al., 2016).

We chose a colorimetric approach in order to better visualize
the proximity to the host tissue (Yildiz et al., 2020), but in general
fluorophore-labeled probes could also be used as shown in a
recent study using pan-eubacteria specific fluorescent probes to
detect lung commensal bacteria (Yun et al., 2014).

In a recently published study we estimated the total genome
copy number of L. murinus in the lung of a SPF housed
mouse as 107, based on specific qPCR data (Yildiz et al.,
2018). NGS data from the same study showed predominance
of Lactobacilli in the lung (90-95%). In comparison to the
fecal matter of ASF a systematic screen would be required to
estimate the sensitivity of ISH for detection of very low abundant
commensal bacteria. According to the above-mentioned relative
abundance of Lactobacilli in the SPF house mouse lungs, we

would expect a substantially reduced signal for the less abundant
lung commensals (at least a factor of 10-20-fold reduction).

An interesting future expansion of this technique would be
the combined detection of bacterial RNA and host RNA, to
visualize, e.g., host responses of cells in the direct environment of
commensal or pathogenic bacteria. Using distinct fluorescently
labeled probes, such a staining is perfectly in accordance with
the here proposed techniques and would require only little
adaptation. In context of cancer diagnostics, a similar approach
was used to confirm the presence of the bacteria strain Acidovorax
as a potential biomarker for lung cancer (Greathouse et al,
2020). This approach would be complementary to dual RNAseq
techniques, used to characterize interaction networks between
bacteria and host from total organ homogenates (Westermann
et al., 2016; Griesenauer et al., 2019).

A combination of several probes for the detection of
multiple bacterial species in more complexly colonized
animal would equally be of interest. For the intestinal
tract FISH was already used to establish a biogeographical
map indicating microbiota distribution on phylum level
(Tropini et al., 2017; Welch et al, 2017). In mice with
defined microbiota (Brugiroux et al., 2016), this approach
would obviously be easier than in wild mice. Association
of Dbacterial localization with metabolic function by
metabolomic approaches (Marion et al., 2020) would be
and additional, exciting approach to combine ISH for
commensal bacteria with.

In combination with 16S specific rRNA gene NGS and
metagenomic shot gun approaches we propose the use of
complementing FISH or ISH approaches to localize commensal
bacteria of interest in organ context.
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4. Discussion

4.1. Optimizing the live attenuated influenza A vaccine (LAIV) backbone for
high-risk patient groups
Influenza vaccines are the best cost-effective way to prevent influenza disease and
decrease the burden associated with this respiratory disease. Inactivated influenza vaccines are
safe and capable of inducing robust antibody responses, however vaccine effectiveness remains
suboptimal. On the other hand, LAIVs induce broad cellular immunity and potent mucosal
responses, but are limited to the use in healthy subjects from 2 to 49 years old due to safety
concerns. In this thesis, we demonstrated a strategy to further attenuate the currently licensed
LAIV backbone with the intention to expand its application to high-risk population groups.
This is not the first attempt to increase the safety profile of an attenuated influenza vaccine.
Mutations in PA-X and NS1 of the LAIV backbone have been shown to decrease vaccine virus

replication in the upper respiratory tract of mice 441:442438

. Moreover, several other strategies
rely on sophisticated alternative mechanisms of attenuation that are applicable to other
influenza strains #43*%, For instance, codon deoptimization strategies were shown to attenuate
the A/PR/8/34 (HIN1) strain by decreasing the expression level of the viral proteins encoded
by the deoptimized segments. When administered to mice, this virus conferred cross protection
against lethal challenges with two mouse-adapted H3N2 strains. Similarly, a new technology
called proteolysis-targeting chimeric (PROTAC) was published recently. Genetically
engineered PROTAC strains contain a conditionally removable proteasome-targeting domain
that allows specific viral proteins to be degraded in vivo resulting in attenuated viruses still
able to induce robust antibody and cellular responses*®. All these approaches present
additional LAIV platforms capable of inducing strong and cross-protective responses and
underscore the need for novel strategies to tackle influenza burden in human populations*#6:447,
Among them, our study represents one of the first to address the potential implications of a
safer LAIV in susceptible patient groups.

Live attenuated vaccines (LAVs) bring the advantage of triggering mucosal immunity.
They replicate at the local site of infection and induce potent IgA and memory T cell responses
with the potential to block infection and limit transmission. In our neonatal mice model, we
did not observe induction of IgAs in broncho-alveolar lavages from LAIV or optiLAIV
vaccination. This could be due to the immature state of the immune system. It is known that
during infancy, vaccination induces weak plasma cell and germinal center B cell

responses*48:449,
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LAIV efficacy studies in animal models have shown a correlation between vaccine
replication and the ability to induce protective responses. This is most likely from an increased

antigen availability due to higher vaccine virus replication*>°

. We showed that despite lower
replication and faster clearance from the URT of neonatal mice when compared to LAIV,
optiLAIV equally protected these animals, even when the challenge was performed more than
one month after vaccination. We propose that an increased immunogenicity of optiLAIV could
explain this observation. The use of adjuvants in inactivated vaccines relies on the same
principal: increasing vaccine efficacy by enhancing immunogenicity using the same or lower
antigen doses. For example, the addition of AS03, a squalene-based adjuvant, to the
formulation of a monovalent II'V increased strain-specific and broad heterosubtypic antibodies
after vaccination, compared to the same dose without adjuvant*!. Mechanistically, AS03 acts
by destabilizing the lipid metabolism of macrophages and inducing ER stress and the unfolded
protein response*433, In turn, this response was shown to enhance antigen delivery, immune
cell recruitment, the stimulation of local immune cells, and induction of high affinity antigen-
specific antibody responses #4433, Our results showed that, compared to LAIV, optiLAIV
upregulated genes downstream of the UPR in infected lung cells from human and mice origin,
but also in macrophages derived from human peripheral blood monocytic cells (PBMCs) (data
not shown). This is in line with the mechanism of action of the AS03 adjuvant and corroborates
the increased immunogenicity of optiLAIV. Although we only provide circumstantial
evidence, follow up studies could strengthen our hypothesis by using conditional knockout
mice lacking key elements of the UPR*® .

Both HA and NA were shown to activate this pathway, and different degrees of

activation were observed for NA from different strains*’

. It would be interesting to assess if
an optiLAIV candidate expressing HA and NA variants that do not induce the UPR would still
maintain its enhanced attenuated phenotype and adjuvanticity. If not, implementing optiLAIV
would mean that, during vaccine strain selection, WHO guidelines would have to consider the
ability of the HA and NA strain used to induce this pathway. Nevertheless, alternative strategies
to exploit UPR activation by the vaccine strains exist and could be employed. For example,
decreasing glycosylation sites in HA globular domain increased their ability to induce UPR
signaling*.

The use of adjuvants is common practice to increase immunogenicity of vaccine
formulations, with the exception of LAVs. This is due to the fact that LAVs already contain

multiple immunostimulatory molecules capable of inducing potent immune responses, i.e.

PAMPs, and are a self-amplifying antigen source. Interestingly, our study suggests that it might
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be possible to modulate the intrinsic adjuvant properties of these vaccine platforms and further
enhance immunogenicity via the UPR activation. One mechanism to trigger the UPR signaling
is via accumulation of misfolded proteins in host cells. Since this is a common feature for
several viral pathogens*?, other live attenuated viral vaccine vectors could benefit from this
strategy. Varicella-zoster virus (VZV)*0%4! Adenovirus (ADNV)*2463 and Cytomegalovirus
(CMV)*4465 represent other examples of viruses that can modulate the UPR and are used as
live attenuated vaccine vectors, highlighting the breadth of candidates our strategy could be
applied to. Moreover, it has been shown that during rotavirus replication cycle, UPR activation
is interrupted at the translational level by the viral nonstructural protein NSP3 of the virus*¢®.
Modifying this function of NSP3 in the oral rotavirus vaccine strain and evaluating efficacy
and safety could be an interesting way of testing the transferability of our strategy to other
platforms.

The ability of LAVs to induce local mucosal and cellular immunity could act in synergy
with inactivated vaccines (IVs) which trigger mostly systemic humoral responses. In addition,
LAVs are associated with blocking infection and transmission while IVs are associated with
better protection against disease. A ‘prime and boost’ strategy has been suggested to exploit
the combination of both types of immune response. In animal models, prime and boost
regimens with different combinations of IIV and LAIV were shown to induce higher antibody
titers against conserved epitopes, memory T cells and better heterologous protection®67-46,
Boosting with an LAIV can redirect the recall response of the immune system towards internal
proteins, induce mucosal immunity and deliver antigens for longer periods. Moreover, in this
scenario, using optiLAIV could have the added benefit of including a broader range of target
populations.

Another important effect of LAVs is the induction of trained immunity. Trained
immunity is defined as a long-term change in the functional properties of innate immune cells
by epigenetic reprogramming. By mimicking a natural infection and promoting a strong
immune response, it is postulated that live vaccines can induce epigenetic rewiring in innate
immune cells and promote sustained changes in their transcriptional programs lasting for
months. BCG, measles, oral polio and smallpox vaccines have all shown beneficial, non-
specific effects due to trained immunity*’°. In the case of BCG vaccine, protection against all-

47! and protection against non-related pathogenic infections such as

cause mortality in neonates
yellow fever*’? or malaria*’? have been observed. Although there is no clinical evidence for
LAIV and trained immunity, one study reported an indirect effect of this vaccine on all-cause

medically attended acute respiratory illness*’#. Moreover, an ongoing prospective cohort study
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is aiming to evaluate the effects of LAIV in all-cause mortality and cardiovascular mortality*7>.

In mice, it was shown that LAIV protected against subsequential RSV infection without any
RSV-specific antibody responses*’®, although the effect was only sustained for a few days.
Altogether, these studies point towards non-specific effects of LAIV which in combination
with prime-boost strategies and a broader application in high-risk groups, could not only
mitigate the burden of influenza, but also, significantly reduce the incidence of other
diseases*”’.

The currently licensed LAIV contains a quadrivalent formulation with two IAV
caAnnArbor expressing HIN1 and H3N2 subtypes and two attenuated IBV lineages present in
one single dose. In our study we used the caAnnArbor strain expressing IAV PR8 HA and
NA(HINTI) as a model for the LAIV used in humans. This approach serves the purpose of
characterizing this vaccine in vitro and in vivo using a mouse model, however, it falls short on
the ability to measure vaccine interference from the other strains present in the vaccine.
Vaccine viral interference was suggested as major contributors for the low vaccine
effectiveness observed in the 2015/2016 influenza season based on in vitro replication
studies*’®, although no significant clinical evidence was found to support this*”®. Moreover, our
in vivo model uses naive mice and does not address the impact of pre-existing immunity to
IAV and the possible interference with LAIV replication and efficacy, as reported in other
studies*34% Tt would be interesting in follow up studies to explore the effects of a quadrivalent

formulation and pre-existing immunity in the safety and efficacy of optiLAIV.
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4.2.A single respiratory tract infection early in life reroutes healthy
microbiome development and affects adult metabolism in a preclinical

animal model

Interventions during childhood have the potential to impact the development of a
healthy microbiota with physiological implications in adult life. Antibiotic treatment, exposure
to environmental factors and diet are strong modulators of microbiota by depleting, introducing
and favoring the growth of particular strains in the community. In our study, we showed that a
subclinical IAV infection during childhood is also capable of inducing a state of dysbiosis
lasting until adulthood in mice. We observed an enrichment of Enterobacteriales and an
underrepresentation of Clostridiales. Moreover, the dysbiosis state was more pronounced in
tissue-associated microbiota of the small intestine whereas in the fecal microbiota only minor
changes in low abundance families were observed (although an underrepresentation of the
same member of the Clostridiales family was also seen in feces). Interestingly, we also report
that male mice imprinted by an early life IAV infection have increased body weight in
adulthood and are more susceptible to develop heavier adipose depots upon a high sugar high
fat diet. This is in line with an altered microbiota since co-housing experiments abrogated this
effect. In humans, a decreased representation of Clostridiales and enrichment in
Enterobacteriales have been observed in obese patients*®®. Enterobacteriales are gram-negative
bacteria exhibiting high endotoxin activity and are thought to be a source of low-grade increase
in plasma LPS. Termed metabolic endotoxemia, this process has been suggested as a mediator
of metabolic syndromes commonly observed in obese patients*®S, Our data suggests that a
subclinical viral infection has the potential to cause long-term impacts in the microbiota
composition with effects on host physiology. This is also true for other viral pathogens. Other
groups reported an association between early life exposure to rhinoviruses and adenovirus and
dysbiosis and increased susceptibility to respiratory tract infections years later*®’.

The idea of viral infections in early life as modulators of host microbiota development
is particularly interesting given that childhood viral infections are frequent and often
underreported. Although a subclinical viral infection does not affect the microbiota in the same
degree as antibiotic interventions, the constant pressure/impact caused by repetitive viral
infections could deviate microbiota development into a pathology-associated community. In
fact, the Anna Karenina principle (AKP) theory beautifully describes this phenomenon.
According to its definition, healthy microbiota communities are alike, and each disease-
associated community is unique in its own way*%4%° Thus, microbiota stressors that provoke

stochastic perturbations in microbiota composition, i.e. mild viral infections, need not shift the

115



community to a predefined disease-like composition. Instead, they would only need to tweak
the natural progress of a healthy/symbiotic microbiota which would be sufficient to result in a
dysbiotic community. Interestingly, this observation is reflected in our data. By evaluating 3-
diversity over time in mock- and [AV-imprinted animals, we observed that at 7 days post
infection, microbiota communities from both groups were very similar and closely distributed
along the principal component analysis plot. This is most likely due to the small impact of a
mild respiratory tract infection in the gut microbiota as observed in respiratory syncytial virus
(RSV) and SARS-CoV2 asymptomatic infections***#!, As the mice developed and went
through stronger disturbances known to affect their microbiota, i.e. the introduction of solid
food, at 14 days post infection we observed a higher B-diversity. This was characterized by a
bigger scattering of each sample for both groups, although they still presented overlapping
distributions. Interestingly, mock-imprinted adult animals (56 days post infection) showed
more alike communities characterized by a lower B-diversity (closer distribution of the mock-
imprinted samples in the plot). In contrast, IAV-imprinted animals had more dissimilar
communities with higher B-diversity (dispersed distribution of the IAV-imprinted samples in
the plot), reflecting the AKP theory. It would be interesting to assess viral replication or the
degree of the immune response in the IAV-imprinted animals with microbiota communities
resembling mock-imprinted animal communities. This could indicate if the degree of dysbiosis
correlates to the severity of IAV infection. Moreover, following up microbiota composition at
later time points and evaluating if B-diversity of [AV-imprinted microbiota communities would
increase, could strengthen the claims of an AKP effect.

The effects of dysbiosis in human health are usually associated with a change in SCFAs
metabolism. It was shown that pathologic imprinting of the microbiota can modulate SCFA
levels in plasma and impair normal functions of distal organs and immune cells. Upon IAV
infection, gut microbiota changes decrease butyrate levels and impair the killing activity of
macrophages in the lungs. In turn, mice are more susceptible to secondary bacterial

infections*3!

. Moreover, SCFA administration in mice has been shown to induce adipogenesis,
promote insulin resistance and regulate energy metabolism through engagement with GPR43
receptor, leading to fat accumulation in adipose tissues**>*%3, Accordingly, we show that the
increased body weight in male mice imprinted with IAV seems to be mediated by SCFA, since
in the absence of these metabolite receptors (GPR41 and GPR43), the effect was abrogated,
even though the long term dysbiosis was still present. The underlying mechanism is still elusive
and other factors could explain the absence of a phenotype in these animals. For example, the

baseline weight of GPR41 and GPR43 double knockouts was increased by 10% compared to
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wild-type animals. Since the difference in body weight loss between mock and imprinted
animals was less than 3%, this effect could have been overruled by the baseline differences
between knockout and wild fype animals. Moreover, the baseline microbiota of wild-type and
knockout animals was different which could also contribute to the loss of body weight
differences. An experiment co-housing IAV-imprinted wild-type and knockout animals and
comparing their body weight to co-housed mock-imprinted wild-type and knockout animals,
could address this possible cofounder. Nonetheless, we cannot rule out an effect mediated by
SCFAs. In addition, measuring SCFAs in the intestinal flushes of IAV-imprinted GPR41/43"
animals showed a slight decrease in butyrate levels compared to mock-imprinted animals (data
not shown). Although it did not reach significance, this result indicates a possible link between
dysbiosis and SCFA metabolism. However, more experiments need to be done to evaluate if
this effect is true for wild-type animals.

The consequences of long-term dysbiosis have been shown to affect vaccine responses.
Antibiotic treated mice had impaired antibody titers to 13 different vaccines currently approved

for human use***

. In addition, an extensive review gathered epidemiological evidence on the
association between fecal microbiota and vaccine responses and showed an increased ratio of
Enterobacteriaceae to Bacteroides in recipients with enhanced antibody responses®”.
According to our findings, we did not observe a significant difference in antibody titers to a
childhood vaccine. Since our study model uses a subclinical IAV infection as a driver of
dysbiosis, the long-term effects in host physiology might be small. Indeed, the body weight
differences observed were mild (3% of total body weight). With that in mind, we believe that
evaluating the immune response to a mucosal vaccine would be of interest in a follow-up study
and more likely to be affected by the dysbiosis caused by IAV imprinting. Two interesting
candidates would be the BCG vaccine and the oral rotavirus vaccine which have been shown
to elicit different magnitudes of immune responses based on microbiota differences both in
mice and in human studies*!?.

Previous studies have shown the ability of respiratory infections to modulate the
microbiota of the respiratory tract. Our group showed that upon a severe IAV infection the
growth of an Escherichia coli strain is favored over the predominant resident population of
Lactobacillus murinus*®. This disbalance contributes to the increased susceptibility of IAV-
infected mice to secondary bacterial infections, in line with the functional role of the lung
microbiota in maintaining health. According to our results, IAV infections in early life also
shape the lung microbiota as the mouse develops, with an enrichment of Bacilli observed in

adulthood. It would be interesting to explore if these changes are a consequence of direct viral-
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bacterial interactions in the respiratory tract. In fact, it has been shown that in the lung, RSV
and IAV can directly interact with the bacterial surface of Streptococcus pneumonia, Moraxella
catarrhalis, Haemophilus influenza and Staphylococcus aureus and increase bacterial
attachment to the respiratory epithelia*’#%°. A good starting point to follow-up on this idea
would be to visualize the spatial distribution of commensals and how the dynamics of an acute
respiratory infection overlap in niches colonized by bacteria in the lung. Our adapted in situ
RNA hybridization technique would be useful in this regard. Moreover, coupling our
compositional data with metagenomic, proteomic and metabolomic approaches could reveal
important functional roles of the lung microbiota and provide a better insight on the possible

physiological consequences of this dysbiosis.

4.3.General Discussion

The quest to find the perfect vaccine against influenza remains one of the most
challenging aspects of vaccine research. Apart from all the hurdles posed by the complex
biology of the virus and the socio-economic aspects of implementing effective vaccination
programs, there is still a multitude of intrinsic factors affecting the individual responses to
vaccination. The host microbiota is one of these factors with growing evidence linking the
quality of antibody responses to different microbiota compositions*!®. For example, an increase
in the relative abundance of Proteobacteria in fecal microbiota significantly correlated to higher
antibody titers after rotavirus vaccination®”. Although causal relationships are still missing,
there is reasonable biological plausibility. Commensal bacteria can imprint the immune system
of the host by direct interaction with the mucosal compartment of the immune system and/or
by production of secondary metabolites implicated in immune regulation. This was observed
in a study performed in mice where the presence of commensal bacteria expressing flagellin
induced higher antibody titers against IIV compared to antibiotic-treated and germ-free mice.
Mechanistically, the authors showed that TLRS5-mediated sensing of flagellin promoted plasma
cell differentiation and stimulated lymph node macrophages to produce plasma cells growth
factors>®!. Interestingly, not only does the microbiota modulate vaccine responses, the
administration of vaccines also affects microbiota composition. This was shown within the first
year of life, where administration of a pneumococcal conjugate vaccine correlated to an
increased diversity and stability of the URT microbiota®*?. Altogether, these lines of evidence
suggest that the crosstalk between vaccines and microbiota represents an important
phenomenon that has been ignored for years. Modulating such interactions should be explored
to enhance the effectiveness of LAIV and at the same time extend its non-specific benefits on

other health outcomes.
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In this thesis we presented a strategy to optimize the LAIV and explore its application
in high-risk patient groups, particularly in very young children. In addition, we observed that
an early life subclinical infection with IAV caused long-term dysbiosis with consequences in
host physiology. Taken together, these findings could pave the way to explore undiscovered
effects of LAIV in early life. Administering LAIV could be used to elicit protection against
influenza virus but also to shape early microbiota communities favoring beneficial outcomes
later in life. Preliminary evidence has been reported in this direction by showing a modest
increase in nasopharyngeal pneumococcal carriage and density following LAIV vaccination in
young children335%, Although these studies raise concerns regarding the consequences of an
increased prevalence of Streptococcus pneumonia and Staphylococcus aureus colonization of
the URT, they mostly focus on pathobionts and do not report on the composition of other
potentially beneficial commensals. Moreover, they lack longitudinal follow up without any
evidence for long-term consequences of this vaccine. Based on our results, it would be
interesting to see in a follow-up study, if the long-term effects observed with our subclinical
IAV infection would still happen with optiLAIV. Understanding the underlying mechanisms
of how [AV infection causes long-term dysbiosis can guide concomitant interventions to LAIV
administration in order to modulate the microbiota development. One such intervention could
be the delivery of probiotics in parallel to vaccination to promote the expansion of a healthy
gut microbiota.

With this report, we would like to bring the attention of the microbiome research
community to the possibility of a live attenuated influenza vaccine to modulate the human
microbiota, when administered in early life. It would be of great interest to us and others to
better understand the relationship between live attenuated influenza vaccine and the human
microbiota. We think that further research could lead to new strategies that could enhance the

vast beneficial effects of LAIV and that the microbiota holds the key to achieve such purpose.
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5. List of Abbreviations

Abbreviation Description

IAV Influenza A Virus

IBV Influenza B Virus

ICV Influenza C Virus

IDV Influenza D Virus

HA Hemagglutinin

NA Neuraminidase

WHO World Health Organization
HI Hemagglutination inhibition
CDC Center for Disease Control and Prevention
URT Upper Respiratory Tract
LRT Lower Respiratory Tract
NP Nucleoprotein

FluPol Influenza Viral polymerase
PB1 Polymerase Basic Protein 1
PB2 Polymerase Basic Protein 2
PA Acidic Polymerase
vRNP Viral Ribonucleoprotein
MIl Matrix Protein 1

M2 Matrix Protein 2

NS1 Non-structural Protein 1

FP Fusion Peptide

mRNA Messenger RNA

HPAI Highly Pathogenic Avian Influenza
™ Transmembrane

RBD RNA-binding Domain

ED Effector Domain

RIG-I Retinoic Acid-inducible Gene I
dsRNA Double-stranded RNA
TRIM25 Tripartite Motif Containing 25
NF-kB Nuclear Factor kappa-light-chain-enhancer of Activated B Cells
PI3K Phosphatidylinositol-3-kinase
PKR RNA-binding Protein Kinase
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CPSF30
STAT-1
IFNR
UPR
GISRS
ICU
PID
SoT
HSCT
OAS
PAMPs
PRRs
TLRs
NLRs
RLRs
CLRs
ALRs
IFNs
ISGs
ER

BiP
NK
DCs
ADCC
TNF- a
IL-6
IL-1B
IL-18
APCs
Ig

IgMs
PCs
IgG
IgA

Cleavage and Polyadenylation Specificity Factor 30
Signal Transducer and Activator of Transcription 1
Interferon Receptor
Unfolded Protein Response
Global Influenza Surveillance and Response System
Intensive Care Unite
Primary Immunodeficiency
Solid Organ Transplant
Hematopoietic Stem Cell Transplant
Original Antigenic Sin
Pathogen Associated Molecular Patterns
Pattern Recognition Receptors
Toll-like Receptors
NOD-like Receptors
RIG-like Receptors
C-type lectin Receptors
AIM2-like Receptors
Interferons
Interferon-stimulated Genes
Endoplasmic Reticulum
Binding Immunoglobulin Protein
Natural Killer
Dendritic Cells
Antibody-dependent Cellular Cytotoxicity
Tumor Necrosis Factor alpha
Interleukin 6
Interleukin 1 beta
Interleukin 18
Antigen Presenting Cells
Immunoglobulins
Immunoglobulin M
Plasma Cells
Immunoglobulin G

Immunoglobulin A
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CTLs
Th
IL-2
M2e
MDCKs
v
WPVs
SV

SU
LAIV
MDV
ts

ca

att
NIAID
U1v
HMP
rRNA
HMOs
GI
COPD
BAL
GF
SCFAs
CNS
GAP
GALT
Tregs
GPR41
GPR43
HDAC
BCG
RCTs
optiLAIV

Cytotoxic T Lymphocytes
T-helper
Interleukin 2
M2 ectodomain
Madin-Darby Canine Kidney
Inactivated Influenza Vaccines
Whole Particle Vaccines
Split Virion
Subunit
Live Attenuated Influenza Vaccines
Master Donor Virus
Temperature Sensitive
Cold Adapted
Attenuated

National Institute of Allergy and Infectious Disease

Universal Influenza Vaccine
Human Microbiome Project
Ribosomal RNA
Human Milk Oligosaccharides
Gastro-intestinal
Chronic Obstruction of Pulmonary Disease
Bronco-alveolar Lavage
Germ-free
Short-chain Fatty Acids
Central Nervous System
Goblet Cell-associated Antigen Passage
Gut-associated Lymphoid Tissue
T regulatory Cells
G-protein Coupled Receptor 41
G-protein Coupled Receptor 43
Histone Deacetylases
Bacillus Calmette-Guérin
Randomized Clinical Trials

Optimized LAIV
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FHA
LDA
ISH
SPF
PROTAC
LAV
PBMCs
VZV
ADNV
CMV
IVs
AKP
RSV

Filamentous Hemagglutinin
Linear Discriminant Analysis
In Situ Hybridization
Specific Pathogen-free
Proteolysis-targeting Chimeric
Live Attenuated Vaccines
Peripheral Blood Monocytic Cells
Varicella-zoster Virus
Adenovirus
Cytomegalovirus
Influenza Vaccines
Anna Karenina Principle

Respiratory Syncytial Virus
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Summary:

Integrity of the microbiota is essential for a vast number of physiological processes.
Importantly, commensal microbes provide a natural barrier against invading pathogens. In
humans, influenza A virus (IAV) infection leads to increased susceptibility to secondary
bacterial infections in the respiratory tract, in particular with Staphylococcus aureus and
Streptococcus pneumoniae. In this work, we evaluated the role of the lung microbiota during
[AV-induced bacterial superinfection using a mouse model. We identified Lactobacillus
murinus as the predominant bacterial species in the healthy lung environment of specific
pathogen-free (SPF) animals. Furthermore, we verified that L. murinus-conditioned media
(LmCM) inhibits the growth of S. pneumoniae in vitro and limits the growth of pneumococcal
chains. This effect was likely due to the presence of high levels of lactic acid in LmCM. Finally,
we show that intranasal administration of L. murinus to IAV-infected mice, decreases the titers
of S. pneumoniae in the lungs upon challenge. Thus, our results suggest that probiotics
treatment could be used therapeutically to reduce the burden of secondary bacterial infections

in [AV-infected individuals.
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For this work, I performed the quantification of L. murinus by qPCR in lung homogenates
(Figures 3A and 3B and Figure 3 — supplement 1) together with the in situ hybridization of the
RNA probes specific for the rRNA gene of L. murinus and panbacteria in lung tissue slices
(Figure 3C). I also performed the pH and lactic acid measurements in BAL samples of SPF
and GF mice (Figures 8A and 8D and Figure 8 — supplement 1A). Furthermore, I performed
the animal work, qPCRs for pro-inflammatory cytokines and 16S DNA sequencing analysis of
lung homogenates after IAV infection and L. murinus administration and constructed the

images (Figure 8 — supplement 1B and C).
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Respiratory tissue-associated commensal
bacteria offer therapeutic potential
against pneumococcal colonization
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Abstract Under eubiotic conditions commensal microbes are known to provide a competitive
barrier against invading bacterial pathogens in the intestinal tract, on the skin or on the vaginal
mucosa. Here, we evaluate the role of lung microbiota in Pneumococcus colonization of the lungs.
In eubiosis, the lungs of mice were dominantly colonized by Lactobacillus murinus. Differential
analysis of 16S rRNA gene sequencing or L. murinus-specific qPCR of DNA from total organ
homogenates vs.broncho alveolar lavages implicated tight association of these bacteria with the
host tissue. Pure L. murinus conditioned culture medium inhibited growth and reduced the
extension of pneumococcal chains. Growth inhibition in vitro was likely dependent on L. murinus-
produced lactic acid, since pH neutralization of the conditioned medium aborted the antibacterial
effect. Finally, we demonstrate that L. murinus provides a barrier against pneumococcal
colonization in a respiratory dysbiosis model after an influenza A virus infection, when added
therapeutically.

Introduction
Mucosal surfaces are major entry ports for microbial pathogens. In the densely colonized gut, com-
mensal bacteria confer a prominent protective role against invading bacterial pathogens, in part by
posing a competitive threshold within this ecological niche (Barthel et al., 2003). This biological bar-
rier is absent in axenic mice and reduced in mice harboring a low-complexity microbiota colonized
mice. Barrier function of the microbiota is consequently sensitive to antibiotics treatment in colo-
nized conventionally housed mice (Barthel et al., 2003; Brugiroux et al., 2017). Skin microbiota
poses a similar barrier against colonization by bacterial skin pathogens (reviewed in Parlet et al.,
2019). In recent years, it became evident that the lower respiratory tract (LRT), previously considered
quasi-sterile, also hosts a bacterial microbiota under healthy conditions (Dickson et al., 2015).
Whether the bacterial LRT microbiota confers colonization resistance against bacterial pathogens,
e.g. causing pneumonia, is unclear.

Recently, a number of groups, including ours, reported compositional changes in the intestinal
and lower respiratory tract microbiota over the course of an IAV infection using a C57BL/6J mouse
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model housed under specific pathogen-free (SPF) conditions (Deriu et al., 2016; Groves et al.,
2018; Planet et al., 2016; Yildiz et al., 2018). This opened a temporarily limited window for Salmo-
nella enterica serovar Typhimurium infection in the intestine, similarly as in mice orally treated with
antibiotics (Deriu et al., 2016; Yildiz et al., 2018). We found only little qualitative or quantitative dif-
ferences in respiratory microbiota of IAV infected mice by 16S rRNA gene-specific next generation
sequencing and gPCR. Nevertheless, we observed enhanced secondary colonization with Strepto-
coccus pneumoniae following 1AV infections, as described previously (McCullers and Rehg, 2002).
The outcome of these super-infections is determined by host factors, viral factors and factors of the
bacterial pathogen (reviewed in McCullers, 2014).

IAV infections take place in the poly-microbial environment of the respiratory tract and bacterial
colonization of the lung is important to prime alveolar macrophages (Abt et al., 2012). However,
the immediate role of the lung microbiota composition and complexity on invading bacterial patho-
gens is poorly investigated. We recently discovered a high content of Lactobacillaceae in the lung
microbiota of healthy SPF housed mice, which was not reported before (Yildiz et al., 2018). Here
we identify these commensal bacteria as Lactobacillus murinus, most probably a strain of the altered
Schaedler flora (ASF). We provide in vitro evidence that it can limit pneumococcal growth, e.g.
through release of lactic acid and reduces of chain formation of pneumococcus. Importantly, thera-
peutic application of L. murinus after AV infection reduced the burden of secondary pneumococcal
pneumonia.

Results

L. murinus (ASF361) could be a major constituent of mouse lung
microbiota in laboratory settings

We previously demonstrated dominance of Lactobacillaceae in total lower respiratory tract (LRT)
homogenates of SPF housed C57BI/6J mice by 16S rRNA gene-specific NGS (Yildiz et al., 2018). In
order to characterize these Lactobacillaceae in greater detail, we independently isolated and charac-
terized two clones of phenotypically dominant bacteria from LRT homogenates cultivated on Colum-
bia agar plates. After whole genome sequencing and de novo assembly we determined the
evolutionary relationships of the two isolates based on the 16S rRNA gene. The phylogeny pre-
sented in Figure 1A is based on the alignment of approximately 1400 nucleotides of the 16S rRNA
gene. The lung-isolated strains clustered with L. murinus and were clearly separated from L. animalis
and L. apodemi isolates. One likely source for L. murinus is the altered Schaedler flora (ASF), intro-
duced in 1978 to standardize mouse model colonization (Dewhirst et al., 1999; Schaedler et al.,
1965, Wymore Brand et al., 2015) (indicated as L. murinus Schaedler in Figure 1B). Blasting of the
de novo assembled genome against available genomes revealed that indeed L. murinus ASF361 was
the best match to our L. murinus strain isolate (Figure 1B, z-score = 1, PRINA591640 and
Supplementary file 1). Alignment of the whole genome of our Lactobacillus isolate to the recently
published reference genome of L. murinus ASF361 (Wannemuehler et al., 2014) resulted in >99.
5% sequence identity (Figure 1C).

The high prevalence of L. murinus in the murine LRT microbiota was not reported by other stud-
ies. Previous analyses of murine LRT microbiota by 16S rRNA gene NGS revealed a higher diversity
with a balanced distribution of Actinobacteria, Bacteroidetes, Firmicutes and Proteobacteria
(Barfod et al., 2013; Poroyko et al., 2015; Singh et al., 2017, Yadava et al., 2016). We speculated
that differences in sampling techniques (bronchoalveolar lavage fluid (BALF) vs. partial organs vs.
total organs) might introduce a potential sampling bias by avoiding or limiting tissue-associated bac-
teria. To resolve this discrepancy, we directly compared the compositional profile of LRT microbiota
from bronchoalveloar lavage fluid (BALF), total organ after bronchoalveloar lavage or total organ
without manipulation from SPF (individually ventilated cage) and conventionally (open cage) housed
C57BIl/6J mice (see methods section for details). As demonstrated before (Yildiz et al., 2018), we
found predominantly Lactobacillaceae in total organ samples (Figure 2A/B). However, this family
was poorly represented in BALF samples, indicating a tight association with lung tissue. Accordingly,
alpha diversity was higher in BALF samples (Figure 2C) and the overall homogeneous composition
of BALF microbiota confirmed previous analysis by other groups. Of note, total 16S copy numbers
by gPCR on the same amount of input DNA were substantially higher in tissue-derived samples
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Figure 1. Lactobacillaceae isolate from total lung homogenates of mice is identified to be Lactobacillus murinus, a
member of altered Scheadler Flora. (A) Phylogenetic tree of Lactobacillaceae isolate (indicated with red asterisk)
to other known members of Lactobacillaceae family (L. murinus ASF361 is indicated with a red octothorpe). The
phylogeny presented is based on the alignment of approximately 1400 nucleotides of the 16S rRNA gene. The
phylogenetic analyses were generated with the neighbor-joining method. The percentage of replicate trees in
which the associated taxa clustered together in the bootstrap test (100 replicates) is shown next to the branches.
The trees are not rooted but drawn to scale with branch lengths in the same units as those of the evolutionary
distances used to infer the phylogenetic tree. The evolutionary distances were computed using the Kimura 2-
parameter method for 16S rRNA gene. The analysis included 17 sequences. Evolutionary analyses were conducted
using MEGAG. All sequences are labeled according to strain name, species and accession number.( B) Genome of
Lactobacillaceae isolate was aligned to reference genome database. Z-scores are calculated based on Average

Figure 1 continued on next page
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Figure 1 continued

nucleotide identity. Top five hits are represented on the table. (C) Alignment between genome of
Lactobacillaceae isolate and reference L. murinus genome from ASF 361. Genomic location, GC content, GC skew
and sequence similarity given from most inner circle to most outer circle, respectively. The GC skew should not be
considered since the nucleotide 0, origin of the genome, is not at the correct position due to the lack of closed
genome of L. murinus.

(Figure 2—figure supplement 1A) than in BALF samples. Effectively, BALF samples were indistin-
guishable from blanks and background by 16S rRNA-specific qPCR. As a control for successful BAL
procedure we included a gPCR for host 18S rRNA (Figure 2—figure supplement 1B) would be.

Regardless, the more sensitive NGS approach revealed OTUs in BALF (and tissue) samples, which
were absent in blanks, such as Bacteroidia (Figure 2A). Beta-diversity (Weighted UniFrac) analysis
revealed that BALF samples were found to be distinct in bacterial composition and abundance from
tissue homogenates, resembling largely blank samples in SPF housed and separately positioned in
CONV housed mice (Figure 2D). We next confirmed the presence of L. murinus in the lungs of SPF
mice by two independent and species-specific techniques. First, we quantified L. murinus by specific
primers using qPCR (Figure 3A). Genomic DNA from a defined amount of colony forming units of
isolated L. murinus served as a standard to convert Ct values into cfu equivalents (Figure 3—figure
supplement 1A). Four out of five SPF mice displayed DNA equivalent to >10e7 cfu/lung (Figure 3A
and Figure 3—figure supplement 1B), which was about 100-1000 fold higher than the titers of life
L. murinus determined by plating of lung homogenates (Yildiz et al., 2018) and potentially a result
of dead L. murinus. In line with the 16S rRNA NGS date (Figure 2A) we did not detect L. murinus in
DNA of BALF samples by L. murinus-specific gPCR, but in the majority of total lung DNA and DNA
from lungs after BAL (Figure 3B). To gain insight into the anatomic distribution of L. murinus in the
airways of mice, we performed highly sensitive RNAScope based ISH from frontal sections of total
PFA fixed lungs (150 um depth from ventral side) using probes specific for eubacteria or L. murinus.
Bright red staining for L. murinus was exclusively visible in the airway space of SPF mouse lungs, but
not in the germfree control specimen (Figure 3C). L. murinus was predominantely found in large air-
ways of the bronchi, but not in the trachea or the alveolar space (upper panels). Staining of adjacent
slides for eubacteria (lower panels), revealed overall good correlation of L. murinus-specific staining
with total eubacterial staining. This confirms our initial finding, that L. murinus dominates the bacte-
rial flora. The RNAScope data further support that L. murinus is viable in the lung, since we detected
short lived bacterial RNA. A limitation to these findings is that they are based on data from two lab-
oratories within a single animal facility. Facility and vendor-specific confounding effects will require
to be addressed in the future.

L. murinus inhibits growth of bacterial lung pathogens

Direct competition of commensal microbiota with invading bacterial pathogens or already present
pathobionts is believed to be a major host defense strategy against bacterial infections on mucosal
surfaces. It was demonstrated for the intestine (Barthel et al., 2003; Brugiroux et al., 2017) and for
the skin (Nakatsuji et al., 2017), but data from the LRT are currently not available. Mechanistically,
commensal bacteria control outgrowth of pathobionts or invasion of pathogenic bacteria by differ-
ent mechanisms: i.e. direct competition for nutrients and space, priming of innate immune cells,
which are responsible for bacterial clearance and secretion of production/secretion of antibacterial
metabolites (reviewed in Pickard et al., 2017).

Members of the family Lactobacillaceae were previously shown to inhibit growth of Gram-positive
or Gram-negative bacteria in co-culture or by exposure to Lactobacillus conditioned medium
(De Keersmaecker et al., 2006; Lu et al., 2009). Following a similar idea, we decided to first evalu-
ate the effect of our L. murinus isolate on a common bacterial pathogen of the respiratory tract, S.
pneumoniae, in an in vitro setting. Incompatibility of media requirements for efficient growth of
these two bacteria did not allow us to perform co-culture studies. Instead, we used an experimental
setup where S. pneumoniae was grown in presence of fresh MRS medium (FM) or L. murinus condi-
tioned MRS medium (LmCM), both at a dilution of 1:10 with S. pneumoniae culture media (TSB). To
further rule out that the antibacterial effects could merely be a consequence of depletion/reduction
of nutrients in the growth media, we used a similarly prepared medium conditioned by control
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Figure 2. Bacilli class of bacteria is under-represented in bronchoalveloar lavage samples in mice in comparison to
total lung homogenates. BALF, total lung homogenates after BAL procedure (Lung >BAL) or directly sampled
total lung homogenates (Lung) of mice housed in specific pathogen-free environment (SPF) or housed
conventionally (CONV) were prepped for bacterial 165 rRNA DNA libraries. Samples from mice housed in two
different cages from two independent experiments for each group were pooled for analysis (SPF; ngai: 11,
nLung=BaL: 10, nLung:6, CONV; npat: 8, niung=eaL:8, NLunc:11). Empty tubes were processed in parallel (Blank) for
evaluation of contamination. (A) Mean relative abundance (%) of different taxonomical classes of bacteria in BAL,
Lung >BAL, Lung and Blank samples. Color codes for each bacterial class are given next to the graph. Number of
animals used for evaluation is indicated on the graph for each group (n). (B) Relative abundance (%) of
Lactobacillus genus in BAL, Lung >BAL, Lung and Blank samples. Each circle represents an individual mouse.
Medians of each group are depicted as gray columns. Mann-Whitney test is applied for statistical analysis (*: in
comparison to BAL of SPF mice, #: in comparison to BAL of CONV mice). (C) Individual Shannon indices of BAL,
Lung >BAL, Lungs, and Blank samples. Each black circle represents an individual mouse. Medians of each group
are depicted as columns. Mann-Whitney test is applied for statistical analysis (*: in comparison to BAL of SPF mice,
#:in comparison to BAL of CONV mice). (D) 2D PCoA plots (UniFrac, weighted) of BAL (red head-down triangles),
Lung >BAL (purple circles), Lungs (blue head-left triangles), and blanks (turquoise squares).

The online version of this article includes the following figure supplement(s) for figure 2:

Figure supplement 1. Sensitivity controls for gPCR and 16S rRNA NGS.
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Figure 3. L. murinus is tightly associated with the respiratory tissue. (A) L. murinus-specific gPCR was used to
determine genome copies of L. murinus in total lung DNA extracted from SPF mice (n = 5) or germ-free (GF) mice
(n = 5). CT values were compared to standard of L. murinus genomes (see Figure 3—figure supplement 3 and
1a). 1/5 SPF mice and all GF mice revealed no specific amplicon (see also Figure 3—figure supplement 3 and
1b). Median value is indicated, each dot represents an individual mouse. (B) L. murinus-specific gPCR was used to
determine genome copies of L. murinus in BALF (n = 11), Lungs after BAL (n = 10) and total lung (n = 6) DNA
extracted from SPF mice. CT values were compared to standard of L. murinus genomes, median values are
indicated (see Figure 3—figure supplement 3 and 1a). Kruskal-Wallis test was used to determine statistical
significance in multiple comparisons with Dunn'’s correction. (C) Tissue distribution of L. murinus (upper panels) or
total bacteria (lower panels) was determined in consecutive tissue slides of SPF mouse lungs (left panels) or GF
mouse lungs (right panels). Bacterial colonization is indicated by a bright red/pink staining. Slides were counter-
stained with hematoxylin. Representative sections of n = 5 mice for each group are shown.

The online version of this article includes the following figure supplement(s) for figure 3:

Figure supplement 1. Quality controls for L. murinus specific gPCR.
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bacteria, E. coli (EcCM). This E. coli strain was previously isolated from the LRT of mice (Yildiz et al.,
2018) and characterized by whole genome sequencing. Phylogenetic analysis revealed close rela-
tionship with E. coli SJ7 (Figure 4—figure supplement 1 and PRJINA591640 and
Supplementary file 2). Only LmCM inhibited growth of S. pneumoniae cultures that prevented
reaching the same optical density, even after prolonged incubation, compared S. pneumoniae
grown in FM or EcCM supplemented TSB (Figure 4A). This result could be explained by the produc-
tion of a soluble killing factor by L. murinus acting on S. pneumoniae and/or the inhibition of S.
pneumoniae growth and division, without affecting viability. To decipher between the two possibili-
ties, we conducted efficiency of plating assays of serially diluted S. pneumoniae cultures grown for 6
hr in FM, LmCM, or EcCM and found a one log in magnitude reduction of viability with LmCM com-
pared to the other conditions, confirming the reduction in bacterial growth (Figure 4B,C). This result
suggests a soluble killing activity produced by L. murinus that acts on S. pneumoniae.
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Figure 4. L. murinus conditioned media shows inhibitory role against S. pneumoniae growth in vitro. (A) S.
pneumoniae cultures were grown in presence of fresh (FM) or L. murinus (LmCM) or E. coli (EcCM) conditioned
media. Culture growth was followed hourly by optical density at 600 nm (OD600) for 12 hr. Pooled data from two
independent experiments are given as mean + SD. Student t-test was applied for significance test. (B) S.
pneumonia cultures were grown for 6 hr in presence of FM, LmCM, or EcCM. Culture growth was measured by
OD600. Representative data from two independent experiments are depicted as mean + sd (n = 3). Student t-test
was applied for significance test in comparison to fresh media treated group.( C) Following incubation in presence
of FM, LmCM, or EcCM for 6 hr (note, the same OD was taken for the efficiency of plating at the é hr time point),
S. pneumonia cultures are serially diluted and growth on fresh TSB agar plate with 5% sheep blood for 24 hr.
Representative images are shown. (D) Different S. pneumonia strains, that is the virulent encapsulated strain
(ATCC6303), non-encapsulated clinical isolate (110.58) and a derivate of the non-encapsulated avirulent lab strain
R6 (R-6 derivative), or (E) Staphylococcus aureus (USA300) cultures were grown in presence of FM, LmCM, or EcCM
for 6 hr. Culture growth was measured by OD600. Representative data from two independent experiments are
depicted as mean + SD. Student t-test was applied for significance test in comparison to fresh media group of
each bacterial strain.

The online version of this article includes the following figure supplement(s) for figure 4:

Figure supplement 1. Phylogenetic tree of E. coli isolate to regular lab strains and other environmental isolates.
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Next, we asked whether growth inhibition by LmCM exhibits strain-specific differences on S.
pneumoniae. To this end, we tested the activity of LmCM on two additional strains of S. pneumo-
niae, i.e. the non-encapsulated clinical isolate (110.58) and a derivate of the non-encapsulated aviru-
lent lab strain R6. Our results indicate that inhibition of S. pneumoniae by LmCM is strain
independent and is not affected by capsule formation since both strains displayed similar sensitivity
to LmCM as the virulent encapsulated strain (ATCC6303) (Figure 4B-D). Since a wide range of bac-
terial pathogens causes bacterial pneumonia, we wondered if the inhibition by LmCM is specific to
S. pneumoniae. Staphylococcus aureus, another Gram -positive bacterium, is a highly prevalence
pathobiont, colonizing the upper respiratory tract of ~30% of the human population and frequently
leading to bacterial pneumonia (Wertheim et al., 2005). Despite the much faster in vitro growth
rate, LmCM reduced optical density of S. aureus cultures (Figure 4E), implicating a broader acting
mechanism against at least two distinct pathogenic bacteria.

Encapsulated S. pneumonia forms linear chains in vitro and in vivo. Formation of chains was previ-
ously associated with tissue adhesion and pathogenicity in vivo (Rodriguez et al., 2012). We
observed a significant decrease in median chain length of S. pneumonia when grown in the presence
of LmCM (Figure 5A/B). EcCM, however, did not affect S. pneumoniae growth and/or chain length.
In order to narrow down the nature of the soluble inhibitor of S. pneumoniae growth, we first
treated the LmCM with Proteinase K. This treatment had no effect on its S. pneumoniae growth inhi-
bition (Figure 5—figure supplement 1), excluding e.g. the action of bacteriocins. Our results sug-
gested the active compound affecting S. pneumoniae growth in vitro could be a small bacterial
metabolite.

Secreted lactic acid is responsible for antibacterial effect of L. murinus

We first decided to identify metabolites specifically upregulated in LmCM as compared to control
(Fresh media, FM) or EcCM with an untargeted multiplatform high-resolution mass spectrometry
(HRMS) approach. 174 metabolite features that are at least 10-fold enriched in LmCM over in FM
and not upregulated in EcCM (Figure 5—figure supplement 1) were detected. Two of these peaks
were unambiguously identified by comparison to reference chemical standards: D-Glucosamine-6-
phosphate and uridine-diphosphate-glucose. However, exposure of S. pneumoniae to these metab-
olites in concentrations up to 10 mM did not affect bacterial growth (Figure 5—figure supplement

>

# of cells / chain

Figure 5. LmCM limits cellular chain length of S. pneumoniae cultures. S. pneumonia cultures were grown to 0.6
OD600 in presence of FM, LmCM or EcCM. Cellular chain lengths of bacterial cultures are quantified using light
microscopy. Each symbol represents an individual multicellular S. pneumoniae chain. Data was pooled from three
independent experiments. Number of chains evaluated for each group indicated on the graph (n). Student t-test is
applied for statistical analysis. Representative images are shown.

The online version of this article includes the following figure supplement(s) for figure 5:

Figure supplement 1. Active substance in LmCM causing growth inhibition on S. pneumoniae is not protein in
nature.

Figure supplement 2. Mass spectrometry identified hits from LmCM do not cause similar growth inhibition on S.
pneumoniae cultures.

Figure supplement 3. LmCM dependent suppression of S. pneumonia growth does not rely on reactive oxygen
species.
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2), making it unlikely that any of these putative L. murinus metabolites are responsible for the
observed inhibition of S. pneumoniae growth. The chosen HRMS approach would not allow us to
detect very low molecular weight metabolites such as reactive oxygen species or lactic acid, which
were both previously described as metabolites produced by Lactobacillaceae with potential anti-
bacterial action (Nardi et al., 2005). Some Lactobacillus species were previously reported to pro-
duce high levels of H,O, when grown in presence of oxygen (Hertzberger et al., 2014; Kang et al.,
2013; Marty-Teysset et al., 2000). However, supernatants of L. murinus grown in hypoxia showed
similar levels of growth inhibition (Figure 5—figure supplement 3A). Moreover, catalase treatment
did not affect the growth arrest on S. pneumoniae seen with LmCM, while it completely abolished
the effect of H,O, (Figure 5—figure supplement 3B). These results excluded reactive oxygen spe-
cies from the candidate list of active metabolites in LmCM.

Of note, LmCM had a pH of 4.5 (Figure 6A). We observed a full recovery of S. pneumoniae
growth, when the LCM was pH neutralized with NaOH (Figure 6B). We thus speculated that indeed
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Figure 6. Lactic acid suppresses growth of S. pneumoniae. Lactic acid present in LmCM is responsible for growth
inhibition in S. pneumoniae cultures. (A) pH measurements of fresh (FM) or L. murinus conditioned (LmCM) media.
Data is pooled from three independent experiments and depicted as mean + SD (n = 3). (B) S. pneumonia cultures
were grown for 6 hr in presence of FM, LmCM or pH adjusted LmCM (pH:~6.2, NaOH). Culture growth was
measured by OD&00. Representative data from two independent experiments are depicted as mean £ SD (n = 3).
Student t-test was applied for significance test in comparison to fresh media treated group unless otherwise
stated by the arrows. (C) Representative GC-MS total ion chromatograms of FM (dashed blue line) and LmCM
(straight red line) are shown. Concentrations of Lactate in each media, calculated based on a standard curve
acquired using DL-Lactic acid, depicted in the graph (Mean + SD, n = 3). Student t-test was applied for
significance test. (D) S. pneumonia cultures were grown for 6 hr in presence of FM, LmCM, DL-Lactic acid (DLL,
100 mM) or pH adjusted LmCM (pH:~6.2, NaOH) and pH adjusted DLL (pH:~6.2, NaOH). Culture growth was
measured by OD600. Representative data from two independent experiments are depicted as mean + SD (n = 3).
Student t-test was applied for significance test in comparison to fresh media treated group unless otherwise
stated by the arrows.
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lactic acid might be the compound responsible for the antimicrobial action of LmCM. An involve-
ment of lactic acid would be in accordance with the rescue of S. pneumoniae growth after pH neu-
tralization we observed earlier (Figure 6A/B). Indeed, quantification of lactic acid in LmCM by GC/
MS revealed concentrations of approximately 100 uM (Figure 6C). In order to test if these concen-
trations are sufficient to explain the antibacterial effect of LmCM, we grew S. pneumoniae for 6 hr in
TSB complemented with 100 uM DL-lactic acid. Indeed, we observed inhibition of S. pneumoniae
growth at comparable levels to LmCM (Figure 6D), sustained over 24 hr (data not shown). These
results suggest that lactic acid is the primary metabolite in LmCM causing growth arrest on S.
pneumoniae.

The second phenotype induced by LmCM, the reduction of median chain length of S. pneumo-
niae cultures (see Figure 4a), was not affected by presence of lactic acid (Figure 7A). Accordingly,
pH neutralization did not restore chain length (Figure 7B). This implies that the effect of lactic acid
on S. pneumoniae growth in vitro is independent of the previously observed inhibition of chain
length. In order to characterize the nature of the compound responsible for inhibition of chain exten-
sion we repeated the treatment of LmCM with protease K. Proteinase K completely abolished the
reduced chain extension (Figure 7C), suggesting a secreted protein or peptide could be responsible
for disrupting or preventing chain formation.

Probiotic treatment with L. murinus reduces outgrowth of S.
pneumoniae in vivo

In order to provide evidence that lung resident L. murinus does indeed provide colonization resis-
tance against respiratory bacterial pathogens we inoculated germ-free (GF) mice and colonized SPF
mice with either sterile PBS or 10e5 cfu L. murinus and challenged them 72 hr later with 10e3 S.
pneumoniae (ATCC 6303). 24 hr later we measured S. pneumoniae titers in total lung homogenates.
To our great surprise we did not find increased susceptibility of GF mice to S. pneumoniae infection
over colonized SPF mice (Figure 8A). In fact, GF mice were resistant to colonization, largely inde-
pendent of L. murinus pretreatment. Resistance did not correlate with significantly lowered lung pH
(Figure 8B). In colonized SPF mice, the pretreatment with L. murinus had a small but statistically
non-significant effect on S. pneumoniae colonization (Figure 8A), which is likely due to the already
present population of respiratory commensal L. murinus. Of note, L. murinus instillation did not alter
body weight of the mice, which indicates no adverse effects by this probiotic treatment.

We thus decided to choose an alternative more realistic model, in which mice become more sus-
ceptible to S. pneumoniae colonization. Even in SPF mice, the colonization of the respiratory tract
with low doses of S. pneumoniae is quite inefficient. This natural colonization threshold can be low-
ered by previous, sub-lethal IAV infection (Figure 8B), modeling the frequently observed secondary
bacterial pneumonia in human AV patients (Morris et al., 2017). In order to address if L. murinus
could overcome the IAV mediated sensitization toward S. pneumoniae colonization, we established
a respiratory probiotics treatment protocol (Figure 8C, probiotics treatment indicated by black
arrow). When inoculating IAV infected mice on day 7-post infection (after onset of clinical signs of
IAV infection) with L. murinus via the intranasal route, we observed a significant reduction BALF pH
and diminished pneumococcal colonization on day 11-post IAV infection (24 hr post secondary S.
pneumoniae challenge) (Figure 8C/D). Lactic acid levels in BALF of these mice were not changed
compared to IAV infected and mock colonized controls (Figure 8—figure supplement 1A). We can
currently not rule out that lactic acid is quickly taken up by the surrounding tissue or commensal bac-
teria. Importantly, treatment with L. murinus did not influence the overall pathology of AV infection
as indicated by similar weight loss in both experimental groups (Figure 8—figure supplement 1C).
Lactobacilli were previously shown to modulate inflammatory signaling. An involvement of the innate
host protein response was ruled out by specific gPCR for key cytokines involved in antibacterial sig-
naling (Figure 8—figure supplement 1B). IAV infected mice showed a robust inflammatory
response in their lungs on D10 post infection, which was non-significantly impacted by administra-
tion of L. murinus. Finally we tested by 16S rRNA gene-specific NGS, if L. murinus colonization of the
lungs would alter the resident lung microbiota. Indeed, we found a mild increase in Bacilli in SPF
mice colonized with L. murinus and a homogenous reduction of the remaining bacterial classes (Fig-
ure 8—figure supplement 1C). The overall composition of lung microbiota was however indistin-
guishable as indicated by largely overlapping clouds in the PCoA (Figure 8—figure supplement
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Figure 7. L. murinus secreted substance of protein origin is the cause of decrease in cellular chain length of S.
pneumoniae cultures. S. pneumonia cultures were grown to 0.6 OD600 in presence of (A) FM, LmCM or DL-Lactic
acid (DLL,~100 mM), (B) FM, LmCM or pH adjusted LmCM (pH:~6.2, NaOH) and (C) mock or proteinase K (proK)
treated FM and LmCM. Cellular chain lengths of bacterial cultures are quantified using light microscopy. Each

Figure 7 continued on next page
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Figure 7 continued

symbol represents an individual multicellular S. pneumoniae chain. Data was pooled from three independent
experiments. Number of chains evaluated for each group indicated on the graph (n). Student t-test is applied for
statistical analysis.

1D). These data indicate that L. murinus could be a safe and directly acting antibacterial probiotic
candidate for the respiratory tract.

Discussion

The benefit of bacterial colonization of mucosal surfaces has been the center of attention of numer-
ous scientific studies in recent years, ranging from nutritional science, to immunology and even
behavioral studies. Most studies focus on the highly colonized digestive tract, where exposure of
various immune cell types results in peripheral education of adaptive immune cells and fine-tuning of
immune responses. Beyond these indirect effects, bacterial microbiota is posing a direct competitive
threshold to colonization or outgrowth of pathogenic bacteria on barrier tissues.

Gnotobiotic animals, with an increased resistance to bacterial colonization, were first introduced
in the mid-1960s by Russel W. Schaedler. This original Schaedler flora was later revised and became
the ASF. Since the 1980s, all major commercial vendors provided mice for barrier facilities by colo-
nizing germ-free animals with this standardized mix of eight bacterial strains. There are however
numerous reports on vendor-specific variations in the commensal microbiota (Ericsson et al., 2015;
Guo et al., 2019; Ivanov et al., 2009; Ivanov et al., 2008). Nevertheless, we believe our results are
of importance for researchers working on lung physiology or pathology in commercially acquired
mouse models.

In laboratory mice, L. murinus, as part of the ASF, was reported to colonize the intestine
(Almirén et al., 2013, Hemme et al., 1980), the oral cavity (Blais and Lavoie, 1990;
Rodrigue et al., 1993) and the vaginal tract (Jerse et al., 2002). In the lower respiratory tract L.
murinus was to our best knowledge not reported as a dominant species, however Lactobacilli were
previously found in high number in lung tissue microbiome (Singh et al., 2017; Zhang et al., 2018).
Our data implicate that the sampling technique is critical for the adequate quantification of this spe-
cies in the lung, since they might have a tight association with the host tissue. A previous comparison
of BALF (+ or - cells) with lung tissue (from the distal tips of the lung) revealed enrichment of Firmi-
cutes in tissue (Barfod et al., 2013), independently confirming our observation. Even within BAL
samples of human patients, it was previously reported that a substantial proportion of commensal
bacteria is tightly associated with cells and thus easily lost during removal of these cells
(Dickson et al., 2014). From conventionally housed mice in our own facility, we know that Lactoba-
cilli are still overall dominant in the lung tissue microbiome after two weeks of open cage housing.

Lactobacilli display a number of antimicrobial and immune modulatory activities. Depending on
the ecological niche and the Lactobacillus strain investigated, diverse phenotypes have been
observed: Colonization of GF mice with Lactobacillus spp. was proposed to increased alveoli num-
bers per um? and to enhanced mucus production after 16 weeks (Yun et al., 2014), comparable to
non-SPF mice, albeit this was not independently confirmed by others. Intranasal application of L.
rhamnosus GG or L. paracasei one reduces IL-5 and eotaxin production in the lung (Pellaton et al.,
2012). Intranasal application of L. rhamnosus GG was recently shown to suppress allergic responses
in mouse models (Spacova et al., 2019). Colonization with L. murinus H12 was recently described to
protect neonatal rats from necrotizing enterocolitis (Isani et al., 2018).

Direct antibacterial effects were also previously reported. Lactobacilli produce antimicrobial pep-
tides such as bacteriocins (Elayaraja et al., 2014) and metabolites that are antibacterial in nature
such as reactive oxygen species and lactic acid (Nardi et al., 2005). Our data imply a direct function
for lactic acid in the antagonism of pneumococcus growth. Lactic acid was shown to inhibit growth
of various bacterial pathogens; E. coli, S. enterica Typhimurium serovar, L. monocytogenes
(De Keersmaecker et al., 2006; Wang et al., 2015). This action is assigned to two mechanisms: (1)
its capacity to penetrate cytoplasmic membranes in its non-dissociated form, which results in low-
ered cytoplasmic pH and disruption of the proton gradient across the cytoplasmic membrane
(Alakomi et al., 2000); 2) its capacity to permeabilize the cytoplasmic membrane, which was
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Figure 8. Therapeutic administration of L. murinus decreases S. pneumoniae titers in the lung of AV infected
mice. (A) Germ-free (GF) or specific pathogen-free (SPF) mice were intranasally administered with PBS or L.
murinus (~10° cfu/animal). Three days post-administration, mice were challenged with S. pneumoniae (~1500 cfu/
animal). S. pneumoniae lung titers (cfu/organ) of L. murinus (half black/half white) or PBS (plain black) administered
GF (circles) or SPF (squares) are quantified 24 hr post infection (n = 10). Medians are depicted by a black line for
each group. Pooled data from two independent experiments are shown. BALF pH does not significantly differ
between colonized and GF mice (right panel). Median pH values for indicated mice are shown. Each dot
represents one animal. Mann-Whitney test is applied for statistical analysis.( B) Average relative initial body weight
(%)= SD is depicted for mock treated (black line with circles) and IAV infected (red line with squares) mice (n = 5).
Mice were challenged with S. pneumoniae (~1500 cfu/animal) 10 days post IAV infection. S. pneumoniae lung titers
(cfu/organ) of mock treated (black circles) or IAV infected (red squares) are quantified 24 hr post infection (n = 5).
Medians are depicted by a black line for each group. Student t-test was applied for significance test. (C) All mice
Figure 8 continued on next page
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Figure 8 continued

are infected with IAV (40 pfu). Seven days post IAV infection, PBS (red line with red squares) or L. murinus (~10°
cfu/animal, black line with red squares) is intranasally administered to the animals. Average relative initial body
weight (%)+ SD is depicted for both group (n = 10). Mice were challenged with S. pneumoniae (~1500 cfu/animal)
10 days post IAV challenge. S. pneumoniae lung titers (cfu/organ) of IAV infected, PBS (red squares) or L. murinus
administered (black rounded red squares) are quantified 24 hr post infection (n = 10). Medians are depicted by a
black line for each group. Pooled data from two independent experiments are shown. Student t-test was applied
for significance test. (D) pH of BALF from mock treated or L. murinus colonized mice 3 days post colonization and
10 days post IAV vaccination (n = 7-8 animals/group).

The online version of this article includes the following figure supplement(s) for figure 8:

Figure supplement 1. Probiotic treatment with L. murinus does not alter lactic acid levels, inflammatory response
or composition of commensal lung bacteria.

proposed to increase in turn the sensitivity of lactic acid exposed bacteria (mainly gram-negative) to
other antimicrobial compounds (Alakomi et al., 2000). Lactic acid levels where however not
changed in vivo after exogenous application of L. murinus. We can thus not rule out that lactate
independent mechanisms, e.g. the in vitro observed reduction of S. pneumoniae chain length, come
into play in vivo. Additionally, we found a protease sensitive reduction of chain extension. It is cur-
rently unclear if both phenotypes contribute to the in vivo colonization defect of S. pneumoniae after
probiotics treatment with L. murinus. The antibacterial activity was not limited to S. pneumoniae but
also affected S. aureaus. Published reports indicate a broad antibacterial activity of L. murinus
(Bilkova et al., 2011; Perelmuter et al., 2008). In our study the repressing effects on fast growing
S. aureus were mild but evident. The antimicrobial effect of L. murinus on S. aureus growth depends
on low pH as well (Bilkova et al., 2011).

Notably we found that germ-free mice were more difficult to colonize with S. pneumoniae. This
appears as a contradiction to the hypothesis that lung microbiota poses a colonization barrier
toward invading bacterial pathogens. An explanation to this dilemma could be that S. pneumoniae
colonization requires yet unknown anatomical conditions induced by commensal lung microbiota.
Future tests in antibiotic treated mice might resolve this phenomenon.

The majority of human lung microbiota studies rely on aspirates or endoscopic brushes. In a
recent tissue-biopsy based human lung microbiota study (Yu et al., 2016), Firmicutes were found in
all regions of the respiratory tract, albeit not to the same extend as shown here in SPF mice. We can
moreover not rule out that other bacteria might produce lactic acid in the lung of humans to prevent
colonization. One of the most prevalent KEGG pathways retrieved from the human tissue micro-
biome was carbohydrate metabolism (Yu et al., 2016), which includes the pathway involved in lactic
acid generation. Under chronic inflammatory conditions as found in IPF patients, lactic acid levels in
lungs are elevated albeit the source of this lactate could not be determined (Kottmann et al.,
2012). In cystic fibrosis patients, neutrophils were identified as a source for lactic acid in sputum
(Bensel et al., 2011). The contribution of commensal respiratory tract bacteria and host cells to anti-
bacterial lactate production in healthy humans remains to be addressed.

Finally, we demonstrated here that lung resident commensals might be applicable as probiotics
to counteract lung colonization by pathogenic bacteria, without major effects on lung commensals.
In contrast to other Lactobacillus species (Ding et al., 2017) L. murinus is not immunogenic when
administered orally in mice (Ostberg et al., 2018). This was also confirmed here by overall similar
levels of cytokine mRNAs involved in antibacterial signaling. However, it remains currently unclear
through which mechanism IAV might weaken the commensal shield against colonization, or if the
here demonstrated effect of probiotics treatment is solely based on alterations of the host immune
response. Nevertheless, in the context of a lung environment prone to bacterial colonization, e.g. as
we induced by IAV infection, this treatment could reduce the risk of superinfection or improve the
clinical outcome. This is of special interest in elderly human patients with high susceptibility to respi-
ratory tract infections and reduced lung microbiome complexity (Kovacs et al., 2017).

Conclusions
Lung tissue-associated microbiota of mice differ substantially from BALF microbiota, in containing
large proportions of L. murinus. Future studies on respiratory microbiota should take this into
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account. Under dysbiotic conditions, intranasal instillation of L. murinus decreases the burden of S.
pneumoniae colonization. In light of the ongoing antibiotic resistance crisis, probiotic treatment of
bacterial lung infection might offer therapeutic alternatives.

Materials and methods

Animal experiments

Power analysis (G*power 3.1) was used to estimate group size for mouse experiments was per-
formed based on experimental variation obtained in a previous study aiming for a power of 0.95
(Yildiz et al., 2018).

C57BL/6J mice (female, 7-8 weeks of age) were purchased from Charles River Laboratories
(France) and housed under SPF/BSL2 conditions or under conventional non-SPF conditions with
open cages. All animals were housed for 7 days to adjust to housing conditions under a strict 12 hr
light/dark cycle and fed ad libitum. Conventionally housed animals were kept in open cages 14 days
before experiments. germ-free animals with C57BL/6J background were generated by the Clean
Mouse Facility of Department of Biomedical Research of the University of Bern. They were born and
raised in flexible film isolators in the at University of Bern, transferred aseptically into sterile IVC
cages provided with sterile food and water and kept in the BSL2 unit of the animal facility of the
Centre Medical Universitaire, Geneva for the duration of the experiments. For inoculation with IAV,
S. pneumonia or L. murinus, mice were injected intraperitoneally with a mix of ketamine/xylazine
(100 mg/kg and 5 mg/kg, respectively) in 200 pl of sterile PBS. Upon reaching deep anesthesia, mice
were inoculated with 40 ul of PBS, virus or bacterial suspension via the intranasal route.

Body weights were measured daily during the light phase. Upon reaching experimental or
humane endpoints (85% of initial body weight), animals were euthanized using controlled CO, expo-
sure. Broncho alveolar lavages (BAL) or lungs were sampled immediately after euthanasia using ster-
ile tools. BAL sampling was performed as previously described (Sun et al., 2017) with some
modifications. Briefly, mice were sacrificed by controlled CO; inhalation and fixed with needles to a
Styrofoam panel. The skin from abdomen to neck was cut open to expose thoracic cage and neck.
With a second set of sterile tools soft tissue around the neck was gently removed. Using forceps,
approximately 10 cm sterile sewing thread was placed underneath the trachea. With sterile scissors
the trachea was nicked and a 22G x 1’ Exel Safelet Catheter was inserted no more than 0.5 cm. The
inner cannula was removed and the catheter was tied to trachea with a double knot in the sewing
thread. 1 ml of PBS, or saline (0.9%) in experiments for pH or lactate measurements, was slowly
introduced into the lung through the catheter with a 1 ml syringe, incubated for 10 s and aspirated
back to the syringe. This procedure was repeated two more times, using a new sterile syringe in
every step. Retrieved liquid was collected in a screw cap tube. Tools were changed in between
organs and experimental groups to avoid cross contamination. BAL or lung samples were immedi-
ately stored at —80 °C until extraction of DNA.

In situ hybridization

Lungs were collected under sterile conditions from five SPF and five germ-free C57BL/6J mice, fixed
in paraformaldehyde 4% solution and embedded in paraffin and sliced at two different depth levels
(51 uM and 101 uM), using a standard microtome (1 uM thickness).

In situ detection of L. murinus 16S rRNA was performed using the RNAscope 2.5 HD Assay - RED
(Advanced Cell Diagnostics) according to the manufacturer’s protocol. Briefly, lung slides were
deparaffinized by submerging the slides four rounds in 100% xylol and subsequently four rounds in
96% ethanol solutions. Slides were dried at 60°C. An incubation with hydrogen peroxide was per-
formed for 10 min and target retrieval was achieved by incubating the slides with RNAscope 1x Tar-
get Retrieval Reagent for 45 min at 95°C. Tissue was permeabilized using RNAscope protease plus
(Advanced Cell Diagnostics). Probe hybridization was performed with a specific RNA probe for the
16S rRNA of L. murinus or 16S rRNA Panbacteria (#475131 or #451961 Advanced Cell Diagnostics)
for 2 hr at 40°C. Signal amplification was achieved by incubating the tissues at 40°C with AMP solu-
tions provided by the kit and a final Fast Red dye incubation for 10 min. Slides were counter-stained
with hematoxylin and EcoMount solution was added to preserve the coloration. Slides were visual-
ized under Olympus VS120 brightfield microscope (Zeiss) under a 100x/1.4 Oil objective and
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processed using QuPath-0.2.1 Software. Random fields were picked from each slide and evaluated
at 100x magnification. An average of 5-8 fields per sample were analyzed and positive staining was
determined by red/pink punctate dots around epithelial cells of large airways.

Bacteria

L. murinus and Escherichia coli isolates were grown from serially diluted lung homogenates on
Columbia agar + 5% sheep blood plates (bioMerieux, France) at 37°C under aerobic conditions. L.
murinus was cultured in vitro at 37°C with 5% CO; in static liquid broth or solid plates of MRS media
(bioMerieux, France), prepared according to manufacturer’s instructions. E. coli was grown in stan-
dard LB broth with agitation (250 rpm) or on LB plates, with antibiotic where indicated, at 37°C,
except for conditioned media experiments where MRS media instead of LB were used in the same
incubation settings. For experiments using L. murinus conditioned media (LmCM) and E. coli condi-
tioned media (EcCM), overnight cultures were adjusted to 0.1 optical density at OD600 nm in MRS
media. To grow L. murinus anaerobically, cultures were prepared as described above except in air-
sealed plastic containers containing atmosphere generator, GenBox Anaer (bioMerieux, France).
After 8 hr of incubation, bacteria were pelleted by centrifugation at 4000 x g at 4°C for 10 min.
Supernatants were filtered through a 0.22 um PVDF syringe-top filters (Merck Millipore, Ireland).
Similarly processed fresh MRS media (FM) used as a negative control. Streptococcus pneumoniae
strains, i.e. antigenic type 3 (ATCC-6303, LGC, Germany), Swiss non-encapsulated nasopharyngeal
pneumococcal isolate 110.58 (MLST 344) and Ré-derivative strain, were cultivated on Trypticase soy
agar plates (bioMerieux, France) with 5% sheep blood (bioMerieux, France) at 37°C with 5% COs,.
Liquid cultures were grown directly from frozen stocks in Trypticase soy broth (bioMerieux, France)
at 37°C with 5% CO; in static culture up to 0.5 optical density (OD600 nm). Then, cultures were
diluted in Trypticase soy broth (bioMerieux, France) to 0.01 OD600, mixed with FM, LmCM, or
EcCM in 1:10 ratio and incubated for 6 hr until experimental end point unless otherwise stated.
Hydrogen peroxide (H,O,), UDP-glucose, glucosamine 6 P and DL-Lactic acid were purchased from
Sigma-Aldrich (Switzerland). They were diluted in water or MRS media to desired concentration and
used in same experimental setting as described above. S. aureus USA300 strain was a kind gift from
the lab of Dr. William Kelly, University of Geneva, Switzerland. S. aureus cultures were grown and
used in experiments in Trypticase soy broth (bioMerieux, France) at 37°C with agitation (250 rpm).
For administration of L. murinus to mice, overnight cultures were diluted in fresh media (1:200) incu-
bated in conditions aforementioned for 4 hr. Then, bacteria were pelleted down, washed once with
PBS and diluted to ~10° cfu/animal in PBS prior to administration. S. pneumoniae inoculation was
performed as previously described (Yildiz et al., 2018).

Microscopy

Following incubation with fresh media, conditioned media or chemicals where indicated, S. pneumo-
niae cultures at optical density of 0.6 (OD600 nm) were installed on thin layer 1% pure agarose pads
mounted on microscope slides. Alpha Plan-Apochromatic x 100/1.46 Ph3 (UV) VIS-IR oil objective on
an Axio Imager M2 microscope (Zeiss) was used to visualize bacteria. A total number of 24-30
images of the samples were taken in triplicates; and representative images are shown. Number of
individual cells per pneumococcal chain were counted to quantify the chain length.

Bacteria DNA extraction, library construction, and bioinformatics
analysis

Total lung, from lower trachea downward, and BAL samples were collected as described above.
DNA extraction was performed using QIAGEN Pathogen Cador Mini kit (USA) according to manu-
facturer’s protocol with slight modifications. Briefly, whole organ samples were homogenized with
4" stainless steel grinding balls (MPBio, USA) or a QIAGEN Pathogen Cador Mini kit (USA) accord-
ing to manufacturer’s protocol using matched blanks in 1 ml PBS, containing 15 ul Proteinase K sup-
plied with the kit, using a Bead Blaster 24 (Benchmark Scientific, USA) with a speed setting of 6 m/s
for 30" and 30’ break, repeated 10 times. Then, together with BAL samples containing same amount
of Proteinase K, all samples were incubated at 56°C for 30'. 200 ul of homogenates were used for
further DNA extraction steps following the kits' guidelines with pre-treatment T3 and B1. Empty
sample tubes that are underwent the whole respective extraction procedure are used to evaluate to
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measure potential cross contamination during PCR. Libraries for bacterial composition analysis of
total lungs and BALs were performed as previously described (Yildiz et al., 2018). With exception to
Figure 8—figure supplement 1 QIIME was used for bioinformatics analysis of the sequences gener-
ated through lllumina (USA) sequencing through the pipeline previously described (Aronesty, 2013,
Caporaso et al., 2010a; Caporaso et al., 2010b; Chao, 1984; Colwell et al., 2012; DeSantis et al.,
2006; Lozupone and Knight, 2005; Shannon, 1984; Wang et al., 2007; Yildiz et al., 2018). For
Figure 8—figure supplement 1 we used QIIME2 for bioinformatics analysis of the sequences gener-
ated through lllumina (USA) sequencing through the following pipeline (Bolyen et al., 2019). Sam-
ples were demultiplexed and trimmed to remove adapters, primers and primer links using cutadapt.
Subsequently, pair ends were joined using vsearch with the default parameters and denoised using
deblur with a 250nt length limit. A table was generated containing the features for each sample and
was further filtered to keep samples containing features with a frequency higher than 1140 using fea-
ture-table.

Taxonomy attribution for each feature was performed using a Naive Bayes classifier trained on
the Greengenes_13_5 database at a 97% identity level with the primer sequences of the V4 rRNA
16S region. A relative frequency table was generated and bar plots were constructed by taking the
mean ceiling of each group’s taxa attribution at the class level. Beta-diversity was determined with
Principal of Coordinates analysis by the weighted UniFrac method using diversity core-metrics-phy-
logenetic with a level of depth set to 500 on a rooted phylogenetic tree constructed with phylogeny
align-to-tree-mafft-fasttree. 2D plots were constructed in emperor with the two axis that could
explain most of the variability.

For whole genome sequencing, DNA was extracted from colony smears of L. murinus and E. coli
using MOBIO DNA extraction kit according to manufacturer’s protocol. Bacterial genomic DNA was
quantified with a Qubit fluorimeter (Life Technologies). The Nextera kit from Illlumina (USA) was used
for the library preparation with 50 ng of DNA as input. Library molarity and quality was assessed
with the Qubit and TapeStation using a DNA High sensitivity chip (Agilent Technologies). Libraries
were loaded on a HiSeq 4000 single-read lllumina flow cell. Single-end reads of 50 bases and barco-
des strategy were obtained according to the Nextera XT kit (lllumina, USA), following the manufac-
turer's recommendations. Read quality was assessed with the Fastqc program (available at: http://
www.bioinformatics.babraham.ac.uk/projects/fastqc/) and filtered using the FastgMcf program (Ea-
utils; available at: http://code.google.com/p/ea-utils). Genome assembly was performed using the
SPAdes39. The sequencing run produced on average a total of 15.5 million reads per sample, exhib-
iting very high theoretical coverage values (between 150 and 250 fold). The assembly produced very
similar results for each pair of strains, resulting in an average genome size of 2152198 bp and
5205614 nucleotides for L. murinus and E. coli, respectively.

Assembled genomes were annotated using the RAST program (Treangen et al., 2014). Multi-
locus sequence typing (MLST) analysis was performed using annotated genomes and submitted to
the Center for Genomic Epidemiology database (http://cge.cbs.dtu.dk/services/MLST). The phyloge-
netic relationship of all isolates was investigated by genomic single-nucleotide polymorphism (SNP)-
based analysis using as the reference genome in the Parsnp v1.0 program (Aziz et al., 2008). The
BlastP analysis was used to investigate the presence of specific genes involved in the phenotype,
evolution, and virulence of the isolates.

The MAFFT Web Server42 was used to perform the phylogenetic analysis of 16 s rRNA gene of
public sequences of Lactobacillus spp. Phylogenetic tree topologies of nucleotide 16S rRNA gene
was constructed with the neighbor-joining method using bootstrap (the accession numbers of all
species are provided in the figure). The evolutionary distances were computed using default
parameters.

Determination of average nucleotide identity (ANI) and in Ssilico DNA-
DNA hybridization (DDH)

ANI- and DDH-values were assessed in silico using online tools. The assembled genome of strain
Lacto_Soner was uploaded in GGDC (http://ggdc.dsmz.de/ggdc.php#) with the recommended local
alignment tool BLAST+ and compared with the closest genomes available in public databases identi-
fied in the different phylogenetic trees, to obtain DDH-values. The accession numbers of the strains
included in the phylogenetic analyses are provided in Supplementary file 1. The statistic
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comparison (logistic regression) used a significant probability value of DDH >79%. Pairwise ANI-val-
ues were obtained using JSpeciesWS (http://jspecies.ribohost.com/jspeciesws/#analyse) with BLAST.

Phylogenetic analysis

The phylogeny presented is based on the alignment of approximately 1400 nucleotides of the 16S
rRNA gene. The phylogenetic analyses were generated with the neighbor-joining method. The per-
centage of replicate trees in which the associated taxa clustered together in the bootstrap test (100
replicates) is shown next to the branches. The trees are not rooted and drawn to scale, with branch
lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree.
The evolutionary distances were computed using the Kimura 2-parameter method for 16S rRNA
gene. The analysis included 17 sequences. Evolutionary analyses were conducted using MEGAG. All
sequences are labeled according to strain name, species and accession number.

L. murinus-specific qPCR

For 16S rRNA gene DNA quantification, 200 ng of DNA extracted from organ homogenates were
mixed with 10 ul of 2X ddPCR supermix for probes (BioRad), 1.8 ul of each Forward (10 uM) and
Reverse (10 uM) primer, 0.4 ul of a DNA fluorescent probe and completed the volume to 20 ul with
RNAse, DNase Free Molecular Biology Grade Water (Amimed, BioConcept, Switzerland). Quantita-
tive PCR was performed following a thermal cycling protocol of an initial denaturation step at 95°C
for 5 min, followed by 80 cycles of denaturation at 95°C for 30 s and annealing/extension at 61.5°C
for 60 s. L. murinus 16S rRNA gene-specific primers and probe were used (probe: 5'-FAM-C
TCAACCGTGCCGTTCAAACTG-MQ530-3; 16Sfw: 5'- ACTGGCGATGTTACCTTTGG -3 and
16Srev: 5'- CAGGCCTTTGTATTGGTGGT —3'). Amplicons were loaded on an 2% agarose gel
stained with ethidium bromide and visualized with a BioRad Gel DocTM XR+ (BioRad).

For the standard curve construction and colony-forming unit (CFU) correlation, serial dilutions of
L. murinus genomic DNA extracted from a colony grown overnight as previously described were
added to the mix as described above with the same thermal cycling protocol settings. Briefly, 2 ml
of L. murinus grown in MRS broth were divided in equal volumes and: (1) washed in PBS twice to
remove remaining broth, heated at 100°C for 5 min and incubated in distilled water for 2 min. (2),
serial-diluted and plated on MRS agar overnight to determine CFU. Genomes/lung calculation was
adjusted by correcting to the amount of total DNA extracted from each lung and the total DNA
input on each qPCR.

For RNA levels where stated, 500 ng total RNA was used to synthesize cDNA using M-MLV
Reverse Transcriptase kit following kit's guidelines (PROMEGA). Quantitative PCR was performed
using 2X KAPA SYBR FAST gPCR Master Mix-universal according to manufacturer’s instructions. The
following specific primers for murine cDNAs were used: mIP-10 fw: 5'-TTCACCATGTGCCATGCC-3,
mIP-10 rev: 5'-GAACTGACGAGCCTGAGCTAGG-3', mIFN-y fw: 5'-ATGAACGCTACACACTGCATC-
3, mIFN-y rev: 5'-CCATCCTTTTGCCAGTTCCTC-3’, mTNF-o fw: 5'-AGAAACACAAGATGCTGGGA-
CAGT-3', mTNF-o. rev: 5'-CCTTTGCAGAACTCAGGAATGG-3', 185 fw: 5-GTAACCCG
TTGAACCCCATT-3’, 18S rev: 5'-CCATCCAATCGGTAGTAGCG-3'. Gene expression was normalized
to 18S and fold induction was calculated compared to the mock group using the AACq formula.

Identification of metabolites in LmCM and EcCM

200 pl of fresh media, LmCM or EcCM were de-proteinized by adding 800 pl of ice-cold MeOH.
After vortexing for 1 min, samples were centrifuged at 15000 xg and 4°C for 15 min. Supernatants
were collected and evaporated under vacuum. Residues were re-dissolved in 500 pul of MeCN:H,O
(50:50, v:v) and vortexed for 1 min. Samples were centrifugated under the same conditions prior to
injection in the LC-MS system. Chromatography was performed on a Waters H-Class Acquity UPLC
system composed of a quaternary pump, a column manager and an FTN autosampler (Waters Cor-
poration, Milford, MA, USA). For RPLC analyses, samples were separated on a Kinetex C18 column
(150 x 2.1 mm, 1.7 um) and the corresponding SecurityGuard Ultra precolumn and holder (Phenom-
enex, Torrance, USA). Solvent A was H20 and solvent B was MeCN, both containing 0.1% formic
acid. The column temperature and flow rate were set at 30°C and 300 ul min™", respectively. The gra-
dient elution was as follows: 2 to 100% B in 14 min, hold for 3 min, then back to 2% B in 0.1 min and
re-equilibration of the column for 7.9 min. aHILIC separations were conducted on a Waters Acquity
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BEH Amide column (150 x 2.1 mm, 1.7 um) bearing an adequate VanGuard pre-column. Solvent A
was H20:MeCN (5:95, v/v) and solvent B was H20:MeCN (70:30, v/v) containing 10 mM ammonium
formate (pH = 6.5 in the aqueous component). The following gradient was applied: 0% B for 2 min,
increased to 70% B over 18 min, held for 3 min, and then returned to 0% B in 1 min and to re-equili-
brate the column for 7 min (total run time was 31 min). The flow rate was 500 ul min-1, and the col-
umn temperature was kept at 40°C. For the zHILIC method, separation was performed on a Merck
SeQuant Zic-pHILIC column (150 x 2.1 mm, 5 um) and the appropriate guard kit. The following gra-
dient of mobile phase A (MeCN) and mobile phase B (2.8 mM ammonium formate adjusted to pH
9.00) was applied: 5% B for 1 min, increased to 51% B over 9 min, held for 3 min at 51% B and then
returned to 5% B for 0.1 min before re-equilibrating the column for 6.9 min (total run time was 20
min) at a flow rate of 300 pl/min and a column temperature of 40°C.

In all cases, a sample volume of 0.5 pl was injected. Samples were randomized for injection, and
QC pools were analyzed every six samples to monitor the performance of the analytical platform.

The UPLC system was coupled to a maXis 3G Q-TOF high-resolution mass spectrometer from
Bruker (Bruker Daltonik GmbH, Bremen, Germany) through an electrospray interface (ESI). The
instrument was operated in TOF mode (no fragmentation). The capillary voltage was set at —4.7 kV
for ESI+, drying gas temperature was 225°C, drying gas flow rate was set at 5.50 (RPLC), 8.00
(aHILIC) or 7.00 (zHILIC) L min-1 and nebulizing gas pressure was 1.8 (RPLC) or 2.0 bar (HILIC). Trans-
fer time was set at 40 (RPLC) or 60 (HILIC) us and pre-pulse storage duration at 7.0 (RP) or 5.0 us
(HILIC). For ESI- operation, the capillary voltage was set at 2.8 kV. All the remaining ion source and
ion optics parameters remained as in ESI+. Data between 50 and 1000 m/z were acquired in profile
mode at a rate of 2 Hz. ES| and MS parameters were optimised using a mix of representative stand-
ards fed by a syringe pump and mixed with the LC eluent (mid-gradient conditions) within a tee-
junction. Format adducts in the 90-1247 m/z range were employed for in-run automatic calibration
using the quadratic plus high-precision calibration algorithm provided by the instrument’s manufac-
turer. MS and UPLC control and data acquisition were performed through the HyStar v3.2 SR2 soft-
ware (Bruker Daltonik) running the Waters Acquity UPLC v.1.5 plug-in.

Run alignment, peak piking and sample normalization were performed on Progenesis Ql v2.3
(Nonlinear Dynamics, Waters, Newcastle upon Tyne, UK) and peaks were identified by matching
their retention times, accurate masses and isotopic patterns to those of a library of chemical stand-
ards (MSMLS, Sigma-Aldrich, Buchs, Switzerland) analyzed under the same experimental conditions,
as described elsewhere (Pezzatti et al., 2019).

Measurement of lactic acid levels in LmCM

D-/L-Lactic acid (D-/L-lactate) (Rapid) Assay Kit (Megazyme, USA) was used to quantify lactic acid
levels in bacterial supernatants according to manufacturer’s instructions. For GC-MS, samples were
diluted 1:10 in ultra-pure water. 5 ul of diluted fresh or spent medium were transferred to GC-MS
vial inserts (Machery-Nagel, 702813) and dried down in a centrifugal evaporator (Speed Vac Concen-
trator, Savant) together with 10 ul scyllo-inositol (1 mM, Merck, 18132) as internal standard. Samples
were re-dried after addition of 20 ul methanol (Merck, 34860). Vial inserts were transferred to 1.5 ml
vials suitable for mass spectrometry (Machery-Nagel, 702282) and subsequently derivatised through
addition of 20 pl pyridine and 20 pl bis(trimethylsilyl)trifluoroacetamide +1% trimethylchlorosilane
(BSTFA +1% TMCS, Merck, B-023).

Samples were analyzed by GC-MS after >30 min incubation at room temperature using a Trace
GC Ultra (Thermo Fisher Scientific) gas chromatography system equipped with a Phenomenex ZB-
5MS capillary column (30 m x 0.25 mm, 0.25 um, with inert guard). Using a Triplus RSH autosampler
(Thermo Fisher Scientific) 2 ul of sample were injected. The GC was operated in splitless mode for
one minute followed by split mode (1/13). The helium carrier gas flow rate was set to 1 ml/min, the
temperature of the injector and transfer line were set to 270°C and 320°C, respectively. The oven
temperature was at 70°C (1 min hold), increased to 295°C (12.5 °C/min) and raised to 320°C (25 °C/
min, 2 min hold). The GC was coupled to a PolarisQ ion trap mass spectrometer (Thermo Fisher Sci-
entific), operated in electron ionization (El) mode (70 eV). The ion source was operated at 200°C and
full scan data (m/z 50-650) was acquired after a solvent delay of 5 min. Relative levels of lactate
were quantified by determining the intensity of the lactate ion m/z 219 relative to an abundant ion
of the internal standard (m/z 318) using XCalibur (Thermo Fisher Scientific), OpenChrom and Excel
(Microsoft).
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pH measure in BALF

BALF were collected as described above. For pH measurement, samples were thawed on ice and
the HALO - HANNA pH probe (Hanna Instruments) was submerged in each sample with a distilled
water wash in between. pH was determined with the Edgeblu — HANNA pHmeter (Hanna Instru-
ments) calibrated on the same day of the analysis.

Virus

Reverse genetics systems were kindly provided by Dr. Peter Palese and Dr. Adolfo Garcia-Sastre
(Icahn School of Medicine at Mount Sinai, New York, NY, USA). IAV A/Viet Nam/1203/2004 (VN/
1203) HALo (low pathogenic version) was rescued and stocks were prepared as previously described
(Anchisi et al., 2018; Eisfeld et al., 2014).

Statistics

In order to determine statistical significance, we applied Mann-Whitney test to OTU abundance,
Shannon indices and bacterial titers from mouse organs using Graph Pad Prism 7.0. In vitro experi-
ments were assessed with student’s t-test. Where p is not indicated; ****: p<0.0001, ***: p<0.001,
**: p<0.01, *: p<0.05, ns: not significant.
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Figure 2 — supplement 1: Sensitivity controls for gPCR and 16S rRNA NGS. (A)16S rRNA
gene-specific gPCR was used to determine load of bacterial DNA in BALF, Lungs after BAL and total lung DNA
extracted from SPF and conventionally housed mice (DNA samples from Figure 2A). CT values are depicted for
individual animals. The dotted red line indicates the average CT value of blank samples. All BALF samples (SPF
(n =11) and CONV (n = 8)) had Ct values above the blank, 4/10 lungs after BAL (SPF) and 2/8 lungs after BAL
samples had Ct values above the blank, 3/11 lungs (CONV) had Ct above the blank. Each dot indicates DNA from
an individual mouse. Kruskal-Wallis test was used to determine statistical significance in multiple comparisons
with Dunn’s correction, median Ct value are indicated. (B) 18S rRNA gene-specific gPCR was used to determine
load of genomic mouse DNA in BALF, Lungs after BAL and total lung DNA extracted from SPF and
conventionally housed mice. CT values are depicted for individual animals. Kruskal-Wallis test was used to
determine statistical significance in multiple comparisons with Dunn’s correction, median Ct value are indicated
and median Ct value are indicated. (C) Graphical representation of the reads counts obtained from samples
presented in Figure 2A. Each dot indicates DNA from an individual mouse. Kruskal-Wallis test was used to
determine statistical significance. Median read counts are indicated.
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Figure 3 — supplement 1: Quality controls for L. murinus specific qPCR.
(A) Standard curve for L. murinus-specific qPCR using DNA from a defined number of CFU of a L. murinus

culture in log phase. (B) Amplicons of gPCR were loaded on a standard agarose gel and stained with 0.1 ethidium
bromide.
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Figure 4 — supplement 1: Phylogenetic tree of E. coli isolate to regular lab strains and

other environmental isolates. The phylogeny presented is based on the alignment of approximately 1400
nucleotides of the 16S rRNA gene. The phylogenetic analyses were generated with the neighbor-joining method.
The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (100
replicates) is shown next to the branches. The trees are not rooted but drawn to scale, with branch lengths in the
same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances
were computed using the Kimura 2-parameter method for 16S rRNA gene. The analysis included 17 sequences.
Evolutionary analyses were conducted using MEGAG. All sequences are labeled according to strain name, species
and accession number.
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Figure 5 — supplement 1: Active substance in LmCM causing growth inhibition on S.
pneumoniae is not protein in nature. S. pneumoniae cultures were grown for 6 hr in presence of mock
or proteinase K (proK) treated FM and LmCM. Culture growth was measured by OD600. Representative data
from two independent experiments are depicted as mean + SD (h = 3). Student t-test was applied for significance
test.
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Figure 5 — supplement 2: Mass spectrometry identified hits from LmCM do not cause
similar growth inhibition on S. pneumoniae cultures. S. pneumoniae cultures were grown for 6 hr
in presence of FM, LmCM, Glusamine-6-phosphate (10 mM) or UDP-glucose (10 mM). Culture growth was

measured by OD600. Representative data from two independent experiments are depicted as mean + SD (n = 3).
Student t-test was applied for significance test.
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Figure 5 — supplement 3: LmCM dependent suppression of S. pneumonia growth does

not rely on reactive oxygen species. Hydrogen peroxide, causing similar growth inhibition on S.
pneumoniae cultures, is not the active substance in LmCM. (A) S. pneumoniae cultures grown for 6 hr in
presence of FM or media conditioned by L. murinus in aerobic (+O>) or hypoxic environment (-O-). Culture
growth was measured by OD600. Representative data from two independent experiments are depicted as mean
+ SD (n = 3). Student t-test was applied for significance test. (B) S. pneumoniae cultures grown for 6 hr in
presence of mock or catalase treated FM, LmCM or Hydrogen peroxide solution (H202, 3.26 mM). Culture
growth was measured by OD600. Mean + SD are depicted in the graph (n = 3). Student t-test was applied for
significance test in comparison to fresh media treated group unless otherwise stated by the arrows.
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Figure 8 — supplement 1: Probiotic treatment with L. murinus does not alter lactic acid

levels, inflammatory response or composition of commensal lung bacteria. (A) Lactic acid
in BALF was determined from n = 7-8 mice per group, 3 days post colonization with mock or L. murinus using
GC/MS (left) or an LDH based assay (right) (n = 7-8 animals/group). Median values are indicated. Each dot
represents an individual animal. (B) Specific qPCR for mRNA of indicated cytokines from total lung RNA of
mice (n = 4-5/group) colonized for 3 days with mock or L. murinus. Median values are indicated. (C) Relative
composition of SPF mouse lung microbiota based on 16S-specific rRNA gene sequencing from n = 6-8 mice or
blank. Bacterial classes are depicted. (C) Beta-diversity of mock treated or L. murinus challenged SPF mice 2
days post colonization. Each dot represents an individual mouse.
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Summary:

Viral infections induce tremendous stress to the endoplasmatic reticulum (ER) by
overloading the protein folding machinery of the host cell. To counteract this excessive protein
production demand, the unfolded protein response (UPR) is launched aiming to reestablish
proteostasis, e.g. by providing more ER resident chaperons and increasing ER volume. Failure
of this compensatory mechanism results in cell death, an undesirable outcome both for the host
and virus. On the other hand, viruses benefit from the induction of UPR by increasing the
potential to fold more glycoproteins in a given time frame. In this project, we asked if influenza
A virus (IAV) developed means to tune ER stress induction to a beneficial level for viral
replication. We first established the determinant for ER stress and UPR induction during
infection and identified neuraminidase to be the major determinant for ER stress induction.
Moreover, IAV relieves ER stress by expression of its nonstructural protein 1 (NS1). We show
that NS1 interferes with the host factor CPSF30 and suppresses UPR elements, such as XBP1.
This effect was independent on the interferon signaling pathway and reproducible using air-
liquid interface cultures from the human upper respiratory tract. In vivo, viral replication is
increased when NS1 antagonizes ER stress induction. Our results reveal how IAV optimizes

glycoprotein expression by balancing the folding capacity.
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For this work, I performed the infection and qPCR experiments in ALI cultures of the human

respiratory tract (Figures 5C and 5D) and in the murine L.A4 lung cell line (Figure S4)
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Excessive production of viral glycoproteins during infections poses
a tremendous stress potential on the endoplasmic reticulum (ER)
protein folding machinery of the host cell. The host cell balances
this by providing more ER resident chaperones and reducing trans-
lation. For viruses, this unfolded protein response (UPR) offers the
potential to fold more glycoproteins. We postulated that viruses
could have developed means to limit the inevitable ER stress to a
beneficial level for viral replication. Using a relevant human patho-
gen, influenza A virus (IAV), we first established the determinant for
ER stress and UPR induction during infection. In contrast to a panel of
previous reports, we identified neuraminidase to be the determinant
for ER stress induction, and not hemagglutinin. IAV relieves ER stress
by expression of its nonstructural protein 1 (NS1). NS1 interferes with
the host messenger RNA processing factor CPSF30 and suppresses
ER stress response factors, such as XBP1. In vivo viral replication is
increased when NS1 antagonizes ER stress induction. Our results
reveal how IAV optimizes glycoprotein expression by balancing
folding capacity.

ER stress | influenza virus | neuraminidase | NS1 | CPSF30

Viruses are obligate intracellular parasites, which rely entirely
on the host cell machinery for synthesis of viral proteins.
Both host and viral surface glycoproteins are synthesized in the
cytosol and are then quickly directed to the endoplasmic retic-
ulum (ER). Here, they are folded by ER chaperones and can
undergo posttranslational modification with the addition of
N-linked glycosylations or disulphide bonds (1). The amount of
free ER chaperones and ER resident enzymes required for
posttranslational modification limit the capacity of the ER to
fold newly synthesized proteins. Under physiological conditions,
the ER folding capacity is adjusted to the cell’s demand. However,
during viral infection, the sudden need to process large amounts of
viral glycoproteins can drive the ER beyond its folding capacity. In
such cases, unfolded and/or misfolded proteins accumulate in the
ER, causing ER stress and triggering the unfolded protein re-
sponse (UPR). The ER chaperone binding immunoglobulin pro-
tein (BiP), a member of the heat shock protein family, is a master
sensor of the UPR that recognizes misfolded protein accumula-
tion (2-4). Low levels of misfolded proteins do not exceed the
steady-state pool of BiP in the ER. In this steady state, a pro-
portion of BiP is bound by the ER transmembrane sensors
inositol-requiring enzyme lo (IREla), protein kinase R-like ER
kinase (PERK), and activated transcription factor 6 (ATF6) and
keeps them in an inactive state. However, accumulation of mis-
folded proteins recruits BiP away from all three sensors, which
triggers three specific signaling cascades in the cytoplasm that, in
concert, aim to restore proteostasis by increasing the amount of
ER chaperones (including BiP), as well as ER size (2, 5). For
example, when activated, IREla dimerizes, autophosphorylates,
and triggers the specific cytoplasmic splicing of X-box binding
protein 1 (XBP1) messenger RNA (mRNA). The spliced XBP1

PNAS 2021 Vol. 118 No. 36 €2024681118

(sXBP1) mRNA is translated into a functional transcription factor
(6) responsible for activation of UPR-related genes (7, 8). In the
case the UPR fails to return the balance between ER folding
machinery and glycoprotein production, apoptosis will be induced
(9). While apoptosis of the host cell may not be a key aim of the
virus, one could imagine that expansion of the folding capacity in
the ER would be beneficial for production of viral progeny.
Influenza A viruses (IAV) are segmented negative-sense RNA
viruses that infect human airway epithelial cells. Like other
viruses, they rely heavily on the ER function to produce their two
envelope glycoproteins, hemagglutinin (HA) and neuraminidase
(NA), as well as the transmembrane protein M2. The ER mat-
uration steps of both IAV HA and NA were extensively studied
(10-13). For both HA and NA, the folding of the monomer is
guided by the ER lectin chaperones calnexin (CNX) and calre-
ticulin (CRT), which are recruited via N-linked glycosylation
(14). The monomer is then stabilized by intramolecular disul-
phide bonds (15). For HA, trimers are formed in the ER or at
the ER-Golgi interface (16). For NA, dimers are first formed in
the ER by intermolecular disulfide bonds. These dimers are then
assembled to tetramers, a step requiring glycosylation of NA as
well as conformational changes both in the transmembrane do-
main and the head domain (17, 18). During the maturation
process of glycoproteins, host proteins play the role of sentinels

Significance

As intracellular parasites, viruses depend on the host cell ma-
chinery to produce and fold viral proteins. Because the capacity
to fold proteins is limited, excessive viral translation of glyco-
proteins leads to ER stress. Unresolved ER stress drives host
cells into apoptosis. We identify the expression of neuramini-
dase as the molecular source of influenza A virus-induced ER
stress. The virus naturally balances it by the limitation of host
protein production through the viral host shutoff protein NS1.
The host cell mounts an unfolded protein response, creating
additional protein folding reserves. Ultimately, the virus uses
the stress-induced protein production capacities of the host cell
to its own replication advantage.
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to ensure that all proteins are folded properly before they exit
the ER. It is notably the role of the ER chaperone BiP, which
can recognize both influenza HA and NA when they are mis-
folded (19, 20).

IAV infection was previously described to modulate ER stress.
According to the literature, the most prominent viral glycopro-
tein (HA) is responsible for triggering ER stress. Lack of HA
glycosylation in pandemic or zoonotic IAV strains has been as-
sociated with more ER stress induction in human cells and more
immune pathology in whole organism mouse models (21, 22).
The literature agrees that IAV activates the IREla pathway
(23-25), but there is more controversy concerning the PERK and
ATF6 pathway (23, 24). Research has focuses on activation of
the UPR by IAV. However, to date, no strategies used by IAV to
limit ER stress have been described.

Here, we generated IAV strains in a targeted manner that
induce either a weak or strong ER stress response following
infection. By genetically exchanging the glycoproteins, we show
that the viral NA is the master inducer of ER stress and UPR.
ER resident amounts of NA and the predicted presence of
amino acid stretch recognized by BiP determine the levels of the
ER stress response during viral infection. Host cells respond by
expanding the ER volume and providing more ER chaperones.
We further show that controlling the production of host proteins
is essential for the virus to counteract ER stress. This control is
achieved by the IAV nonstructural protein 1 (NSI1) blocking
cleavage-polyadenylation specificity factor 30 (CPSF30) func-
tion, a key factor of the cellular polyadenylation complex (26,
27). The NS1 protein of IAV prevents binding of CPSF30 to
cellular pre-mRNA, thereby preventing their correct maturation
and limiting host protein production (28, 29). This function was
initially attributed to antagonism of type I interferon and in-
flammatory response (30-32). Our results reveal an additional
function of NS1 in limiting the host ER stress response to the
benefit of IAV replication.

Results

Induction of ER Stress Varies among Viral Isolates. Previous studies
showed that IAV activates ER stress. In order to define whether
this is a general feature of IAV infection, or limited to certain
viral strains, we infected A549 human lung epithelial cells with a
panel of representative IAV laboratory strains and clinical iso-
lates. Then we performed a RT-PCR to compare the amount of
spliced XPB1 (sXPB1) mRNA. Infection with a high multiplicity
of infection (MOI) resulted in similar infection levels between
the different IAV strains, as indicated by the presence of com-
parable amounts of viral nucleoprotein (NP) in cell lysates 8 h
postinfection (pi) (Fig. 1 A, Lower). All viruses, except A/Swit-
zerland/9715293/13-like (HIN1) (CH13) and A/Wyoming/03/
2003 (H3N2) (Wyo03), displayed a similar number of infected
cells (SI Appendix, Fig. S14). Strikingly, levels of the sXBP1
amplicon at the same time point were different (Fig. 1 4, graph
and Middle). Two strains, A/Puerto Rico/8/1934 (HIN1) (PRS)
and X31 (a chimeric virus with PRS8 internal genes and HA and
NA from A/Aichi/2/1968 [H3N2]), induced a significant increase
in the amount of sXBP1 mRNA. In contrast A/Viet Nam/1203/
2004 (H5N1-HALo) (an engineered low-pathogenic variant)
(VN1203), Wyo03, A/Netherlands/602/2009 (pandemic HIN1)
(Neth602) and two clinical isolates (A/Hong Kong/2212/10-like
(HIN1) (HK10) and CHI13 did not trigger splicing of XBP1
mRNA. We furthermore observed a reduction of unspliced
XBP1 mRNA, as compared with mock, for cells infected with
several IAV strains (Upper band Fig. 1 A, Upper panel). This
suggests strain-specific mechanisms regulating expression or
degradation of the XBP1 mRNA. In order to rule out kinetic
differences in ER stress induction between viruses, we tested
XBP1 splicing 4 h and 12 h pi in cells infected with VN1203 or
PRS. As for 8 h pi these early and late time points did not reveal
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XBP1 splicing in VN1203-infected cells (Fig. 1B). Notably,
transient activation of XBP1 splicing by PRS8 infection may
suggest a balancing of the cellular and viral responses to ER
stress induction. In order to demonstrate that PR8 infection
induces a broad ER stress response, while VN1203 does not,
we performed qPCR for genes that are up-regulated by the
different ER stress sensor (Fig. 1C). We picked Erdj4 (IRE1
pathway), BiP (ATF6 pathway) (33), and CHOP and GADD34
[PERK (34) and ATF6 pathway (35)]. We could observe an in-
duction of all genes in PR8-infected cells compared with VN1203-
infected cells, thus showing that PR8 infection triggers all three
arms of the UPR.

As a reaction to ER stress, cells enhance the folding capacity
for glycoproteins by ER volume expansion and increased ex-
pression of ER resident chaperones. In order to determine the
ER volume in mock versus IAV-infected cells, we analyzed
confocal Z-stack images of A549 cells, using the ER resident
chaperone BiP (green) as an ER volume marker, and CD44
(red) to define the outer perimeter of each cell. After subtraction
of the nuclear volume (blue, DAPI stained), we determined the
relative ER volume per cytoplasm volume per cell (Fig. 1 D and
E and SI Appendix, Fig. S1 B and C and Movies S1-S6). We used
tunicamycin (Tm) treatment as a positive control to validate our
microscopy approach. In the context of PR8 viral infection, the
ER volume (compared with mock-treated cells) doubled after
24 h (Fig. 1D). No significant differences in ER volume were
detectable at the time point of maximum XBP1 splicing (8 h pi)
(Fig. 1D). The delay between appearances of sXBP1 mRNA at
8 h postinfection as a direct response to ER stress and the in-
crease of the ER volume at 24 h could be explained by the ki-
netics of the UPR (36). In contrast, in the context of VN1203
viral infection, which did not induce XBP1 mRNA splicing, we
did not observe a change in the ER volume compared with
mock-treated cells, and this at both 8 h and 24 h postinfection
(Fig. 1E and SI Appendix, Fig. S1C).

Our data emphasize that the magnitude of ER stress and the
UPR in context of IAV infection is virus strain dependent.

IAV Activates ER Stress in an NA-Dependent Manner. IAV displays
two major glycoproteins on its surface, HA and NA, with HA
being approximately 10 times more abundant that NA on virions
(37). The current literature on IAV-induced ER stress solely
focuses on HA as a trigger for ER stress. In order to assess which
glycoprotein is the main ER stress inducer, we decided to ex-
change HA and NA between an IAV isolate, which induces ER
stress (PR8) and one, which does not induce it (VN1203). Gene
segments for HA and NA were swapped (separately or together)
using reverse genetics. In contrast to previous findings, indicating
HA as the main protein inducing ER stress, we found that PR8
with HA of VN1203 induces equal amounts of ER stress as PR8
(Fig. 24) upon infection in A549 cells. Importantly, replacement
of PR8 NA by VN1203 NA abolished XBP1 splicing after PR8
'VN1203 NA infection, thus identifying NA as the inducer of ER
stress response. This phenotype correlated well with the expression
levels of NA. Of note, we insured that our panN1 antibody dis-
played equal binding to HSN1 and HIN1 NAs by testing whole cell
lysates of cells transfected with plasmid expressing NA tagged with
a V5 epitope and compared the panN1 antibody and an anti-V5
antibody (S Appendix, Fig. S24). Notably, the inverse approach
(i.e., VN1203 expressing PR8 NA) did not trigger XBP1 splicing
despite high amounts of PR8 NA present in the infected cells. This
could argue for an additional negative regulation of ER stress by
'VN1203, but not PR8. In line with these findings, the detection of
sXBP1 mRNA by PCR correlates well with the presence of sXPB1
protein as seen by Western blot (WB) (Fig. 24).

In order to strengthen our conclusion that HA is not the glyco-
protein inducing ER stress during infection, we took advantage of a
recently published recombinant PR8 virus (38). In this virus, the
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Fig. 1. Induction of ER stress varies among viral isolates. (A) A549 cells were infected at an MOI of 5 with the following strains: PR8 (A/Puerto Rico/8/1934

[H1N1]), VN1203 (A/Vietnam/1203/2004 [H5N1]), Neth602 (A/Netherlands/602/2009 [H1N1]), HK10 (A/Hong Kong/2212/10-like 2014 [H1N1]), X31 (PR8 internal
genes with HA and NA from A/Aichi/2/1968 [H3N2]), CH13 (A/Switzerland/9715293/13-like 2014 [H3N2]), Wyo03 (A/Wyoming/03/2003 [H3N2]) or treated with
PBS (mock) or Tm. Cells were collected 8 h postinfection and analyzed by semiquantitative RT-PCR and WB (for viral protein NP and actin), respectively. The
graph represents mean with SD of the densitometry analysis of the sXBP1 mRNA (n = 3), and unpaired t test was used to compared each sample with mock. (B)
A549 cells were infected at a MOI of 5 with PR8 and VN1203 or treated with PBS (mock) or Tm. Cells were collected 4 h, 8 h, and 12 h pi and analyzed by
semiquantitative RT-PCR and WB. The graph represent means with SD of the densitometry analysis of the sXBP1 ¢cDNA (n = 2). Time points were compared
using one-way ANOVA with Tukey correction. (C) A549 cells were treated with PBS (mock) or infected at a MOI of 5 with PR8 or VN1203. At 8 h postinfection,
cells were lysed and RNA was extracted and processed through RT-qPCR analysis for ER stress-related genes (ERdj4, CHOP, GADD34, and BiP). Each graph
represents the fold change over mock for the indicated gene. Each dot represents one well and the bar represents the mean. Unpaired t test was used to
compare viruses. (D and E) A549 cells were treated with PBS (mock) or Tm or infected at a MOI of 5 with either PR8 (D) or VN1203 (E). Cells were fixed 8 h and
24 h postinfection and processed for immunofluorescence. Z-stacks were analyzed. Images show 3D rendered representations of representative cells with the
ER resident protein BiP in green, the plasma membrane marker CD44 in red, and the nucleus in blue. (Scale bars [Bottom Left], 5 um.) The graph below shows
a quantification of the ER volume in an individual cell. Values are expressed in percentage of the cytoplasm volume. Each dot represents one cell and the
median is represented by a line. The medians of each column were compared using one-way ANOVA with Turkey correction. ns P> 0.05, *P < 0.05, **P < 0.01,

**%p < 0.001, ****P < 0.0001.

untranslated promoter-containing regions were swapped between
the HA and the NA segment (PRS8 swap). In A549 cells infected
with this virus, we observed a drastic reduction in the amount of
HA, while the total expression of NA was only slightly increased
(Fig. 2B). Importantly, the level of ER stress induced by PR8 swap
was similar to the one induced by PRS&. This isogenic control
allowed us to rule out HA as the glycoprotein inducing ER stress.

In order to circumvent the complexity of viral replication, we
individually expressed a panel of V5-tagged NAs from different
viral strains using transfection. In this model system, we used a
luciferase reporter activated by an IREla-dependent cleavage of
the XBP1 splicing motif (39). The induction of this reporter was
also strain dependent, revealing that PR8 NA, but not VN1203
NA, is an inducer of ER stress when expressed in the absence of
infection. Furthermore, we identified that induction can be
triggered by a panel of NAs from a range of different IAVs, but
this does not correlate with the amount of NA present in the cell
(Fig. 2C). This result implies that specific characteristics of NA
contribute to ER stress induction.

Mazel-Sanchez et al.
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Furthermore, NA of Cal09 (whose amino acid sequence is
99.8% similar to the one of Neth602) was a strong inducer of the
UPR when expressed individually (Fig. 2C and SI Appendix, Fig.
S2B), while the full virus did not cause XBP1 splicing (Fig. 14).
These observations argue for the presence of a specific viral
inhibitor of ER stress that is encoded by some viral isolates.

NA Activity and Glycosylation Pattern Are Not Determinants of ER
Stress Induction. In order to better understand what defines the
NA-dependent ER stress induction, we compared different
properties of PR8 NA (as a strong inducer of XBP1 splicing and
ATF6 activation) and VN1203 NA (as a noninducer of XBP1
splicing and a weak inducer of ATF6) (SI Appendix, Fig. S2B).
First, we tested the impact of glycosylation, since increased gly-
cosylation of the major surface antigen HA was associated with
reduced ER stress induction (21). Based on the glycosylation
motif N-X-S/T, PR8 NA is predicted to be glycosylated at five
positions (N44, N58, N73, N131, and N220), while VN1203 NA
is predicted to be glycosylated at three positions (N73, N131, and
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Fig. 2. 1AV activates ER stress in a NA-dependent manner. (A) A549 cells were infected at a MOI of 5 with indicated WT and chimeric viruses or treated with
PBS (mock) or Tm. Cells were collected 8 h postinfection and lysates were analyzed by semiquantitative RT-PCR and WB for viral proteins (HA, NA, and NP) and
cellular proteins (sXBP and actin). The graph represents mean with SD of the densitometry analysis of the sXBP1 ¢cDNA (n = 3) and one-way ANOVA with
Dunnett correction was used to compared each mutant virus with its WT counterpart. (B) A549 cells were treated with PBS (mock) or infected at a MOI of 5
with PR8 or PR8 swap UTR viruses. Cells were collected 8 h postinfection and lysates were analyzed by semiquantitative RT-PCR and WB for viral proteins (HA,
NA, NP, and NS1) and cellular proteins (sXBP1 and actin). The graph represents mean with SD of the densitometry analysis of the sXBP1 ¢cDNA (n = 3). (C)
The 293T cells were transfected with pFLAG-XBP1u-FLuc and pCAGGS empty vector (@) or pCAGGS encoding the V5-tagged neuraminidase from different
viruses: PR8 (A/Puerto Rico/8/1934), VN1203 (A/Viet Nam/1203/2004), Cal04 (A/California/04/2009), BM1 (A/Brevig Mission/1/1918), Tx36 (A/Texas/36/1991),
Stx4199 (A/Swine/Texas/4199-2/1998), Sh1 (A/Shanghai/01/2013), N10 (A/little yellow-shouldered bat/Guatemala/153/2009 [H17N10]), and N11 (A/flat-faced
bat/Peru/033/2010 [H18N11]). Cells were lysed 24 h posttransfection. Lysates were subjected to luciferase activity measurement and WB analysis using anti-V5
antibody. The graph represents the mean fold increase luciferase activity normalized to mock with SD of triplicate (n = 3) and one-way ANOVA with Dunnett
correction was used to compare each condition with mock. (D) The 293T cells were transfected with pFLAG-XBP1u-FLuc and pCAGGS empty vector (@) or pCAGGS
encoding different VV5-tagged neuraminidases: PR8 NA, PR8 NA glycosylations mutant (gly-) and VN1203 NA. Cells were lysed 24 h posttransfection. Lysates were
subjected to luciferase activity measurement and WB analysis using anti-V5 antibody. Graphs represent the mean fold increase luciferase activity normalized to
mock with SD of triplicate (n = 5). Unpaired t test was used to compare the two PR8 viruses. (E) A549 cells were infected at a MOI of 5 with PR8 and PR8
neuraminidase mutants as indicated or treated with PBS (mock) or Tm. Cells were collected 8 h postinfection and analyzed by semiquantitative RT-PCR and WB.
The graph represents mean fold change normalized to mock with SD of the densitometry analysis of the sXBP1 cDNA (n = 3), and one-way ANOVA with Dunnett
correction was used to compared each mutant virus with its WT counterpart. ns P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

N220) (PR8 NA numbering). By removing two predicted glyco-
sylation sites in PR8 NA (N44A and N58A), we mimicked the
predicted glycosylation pattern of VN1203 NA. This PR8 NA
glycosylation mutant migrated faster in sodium dodecyl (lauryl)
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) under
reducing conditions, indicating that the predicted sites are
indeed glycosylated. In contrast to published findings on HA
glycosylation (21), removal of glycosylation sites enhanced the
specific capacity of PR8 NA to induce ER stress (Fig. 2D). This
could be explained by the increased amount of NA present in the
cell and/or by potential misfolding of the mutant PR8 NA.
Next, we turned to possible differences in the enzymatic
function of the two neuraminidases. Using an enzyme-linked
assay, we compared the sialidase activities of purified, insect
cell-expressed PR8 NA and VN1203 NA. In this assay, PR8 NA
displayed a greater specific sialidase activity (SI Appendix, Fig.
S2 C, Top). We obtained the same result using whole virions
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normalized to the same plaque-forming units (pfu) (SI Appendix,
Fig. S2 C, Lower). However, introduction of amino acid substi-
tutions in the catalytic site of PR8 NA (D151G or Y406D), which
lower enzymatic activity (40, 41), did not reduce ER stress in-
duction during PRS infection (Fig. 2E). In order to indepen-
dently corroborate this result, we took advantage of the recently
identified bat influenza A virus neuraminidases N10 and N11,
which are devoid of intrinsic sialidase activity (42, 43). The two
bat IAV NAs were strong inducers of ER stress when overex-
pressed (Fig. 2 C, Right). Taken together, these results argue
against both glycosylation pattern and neuraminidase activity be-
ing defining features of NA responsible for ER stress induction.

NA Amount in the ER and BiP Binding Correlate with ER Stress
Induction. Up to this point, we only accounted for total NA
amounts. However, ER stress would presumably depend on ER-
localized NA. Indeed, accumulation of misfolded or unfolded
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viral glycoproteins is proposed to lead to ER stress (25, 44). In
general, misfolded glycoproteins in the ER are actively trans-
ported from the ER to the cytoplasm by the ERAD machinery,
where they undergo proteasomal degradation (45). To test the
possibility that NA overload in the ER is responsible for ER
stress, we blocked the retrograde ER-cytoplasmic transport of
misfolded proteins with kifunensine and measured ER stress
induction using the XBP1 luciferase reporter assay (Fig. 34)
(46). Cells transfected with an empty plasmid and treated with
kifunensine did not show any increase in XBP1 splicing. This
shows that the ER of cells in a physiological state is not under
stress, even if the ERAD pathway is blocked. However, following
overexpression of PR8 NA, we observed a dose-dependent in-
crease of XBP1 splicing. This effect was clearly increased by
kifunensine. In contrast, overexpression of VN1203 NA did not
cause ER stress in the presence of kifunensine. However, the
baseline expression of this NA was substantially lower than that
of PRS. This result confirms that for NAs with the intrinsic ca-
pacity to induce ER stress, the ER resident portion of the pro-
tein constitutes the main trigger.

BiP is a key sensor for unfolded proteins in the ER lumen. We
used the method developed by Schneider et al. to predict the
potential BiP binding site in different NA proteins (47). BiPPred
evaluates the BiP binding probability and gives a forward and

reverse score for each consecutive 7 amino acid stretch of a given
protein sequence. The probability of a given peptide being a BiP
binding site is attributed a score between 0 (minimal) and 1
(maximal). In our analysis, we counted the total number of
peptides scoring 0.8 or higher. We hypothesized two potential
scenarios, in which 1) NA is fully unfolded and accessible to BiP
or 2) only unstructured regions are bound by BiP. Obviously,
both scenarios could take place in parallel during infection.
When looking at the whole protein sequence of NA (scenario 1),
we established that there is a significant correlation between the
total number of peptides scoring equal or higher than 0.8 and the
capacity of the protein to induce ER stress (Fig. 3B). However,
glycoproteins are rapidly folded upon synthesis at the ER
membrane; thus we also evaluate the number of peptides rec-
ognized by BiP within the intrinsically disordered or exposed part
of NA, which are the N-terminal 75 to 95 amino acids and the
internal exposed loop whose sequences are described in SI Ap-
pendix, Tables S1 and S2, respectively (scenario 2). We chose to
focus on those two features of the NA because, according to the
model, they should be exposed even when the NA monomer is
fully folded. As for the full NA sequence, we could observe a
good correlation between the number of peptides with a high
probability of BiP binding and the induction of ER stress
(Fig. 3C). Accumulation of NA in the ER could at a certain point
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Fig. 3. NA amount in the ER and NA/BIiP interaction play a role in ER stress induction. (A) The 293T cells were transfected with pFLAG-XBP1u-FLuc and

pCAGGS empty vector (@) or pCAGGS encoding V5-tagged PR8 NA at different amounts. At 6 h posttransfection, cells were treated with kifunensine for 24 h
and lysed. Lysates were subjected to luciferase activity measurement and WB analysis using an anti-V5 antibody. Graphs represent the mean fold increase over
mock with SD of technical triplicates (n = 2). One-way ANOVA with Turkey correction was used for statistical analysis. (B and C) Correlation between predict
differences in the number of peptide with a BiPPred score higher than 0.8 for the whole NA (B) or the internal loop and the N terminus of NA (C) and specific
induction of ER stress (normalized to NA amount). (D) The 293T cells were transfected with pFLAG-XBP1u-FLuc, pCAGGS empty vector (@), or pCAGGS
encoding V5-tagged PR8 NA and pcDNA3.1(+)-GRP78/BiP. Cells were lysed 24 h posttransfection and lysates were subjected to luciferase activity measure-
ment and WB analysis using an anti-V5 and anti-BiP antibody. Graphs represent the mean Firefly luciferase activity normalized to mock with SD
of technical triplicates (n = 2). One-way ANOVA with Turkey correction was used for statistical analysis. ns P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001,
**%%P < 0.0001.
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exceed the pool of free BiP. We thus supplemented BiP to
compensate NA overload in the ER (Fig. 3D). Overexpression of
BiP alone did not modify the basal level of XBP1 reporter ac-
tivity. However, in combination with PR8 NA overexpression,
XBP1 splicing was decreased in a dose-dependent manner.
These experiments show that NA accumulation in the ER trig-
gers a stress response, with BiP being the limiting host factor.
Taken together, these data suggest an important role for NA
accumulation and BiP recognition in the induction of ER stress.

NS1-Induced Shutoff Inhibits ER Stress Induction. Up to this point,
two findings suggested the presence of a virus-encoded inhibitor
of ER stress responses: first, chimeric VN1203 displaying PRS8
NA did not induce XBP1 splicing; and second, while exogenously
expressed Cal04 NA was a potent ER stress inducer, infection
with a closely related virus (A/Netherlands/602/2009) did not
cause XBP1 splicing in A549. Notably, we found that both PR8
and X31 viruses induced XBP1 splicing in infected A549. X31 is
a chimeric virus that harbors HA and NA from A/Aichi/2/1968
(H3N2), while having the internal genes of PRS. In contrast, the
clinical H3N2 isolate did not trigger ER stress. This points to-
ward the existence of a viral inhibitor encoded by one or more of
the remaining IAV segments 1, 2, 3, 5, 7, or 8, and which is
potentially nonfunctional in PRS.

We hypothesized that one way of reducing the combined
burden of host and viral protein folding on the ER is to reduce
overall host protein synthesis. Two viral proteins, PA-X and NS1,
have been particularly implicated in regulating general host protein
expression, the so-called host protein shutoff. PA-X is an alternative
translation product from segment 3 mRNA, sharing the endonu-
clease domain with PA, which resides in the cytoplasm and stress
granules. PA-X was proposed to cleave host mRNAs (48, 49). The
nonstructural protein 1 (NS1) targets CPSF30 and prevents poly-
adenylation of host mRNAs in the nucleus, which ultimately leads to
mRNA degradation (28). When testing a PA frameshift mutant of
PR8 and VN1203, we did not observe an increase in ER stress in-
duction in infected A549s, as indicated by sXBP1 both at the mRNA
level and protein level (Fig. 44). These data suggest that PA-X is not
a major antagonist of the IAV-induced ER stress response.

We next focused on the NS1 protein and its ability to bind
CPSF30. Strikingly, NS1 of PRS is known to lack the capacity to
bind CPSF30 and block mRNA maturation, while the NS1 from
VN1203 is a strong inhibitor of CPSF30, and the NS1 from Cal04
is partially functional, but largely inefficient (31, 32). In order to
test specifically whether exogenous expression of NS1 relieves
ER stress, we used a luciferase reporter assay for XBP1 splicing
in cells treated or not with tunicamycin, and transfected a panel
of NS1 constructs as indicated, to represent the different NS1/
CPSF30 binding phenotypes (Fig. 4B). First, we observed that
NS1 overexpression itself does not lead to induction of ER stress
and we observed that, as previously described, NS1 inhibits its
own expression when binding to CPSF30 (32). In addition, we
found that the ability of NS1 to bind CPSF30 correlated well with
its capacity to inhibit tunicamycin-induced ER stress: PR8 NS1
was unable to limit tunicamycin-induced ER stress despite
expressing very well, while VN1203 NS1 was a potent inhibitor
and Neth602 NS1 had a small effect (Fig. 4B). We observed the
same correlation when testing a panel of NS1 proteins (Fig. 4C
and SI Appendix, Table S3).

In order to confirm this correlation in functional tests, we
introduced the NS1 binding mutations into the respective viruses
using reverse genetics. We introduced nucleotide changes (S/
Appendix, Table S3) into the NS segment in order to either in-
duce binding of NS1 to CPSF30 or disrupt this ability. We gen-
erated two mutants that gained the ability to bind to CPSF30,
i.e., PR§ NS1* and Neth602 NS1* and two mutants that lost the
ability to bind CPSF30, i.e., VN1203 NS1~ and Neth602 NS1~.
We used these viruses to confirm the gain or loss of binding of
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NS1 to CPSF30. The 293T cells expressing a Flag-tagged human
CPSF30 protein were infected with the different viruses, i.e.,
PR8, PR8 NS1*, VN1203, VN1302 NS1~, Neth602, Neth602
NS1~ and Neth602 NS1*. Cell lysates were subjected to immu-
noprecipitation (IP) using anti-Flag affinity beads. The Flag-
CPSF30/NS1 complexes were analyzed by WB (Fig. 4D) and the
relative amount of NS1 bound to CPSF30 was quantified
(Fig. 4E). We observed that the NS1* mutants, which have the
amino acid sequence associated with CPSF30 binding pheno-
type, indeed bind more to CPSF30 than their cognate NS1 wild
type (WT). On the other hand, NS1~ mutants bind less to
CPSF30 than NS1 WT. Of note the presence of viral PA and NP
during infection stabilizes the NS1/CPSF30 complex (50), which
could explain the residual binding observed for PR8S. We cor-
roborated the binding data functionally with a surrogate assay for
NS1-mediated host protein synthesis shutoff. Previous data have
shown the link between efficient control of reporter gene ex-
pression and efficient binding of NS1 to CPSF30 (32). A con-
stitutively active Gaussia luciferase reporter was coexpressed
with each of the different NS1, and luciferase activity was mea-
sured 24 h posttransfection. We observed an enhanced expres-
sion of Gaussia luciferase with NS1™ mutants and a suppressed
expression with NS1* mutants (Fig. 4F). These data confirm that
the mutations we introduced are involved in NS1/CPSF30
binding and more generally in host cell mRNA polyadenylation.

Next, we tested the ability of the NS1 mutants to inhibit
tunicamycin-induced ER stress compared with their cognate NS1.
In accordance with our pulldown experiemnt, the NS1 CPSF30
binding “gain-of-function” mutant of PR8 (NS1¥) blocked XBP1
reporter activation (Fig. 4G). Inversely, loss of CPSF30 binding in
VN1203 NS1 (NS17) abolished its inhibitory function on XBP1
splicing (Fig. 4H). Lastly, Neth602 NS1 displays an intermediate
CPSF30 binding phenotype, and introduction of a strong CPSF30
binding interface increases its XBP1 antagonistic function, while
introduction of a weak interface removes this capacity (Fig. 41).

Then, we tested the ability of NS1 to inhibit or not the in-
duction of ER stress in the context of infection. We could re-
capitulate the effect in A549 infected with PR8: when PR8 NS1
can functionally bind CPSF30, ER stress induction in infected
cells is inhibited when measuring levels of sXBP1 by RT-PCR
(Fig. 4J), despite similar expression of the ER stress inducing
PR8 NA (Fig. 4K). We also found matching host responses (BiP
induction and sXBP1 levels) at the protein level (Fig. 4K, protein
quantification of sXBP1 below). For cells infected with VN1203
NS17, we did not observe induction of ER stress, presumably
because the VN1203 NA fails to induce this stress response irre-
spective of the function of NS1. Unexpectedly, engineered NS1
mutants of the Neth602 strains also behaved like the parental virus
with regards to ER stress induction, possibly indicating that this
strain has evolved additional uncharacterized inhibitors of this
pathway (SI Appendix, Fig. S3 A and B). However, Neth602 NS1*
also displayed more NA upon infection, which might shield the
results (SI Appendix, Fig. S3 A and B).

In order to delineate whether NS1-dependent antagonism of
ER stress by CPSF30 binding depends on the antagonism of type
I interferon or is an independent function, we took advantage of
A549 cell lines lacking the expression of either the retinoic acid-
inducible gene I (RIG-I) or the signal transducer and activator of
transcription 1 (STAT1) (SI Appendix, Fig. S3C). RIG-I is the
bona fide cytosolic sensor responsible for the induction of type I
interferon expression in IAV-infected epithelial cells. STAT-1 is
a key signaling molecule downstream of the IFN type I receptor
and directly responsible for the transcription of interferon-stimulated
genes (ISGs). Importantly, inhibition of ER stress induction dur-
ing infection occurs independently of a functional host type I in-
terferon system. Indeed, we observe that both A549 RIG-I"~ and
STAT1™"~ cells respond with comparable levels of XBP1 splicing
as A549 WT to infection with PR8, VN1203, or Neth602 (Fig. 4L).
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Fig. 4. NS1 prevents UPR, independently of IFN signaling, through its CPSF30 binding ability. (A) A549 cells were treated with PBS (mock) or Tm or infected at
a MOI of 5 for 8 h with VN1203 or PR8 or the isogenic PA frameshift (PA-FS) mutants (n = 3). At 8 h postinfection, cells were lysed and analyzed by semi-
quantitative RT-PCR and WB for viral proteins (NA, NP, and NS1) and the cellular proteins (XBP1 and actin). The graph represent mean with SD of the
densitometry analysis of the sXBP1 cDNA (n = 3) and unpaired t test was used to compare WT and mutant viruses. (B and C) The 293T cells were transfected
with pFLAG-XBP1u-FLuc and pCAGGS empty vector (@) or pCAGGS encoding NS1 proteins from different viruses: PR8, VN1203, Neth602, BM1, HK156 (A/Hong
Kong/156/1997), Tx36, Stx4199 (A/Swine/Texas/4199-2/1998), and Sh1. At 16 h posttransfection, cells were treated with solvent or tunicamycin and lysed 8 h
posttreatment. Lysates were subjected to luciferase activity measurement and WB analysis using anti-NS1 antibody. For each condition the luciferase activity
of the treated sample was normalized to the untreated. Graphs represent the mean fold increase with SD of triplicate (n = 2). One-way ANOVA with Dunnett
correction was used to compare treated samples with mock. (D and E) The 293T cells were transfected with pCAGGS.Flag-CPSF30 (F-CPSF) or pCAGGS.Flag-
ZsGreen (F-ZsG) for 24 h prior to infection with either PR8, PR8 NS1*, VN1203, VN1203 NS1~, Neth602, Neth602 NS1~, or Neth602 NS1*. Anti-Flag M2 affinity
beads were used to IP the Flag-tagged proteins and their interactors. (D) Results were analyzed by WB using anti-Flag antibody and anti-NS1 antibody. (E) The
amount of NS1 protein bound to Flag-CPSF30 was quantified using densiometric analysis (n = 2). (F) The 293T cells were transfected with pCMV.Gluc (M60I)
and pCAGGS empty vector (@) or pCAGGS expressing different NS1 as indicated. Supernatants were subjected to luciferase activity measurement and cell
lysates to WB analysis using anti-NS1 antibody. The luciferase activity was normalized to one transfected with the Gluc-expressing plasmid and the empty
vector. Graphs represent the mean fold increase with SD of triplicate (n = 3). (G-/) The 293T cells were transfected with pFLAG-XBP1u-FLuc and pCAGGS empty
vector (@) or pCAGGS encoding NS1 proteins from different viruses as indicated. At 16 h posttransfection, cells were treated with solvent or tunicamycin and
lysed 8 h posttreatment. Lysates were subjected to luciferase activity measurement and WB analysis using anti-NS1 antibody. For each condition the luciferase
activity of the treated sample was normalized to the untreated. Graphs represent the mean fold increase with SD of triplicate. Tm-treated conditions were
compared using unpaired t test in G and H while we used one-way ANOVA in /. (J and K) A549 cells were treated with PBS (mock) or Tm or infected at a MOI
of 2 with PR8 and PR8 NS1* as indicated (n = 3). (J) Cells were lysed 8 h postinfection and subjected to semiquantitative RT-PCR. The graph represents mean
with SD of the densitometry analysis of the sXBP1 cDNA, and unpaired t test was used. (K) Cells were lysed at the indicated time point and analyzed by WB for
host proteins (actin, BiP, and XBP1) and viral proteins (NP, NS1, and NA). Exposures shown are the same for all samples. The WB shown is representative of
three experiments. The amount of sXPB1 protein was quantified using densiometric analysis and the graph represents the mean fold increase in XBP1 protein
amount over mock with SD. Samples within the same time point were compared using multiple comparison one-way ANOVA with Turkey correction. (L) A549
ctrl, RIG1 knockout (KO), and STAT1 KO cells were infected with PR8, VN1203, or Neth602 at a MOI of 5. Cells were lysed 8 h pi and subjected to semi-
quantitative RT-PCR and WB analysis. The graph represents mean with SD of the densitometry analysis of the sXBP1 cDNA (for each cell type the results
for two clones were pooled, n = 2), and one-way ANOVA with Dunnett correction was used to compared each virus with mock within each cell line. ns P >
0.05, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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These results define an additional role for NS1 in modulating  being down-regulated during PR8 NS1* infection compared with
antiviral host responses. PRS. For VN1203, the expression of ERdj4 and BiP are the same

for the two viruses, while CHOP expression is slightly increased
NS1 CPSF30 Binding Ability Confers a Replication Advantage In Vivo iy VN1203 NS1~ compared with VN1203. Taken together, these

and Prevents UPR in Three-Dimensional (3D) Human Epithelial Airways.  ata confirm IAV NS1-dependent antagonism of host cell ER stress
In order to assess whether the binding of NS1 to CPSF30 confers i, 4 relevant primary human cell model in context of infection.

an overall advantage to the virus in vivo, we inoculated groups of
six mice with phosphate buffer saline (PBS) or 40 pfu of PR8 or  Discussion

PR8 NSl+' Mouse weights were monitored daily (Fig. 54) and  wpyltiple papers have identified that modification in the glyco-
viral titer vas determined on days D2, D4, and D6 pi (Fig. 5B).  gylation pattern of the HA have an impact on the host inflam-
PR8 NS1™ shows a growth advantage from 2 d postinfection (dpi) matory response and overall virus virulence in vivo (51, 52). This
with .thls a.dvanta.ge l?eglnnlng to be statistically s1gr.11flca.nt at 4.and increased virulence was later linked to ER stress induction. More
?nggé' dTII;IIiSCéig?gg:égn&ieg%%pgsvi]isl;:?:f;itl?aggeﬂz fll%llte specifically removing glycosylation sites on HA was associated

> & with higher ER stress levels and higher virulence, while addition

?nn(ﬁi;; fiﬁidthvz itcl; l;l:i8 ((r)rfl(;\slts 1p igngiigzn;n?it a6n t(;pgni(z);rc;ess;;tg of glycosylation sites was associated with reduced ER stress and
pacity & reduced virulence (21, 22). These results are probably in line

confers a replicative advantage to the virus in vivo. Mechanisti- th the ob tion that N-linked ol . tant f
cally, data from infected murine lung epithelial cells (LA4) suggest . ¢ observation that N-linked gycans are important for

that as in human cells, NS1 binding to CPSF30 reduces the UPR glycoprotein stability and folding and that mutants might enter a

indicated b ific aPCR for DNAib9 homolog t misfolded state easier (14).
iaEZ‘SRI(?J'41)(:22561A]’B;eslflt)ﬂzfcl llglfg Sgl). o ib9 (mouse homolog to To date, the role of NA in ER stress induction was not in-

Finally, we tested the NSI mutant viruses in a stratified pri- ~ vestigated. We demonstrate here by combining genetic, bio-
mary human airway epithelial cell model, cultured in an air— chemlcall3 and cell blologlcal approaches' that in fa<':t expression
liquid interface. We infected these cells apically with PR8, PR of the minor glycoprotein NA is the major determinant for ER
NS1*, VN1203, and VN1203 NS1~. RNA was extracted 24 h pi ~ stress induction during IAV infection. In order to assess ER
and processed for RT-qPCR analysis. First, we determined viral ~ stress response induced by IAV, we largely relied on measurement
replication using M1 cDNA copies as a surrogate marker. Within ~ of XBP1 splicing as a surrogate marker for the overload of the ER
each virus pair, WT and mutant viruses replicated to the same  protein folding machinery. Indeed, splicing of XBP1 mRNA is a
level (Fig. 5C). Then, we performed qPCR for the ER stress—  direct readout for IREla activation. While we do not believe this
related genes ERdj4, CHOP, and BiP (Fig. 5D). In the case of  diminishes our findings in general, we believe a detailed assessment
PRS, we observed a differential expression, with those genes  of the remaining PERK and ATF6 pathways would be of interest.
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Fig. 5. NS1 CPSF30-binding ability confers an advantage in vivo and prevents UPR in 3D human epithelial airways. (A and B) Eight-week-old female C57B/6
mice were inoculated with PBS or 40 pfu of PR8 or PR8 NS1* (n = 6 per group). (A) Weight was monitored daily and the relative body weight was plotted. Two-
way ANOVA (or mixed-effects model) with Turkey’s correction was used to compared each group within the same time pi. The dotted line represents the 15%
body weight loss defined as the humane endpoint. (B) Whole lungs were collected at 2, 4, and 6 dpi and processed for analysis by plaque assay. Viral lung
titers are shown in pfu/lung. Each dot represents an individual mouse and the bar represents the mean. Two-way ANOVA (multiple comparisons) with Sidak
correction was used to compare each group each day. (C and D) Three-dimensional epithelial airways were infected apically at a MOI of 5 with PBS, PR8, PR8
NS1*, VN1203, and VN1203 NS1~ (n = 3). At 24 h pi, cells were lysed, total cellular RNA was extracted, and samples were processed by RT-qPCR for viral M1 (C),
and ER stress-related genes (D) ERdj4, CHOP, and BiP. Each dot represents a Transwell and the bar represents the median. One-way ANOVA with Sidak
correction was used to compare the values. ns P > 0.05, *P < 0.05, **P < 0.01, ****P < 0.0001.
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Our results implicate that both the quantity of NA and the
sequence of the NA protein are essential determinants for NA’s
specific capacity to induce ER stress. However, from our sample
set of viruses we conclude that ER stress leading to a substantial
activation of the UPR is rather the exception than the rule in
IAV biology. Most IAV strains appear to welcome a low levels of
ER stress, potentially for increased glycoprotein folding capacity,
while avoiding a full activation of the otherwise potentially del-
eterious UPR. Additionally, ER stress was recently proposed to
increase the tolerance for mutations in the major glycoproteins
HA and NA (53). For the virus this is an important escape route
to avoid the adaptive immune response of the host. A fine-tuned
level of ER stress response might thus be overall beneficial for
the virus. In order to achieve this low level of ER stress response,
IAV would have in theory three options: 1) reducing the trigger
load by reducing overall expression of NA, 2) express an easily
foldable NA less recognized by BiP, or 3) antagonizing host
glycoprotein production or even host protein production in general.
Intriguingly, all strategies seem to be used by IAVs. They even seem
to be used in combination as seen for A/Vietnam/1203/2004. Indeed,
during infection with the VN1203 strain, little NA is produced despite
the fact that the NS1 protein of VN1203 is able to antagonize
CPSF30, thus preventing the polyadenylation of newly synthesized
host mRNA. However, a true correlation between NA amounts
and the capacity of NS1 to antagonize CPSF30 is bioinformatically
difficult, since the prediction of ER stress induction potential
requires nonavailable data.

Shutdown of host translation by NS1 was so far only associated
with antagonism of innate immune responses. Here, we demon-
strate in two knockout cell lines of major signaling hubs for anti-
TAV responses, that the capacity to temper the ER stress response
functions independently of a functional innate immune system. This
means that the selection pressure to maintain this function is not
only dictated by the innate host response, especially in view of the
numerous, apparently redundant strategies the virus developed to
counteract innate immunity. Additionally, NS1 is described to target
protein kinase activated by dsSRNA (PKR) a second signaling hub
downstream of ER stress responses, which might also contribute to
control host protein synthesis (54, 55).

Many viruses, both RNA and DNA, have been described to
subvert the ER stress response to the best of their advantage
(56). Viruses have evolved mechanisms to antagonize, induce, or
even keep the ER stress response under tight control. A good
example of this fine-tuned balance was recently described for
Kaposi’s sarcoma-—associated herpesvirus (KSHV). Indeed, KSHV
activates the UPR sensors but inhibits accumulations of downstream
transcription factors (57). Murine cytomegalovirus (MCMYV) was
also recently shown to activated ER stress, since it requires the
transcription factor sXBP1 and AT6 for the expression of its viral
immediate early genes (58). Interestingly, herpes simplex virus 1
(HSV-1) has evolved a way to suppress IREx signaling. Indeed,
Zhang et al. showed that the tegument host shutoff protein
ULA41 degrades XBP1 mRNA via its endoribonuclease activity
(59). This strategy, reducing the total amount of XBP1 mRNA, is
fairly similar to the one we described in this paper for IAV. For
influenza B, C, and D viruses, no shutoff activity was described
for their NS1 proteins (60). It would be of interest to investigate
whether these cousins of IAV developed alternative strategies to
inhibit ER stress and/or keep it at a tolerable level.

In summary, we demonstrated here that IAV NA is the major
determinant of ER stress induction during viral infection and
that inhibition of cellular mRNA polyadenylation by NS1 is an
important control mechanism to fine tune this proapoptotic host
response to the virus advantage.

Materials and Methods

Materials Availability. All unique/stable reagents generated in this study are
available from the lead contact with a completed Materials Transfer Agreement.
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Cells. A549 (adenocarcinomic human alveolar basal epithelial cells, ATCC) and
A549-derived cell lines were grown in DMEM/F12 (Dulbecco’s Modified Eagle
Medium: Nutrient Mixture F-12, Gibco). HEK 293T (human embryonic kid-
ney, ATCC) and MDCK (Madin-Darby canine kidney, ATCC) cells were grown
in DMEM. LA4 (murine epithelial lung adenoma, ATCC) cells were grown in
DMEM/F12 supplemented with 15% foetal bovine serum (FBS). Cell culture
media were supplemented with 10% (vol/vol) heat-inactivated FBS (Gibco)
and 100 U/mL penicillin/streptomycin (Pen/Strep). Cells were maintained at
37 °C with 5% CO, and 90% humidity. RIG-1 and STAT1 knockout A549
clones were generated by the means of CRISPR-Cas9-mediated genome
editing using ribonucleoproteins (RNPs) consisting of Alt-R SpCas9 nuclease
in complex with Alt-R CRISPR-Cas9 CRISPR RNA (crRNA) (RIG-1 protospacer
domain targeted in RIG-1 KO-1 clone, CCACCGAGCAGCGACGCAGCCTG, RIG-
1 protospacer domain targeted in RIG-1 KO-2 clone: AAACAACAAGGGCCC-
AATGGAGG; STAT1 protospacer domain targeted in both STAT1 KO-1 and
-2, TCAGACAGTACCTGGCACAGTGG, underlined the NGG:). TracerRNA,
crRNA oligos, and recombinant Cas9 endonuclease were obtained from In-
tegrated DNA Technology. In brief, preassembled RNP complexes were de-
livered into A549 cells by reverse transfection, using RNAiMax (Thermo
Fisher Scientific). At 48 h posttransfection, cells were subjected to T7 endo-
nuclease | (New England Biolabs) assay to estimate the frequency of
genome-editing events. Screening of individual clones, generated by limit-
ing dilution, was performed by immunoblotting to determine the protein
expression of the target genes, followed by genotyping by next-generation
sequencing (NGS) or Sanger sequencing. Of note, matching control lines
were subjected to the same protocol, but carried no InDel mutations.

Plasmids. Plasmids are listed in S/ Appendix, Table S4.

Antibodies. Antibodies for immunoblotting and immunofluorescence are
listed in SI Appendix, Table S5.

Oligonucleotides. All oligonucleotides were purchased from Microsynth
(France) represented in S/ Appendix, Table S6.

Viruses. Virus stocks were grown in MDCK Il cells or embryonated chicken
eggs (S/ Appendix, Table S7). For virus infections, cells were washed once in
PBS, viruses were diluted in PBS-0.2% bovine serum albumin (BSA) and
added to cell monolayer. At 45 min pi, cells were washed once with PBS and
1 mL of infection media was added (DMEM/F12 with 0.2% BSA and 1% Pen/
Strep). Recombinant viruses were produced using the eight-plasmid rescue
system (61). Unique viral clones were isolated after plaque assay on MDCK,
grown in eggs or cells, and their genome fully sequenced.

Immunofluorescence, Z-Stack Imaging, and Analysis. A549 cells were infected
with PR8 at a MOl of 5 for 8 h or 24 h, treated with PBS or tunicamycin at 5 pg/mL.
Cells were fixed in 4% formaldehyde for 20 min and blocked in PBS 1% BSA for 1 h.
Then cells were stained with primary/secondary antibody pairs depending on the
experiment: Anti-BIP and secondary anti-rabbit Alexa Fluor 488, anti-CD44 and
secondary anti-rat Alexa Fluor 555, mouse anti-NP, and secondary anti-mouse
Alexa Fluor 633 or rabbit anti-NP and secondary anti-rabbit Alexa Fluor 488.

Widefield images were acquired using a Nikon Eclipse ts2R microscope and
Nis-Elements BR v4.60 software. Confocal images were acquired using a Zeiss
LSM 800 Airyscan confocal laser scanning microscope with ZEN 2.3 software
and a Plan Apochromat 63x 1.4 NA objective with oil immersion. The fluo-
rophores DAPI, AF-488, AF-555, and AF-633 were excited by 405-, 488-, 561-,
and 640-nm laser lines, respectively. Pinhole diameters, detector gains, and
laser intensities were optimized thanks to the bioimaging staff and kept
constant throughout the same experiment. Cells with few neighboring cells
were selected for image acquisition in order to facilitate the delimitation of
a single cell in the following image analysis step. For the infected conditions,
cells were screened for infection with the 640-nm track prior to imaging.
Z-stacks were acquired using three tracks, 405, 488, and 561 nm.

XBP1 mRNA Splicing Assay Using Semiquantitative RT-PCR. Following infec-
tion, total cellular RNA was isolated using the E.Z.N.A. Total RNA kit (Omega
Bio-Tek #R6834-01) according to the manufacturer’s instructions. cDNA was
synthetized using M-MLV reverse transcriptase (Promega #M170A) accord-
ing to the manufacturer’s instructions but using 100 ng of RNA as starting
material and oligo dT as primers. PCR was performed using GoTaq G2 DNA
polymerase (Promega #M784B) with 5x Green GoTaq reaction buffer
(Promege #M791A). The primers were designed to flank the splicing site of the
XBP1 mRNA in order to amplify both the unspliced and the spliced form. A PCR
for p-actin was used as a control. PCR products were separated on a 3% agarose
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gel containing EtBr for visualization. Images were acquired using the GelDoc XR*
System (Bio-Rad) and analyzed with Image Lab software (v4.1 from Bio-Rad).

XBP1 mRNA Splicing Using Luciferase Reporter. Subconfluent 293T cells were
transfected (using TransIT-LT1, Mirus #Mir2304) with pFLAG-XBP1u-FLuc
(39). Cells were also transfected with other expression plasmids (pCAGGS
constructs expressing either influenza NA or NS1, or pcDNA3.1(+)-GRP78/BiP
expressing the chaperone BiP) and treated or not with tunicamycin (Merck
#T7765) at 1 pg/mL or kifunensine (Merck #K1140) at 10 pg/mL. At the in-
dicated time, cells were lysed and the luciferase assay was performed using a
dual-luciferase reporter assay system (Promega #E1910).

Enzyme-Like Lectin Assay. The neuraminidase activity was quantified using a
lectin (peanut agglutinin, PNA) linked to a peroxidase (Po-PNA), described by
Lambré et al. (62). Fetuin 50 pg/mL (Merck #F3385) in 0.1 M carbonate/bi-
carbonate buffer pH 9.6 was coated on a high-protein binding plate (Nunc
MaxiSorp # 44-2404-21) overnight at 4 °C. Plates were washed three times
with PBS, blocked with PBS 5% BSA for 1 h and then washed three times in
PBS 0.5% Tween-20. For NA activity, 100 pL of serial dilution of viruses or
purified proteins were added to the fetuin-coated plate and incubated for
2 h at 37 °C. For viruses, the starting concentration was 10’ pfu/mL in PBS-
CaCl2-MgClI2 (Gibco #14040091) with 1% BSA followed by a threefold dilution.
For purified proteins (63), the starting concentration was 100 ng/mL in PBS-
CaCl2-MgClI2 with 1% BSA followed by a twofold dilution. Plates were washed
six times in PBS 0.5% Tween-20 and then 100 pL of Po-PNA (Merck #L7759) at
5 pg/mL diluted in PBS was added for 2 h at room temperature and in the dark.
Plates were washed six times in PBS 0.5% Tween-20, and 100 uL of TMB
(3,3,5,5-tetramethylbenzidine, Merck #860336) was added. After a 1- to
5-min incubation, the reaction was stopped using 50 pL of 2 M sulfuric acid.
Plates were read at 450 nm using a BioTek Synergy H1 plate reader.

Immunoprecipitation Assay. The 293T cells were transfected with 1 pg of
pCAGGS.Flag-CPSF30 or with 0.5 pg of pCAGGS.Flag-ZsGreen using 2 pl/ug
DNA of TransIT-LT1 (Mirus #Mir2304). At 24 h posttransfection, cells were in-
fected at a MOI of either 5 (for PR8 and VN1203) or 0.5 (for Neth602). For PR8
and VN1203, cells were lysed on ice after 8 h in 300 pL IP lysis buffer (50 mM Tris
HCl pH 7.5, 150 mM NacCl, 0.5% vol/vol Nonidet P-40, 5 mM EDTA with
protease inhibitors) (Pierce #88266). For Neth602 infection, cells were
lysed after 24 h. Fifty microliters of the cleared lysate was mixed 1:1 with
protein lysis buffer (50 mM Tris HCL pH 6.8, 10% glycerol, 2% SDS, 0.1 M
DTT and 0.1% bromophenol blue in H,0) to serve as whole cell lysate
control, while the remaining 200 uL was processed for immunoprecipitation at
4 °C using anti-Flag M2 affinity gel (Sigma #A2220). Samples were then used in
a Western blot.

Gaussia Luciferase Assay. Subconfluent 293T cells were transfected (using
TransIT-LT1, Mirus #Mir2304) with pCMV.Gluc (M60I). This construct expresses
Gaussia luciferase under the control of a CMV promoter. Cells were also trans-
fected with other expression plasmids for NS1 (pCAGGS constructs expressing dif-
ferent NS1 proteins). At 24 h posttransfection, culture media were collected and
frozen at —20 °C. At the same time, cells were lysed for subsequent WB analysis.

RT-qPCR. cDNA was synthetized using M-MLV reverse transcriptase (Promega
#M170A) according to the manufacturer’s instructions, using 100 ng of RNA
as starting material and oligo dT as primers. For quantitative PCR, 1 pL of
cDNA was mixed with 10 pL of 2X KAPA SYBR FAST Universal (#KK4602), 0.4
pL of each forward (10 pM) and reverse (10 pM) primer, and 8.2 pL of UI-
traPure DNase/RNase free distilled water (Invitrogen #10977). qPCR was
performed on a BioRad CFX96 Real-Time System with the following proto-
col: initial denaturation step at 95 °C for 5 min, followed by 40 cycles of
denaturation at 95 °C for 30 s, and annealing/extension at 60 °C for 30 s.

Structural Modeling. The models of neuraminidases of different influenza
strains were calculated with Modeler 9.18 (64). The used templates and the
sequence similarity are presented in S/ Appendix, Table S8. For each protein
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protein response determines its signaling amplitude. eLife 6, e27518 (2017).
. M. Vitale et al., Inadequate BiP availability defines endoplasmic reticulum stress. eLife
8, e41168 (2019).
4. K.F.R.Pobre, G.J. Poet, L. M. Hendershot, The endoplasmic reticulum (ER) chaperone
BiP is a master regulator of ER functions: Getting by with a little help from ERdj
friends. J. Biol. Chem. 294, 2098-2108 (2019).
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the 500 models were calculated that were subsequently assessed by the
discrete optimized protein energy (DOPE) method (65). The visual inspection
and assessment of secondary structural elements were done on models with
the best DOPE score using Chimera software (66). The BiPPred server was
used to evaluate the probability of BiP protein binding to the different
peptides on the sequences of NA (47). The sequences of the N-terminal
fragments and of the loop are included in the analysis are shown in S/ Ap-
pendix, Tables S1 and S2, respectively.

Infection of 3D Human Upper Airway Epithelium. The 3D human upper airway
epithelium (MucilAir) from a pool of healthy donors was purchased from Epithelix
and cultured in an air-liquid interface. Cells were infected after six washes with
PBS Ca*2 Mg*? with 100 pL of virus suspension (MOI 5) from the apical side. Virus
was removed after 3 h and Transwells were incubated for an additional 21 h at
37 °C. RNA was isolated 24 h pi, using E.Z.N.A. Total RNA kit (Omega Bio-Tek
#R6834-01) according to the manufacturer’s instructions.

Mice and Viral Lung Titer. C57BL/6J mice (female, 8 wk of age) were purchased
from Charles River Laboratories and housed under SPF/BSL2 conditions. All
animals were housed for 7 d to adjust to housing conditions under a strict 12 h
light/dark cycle and fed ad libitum. For IAV infection, mice were injected in-
traperitoneally with a mix of ketamin/xylazine (100 and 5 mg/kg, respectively) in
100 pL of sterile PBS. Upon reaching deep anesthesia, mice were inoculated
intranasally with 40 pL of PBS or with 40 uL of PBS containing 40 pfu of virus.
Animal weights were measured daily. Animals were killed using controlled CO,
exposure at 2, 4, and 6 dpi. Whole lungs were sampled immediately after killing
using sterile tools. Tools were changed in between experimental groups to
avoid cross-contamination. Whole lungs were homogenized with 1/4 inch
stainless steel grinding balls (MPBio) in 1 mL PBS, using a Bead Blaster 24
(Benchmark Scientific) with a speed setting of 6 m/s for 30 s and 30-s intervals,
repeated two times. Samples were centrifuged at 2,000 x g for 5 min and su-
pernatant was used for plaque assay in MDCK cells.

Plaque Assay. A confluent monolayer of MDCK cells was infected with 200 pL
of serially diluted virus. Viruses were diluted in PBS 0.2% (wt/vol) bovine serum
albumin (BSA) (Millipore; 126579). Forty-five minutes pi, the inoculum was re-
moved and an agarose overlay (final concentrations: 1x minimal essential me-
dium [MEM], 1% agarose, 100 mM I-glutamine, 2.5% sodium bicarbonate, 0.5 M
Hepes, 5 mg/mL of Pen/Strep, 0.2% BSA, and 0.01% diethylaminoethyl-dextran)
was added. Cells were incubated at 37 °C for 48 h. Then cells were fixed in
formaldehyde, the overlay was removed, and the cell monolayer was stained
with a solution of crystal violet.

Statistics. Statistical analysis was performed using GraphPad Prism 8. Statis-
tical tests applied are indicated in each respective figure legend. ns P > 0.05,
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Ethical Approval. All animal procedures were in accordance with federal
regulations of the Bundesamt fur Lebensmittelsicherheit und Veterenarwesen (BLV),
Switzerland (Tierschutzgesetz) and approved by direction de I'expérimentation
animale and the cantonal authorities of the Canton Geneve (license number
GE/92/15). Embryonated chicken eggs were obtained from the University of
Geneva Animalerie d'Arare and infected on day 10 of embryonic development.

Data Availability. All study data are included in the article and/or supporting
information.
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