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RESUME

Les infections aigués des voies respiratoires inférieures constituent la
troisieme cause de décés dans la population mondiale, avec 3,2 millions de déces.
Parmi cette mortalité, au tour de 1 million c’était des enfants de moins de 5 ans,
représentant la premiére cause de mortalité dans ce groupe d’age, selon I'OMS en
2015. Le virus respiratoire syncytial (VRS) est considéré comme un agent étiologique
important dans le millieux pediatric et les estimations sont que ce virus cause 3
million d’hospitalization par an. Un aspect important du pronostic des infections
virales est le réle de co-infection bactérienne. La combinaison d’agents viraux et
bactériens a été signalée entre le VRS et les bactéries Streptococcus pneumoniae.
En raison de I'importance clinique de cette co-infection et le taux élevé de circulation
du VRS, il est important de comprendre comment le systéme immunitaire est affecté
a l'infection de ces deux agents pathogénes. Notre étude identifie la réponse
immunitaire dans les macrophages, ainsi comme les interactions entre le VRS et le
facteur de transcription p53. Les résultats montrent un profil particulier a cette co-
infection mixte dans le macrophages et des modifications dans la réponse immune
innée que nous a permis de mieux comprendre les mécanismes de pathogenése du
VRS dans les cellules épithélial pulmonaires en regardant la régulation de p53. Dans
la derniére partie, nous avons évalué l'impact direct de l'infection mixte chez les
primates non-humain et ce modéle nous a montré les difficultés et complexités des

établir une pneumonie sévere.

Mots-clés : VRS ; S. pneumoniae ; co- infection; réponse immune; p53
pathway.



ABSTRACT

Respiratory viruses play a leading role in the etiology of respiratory infections.
Currently, respiratory syncytial virus (RSV) is generally considered to be the etiologic
agent of respiratory disease in pediatric importance, as children can develop
bronchiolitis and pneumonia when infected with the virus. The first RSV infection
occurs in the first two years of life in about 95% of children, with the peak incidence
occurring in the first few months of life. An important aspect of the prognosis of viral
infections is the role of bacterial co-infection. The combination of viral and bacterial
agents has been reported between RSV and Strepfococcus pneumoniae bacteria.
Because of the clinical importance of this co-infection and the high rate of RSV
circulation, it is important to understand how the immune system is affected by the
infection of both pathogens. Our study was designed to evaluate the immune
response in macrophages, in addition to interactions between RSV and p53
transcription factor. The results show a particular profile of this mixed co-infection in
macrophages and p53 regulation that implies several modifications in the innate
immune response and that allowed us to better understand the mechanisms of
pathogenesis of RSV in pulmonary epithelial cells. In the last part, we evaluated the
direct impact of mixed co-infection in non-human primates and this model showed us

the difficulties and complexities of establishing severe pneumonia.

Keywords: RSV; S. pneumoniae; mixed-infection; immune response; p53

pathway
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Tous les résultats présentés ici ont été développés dans le cadre du projet de
these visant a mieux comprendre les infections mixtes au cours de la pneumonie. Ce
travail a eu la collaboration ferme et efficace entre les Laboratoire de Pathogénes
Emergents et Virpath, permettant I'approfondissement et menant a des conclusions
importantes dans la pathogenése des virus respiratoires lors de la présence ou

I'absence de bactéries dans des modéles in vitro et in vivo.

1.ACUTE LOWER RESPIRATORY TRACT
INFECTIONS

The respiratory tract constitutes a wide and critical frontier at the interface
between the body and the environment. This complex organ system is divided into
the upper airways and lower airways. The upper airways or upper respiratory tract
includes the nose and nasal passages, paranasal sinuses, the pharynx, and the
portion of the larynx above the vocal folds (cords). The lower airways or lower
respiratory tract includes the portion of the larynx below the vocal folds, trachea,
bronchi, and bronchioles. The lungs can be included in the lower respiratory tract or
as a separate entity and include the respiratory bronchioles, alveolar ducts, alveolar
sacs, and alveoli [1]. Upper respiratory tract infections are less severe whereas lower
infections are often associated with high mortality rates [2]. Acute lower respiratory
tract infections constitute the third leading cause of human death worldwide with 3.2
million deaths in 2015 (Figure 1), and the first cause of mortality in children under
five years of age, according to the World Health Organization (WHO) [3, 4].

schemic oart aisesse [~
Lower Respiratory Infections :—

Chronic Obstructive Pulmonary Disease

Cause of death

Trachea and Bronchus Cancers

0 2 4 6 8 10

Deaths in millions
Figure 1 Causes of death worldwide.

Lower respiratory infections constitute the third cause of death in the world population (red bar) being
responsible for 3.2 million of deaths in 2015. Heart diseases (Ischemic heart disease — blue bar - and
strokes — pink bar) were the most cause of deaths. Among the 5 main causes of global death
described, lower respiratory infections are the only transmissible infectious disease [3].
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The diversity of pathological agents makes it difficult to prevent, diagnose and
treat these diseases, contributing to high mortality rates [5-8]. These diseases can
affect the general population, but severe cases and high mortality rates are found
among children up to age 5, immunosuppressed adults and elderly [9-11].

Acute lower respiratory infections constitute a major global health burden due
to the emergence of resistance to antimicrobial treatments, the presence of multiple
pathogens and the recurrence of infections throughout life [12-14]. In this context,
more knowledge about respiratory diseases and their etiological agents are very
important to improve or propose novel prophylactic and therapeutic approaches.

1.1. Definition and clinical symptoms

Respiratory tract infections are responsible for a variety of clinical features that
range from milder manifestations, such as the common cold to acute lower
respiratory tract infections, represented by bronchiolitis and pneumonia [15, 16]

Pneumonia is an inflammatory process that takes place in the alveolar spaces,
whereas, in bronchiolitis, inflammation rather occurs in bronchi (Figure 2). The
symptoms are relatively similar between pneumonia and bronchiolitis; they begin as
a common cold (nasal congestion, high fever, and decreased appetite) and after 2 to
3 days it is possible to observe several complications of the disease. Pneumonia
usually accompanies a dry cough, thoracic pain, and extreme tiredness while
bronchiolitis accompanies a characteristic wheezing. At this stage of both diseases,
cough is persistent and the difficulty of feeding is marked, besides the accelerated
breathing. Apnea is a very common symptom in infants less than 2 months during
bronchiolitis while confusion occurs in the elderly with pneumonia. Complications
such as hypoxia (low oxygen level) and cyanosis (blue-tinged skin) are indicative of
both severe diseases [16, 17].

13



A) B)

Bronchiolitis

AN

Y,
e

Bronchi

Figure 2 Differences between Pneumonia and Bronchiolitis.

Lower respiratory tract diagram showing affected lung regions during respiratory tract infections. A)
Pneumonia is characterized by infection in the alveoli airways and normally occurs in the terminal part
of the lobular lung. B) Bronchiolitis is restricted in the bronchial region and remains near to principal
bronchi. Adapted from Eugenia et al [18].

Bronchiolitis affects children younger than 2 years old with a high mortality rate
among preterm infants, due to the characteristics of this age group in which the lung
and immune system are functionally immature, forming ideal spots for viral infection
[19]. Pneumonia affects all ages but is extremely severe in children up to 5 years of
age, immunosuppressed adults and the elderly [20-22]. The most common
pneumonia is community-acquired pneumonia, which is acquired in an extra-hospital
environmental [6, 23, 24].

The pathogenesis of respiratory infections involves a complex interplay
between virulence factors of a number of different pathogens — including bacteria,
virus and/or fungi — and host response [25]. An overview of the etiological agents of
pneumonia and bronchiolitis is presented in the following chapter and the
host/pathogens interactions involved in these respiratory infections will be
approached in the second part of this manuscript.

1.2. Etiology

The upper respiratory tract, mainly the nasopharynx, constitutes a rich and
diverse niche in microbes. It is believed that most respiratory infections of the lower
respiratory tract must have originated from this microbial niche. Thus, commensal
microorganisms are also found in cases of severe disease, making it difficult to
determine precisely etiological pathogens [2, 26].

14



1.2.1. Respiratory viral infections

The main viruses associated with lower respiratory tract infections are
Influenza Viruses, human respiratory syncytial viruses (RSV), human parainfluenza
viruses (hPIV), human metapneumoviruses (hMPV) and human Coronaviruses (CoV)
[20, 27, 28].

a) Influenza Viruses

Influenza viruses cause an acute infection popularly known as Flu that has a
high rate of recurrence and the ability to infect individuals in all age groups. Influenza
viruses epidemics are estimated to result in about 3 to 5 million cases of severe
illness, and about 250000 to 500000 deaths [29].

Influenza A, B and C viruses belong to the family Orthomyxoviridae [30].
Among these three types, Influenza A viruses (IAV) is responsible for the major
pandemic and seasonal epidemics events being considered more virulent and
genetically more variable [31]. IAV have the ability to achieve a large spectrum of
animal reservoirs, among mammals and birds. Instead, Influenza B types are
composed of two circulating lineages (Victoria and Yamagata) in the human
population causing seasonal epidemics but without the capacity to promote
pandemic events. Influenza C type is the less common and often only cause a mild
infection in children [32-34].

IAV is divided into subtypes according to antigenic properties of the two viral
surface glycoproteins, hemagglutinin (HA) and neuraminidase (NA). Historically,
three subtypes of HA (H1, H2, and H3) have acquired the ability to be transmitted
efficiently among humans and seasonal subtypes H1 and H3 are most co-circulate
detected [35]. However, other subtypes, such as H5, H6, H7, and H9 occasionally
affect humans and are considered possible threats to a future pandemic [36]. IAV
can cause pandemics when a strain which was not previously circulating among
humans emerges and transmits among humans. As the majority of the population
has no immunity against these viruses, the proportion of persons in a population
getting infected may be quite large [37]. Also, zoonotic Influenza viruses can cause
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sporadic severe infection in humans through direct contact with infected animals,
such as swine or birds but rarely spread very far among humans [38].

IAV is spherical and elongated virions with a diameter varying between 95 to
120 nanometers (nm) and morphological virions are shown in Figure 3A [39]. In the
viral envelope are inserted the surface glycoproteins HA and NA, and also the M2
channel, which is a protons channel. The viral envelope is constituted from host cell
membrane and M1 proteins delimit the inner portion of the viral particle. The negative
single strand RNA viral genome is composed of 8 segments and each single RNA
strand is coated by nucleoprotein (NP) and associated to an RNA-polymerase-RNA-
dependent complex composed by basic polymerase 1 (PB1), basic polymerase 2
(PB2) and acid polymerase (PA) [40]. IAV genome encodes up to 17 structural and
nonstructural proteins that play different roles in the architecture and dynamics of

viral replication [35, 40-43]. A schematic viral particle is represented in Figure 3B.
A)

H1N1 A/NewCaledonia/20/99 H3N2 A/Panama/2007/99

B » o
) \ PB1-F2
Hemagglutinin (HA) < &
\\ / N40
\ PB2 PAX ‘
Neuraminidase (NA) — ::1 Non-structural
&= PAN1S5 X
e HA = proteins
lon channel (M2) }: :: PA-N182
- L =

Matrix protein (M1) - / %\ \

RNP
NP

RNAv
EIEN
Figure 3 Influenza virus particle.

A) Cryo-electron micrographs (Cryo-EM) presenting different strains of Influenza A subtypes. B)
Schematic structure of Influenza viral particle showing surface glycoproteins (HA, NA, and M2). Each
segment of the viral genome is also represented and RNP complex is highlighted to show each protein
that forms this complex. Also, nonstructural proteins are listed. Adapted from Moulés et al [39].

The HA glycoprotein possesses two primordial functions for the replicative

cycle. First, the HA recognizes and binds to sialic acid receptors on the cell surface
16



and then allows the fusion of the viral envelope with the internal membrane of the
endosome, allowing the release of VRNPs in the cytoplasm [44]. The other
glycoprotein, NA is involved in the liberation of new virions from the surface of the
host cell due to its sialidase activity, thus allowing viral dissemination [45]. A
schematic representation of the different steps of the replicative cycle Influenza A

viruses is presented in Figure 4.
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Figure 4 The Replicative cycle of IAV.

IAV binds to the respiratory epithelial cells by residues of sialic acid on the cell surface. Then, the
internalization occurs by endocytosis of the virus. The low pH in the endosome triggers the fusion of
the viral and endosomal membranes, releasing the genome into the cytoplasm. The genome is
imported into the nucleus where they serve as a template for translation and transcription of the viral
genome. New proteins are synthesized from messenger RNA (mRNA) viral and the viral genome is
replicated by means of a complementary RNA (cRNA) of positive sense. The newly produced vRNA
assembles with the viral polymerase and the nucleocapsid protein to form the biologically active
ribonucleoprotein complexes (RNPs). After packaging of the RNPs into new virions the virus is
released from the cell surface by the action of the NA glycoprotein. Adapted from Dubois et al. [43]

Two important evolutionary mechanisms are involved in the replicative cycle of
influenza viruses, the antigenic drift and shift, which allow it to evade the immune
system and adapt to new hosts [31]. The antigenic drift mechanism results from point
mutations inserted during the replicative process, caused by the low fidelity of the
viral RNA-dependent RNA polymerase enzyme, facilitating rapid viral evolution [41].
This process allows viral antigenic evolution by the selection of new variants
containing amino acid alterations in HA and NA proteins [41]. More drastic changes
in the viral genome may occur, such as the rearrangement of gene segments
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(antigenic shift), resulting in the emergence of a new variant with pandemic potential,
as occurred with the A (H1N1) virus pdm09 [46]. The mechanism of antigenic shift
occurs due to the rearrangement between the gene segments of viruses of distinct
origins during the simultaneous infection of two viral particles in the same cell.

The seasonality of IAV is complex and influenced by a set of socio-economic
(social, behavioral and cultural interactions), viral (the continuous process of
generation and selection of new strains) and ecological/environmental factors [47].
Influenza viruses have their peak epidemic from May to September in the temperate
regions of the Southern Hemisphere, between December and March in the
temperate regions of the Northern Hemisphere, and throughout the year (with a
higher incidence in the rainy season) in Tropical and subtropical regions [48].

Due to the evolutionary characteristics of influenza viruses, the annual impact
on morbidity and mortality of their epidemics and their pandemic potential, the
constant surveillance of these viruses as well as the rapid identification of new

emergent strains are extremely important.

b) Respiratory Syncytial Virus

The human Respiratory Syncytial Virus (RSV) is considered as an etiological
agent of major pediatric importance in respiratory infectious disease such as
pneumonia and bronchiolitis [49, 50].The first RSV infection occurs in the first two
years of age and the peak incidence usually occurs in the first months of life [51].
Also, RSV infection during the first year is associated with the development of
recurrent wheezing, asthma, and others chronics lung diseases later in life [52, 53].
Cases of reinfection by RSV are common throughout life, but the clinical symptoms in
children with older age and adults are milder nature [54]. Some studies associate
RSV infection with a relevant morbidity and mortality in children with prematurity,
bronchopulmonary dysplasia, and congenital heart disease, in the elderly [22] and in
immunocompromised individuals [55, 56].

Human RSV is a member of the new family Pneumoviridae [57] with Bovine
Respiratory Syncytial Virus and murine pneumonia virus. RSV particles have
irregular spherical morphology, with a diameter around 100-350 nm (Figure 5A).
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Long filamentous particles having a diameter from 60 to 200 nanometers and more
than 10pum in length have also been described in the literature [54].

RSV possesses a negative, non-segmented single-stranded RNA genome
[58]. Three surface glycoproteins are inserted at the surface of the viral envelope: the
fusion protein (F), the attachment glycoprotein (G) and the small hydrophobic protein
(SH). Two proteins compose the viral matrix and are known as M and M2-1. The
nucleocapsid - a protein complex associated with the VRNA - is formed by the
phosphoprotein (P), the nucleoprotein (N), the largest subunit of the polymerase (L)
and the M2-2 transcription factor. RSV genome encodes 11 proteins, with two non-
structural proteins, NS1 and NS2 which are expressed only during cell infection and
are not packaged into the viral particle [59-65]. A schematic representation of RSV

particle is represented in Figure 5B and RSV genome in Figure 5C.
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Figure 5 Respiratory syncytial virus particle and genome.

A) Electron transmission micrograph of different stages of the budding process of RSV particles in the
cytoplasm membrane. B) A schematic figure representing RSV viral particle with glycoproteins of the
surface (F, G, and SH), matrix protein and viral RNA bound to N, P and L proteins. C) RSV genome
showing representative proteins of each genome region. Adapted from Norrby et al. [66].

There are two major groups of the virus, RSV A, and B, based on differences
in reaction with monoclonal antibodies against the major structural glycoproteins G
and F, and also by genetic comparison analysis [54]. Each group was further
subdivided into genotypes based on nucleotide sequence variability [54, 67].

Overall, the role of surface glycoproteins F and G in mediating receptor
binding are not completely understood. Some studies have shown that heparin

sulfate present at the cell surface is essential for RSV entry into continuous cell lines
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and interactions with nucleolin, annexin Il, ICAMs and Toll-like receptors may also be
associated with the process of binding the RSV to cells in vitro [68-76]. The F protein
also mediates the fusion of infected cells with adjacent cells that are not infected,
contributing to the formation of large multinucleated cells called syncytia [77]. A
schematic of RSV replication showing principle steps is represented in Figure 6.
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Figure 6 Replicative cycle of RSV.

Replication cycle begins when viral surface proteins interact with a cell receptor. After viral attachment
fusion between viral and cell membrane occurs in a pH-independent process. All RSV replication
steps occur in the cell cytoplasm and viral maturation occurs with the assembly of the nucleocapsid by
combining genomic vRNA with N protein, which is accompanied by the addition of P and L proteins for
envelope assembly. Matrix proteins aggregate with the viral surface proteins in the cellular membrane
and the complete viral particle is released by budding, taking a portion of the plasma membrane in a
reverse process to penetration by fusion. In addition to transcription and translation of proteins, viral
genome produces a positively stranded RNA intermediate, which serves as a template to generate
copies of the viral genome. Adapted from Collins et al. [54]

Patterns of seasonality and duration of RSV outbreaks vary considerably
between geographical regions. In temperate climates, epidemics have been
described in the winter months [78-80] while in tropical regions, epidemics appear to
occur in rainy seasons [81]. However, it is possible that the seasonality of the virus is
not only related to climatic factors but also to socioeconomic factors increasing the
risk of RSV contamination [82-84]. In most RSV epidemics reported, the co-
circulation of different genotypes of groups A and B were detected [78, 79, 85].
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c¢) Others Human Viruses

Others respiratory viruses are capable to cause acute lower respiratory tract
infections in humans such as:

Human Parainfluenza viruses (hPI1Vs) are common respiratory pathogens that

induce acute respiratory tract diseases in infants and immunocompromised adults
[86, 87]. Serological surveys have indicated that 80% of children are infected with
hPIV-3 by 4 years of age and hPIV infections re-occur throughout life. The hPIV
belong to a diverse group of enveloped single-stranded RNA viruses within the family
Paramyxoviridae and based on genetic and antigenic analyses, hPIVs have been
divided into four major subtypes (hPIV-1 to hPIV-4), with subtypes 1 and 3 being
most frequently found in severe cases [88].

Human metapneumoviruses (hMPV) were first identified in 2001 and

constitute a common cause of acute respiratory infection in individuals of all ages
worldwide [89, 90]. hMPV is a member of the family Pneumoviridae, that also
includes RSV, and two distinct hMPV genotypes, A and B, which can be divided into
two subgroups: A1, A2, B1, and B2 circulate worldwide. hMPV and RSV share
similar clinic features causing severe disease in the same range of age between
children with an incidence around 15% of all respiratory tract infections [91-95].
Human Coronaviruses (HCoV) infections display a wide range of symptoms

and their role in pediatric lower respiratory infections is still not clear [96, 97]. There
are currently five coronaviruses (family Coronaviridae) known to infect humans and
they are associated with both upper and lower respiratory tract infections in all age
groups [96, 98-100]. Thus, the role of coronaviruses in pneumonia has not been
completely clarified but HCoV 229E and OC43 have been recognized as causes of
viral upper respiratory infection and were linked to pneumonia in children and

immunocompromised adults [101, 102].
1.2.2. Respiratory bacterial infections

Etiological studies of acute lower respiratory tract infection identify a high
prevalence of different types of bacteria, even more than viral detection. Among the

most frequent bacterial causes of pneumonia are Streptococcus pneumoniae,
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Haemophilus influenzae, and Staphylococcus aureus. All these pathogens are
asymptomatic bacteria which carriage is well described in healthy individuals [103].
Also, Mycoplasma pneumoniae and Chlamydia pneumoniae are opportunistic
bacteria considered as important pathogens causing pneumonia and bronchiolitis
[104-110Q].

a) Streptococcus pneumoniae

Streptococcus pneumoniae (S. pneumoniae) can colonize the nasopharynx
asymptomatically but is one of the leading causes of high mortality and morbidity in
infants, the elderly and immunocompromised people [111-114]. Prior to the use of
antibiotics, more than 75% of pneumonia cases were caused by S. pneumoniae [23].
However, nowadays, studies show that only 5 to 15% of pneumonia cases are
caused by S. pneumoniae in developed countries and a higher proportion of cases
described in low and income countries [23, 27, 115, 116]. S. pneumoniae induced-
pneumonia is commonly named pneumococcal pneumonia.

S. pneumoniae is a gram-positive, encapsulated bacterium classified into 92
serotypes [117, 118] based on the composition of polysaccharide capsule. Despite
this diversity, only a limited number of serotypes (around 20%) are responsible for
almost 90% of all pneumococcal diseases and serotypes isolated in asymptomatic
children generally reflect serotypes that cause disease [119]. The epidemiology of
pneumococcal pneumonia exhibits a seasonal fluctuation with a peak incidence
during the winter months [120].

S. pneumoniae is detected in the airways of healthy individuals [121] and
carriage rates are around 60% to 80% in children under five years old [122].
Colonization state (the first step to infection) occurs when bacteria promotes
adhesion on the mucosal surface of the nasopharynx. The surface of the bacterium
consists of 3 structures with several virulence factors that could contribute to
colonization and development of pneumococcal diseases as described in Figure 7
[26, 123, 124].
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Figure 7 Pneumococcus surface structure and major virulence factors.

A) Scheme of S. pneumoniae surface structure showing capsule, cell wall, and cell membrane. The
principal's virulence factor PSpA, PspC, LytA, Pneumolysis and ABC complex are identified. B) The
virulence factors showed in part A with each main role in respiratory tract infection. Adapted from
Kadioglu et al. [123].

b) Haemophilus influenzae

Haemophilus influenza (H. influenzae) is a gram-negative bacterium also
found in the upper and lower respiratory tract as commensal bacteria. H. influenzae
can be divided due to differences in the capsular polysaccharide, with six different
strains (a-f), and nonencapsulated strains (NTHi) [125]. Polysaccharide capsule is a
major virulence factor in protecting the bacterium from phagocytosis and stimulating
the inflammatory response [125]. H. influenzae serotype b is considered an important
agent causing pneumonia in children under five years of age, elderly and
immunosuppressed [126]. Also, viral-bacterial dynamics has been described
suggesting that viral infection increases NTHi colonization [127-129].

c) Others respiratory bacteria

Some studies have suggested that other bacteria, such as Staphylococcus
aureus, Mycoplasma pneumoniae, and Clamidophyla pneumoniae, may cause
pneumonia with elevated mortality among HIV positive population [10, 130].

Staphylococcus aureus (S. aureus) is another commensal bacteria of the

human nasopharynx that causes respiratory infections [131]. S. aureus is a gram-
positive, facultatively anaerobic bacterium, usually without a capsule. This species of
bacteria is widely distributed, being able to live in a wide variety of environments due

to its tropism for several tissues. S. aureus is composed of several species and
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subspecies [132], whereas methicillin-resistant Staphylococcus aureus (MRSA) is the
principal responsible for hospital infections, among organisms resistant to antibiotics
[133].

Mycoplasma pneumoniae (M. pneumoniae) are distributed globally and are

the smallest prokaryotic microbes present in nature. Mycoplasma is divided into
seven species that are pathogenic to humans, including M. pneumoniae [134] that
accounts for approximately 20% of all pneumonia and higher rates correlated with
the degree of immunosuppression accounts in the HIV-infected population [135].
Chlamydophila pneumoniae (C. pneumoniae), with the two others species C.

psittaci and C. trachomatis, are responsible for lung infections and C. pneumoniae
remains a particular problem in the HIV-infected population [8, 130]. C. pneumoniae
is an obligate intracellular pathogen that induces an inflammatory reaction which
contributes to damages in epithelial respiratory tract [136, 137].

1.2.3. Mixed Respiratory infections

The upper respiratory tract constitutes a dynamic and equilibrated
microbiological niche, notably composed of commensal viruses and bacteria.
Perturbation of this equilibrium, by the emergence of a pathogen and/or imbalance of
the host immunity, can constitute the starting point of respiratory diseases [2, 26,
138]. Usually, the opportunistic bacteria, such as S. pneumoniae, S. aureus, and H.
influenza are co-detected with respiratory viruses during lower respiratory tract
infections [127, 139-142]. However, determining the contribution of viral/bacterial co-
infection to disease severity is highly complex. There is an abundance of distinct
viruses and bacterial species carried commensally in the nasopharynx and samples
for laboratory diagnosis are generally contaminated with components of upper
respiratory tract [143]. The use of the same pathways, cofactors, and the overlap in
the inflammatory mediators produced by different pathogens create an opportunity
for augmentation of the immune response during dual or sequential infection. The
complexity of microbiome interactions in the airways possibly contributes to the

susceptibility to exacerbations and the natural course of airway diseases [144, 145].
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Thus, many aspects of the relationship between co-infection detection and
disease severity remain unclear. However, in the literature, some studies have
classified viruses/bacteria interactions in two distinct scenarios:

Bacterial superinfection is described when viral infection promotes favorable

conditions to commensal bacteria causes an infection in the lower respiratory tract.
The association of viruses and bacteria is described by epidemiological studies that
show a high prevalence of bacteria in severe disease during seasonal epidemics of
the respiratory virus [146]. During IAV pandemics, bacterial superinfection was
observed in adults and children associated with increased morbidity and mortality
[147-149]. Bacteria superinfection is also demonstrated by quantitative studies that
show an increasing of commensal bacteria during a viral infection. For example, IAV
and RSV infection increase colonization rates of S. pneumoniae and H. influenzae
which can lead to secondary complications contributing to the disease severity [128,
142, 146, 150-155].

Mechanisms associated with viruses predisposing the respiratory tract to
bacterial superinfection [156] are poorly understood with two potential explanations:

(I) Viral infection can increase bacterial adherence into epithelial cells, as
described for 1AV infection which is capable to exposes bacterial receptors on the
surface of host cells by cleaving sialic acids residues in the upper respiratory tract
[128, 157-161]. RSV, on the other hand, is thought to bind directly to H. influenzae
and S. pneumoniae [129, 159, 162], increasing bacterial proximity to the epithelial
monolayer and augmenting attachment to host cell receptors. Also, viral infection can
induce disruption of epithelial cell tract enabling bacteria to access into deep
epithelial cells [147].

(Il) Viral infection can also predispose bacterial superinfection via the
alteration of host's innate immune response. Viral replication may increase
recruitment and activation of pro-inflammatory immune cells and may also directly
affect the immune system [163-166]. Additionally, viral presence also affects the
production and biological activity of cytokines [167] impairing bacterial clearance in
its initial phase.
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Bidirectional synergism or bacterial predisposition to viral disease is

represented by an increased viral susceptibility to bacterial infection. It might be
possible that microbial interactions may disturb the equilibrium of the microbiota,
creating an opportunity for viral invasion and transmission in the lower respiratory
tract.

Epidemiological studies show that pneumococcal conjugate vaccine not only
reduced the incidence of pneumonia due to S. pneumoniae but also prevented
approximately 33% of pneumonia associated with respiratory viruses [168]. Also,
several studies have shown that the presence of a specific bacterial species may
promote viral infection in the respiratory tract such as S. pneumoniae was shown to
enhanced RSV infection in vitro and in vivo [144, 169, 170]. In addition, pre-exposure
of epithelial cells to bacteria alters the response to subsequent viral infection,
suggesting that bacterial presence could facilitate viral attachment to host cells [171].

1.3. Diagnostic of lower respiratory tract

infections

The diagnostic of pneumonia or bronchiolitis is performed through clinical
examinations taking into account the history and the age of the patient. This clinical
diagnosis should be performed according to WHO criteria [120]. In addition, to
confirm the diagnosis of pneumonia, a chest X-ray can be performed, being able to
show the extent of the disease and to identify the presence of complications that
increase the severity of the disease. Usually, clinicians start the treatment without an
etiologic detection due to the low sensitivity and/or lack of specificity of current
diagnostic tools. In severe cases, laboratory tests capable to identify the pathogen
are usually requested and a great effort has been made to improve etiological
diagnosis methods [172, 173]. The quality of the collection, packaging, and transport
of clinical samples are essential for an optimal diagnosis. In general, nasopharyngeal
secretion samples are used for detection of viruses while blood samples are
analyzed for bacterial detection [172, 173]. The most common laboratory detection
methods are pathogen isolation, molecular detection, immunofluorescence and

antibodies detection.
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Pathogen isolation is a method where samples are incubated in different

conditions and the most abundant pathogen is detected and identified. During a long
time, this type of identification was considered the preferred method in diagnostics.
For bacterial culture, the problems of this method are the false-negative detection
due antibiotic pretreatment and nonculturable bacteria [174]. For viral isolation in cell
culture, the support and conditions can vary a lot. Influenza virus can be isolated in
embryonated chicken eggs or mammalian cell lineages (MDCK) while for RSV
isolation, other mammalian cell lineages (HEp-2) are most common. The main
disadvantage of these procedures is the relatively long period of time required
between 7 to 10 days, depending on the pathogen [173].

Molecular detection is based on nucleic acid amplification and nowadays

polymerase chain reaction (PCR) assay is considered a primordial technique for
pathogen characterization. This method can be used directly on clinical samples and
the rapid nature of the results can greatly facilitate investigation of outbreaks of
respiratory illness. In addition, this method allows detecting multiples pathogens
together being capable to identify different respiratory pathogens and its subtypes
[173]. Also, it is possible to make quantitative analyses correlating pathogen load to
the severity of disease [175, 176]. However, although PCR is highly specific,
sensitivity has been shown to vary depending on the patient sample tested [177,
178].

Indirect immunofluorescence assay is the most common test in the diagnosis

of various respiratory viruses. This technique is based on antibody staining of virus-
infected cells in original clinical specimens and is a rapid and sensitive method for
diagnosing viral infections [173].

Serological diagnoses are important approaches when clinical specimens are

unobtainable or when a laboratory does not have the resources required for
pathogen isolation. Serological methods such as the haemagglutination inhibition test
are essential for many epidemiological and immunological studies and for evaluation
of the antibody response following vaccination for Influenza virus, for example [173].
Biomarkers approaches can help to predict or to recognize potential cases of

severity. Biomarkers are biological markers that function as indicators of a pathogen-
related disease, or of disease severity [179]. The first biomarker proposed during an

27



infection were white cell count and erythrocyte sedimentary rate but nowadays they
have been replaced by C-reactive protein (CRP) and procalcitonin (PCT) which have
higher sensitivity and specificity for severity prognostic [180-199]. They seem to have
suboptimal sensitivity and specificity for differentiated bacterial to viral pneumonia
[187, 200, 201].

Several others biomarkers capable of identifying the etiology and predict
complications, outcomes, and mortality of pneumonia have been studied. Tumor
necrosis factor (TNF) receptor 2 and interleukin (IL)-10 characterization studies don’t
show success but tissue inhibitor of metalloproteinases has shown promise for the
identification of bacterial pneumonia in children [195, 202-205]. Also, an association
of different biomarkers like CRP, TRAIL, and IP-10 were described and might offer
advantages in the differentiation of viral or bacterial pneumonia.

In addition, innovative technologies, including microarray-based whole
genome expression arrays, proteomics, and metabolomics, can be a basis for
biomarker discovery. For example, specific host responses induced show a
microRNA bio-signatures that can be identified using microRNA analyses [199].
However, further studies are necessary before routine use of biomarker assays [199,
206].

1.4. Treatments for Ilower respiratory tract

infections

Treatments for lower respiratory tract infections depend on the nature of the
etiological agent, resulting in antibiotic or antiviral treatment, in the case of bacterial

or viral infections, respectively.
1.4.1. Antiviral treatments

Viral replication is linked to metabolic processes of the host cells and safe
antivirals offering benefits by reducing mortality as well as the duration of disease
symptoms and complications are described. The available antivirals include classical
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approaches focused on targeting the viral cycle and new antiviral strategies targeting
the host instead of the virus [207].

a) Anti-influenza drugs

According to their targets in the viral replicative site, anti-influenza drugs are
classified into three groups: targeting M2 channel, neuraminidase inhibitors, or
polymerase inhibitors.

Inhibition of viral envelope fusion to cell membranes by M2 proton channel
blockers is represented by amantadine and rimantadine. These inhibitors were
approved by health authorities but transmissible resistance variants rapidly emerged
from patients after treatment and since 2009, they are not recommended for clinical
use anymore [208].

Viral NA protein is an attractive target for drug action as it is essential for
infectivity and has a highly conserved active site across influenza A and B viruses
[31]. Inhibitors of NA, which block the sialidase activity of NA and prevent the release
of new viral particles, are represented by zanamivir, oseltamivir, peramivir, and
laninamivir [209]. This class of antiviral is approved for human treatments and
oseltamivir is the most recommended worldwide. Viral resistance to oseltamivir was
reported confirming the need for new antiviral therapies [210, 211].

Inhibitors of viral polymerases, which interrupt replication and transcription of
the viral genome, include inhibitors of PB2 and NP. Some molecules such as
nucleozin, naproxen, RK424 (NP inhibitors) and VX-787 (inhibitors of PB2) are in
pre-clinical phases studies with promising results [212].

An alternative strategy less prone to antiviral resistance consists to target the
host rather than the viral determinants. Fludase (DAS181) is inhibitory for a range of
influenza A and B viruses, altering the ability of the virus to replicate efficiently.
Potent antiviral properties during clinical trials with reduced inflammatory responses
in mice and ferrets were described. Also, Fludase promotes protection against
secondary pneumococcal infection of mice [213, 214]. Another example is the
acetylsalicylic acid and its derivate demonstrate antiviral activity against influenza A
viruses with some ongoing phase I/l clinical assays [215]. Also, the combination of

29



antiviral agents like oseltamivir with immune modulators like acetylsalicylic acids has
been evaluated and shown to increase survival in animal models [212, 215, 216].

In addition, RNA-based screening studies or other similar high-throughput
approaches are very helpful to identify new cellular targets. These studies provide a
valuable library to select novel cellular drug targets [217, 218]. Targeting cellular
rather than viral factors could be an important approach to prevent the problem of

resistance to classic antivirals.
b) Anti-RSV drugs

To date, no effective and accessible treatment for RSV is available. The only
drug licensed is inhaled ribavirin. Ribavirin is an analog of purine nucleotides which
inhibits viral replication. However, its use remains limited because of a lack of results
proving its efficacy and suspicion of side effects. Ribavirin is sometimes used in
some circumstances but is not recommended in most cases [219-222].

Some anti-RSV treatment targets viral replication cycle by intervention in
membrane fusion and RNA synthesis. Membrane fusion inhibition, such as GS-5806,
prevents virus-cell fusion and cell-cell syncytium formation and has shown promise
results in early-phase clinical trials with efficacy and safety in hospitalized adults
[223, 224]. Inhibitors of RNA synthesis during RSV replication are divided into two
groups. Nucleoside analogs represented by ALS-8112 and ALS-8176 target the
active site of the polymerization domain, and non-nucleoside inhibitors (BI-
compoundD) bind to other regions of the polymerase. These molecules are in
ongoing studies and show promising results but further evaluation is necessary to
determine effectivity and safety [225-228].

Despite the importance of this viral pathogen, there are not adequate
treatment options available. Thus, it is important to continue to identify and
characterize possible targets for antiviral drugs.

1.4.2. Antibiotics

Against bacterial infections, antibiotics are widely used worldwide. There are
cytotoxic or cytostatic towards the microorganism and often act by inhibiting the
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synthesis of a bacterial cell wall [229, 230]. For mild to moderate pneumonia
suspected to be of bacterial origin, amoxicillin is recommended first-line therapy.
Amoxicillin appropriately covers the most prominent invasive bacterial pathogen, S.
pneumoniae [231]. During an atypical bacterial suspicion, a macrolide (azithromycin)
is recommended [232]. In addition, a third-generation cephalosporin is recommended
for a specific group of patients [5].

Due to the indiscriminate use of antibiotics, the emergence of antibiotic-
resistant strains is considered a serious problem [230]. Thus, preventing lower
respiratory tract infections through vaccination and prophylaxis is important.

1.5. Prevention of lower respiratory tract

infection

Prophylaxis is considered one of the best alternatives for combating
respiratory tract infections. The prophylaxis method most common are vaccines, but

passive immunization has also been overspread worldwide.
1.5.1. Viral prophylaxis

The development of viral vaccines are based on attenuated, recombinant,
inactivated and subunit composition strategies.

A traditional strategy that has worked for several pathogens involves the
development of attenuated viral strains. Attenuation can be accomplished by serial
passage or cold-adaptation and has the advantage of expressing most of the
pathogen’s antigens to improve immune response. Attenuated vaccines for Influenza
viruses have been produced for more than 50 years, however, this vaccine has a
restricted use in USA and Russia [233, 234]. Using this strategy, attenuated RSV
strains have been developed [235, 236] but failed in some clinical trials [237, 238]
The disadvantage of this strategy is the that, in rare cases, the live attenuated
vaccine strain can revert to its virulent wild-type, causing severe disease [239].

Alternatively, recombinant vaccines consisting viral protein expressed in other

in vivo support have been increasingly used for vaccine development [240]. This
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approach was described for influenza virus which HA protein was expressed in insect
cells by baculovirus vectors [233]. For RSV, viral antigens expressed in other viruses,
such as Sendai virus, vaccinia virus, adenovirus, and parainfluenza or in bacteria
was studied. Despite promising results in murine studies, studies in adults showed
relatively low capacity for inducing neutralizing activity [241-243], so they have not
been advanced into clinical phases. Another approach of recombinant RSV vaccine
carrying host cytokines capable to promote immune responses suggests that these
formulations can modulate the immune response being effective alternatives for
immunization against RSV [244-249].

Inactivated vaccines are composed of purified virus chemically inactivated and
are capable to generate humoral and cellular immunity. The annual Influenza vaccine
around the world is an inactivated vaccine [31, 233, 234]. This vaccine, during
decades, was composed of 2 IAV strains and one strain of Influenza B virus
according to circulated subtypes detected by surveillance. In 2016, WHO decided to
add another Influenza B virus subtype to try to increase vaccine coverture [34, 233].
Even if this Influenza vaccine has a great coverture and seroconversion, the
constantly evolving of influenza viruses requires continuous global monitoring and
annually reformulation of influenza vaccines [250, 251]. For RSV, during 60’s, a
clinical trial of a formalin-inactivated RSV vaccine not only failed to prevent RSV
infection but caused an increase in severe disease [252]. This experience had a
profound negative impact on subsequent RSV vaccine development and the immune
mechanisms that led to enhanced disease in this clinical study are not yet fully
elucidated, making difficult to advances into clinical evaluation of inactivated RSV
vaccines [253].

For RSV vaccine, lability and heterogeneity in particle size represent obstacles
for the formulation of a stable vaccine [254] and despite the many approaches
developed and tested, there is still no vaccine defined for use in humans.

Thus, the prophylactic palivizumab is indicated in months prior to the
seasonality of RSV for premature babies; children with congenital pathology or with
chronic lung disease by WHO. Palivizumab is a humanized mouse 1IgG1 monoclonal
antibody directed against a conserved epitope on the surface fusion protein of RSV.
This passive prophylaxis shows a potent RSV neutralizing activity and has been
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clearly demonstrated to protect against RSV. The administration of palivizumab in
specific risk groups is limited by its expensive cost in many low and income countries
[221]. Consequently, prevention of RSV infection is a public health priority, and global
initiatives have advanced numerous efforts to expand the field [255]. Continued
research into the pathogenesis of RSV disease and immune responses are important
to contribute to the development of RSV vaccines.

1.5.2. Pneumococcal vaccine

The polysaccharide capsule from encapsulated bacteria is a major virulence
factor and can be used as an antigen for vaccine development [256, 257]. However,
that does not induce a complete response and cannot provide adequate protection
against pneumococcal infection in children [24]. Thus, the polysaccharide was
chemically conjugated to different bacterial protein [258] and the first conjugate
vaccine used was composed of 7 different serotypes of pneumococcus (PVC 7). In
2009, two new conjugated vaccines were licensed for use with 10 and 13 different
serotypes (PCV 10 and PVC 13). Serotypes coverture of each conjugated vaccine is
shown in Table 1.

Pneumococcal vaccine Serotypes
PCV7 4, 6B, 9V, 14, 18C, 19F, 23F
PCV 10 1,4, 5, 6B, 7F, 9V, 14, 18C, 19F, 23F
PCV 13 1,3,4,5,6B, 6C, 7F, 9V, 14, 18C, 19C, 19F, 23F

Table 1 Pneumococcal vaccine.
Serotypes included in each pneumococcal vaccines approved to use worldwide [259].

A reduction in pneumococcal disease among vaccinated children have been
observed since the introduction of the first PCV vaccine in 2000 [151, 260-264]. In
addition, vaccination in children has been shown to reduce pneumococcal disease
among the elderly by preventing the transmission due the diminished of the carriage
in general population [265-267].

The challenge of the pneumococcal vaccine is the existence of 92 serotypes
since vaccinated individuals remain susceptible to serotypes not included in the
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vaccine [268-270]. Also, changes of serotypes carried out in the nasopharynx of
children [271] were detected and the potential risk of other serotypes infections make
the pneumococcal disease an important problem of global health, especially in
children and must be a priority.

Therefore, new potential vaccines that effectively protect against pneumonia

have been investigated and are undergoing clinical trials [24, 272-274].
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2. Host-pathogen interactions

The human body is constantly exposed to microbes and prevention of
opportunistic infections is made by physical or anatomical mechanisms (skin,
mucosa), mechanical (cilia in respiratory tract cells, tight junctions) and biochemical
(tears, saliva) barriers as well as cellular mechanisms including innate and immune
responses [1].

The pathogenesis of respiratory infections involves the complex interplay
between virulence factors, environmental conditions, the magnitude and temporal
dynamics of the host response, and host susceptibility factors. The severity of
disease is associated with an enhanced host immune response which is essential for
pathogen control but can cause collateral damage to the tissues, leading to mortality
in some cases. In addition, several pathogens evolved strategies to counteract or
hijack host responses constitute by multiple elements including diverse cell types
(epithelial cells, dendritic cells, macrophages, monocytes, and granulocytes), various
pattern recognition receptors, a large array of cytokines and chemokines, cellular
stress, and different pathways [25, 275].

Thus, in this chapter, immune response and others cellular mechanisms
important during Influenza virus, RSV and S. pneumoniae infection was highlighted

as resumed in Figure 8.
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Figure 8 Host-pathogen interactions.

Important complex cell physiological processes in the control of pathogen infection showing an
immune and inflammatory response, in addition to p53 pathway. all these cellular mechanisms are
often targeted or modulated by pathogens during infection. Each pathway will be explained in the next
part. Adapted from Sun et al. [275].

2.1. Immune response

In the respiratory tract, epithelial cells are constantly in contact with
potential pathogens having the important function to activate immune
responses. The immune response is divided into innate and adaptive
immunity. The innate response is the first line of defense induced by a
pathogen and aims to control the infection locally and to activate an adaptive
response. The adaptive response is specific to the pathogen, more systemic
and durable [276]. A chronological course of innate and adaptive immunity is
schematically showed in
Figure 9.
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Figure 9 Chronological course of innate and adaptive immunities.

Innate mechanisms confer rapid protection, keeping the invading microorganisms under control until
the development of adaptive immunity. It may take several days and even weeks for adaptive
immunity to become effective.
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Figure 10 Innate and adaptive cells.

Innate immune cells (macrophages, dendritic cells, natural killers, basophil, neutrophil and mast cells)
exists before the invading microorganism, they are effectors cells capable of recognized several
molecules of various pathogens. Adaptive cells are developed following exposure to a particular
invading agent. It is able to react more quickly and more effectively to subsequent contacts, they
specifically identify a molecule with high specificity. Adaptive immunity is divided into a cellular and
humoral response. During the cellular response, CD8+ T cells are capable to identify and kill infected
cells while CD4+ T cells increase macrophages quantity and/or increases antibodies expression by B
cells (humoral response).
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211. Innate immune response

The innate immune response begins as soon as the pathogen enters the
target cell and is implicated in recognition and protection of infections. The innate
system consists of different cells as shown in Figure 10.

The recognition of the pathogen by receptors is the first step in the host cell
membrane during infection. This recognition is based on a limited repertoire of
receptors called pattern recognition receptors (PRRs) that detect conserved microbial
components known as pathogen-associated molecular patterns (PAMPs) [276]. This
initial response triggered by infection is mediated by three major receptor families -
PRRs: Toll-like receptors, RIG-I-like receptors (RLRs), and NOD-like receptors
(NLRs) that will be detailed above.

Toll-Like Receptors (TLRs) are type 1 transmembrane proteins that are able to
recognize PAMPs from bacteria, parasites, fungi, and viruses [277]. TLRs are one of
the largest classes of PRRs with 10 receptors (TLRs 1-10). TLRs family is well
conserved among organisms and homologous receptors are found in plants, insects
and other vertebrates [276, 278]. Normally TLR 1, 2, 4, 5, 6 and 10 are expressed on
the cell surface while TLR 3, 7, 8 and 9 are intra-vesicular [276, 279]. The expression
profile of TLRs in different cell types may be tissue-specific and highlight the different
role between cells of the immune system (macrophages, dendritic cells, neutrophils,
B and T cells) and epithelial cells [277].

Viral attachment and fusion proteins, as well as the components of bacterial
cell wall, are able to be recognized by these receptors. The summary of TLR
receptors and pathogens ligands are described in Table 2.
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TLR Microbial ligands Reference

TLR1 Recognize lipoproteins; minority role in pneumococcus [276]
infection.
TLR2 Recognizes a large number of binders, such as bacterial [280, 281]

peptidoglycans and lipoproteins, and surface viral
proteins of RSV and IAV

TLR3 Viral recognition due double-stranded RNA viral of RSV [280-288]
and IAV.

TLR4 Viral recognition due to surface viral proteins of RSV and [276, 280, 281, 289]
IAV; and bacterial lipopolysaccharide and pneumolysin.

TLRS Recognizes gram-negative bacteria and flagellin [290]

TLR6 Recognize lipoproteins; minority role in pneumococcus [276]
infeciton

TLR7 Viral recognition due single-stranded RNA viral of RSV [280-283, 291, 292]
and IAV

TLRS8 Recognizes single-stranded and double-stranded RNA; [293]
relevance during virus infection is unknown.

TLR9 Recognizes DNA,; protector role against pneumococcus [276, 294]
infection

TLR1/TLR2 Recognizes large number of bacterial binds, and a large  [295]
TLR2/TLR6 range of viruses

Table 2 TLR and microbial ligands.
TLR family represented by 10 receptors capable to recognize different microbial ligand.

Once the ligand is recognized, TLRs dimerize and initiate a signaling cascade
leading to the activation of the proinflammatory response [296]. Signaling cascade is
divided into two major families of transcription factors — Nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB) and interferon regulatory factor (IRF) [25]
which will be detailed in the next part of this manuscript.

TLR signaling is finely regulated to differentiate resident flora and to avoid
excessive inflammation, which can cause damage to the tissue contributing to the
severity of disease [288]. Thus, the activated cascade may be negatively regulated at
different levels by different mechanisms such as protein phosphorylation and
degradation [282, 297].

Another family of PRRs, RIG-I-Like Receptors (retinoic acid-inducible gene-l;
RLRs) is intracellular helicases capable to detect [207] most respiratory viruses,
including influenza viruses, RSV and hPIV, and others RNA viruses. Activated-RIG-I
leads to the regulation of transcription factor IRF and NF-kB, inducing a very
important antiviral response [280, 281, 298, 299].

NOD-Like Receptors (nucleotide oligomerization domain; NLRs) is another
cytosolic PRR [207]. This family of more than 20 proteins is involved in various

cellular processes of the immune response [300]. Some NLRs, including NLRP3, are
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critical for the formation of inflammasome complexes which are involved in the

proinflammatory responses [301, 302]. NLRP3 is expressed by monocytes, dendritic

cells, neutrophils, macrophages, and human bronchial epithelial cell and is essential

for the recruitment of innate immune cells during RSV and Influenza infection [303-

307].

Another attendant of this family is the NOD2 receptor that should mediate the

recognition of viral single-strand RNA. NLR NOD2 binds RSV genome and triggers

the innate response, also described for Influenza virus and S. pneumoniae, leading
to the production of type | IFN [276, 280, 281, 301].

All PRRs are represented in Figure 11.
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Figure 11 PRRs signaling pathway.
Different classes of host PRRs (TLRs, RLRs, and NLRs) that trigger distinct signaling pathways
culminating in the induction of IFNs and/or proinflammatory cytokines. Adapted from Kumar et al 2009

[277].
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2.1.2. Adaptive immunity

The adaptive immunity is a durable response to pathogens and has been
extensively studied for many years, contributing to vaccine development. Also, an
exacerbated activation of this response contributes to the severity of the disease
[308]. Overall, this response is highly specific being capable to recognize various
antigens and to produces a specific immune response to each one. Once produced,
memory cells have a long life and are able to recognize antigen for years. Thus,
subsequent responses to the same antigen are usually faster, greater, and
qualitatively different from the first. Adaptive immune cells are shown in Figure 10
and are divided into two types: humoral and cellular response.

The adaptive humoral immune response is mediated by antibodies expression
produced by B lymphocytes. Antibodies recognize bacterial antigens, neutralize the
infection and eliminate these antigens by various effector mechanisms. During viral
infection, the virus specifics antibodies can block viral entry and subsequent
establishment of infection. In Influenza virus infection, HA protein is neutralized by
host antibodies while for RSV, F protein is probably the viral protein neutralized [275,
281].

The adaptive cellular immune is characterized by a T-lymphocyte-mediated
response against intracellular microorganisms, such as viruses and some bacteria. T
lymphocytes occur in two main classes when activated. The first, CD8" or cytotoxic,
kill infected cells while the second class, the CD4" or helper, coordinate the immune
response promoting the activation of B lymphocytes and macrophages.

CD8" cytotoxic T cells play an important role performing direct elimination of
infected cells. They are recruited to the site of infection, where they recognize and
eliminate the infected cell preventing the production of progeny. In the other hand,
CD4" T cells produce various cytokines profile. The classic profile is helper T cells
type 1 (Th1), which promote the activation of macrophages while Th2 cells, regulates
antibodies production by B lymphocytes [309]. More recently, other profiles have
been described, such as cells of Th17 and regulatory T cells, which control the
inflammatory process [280, 281].
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A particularity of the immune system in neonates is their reduced ability to
produce Th1-responsive cytokines with normal or increased cytokine production to
the response of type Th2 and Th17 [221]

During RSV infection, T and B cells are downregulated [310] leading to a poor
induction of long-lasting immunity resulting in difficulties to the development of an
effective vaccine [275, 311-314].

2.2. Inflammatory response

The severity of respiratory infections is closely linked to inflammation and
tissue damage in the airways. Inflammation is induced by multiple signaling pathways
such as NF-kB and interferon regulatory factor (IRF) - the two major transcription
factors — and others more recently described like p53 pathway [285, 315, 316].

During mixed infection, both S. pneumoniae and RSV have been shown to
stimulate inflammasome activation. The culmination of the multiple signaling
pathways triggered by S. pneumoniae primarily results in an NF-kB-mediated
inflammatory response, while RSV infection results in a strong interferon response.
There is, however, the potential for considerable overlap between the signaling
pathways triggered by each pathogen, which could lead to synergistic stimulation of
inflammation during co-infection [304, 317, 318].
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Figure 12 Inflammatory responses.

NF-kb pathway and Interferon pathway activation promote transcriptional activity of a number of genes
responsible for inflammatory response. Adapted from Lester et al. [297]
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2.2A1. NF-kB pathway

The NF-kB family of transcription factors consists of five protein subunits that
share an affinity for the kB DNA sequence motif and are divided into two classes: the
NF-kB proteins (p105/p50 or NFkB1 and p100/p52 or NFkB2) and the Rel proteins
(c-Rel, RelB, and RelA/p65) [319].

The NF-kB, composed of a pS0 and RelA/p65 subunit, is considered a key
transcription factor in antiviral cytokines production. Upon a variety of stimuli, such as
viruses or bacteria, NF-kB migrates into the nucleus whereby it binds and activates
target gene promoters of numerous cytokines [320] like ICAM, IL-1, IL-6, IL-8, and
TNF-a, which are crucial for the response to inflammation [321].

There are a number of different mechanisms to regulate the transcriptional
response downstream of NF-kB pathway activation and some viral proteins were
described to interact with NF-kb pathway such as the NS2 protein of Influenza virus
[318].

Antiinflammatory drugs such as aspirin, dexamethasone, and prednisone can
indeed inhibit pathway activation, placing NF-kB as a prime target for therapies

against inflammatory disease [319].
2.2.2. Interferon pathway

Interferon (IFN) is a family of cytokine capable to produce an antiviral
response, mediated by type | and type lll, and to promotes macrophages activation
by type Il interferon [298].

Type | IFNs, including IFN-a and IFN-B, has an important role in restricts virus
replication and spread. In addition, there is evidence that they are also produced in
response to pneumococcal colonization resulting in a synergistic stimulation during
mixed infection [298].

More recently, type Il IFN (IFN- A1, 2 and 3) have been proposed to have a
crucial role in virus control in the respiratory tract, as they are expressed at higher
levels than type | IFNs in human airway [322-325].

Due to IFN response importance in preventing viral infection, viruses have

different strategies to evade to this response. For influenza viruses, the principal IFN
43



antagonist is NS1 and NS2 proteins that target the IFN system at multiple stages
(Talon J, Horvath CM 2000)[283].

RSV also encodes two proteins, NS1 and NS2, which prevents the synthesis
and signaling of type | and Il IFNs. NS1 and NS2 work either individually or
synergistically to block almost every essential step of the IFN pathways. These viral
proteins promote the degradation of a number of elements of these pathways,
including interferon regulatory factor and proteins coded by Interferon stimulate
genes through proteasomal degradation [326-333].

a) Interferon regulatory factors (IRFs)

There are two major interferon regulatory factors: IRF 3 and IRF 7 in the
antiviral response. IRF 3 is constitutively expressed while IRF 7 expression is
enhanced significantly upon stimulation. Viral activation of the IRFs results in homo-
or heterodimerization of IRF3 and/or IRF7 and subsequent nuclear translocation to
bind to type | and Ill IFN promoters. In general, IFN-B and IFN-A1 are predominantly
activated by IRF 3, while IRF 7 promotes the transcription of IFN-a and IFN-A2 and 3
[334, 335]. During RSV infection, IRF3 degradation is promoted, reducing drastically
IFN- expression [336].

b) Interferon-stimulated genes (ISGs)

The interferon signaling cascade induces the expression of many genes
known as Interferon stimulated genes (ISGs). The transcription induction of nearly
1000 genes is regulated by IFNs and some are capable to encode direct antiviral
effectors or molecules [337]. Some ISG already described to be modulated during
virus infection are described in Table 3.

Further research on their expression and function is needed to better elucidate
their contribution of ISG to the immune response during respiratory infection [283,
337, 338].

Some of the proteins encoded by ISGs have a well-defined role in the
pathogenesis by a variety of mechanisms with virus, cell or tissue specific effects
[283, 337]. For example, Mx proteins were among the first ISGs identified and MxA
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protein prevents Influenza replication by the interaction with viral proteins such as
PB2 and nucleocapsid [339, 340].

ISG Virus
Eif2ak2 / Pkr, Oas1b, Rnasel Vesicular stomatitis virus, Vaccinia virus, flavivirus
Isg15 Chikungunya Virus, Influenza virus, Vaccinia virus
Ifit1 West Nile virus, HCoV
Ifit2 Vesicular stomatitis virus, West Nile virus
Ifitm3 / Ifitm Influenza virus, RSV
Rsad2 /viperin West Nile virus, Chikungunya virus
Samhd1 HIV
Bst2 / tetherin Vesicular stomatitis virus

Table 3 ISG modulated during different virus infection.
ISG already described in the literature to have an important role in viral infection. Adapted from
Schoggins et al [337]

2.3. p53 pathway

The p53 protein, discovered in 1979, was described as "guardian of the
genome" due to its major function as a tumor suppressor. The new classification
‘guardian of homeostasis” is maybe more appropriate, covering all known p53
biological activities [341-344]. The transcription factor p53 can activate several genes
that regulate large quantities of cellular mechanisms in response to different types
and intensity of stresses [345-347].

The p5&3 transcriptional activity binds to the promoter of the target to regulate
gene expression [348-350]. However, even if this protein acts as a nuclear
transcription factor, p53 can also play a role outside the nucleus through protein-
protein interactions [351]. The p53 protein, formed by 393 amino acids, is expressed
at low concentrations in various cell types and tissues and has a short half-life being
continuously degraded [352-355].

Alterations in the structure and function of p53 are detected in a large number
of cancers types and TP53 gene mutation is linked to the poor patient prognosis of
cancer [356, 357]. Emerging role in various physiological processes and coordination
of diverse cellular responses to different stress are shown in Figure 13 [358]. In
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recent years, p53 regulation in several cell programs including cell metabolism,

fertility, and immune regulation was described [345, 359, 360].
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Figure 13 The p53 network.

Genes are represented by node and interactions by lines. P53 is activated by a large range of
regulators, shows on blue line, which controls many distinct biological processes showed in the red
line. Interactions are annotated as positive (arrow), negative (T-bar), or modifying (solid circle).
Adapted from Kastenhuber et al. [348].

In conclusion, there are different types of interactions with p53 for example,
DNA damage promotes p53 activation driving cell-cycle arrest, senescence, or
apoptosis [361, 362] while hypoxia, thermal shock, and oncogenes promote p53
stabilization [363, 364]. Also, pathogens can modulate p53 to optimize their infection

as shown in Figure 14.
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Figure 14 Scheme of the p53 pathway.

Different types and intensities of stresses activate p53 by mediators like Mdm2. Activated p53 initiates
transcription of hundreds of target genes (transducers) that subsequently mediate cellular responses
such as cell cycle arrest, apoptosis or senescence. Adapted from Vousden et al. [361].

2.3.1. Mechanisms of p53 regulation

The regulation of p53 is complex and controlled by many factors including
protein stabilization, activation, and posttranslational modifications. The most
important  posttranslational modifications of p53 include ubiquitinylation,

phosphorylation, acetylation, and methylation [365].
a) Ubiquitinylation

Ubiquitinylation is a highly regulated, flexible and reversible process that mark
proteins for degradation, changes in activity and re-localization [366]. Ubiquitinylation
of p53 is mainly mediated by mouse double minute 2 (Mdm2) [366, 367] an E3-
ubiquitin ligase protein which binds to p53, forming p53 / Mdm2 complex. This
complex allows p53 degradation by the proteasome [368-370]. Controversially, the
Mdm2 expression is transcriptionally regulated by p53 defining a negative-feedback
loop, where p53 increases the expression of Mdm2, and this, promotes p53
degradation as showed in Figure 15 [367, 371, 372]. Several others E3-ubiquitin
ligases have been identified that could play a role of substitute/alternative of Mdm2
such as Cop1, Pirh-1, Pirh-2, Trim24, Arf-BP1, Topors, Chip, Carp1, Carp2, p300,
and CBP. However, their role is not already understood [373-375].

Due to this major role of Mdm2 in p53 activation and the critical need for p53
stabilization during stress or cancer development, some studies look for Mdm2
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inhibitors [376]. A small molecule Nutlin-3a, which can disrupt the p53 / MDM2
complex, has proven to be highly specific in inducing p53 stabilization in phase |

clinical trials with promising results [377-379].
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Figure 15 p53/Mdm2 complex.

A) P53 and MDM2 form A negative-feedback loop, where p53 induces transcription of MDM2, which
repress the transcriptional activity and proteasomal degradation of p53, in unstressed cells. B) Stress
or MDM2 antagonists lead to MDM2 degradation promoting p53 accumulation, resulting in cell cycle
arrest and other p53 responses. If the stress can be resolved, the cells may return to the pre-stress
state. If the p53 activating signal cannot be alleviated, p53 initiates specific responses, such as
apoptosis or senescence [380].

b) Phosphorylation

Phosphorylation of p53 or Mdm2 can occurs on many different sites of these
proteins. These modifications can be important in the activation of the p53 network
[381]. The regulation and consequences of this phosphorylation are defined by
different levels of stimuli for example, during a low DNA-damage, phosphorylation
results in partial activation of p53 but in too severe damage, p53 is fully activated and
lead to cell death [356, 366, 382-385].

c) Other modifications

Several other post-translational modifications play an important role in the p53
regulation. Acetylation of p53 occurs on several lysine residues at the C-terminal
domain and mainly results in increased DNA binding of p53, promoting the activation
of its target gene [386]. Methylation in a specific region of p53 can suppress
transcriptional activity of p53 while if it occurs in another region, can activate p53.
Also, some lysine residues of p53 that are modified by acetylation can also be

methylated [386-390]. Others modifications of p53, such as prolyl isomerization and
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glycosylation, may also contribute to the regulation of p53 stability and activity [356,
366, 391].

2.3.2. p53 isoforms

TP53 gene encodes several isoforms of p53 due to the usage of multiple
promoters, alternative translation initiation sites, and alternative splicing, as shown in
Figure 16 [392-396].

P53a is the canonical full-length p53 protein and inclusion of alternative exons
gives rise to p53B and p53y protein isoforms. Some studies reported that these
isoforms retain characteristics of a tumor suppressor and both expressions are lost in
cancer tumors [392, 397]. Also, changes in the relative abundance of p53 isoforms
have been implicated in senescence and aging as p53p was described to modulates
p53a transcriptional activity in response to stress and promotes apoptosis and
senescence [392, 398-401].

These multiple p53 isoforms might contribute significantly to the generation of
distinct p53 pathways [402]. Altogether, modulate p53 isoform expression and thus
cellular response can be a therapeutic target to control p53 pathway.
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Figure 16 Schematic of the p53 isoforms.

p53a is composed of two transactivation domains (TA-1 and TA-2), a proline-rich domain (PRD), the
DNA-binding domain (DBD), the hinge domain (HD), the oligomerization domain (OD), and a
regulatory domain. The theoretical molecular weight of each protein isoform is indicated and the color
of the protein domains represents different exon. Adapted from Joruiz et. al. [395].
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2.3.3. Biological responses induced by p53 target

genes

In the past two decades, a huge number of p53 target genes have been
identified in various cell types. The classical role of proteins encoded by p53 target
genes is apoptosis modulation [403-407] and cell cycle regulation [408]. Apoptosis is
a type of programmed cell death activated by a variety of intracellular or extracellular
death signals and is a common cellular response to infection. Multiple strategies to
modulate, positively or negatively, the apoptotic responses of the host cell have been
described for different pathogens [409, 410]. In addition to apoptosis, p53 promotes
DNA repair by cell cycle and by modulation of the activity of various DNA repair
systems [362].

Nowadays, the non-canonical p53 pathway show modulation in numerous
aspects of cellular metabolism [411], inflammation pathway and immune response
[348]. p53 changes the activity of multiple metabolic pathways, including glycolysis,
mitochondrial oxidative phosphorylation and fatty acid synthesis via transcriptional
and non-transcriptional regulation, promoting the preservation of cellular energy
under conditions of nutrient restriction [412].

Another non-canonical role of p53 recently described is during inflammation
and immune response [345, 413-415]. p53 inactivation in immune cells augments
inflammation via multiple pathways, such as enhancing the production of
inflammatory cytokines and chemokines in macrophages and promoting the
differentiation and function of T cells. p53 also regulates many target genes involved
in the immune response creating a loop of amplification of the immune response
triggered by infection and mediated by p53. The antiviral role played by p53 limits
virus replication, enhances antiviral activity modulated by IFN type | [416], and
regulates TLR3 expression and function [417] as represented in Figure 17.
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Figure 17 p53 pathway role during the antiviral response.

Viral activation of TLR 4 promotes IFN expression that induces p53 transcriptional activation. Target
genes important for the antiviral response, such as TLR3, IRF5, ISG15, and IRF9, are up-regulated
promoting important implications in the immune response. Adapted from Munoz-Fontela [345]

In addition, the most important transcription factor in immune response, NF-
kB, is known to have opposite effects with p53. Some studies show that this balance
NF-kB / p53 coregulates proinflammatory cytokine secretion [316]. Thus, NF-kB
activity often shows a negative correlation with p53 while p53 can also suppress the
NF-kB pathway.
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Figure 18 p53 and NF-kB modulation.
During extrinsic or intrinsic stress, p53 and NF-kB pathway is activated and they can reciprocally
regulate each other by different interactions. Adapted from Ak et al.[418]
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2.34. Functional interplay between pathogens and
pS53

Modulation of p53 is an essential step for pathogens to extend the survival of
the host cell, to access nutrients during intracellular replication and to modulate the
immune response. However, targeting p53 may compromise the natural safety
system of a cell promoting mutations and tumorigenesis, correlating to a number of
pathogens that are considered oncogenic [419-421].

The p53 protein was discovered during a study with the oncogenic virus SV-40
which has a protein capable to physically interact with p53 and inhibit p53-mediated
transcription [342]. Since then, a large number of other oncogenic and non-
oncogenic pathogens were described to interact in different ways with p53.

The strategy of impairing the transcriptional activity of p53 is also used by
others viruses, including hepatitis B virus, human T lymphotropic virus, hepatitis C
virus and HIV, and some bacteria, like Neisseria gonorrhoeae [422, 423].

Another strategy of p53 inhibition was described by different pathogens, for
example, human papillomavirus, adenovirus, Epstein—Barr virus and Kaposi's
sarcoma-associated herpesvirus and some bacteria such as Shigella flexneri,
Helicobacter pylori, and Chlamydia trachomati promoting proteasomal degradation
[424-427]. In contrast to these pathogens, Salmonella enterica and P.aeruginosa
induces acetylation of p53, which is a stabilizing modification that is associated with
cell cycle arrest in infected cells [419, 428]. Some virus and their interactions with

p53 pathway are shown in Table 4.
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Viral

Family Virus ) Interplay with p53 Functional effects Reference
protein
. Cellular response
. Borna disease o . ]
Bornaviridae ) p24 P53 inhibition modification mediated [429]
virus
by p53
Bunyaviridae Hantaanvirus N P53 degradation Apoptosis prevention [430]
. i Inhibition of antiviral
Coronaviridae SARS-CoV - P53 down-regulation o [431]
activity by p53
Flaviviridae Zika virus - P53 activation Apoptosis induction [432]
.. Induced down- . )
Paramyxoviridae hPIV-3 - . Apoptosis prevention [433]
regulation of p53
) . L . Inhibition of antiviral
Picornaviridae Poliovirus - P53 degradation o [434]
activity by p53
Cellular response
Poxviridae Vacciniavirus  B1R P53 phosphorylation  modification mediated [435]
by p53
Reoviridae Avian reovirus pl7 P53 phosphorylation  Apoptosis induction [436]
.. . Inhibition of Mdm2-
Retroviridae HIV Vif i . Cell cycle arrest [437]
p53 interaction
P53 phosphorylation  Apoptosis induction /
Rhadboviridae A - / inhibition of p53 Inhibition of antiviral [438, 439]

acetylation

response

Table 4 Virus and their interplay with p53 pathway.
Functional effects of virus interactions with p53 pathway showing different levels of interaction.

The functional interactions between influenza viruses or RSV and p53 have

been reported in a limited number of studies, and infection of influenza viruses

significantly alters the gene expression of several host factors belonging to the p53
pathway [438, 440-443].
Influenza viruses and RSV induce apoptosis in numerous cell types and the

role of viral proteins which participates in the induction of cell death and cell cycle

arrest was described in the literature [444-451].

Several levels of regulation of p53 transcriptional activity are affected during

the time course of IAV infection. The global down-regulation of p53 target genes
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during initial phases of influenza infection is in accordance with the inhibition of p53
pathway during this transient context [452]. After, IAV induces posttranslational
modifications that stabilize the p53 protein throughout the course of infection [410,
452-454]. The enhance of p53 transcriptional activity limited viral replication and has
an important role in the induction of the IFN response [410]. The viral protein NS1
participates in the stabilization of p53 [454, 455] while NP protein induces apoptosis
and cell death [440]. p53 isoforms are involved in the regulation of these p53-
dependent antiviral properties [452, 455]. Infection differentially modulates the
expression of A133p53a and p53B at both transcriptional and posttranscriptional
levels. The modulation of A133p53a and p53p isoforms play distinct roles in the viral
cycle by acting as regulators of the p53-dependent antiviral activity [396]. Further
investigations are needed to better understand p53 pathway during the time-course
of infection.

Groskreutz and colleagues have shown that RSV induces the down-regulation
of p53 during the time-course of infection, with a consecutive impact on apoptosis
and survival of airway epithelial cells [441]. However, the underlying mechanisms of
p53 modulation, possibly involving viral proteins, remain to be determined. The NS1
and NS2 RSV proteins play an essential role in suppressing apoptosis and facilitating
virus growth through the inhibition of interferon responses [456], NS1 also interacted
with components involved in cell cycle regulation and DNA damage repair, promoting
a G1-phase arrest in the cell cycle [457]. The F protein triggers p53-dependent
apoptosis in the late phase of acute infection [442] while P protein may inhibit
apoptosis [458]. This discordance in the literature may reflect cell-specific responses
to RSV infection or differences in the strain and infectivity of the virus [433]. The
effect of viral modulation in p53 protein may be important targets for therapy in RSV
infection. P53 modulation by IAV and RSV are represented in Figure 19.

54



STAT1| [ IRF9 |

Immune /
Inflamatory
responses

Figure 19 p53 pathway modulation by IAV and RSV.

|
1
2

|

cell cycle
arrest

e N
n52
active
g

apoptosis

STAT1| P21
Immune / cell cycle
Inflamatory arrest
responses

[ BAX]

NS1 protein of IAV is capable to interacts with p53 protein and inhibit transcriptional activity during
infection. Also, an NS1 protein of RSV is capable to inhibit p53 by Mdm2 interaction.
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OBJECTIVE
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Ce travail de thése se base principalement sur les interactions RSV / héte
dans le contexte d'infections simples ou de co-infections, en raison de l'importance
cliniue de l'infection mixte, du taux élevé de circulation de ces pathogénes et du
manque d'arsenal thérapeutique existant.

En effet, il est important de comprendre comment le systéme immunitaire est
modulé a différents niveaux, in vivo et in vitro, ce qui aide a mieux comprendre les
mécanismes pathogéniques, identifier les biomarqueurs dans le contréle de
l'inflammation ou trouver des cibles potentielles pour de nouvelles stratégies

antivirales.

This thesis work has mainly based on the interactions RSV / host in the
context of simple infections or co-infections, due to the clinical importance of mixed
infection, the high rate of circulation of these pathogens and lack of existing
therapeutic arsenal.

Indeed, it is important to understand how the immune system is modulated at
different levels, in vivo and in vitro, which helps to better understand the
pathogenesis mechanisms, identify biomarkers in the control of inflammation or to
find potential targets for new antiviral strategies.
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RESULTS
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Les résultats de la thése sont divisés en trois chapitres pour faciliter la
compréhension de chaque groupe de résultats. La connexion entre les chapitres est
représentée dans la figure ci-dessous.

Les résultats du chapitre 1 obtenus au Laboratoire des pathogénes émergents
(Fondation Mérieux) ont permis de consolider les résultats en cours du groupe et de
renforcer le modéle de co-infection des macrophages en plus de favoriser
l'identification des biomarqueurs.

Le chapitre 2 était le résultat d'un partenariat avec le laboratoire Virpath, et en
profitant de I'expertise de ce groupe, nous visions a approfondir la connaissance de
la co-infection dans des mécanismes importants pour la cellule, visant a corréler
avec la réponse immunitaire trouvée dans le étude des macrophages (chapitre 1).

Le chapitre 3 a été développé en collaboration avec la société Cynbiose
(incluant LPE et Virpath), pour examiner les différents niveaux d'interaction proposés
et aussi pour appliquer les conclusions obtenues dans les études in vitro (chapitres 1
et 2).

The results of the thesis are divided into three chapters to facilitate
comprehension of each group of results. The connection between the chapters is
represented in the figure below.

Chapter 1 results obtained at Laboratoire des Pathogenes Emergents
(Fondation Mérieux) provided the consolidation of the results that were in progress
by the group and strengthened the model of co-infection in macrophages in addition
to promoting the identification of biomarkers.

Chapter 2 was the result of a partnership with the Virpath laboratory, and
taking advantage of the expertise of this group, we aimed to deepen the knowledge
of co-infection in important mechanisms for the cell, aiming to correlate with the
immune response found in the macrophages study (chapter 1).

Chapter 3 was developed in collaboration with the company Cynbiose
(including LPE and Virpath), to look the different levels of interaction proposed and
also to apply the conclusions obtained in the in vitro studies (Chapter 1 and 2).
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Chapter 1 Host-viral interactions during single
or mixed infections: role of innate immune

responses
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In this chapter, two works will be presented, in which we observe an innate
immune response during viral or mixed infection. The importance of each pathogen
(IAV, RSV and S. pneumoniae) has already been highlighted by the introduction of
this manuscript. These two works highlighted certain aspects of the in vitro host
innate immune response during exposition by single or mixed infections.

The majority of respiratory viruses, including IAV and RSV, and bacteria are
recognized in human airway respiratory cells by TLRs and RIG-I as reviewed in
general introduction. This recognition leads to the initial production of antiviral
inflammatory response and activation of immune cells like macrophages with an
expression of cytokines and chemokines [459-461]. Individually, each pathogen
interacts with immune cells and has different strategies to evade host immunity
response. Influenza virus and RSV are capable to make modifications in cellular
mechanisms during virus replication while S. pneumoniae possesses a number of
virulence factors which may confound immune responses [462]. Together, viral—
bacterial co-infection subverts many aspects of immunity, of which result in a failure
to control the pathogens and contributes to severity disease [156, 309, 463-468].

Clinical evidence suggests that infection with particular combinations of
pathogens results in the more severe clinical outcome [140, 168]. The most detailed
mixed infection described in the literature is Influenza virus and S. pneumoniae.
Bacterial superinfection after |IAV pandemics was described and highlights the
importance of Influenza infection in disease severity [147, 323, 469-472]. Thus, in our
first study published in Scientific Reports, we set-up an optimization in IAV / S.
pneumoniae macrophages infection and observed a potential biomarker and the
mechanism involved in its expression after the double infection on these cells.

Another mixed infection that appears to be very important in disease severity
in pediatrics community is RSV and S. pneumoniae. Some studies show bacterial
superinfection as an important risk factor for hospitalization for RSV infection [128,
129, 473, 474]. Co-infections RSV / S. pneumoniae are frequently detected in
respiratory diseases and pneumococcal bacterial load and carried serotypes can
indicate clinical severity when co-infected with RSV [139-141, 473, 475-479]. Thus, in
the second manuscript, we look mixed infection of RSV and pneumococcus in
macrophage infection.
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The main objective of these studies is to better understand how pathogens
interactions and cell infection can lead to disease severity. For this purpose, we
establish a macrophages model for each co-infection. Macrophages are strategically
situated in the primary lung defense and play a central role in innate host defense.
They are capable of initiating innate and adaptive immune responses. In addition,
they are a primary source of inflammatory and immunomodulatory cytokines in lungs
against invading pathogens. Some studies show that macrophages are able to limit
RSV or Influenza virus replication participating in the clearance viral. In vivo studies
which macrophages are depleted show an enhanced disease in both viral infections
[459, 480, 481].

Several studies have also identified an important role for macrophages during
the initial phase of host defense against S. pneumoniae even if this bacterium has a
polysaccharide capsule which limits bacterial phagocytosis by macrophages [322,
323, 482].

The majority of mixed co-infection models described in the literature is realized
using respiratory tract cells and focuses on interactions between the pathogens. It is
well established that Influenza viruses enhance susceptibility to secondary bacterial
infection promoting bacterial superinfection [309, 483]. Also, direct interaction of RSV
and S. pneumoniae was shown to increases bacterial virulence [159]. In
macrophages cells infected with Influenza virus decreased of binds and phagocytosis
of S. pneumoniae was shown [309, 484-486]. In the literature, some mechanisms of
RSV and other bacterial co-infection were already described, but the information is
incomplete and scarce mainly when restricting information about RSV and S.
pneumoniae co-infections is searched.

In addition to better thoughtful the role of macrophages during simple and
mixed infection, we also tried to better understand cellular mechanisms and we
described a set of potential biomarkers capable to indicate the severity of the disease
or the etiology of infection. The relevance of new biomarkers to help diagnostics
methods was highlighted in the diagnostic topic of introduction chapter of this
manuscript. In our two articles, we confirmed the importance of biomarkers and we

contribute to the literature with a description of new biomarkers. Also, to show the
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close interactions between mixed infections and macrophages we described the
cellular mechanisms and activated-pathway in the expression of these biomarkers.

In the last part of the first article, we performed a translational study to
correlates in vitro experiments with clinical specimens of children with pneumonia.
The correlations between severity of disease and pathogens were shown and
confirmed the selected cytokine as a potential biomarker.

The results suggest potential biomarkers to generate an assay that could
discriminate between single or mixed infection during pneumonia. Further research is
needed to clarify how mixed infection modulates the cytokines/chemokines
expression in macrophages. A better understanding of the host immune responses to
mixed infections is important for designing vaccines and other preventative agents in
the future. This group of results enriches the literature on respiratory infections and
the role of macrophages in the response to mixed infection and promotes greater

knowledge about the role of IP-10 as a potential biomarker.
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Article 1. Viral and bacterial co-infection in severe

pneumonia
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. Glaucia Paranhos-Baccala®

: mixed viral and bacterialinfections are widely described in community-acquired preeumonia; however,

: the clinical implications of co-infection on the assedated immunopathology remain poorly studied. In

: thiis study, microRMNA, mRMA and cytokine)chemokine secretion profiling were investigated for human
:  monocyte-derived macrophages infected in-witro with Influenza virus AFHIN1 andjor Streptocecous

: preumonice. We observed that the in-witro co-infection synergistically increased imterferon---

¢ imduced protein-10 (CXCLI0, 1P-10) expression compared to the singly-infected cells conditions.

: ‘We demonstrated that endogenous miRh A-200a-3p, whiose expression was synergistically induced

: following co-infection, indirecthy regulates CXCL 10 expression by targeting suppressor of cytokine

. signaling-6 {S0C5-6), a well-known regulator of the JAK-STAT signaling pathway. additionally, ina

: subsequent clinical pilot study, immunomodulators levels were evaluated in samples from 74 children

¢ (=5 years-okd) hospitalized with viral and/or bacterial community-acquired pneumonia. Clinically,

: among the 74 cases of pnevmonia, patients with identified mixed-detection had significantly higher

: (3.6-fold) serum IP-10 bewvels than those with a single detaction (P= 0.03), and were signi

: assedated with severe preumaonia (P < 0.01). This study demonstrates that viral and bacterial co-

. infection modulates the JAK-STAT signaling pathway and leads to exacerbated IP-10 expression, which
: could play a major role in the pathogenesis of preumonia.
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pathogenesis of several dis=ases and has been suggested as 2 potential biomarker of virl infection'™", lte-onset
‘bacterial infection in premature infants'?, and a promising binmarker of sepsis and septic shock™"™, Combined
analysis of [P- 10 and 1FN-y has also been reported as 2 useful biomarker for diagnosis and monitoring thera-
peutic efhmcy in patients with active tshercubosis' ", and both remain detectable in the urine of patients with
pulmomary dissases in the absence of renal dysfunction™.

With airway epithelial cells'”, resident alveclar macrophages (4 Ms) and blood monocytes-derived mac-
rophages (recruited into tissoes under inflammatory conditions™*'} represent a major line of defense against
both preumococal (through their high phagocytic cipacty™ ™) and influenza infection™ . So fr, no studies
have yet focused on the intracellubar mechanisms that regulate IP- 10 in human blood lewkooytes during mized
1AV and 5P infection. Several studies indicated that host non-coding small RMNAs (including microRMAs) may
ﬁmmummmmndh];h:brr:m.ﬂmqmnﬂpnuhlmﬂnm&ﬂnm such as the innate immune
response” and antiviral activity™™; both of these processes are closely related to toll-like receptor (TLR) sigraling
pa

In this sindy, we frstly investigated the in vifro intracellubar mechanisms that mediate the innate immune
response in [AY and/or 5P infected haman monocyte-derived macrophages (MDMs). Using this approach, we
observed that mixed-infection of MDMs induces a synergistic production of IP-10 which can be related 1o 2
mﬂNkMK—BTﬁTm-&mplhnq mw;mlumml&mufcﬁn:dmh
collecied from children <5 years-old hospital we confirmed that serum IP- 10 level conld be
rﬂnﬂmhﬁhrﬂmﬁwwmﬂﬁmm

Resuits
Characteristics of MDMs infected by [AV andfor SP.  Initially, we imvestigated in vitro the impact of
single and mized IAY and SF infection on MDOMs. Firstly, active repliction of IAV was assessed by gRT-PCR and
quantification of new infectiows viral particles in the cell supernatants (Fig. lab). LAV titer increased over time
afier single infection with LAV and correlbied with incressed production of negative-strand 1AV RNA_ Maximum
viral replication was observed at 18-24 hours post-infection, after which time both RMA replication and the
quantity of infectious particles decreased. In this in vilro model, subsaquent challenge of IAV-infecied MDAMs
with 5F had no significant impact on the production of new infections viral particles (Fag. 1b). Together, thes=
results indicate permissive and productive infection of MDMs by 1AV, Secondly, we svalusted whether MDOMs
are permissive for both LAV and 5P infection. The presence of p i within IAY- and SP-infected pri-
mary MD¥s was confirmed at Bh post-infection (Fig. 1<), suggesting that MDMs are permissive for viral and
bacterial co-infection in the eardy steps of infection. Importantly, confocal co-detection of mized IAY and 5P
was oaly elfective [nllowing B h post-infection duse to the bactericidal impact of 5P internalization within homan
{after 24h, data not shown). Thirdly, we evaluated the impact of single and mixed infection with.
1AV and 5P on MDM viahility. Mixed infection significantly decreased cell viahility (65.2 4+ 4.5% total cell death at
48 hours post-infection; P+ 0.0001 } compared to single 5P and [AV infection (39.6 4+ 1.7% and [7.4 4+ 1.1% todal
ndldn&mdrﬁg_ld,} Taken together, these results confirmed human MIDMs are permissive io mized
wiral and bacterial infectio

mBEMNA, microRMA and protein expression profiling reveal an overall induction of the host
innate immune response following LAV andfor SP infection of MDMs.  To imvestigate the innate
immune response orchesirated by [AV- and 5P-infected human MDMs, we Gretfy evaluated the expression of
B4 genes imvolved in the innate and adaptive immune responses (Table 51 the major differentially-expressed
genes are summarized in Fig. 2a. Expression profiling indicated an owerall induction of genes related to the
JAE-STAT, NF-K and TLR signaling pathways. Indeed, all interferon-stimuolated genes ([50s) screened, indud-
ing CXCLIG (fold-change [ PC] = 240.9), OCL-2 (FC= 342} and MX-I (FC=151.4} were upregulated following
mﬁ.m&cﬂmmﬂdiﬂnﬂm&ﬂ:ﬂoﬂl mo:tnfwlnd!.mdnelr refated o STAT-1 (BC= 52.3), IRF-7
(FC = 6.8) and IFNBI {PC= 5.2) also found upregulated in mized infected cells. Secondly, we investigated the
endogenoms microBMA expression profiles of IAV- and SP-infected MDMs. A selection of microRNAs that
were found to be differentially-expressed under different infection conditions are shown in Fig. Zh and Table 52
mmﬂpﬂmﬂnﬂl&rbdhnnghuﬁ’[m 63'? lmd.:SP{PC SF}J.BJm.l.Erll.ﬂ.\"fSi"

of human macrophages-like {THP-1 monocytes m}ummhﬁmﬂndm]
Thirdby, the secreted levels of varioes antivinal, pro-infla ary and i Loy cytokinesichemokines
were assayed in LAV- and SP-infected- THP-1 and primary MDM cefl supernatants. We observed a remarkahle
correlation between the mENA and protein expression profiles of single or mized infected MDMs especially
regarding CXCL- 10 and [P- 10 expression. Indeed, the level of IP- [0 was synergistically increased in the super-
natant of IAV-infected THP-1 MDMs exposed to 5P (mean: 30,589 £ 16,484 pgml ') compared to single TAV
infection (1,439 4 566 5pgml- ') and singls 5 infection (4,472 & 2,001 pgml ' P<0.05; Fig. 2c) at 24 hours
after infection. In those cells, IP-10 expression reduced over time (48 to 72 hoars), coinciding with a signifi-
cant higher proportion of necrotic and apoptotic cells (Fig_ 1d). The synergistic expression of IP-10 was simi-
Larly ohserved at 24 hours post-infection using primary MDMs {Fig. 2d}. Signihantly increased secretion of the
other tested cytokines and chemokines was not observed post-infection, even in mixed infectsd MDMs (Fig. 51}
Interestingly, a significant production of IP-10 was also ohserved in supernatants of primary human airway
epithelial cells (HAEC) mixed -infected by IAY and 5P compared to the single infections {Fig. 2e). Taken together,
Ih:mRN.ﬂ.lndpmunpmﬁﬁu;nmhmguErl that mixed viral and bacterial infection of MDMs indoces
a synergistic pro-inflammatory related to the type-1 interferon and JAK-5TAT signaling pathways,
with IP-10 as signature of IAV/SF co-infection. Among all microftMAs screened, mift-200a-3p was the most
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Figure 1. Single and mized infection of buman monocyte derived-macrophages (M DMs) by IAV and 5P
{ah MIHs were infected with IAV at an MOTof 001, 0.1 or 1 and total RMA wos extracted a8 0, 6, 18, 24, 48
and 72 hours post-infection. The LAY A/HIN1 hemagglutinin (HA} gene was amplified by real-time gRT-PCR.
(b} Influenza ATH1N1 viral load (TCIDw) in the supernatant of singhs IAY-indected MDMs or IAY-infected
MDMs following subsequent challengs with SF. (c} Confocal imaging of LAV and 5P in mixed-infected MDhs
at Ehours post-1AV infection and 4 hours post-5P infection. DAPL, oudear stain, blue. TAV, Influenza A virus
nudeoprotein stain, green. 5P, 5. prewmaniae stain, red Scale bar =5 pML (d) Impact of single and mized

IAV and 5P infection on MDM cell viahility. Statistical analyses were performed using two-way ANOVA with
Tukey's post-hoc test; *P< 005 “*F < 0.01; P < 0.001; ****P < 0.0001

overexpressad in IAV/SP co-infection of homan MDMs. In the rrmainder of this study, we decided o investigate
the intercommection between mill-200a-3p expression and the innate immune esponse.

Endegenous miRMNA-200a-3p expression comelates with CXCL10 (IP-10) induction following
mixed LAY and 5P infection of human MDMs.  Using a specific Tagman probe assay targeting miR-
ia-3p, we confirmed a significant spregulbtion of miR-200a-3p following mixed 1AV and 5P infection of
human MDMs (Fig. 3a). In this experiment, a more marked up-regulation of miR-200a-3p was observed follow-
ing LAY + 5F compared to results obtained previously (Fig. 2h). This discrepancy has been attributed to the use
of two different approaches to quantify miR-2002-3p expression. The use of a target-specific stem-loop reverse
transcription primer in Fig. 3a allows a better sensitivity of mif-200a- 3p detection compared to the non-specific
Huorescent dye used in Fig. Th. As the general trend was suggestive of a synergistic induction of mil-200a-3p
in response to mized infection (Fg, Ja), we hypothesized microRMNA-200a-3p may play a role in the regulation
of CACLI (IP-10), which was also synergistically upregulated in mized-infected MDMs (Fig. 2c and d) and
primary HAEC {Fig. Ze). To test this hypothesis, we imvestigated the effects of overexpressing (MIM-200a) or
inhibiting (INH- 20} microBlHA-200a in MDMs. As TGFB2 is known to be targeted by miR-2002-3p (Fig. 3b,
in silice alignment), nmﬂtmmnmwnﬁcﬁm&mﬂ@mﬂuﬂnﬂmﬁlﬂl Jpin
THP-1 MDMs. As expected, TGFEZ mRMA was =i y downregulited in MIM-200a-transfected MIDMs
{FC=057) and upregulated in INH-200a- u:n:Ecud!-fDM:CR: 1.70), compared to mock-transfected cells
{Eg. 3c). i mjﬂ-m-h{m-lmﬂin:inglz and mized [AV /SP-infected calls enhanced the
lewels of CXCLIO at 24h post-infection, whereas partial inhibition ([NH-200a) downmegulated the expresion of
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(MOI= 1) was added. Tota] cellular mPMA (a) or miRMA (b) were extracted 24 h post-infection, reverse-
transcribed and amplified using specific KT° profiler PCR Arays. Major differentially expressed mBNA or
miRMAs are shown. {c—e) THP- | MDMs, primary human MDMs or primary airway epithelial cells (HAEC)
were infected with 1AV (MOI = 1} for £h before 5P (MOI= [} was added The concentration of TP-110 im cell

multipler immuncessay on a2 Flexhdap3D Lominex
mpuumimﬂn:kiﬂl{ofhu’{:}'ﬁdn!nquﬂﬂu. Euu.rl:d] independent experiments

experiments {c—] were performed wsing a Kruskal-Wallis test (non- parametric, one-way ANOVA with Dunns
post-hoc test); *P< 0U05; **F < 001

CRCLIO (Fig. 3d). These results suggested miR-100a-3p indirectly regulates CXCLI0 and bed ws to hypothesize
that miR-2({a- ¥p controls a potential repressar of the JAK-STAT signaling pathway.
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Figure 3. Functional amalysis of the synergistic indoction of miR- 30da-3p in MDMs after mixed infection
with AV amd 5P (a} Preceding LAY infection elevates miR-200a-3p expression after mixed infection with

5P MIDMs were infected with IAV for 4 hours, then infected with 5F, incubated for 20h and total endogenous
m%smm&dhwﬁmepﬂcmrummmipmmdhmlhﬂdcﬁnn;:

in miR-20{z-3p expression in mock-transfected and infected cells. (b} In slico predictive target alignment
ﬂwm.gl]:dmuﬂ.mhmh?mmmmdm[:]m{d}ﬂmﬂm&{r}
mﬁmﬁhmml drcted with m fecton control (NTC), miB-200a mimic

{MATM-200a) or miR-300a inhshitor (INH-200a). At Iﬂhﬂﬂhnm&ctmﬂmkm-mmdy:rmmﬂt
infected as described previously. At £h post-1AY andlor SF infection, total mBMA was exvtracted and amplifed
by PCR using specific primers for the indicated genes Values represent median 4+ QR (a, ¢} or mean -+ 5EM (d,
&) af three biological replicates. Statistical analyses were performed wsing a Kruskal-Wallis test {non-parametric,
one-way ANOVA with Dunn’s post-hoc test) for dota presented in (a, c). An ordinary two-way ANOVA

{with Tukey's post-hoc multiple comparison test) was used for data presented in (d, &), *F-< 0005 **F < 0.01;
P 0001; ****P< 0.0001. (f}) Western blot analysis of S065-6, S04C5-3, 1AV nudeoprotein (NP} and [-actin
EXTpression mmmmdwﬁmmn&mmﬂ [NTC), mil- 100 mimic (MIM-2002) ar
miR-2Ma inhihitar (INH-200a), cubtnred for 18h, and then infected 2 ﬂ:ln'tbedprﬂ'lncd‘r Cdl'f:drsm:u

harvesied 24 hours post-infection.

(1
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m—mﬂiipindiecﬂrmglmw-lﬂmhnhfmrgailgﬁﬂﬁﬁ. As shown in Fig. Za,
several JAK-STAT signaling pathway genes were deregulated in mixed LAY- and 5P-infected homan MIDMs;
therefore, we kypothesized that miR-2002-3p directly regulates a regulator of the JAK-STAT signaling pathway.
Predictive target analysis indicated that the 3 UTR of suppressor of cytokine signaling-6 (S(M258) may be tar-
Flcrlbjml.il-ltl:h 3p (Fig. 3b). S0CS proteins constitute a class of negative regulators of JAK-STAT signaling
pﬁmﬁmhhﬂdhbﬂhc}lﬂﬁnﬂmdmmm-mﬂpmmtmmmm
SOCSs (BC= DE?}wﬁﬂEntﬁibnuuofmm-lmnjpflm{ m}wm&mﬂtm— 1.55), :nu.Erlmng
that miR-20{a-3p effectively regulates the expression of SOCSS (Fig. 3e). Moreover, SOCSS was synergistically
downregulated in IAV- or IAV/SP-infected MDMs overexpressing miRMA-200a (Fig. Je), suggesting that both
infection and miR-200=-3p mmhmmnfmﬂmﬂy western blotting confirmed that
expression of S045 -6 sharply reduced following infection, especially afier mized LAV and 5P infection (Fig- 3f).
These results indicate mil-200a-3p is strongly induced in response to mixed viral and bacterial co-infection,
which in turn keads to downregulation of the JAK-STAT regubsior SOCS-6 ot both the mRNA and protein levels
and subsequent wpregulation of TP-10.

Clinical investigation of innate immune response related to pnevmonia etiology. 1'Iu.-mw‘rm
analyses demonstrated mized 1AV and 5P infection of human MDMs and HAEC induced significant
of IP-10. As blood Eeukocytes and respimtory tract epithelial cells actively contribute to inflammation
poeumonia, “hjpulhuiudﬂuhuanIF-lDinlﬂ'umufpmimwirhpmumhmxj'bebul.l!ind.i:ﬂ:ixr:f
mized respiratory infection and disease severity. As part of a prospective, hospital-based, multicenter cse-control
study on the etiology of pneumonia among children under 5-years-cld, a total of 74 patients (44 male, 30 female}
were included in this pilot evaluation According o WHO guiddines, retrospective analysis indicated 44 (39.5%)
Mrnhddnﬂnp:immpmiﬂdm{m}dﬂdmhﬂnﬂuufmmpmmm
main patient characteristics at inclusion are shown in Table 1. Patients with severe p nin had =i
mare recorded episodes of dyspnea (P < 0001 ), cranosss (F= 0003, hn':r:ﬁ:ﬂ.mdnn'mgﬁf{ OLODED, |:|1|.|:|.n:u
to percussion (P 0.001) and lethargy (P 0,001} during chest examination than patient with non-severe pneu-
mania. Mareaver, pleural effusions were significantly more chserved among critically il patients and the duration
was significantly longer for the children with severs pneumoni than for those with non-severs:
pn:umm.l.l{? Dm!E}TmH:mmudwﬁmﬂtmordﬂdnnmmdfdeﬁn:ﬂwﬂhm
k o of the ic infl v response of the 74 cases is shown in Table 2. Serum level of
CEP]?-IU.PE.'TG-EEP l—&nr!mﬂmiﬂmnpﬁanﬂymmdnm&mmmpiuﬁmcrhd}f
ill patients. Patients with severe pneumonia had significantly higher {(4.2-fold) serum IP-10 levels than those
with 2 non-severe poeumonia (P« 0.001) suggesting IP- 10 as a promising progoostic marker in prewmonia.
Diagnostic accuracy measures for predicting preumonia severity using blood-based biomarkers are summarized
in Table 53. Briefly, in this study. the optimal IP-10 cut-off value for identifying patient with severe pneumonia
was 4, 40pgml ", with an area under the receiver operting characleristic curve of 0,69 (5% CI, 0,57 1o 082,
P 0001 ). Defining as positive 2 serum 1P-10 level above this cot-off resulted in a sensitivity of 63.3%, specificity
of §3.6% and 2 positive likelthood mtio of 1.74. Prognostic values of IP- 10 were closed to proc]citonin (PCT;
ALNC = LT 95% FC, 058 to LEZ, P < 0001 ) and TL-6 (ALRC = 0U71; 95% I, (L58-0.83, P OLODEL

IP-10 is significantly associated with viral and bacterial co-detection and pneumonia severnty.
Multiplex FCR-based screening of respimtory and blood samples reveal 2 high variety of pathogen associations
(Table 31 Respiratory viruses were detected in the nasal aspirates (Mas) of 63/74 patients (85.1%). Etiological
‘bacteria of pneumonia (5. pueumonias, n = 1% 5. aureus, n= 1; or H. influsnzae type B, n= 7) were identifed
via real-time PCR in the blood samples of 27774 {36.5%) of the patients. Multiplex PCR assays allowed the iden-
tihcation of respiratory bacteria in the blood of 19 patients with negative blood culture results. Among the 74
cases PCR-positive for respiraiory pathogens, a single vinas or bacteria were detected in the MAs of 7 (9.4%) and
3 (4.0%) patients, respectively; these 10774 (13.5%) cases were defined as the single infection group. The mized
infection group induded the 62074 (B3.8% ) cases in which (1) multiple viruses and/or bacteria were identihed in
BAs {38/74; 51.3%) without any bacteria identified in blood samples or (2) one or more viruses andjor bacteria
were identified in WAs and associated with a blood bacteremia (24/74; 32.4%) . We evaluated whether TP-10 serum
level could correlate with the virl and bacterial stiologies of pneumonia. Patients with mixed infection had
significant higher {3.6-fold) IP-10 serum leve] than patient with single detection {F = 0.03; Tabde 4). A stradihed
analysis reveals that the highest IP-10 serum level was observed among patients with both several respiratory
pathogens identified {mized- detection growp) and severe poeumonia (14,427 pg m] ', IQHR (3,981-B2,994). In
detail, a remarkable [P-10 serum level (142,531 pg ml "), representing 33-fold higher shove cst-off value predict-
ing pneumonia severity was ochserved in patient with hEY in NA co-detected with 5 pnewmnemiae (serotype 14}
in pleural efusion and blood. In concordance with our in-vitrm model of co-infection, a significant IP- 10 level
(20,338 pgml ') was quantified in Bood sample of patient with severs bacteremic pneumococcal (serotype 14}
preumonia with a positive co-detection of Influsnya B wirus in MA. Taken togethes, thess resuls sggest that
high serum IP-10 levels are significantly associated with mized viral and bacterial detection and also related to
preumaonia pathogenesis.
Discussion
This study provides additional im vitro and clinical data to improve our understanding of the immunopathology
of mixed viral and bacterial preumonia (Fig- 4.

The in vitro madel of influsnza and preamococcal superinfection of human MDMs demorstrated that mixed
infection synergistically induced release of the pro-infammatory chemokine IP-10, strongly suggesting human
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Table 1. "Within the two previous weeks before study indusion. Significant P values {<0.05) are in bald.

blood leukocytes contribute o the immunopatholegy of preumonia. Addifonally, transcriptomics and omics
anatyses prowided new data on the inflammatory pathways that are activated during mized infection and melated
to synergistic induction of the pro-inflammatory chemokine 1P-10 in mized infected cells. Our observations are
comsistent with a recent study describing IP- 10 induction as host-proteome signature of both wiral and bacterial
infections™. O the ditferentially-expresssd genes observed in mized infected MDMs, the tanscription boors
STAT-1 and IRF-7 appear to play crucil mides in the regulation of interferon-stimulated genes including CXCLIQ
{IP-10}. By focusing om the intracellular mechanisms that regulaie inflimmatory pathways, we demonstrated 2
novel role for miRMNA-200e-3p in the regulation of CXCLIE (IP-10). These observations are consistent with pre-
vious reports showing that RMA virus infection upregulates miR-155 in macrophages and dendritic cells and also
regulates suppressar of cytokine signaling 1 {SOCS1), suggesting the evistence of 2 miRNAAK-STATS0CS reg-
olatory pathway during viral infection™. Our stody suggests co-infection leads 1o overexpression of milt-200a-3p,
which in turn targets and downregulaies the JAK-STAT regubtor SOCS-6 and conssquently increases CXCLIP
{IP-10} expression. Interestingly, a complementary in-silico approach reveals that several microBFINAs that were

found dysregulated m our experiments of LAY and SF co-infection of MOMs or HAEC, might trget several genes
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Tll:l:! *Oly CRP data are expressed in mg -1 otherwise in pg ml . Values are expressed as median (HJR)
pgml . Differences between groups were compared using unpaited Mann-Whitney tests; significant
ch.lnpf,!'s.ﬂ.ﬂslmmbdd.

of S0 Family and plry similar role than milt-200s-3p. Indesd, mifNA-143-3p might target SOCS4, 5, § mBENA

while miRNA- ]%hm@“ﬁMi{Emd?thobﬂnﬂmlmﬂmeMmh’

regulation of IP-10 is not limited to the contribution of a sole microRMA. A complex inter-relationship between

numerous host microPMAs and inhibitors of the JAK-STAT signaling pathway occur to control host innate
respomse against viral andfor bacterial infections.

Clinically, the majority of pediatric CAF cases in this study were associsted with both positive viral andfor
‘bacterial detection. Respiratory microosganisms were detected in 97% of cases; 51.3% of which were viral-viral,
viral-bacterial or bacterial-bacterial co-detected only in nasal aspirates, 32.4% of which co-detected in both nasal
aspirates and blood samples These data are comsistent with previous etiological studies of pediatric CAP=-2_
5. preumoniae was the major bacteria identified m blood (15/74; 15.7%) and mainly co-detected with respisatory
viruses in MAs (16/1% B4 2% ). We observed a very high diversity of viral and hacterial associations in biclogical
smples from children with preumonia. In comparison with IAV and SP14 combination evabuated in-vitre, no
poeumania cases were singly infurnza and poeumococous infected. and oo similar co-detection with those two
pathogens has been dinically oheerved Mevertheless, Influenza B {T'VE) wirus was identified in 5 patients and two
of them had a positive 57 co-detection in ood (ooe non-typable strin and one serotype 14 using our molecular
typing test). [VE and 5P14 combination seems to be the nearest pathogen co-detection to that fn-vitro mvesti-
gated Clinically, this co-detection was assncisted with hath a wery high IP- 10 expression and a very severe pneu-
mania case definition. Interestingly, our translational pilot evalimtion reveals 1P- 10 expression can be induced by
several different viral andfor bacterial combinations. As immune response to each pathogen is different, further
mrﬁnmwmmmm&ﬁ:ﬂgﬂhwmhﬁmmmdedmhﬂucﬁ:mmhmm
irvolved in the in logy of po

h&uoﬂhﬁh@ﬂum]ﬁ]ﬂlﬂdﬁmdﬁuﬁdm:ﬂmﬂhbﬂhmwm
and severs poeumonia, suggesting a significant role of [IP-10 oo pneumonia pathogenesis. Indeed, high plasma
levels of IP-10 have previously been reported in patients with sepsis'®, and were associated with high mortality
mwmalymm'ﬂhw Aﬂm:ﬂhhmlﬂ{m}mhhﬂﬂdﬂmmwm&
Mareover, an in vivo study r]nl: muadeled inflsenza and poneumococcal superinfection in mice m:rBul.ud
pro-inflammatory chemokines, inchading IP-10, play 2 crucial role in influenza-indoced susceptibility to lung

ilia, severe immunopathology and mortality™. In this study, markedly efevated [P-10 {92,809 pgml '}
combined with the highest PCT level (74 4pgml ') were quantified in the serum sample of 2 child who died,
in whom 5. preumaniae (serotype 8 V) was identifbed in the blood (PCR. and blood culbture) and co-detected
with Hasmophilus infTlusnzae type B in nasal aspirage. These ohservations suggest an interrelationship between
co-detection, elevated serum IP-10 and the pathogenesis of pneumonia.

Several limitations of this pilot translational study need to be acknowledged before conduding mived infec-
tion is related to elevated TP-10 and disease severity Indeed, alihough viral shedding {e 5., of HRV and HEaV)}
is common in asymptomatic children, we were unahle to evab the levels of i lulators in the serum
smples of a control group. Moreover, although the samples were collected within the first 24 hours afier admis-
sion, only a single blood sample was processed for each patient. Therefore, a larger, longitedinal study on the
etiology and severity of pneumonia will be necessary to confirm thess results In condusion, the present Aodings
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Table 3. V- Virus; B: Bacteria; MA: Masa] aspirate; BL: Blood; PE: Pleural effusion; © several AdV: Adenovirs;
EV: Enterovines; HREV- Human rhinovirus; REV: Respiratory syncytial virus; PTV: Parainfluensa virs HCoV:
Hmmmmm%mmﬂmmmmmmvmp&mm

Inﬂn:mmu.ﬂ.l’HlNl,I‘i"Eh&mﬂnm&&pmmmmmmﬁhﬂ.ﬁﬁ,l
L.’II.Sng.!‘D.Z}F 17HE 353\.3-5"' 14,9V, IgF ll:l.L?c 16E 19 4; NT: non-typable; 5a- Staphylscooms aureus
Mp: Mycoplasma p Fiib: Hinemog bypeb.

suggest that mixed respirtory infections and 1P~ 10 may play major, interoonnected mobes in the pathogenesis of
preumonia. Clinically, assessment and monitoring of induced IP- 10 serum level may assist dinicians to improve

diagnosis and patient manage ment of severe community-aoquired pneumonia.

Materials and Methods

Viral and bacterial strains. The seasonal influenm ATHEINT vimos {IAY; AfSolomon Blands/03/06) was
obaained from the National Influenra Reference Center (Lyon, France). Encapsulited Streplococars preumonias
serotype 14 (5F) was obtained from the Mational Reference Center for Streptococci, Department of Medical

Microbiology, University Hospital, Aachen, Germany.

Cell culture conditions. P:np!:mlb]mdmmﬂcﬂrcﬂ]ﬂ [PEMCs) were isolated from whale blood of
four healithy donors (female/male mtio: 1-3; range of age: 2165 years) using Ficoll-Paque phes ( GE Healthcare
Life Sciences, Little Chaliont, United Kingdom) and monocytes were purified using magnetic M4 MicroBeads
{Miltenyi Biotec, Bargisch Gladhach, Germany). The purity of isolated CI}N 4+ cells was comsistently = 0%, as
determined by Bow cytometry (Accuri Cf; BD Biosciences, San Jose, California, USA) Frimary MDMs were
obtained after & days of differentiation in RFMI- 1640 ghatamax supplemented with 10% heat-inactivated FES and
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10 ng ml ' M-C5F [Miltenyi Biotec). THP — 1 MDMs were obtzined by cabturing cells with 10 ng ml™ phodhal
mrpristate acetate (FMA; Imvivogen, Toulowse, France] for 72 hours. Human airway epithelial cells (HABC, broo-
chial cell type) originated from a 54-years old woman with no pathology reported (batch number MDOSSE501}
were provided by Muocikair (Epithelix, Geneva, Switrerland)_ Sterility, tisue integrity (TEER), mucus production
and cilia beating frequency have been certified by the company.

Multiplex real-time gRT-PCR co-detection of IAY and 5P.  Multiplex real-time gRT-PCR was
performed to quantify 1AV (H1 hemagglatinin gene, provided by Pr AD Osterhass from the Department
of Virology, Erasmus Medical Center, 3015 GE Rotterdam, Netherland) and 5F (autolysin A gene,
LytA, unpuoblished home-made primers and probe design) in MDMs. The primers and probes (HI-P
Y -GAATAGCCCCACTACAATTGGGTAA-Y; HI-R ¥ -GTAATTCGCATTCTGGGTTTCCT-¥; HE-P
-FAM-AAGATCCATCCGGCAACGCTGCA-BHQ-Y and LvtA-F 5/ -GOGGAAAGACCCAGAATTAG-3;
IytA-R 5 -GAATGGCTTTCAATCAGTTCAAC-¥; Lptd-P ¥ -Cy5-TCTcAGATHOCa ACCGC-BHG-2-3)
mmuhp&r.n:cltm.ngﬂr.llg?ﬂl: ID™ Ce-Step RT-PCR kit {Lile Technologies; Carlshad, Califormia, UFSA)
ace turer's instructions; the cycling program was adjusted to 50°C for 15 minetes; 95°C
for !ﬂnnul.d:u;dﬂqciﬂJﬁmuQET{mJMHmuﬂl'ﬂwﬂhwmdﬂm
{annealing and extension). Absolute quantification of viral hemagglstinin and prenmococcal LytA copy nomber
were calculated wsing the cyde threshold {Ct) values and in-house standard curves of ATHIM1 influenza virus
and 5. preumoniae serotype 14

Co-detection of IAY and 5P by immuncfluorescence.  Single or mived infected cells were washed
with PBS, fixed with 4% paraformaldshyde for 20 minutes at room temperature, permeabilized in PBS-0.1%
Triton X-100, and incubated with PBS containing 1% BSA and 3% human serum to blodk non-specific binding.
Iﬁn.ummudnullmﬁ-h&mnn.h\"m.Nudﬂupmﬁm fﬁml;.ﬂbumthmhﬂg.hhﬂdmﬁum]md
goat anti-mouse IgG HEL (AP-488, #A1102% Life Technologies) were used to detect IAV. Rabbit
anti-Sireptocoomus pnewmniae antibody (#ab2042%; Abom) and goat anti- abbit IgG HEL (AF-647, #ah 1 50083;
Abcam} were used to detect SP. Cells were imaged wsing a Leica DMI 3000B microscope equipped for fluores-
cence maging.
Gene expression pmﬁmg_ Total cellular mBMA was purified using the RMeasy kit {(Jagen, Hilden,
) &m]mlm“pﬂﬁrmquﬁzwmﬂmﬂm{ﬂmnﬂmmg

ﬂnmhﬁﬁﬂm&n&mqﬂmﬂhﬂk&hﬂtﬂd' ges in gene expression for each gene relative
to unindected control cells 1ming the web-based BT profller PCR Array Data Amalysis software (54 Biosciences].

MicoRMNA profiling amay. Total cellular microPMAs were purified using the miRMeasy Mini kit (Qiagen)
and reverse-transcribed using the miScript Reverse Transcription kit (Qiagen). The profiing of B4 mifNAs was
periormed using the Human Immunopathology miScript miRMA PCR Array kit ((fiagen) according to the man-
ufacturers instructions. Data were analyzed wsing the miScript miRNA PCH array data analysis web portal.

In silico miRMNA target prediction. MiRMA target genes were retrieved and compiled using TargetScan™
and microBMN A org resource™. The interactions between miRMAs and intracellular pathways were predicied
msing DHANA-miRPath v210%.

Monocyte-derived macrophage (MDM) co-infection model. Human primary CDE4+ or
THP-1 MDMs were seeded in 24-well plates (0.5 = 10° per well) in iriplicate, exposed to Influenza A HINI
{ AsSolomon iskandsd 3 2006) virus {IAV] under serum- free conditions for | hooer and then culturesd for 3 howrs in
fresh BPM1-1640 containing 2% FBS. Streptococous paewmoniae (SP) serotype 14 was added at 4hourms after LAV
infection. Gentamicin (10pg ml- ') was added 2 hours after 5P infection {ie. & hours post-influenza infection}
and maintzined mhmhmme&;im@mﬂhmbhﬂzmﬂhhmudlmdhcuml
growth. Cell viahility was determined by Bow-cytometry using the FITC/Annexin V spoptosis detection kit (B
Biosciences), according to the manufacturer’s instructions.

Functional analysis of miR-200a-3p.  For miR-100a-3p inhibition/mimic assays, [ = 10° THP-1 MDMs
were transfected with sither 30 nmaol miR Vana® hes-miR-200z-3p inhibitor (#4464084), hea-miR-200a-3p mimic
{m}. m.m Ichibitor Megative Cootmoll #1 (£#4464077) or miRMNA Mimic Negative Control #1 (#4464058;
in OptiMEM (Life Technologies) using 3pl Imvitrogen RHAIMAX Lipofectamine/well in
II ﬂlpﬂe&ﬁﬂu’!ﬂhmnﬂmwﬂhﬂd m.Ed.Edupmum.ulfd:mibﬂd.Ihe:ﬁumqnfﬂumﬂ
1iMa-3p inhibitor/mimic was evaluated 24 howurs afier mixed infection by purifying total miENAs (mirVana®
mifMNA Isolation Kit, Ambion, LiETﬂd!.nnlups], reverse transcription lndlped.ﬁ:m.pﬁ.ﬁmlinnufmiﬁ-
Iila-3p using the TagMan MicroFMA Beverss Transcription kit {Life Technologies, #4366556) combined with
aspecific mifMA probe assay (Life Technologies, #4427975)L In this assay, fold changes have been defined by the
AACHmethod using control RMU-44 and -45 as reference microRNAs. Total mANA was purified from tramsfected
and infected MDMs using the RMeasy kit (Qiagen) and specibc primers were wsed to amplify tansforming growth
factor beta-2 (TGFEE B 5'-CCATCCCGOCCACT TTCTAC-Y, B ¥-AGCTCAATCOGTTGTTCAGGC-Y),
50056 (B ¥ -AAGAATTCATCCCT TGGATTAGGTAAC-Y, B 3 -CAGACTGGAGGTCGTGGAA-F )Y,
CXCLIO (IP-1k F: ¥ -GTGGCATTCAAGGAGTACCTC-¥, B ¥ -TGATGGCCTTOGATTCTGGATT-¥ )
and #-Actin (F: ¥/-CTCTTCCAGCCTTOCT TOCT-¥, B - AGCACTGTGT TGGOGTACAG-3'). Rabbit
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Table 4. "P-10values are expreszed in pg ml ' IP-10 concentration differences betwesn groups were compared
osing unpaired Mann-Whitney t=stx; significant changes (P 0.05) are in bold.
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Figure 4. 1AV and 5P co-infection of MDMs exacerbates induction of IP-10: putative role for milt-200a-3p
mhmﬂTmm Both the in vifro and dinical studies indicated [P-10 is

associzied with mived viral/bacterial infection in pediatric community-acguired poeumonia fn vitro, mif-

Tila-3p was synergistically induced foflowing mized LAV/SF infection of buman MIDMs and found io indirecthy
regulate CXCLI0 (IF-10) expression by tangeting the sappressor of opiokine signaling-& gene (S0C54), 2 well-
known repressor of the JAK-STAT signaling pathway. In vivo, [P- 10 was signibicantly elevated in the serum
samples of pediatric patients with mixed viral/bacterial severe pneumonia compared to patienis with single
detection {(F= ﬂm]lndnmmpmmwillﬂl}.

:.ﬂndﬂmﬁ-m‘:#i:ﬂl?] SOCS-6 (#ah13050), S0LCS- 3{!&-]&]30}:&&5:]!:;:&1:&11
anti-Inflsenza ATHINT {#ahl 19078, lﬂﬂbﬂm]"!ﬂlﬂﬂ&ﬁl’“’ﬂlﬁl‘n—”ﬂﬂn‘.

Multiplex immunoassay of inflammatory mediators.  Serum samples and cell culture supernatants
were screensad for the presance of 27 human cytokines and chemokines using the Bio-Flex Pro Human Cytokine
Standard 27-Flex kit {Bio-Rad, Hescules, California, USA} on a FLEXMAP 30® analyzer (Luminex, Austin,
Texzas, USA)

Community-acquired pnevmonia cohort.  As part of a prospective, hospital-based, multicenter
case-control study an the eticlogy of ppeumaonia among children under 5-years-old {stady protocol published in®),
a total of 74 patients (44 male, 30 female) admitted to the Hospital Pedidtrico Mifios de Accsta Fu, 5an Lorenza,
Paraguay, between 2010-2013 were included in our stady. Briefly, preumonia cses were defined by the presence
of 1) cough andlor dyspoea, and 2} tachypnea, 2s defined by the World Health Organization (WHO) (age <2
mnﬂﬂ'u:}ﬂl"lm.mlq age 2- !lmﬂm}ﬂmmvi—im}ﬂmﬂ:}“ l.nd!l:llhsmn::fwhﬂ:.ng:
at auscubiation, and, 4) first symptoms appearing within the last 14 days, and 5) radiological confrmation of
pnelmmup:r'l‘ﬂ'lﬂ guidelines™. Based on these primary criteria defining poeumonia cases, all 74 cases

re-evahuated according to the WHO "Pocket book of bospital care for childres™® criteria to
nﬂluepmnm.nsﬂ:ntj Cases that died during the study, or whio had at least one additional clinical signs
induding central cyanosis, dullness to percussion during chest sxamination, prostationilethargy, pleural sfhasion
observed on chest mdiography were retrospectively included in the severs pneumonia group. Patients without
amy of these additional dinical signs were included in the non-severs pnevmania groop.
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Clinical and molecular analysis.  Nasopharyngeal aspirates (MAs) and whole blood samples were col-
blood culture and multiplex real-time PCR to identify Staphylococcus aureus, Streplococous prewmaorias and
Haemophilus influenzae type B*. 5. pnewmoniae serotypes were defined using 2 11 multiplex real-time PCR
assay targeting the 40 most frequently represented serotypes or ssrogroups according to protocol developed
by Messaondi et al 7. Serum C-reactive protein (CRP; AssayPro, St Charles, Missouri, United States) and
Procabcitonin (PCT; VIDAS BRA H M.S; hi:hlb:i:u.r]mqulmiﬁ.ﬂlﬁum uﬁnl:—blnud.umpl:s. Mu.ﬁipi::
m!—tim:nuuq_lnm.in.lin mnﬁm-‘nﬂmmshmuﬂa}mmdmdmulsmmdﬁmh-
teria in the respiratory specimens (MAs and plewral effusions). Mixed detection was defined as 1) FCR-positive
for multiple viruses in MAs, 2} positive blood culture or PCR-positive for multiple bacteria in blood or 3)
PCR-positive for one or multiple viruses in MAs and one or multiple bacteria io blood (identified by PCR and
‘blood culture).

El:himlappan 'ﬂulhﬂ[pﬂlﬂnﬂ.mﬁmﬂdmmﬂmdmﬂ]munﬂlﬁnm,mm
and all ather study documents were submitted to and approved by the Ethical Committee of the Instituto de
Investigaciones en Ciencias d= la Salud, the Universidad Macional de Asuncitn ([ICE-UNA) and the Hospital
Pedidtrico Mifios de Acosta N Informed consent was obtained from afl subjects involved in this study The cin-
ical investigation was conducted according to the principles expressed in the Declamtion of Helsinki.

Litatistical analysis. The Chi-square test and Fisher’s exact test were used to compare categorical varia-
Hﬁmmmnﬁﬂnndummﬂrﬂmﬁbmddnmcmpmdmgﬂmﬂlnmw Li-temst;
:md.'himl{i.L.HDCK_Il“’.S?nrlM’+SF]mpﬂﬁum:ﬂ Mm’\'ﬂ.ﬂ:m:pﬂﬂ—hﬂc
EtwK.n.l.h:]-W.lIEslmhﬁﬁ&ﬁmipd—hcﬂtmm“[mﬁ]ﬁmumdm
determine the optimal cut-off value for IP-10 to differentiate between non-severe and severs preumonia cases.
P < [L05 was considered statistically significant. All statistical analyses were performed using GraphFad Prism
{La Jolla, Califormia, United States).
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Short comprumication
RSV infection in human macrophages promotes
CXCL10/1P-10 expression during bacterial

co-infection
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Abstract: Fespiratory Syncytial Vims (RE5V), a major eticlogic agent of acute lower respiratory
infechion, constiftutes the mest important cause of death in young children worldwide.
Viral/bacterial mixed infections are related to severity of respiratory inflaimmatory diseases, but the
underlying mechanisms remain poorly understood. We have previously investigated the
intracellular mechanisms that mediate the immume response in the combext of influenza
virus/Streptocecous preumoniae (5p) co-infection, using a model of human monocyte-derived
macrophages (MDMs) (Hoffmann et al. 2016). Here, we sef up and characterized a similar model of
MDMs to investigate different scemarii of ESV infecion and co-infection with Sp. Our resulis
suggest that Sp contributes to a faster amd possibly higher level of CXCL10/TP-10 expressicn
induced by ESV infection in human MDMs.

Keywords: Respiratory Syncytial Vines (RSV); Streptococens prewmemize (Sp); Macrophages;
co-infection; acute lower respiratory imfection

1. Introduoction

The common lower respiratory infections (LEIs), such as pneumonia and bronchiolitis,
constitute the major cause of pediairic mortality worldwide but also contribute to high mortality
rates among elderly [2] and immunocompromised patients [3, 4]. A wide vamety of pathogens
contribute to LEIs mainly including vineses and bacteria. Studies have underlined the relevance of
mixed viral/bacterial infections as eliclogical risk factors in acute LEIs [5, 6] and their impact in
severe LEIs. Viral and bacterial co-infections were extensively studied in the context of influenza
viral infection, followed by pneumococcal infection [1, 7-10]. However, the mechaniemes underlying
pathopenesic in mixed nfecions remain poorly understood, notably in the confext of other
respiratory pathogens.

Fespiratory syncoytial virus (E5V) is the most important cause of death in very young children,
and global FSV disease burden is estimated in approcdmately 200 000 deaths and over fhree million
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hospitalizations per year. Currently, the most common cawsative agent of viral LEIs is ESV [11, 12].
In conirast with Influenza viruses, prophylactic and therapeutics approaches for ESV remain very
limited and mew vacdne and andiviral sirategies are urgently required. Among bacterial pathogens,
Streplococous pneumoniae (Sp) is the most common cawse of severe pneumenia. It is a commensal of
fhe nasopharynx and most carriage episcdes do not result in disease [13] but pneumoccccal
poeumonia resulis in approximately half a million deaths in children younger than 5 years each year
worldwide.

A large retrospective study performed recently provided evidence for an interaction between
E5V and pneumococcal pneumaondia [14]. In children with acute LEIs, ESWV was assodated with
increased colonization by Sp, in a similar way to that was desaibed in the condext of influenza
infection [15-19], and althcugh we do not know the exact mechamisms of this interaction, it is
assumed that it is due o the increase of attachment sites to the bacteria in the epithelial cells cansed
by viruses. The prevalence of ESV/5p co-infection varies in approsimately 40°% of samples from
pediatric ESV infections [20-22] and in vitro and in vivo studies show significant increase in disease
severity in this conbesxt [15, 23-26].

Although ESV infections invelve several types of cells in the lung, the important role of
marrophages in the host response has been demonstrated [27-29]. In the hmgs, macrophages are
sirategically located and play a central role in the defense of the host against respiratory pathogens.
They initiate innate and adaptive immune responses, besides being the primary source of cytokines
and chemokines [30, 31]. The elimination of macrophages during a wviral or bacterial infection is
usually favorable to the pathopen and increases the severity of the disease, suggesting that
macrophages are necessary for viral elimination and control of the disease [28, 31-33]. However,
fthe underlying mechanisms of infection conirol by macrophages are not fully eluddated in the
context of E5V/Sp mived infections.

Recenfly, we have investigated the infracellular mechanisms that mediate the immume response
in the comtext of influenza vimns/Sp infecion, using a model of human monocyte-derived
macrophages (MDMs) [1]. This shady revealed that mixed infections of MDMs induces a synergistic
production of interferon-y-induced protein 10 (IP-10/CXCL10). This cytokine could constitute an
inderesting marker, as it was related to viral and/jor bacterial eticlogies and disease severity in a
retrospective analysis of dinical samples [1]. McMNamara and colleagues reported that TP-10/CXCL10
is one the most abundant cytolines in bromchoalveolar lavages (BAL) form infants with ESV
bronchiclitis [34]. In the present study, we wanted to set up and characterize a similar model of
MDMs to investigate different scenarii of ESV infection and co-infection, focusing on IP10 as a
reference indicator of the immune response.

2. Results and Dvscmssion

First, monocytes were isolated from human peripheral blood meononuclear cells (FBMC) and
differentiated info macrophages as previously descibed [1]. These human MDMs were then
exposed to RSV (Long strain, ATCC VE-26) at different multiplicty of infecion (MOT) to investigate
fhe kanetics of infechion by monitoring of genome copy number using a specific ET-qPCE on cell
lysates harvested at different time-points (Figure 1A) As a comparison, immortalized monocyte-like
THP-1 cells were infected in parallel with the same protocol. Our resalts confirmed that MDMs can
be effectively infected by E5V, similardy to THFI-1, but that viral replication remains very limited in
fhe case of MDMs. These cbservations were in good agreement with early works that showed that
E5V replication in macrophages was possible but with a limited extent [35-36]. Indeed, we observed
a similar kinetic profile whatever the MOI used, with a replication peak at Shpi, followed by a
stabilization or a decrease of genome copy number at 48hpi for THF-1 and MDMs, respectively
(Figure 1A). In comdrast to that is usnally described im cell lines (e.g. Hep-2 or A549), we did not
observe marked cytopathic effects in infected MDMSs, but rather a slightly higher number of dying
cells (data not shown). To complete these observations, we then monitored cell death during SV
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infection using fiow cytometry (Annexin Vipropidium iodide staiming) (Figure 1B). Our resulis
confirmed that RSV infection increased cell death in MDMs, with a significant decrease of survival at
a MOI of 10 at 48hpi (Figure 1B). In parallel, we performed immunoflucrescence micoscopy of
ESV-infected MDM, using a specific antibody to detect RSV F protein (ab20745; Abcam, Cambridge,
UK} (Figure 1C). At a MO of 1 at Shpi, around 10-15% of cell monclayer was positive for ESV
antigen staining (Figure 1C), indicating an efficdent infection, and possibly an initial Imited wiral
replication, as SV F staining still progressively increase from early stages to Bhpi (data not showm).
Interestingly, the level of apoptosis in RSV infected cells (Figure 1B) is not completely correlated
with the number of infected cells (Figure 1C), suggesting that apoplosis is also induced im
non-infected cells.  Altogether, these resulis indicate fhat human MDMs are susceptible to ESV
infecion Moreowver, viral replication oocurs, to a bmited extent, in slight disagreement wifh
previous observations indicating abortive infechion in hing macrophages [37-39].

A T IP-1 el MOk =
ol ¥ S Bt
A RS - Rzu A0
E ' LI f\ e HE B
g F e I E y
P g ool S
v oS x| 11y
I / e i /&
1| 1 4w -~
Lo R ~
E LS -T 54
] [ il i T [ B il
Tire powk- eleacins Torres per el oo il
B
HE O Masiiick:
AL
= ; - R U
E' 0 \\ B e REAUD
1 * T——
i B |
= 6b 1
]
4L ' ' v
u 4 1% L3
Tirrs st et Shaii
G Fhags RS Morge
RsY
Ahpi
RS
fhpi B

I'igw\e:l. Characterizration ulminfccﬁmhhmmmnmcyu-dm m.:.l:mphagﬂ (WD M),
hMomocytes were isolated from human peripheral blood mononudear cells (FEMC) and differentiated
into macrophages as previously descdibed (1) RSV (Lon shrain, ATCC VE-26) was propagated in FHEp2
cells and isolated 2= desoibed previously (43). A. THF-1 ar MDMs= cells were exposed to RSV Long ak
different multiplicity of infedion (WOL, 0.1, 1 and 10) o investipate the kinekics of infechion over Hme.
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Umﬂecbed::lﬂ:ulz\ephﬂhsmﬂ:pusndlncﬂ] m}lmnudim_ﬁtdiﬁmﬂiﬁmrpud:ﬂs..{'nhlndl
exiracts were harvested and analyzed by multiplex real-time ET-qPCE to quantify B3V (T fusion gemne).
The RT-PCE readtion was performed using the AgPafh-IDMP One-Step ET-FCR kit (Life Technologies;
Carlsbad, California, TT3A) according to fhe mamfachurer”s instrocions. Samples with a cypcle threshold
({Ct) value of 24) were recorded as negative. A standard curve was prepared using serially diloted FINA
mmm;mm&ﬂmmmm:mnhﬂumw
V apopiosis detechion kit (BD Biosdences). according to the mamufachurer’s instmuctions. Percent
of MDMs infected by ESV (MO of 1) at Bhpi Immumofloorescence protocol was performed as
previously published ($4). ESV T antigen (Green), Mudei stained by DAFT (Blue). Each experiment was
Pﬂ:fm:mud.ind‘l:l]ﬂi:ate, ﬁm:twuserteul:Pc:imﬂb..

In a second step, we used this MDM model to study ESV/5p mixed infection. We have
previously demonstrated that human MDMs were permissive to Sp infection [1]. Using a similar
experimental approach, MDMs were first infected by ESV at a MO of 1 and fhen mock-infected or
infected by Sp at 1 CFU/cell, 4h after viral infection. Viral kinetics were monitored by ET-gPCE for 48
hpi (Figure 2A) and by measure of ESV viral load (TCIDS0mL) in the supematants (Figure 2B).
Whereas the genome copy number remain unaffected by the subsequent challenge with 5p, we
observed a significant decrease of viral production in the conbext of Sp co-infechion, notably at Bhpi,
with more than three logl0 difference of TCIDSMmL In comparison with single ESV infection
(Figure ZB).
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(MDMg). Human MDA wers nfeched by ESV at a MO of 1. Affer $h of viral infechion, c=lls wene
m&mam&wsyatm}}uﬂwdmmwmnm
obtained from Hhe Natiomal Feference Center for Strepéococs (Dept of Medical Micobiology, Aachen,
at 37C prior to infections for all expenments. MDM cells showed Spnificant loss of viability following
overnight incubation with 5. preomeoniae, and therefore pentamicn (10pg/ml) was added to all wells at
the 2-h ime point to prevent bacterial overgrowih and loss of cell viability. A. At different fme-podnts,
total cell extracts were harvested and analyzed by multiplex real-time ETqPCE to quantify RSV, B. RSV
viral producion in sopematants was performed by quantification of wiral fifers (TCIDSHmL)} with a
Limat-ditubion assay and wsing the Feed & Muench statisbical method Results are expressed as logld
wmﬂhhmm:mﬂMTﬂmmdm“
monitored using flow cytometry, with the FITC/Annexin V apoptosis detection kit (BD' Biosciences),
according to the manufachorer’s nsbruckions. Percent survival is expressed compared fo wiable cells
measured at T= Ohpi. I, E Corinfecion alters the Gming and esdent of IP-10 expression m haman
monocyte-derived macophages (MD&s). Human MOk were infected by B5V at 2 MOT of 1. After $h
of wiral infechion, cells were mock-infected of infected by Sp at 1 CFUcell. At different Hme-points, tokal
cell extracts were harvested and analyzed by mltiplex real-time ET-gPCE to quantify CNCL10 mENA
levels. Total mENA was purified from transfected and infected MDMs using e FMNeasy kit (QHagen)
and spedific primers wers used to amplify CHNCL10 (F: 5-GTGGCATTCAAGGAGTACCTC-S, R:
F-TGATGGCCTTOGATTCTGGATT-3) anud FActin fior normalization [F:
F-CTCTTOCAGCCTICCTTICCT-3, B 5-AGCACTGTGTIGGCGTACAG-3). E. Similar strategy with
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different combinations of RSV and Sp. at Bhpi. Each experiment was performed in duplicate, for tewo
separate experments.

To complete these observations, we also monitored the impact of RSV and 5p single and mixed
infections on MDM viability (Figure 2C). Interestingly, we did not observe a marked difference
between single and mixed infections, with similar level of cell death around 20-30% (Figure 2C).
Altopether, these results indicate that RSV particle release in supernatant is strongly reduced in
presence of 5p, suggesting a possible activation of macrophage that could contribute to mitigation of
viral producton

E5V infection is assodated with increased expression of varous cytokines [29]. After
characterizing the simple and mixed infections in macrophages, innate immune response to single or
mixed ESV infection in MDM cells was examined by measuring changes in the expression of the
CXCLID gene. The mENA levels of CXCL10 were measured in the cells culture of mock, single or
mixed infections at different time points after infection (Figure 2D). In cur experimental conditions,
Sp single infection did not induce the expression of IP-10, in contrast with our previcusly published
study [1], most probably due to differences of protocols, which were adapted for ESV infection (e.g.
lower cell confluency). In the context of single viral infection, we observed a dramatic increase of
IF-10 expression at 14hpi, with a fold change of more than 14 000 compared to modk (Figure ZD).
This high value could be explained by the relative low level of IP-10 expressed in mock (CT value =
40) compared to infection (CT value = 27). Interestingly, this increase of CXCL10 expression was
observed in the context of a very limited viral replication at the same time-poind (Figure 2D and
Figure 2B). A similar inerease of CXCL10 expression was observed in the context of ESV/Sp mixed
infection, but much earlier, at Bhpi (Figure 2D). This cbsarvation suggests co-infection induces an
irmate immune response more rapidly. To further investigate the possible synergy that could ccour
in term of activation of IF10 expression in response to mixed infections, we infected MDMs with 2
differemt MOIs of ESV (MOI 1 and 10) together with 4 different CFU/fcell of Sp (0, 0.1, 1 and 10
CFU/eell) and menitored CXCL10 expression by ET-gPCE (Figure JE). As expected, IP-10
expression was stimulated with increasing quantity of viral inccohom. At a MOT of 1, CXCL10
expression was strongly induced in presence of Sp (Figure 2E). Interestingly, at a MOI of 10, we
cbserved a stronger increase of CXCLID expression in the contest of Sp co-infection (Figure 2E).
Altogether, these results suggest that Sp could contribute fo a faster and possibly higher level of
CXNCL10 expression induced by E5V infection in human MDMs.

3. Conclosion and Perspectives

In condusion, we have shown that human MDMs constitute an inderesting and biclogically
relevant expenmental model to study ESV/5p co-infechons. Our data support that early stages of
E5V infection strongly trigger the innate immune response in human macrophages cells, in good
agreement with previcusly published studies [29, 40]. For example, Levitz and colleagues have
recently described a strong induction if IL-6 and CCLS im MDMSs infected by different clinical
isolates of ESV [40]. In a mice model, CXCL10 was demonsirated to have an important protective
role to the host by reducing viral load and pathogenesis [41]. In the context of mixed infection, we
have shown that expression of CXCL10 ocowred earlier than in single E5V infection (16h delay,
Figure 2E), suggesting a faster and possibly stromger response of macophages, also with good
agresment with other tn vitre and in vive studies [£2].

We have shown that CXCL10 expression was sirongly ineased durng infection, even if the
level of wiral replication appears very limited in MDMs. Based on fhis, we can speculate that
sirategies to conirol the immume respense could constitate an interesting option in the treatment of
patients with ESV infeciom In fhis study, although ESV infection sirongly mitigated by
marrophages affer 24hpi, we have shown that bacterial co-infection contributes to alter the timing
and extent of innate immume response, as illustrated by CXCL10 expression. We previously obtained
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quite similar results in a model of influenza/Sp co-infection infection i human MDMs, suggesting
fhat common underlying mechanisms in different context of viral infection [1].

Future investigations may lead to the identification of key cell signaling pathways that mediate
fihe host antiviral response to infechion, which in tumn could lead to the identification of novel drug
targeting pro-inflammatory responses during infection by ESV. With imcreasing evidence of
interactions between RSV and bacteria in the respiratory tract, it is important to better understand
inferconnections between pathogens and their combined effect on disease severity to develop future
sirategies for the prevention and treatment of E5V-induced severe acute LETs.

4. Materials and Methods

Cell Iinees and culture conditions. Hep-2 cells (ATCC CCL-23) were maintained in Eagle's minimal
essantial medium (EMEM) with 2 mM L-glutamine and 10% FBS and maintained at 37 *C, 5% COL
THP-1 MDMs were grown in FPMI 1640 medium L-ghitamine containing 10% FBS and maintained
at 37 °C, 5% COL THP-1 cells (ATCC TIB-202) were induced to differentiate info macrephages by
incubation with 10 ng/ml phorbol myristate acetate (FMA; Invivogen, Toulouse, France) for 72
hours.

Mowocyte isolation & differentiation. Monocytes were isolated from human peripheral bBlood
mononucear cells (FEMC) and differentiated info macrophages as previously described [1].

Pathopen preparation. ESV long strain (ATCC VE-26) was propagated in HEpZ cells.
Encapsulated Streptecoccus preiononiee serotype 14 was obtained from the National Feference Center
for Streptococci (Dept of Medical Micobiclogy, Aachen, Germany). Sirepiococcus prewmonize was
cultured in the brain and heart-infused medium (BHI) according to the manufachurer’'s instructions.
Single colonies were expanded by resuspension in Todd-Hewiit and incubation at 37°C for 32 h to
logarithmic phase. Bacteria were harvested by centrifugation at 1500 x g fior 15 min at 4 °C. Bacteria
were then resuspended in cell culture mediam, at 1 CFU/Scell

Infection of Momocyte-Derived Macrophages (MDM) cells. Cells were exposed to ESV Long at
different multiplicity of infection (MOT) to investigate the kinetics of infection over time. Uninfected
control replicates were exposed to cell culture medium. Fresh growth mediom was applied, and
cells were infected with bacterial strains at a different multiplicty of infection (MOI). Pneumococd
were opsonized in anti-pneumococcal immune serum and incubated for 30 min at 37°C prior to
infections for all experiments. MDM cells showed significant loss of viability following overnight
inmubation with 5. prammowize, and therefore gentamicin (10pg/ml) was added to all wells at the 2-h
time point to prevent bacterial overgrowth and loss of cell viability.

Multiplex real-time RT-qPCR. Multiplex real-time RT-gPCE was performed to quantify RSV (F
fusion gene) and Sp (autolysin A gene, LytA) in MDMe. The ET-gPCE reaction was performed using
fthe AgPath-ID™ One-Step ET-PCR kit (Life Techmologies; Carlsbad, California, USA) according to
fhe manufacturer's instructions. Samples with a cycle threshold (Cf) value of =30 were recorded as
negative. A standard curve was prepared using serially diluted FMNA exiracts from a known
quantity and used to caloolate genomic copies/ mL.

IP-10 mBNA expression. For real-time quantitative PCE, total ENA was extracted using the
EMAeasy Mini Kit (Qiagen). Feverse-transcription was performed on 1 ug of total ENAs using the
Superscript I enzyme (Invitrogen) at 42°C. Quantification of IP-10 mEMNA levels was performed by
real-time quantitative =~ PCE = wusing  spedfic prmers for  IP-1; (F: 5
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CTGGCATTCAAGGAGTACCTC-3, B 5 TGATGROCTTCGATTCTGGATT 3°) and B -Actin (F: 5
CTCTTCCAGOCTTCCTTIOCT-3°, B 5 -AGCACTETCTIGGOETACAG-3" ) for normalization

Apoptosis assay. Cells were centrifuged and resuspended to be incubated with Annesdn V-APC
and propidium iodide (PI) (BD Biosdences) for 15 min Cells were analyzed by fow cytometry
(Acouri C&; BD Biosdences, San Jose, California, TU5A) and the data visualized using Flow]o 7.6.5
software.

Immmoffuorescence  Microscopy. Infected cells were washed with FBS, fixed with 4%
paraformaldehyde for 20 minutes at room temperature, permeabilized with FB5-0.1% Triton X-100,
and incubated with PBS containing 1% BSA and 3% human serum to block non-specific binding.
Feagents used for immunoflucrescence in this study were goat anb-BESV (ab20745; Abcam,
Cambridge, UK). Andibody incubations were performed for 2 hours, followed by three washes with
PBS. Bound RSV primary antibodies were detected using FITC conjugated donkey anbi-goat
antibody (ab&BB1; Abcam, Cambridge, UK). Cells were imaged using a Leica DMI 2000B microscope
equipped for fluorescence imaging. Images were rendered by Image] Software (WIH, Maryland,
United States).
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Chapter 2 Host-viral interactions during single
and mixed infections: role of the cell guardian
p53
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Respiratory viruses have been shown to modulate the host response in a
variety of mechanism while host cells have numerous strategies to resist infection,
replication and virus spread using different cellular mechanisms to the elimination of
pathogens. RSV infections are characterized by an extensive inflammatory response
through the activation of cell networks and immunoregulatory genes. However, the
mechanisms involved in the inducible expression, regulation of these immune
modulators and the dynamics of the virus-host interface are not well-understood [25,
487].

Several different signaling pathways were described during RSV infection
such as protein kinase C (PKC), mitogen-activated protein kinase (MAPK), and NF-
kB. MAPK are involved in RSV replication in human airway epithelial cells [488]. The
precise trigger of NF-kB activation is uncertain and may involve oxidative stress,
virus replication, viral nucleic acid, or expression of individual viral proteins. NF-kB is
a family of inducible transcription factors that control or modulate the expression of
several hundred genes, many of which are involved in a variety of activities including
cell proliferation, differentiation, and death, as well as modulating the host immune
response to viral invasion [489].

In addition to signaling pathways well studied in the literature, there are some
others important pathway in the interactions between virus and host response
responsible for regulating inflammatory cytokine and chemokine production,

To go forward into the knowledge between pathogen interactions and cellular
mechanisms, we decided to look at the p53 pathway that, as was shown in the
Introduction chapter of this thesis, participates in important cellular mechanisms and
is a target of the pathogens. For this purpose, we performed a set of experiments on
the respiratory tract of epithelial cells as they are known to express wild-type p53.
These cells are the first site of virus infection and try to limit viral infection through
cellular mechanisms. Thus, we can highlight the role of p53 during viral infection.

Studies on influenza virus and the interactions with p53 have been conducted
since 2011 by the VirPath team and the results have already been published and are
available in the literature. As the interactions are complex and involve several factors

of transcription, a lot of work is still underway and in parallel of my thesis, |

92



contributed to the attached article in appendices which described Mdm2 interactions
and influenza virus. This manuscript was submitted to Scientific Reports journal.

Due the epidemiological importance and urgency to develop an effective
vaccine or RSV treatment, we investigated the role of p53 during this infection. To
study the role of p53 in RSV infection we used several methodologies already
described in the literature to identify and measure the intensity of p53 activity as well
as using molecules and RNA silencing techniques to manipulate p53 activity over the
course of infection. Also in this article, we used a cell lineage that does not have the
TP53 gene, to better identify virus replication under these conditions.

In addition to the RSV results presented in the first article, we performed some
experiments in parallel with parainfluenza 3 virus, because although it has recently
been separated from the family and is no longer part of the RSV family, this virus has
several structural similarities as well as a cycle replicative. Also, for this viruses, we
started to look p53 isoforms expression.

After characterizing the interaction of RSV with the p53 pathway, we
attempted to show the role of co-infection in the modulation of this pathway. Only
preliminary results were presented in discussion due to difficulty in standardizing the
co-infection. Adding the bacteria means more manipulation of the cells, with changes
in the medium and more external changes, which causes stress in the cell and
makes it difficult to identify the role of p53. As the Influenza virus is more easily
manipulated in vitro and has mechanisms more accurate than compared to RSV, we
also performed the co-infection of IAV and bacteria, to identify the role of the p53
protein.
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Article 1. Role of p53/NF-kB functional balance in

RSV-induced inflammation and immune responses
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ABSTRACT

The inferplay between Respiratory Syncytial Vims (R5V) and the p33 pathway has only been reported
in a lmited number of studies, yet the underlying mechanizsms of abrogation of p33 activity during the
tme course of mfection, possibly imvohang viral proteins, remained unclear. Here, we demonstrate
that RSV infection impairs global p53 transcriptional activity, notably via its proteasome-dependent
degradation at late stapes of infection We also demonstrate that NS1 and N52 contribute to the
abrogation of p33 actvity, and used different expenmental strategies (g.g. SIBINA, small molecules) to
underline the amtiviral confribution of p33 in the context of ESV infection Motably, our study
hughlizht= a strong RSV-induced disequlibrium of the p533/NF-4B functional balance, which appears
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INTRODUCTION

Respiratory synovtial virus (BSV), discovered more than 60 vears ago [1, 2], 15 one of the main canses
of respiratory tract mfechion in mfants and young children weorldwide [3, 4], buf also an important
pathogen for the elderly and immmocompromised patients [3, 6]. In addibon, RSV mfection has been
strongly associated with chromic respiratory diseases such as asthma chronic obstructive pulmonary
disease (COPD) or cystic fibrosis (CF)[7-9]. Despite numerous attempts and ongomg chimical mals,
oo efficacious BESV vaccine 15 vet avalable, and the specific therapentic arsenal in the market 15 very
limited and expensive (reviewed m [10, 11]). In this context, we uwgently need to further merease our
understandmg of the multiple facets of RSV pathogenesis, including those imvolving complex levels of
E.SV/host interachons.

Chr cwrent knowledge of the cellular biology of BSV has been mainly obtained through studies
focused on the mmomine and mflammatory responses. ESV mfecton was shown to upregulate the
expression of bost genes myvolved 1n the antivwral and cell-mediated immmme responses, such as genes
coding for interferons (IFM-alpha'beta) or several cytokines/chemokines [12-14]. Interestingly, while
the muclear factor-kappaB (NF-«B)EEL famuly of transcriphion factors plays a cenfral role m
coordinating the expression of a wide vanety of genes that control 1momine respomses [15], several
studies have kighlighted the multiple levels of mterplay between the NF-«B pathway and FSV dunng
the fime course of infection [16-22]. In that regard viral non-struchoral proteins MS51 and M52 have
been shown to mdwectly contribute to the E5V-induced activation of NF-£B [22-24].

Another key player in the regulation of inflammafion and immmume responses 15 the cellular gatekeeper
P33 (reviewed i [25]). The interplay between BESV and this tramscripfion factor has only been
reporfed mn a hooted number of studies [26-28]. Groskreutz and colleagunes have showm that BESV
induces the down-regulation of p53 during the time-cowrse of infection, with a consequent Impact on
apoptosis and swvival of arway epithehal cells [26]. However, the wnderlying mechamsms of
abrogation of p33 activity during the time cowrse of infection, possibly mvolving viral proteins,
remain fo be elucidated.

In this study, we confirmed that BSV strongly impairs p33 transenptional activity at late stages of the
infection cycle, notably via a proteasome-dependent degradation. We also demonstrate that N51 and
W52 copinbufe to the abrogation of p53 achwity, and uwsed different experimental stratemes (g
aRNA | small molacules) to underlme the antiviral contribution of p33 in the context of RSV mfaction.
We finally propose a model by which BSV infechion strongly induces a diseqmbibriom of the p53/HNE-
B finctional balance, which probably contributes to the up-regulation of several proinflammatory
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RESULTS

RSV impairs pS3 transcriptional activity at late stages of infection.

We firstly imvestigated the impact of ESV infechion on endogencus p33, by performmng mock or ESV
{Long stram) infechons m A549 buman lung epithehial cells (Fiz 1). At a oulbphety of mfechion
(MOT) of 4, we measured an increase of p33 levels at 6 bowrs post-infection (hpt) (Fiz. 1A, left panel),
with miore than 1.8-fold increase of p33 relative protein levels (FPL) compared to mock (Fiz. 1E, left
panel P = 0.0001). In contrast, a slight but significant decrease on p33 RPL compared fo mock was
observed at 12 hpi (Fiz. 1E, left panel). Moreover, 2 marked reduction of p53 EPL at late stages of
infection (48 bhpt) was also observed using different infection parameters (MOI of 1), with more than a
60% decrease m RSV-infected cells compared to mock (Fig 14 and 1B, right panel). To further
mveshgate the impact of BSV on the endogencus p33 expression, we measured p53 mEMNA levels by
ET-gPCE i the same experimental condittons (Fiz. 1C). Besides a moderate decrease at § hp, p53
mRNA levels m BESVnfected cells remained comparable to thoss measuwred i the mock control,
regardless of the MOI and sampling time condiions (MOI 4 - 12 hpi, MOT 1, 24/48 bpi, Fiz. 1C),
hence indicating an absence of comelation between p53 mEMA and protemn levels. We additionally
measured global p53 transcriptional activity using a lociferase reporfer plasmmd (Fig 1D). In all
expenmental condifions, our results mdicated a statistically sigmificant (P < 0.05 to 0.01) decrease of
lncrferase activity m BSV-nfected cells compared to mock. This decrease of p53 transcniphional
activity in infected cells was notably marked at 48 hpi, with more than a 50% loss of hociferase
achivity compared to mock (Fiz. 1D, nght panel), in comrelation with marked decrease of protem levels
at the same time points (Fiz. 1A and 1B, nght panel) Altogether, cur results indicate that p33
transeriptional activity 15 impaired dunng the time-cowrse of RSV mfachion, possibly by several
mechanisms that could ocour at the tramslational or post-translational levels during late stages of
infection.

RSV infection decreaszes p53 stability vig a proteasome-dependent pathway.

We then mwveshgated the impact of BSV infechon on p53 stabality. We mock-mnfected or mfected
AS549 cells at a MOT of 1 for 24 or 48 b, and then analysed p53 stability by monitoring protein levels
over 3 50-min period, after treatment with 50 pM of cyclobexinmde (CHX) protem synthesis mnbitor
(Fig. 24). As expected the estimated p53 half-hife in mock was 20 min in agreement with previous
works uzing a smmlar callular model and expenmental condiions [29]. In contrast, we observed a
faster decrease of p33 RPL m the context of ESV infection, with an estimated half-life below 10 mn
(Fig. 2A). Interestingly, after 10 mn of CHZ treatment at 48 hpi, p53 levels were undetectable by
western blot (Fiz. 24). We then firther mvestigated this strong destabibzation of p53 at 42 hpi m
presence of proteasome inhibitor MG132 and then observed that the decrease of p53 EPL was blocked
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m this condihon (Fiz. 2B). Altogether, these results suggest that SV infechon decreases p53 stabality
via a proteasome-dependent patheray.

E5Y non-structural proteins N51 and N52 both contribute to inhibit p53 transcriptional activity.
As for many other respiratory viruses, ESV non-structural proteins (NS1 and N52) are known to play
important roles in the modulation of cellular responses, like the IFM-response, and more largely in
ESVihost interactions [12-14, 30]. To investigate the potenfial impact of N31 and N52 on p53 activity,
we transfected A549 cells with 1 pg of plasmmds expressing RSV N51 or N52 fused to eGFP to
perform fluorescence confocal microscopy. After 24 h post-transfection, there was no clear impact of
HS1 or N52 expression on p33 staimng and subeellular localization (Fiz. 34). In parallel, A549 cells
were also transfected with erther an empty plasmad or increasing amounts of plasmmds expressing RSV
NS1 (Fig. 3B) or NS2 (Fizg. 3C). After 43 b posi-transfechon, specific p53 global transcniphional
activity and mRNA expression were measured usmg a luciferase reporter and RT-gPCE respectively.
Compared o mock-iransfected cells, we observed a strong and significant (more than 90%:) decrease
of luciferase activity in N51-positive cells for both 0.2 and 2 pg of NS5 transfected plasomd (P =
0.0001, Fig. 3E). Interestingly, thiz decrease was not correlated with p53 mEMNA expression, which
instead showed a shight up-regulation of expression m N51-positive ESV-infected cells compared to
mock (P < 0.05 and = 0.001, for 0.2 and 2 pg, respectively Fig. 3E). In parallel, we also observed a
strong impact of M52 expression on p53 fransenphonal activity, as llustrated by more than 70 and 90%
reductions on luciferase activity (P = 0.0001) compared to mock, for 0.2 and 2 pg of transfected M52,
respectively, and withowt strong mmpact on p53 mENA expression (Fig. 3C). To firther inderstand the
contribution of NSLHMS2 to the modulation of p53 activity, we transfected A549 cells with 2 pg of
empty plasmid or NS1/NS2-expressing plasmids, and we assessed p33 stability as desenbed before
(Fig. 30). Mo differences betwreen empty and N5 1-transfected cells were observed, with an expected
p33 half-life of 20 min after the addition of CHZ (Fig. 30Y). In contrast, we observed a strong decrease
of p53 RPL m NS52-expressing cells compared to mock-transfected cells, with a resultimg p53 half-life
below 10 min (Fiz. 30). Altogether, ouwr results indicate that RSV non-structural profeins N51 and
W52 share the capacity to mhubit p53 transenphional actmity, possibly by distnet mechamsms, and
could constitute key contnbutors of the modulation of p53 o the conofext of RSV infection
Interestingly, RSV M52 downregulates p33 activity at the post-translahonal level, probably by
promoting its degradation, which ccours during infection (Fiz 2).

P53 expression-modulating approaches underline the antiviral contribution of p53 in the contexi
of RSV infection.

To forther mveshigate the role of p53 mm RSV infechion, we first evaluated the mpact of endogenous
p33 silencing on viral production. A549 cells were transfected with either a non-specific siIBNA (@-
Ctrl) or a pool of iR A= targeting p33. Forty-eight howrs post-transfection, cells ware inferted with
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BSV at a MOI of 1 and viral supemnatants and cell extracts were harvested at 48 hpi. As expected
western blots confirmed that p53 levels were rednced in cells fransfected by s1-p33 compared to s1-Cirl
(Fig. 44) We also observed that RSV genome copy numbers were sigmificantly inereased (2-fold
increase, P = (.001) in supernatants of si-p53 transfected cells, compared to those of =-Ctrl
transfected cells. This merease was confirmed by infechous tbers (Fiz. 44). To complete our
cbservations, we followed a trapsient expression approach in H1299 buman hung cells (Fig. 4B),
winch constitutively lack the expression of full-length p53. H1299 cells were transfected with either
an empty plasmid or a plasmid expressing p53. Forty-eight hours after transfection, cells were mfected
with ESWV (MOI of 1) and the impact of transient expression on viral production was assessed at 48
bpi. The adequate fransient expression of p33 was confirmed by western blot. In these condihions, viral
production was significantly lower m cells transfected with p53, with more than 2.5-fold decreasze on
genome copy mumbers (P < 0001}, and a 2 logl{ reduchon on mfectous varal tters (Fiz 4B). In
parallel, we advantagecusly wsed Mutlin-3, a small melecule known to bind the 3Mdm? E3-ubigquitin
ligase, therefore inducing the stabilization and activation of endogenous p53 [31]. AS49 cells were
mock infected or mnfected with RSV (MOI of 1), in the presence of esther Nutlin-3 (10 pb} or contrel
DMSO (Cirl). Treatment with Mutlin-3 significantly decreased viral production compared to control,
with almost 3-fold decrease on gpenome copy mumber (P < 0.001) and a 3-logl( reduction on viral
titers (Fiz. 4C). These resulis were consistent with our observations uang sENA and transient
expression, suggesting an antiviral conmbuhion of p53 m the context of ESV mmfechon.

RSV infertion modulates the pS3INF-%B balance vig a NS2- PIIES Akt pathway.

The p53 and NF-B pathways are known to be iferconnected and responsible for reciprocal
functional balance at the crossmads of several cellular processes [32]. Based on previcusly desenbed
data on the inferplay between RSV and WF-kB [16-22], we mock infected or infected A549 cells in
the conditions that lead fo a marked decrease of p53 activity (MOI 1, 48 bp, as deseribed above), and
then used a fluorescent reporter assay to quantify the phosphorylation of p63, as a surmogate of NF-£B
activaty (Fig. 5A). In these condihions, we observed a sirong and sigmificant increase on the relative
fluorescence mtensity (290-fold merease, P = 0.05) (Fiz. 54), mdicatmg that the RS5V-induced
decrease of p53 actmaty is mversely comelated with NF-£B actiaty. To complete this observation, we
also performed similar expermment in the confext of Mutln-3 or DMSO (Chol) treatment The
stabilization and activation of p53 by Muthn-3 in RSV-anfected cells was associated with a significant
reduction on fluorescence mbensity compared to control (3.3-fold decrease, P = (U001, F1z. 5A).
Additonally, we also momitored pb5 phosphorvlabon m condrbons that NS1 or NS2 transient
expression (2 pg of plasmid 48 b post fransfection) mhibits p53 transeniptional actvity (Fiz. 5B). We
observed that both M51 and N52 induce a strong increase of pé3 phosphorylation, reflecting an
upregulation of NF-kB actrvify, mm agreement with data published by Bitko and colleagues [23].

100



183
184
183
186
187
188
189
190
191
192
193
194
195
196
197
108
199
200
201
202
203
204
205
206
207
208
209
210
1

Role of pA S'NF-kR balamce in RSV infecsion

Altogether, these observations suggest that the NS1/MN52-induced modulation of p53 and NF+B
would be mtercommected and inversely correlated

To further understand the p33/MF-xB balance in the context of RSV infection, we focused our interest
on Akt an upstream factor of the PI3E pathway, whose phosphorviated form 15 known to
simmltanesusly activate NF-+B signaling and iphibit p53 activaty wia Mdm? [32] We therefore
infected A549 cells using the same viral parameters desenbed above (MMOI of 1), and cell lysates were
harvested at 48 hpi and analyzed by western blot (Fig. 5C). In the context of RS V-infected cells, we
observed an increase of phosphorylated form of Akt, with a Akt-Pho/Total Akt relative ratio of up to
5-fold i companson with mock-infacted cells (Fig. 5C). These results suggest that the PIIE/Ak:
could be imvolved m the RSV-induced downregulation of p53 stability and consecutive transcriphional
activity. In this way, we also observed an increase of Akt phosphorylation m N51 and N52-transfected
cells, with Akt-Pho/Total Akt relative ratios of 2.7 and 1.9, respectively (Fiz. 5I¥). These observations
are cormelated with the decrease of both p53 transcriptional activity (Fiz. 3B and 3C) and protem level
in western blots (Fiz. 3D, and suggest that M51 and M52 could be imolved in a PI3/Akt-dependent
dowmregulation of p33.

Finally, NF-xB has been extensively documented for mis regulatory role on a large panel of
eytokme/chemokine expression. As our results indicate a likely modulaton of the p33/MNF-«B balance
in the context of RSV mfection, we investizated the coninbution of p53 activity to the regulation of
cytokmes and chemokines expression durng infection. To that end, 4549 cells ware pretreated with
either a si-Cirl or 5i-p53 for 48 b and then mfected wnth RSV for 48 h (Fiz. 5E). A panel of 22
different cytokines and chemokines were quantified in supernatants by using antibody-based assay
{(Bio-Plex Pro, BicRad). Besults are represented as a heatmap showmng for each condibion the fold
change compared to the mock (s1-Ctrl'si-p33 — Fig. 5E). While a large number of cytokines such as G-
CSF, IL-1FA or IL6 appeared unaffected by the silencmmg of endogenous p53 expresmion (Fiz. 5E),
others were sigmficantly deregulated as IL-9, IL-10, VEGF and notably BEANTES (Fig. 5E).
Altogether, our results sugpest that in the context of ESV mfechion, p53 could play a mle as a
regulator of cyfokmes and chemclanes expression, that W52 would inhabet i a PI3/Aki-dependent

IMaNRET.

101



212
213
214
215
216
217
218
219
220
m
222
23
224
225
226
27
228
229
230
231
232
233
234
235
236
237
238
230
240
241
242
243
244
245
246
247
248

Role of pA S'NF-kR balamce in RSV infecsion

DISCUSSION

In response to stress, the transcription factor p53 ramdly accumulates in the oucleus where 1t regulates
gene expression to mantain gepomic and cellular inteprity. The mmerous genes regulated by p33 are
mvolved in a large panel of hological processes, including cell cycle arrest, apoptosis or senescence
[33]. In addition, a large mumber of studies clearly demonsirated that thes “guardian of the genome”
[34] or “cellular gatekeepar” [35] 15 also involved i the comirol of viral mfections, aching at the
crossroads of several signalmg pathways and cellular responses, such as inflammation and momme
response (reviewed in [25, 36]). On the other hand virmses hawve developed z wide diversity of
mechanisms to modulate’hijack p53 functions to achieve an optimal replication in their hosts [37]. For
exampls, our group and others have shown that p53 stabihty and transenptional activity were finaly
maodulated by different multi-level mechamsms dunng the fime course of nfluenza infechion notably
via functional mterachions between p33 and several viral proteins [29, 38—42). However, our current
understandimg of the mechamsms of abrogation of p53 activity m the context of RSV infechon
Groskrentz and colleagumes have demonstrated that RSV decreases p53 levels by enhancmg p53
degradation through the Akt-dependent actvation of its negative regulator Mdm? [26]. In the same
ploneering study, the matheors sugpested that the decrease of p33 delays cellular apoptosis and prolongs
cell survival, but without affecting viral rephcation [26]. Fesults obtamed m the first part of our study
are in good agreement with these intial observations, and then suppert that RSV mfection decreases
p33 stability wia the Mdm? — proteasomal dependent pathway (Fiz. 2). Addibonally, our results also
indicate that this destabilization of p53 directly impacts its transcriptional activity at late stages of
infection (Fig. 1) and 15 conconutant to a marked activation of the PI3E pathwray upstream factor Akt
(Fig. 5). On the other hand the p53-targeting approaches used in owr study (si-BNA, fransient
expression, small moleculs Mdm? antagonist), clearly underscore an antiviral contributon of p33
the context of RSV infection (Fig. 4). In that regard, differences m inherent cell-specific responses to
mfection (HIBE verzus A549 cells) or betoeen the viral strams wsed (A2 versuz Long BESV strain)
Importantly, our work also highlights the contnbution of the tero non-structural proteins N51 and W52
to the mhubithon of p53 tanscnpiional achwvity at post-translational level (Fiz. 3). Whle the
mechamsm of N51-nduced inhibifion remaims to be deciphered, our results sugpest that, in the case of
W52, this regulafion occurs through the activation of Akt hence promoting the degradation of p53 (Fiz.
3 and Fig. 5D, and proposed model Fig. 5F). We expect fiuture work investigating the possible direct
interaction between N51 and p53 could better explam our observations. In the meanttma, W51 and
M52 are known to play important roles in the modulation of cellular responses hike the IFN-response,
and more largely m ESV/host interactions [12-14, 30]. Interestingly, two studies bave also reported
the possible contmbution of other RSV proteins (Matrix and Fusion proteins) to the regulation of p53-
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dependent cellular processes [27, 28]. Altogether, these observaiions clearly reinforce the idea that
p33 constitutes a key factor m the host response to RSV infection, for which 1t would be a privileged
target of RSV,

The second part of ow study hghlights that ESV mfection derepulates the transenption factors p33
and NF-kB in opposite ways, with a strong downregulation of p33 transeniptional activity (Fig. 1) and
a strong activation of NF-«B activity (Fiz. 5A) af the same fime-point dunng infection. The mierplay
between RSV and the NF-kB pathwray has been extensively studisd meluding the conmbution of
NS1/H52 protems [16-24]. Morecver, NFxB and p33 are known to reciprocally regulate each other,
m a finctonal antagonism which imvolves a bmited number of commen fanchional mteractors, hike
Akt and IEE (reviewed in [32]). In this way, our results indicate that ESV infection, notably through
the NS1/N52 actrvation of PRE/AkE, induces a strong disequbbrium of the p53/NF-4B balance. In
consequence, this alterafion lead certamnly to a large impact on the host tanscriptional program
mediated by these two key cellular transeriphion factors, and should consecutively affect apoptosis
and’or innate imamne responses to KSV mfection, as we proposed as a model m Fiz. 5F.

These pew data about the mterplay between ESV and p53 could be useful to complete our
understandmg of the role of NF-%B m the context of RSV infection. For example, 1t could contnbute
to explain the underlying antiviral activity of some molecules wnth NF-#B mhibitor properties m the
context of RSV mfection, such as curcumin or acetylsalicylic acid [43, 44]. The functional inferactions
between N5 proteins and the p53/MF-%B balance will be further mmveshizated using recombinant ESV
constructs from which NS1/NS2 zenes have been deleted. These fubore mvestizations may be of great
interest to enrich our knowledge about the multiple fimetions of NS protems, and to better desigm
futare NS-modified/deleted recombinant RSV vacane candidates.

In conclusion, we have shown m this study that RSV infection strongly impairs p33 transcriptional
activity, notably wa the inducton of its proteasome-dependeni degradabon by a NS2-PIRE/AL
upstream pathway, which m tum favors viral replication. This regulation loop 15 tightly mtercormected
with the NF-«B pathway, and futwe works dedicated to the regulation of cellular responses in the
context of SV infachion, such as cytokine/chemokine responses, will need to simmltanecusly consider
these two major players.
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MATEFRIALS & METHODS

Cell lines and viral strain. Homan hing epithelial A549 cells (ATCC CCL-185) were maintained at
37 °C with 5% CO2 m Dulbecco’s modified Eagles’s medium (DMEM), supplemented with 10%
beai-mactivated fetal bovine seram, 2 mM L-glutamne, 100 U/ml pemeilln, and 100 mg'ml
streptonmyein sulphate. Human respiratory syoeyviial virus Long strain (ATCC VE-26) was propagated
and titrated in HEp-2 ealls (ATCC CCL-23).

Stability, transactivation and RT-gPCR azsayz - For the determination of p53 half-life cells were
treated with cycloheximide (50 pg'ml), and total protein lysates were harvested at different time
points and then analyzed by westemn blot. p53 relative protein levels (RPL) were determined by
densrfometry analysis usmg the Imagel software (hitpc//rsbwed mh zovi/), as previcusly desenbed
[38]). For transactivation assays, cells were transfected with 1 pg of pGl3-luc vector, harbourms the
firefly leciferase gene under the control of thurteen comes of the p53-bmding consensus sequence 5°-
CCAGGCAAGTCCAGGCAGG-3") [45]. Transfection efficiency was normahzed using a Remlla
Luciferase plasmid. Luciferase actrvity was measured in whole cell extracts using the Dual-Lucifaraze
Reporter Assay System (Promega), according to the manufactarer’s instroctions, and was expressed as
Eelattve Luciferase Units (FLU), compared to the mock-freated control. For real-time quantitative
PCE, fotal RMNA was extracted using the BMNAeasy Mim Exf ((hagen). Reverse-transenphon was
performed on 1 pg of total RBMAs using the Superscript I enzyme (Invitrogen) at 42°C. Quantification
of p53 mENA levels was performed by real-hme quantifative PCE (RT-gPCR) as prewiously
described [38]. For the quantification of viral genome copy mumbers, a fusion gene (F) specific RT-
gPCE reaction was performed usmg the AgPath-TD™ One-Step RT-PCE kit (Life Technologies;
Carlsbad, Califormia, USA) according to the mamufacturer’s mstroctions. Samples with a cycle
threshold (Ct) value of = 40 were recorded as negative. Genome copres'ml. were calculated from a
standard curve, prepared using senally dihoted BENA extracts of a known quantity.

Antibodies and western blot - Total proteins were extracted by scraping and syringing cells in 1x
NuPAGE LDS buffar (Tavitrogen). Fifteen to thirty micrograms of total protein were then ssparated on
10% SDS-PAGE gels. The following antibodies were used: mouse monoclonal anti Mdm? (SMP14,
=965, Santa Cruz Biotechnology), anti-p53 (DO-1, Santa-Cruz Biotechnology) and anti- Akt (29792,
Santa Cruz Biotechnology), rabbit polyclonal anti Phospho Akt (serd73) (24058, Samta Cruz
Biotechnology) and anti-Bax (#2774, Santa Crz Biotechnology). In addition. an anti-Kn80 polyclonal
antibody was used as 2 loading control (#2753, Cell Signaling).
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Plasmid and siRNA transfection - Plasmid transfections were performed using TransIT-LT] reagent
(Mirus), according to the manufactwrer's instuctions. NS1-EGFP and N52-EGFP expression
plasmids [46] were maciously obtained from Ralph Tripp (Department of Infections Diseases,
University of Georgia). pSV-p53 expression plasmid was a kind gift from Dr. Jean-Christophe
Bourdon (Division of Cancer Research University of Dundee. UK). Silencing of p53 was performed
in A549 cells transfected with a siRNA specifically targeting p53 (si-p53)[39] and 2 non-specific
siRNA (si-Ctrl, OR-0030-neg05, Furogentec), 2= a control, by using Olizofectamine (Invitrogen).

Fluorescence immunostaiming — 4549 cells prowm on Lab-Tek II chamber shdes {ThermoSoentific)
were fived with 4% paraformaldeshyde i PBS for 30 mun Affer washing with PBS, cells were
permeabilized with 0.1% triton X-100 i PBS (PBS-T) for 15 min Mouse monoclonal anfi-p53 (DO-1,
Santa-Cruz Biotechnology) was used as prmary antibody. Affer 1h incubation, cells were washed m
FBS-T and then meubated with zoat anti-mouse coupled to AlexaFluor 633 (Molecular Probes,
Ivatrogen) for 30 min Muclel wers counterstained with 4 6-diammdine-2-phenylindole (DAPL
Invitrogen). After stamming, covershps were mounted wsimg flusromount & (Chmscience) and observed
with a confoeal laser scanmng mocroscope (Leica TCS-5P3X).

NF-xB and Cytokines/'chemokines immumoassays

Cell cultwre supernatants were analyzed for the presence of 27 human cytokines and chemokines, as
previously described [47], usmg the Bio-Plex Pro Human Cytokme Standard 27-Plex kit (Bio-Fad) on
a FLEMMAP 3D¥ analyzer (Luminex, Aunstn, Texas, USA). The same technology was used for the
momtoring of ph5 phosphorylation, nsng the Bio-Flex Pro Phospho-NF-kB p65 kit (ser536) (BioRad).

Reagents. Small molecule Mdm? antagonist Nutlin-3a (Calbiochem) was dissolved in DMSO,
aliquoted, and stored at —20 C. A549 cells were infected by RSV at 2 MOI of 1, in presence of
DMSO (Ctl) or 2 small-molecule Mdm? antagonist (Matlin3, 10 pM). Protein synthesis inhibitor
eyeloheximide (50 pgfml) and proteasome inhibitor MG132 (20 pM) were purchased from Sigma-
Aldrich (refs CT658 and M2699, respactively).
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FIGURES

Figure 1. K5V strongly impair: p53 tranzceriptional actvity at late stages of infecton. Human
lung A549 cells were mock-infected or mfected with SV (Long strain) at a MOI of 4 or 1, and
analyzed at 6-12 bpi (left panels) or 2448 hpi (nght panels), respectively. A. Cell lysates were
analysed by western blot for the expression of p53 and Bax. EnB0 was used as loading conirel. B, p33
relative protem levels (p53 RPL) were measured by densitometry. C. p53 mEMNA expression was
measured by RT-gPCE. D. p53 tanscriphonal achvity was momtored using a specific meiferase
reporter assay. Relative Luciferase Units (RLU) reflact global transenphonal activity compared to the
mock-infected control. All results were caleulated from data form three independent experiments. ©, **,
** and ™" for P-values = 0.05, 0.01, 0.001, and 0.0001, respectively.

Figure I. RSV infection decreazes p53 stability via a proteasome-dependent pathway. A. Human
ling A549 cells were mock-infected or infected with RSV (Long strain) at a MOI of 1, and then
analyred at 24 and 43 hpi, respectively. After treatment wath 50 pM cycloheamide (CHX), p53
protein stability was assessed dunng a $0-min peniod, by momtonng p53 relatrve protein levels (RPL).
Mean values +/- standard deviation from three independent expeniments are presented . B. Human lung
A 549 cells were mock-mfected or infected with E5V (Long strain) at a MOI of 1, and then analyzed at
48 hp by western blot and densitometry m the presence/zbsence of proteasome inhibitor treatment
(MIG132 - 20 uhd), as indicated.

Figure 3. RSV N51 and N52 both contribute to inhibit pS3 transcriptional activity. A A549 cells
were transfected with 1z of plasomd expressing RSV N51-eGFP or RSV N52-eGFP. After 24 b post
transfection, cells were fixed immumo-stained and observed by munoflucrescence confocal
mucroscopy. Expression of NS5lor N52 (eGFP/green), p33 (red). Mucler were counterstained with
DAPIL Seale bar = 25uM. B. AS49 cells were transfected with erther an empty plasmd or two
different amounts of plasmid expressmg RSV NS1-eGFP (0.2 and 2 pg). p53 global transeniptional
actvity and p53 mBMNA expreszion were measured 48 h post-transfection, wsing a specific luciferase
reporter assay (BLU) or RT-gPCE, respectrvely. C. In parallel, the same expenmental strategy was
followed with plasmid expressing RSV N52-eGFP. All results in B and C were caleulated from data
form three independent experiments. *, **, **, and **** for P-values < 0.03, .01, 0.001, and 0.0001,
respectively. ). Stability assay in the presence of WS1 or W52, A549 cells were transfected with erther
an empty plasmid (Empty) or plasmids expressing RSV NS1-GFP or BSV NS2-GFP (2 pg). At48h
post-transfection, p33 protem stabibity was assessed by monitonng relative protein levels (RPL) of p53
during a 50-min period, after treatment with 50 pM cycloheximmde (CHI). Mean values +- standard

Fizgure 4. pS3-targeting approache: underbine the antiviral contribution of p53 in the context of
RSV infection. A. Silencing of endopenous p33 mBEMNA expression m AS549 cells increases ESV
production. Forty-eight hours after si-ENA transfection using a control si-ENA (5-Chl) or a specific
s1-BMHA (51-p53), A549 cells were mfected by RSV (Long stramn) at a MOI of 1 and viral production at
48 bpi was measured using two different methods: (i) determination of infectious tifres In supematants
{logld TCIDE0/ml) by endpoint titration m Hep-2 cells (measured in quadruplicate in 2 mdependent
expenments) and () BT-gPCR (F5V genome copres/ml., measured 1 three independent experiments,
*** for P-values = 0.001). B. Transient expression of p53 in H1299 cells (p53 oull) decreasad the level
of viral production. Forty-eight hours after fransfection, H1299 cells were infected by RSV at a MOI
of 1 and wiral produchion was measured at 48 hp using the two complementary methods descmbed mn
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A C. A549 cells were mnfected by RSV at a MOI of 1, in the presence of a small-molecule Mdm?
antagemist (Muthn-3, 10 b} or DMSO (Cirl). The level of viral produchon was measured at 48 hm
using the two complementary methods desenbed 1m A

Figure 5. K5V infection modulates the pS3/NF-EKB balance via a N5I — PIOK/Akt pathway. A.
Human lung AS49 cells were mock-infected or mfected with ESV (Long strain) at a MOI of 1 and
analyzed at 48 hp. pb5 phosphorylafion, considered as a reflect of NF-KB acthvity, was measured
using a specific reporter assay and expressed as the relative value compared to mock. Measures were
also performed in the context of treatment wath DMSO (chl) or the small-molecule Mdm? antagonist
Mutlin-3 (10 pbd). *, **, and **** for Pvalues = 0,03, 0.001, and 0.0001, respectively. B. A549 cells
were transfected wath either an empty plasomd (Empty) or plasmids expressmg BSV NS1-GFP or
ESV-NS2-GFP. After 48 h post-transfechon, the phosphoryvlation of pb5 was measured using a
specific reporter assay and expressed as the relative value compared to mock. *, Povalue < 0.05. C.
Human lung A9 cells were mock-infected or mfected with ESV (Long strain) at a MOI of 1 and
analysed at 48 hpi. Cell lysates were analysed by western blot for the expression of both total Akt and
phosphorylated Akt EuB0 was used as loading control. The Akt-Pho/Total Akt ratic was deternuned
using densitometry (3 separate experiments’ for P-value= 0.0001). . A549 cells were transfectad
with erther an empty plasond (Empty) or plasouds expressing RSV NS51-GFP or BSV-NS2-GFP.
After 48 h post-transfechion cell lysates were analysed by western blot for the expression of both total
Akt and phosphorylated Akt EnB0) was wsed as a loading control. The Akt-Pho/Total Akt ratio was
determined using densitometry (3 separate experiments, * and ** for Pvalues = 0.05 and < 0.01,
respectively). E. A549 cells, pre-treated by either si-chil or si-p53, were mock-mfacted or infected
with RSV (Long strain) at a MOI of | and analysed at 48 hpi. A panel of lmman cytokines and

Results are represented as a heatmap showing for each condition the fold change compared to the
mock (5-Cirl's=-p53). F. Model proposed for the role of ESV infection on the p53/NF-LB balance.
ESV mfection modulates the p53/NF-kB balance via the achivation of the PI3E Akt — Mdm? pathway,
mamly through the NS 1L/MNS2 proteins. This alterafion of NF-kB balance in the context of infection
further impacts (directly and'or mdirectly) the regulation of a large panel of genes wwvolved m
different biological responses, including apoptoss as well as mmmmme and mflammatory responses.
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Role of pa 3 NF-HR balance i RSV imfbcsion
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Figure 2
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Role of pS3INF-&B balance i BSV mfecton
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Figure 4
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Chapter 3 Host-viral interactions during single
and mixed infections: development of severe

pneumonia model
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Pneumonia is a common inflammatory illness of the lungs which was
described in the introduction part of this manuscript. The etiology of pneumonia can
be either bacterial and/or viral, thus, mixed infection is a key element that promotes
severe inflammatory disease and mortality.

Currently, the mechanisms involved in the lethal synergism between RSV and
S. pneumoniae co-infection still remains misunderstood. We tried to develop a co-
infection Nonhuman Primates (NHP) model of severe pneumonia susceptible to RSV
and S. pneumoniae infection like the human. NHP lungs closely resemble the human
lung anatomically and physiologically. NHP also exhibit immune responses to
bacterial infections similar to the human and have some studies in vaccine
development, including for S. pneumoniae.

RSV infection occurs an early age when maternal antibodies are present and
in the failure of natural infection to prevent reinfection. A history of a formalin-
inactivated RSV vaccine that enhanced disease in young children, and the lack of
animal models that fully reproduce the pathogenesis of RSV infection in human
difficult an efficacious vaccine development. RSV infection has already been
observed in cynomolgus [490, 491]. Importantly, no study focus on pneumonia
induced by mixed viral and bacterial infection in cynomolgus macaques. Very few
new models are in development and no relevant models for respiratory diseases on
primate are currently available due to the limited qualified centers in Europe.

In this study, we tried to develop a nonhuman primate model of severe
pneumonia to evaluate pneumonia onset induced by mixed infection. Given the
suboptimal performance of current diagnostic tests, we would like to characterize
potential clinically relevant molecular profiles and to investigate the feasibility of

identifying biomarker to severe pneumonia.
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Article 1. Establishing severe pneumonia in non-

human primate model during mixed infection
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Abstract

Pneumomia is a serious respiratory disease spread throughout the world with high rates of
mortality among very young children, elderly and immimocompromised. Clinical data suggest
muxed respiratory infections are a relevant nsk factor for pediatric mtensive care hospitalization
and death. To better understand the dynamics of host mmmume responses and pathogens the
development of amimal models with tissne nferactions and iImmmume system response homologous
to those in humans is required. In this context, the aim of this study was to develop a model of
severe pneumonia induced by BSV/S prneumoniae co-infection that reflect the pneumonia
disease in Human and allow the generation of relevant data To expand the relevance of our
findings and establish the uhlity of this model for the prevention and treatment of sewvere
poeumonia, additional experiments are needed In perspective, NHP model will help to descnbe
several mechanisms imvolved in the pathogenesis of co-infection and identify prognostic
bicmarkers of severe pnewmonia. Also, this model is important to validate findings in small
amimal models and may more closely predict vaccine and therapeutic efficacy for severe disease
In humans.

Keywords: Pneumoma, Nonhuman Primates, mixed infections

121



15
16
17
18
19
20
21
2
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

41
4
43

Pneumomnia 15 a serous respiratory disease spread throughout the world with high rates of
mortality among very young children, elderly and immumocompromised [1, 2]. The eticlogy of
poeumonia can be diverse ranging from viruses, bacteria or fingl, and often by the interaction of
one or more pathogens [3, 4]. Respiratory syncytial virus (RSV) is responsible for the majority of
cases of ppeumonia in children [3]. Due to the importance of the disease cansed by ESV, the lack
of preventive measures and the high cireulation of this vims in the world, the development of a
vaccine 15 a prionity. However, the lack of understanding of the comelation between the immmme
response and the seventy of the disease has hampered the development of a safe vaccine.
Pneumomia is alse associated with the Strepfococcus pneumoniae which represent a significant
public health burden with an estimated 14.5 million cases of the serious pneumococcal disease
worldwide [6]. Clinical data suggest mixed respiratory infections are a relevant nsk factor for
pediatnc intensive care hospitalization and death [7], especially in secondary pneumococcal
mfection following RSV [8, 9]. Currently, the mechanisms involved in the mteractions between
ESV and 5. pneumoniae co-infection remains misunderstood.

Commonly, an animal mode]l of hman respiratory infections includes small mammals like
rodents because of their low cost, size, availability, the diversity of exploratory techniques and
availability of reagents [10, 11]. To better understand the dynamics of host inmune responses
and pathogens the development of amimal models with tissue interactions and Immune system
response homologous to those in humans is required.

Insights of the mechamsm of mmunity and interactions with RSV or 5 preumonige have been
described In cotton rats [12-16] and mice balb/c [17-29]. Femets are among one of the best
models to stody influenza vimases, but BSV is able to replicate only in the upper respiratory
system, or in the hings of immmmodepressed ferrets [30]. However, SV is not a frue infections
pathogen of small animals (mice and ferrets) being semi- to not permissive to the mfection and
hmiting wirus replication in hmg tissue. Additionally, immume response differences between
these animals and humans are relevant.

Mixed infections were showed to comelates to the sevenity of pneumonia and in vive study
descnbed that viral respiratory infections can enhance ppeumococcal seventy [31]. Also, 5.
poeumonize has been shown to enhance RSV infection in differentiated human airway epithelial
cells, in witro, and in cotton rats [32]. Thus, comelations between RSV and 5. pneumomniae
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mfection were already described in the liferature but more information concerming disease
development and seventy is needed.

In the hterature, studies with non-human pnmates (NHF) infected with RSV have been
descnbed. Chimpanzees are permussive to RSV and present a respiratory infection similar to
humans [33-33]. Vaccines have already been tested on Affican green monkeys [36-41]. Several
studies have tried to make a model with macagues and some studies have stmudied vaccine
efficient in thesus [42-44];

In other nonbuman pnmates like bonnet monkeys [45-47], owl monkeys [40, 48-50], Cebus
monkeys [51] and Infant baboons [52] some groups have described RSV mfection, but always
requinng high doses of virus and few or no clinical signs of the disease [33]. The feasibility to
muimic pneumococcal pneumomnia n macagques has been already descmbed elsewhere [34],
showing that imfranasal injection in infant rhesus macagques resulted In symptomatic
poeumococcal pneumonia after 48 hours.

Thus, 15 possible to find BSV or Sp infected in vivo models but no one focused on ponenmonia
mnduced by mixed viral and bacterial infection in NHP. The NHFP model constitutes a unique
opportumity to 1) better understand the mechanisms involved in mixed viral and bacterial
respiratory co-infections; 2) to identify prognosis biomarkers related to pneumonia severity and
3} to develop novel therapeutic strategies. Cynomolgus macaques represent the major NHP
resource for biomedical research and offer valuable information, relevant to humans, into diseaze
mechanisms so as to develop new mproved therapies, diagnostics, and vaccines.

In this context, the aim of this study was to develop a model of severs pneumonia induced by
ESV/5. pneumonine co-infection that reflect the preumonia disease in Human and allow the
generation of relevant data Therefore, the NHP model was selected and more specifically the
cynomolgus macaque (Macaca fascicularis), doe to its genetic and anatomical similanty with
Human that are relevant to describe several mechanisms mwvolved m pneumonia pathogenesis,
allow the identification and charactenzation of prognostic biomarkers associated with severe
respiratory disease and also better understand host response to mixed infection. We described the
diffienlties and challenges of an adaptation of severe pneumomnia i NHP model.

In order to develop the model of severe pneumoma mm NHP, each macagque was mfected as
described m table 1 and monitored during 23 days to evaluate the symptomatic infection of 5P
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76 and RSV. To charactenzed pneumonia and disease seventy, bronchoalveolar lavage (BAL)

77  flmds, upper respiratory swabs, and blood samples were collected throughout the 23 days of
78  mfection and analyzed for bactenial culture and quantification.

80 BAL fluids, upper respiratory swabs and blood samples from control, single and co-infected
81 macaques were collected and analyzed for viral and bactenal gquantification. SV replication was
82 tracked in BAL and nasal swabs from all amimals by real-time PCR but it was not possible to
83  1identfy RSV in any of the samples collected Sp quantiies were assessed by a real-time PCR.
84  assay used by our group in the multicentric stody on preumonia among children Dunng the
85  course of the study, Sp was detected by real-ime PCR in nasal swabs in some samples but a
86  confinuous infection was not detected (Fig. 1A). In other studies, even with small amimals, 1t is
87  wery hard to identify ESV i samples [55] and differences m virns detection methodology can
88  explam the differences between our study and Grandin et al. [56], that used the same NHP model.
89 For bacteria detection, Kraft et al. [34] were able to detect bactenia in samples with large
90  quantities of bacteria.

92 Blood was cultured in the medium of bactenial culture, and the bacteria identified by Vitek
93 technology. differmg gram-positive or mot bactenum The only bacternim detected was
94  sequenced and identified as a Staphylococcus pettencferi in confrol 7 amimal (justifying
95 monocytosis on days 2 and 4). This bacterium canses pingivitis In monkeys and indicates that
06 perhaps the acchimation time should be longer. or that only the manipulation of the monkeys for
97  ftreatment, causes a decrease of the immume system and leaves the macagques susceptible to
08  opportumistic diseases. Blood culture is an important diapnostc methodology utilized for
99  bactenal detection during poneumomia in human but it is detected only in high bacterial
100  concentrations studies [34] acconding to our results.

101

102 Blood was also analyzed in complete blood count to identify inflammation markers. During a
103  bactenal single infection, we were able to detect monocytosis (Fig. 1A) and lymphopenia was
14 found in RSV single and mixed infected No differences in the white blood cell count were
105  identified by Eraft et al even in high doses of bactena group like in our results. However, they
106 descrbed leukopenia after 48 hours which we don't detect but differences in quantities of
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107  bactena inoculated can explam these differences [34]. Another study was already showed that the
108  proportion of neutrophils in BAL of monkeys infected with ESV increased only to 9%, [45],
109  whereas neutrophils are the predominant cell in RSV infected children [37].

110

111 Weight, temperature, and behavior were also analyzed and there was no difference between the
112 confrol and the mfected ones. Climical signs of disease are uncommeon following BSV infection in
113 NHP model and they develop mild histopathological changes in the lung. Another important
114  contnbution to detect the development of pulmonary lesions and track the course of illness can be
115  the use of thoracic imaging [58].

116

117  Respiratory tract biopsies (lungs, trachea, and bronchi) allowed us to observed macroscopic and
118  mucroscopic histological evidence of injury and evaluate disease severity between single and co-
119 imnfection We observed that BSV and bactenal co-nfection resulted in more severe hmg
120  histopathology. Single Sp infection was characterized by heterogeneity inflammation suggesting
121  an acute infection but not classical pneumonia (Fig. 1B). Histopathological changes of BESV
122  infection are characterized by bromchiolar epithelial cell necrosis and nfiltration with a lot of
123 peutrophils, ecsmophils, and lymphocytes. Our results show a charactemzed inflammation
124  developed near to bronchioles with large quantiies of lymphocytes. All animals showed an
125  important infection in left ing probably due to technical mamipulation during inoculation steps
126  and further research is needed to deternune the optimal route of infection In addition direct
127  imfroduction of pathogens into the lower respiratory tract maybe not represent natural exposures,
128 but can help to maxinize the severity of the disease.

129
130 Lung immme cell responses in nonhuman primates likely comrelate better to those of humans

131  than those of more genetically distant amimals. A model of severe pneumonia following influenza

132 and bacterial co-infection in nonhuman primates was already described [39, 60].

133

134  Mixed infection in our model did not progress to severe pneumonia. We believe that the health

135  status of the amimals protected them from more severe disease, similar to healthy humans infected

136 wath RSV and camage of Sp. Despite this, mild pneumonia was found in our model. The seventy

137  of pneumonia is dependent upon the viral and bacterial strain used, pathogen dose, and route of

138  mfection and maybe high-dose of each pathogen 1z needed to nduce more tham mild illness m
&
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139
140
141
142
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primates. Another strategy for severe pneumonia model could be to develop mmmodeficient
NHF. To expand the relevance of our findings and establish the utility of this model for the
prevention and treatment of severe pneumomnia, additional experiments are needed . In perspective,
WHP model will help to describe several mechamisms invelved in the pathogenesis of co-
nfection and identify prognostic biomarkers of severe pneumomia. Also, this model is important
to validate findings in small animal models and may more closely predict vaccine and therapeutic
efficacy for severe disease in humans.
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147  Figure legends

148 Table 1. Pathogens infectiom distribution by animal. Cynomoclgus macaques (Macaca
149 fascicularis) were acchimatized to laboratory conditions for one month prior to first treatment.
150  Then, ESV and/or Sp infected (p=4) and pathogen-free macagues (p=2) was noculated with
151  1.10° TCIDsp/mL of RSV-A and 1.10° CFU/mL of S. pneumoniae serotype 14 intranasal and
152 infratracheal to maximize lower respiratory tract disease.

153

154  Figure 1. RSV and/or Sp infections: study design and results. A) Timeline showing mfections
155  time points, days of samples collection and hing histopathology. Colored bars resume analyzed
156  results of all methodologies utilized Blue bars represented lymphopenia; brown bars represented
157 monocytosis and red bars low hemoglobin, erythrocytes and red blood cells. Samples positive for
158 5. ppeumoniae by PCR are shown in respective days of detection by purple bars. B)
159  Histopathology of the lung of all mfected ammals showing 5. pneumomae mfected an animal
160  with slight signals of inflammation, RSV-infected characterized by lymphoid clusters and two
161 co-infected animals showing areas of sub-plewral reinforcement (01) and congestive vessels,
162  mflammatory cells, and hemorhage (02).
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Delivered inoculum

Experimental group SV ICDS0mE) SpiECR
Animal 1 — Non-infected X X
Animal 2 — Non-infected X X
Animal 3 - RSV-infected 1.10° X
Animal 4 — Spld-infected X L.10°
Animal 5 — Mixed-infected 1.10° 1.10°
Animal 6 — Mized-infected 1.10° 1.10°
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Au cours de mon travail de thése, I'objectif général était de mieux comprendre
les interactions multiples et complexes entre les pathogeénes respiratoires et I'héte, a
différents niveaux, in vitro et in vivo. En effet, mon travail était centré sur différents
pathogénes ou combinaisons d'entre eux (IAV, RSV, S. pneumoniae), sur différents
modeéles cellulaires in vitro (macrophages, cellules épithéliales pulmonaires
humaines), et in vivo (primate non humain), et sur différents types des voies
cellulaires (réponse immunitaire, voie p53 / NF-kB). Ces différents projets ont mis en
évidence quelques points intéressants de discussion générale que je voulais aborder
dans ce chapitre.

During my thesis work, the general objective was to better understand the
multiple and complex interactions between respiratory pathogens and the host, at
different levels, in vitro, and in vivo. Indeed, my work was focused on different
pathogens or combination of them (IAV, RSV, S. pneumoniae), on different in vitro
cellular models (macrophages, human lung epithelial cells), and in vivo (Nonhuman
primate), and on different types of cellular pathways (immune response, p53/NF-kB
pathway). These different projects have highlighted some interesting points of

general discussion | wanted to address in this chapter.

Does viral-bacterial coinfection influence the severity of disease?

A large number of clinical studies have described an enhanced severity of
disease in the context of mixed infections, highlighting the importance of performing
studies to better understand the role of each pathogen as well as host/pathogen
interactions [156, 492-499]. In light of the major public health burden, pneumonia
caused by S. pneumoniae following IAV infection has been extensively studied in
children and adults with a correlation of disease severity [155, 500, 501]. In contrast,
the clinical significance of bacterial co-infections during RSV remains relatively
unclear. Children with RSV/bacterial co-infection have been found to be hospitalized
for longer periods and required ventilator support for longer than sole RSV infections

but more studies are needed to confirming this correlation [140, 141, 476].
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In our translational study (article #1, chapter 1), the patient cohort studied was

restricted (n=74) but the classification of non-severe and severe pneumonia was
accurately defined, according to an exhaustive list of criteria. Thus, we managed to
demonstrate an increase in disease severity in mixed infection cases. However,
determining the precise contribution of each pathogen to disease severity by the
clinical setting remained extremely difficult. Studies focused on the identification of
etiological agents are difficult to compare due to a lack of standards for information
on severity, In addition, variation in techniques, diagnostic cut-off values, and
pathogens targeted between studies may confound the determination of the overall
clinical significance of viral/bacterial co-infection.
In addition to clinical studies, several reports show the interactions between
pathogens, suggesting a correlation with severity disease. For example, It was
demonstrated that respiratory viral infection promotes an increasing of S.
pneumoniae density in children with pneumonia [502]. Moreover, direct interactions
between virus and bacteria are capable of increased virulence of the other
pathogens, such as was described for RSV that is capable to interact with a protein
of S. pneumoniae increasing bacterial virulence [159]. Bacterial-virus interactions
were not studied in this thesis, however, the detection of the two pathogens in the
same macrophage showed by immunofluorescence in article #1 (chapter 1) reveals
that the model developed in Chapter 1 can be used in viral-bacterial interactions
studies. Complementary studies, like immunoprecipitation, will be necessary to
identify possible close viral-bacterial interactions.

A better understanding of pathogens involvement and their contribution to
disease severity is required for the development of future strategies for the
prevention and treatment of severe respiratory tract infection. /n vivo studies
constituted a good methodology for an attempt this goal confirming the necessity of
in vivo models. Also, another important point to better understand the contribution of
each pathogen for disease severity is to better understand interactions and strategies
that the pathogen can utilize in cells during infection. For this attempt, | focused my
interest on host/pathogen interactions at the level of p53, a key transcription factor at
the crossroads between large numbers of cellular pathways — including innate

immune responses.
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Are macrophages activated cells during acute lower respiratory

infections?

Macrophages are a population of phagocytic cells composed of different
phenotypes according to the local environment and differentiate stimuli [503, 504].
They are known to constitute long-lived reservoirs for some persistent viruses (e.qg.,
HIV and Chikungunya virus)[505, 506] and several studies suggest that they
contribute to allergic inflammatory responses and chronic respiratory disease, in
addition to lower respiratory tract infections [507-510].

In the lungs, alveolar macrophages (AMs) are found in abundance and they
are strategically situated as the first line of defense against respiratory pathogens
playing a central role in innate host defense [480, 511, 512]. AMs constitute a subset
of macrophages that develops from fetal liver monocytes and is phenotypically and
functionally different from other tissue macrophages [513]. Alteration of the
physiological function of AMs during infection, such as pattern of cytokines and
chemokines profile, could lead to lung damage [514-517]

Numerous studies demonstrate that AMs play an important role in the

response to infection [513, 517-520]. High expression of pro-inflammatory cytokines
and up-regulation of many innate defense genes by AMs in response to IAV infection
[513]. In addition, AMs are capable to control RSV infection with an important role in
phagocytosis and cytokine production [513, 521, 522]. Also, they play important role
in control bacterial infection [515, 523].
Despite the poorly characterization of human monocyte-derived macrophages
phenotypes, some studies show comparable results between AMs and monocyte-
derived macrophages [514, 524]. Results from article #1 (Chapter 1) described a
reduction of phagocytosis of S. pneumoniae by viral infection confirming results
already published in different macrophages subtypes [322, 480, 481, 484, 519, 525,
526]. An in vivo model could also contribute to this aspect since on obtaining
bronchoalveolar aspirate the quantification and identification of active macrophages
during co-infection could be performed.

To substantiate the important role of macrophages in co-infection, the

expression of cytokines and chemokines by these cells was measured. In a model in
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vitro developed in article 1 and 2 (Chapter 1), IAV and RSV infection altered
biological functions in the monocytes-derived macrophages, inducing an antiviral
state and bacterial co-infection show an exacerbated inflammatory response,
mediated at least by IP-10 expression.

Importance of cytokines and chemokines expression during respiratory
infections: a good strategy for the development of biomarkers of interest?

The disease severity is not only determined by the causal agent, but also by
interactions between the immune response and pathogen. The balance of this
interaction is regulated through complex interactions between immune cells and pro-
and anti-inflammatory cytokines [527]. Also, different pathogens may trigger different
inflammatory responses depending on their intrinsic properties [528, 529]. It is well
known that the cytokine storm is present in severe pneumonia, so, cytokines appear
to be good biomarkers targeting the immune response. In chapter 1 (articles #1 and
#2), mixed co-infection show an increase of cytokines expression when compared
with RSV or IAV single infection, suggesting an increased inflammatory pathway. In
addition, CXCL-10/IP-10 expression pattern found in bacterial and viral pneumonia
highlight its importance as severity biomarker. IP-10 is expressed by macrophages in
early response to infection and attracts activated T-cells to the site of inflammation
IP-10 expression in macrophages infected with RSV was already described [513,
530, 531].

Also, Hayney et al described that an increased IP-10 concentration measured
in serum of adult with pneumonia correlates with the severity, duration, and illness
symptoms and concluded that IP-10 could serve as a useful marker or predictor of
respiratory infections severity in adults [532]. In addition, Principi et al. described IP-
10, in addition to CRP and TRAIL expression capable to distinguish bacterial from
viral infections [481]. Thus, we propose that IP-10 is an important component during
mixed infection and associated with others can be a good set of biomarkers.

Macrophages normally express cytokines in response to infection by
pathogens. Often it is also activated by the cytokines expressed by the respiratory
tract cells that are the primary site of infection. To continue studying the interactions
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between RSV infection and the immune system, | have chosen to study an important
cellular mechanism capable of modulating various pathways in the epithelial cells

which play an important role in the immune response.

Host-Pathogens interactions: Role of the master cell regulator p53
pathway during viral infection: similarities and differences between IAV, RSV,
PIV-3, and mixed-infection.

Respiratory tract epithelial cells are the first site of infection and promote the
immune response activation. In the immune response, p53 not only promotes the
activation of IFN-stimulated genes (ISGs) but also enhances IFN production in virus-
infected cells [345].

The human parainfluenza viruses (hPIVs) belong to a diverse group of
enveloped single-strand RNA viruses within the Paramyxoviridae family, a large
group of viruses that was recently reformulated. The hPIV genome is quite the same
of RSV genome, and viral replication is almost the same [533]. After RSV, hPIV type
3 is the leading cause of hospitalization for respiratory illness in young children from
ages 0 to 2 years, with a marked increase among 1- to 2-year-olds [87]. Due to hPIV-
3 importance and similarities with RSV, we decided to look for p53 interactions during
hPIV-3 infection.

As part of complementary results, p53 protein and mRNA expression show
that hPIV-3 promotes the downregulation of p53 by transcriptional level while the
same group of results shows a posttranscriptional regulation of p53 during RSV
infection in article 1 of Chapter 2. The decreased of p53 during these viral infections
were already described by Ellis et al and Marques et al. [433, 534] with some
contrarious results, probably due to differences in virus strain and time-course of
infection. However, there are not many data in the literature that describe more

details about these interactions.
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Figure 20 Post-transcriptionally p53 modulation during hPIV-3 infection.

The p53 pathway can be modulated during different stages of infection. A) Results from early stages
of infection showing no differences in p53 protein expression by western blot, a decreased in mRNA
expression without changes in the p53 transcriptional activity. B) During late stages of infection,
western blot revealed a decreased of p53 proteins, while mMRNA expression is stabilized but an
important decreased of transcriptional activity of p53 is detected, suggesting a post-transcriptional
impairment of p53 by hPIV-3. C) The half-life of p53 was measured with cycloheximide technique
described by XX. hPIV-3 apparently, don’t change half-life of p53, probably they don’t promote p53
degradation.

The interactions between p53 and viral-bacterial infections are not available in
the literature and even if preliminaries results show a tendency of increased mRNA
p53 expression in IAV-S. pneumoniae infections, complementary results in future

projects are needed.
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Figure 21 A different pattern of p53 expression during viral and mixed infections.
RT-PCR was used to quantify mRNA p53 expression in late stages of infection and the modifications
apparently are up-regulation of p53 showing a synergism of expression during IAV and Sp infection.

The interplay between influenza viruses and p53 has been reported in different
studies [438, 440, 452, 514] and influenza viruses modulate p53 transcriptional
activity is modulated during time-course of infection, with a significant increase in
early infection [455]. In contrast, this activity is significantly inhibited during the later
stages of infection, correlating to elevated NS1 protein levels, which has been
described to inhibit p53-mediated transcriptional activity [455]. Results in article #1
(Chapter 2) show that RSV infection modulates p53 transcriptional activity and an
important role for non-structural protein NS1, contributing to inhibition of p53 activity
by proteasomal degradation.

Further studies are required to understand the impact of RSV infection on p53
biological functions. To explore others possible p53 regulation by RSV and PIV-3
preliminary results shows the possible role of p53 isoforms in their self-regulation.
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Expression of p53 isoforms during viral infections: insights of p53

regulation

Since some interplays between p53 and respiratory viruses have been
described, Terrier and colleagues investigated the role of A133p53a and p53p in the
context of an IAV infection [396, 402]. In the literature, it was reported that p53p can
promote p53 transcriptional activity while A133p53a inhibits in different cell lineages
[397, 401, 402]. In addition, several studies reported a deregulation of p53 isoforms
expression in human cancers [393, 395, 397-400].

For Influenza virus, distinct roles of the A133p53a and p53B isoforms were
described in the literature, showing a modulation of the expressions of A133p53a and
p53P at the transcriptional and posttranscriptional levels affecting viral production.
Preliminary results can’t show the impact of RSV in the expression of mMRNA of these

two isoforms, however, hPIV-3 show an impact on A133p53a and p53[3 expression.
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Figure 22 Expression of p53 isoforms during RSV or hPIV-3 infection.
During early stages of infections, no differences in p53 isoforms expression were detected during RSV
infection. Controversially, hPIV-3 promotes a diminution of p53 isoform expression.
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This preliminary results according to with the other preliminary result
comparing hPIV-3 to RSV, showing that these viruses don’t have the same strategies
to regulate p53 activity. Further studies like inhibition of both p53 isoforms during
infection to look the impact on viral replication and western blot analyses to conclude
if these differences in mMRNA level are representative of protein level are necessary
to understand the impact of different p53 isoforms during viral infection and
confirming the antiviral role of the p53 pathway.

Development of severe pneumonia model: application and difficulties

A severe pneumonia model could be important to help to understand the
development of severity and also to evaluate antiviral approaches and vaccine
candidates due to proximity respiratory tract among non-human primates and
humans.

Animal models of viral or bacterial infection that have been studied include the
ferret and rodents, particularly cotton rats and mice [160, 273, 535-537]. Bacterial
and host factors contributing to colonization have been defined in animal models and
in a mouse acute pneumonia model [24, 123]. For RSV infection, they have shown
viral replication and antibody response mimicking infection in humans but these
models not develop the measurable clinical disease and cannot be utilized to model
cellular immunity [14, 35, 38, 160, 535, 538]. Also, utilization of some non-human
primates as a model of viral or bacterial respiratory infection was already described.
For example, RSV-infected chimpanzees were used to evaluate live-attenuated RSV
vaccine candidates, while African green monkeys and rhesus macaques have been
used to model the FI-RSV vaccine-enhanced efficacity [538]. Therefore, currently
available NHP models of RSV are not sufficiently permissive to use them as a
gatekeeper for either efficacy or safety [539] and clinical symptoms are not well
detailed and severe pneumonia was not described during RSV infection agreeing
with results on article #1 (Chapter 3).

Differences in the route of inoculation were described to contribute to viral
replication and disease severity [169, 243, 540]. In article 1 (chapter 3) results
showed that even with an invasive inoculation of pathogens (intratracheal route) the
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development of pneumonia was not severe. Thus, may be indicated that the

quantities of the pathogen are the most important criteria for disease severity.

Improvement in the development of severe pneumonia in NHP model:

particularities of RSV infection

Different strains of RSV have already been described to infect primates, and
reference strains and isolated clinical sample are usually adapted to the animal to be
studied [540-542]The objective of this work was to develop a model of severe
pneumonia caused by mixed infection, thus, a standard strain, well described and
without passage in the animal was chosen. Its known that may be adapted strains
can induce a more effective immune response and maybe help to explain why the
severe disease was not detected.

Also, more studies of efficient entry of RSV are needed to help to identify fully
permissive animal models. Initial attachment processes of RSV infection involve
binding to glycosaminoglycans, or to C-type lectins which are abundantly expressed
in many cell types across many species [54]. Thus, maybe are others necessary
receptors that promote viral entry and viral tropism.

Severe pneumonia caused by RSV occurs mainly in newborns, so younger
primates may potentiate the impact of infections, as described in humans. In
summary, a possible strategy to optimize the severe pneumonia model may be, in
addition to increasing the number of bacteria, use in vivo adapted virus and/or
younger animals.

The literature describes the use of several species of monkeys as a model of
respiratory infection, associated with good permissiveness and spontaneous
production of the disease after a few days of infection.
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Model of severe pneumonia, benefits, and challenges

To conclude, a model of severe pneumonia can help the development of safe
vaccines and treatment. NHP model can be used to evaluate therapeutics and
pathogenesis for each pathogen and also in combination. Also, it can be used to
study various aspects of pathogenesis, particularly the immune response patterns
due to similarities in respiratory tract infection.

With the development of a model of severe pneumonia due to mixed infection,
many innate immune response mechanisms can be the answer and drug targets can
be explored. In view of all works presented in this thesis, in vivo model could be a
strategy of research to clarify an innate immune response, cellular mechanisms, and

complexities in disease severity development.
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GENERAL CONCLUSION
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Les infections des voies respiratoires inférieures sont causées par de
nombreux pathogénes et l'impact des co-infections est un facteur important de la
maladie grave. L'impact des co-infections sur la modulation de la réponse
immunitaire innée a été étudié. A cette fin, un modéle pour I'étude in vitro de
l'infection mixte dans les macrophages par RSV et S. pneumoniae a été développé
et la modulation de la réponse inflammatoire par I'expression des cytokines a été
étudiée. Les résultats démontrent que la co-infection des cellules immunitaires
dérégule la réponse inflammatoire avec l'expression IP-10, identifiée dans notre
étude, comme un pronostic biomarqueur potentiel de la pneumonie sévere.

En outre, le rdle de la voie p53 au cours de l'infection par RSV a été étudié
pour mieux caractériser les pathogénies virales, les stratégies pour détourner les
mécanismes cellulaires et la modulation de la réponse immunitaire. Un aspect
important de cette modulation a été décrit soulignant la participation de deux
protéines virales importantes.

En conclusion, I'étude pilote a I'établissement d'un modéle in vivo de
pneumonie sévére a été développée montrant les difficultés et les défis de ce type de
modeéle. Les particularités des pathogénes pouvant contribuer au développement

d'un modéle in vivo ont également été soulignées.
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Lower respiratory tract infections are caused by many pathogens and the
impact of co-infections is an important factor of the severe disease. The impact of co-
infections on the modulation of the innate immune response was investigated. To this
end, a model for the in vitro study of mixed infection in macrophages by RSV and S.
pneumoniae was developed and the modulation of the inflammatory response by
cytokines expression was studied. The results demonstrate that co-infection of
immune cells deregulates the inflammatory response with [P-10 expression,
identified in our study, as a potential biomarker prognostic of severe pneumonia.

In addition, the role of p53 pathway during RSV infection was investigated to
better characterize viral pathogeneses, strategies to hijack cell mechanisms and
modulation of immune response. An important aspect of this modulation was
described highlighting the participation of two important viral proteins.

To conclude, the pilot study to the establishment of an in vivo model of severe
pneumonia was developed showing difficulties and challenges of this type of model.
Particularities of pathogens that can contribute to the development of an in vivo
model were also highlighted.
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Article 1. Influenza A viruses alter the stability and
antiviral contribution of host E3-ubiquitin ligase
Mdm2 during the time-course of infection

In parallel to the thesis, | contributed to another study that leads to a

submission article. This work shows detailed interactions between Influenza virus

and Mdmz2 protein, highlighting the importance of p53 pathway during viral infection.
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Abstract

The inferplay between influenra A vimnses (IAV) and the p53 pathway has been reported m several
studies, highlighting the antiviral contnibufion of p53. Here, we investigated the impact of IAV on the
E3-ubigqmtn hgase Mdm?, a major regulator of p53, and observed that IAV targets Mdm?2, notably via
its non-structural protein (NS1), therefore alfering Mdm? stahlity, p53/Mdm? interaction and
regulatory loop during the fime-course of mfection. Thas study also highhizhi= a new antiviral facet of
Mdm? poszibly increasing the list of = many p53-mdependent fonchons. Altogether, ouwr work
conimbutes to better understand the mechanizms underhming the complex imterachions between [AV
and the p53 pathway, for which both 51 and Mdm? arise as key players.

Eeywords
Mdm?; E3-ubiquitn hgas=e; p53; apoptosis; mfluenza virns; virus-host inferachons
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Introduction

Influenra viruses are important pathogens responsible for recwrrent seasonal epidemics and causing
acute febrile respiratory illness ', Among the thres types of influenza vimses (4, B & C), influenza 4
viruses (IAV) constitute a serious threat to human populations, with the potential to canse pandemics,
as illustrated by the influenza A(HINL) viros in 2009 . Influenza vireses rely on oumercus host
factors and pathways to achieve successfol repheation. However, despite mmportant progress made
throughout the last decade, notably with the contribution of hpgh-throughput “omies” approaches,
many mechanisms mdertying influsnza-host interactions remain abusive >,

The transenption factor p33 15 well-known for s role as a tumowr suppressor, by rapidly
accumulating in the cell ouclews In response to stress stimml, hence modifying gene expression to
regulate cell fate. Beyond this major function, p53 15 also involved in the regulation of a large panel of
biclogical processes . Several studiss have investigated the inferplay betwesn nfluenza viruses and
different siznalling pathways, such as the PI3E/AkE or the NF-%B ™" Interestingly, the fimctional
interactions between influensa vimses and p33 have only been reported m a hmited mumber of studies,
mamly focused on the antiviral facet of p53 '™, We have previously shown that several levels of
regulation of p53 transcriptional activity are affected during the time course of IAV infection, pos=ibly
enzbling a fine-tuning of p33-mediated hiological responses in favour of viral replication "%, We
have particularly demonstrated that IAV modulate p53 transenptional actvity, notably through the
contribution of viral non-structural protem MS1 to the stabilization of p53 in IAV-infected cells '*,
Mdm?, considered as the mam negative regulator of p53, 1s an RING-finger E3 ubiquitin higase that
binds to p53 to promote its nhiquitination and degradation ", Mdm? and p53 participate in 2 negative
foedback loop wherein p53 activates the transeription of Mdm?, which in twn mactivates p33 by
directly associating with it and promoting its ubiguitination and proteasomal degradation . Since p53
is largely regulated at the post-translational level, the possible alferation of the Mdm?—p53 mteraction,
decrease of Mdm? protein levels andfor subcellular delocalisation of Mdm? have been sugpested as
the primary mechanisms for stabilization of p53 ' Nevertheless, only a limited number of studies

have mveshgated the role of Mdm? m the context of nfechon by non-oncogeme viruses, such as
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hantavirses for example "* Althongh two different genome-wide BMAi studies, both performed in
Imman hmg epithelial cells, have highlizhted Mdm? as a arucial factor for [AV infection **, the role of
Mdm? in TAV infection remains unclear. In that regard, Wang and collsborators have recently shown
that the stabilization of p53 in IAV infacted cells was associated with a compromised Mdm?-mediated
uhiquitination of p33 "%,

The aim of the present study was to further charactense the mecham=ms wnderlyimg the compromsed
activity of Mdm? during IAV infection Our results indicate that Mdm? stability is modulated during
infection, with 2 marked depradation at early stages of infaction. Different experimental strategies also
indicate an anfiviral role played by Mdm?, possibly independently of both its E3-ubiquitin ligase
activity and p33. Altopether, ou results mprove our comprehension of the role of Mdm? durnng the

time course of JAV infection.
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Results

Mdm? expression iz strongly impacted by IAV infection, mostly at the post-transeriptional level.
We firstly mvestigated the impact of IAV mfection on endogenous Mdm? expression, by performmsz
mock or influenza A (H3N2) nfechons in 4549 uman hing epithehial cells (Fiz. 1). At a nmltiplicity
of infection (MOT) of 0.1, we observed a dramatic decrease of wp to 5-fold in Mdm? endogenous
profein levels at 2 h post-infection (hpd), compared to the mock-infected control. Although relative
Mdm? protem levels remamed below 50% at least for the following 8 hours, they migmificantly
increased (more than 1_5-fold merease of Mdm? RPL compared to mock) at late stages of mfechon
(24hpi, Fiz. 1A). Similar observation at 24 hpa was confirmed wsing inereasing MO m AS49 cells
(Fig. 1E). Intevestingly, this increase on Mdm? EPL was not correlated wath a decrease of endogencus
p33, suggesting a possible devepulation of p53/Mdm? loop at late stages of IAV infection. Analogous
expenments performed i H1299 cells, whach possess a homozygous parhial deletion of TP53 gene,
show a similar increase of Mdm? protein levels at 24 hpi, hence advocating for a p53-mdependent
nafure of this phenomenon (Fig. 1E). These observations were confirmed with other influenza A
strains and subtypes (data not shown). To firther characterize the mmpact of infection on Mdm?
expression, we mock-infacted or mfected A549 cells to reproduce different viral conditions of marked
decrease (MOT 4, 4 and & hpi) or increase (MOI 0.1, 24 hp) of Mdm? RFL compared to mock and
measured hMdm? mBNA levels by RTqPCE (Fiz. 1C). Besides a shight decrease at early stages of
infection (4 hpi), Mdm? mENA levels in HIN2 infacted cells remaimed comparable to those observed
in mock controls at & or 24 b (Fiz. 1C). In a parallel experiment, we also measured the Mdm?2
promoter activity, using a luciferase reporter plasmid. Chr results indicated a limited, yet statistically
sigmificant (p =(0.05) merease of promoter activity m [AV-infected cells compared to mock at 8§ and 24
bpi. However, this mereased activity did not appear to be correlated with Mdm? mRNA and/or protein
levels at the same fime-points (Fiz. 1C). Altogether, our results mdicate that IAV strongly impacts

endogencus Mdm? expression, most probably at post-translational level.
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IAV nof only alters Mdm? protein levels but alse modulate itz nucleo-cytoplasmic localization
during the time-course of infection.

Since subcellular localization is known o play 2 major role m Mdm? activity towards p33, and to
further imvestizated the mmpact of AV infechion on Mdm?, we performed mummo-fluorescence
confocal microscopy in A9 cells mock-infected or mfected by mflvenza A (HIN2) virus at § or 24
bpi (Fig. Z). In addition to specific Mdm? immunestaming (red), we alse used IAV non-structural
profein N51 (green) as an indicator of viral cyele advancement. In mock-infected cells, Mdm? is
mamly localized in mueled (Fiz. 2, panels a and &) In IAV-infected cells, Mdm? immwmostainmeg
signal was shghitly mecreased at § hpi, compared to mock-infected cells, with a wisible moclear
accumulation (Fig. 2, panels 1 and m), and a co-localization with N51 in several cells (Fig. 2, panels 1
and p). At late stages of mfechion (24 hpt), we observed a stronger increase of global Mdm? staimng,
yet with partial localization in the cytoplasm (Fiz. 2, panels q and u) as well as a relative exclusion
between Mdm? and NS1 respective staimings (Fiz. 2, panels t and x). These observations confirmed
that IAV sirongly impacts endogenous Mdm? protemn levels, but alse alfers its nuclear-cytoplasmic
locabization.

IAV infection modulates Mdm2 stability.

We then mvestizated the impact of IAV infection on Mdm? stability. To that end, we mock-infected
or nfected 4549 cells in specific condifions, reproducing a scenano of marked decrease (MO 4, 4 hpa)
or increase (MOI 0.1, 24 bpi) of Mdm? EPL and analysed Mdm? stability by monitonng protein
levels over a 1 h peniod after treatment with 50 pM of cycloheximmde (CHE) (Fiz 3A and Fig 3B). At
early stages of infection ($hpi), we observed a faster decrease of Mdm? RPL on infected versus mock
conditions, with an estimated half-life of 12 and 50 min, respectively (Fiz. 34). Comversely, Mdm?
estimated half-life was almost 3 times higher in IAV-infected cells compared to mock (60 versus 20
mimutes, Fiz. 3B) at late stages of infection (24hpa). We then further mvestizate the decrease of Mdm?2
at early stage of infection (4hpa). We observed less pronounced IAV-induced destabilization of Mdm?2
at 4 hpi mn the presence of proteasome mmhibitor MG132 (Fig. 30). Moreover, ublqutmation assay i

IAV-nfected cells revealed an merease on Mdm?-ubiquiin conmpates between 0 and 6 b post-
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infection (Fig 30). Aliogether, these results indicate fhat IAV infection modulates Mdm? stability,

with a role of ubiquitin-dependent proteasomal degradation at early stages of infechion.

IAV N&1 expreszion contributes to IAV-induced AMdm? destabalization, and consequently alters
Mdm2/p53 interaction.

We previcusly demonstrated that IAV non-structral protein N51 contributes to p53 stabilization .
Although the underlying mechanism was not fully understood, Wang and collaborators proposed that
IAV-induced p53 stabilization was associated with a compromised Mdm? -mediated ubiqutination of
p33 “. In an attempt to shed light on the potential role of NS 1, we transfected A549 cells with either
an empty plasmmd or a plasmid expressing the mflwenza A (HIN2) N51 protem and assessed Mdm?
stabality as described above but over a 4 b peniod (Fiz. 44). Compared to mock-transfected cells, we
observed a sipnificant decrease of Mdm? EPL in N51-expressing cells at 40 and 60 min time-pomts
{p= 0.001, Fiz. 4A). Indeed the estimated Mdm? halflife in the context of transient expression of
M51 was almost the half of that observed in mock conditions (35 versus 75 min, Fig. 44). In parallel,
we also observed that this N51-induced destabalization was dependent of the quantity and kinetics of
trapsient expression of N51 (data not shown).

We then hypothesized that NS1 could constitute a major determinant imwvolved in vorus-induced
destabihization of Mdm? To firther explore the potential conimbution of N51, we used reverse
genefics  to produce 4 recombinant influenza virmses sharing the same A/PuerfoRico/8/34 (HIN1)
genomic background, but harbounng the NS 1-coding sepment (M5) 155ued from different TAV strains
and subtypes: N5 from APuertoRico/8/34 (HINI, PRS), swine-origin AT yon/0969/09 (HIN, 50),
AMoscow/10/99 (HIN2, MO), AFmchEngland20151/94 (HIN2, EM). A549 cells were mock-
infected or infected with the different recombinant IAV at a MOI of 4 and cell ysates were harvested
at 8 hp for western blot anabysis (Fiz. 458). The four recombmant JAV induced sipmificant yet
differential decrease on Mdm? RPL (p=0.0001) at a simmlar stage of infection, as confirmed by NS1
protein levels. Indeed, M51 issued from HIM2 and H5M2 strains appeared to induce Mdm?2
destabilization more efficiently than their HIN] counterparts (PES, 50, suggesting a possible

stram/zubtype specificity m this process (Fiz. 4B). In addifion, we also evaluated the mopact of W51
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expression on the inferaction between p53 and Mdm? by transfeching A549 cells with either an empty
plasomd, or two different amounts of plasmmds (1 and 4 pg) expressmg M51 issued from the HIN2
stram ({Fiz. 4C). After 48 h post-transfection, cell lysates were analysed by co-immunoprecipitation
assay umng an anh-p33 polyclonal anhbody. As expected in the absence of NS1, Mdm? was co-
immunoprecipited with the anti-p53 antibody. In confrast, the transient expression of N51 sharply
decreased Mdm? codmmumoprecipitation, corelated with decreased Mdm? protein levels in the inpat
(Fig 4C). In conclusion, our results underbme M50 as a key deferminant in the IAV-mduced

destabilization of endogenous BMdm? at early stage of nfection

Silencing/transient expression erperiments and small-molecule Mdm? antagomists reveal am
unexpected antiviral role of Mdm2I.

To further imrestizate the role of Mdm? m IAV infechion, we first evaluated the mmpact of Mdm?2
knockdown on IAV production. 4549 cells were transfected with erther a non-specific siRMA (si-Cirl)
or a pool of siFMAs targeting Mdm? andor p53. Forty-eight houwrs post-transfection, cells were
infected with mflvenza A (HIM2) at a MOI of 0.01 and wviral supernatants and cell exfracts were
harvested at 24 hp. As expected, western blots confirmed that p33 and/or Mdm? expression levels
were reduced in cells transfacted by specific siRMNAs targeting p53 andfor Mdm?, respectively,
compared fo s2-Chl treated cells (Fiz. 5A). Moreover, viral production at 24 hp was assessed by three
different approaches: (1) quantification of influenva M genome copies by ETqPCE. (1) measure of
infections viral fitres by endpoint titration in supermnatants, and () evaluation of N51 protein levels by
western blot. In agreement with previously published work validating the antiviral role of p53 "4,
we observed that viral genome copy pumber was sipnificantly increased (approcamately 10-fold) in
supematants of s1-p53 transfected cells, compared to that of si-Ctrl transfected cells (Fiz. 54). This
result was confirmed by both mfechious titres, with more than 10-fold merease on TCID50Vml. under
51-p53 freatment compared to s1-Ctrl, and meveased N51 protein levels m western blot (Fiz. 5A).
Based on these imfial observations, and considering Mdm? is mainly recognised as a negative
regulator of p53, we anticipated to observe the opposite effect with si-Mdm? Swprinsingly, we

obtaimed very simalar results betwreen s1-p33 and si-Mdm? experimental condifions, mdependently of

155



151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

the readout used (Fiz. 54) For example, we observed that viral gencme copy pumber was
sigmficantly increased (more than 10-fold) m supemnatants of s1-Mdm? transfected cells, compared to
that of 1-Cirl transfected cells (Fiz 5A). Interestingly, in the case of a combmation of si-p53 and =-
Mdm? treatment, we observed a strong decrease of viral produchion compared to s1-Cirl, with more
than 100-fold decrease in viral genome copies'ml. and TCIDS0/ml., but without a marked difference
of N51 protem level m western blot (Fiz. 5A). To complete these results, we performed a mumor
expenment, using a transient expression approach mm H1299 cells (Fig. 55) that not only lack the
expression of full length p53 but also express Mdm? at low levels. Cells were transfected with either
an empty plasmid or a plasmid expressmg p53 or Mdm?, or alfernatnrely co-transfected with plasmmds
expressing p33 and Mdm?. Forty-eight houwrs post transfection, cells were further infected with
AMoscow/10V99 (H3N2) virus, and the mmpact of trapsient expression on wviral production was
assessed by measure of infections tifres, viral genome copiy nombers and viral protemn level (Fiz. 5E).
The transient expression of p53 and'or Mdm? was confirmed by western blot. As expected, viral
production was significantly lower m cells trapsfected with p53 (p=<0.01) compared to mock-
transfected cells, in line with our previous observations . Interestingly, a similar impact of Mdm?
transient expression was observed, with almost 100-fold decrease on both genome copies/ml. and
TCID50/ml. titres compared to mock-transfected cells, consistent with a marked decrease of N51
protein levels in western blot (Fiz. 5B). The co-transfection of p33/Mdm? was also associated with a
decrease of viral producton.

To further investigate the role of Mdm? m IAV infection wre used small Mdm? anfagonist molecunles,
such as Nutlin-3 ' or NSC66811%, which are known to bind Mdm? in its p53-binding region,
blocking Mdm? regulatory activities towards p53, and hence inducing the stabilization and activation
of p33 *. We therefore evaluated the impact of these two Mdm? antagonists on IAV production, by
infecting 4549 cells with mftvenza A/Moscow/10/99 (HIN2) vires at a MOI of 0.001, in the presence
of erther DMS0 (control) or different concentrations of Mdm? antagonists (Fig. 5C). Cells were pre-
treated 14 b before infection to ensare good efficacy of Mdm?-antagonist treatment, and harvested at
43 hpi. Treatment with Mutln-3 sigmficantly mereased viral production compared to control, with up

to 40fold increase of logl0 RNA copiesimL for 10 uM (p=0.05) (Fiz. 5C). A similar vet milder effect
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was observed for the NSC66811 molecule, with 5-fold maximum increase on viral preducton for 2
pMd (p=0.001). Of note, the same mpact of small molecule antagomsts oo IAV production was
observed in absence of p53, m HI1299 cells, using lower doses of anfagonists or shorter viral kmetics
{data not showm). These results are consistent with our previous observations uwang =i-FMA and
transient expression approzches, suggesting a mostly p53-independent antiviral role of Mdm?.

We then explored cellular processes regulated by p33/MMdm? and therefore potentially impacted by
Mdm? antapomsts. One stnkmg observation 15 the mpact of Nutlin-3 and NSC66811 on the early
steps of [AV-indueed apoptosis (Fiz. 5C). We mfected A549 cells by influenza A (H3MN2) at different
MOIs for 48h, mn presence of control DMS0 or Mdm? antagonists at diferent concentrafions, and
using a specific huciferase assay to measuwre caspase 37 actnaty at 48 hpl. As expected, whereas
hngher MOIs were correlated with an increase of caspase 3/7 activity in DMSO-treated cells (conirol),
the mmpact of AV infection on apoptosis was strongly reduced, or almost completely attennated in the
context of Mutlin-3 or NSC6681] treatment (Fig 5C). These results suggest a possible reduction of

IAV-nduced apoptosis by Mdm? antagonists, creating a favowrable confext for LAV replication.
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Dhscussion

Mdm? 15 a KNG finger domain-contaimng protein with E3-ubigquitin ligase activity, mamly known
for a central regulatory role through the binding to p33, which promotes its ubiquitmation and
depradation . Whereas many studies have been dedicated to the inferplay betereen p33 and virses,
incloding pon-oncogenic virnses, only a linnted number have really focused thewr interest on the
Mdm? partner, essentially explaimng the stabilization of p53 observed in the context of mnfection
M

In the context of AV, several research groups, includmy ours, have desenibed a stabilization of p53
the comtext of viral infection """ with Wang and colleagues showing that this stabilization was
associated with a compromised Mdm?-mediated ubiquitinafion of p33. A possible imvolvement of
viral mcleoprotein (MF), that could mmpair p53/Mdm? and consecutrve Mdm?-mediated degradation
waz muggested . In the context of a study demonstrating that viral N51 inhibits p33 transeriptional
activity dwring IAV infection, we have also shown that NS1 coninbutes to the stabilization of p33
possibly via its direct inferaction with p53, although to a limited extent '*. We therefore hypothesized
that both compromised ubiquimation of p53 and M51 interaction may contribute towards IAV-
induced stabilization of p53, but the underlying mechanisms remained nmeiled.

Here, we showed that JAV alters Mdm? expression mostly at the post-translational level, with an
impact on its mcleocytoplasmc locabization (Fig. 1 and Fiz. 2). Although ths observation is not in
complete agreement with previous work by Wang ef al, indicating unchanped abundance or
subcellular distribution of Mdm? in IAV-infacted cells compared with mock-infected calls ', this
discrepancy may be explained not only by the differenfial ongin of cellular models (simian/canine
versus human in our work) but also by virus-related parameters (strains, MOT and kinetics) used The
imitial degradation of Mdm?, followed by a stabilization at late stages of infection described in our
study, partially comrelates with the biphasic pattern of p53 obsenved by Shen and colleagnes, notably
with the transient p53 increase at the begimming of infection .

Dhifferent experimental approaches in our study suggest that the p53/Mdm? autoregulatory negative
feedback loop 15 altered during the time course of AV mfection, notably at late stages (Fig. 1 and Fig

3). This kand of modification has been already described m lhiterature in different contexts of cellolar
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stressful stimuli, such as DNA damage, oncogenic or mucleclar/nbosomal stress ™" Since we
previously demonstrated that IAV infection induces a stronz remodelling of the host mucleclus %, we
canmot exclude a role of mocleolarmbosomal stress in [AV-induced alteration of the Mdm?2/p53 loop.
Another non-exclusive hypothesis would be the myvohvement of viral proteins such as NP and N51 m
this mechanism, as we have recently demonstrated their fonctional interaction with host nucleols and
ribosome machinery at different levels ®,

Chr results show that N51 conimbutes fo Mdm? depradation ether directly or indirectly (Fiz. 4),
which iz i line with our previous work on the induetion of p33 stabihsation by transient expres=sion of
NS51 ¥ We then can hypothesize that N51 might contribute to p53 stabilisation at different levels, via
its mteraction with p33 andfor its contibution to Mdm? degradation Although the underbying
mechanisms remain to be investigated, several ohservations might be worth exploring. For example,
our mmnma-fluorescence conforal microscopy results (Fiz. 1) indicate a progressive decrease of co-
locahization of Mdm? and N51 duning the time cowrse of infection, in correlation with the stabahzation
of Mdm? observed at late stages of infection (Fiz. 1 and Fiz. 3), which suggests that N51 coninbufion
to Mdm? degradation could occur in the miclear compartment. Interestingly, 51 has been shown to
target other E3-ubiquitin ligases such as RING-domam contaiming TRIM proteins involved i mnate
ity ', for which we cannot exclude a similar mechanism in the case of Mdm?. In addition, the
dufferential effect of N51 on endogencus Mdm? i the confext of mfechion by different recombinant
IAV (Fiz. 45) muggests a virus stram/subtype specificity, which could be Imked to specific W51
ammo-acid differences that may impact the interaction, subcellular localization and/or fimctionalities
of N51. In addiion, N51 from different IAV strams/subtypes were shown to differentially activate the
PI3E/Akt signalling pathway ">, which is part of the upstream regulatory pathway of Mdm? 7. The
possible role of N51 functional interactons with upstream signalling pathway (MAFPE, ERE,
PLRE/Akt) and thew consequence of Mdm? wnderscores firther vahdation.

The most stnkmg result of our study 15 the unexpected inibitory role apparently played by Mdm?, as
suggested by silencing/transient expression expeniments as well as small molecule Mdm?-antagonists
(Fig 5). This potential antiviral facet of Mdm? is qufe mberesting , as Mdm? 1= the mam negative

regulator of p33 V¥ and p33 is known to contribute to the amtiviral response **. However, several
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resulis mdicate that Mdm? Lmits IAV production in a p53-independent manner (Fiz. 54). Indeed,
Mdm? has been reported to have p53-independent fimctions in a large panel of cellular processes such
as cell cyels control, cell fate determination, or signalling pathways (iLe. NFi-B) ***, all of which
could be mvolved in the property of Mdm? to mhbibit IAv infection.

Finally, we observed a sigmificant increase of viral production in the context of treatment with Mdm?
anfagomists (Fiz. 5E). In the hght of the results obtained, we can hypothesize that these molecules,
knowm to target Mdm? m its p53-binding site, also block other Mdm? related fanctions, including
finctions mterfering with an optimal viral replication After explonng several cellular processes
potentially impacted by small Mdm? antagomsts, we found that apoptesis was possibly involved
Indeed, our results indicate a reduchion of IAV-induced apoptosis by both Muthn-3 and NSC66811 in
comparison to mock-treated control (Fiz. 5B). Whereas the mducthion of apoptosis was demonstrated
to be essential for IAV propagation, notably at early stages of infaction V', the limitation of IAV-
induced apoptosis at late stages of infection could be also favourable to viral produchon, avoiding a
premature death of the host cell.

In conchision, we have shown that IAV targets the E3-ubiquitin hgase Mdm?, via its nmltifonctional
profein N51, altenng Mdm? stababity and the p53/Mdm? mteraction and regulatory loop during the
time-course of infection. This study alse highlizhted 2 new antiviral facet of Mdm? which may be
part of its pi3-independent functions. Altogether, our work contributes to better understand the
mechanism involved in the complex interactions between IAV and the p53 pathway, in winch both

MS51 and Mdm? seem to constitute key plavers as well as cellular gatekeeper p53.
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Materials & Methods

Firnses and cells — IAV strain A/Moscow/10/99 (H3N2) and recombinant viruses used in this study
were cultivated and titered in MDCE cells and stored at — 80 “C, as previously described **'*. MDCK
cells were purchased from Lonza (ATCC, CCL34) and were passaged twice weekly in serum-free
Ultra-MDCE medium (Lonzz) supplemented with 2 mM L-ghitamine (Sigma Aldrich), penicillin (225
wnits/ml} and streptomyein (225 p z/ml) (Lonza). Human lung epithelial A549 cells (ATCC CCL-185,
wild type p33) and H1299 cells (ATCC CRL-5803, Homozygous partial deletion of TP53 gane) were
maintained in Dulbecco’s Modified Eagle’s Medium (DMEM, Lonza, Biowhittzker) supplemented
with 100 units/ml penicillin, 200 p g/ml streptomyvcin, 2 mM L-glutamine and 10% fetal calf serum
(Dutscher). All cells were maintained at 37 °C with 5% CO2. Sub-confluent A549 or H1299 cells
were infected with influenza viruses at different multiplicity of infection (MOL indicated in text and
fizure legend), After a 1h adsorption period in a minimal volume, DMEM supplemented with 10%
heat-inactivated fetal bovine serum (Lonza), L-glutamine (2mM), penicillin (100U/ml), streptomycin
(200 pg/ml) and 0.5 pgml trypsin was added, and cells were incubated at 37°C for different lengths of
time. Mock-infected confrols were realized with the same protocol, using DMEM instead of viral

mocubum.

Reverse gemetics - Reverse genetic system APE/S/34 (HIN1), and all NS reassortant viruses were
penerated by reverse genstic as previously deseribed ™* Four different recombinant IAV were
generated using reverse genefics, nsing the same A/PuertoRice/8/34 (HIN1) genomic background, and
harboring NS sepment from different IAV straims; N5 from A/PuertoRice/834 (HIN1, PRE), swine-
ongin ATyon/096308 (HIN, 50), AMoscow/10699 (HIN2, MO), ATFinchEngland20151/94
(H5M2, EN). Recombinant viruses were generated by DNA transfaction. Plasmids were mixed with
Superfect reagent (Chagen) m OpaMEM (GIBCO), according fo the manufactirer’s instruchions and
added to 283 T cells in six-well tissue culture plates. At 48 h post-transfection, viruses in the culture
supernatant were harvested and used o mfect MDCE cells to be amphfied Afier two passages, viral

titers were mezsured using standard methods.
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Immumgflucrescence confocal microscopy - A9 cells grown, and Mock or IAV-infected on Lab-Tek
II chamber slides {ThermoScientific) were fixed with 4% paraformaldehyde in PBS for 30 ouin. After
washing in PBS, cells were permeabilized with (0.1% Tnton X-100 m PBS (PBS-T) for 15 min Mouse
monoclonal anfi-Mdm? antibody (SMP14, sc-965, Santa Cruz Biotechnology), and a rabbit pelyclonal
anii-N51 (Kind gift of Dr Fuan Ortin, CSIC, Spain) were used as primary antibodies in PBS-T. After
ineubation fior 1 b the cells were washed in PBS-T and then incubated with goat anti-mouse coupled
to AlexaFluor 633 and'or goat anti-rabbit coupled to AlexaFluor 488 (Molecular Probes, Invitrogen)
for 30 min, at concentrations recommended by the suppliers. Nuclel were counterstained with DINA-
binding flusrochrome 4,6-diamidmo-2-phenylindole (DAPL Imvitrogen). After staimmg, covershps
were mounted with Fluoromount G (Climscience) and analyzed using a confocal laser scanming

mucroscope (SP3 Lenea).

Antibodies and western blot - Total proteins were extracted by scraping and syringing cells in 1x
NuPAGE LDS buffer (Invitrogen). Fifteen to thirty micrograms of total proteins were then separated
on 10% SD5-PAGE gels. The following antibodies were used: mouse monoclonal anti-Mdm?
(SMP14, 5c-965, Santa Cruz Biotechnology), anti-p33 (DO-1, Santa-Cruz Biotechnology) and anti-
N51 (sc-130568, Santa Cruz biotechnology) antibodies, and a sheep polyclonal anfi-pS3 antibody
(SAPU, JC Bourdon, University of Dundee). In addition, an anti-KuS0 polyclonal antibody was used

as a loading control (#2753, Cell Signaling).

Stability, transactivation and RT-gPCR assays - For the determination of Mdm? half life, cells were
treated with cycloheximide (50 pg/mL), and total protein lysates were harvested at different time
points and analyzed by western blot. Mdm? relative protein levels (RPL) were determinad by
densitometry analysis using the Image] software (lttp://rsbwed nib =ov/ii/). For transactivation assays,

cells were transfocted with lpg of Mdm?-lnc vector, possessing the firefly luciferase gene under the

control of the partial promoter sequence of Mdm? (Mdm?-luc) ™ Transfection efficiency was

normalized wsing a3 Remlla Luciferase plasnud. Luciferase activity was measured in whole cell
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extracts using the Dual-Luciferase Reporfer Assay System (Promega), according to the mamfacturer’s
mstructions, and was expressed as Relative Luciferaze Units (ELLT), compared fo the control. For real-
time quantitative PCE, total EMAs were extracted using the RMNAsasy Mini Eit ((hagen). Feverse-
transeriphion was performed on lpg of total EMNAs uning the Supersenpt [T enzyme (Invitrogen) at
42°C. Cruanhfication of the levels of the different mENAs of interest was performed by real-time

quantitative PCE. as previously descnbed (Temer et al., 2011).

Tmmumoprecipitation & Purification of His-tagged wbiquitin conjugates — For immunoprecipitation,
AS549 cells were mock-infected or infacted at different MOL Cells were harvested 8 or 24 b post
infection m a NP40 lysis buffer (NP40 (1%), NaCl (150mM), Tns-HCl (20mM)). Lysates were
incubated with an anh-p33 polyclonal rabbit anfibedy (CM1, Movocastra Laboratones) on a rotating
wheel overmght at 4°C. Protem G agarose beads (Life technologies) were then added to the lysate and
incubated lh at room temperature. The beads were pelleted and washed m NP40 bysis buffer.
Antibody-antigen complexes bound to the beads were eluted in 13 NuPAGE LDS buffer (Invitrogen)
and analyzed by western blot with an anfi-Mdm? antibody (SMP14, Santa Cruz hiotechnology). For
purification of His-fagged ubiqutin conjugates, cells grown in 150 mm dishes were transfected with a
plasmud expressing hus-tagged ubiqmiin (pUb{Hiz)6). The punfication of His-tagged ubiquitin
conjugates was performed as previously described *. Briefly, cells were harvested in a lysis buffer
(Guanidinm-HCl (3M), Nal2PO4 (0.1M), Trs-HCI pHS (0.01 M), Tween 20 (0.05 %2)). Lysates
were mixed with Mi-NTA agarose beads (QIAGEN) and incubated on a rotating wheel 2 b at room
temperature. Beads were then washed (Urea 8M, NaH2PO4 (0.1M), Trs-HC1 pH6.3 (0L01M), Tween
20 (0.05%)) and His-tagzed ubiquitin conjuzates were elufed (Imdazole (200mM), Tns-HC1 pHE.7
(0.15M), glyceral (30%), f-mercaptoethanol (0.7IM), SD5 (3%)). The eluates were analyzed by

Plazmid and siRNA rrangfection - Plastmd transfections were performed using TransIT-LT1 reagent

(Murus), according to the mamufacturer’s instructions. The HisS-tagged ubiquitin expressing constroct

was a kind gift from Dr Mark Sannlle (Division of Cancer Research, Umiversity of Thindes, UK). The
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NS1 (HIN2) plasmid (pCI-NS1 HIND) was a kind gift from Dr Nadia Naffakh (Pasteur Institute,
France). Silencing of MDM2 was performed in A549 cells transfected with the Smart Pool ON-
TARGET plus Mdm? (si-Mdm2) (L-003279-00-0005, Thermo Scientific), 2 sRNA specifically
targeting p33 (si-p33) * and 2 non-specific sSiENA (si-Ctrl, OR-0030-neg05, Furogentec), using
Oligofectamine (Tnvitrogen).

Small molecule Mdm? antagomizts - Two differents small molecule Mdm? antagomists were used mn
thiz study, Mutlin-3a (Calbiochem) or NSC66811 (Calbiochem) **. A549 calls were pre-treated for
14h and then infacted by mfluenra virus AMescow10/99 (HIN2) at a MOT of 0.001, n presence of

DMS0 or small molecules Mdm? antagonists (Mathn-3 or WSC 6681 1) at different concentrations.
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Figure legends

Figure 1. Mdm? expression is strongly impacted by IAV infection, mostly at post-transeriptional
levels. A. Human hing AS49 cells were mock-infected or mfected by mfluenza AMMoscow 10/99
{H3M2) at a MOI of 0.1 and cell lysates were analyzed by western blot for the expression of Mdm2,
p33 and IAW N51 at different time-points post infection. EnB0 was used as a loading control. Mdm?2
relative protein levels (Mdm? EFL) were measured by densitometry and caleulated from data from
three mdependent experiments. ** and *** for P-value = 0.01 and 0.001, respectively. B. Alternatively,
AS549 or HI299 cells were mock-infacted or mmfected by mnfluenza AMoscow 1099 (HINZ) at
dufferent MOI and expression of Mdm?, p53 and IAV M51 were monitored at 24 h post-infection by
western blot, usmg the same approach. C. A549 cells were mock-infected or mfected by influenza
AMoscowr/10/99 (HIN2) at a MOTI of 4 or 0.1 and cell supematants and hysates were harvested at 4, 8§
or 24bpi, respectively. Endogencous Mdm? expression was measured af protem level by western blot,
Mdm? promoter activity was momtored using a luciferase reporter plasmmd. In addibon, Mdm?

mRNA expression was measmwred by ETqPCE. -, for Povalue = 0.05, 001 apd 0.001,

respectively.

Figure 2. IAV alters Mdm2 protein level and its nucleo-cytoplasmic lecalization during the thme-
course of infection, Immunofluorescence staining of Mdm? (red) and inflnenza N51 (green) in mock-
infected (panels a to h) or infected wath H3N2 +irs at a MOI of 1 (panels i to x) was performed at
different times, as indicated MNucled were counterstamed with DAPT (blue, panels ¢, g, k, o, 5, w).
Merged fluorescent signals are presented in panels d, b 1, p, t and x Cell details are enlarged (inset).

White scale bar =10 pm.

Figure 3. IAV infection modulates Mdm? stababity. Stability assay m [AV-infected cells at 4hp (A)
and 24hpi (B). Human lhmg AS549 cells were mock-infected or mfected with mfluenza
AMoscow/ 1099 (H3N2) with an MOI of 4 or 0.1 and analyzed at 4 and 24hm, respectively. Stabulity

was assessed by momitornmg relative protein levels (RFL) of Mdm? dunng a 1h pened, after treatment
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with 50 uM cyeloheximide (CHY). Mean values +/- standard devistion from three independent
experiments are presented. *** for P-value < 0.001. C. Human kg 43549 cells were mock-infected or
infected with influenza AMoscow/10/99 (HIN2) with an MOI of 4, in presence/zhsence of
proteasome inhibitor MG132 (20 pM), and harvested at 4 h post-infaction. and analyzed by western
blot. . A549 cells were fransfected with 2 plasmid expressing His-tagged Ubiguitin and then firther
infected 48 h post-transfection with influenza AMoscow/10/99 (H3N2) with an MOI of 4, in presence
of 20 pM MG132. Cell lysates were harvested at different time-points after infaction, ubiquitinated
products were separated and anahyzed by western blot using a specific anhbody agaimst Mdm?. In
parallel, without MG132 treatment, Mdm? protein levels were monitored at similar time-points. When

necessary, Eul0 was used as a loading control for western blot.

Figure 4. IAV NS1 expression comtribute: to IAV-induced Mdm? destabilizaton, and
conzecutively alters Mdm2/pS3 interaction. A. Stability assay m presence of N51. A549 cells were
transfected with exther an empty plasmid or a plasmmd expressing N51 from AMoseow 1000 (HIN2),
and Mdm? stabbity was evaluated at 48 h post-transfection. Stability was assessed by monitorng
relative protein levels (RFL) of Mdm? during a 1h period, after treatment with 50 pM cycloheximide
{CHX). Mean vahues +- standard deviation from three ndependent experiments are prasented. ™ for
Paalue = (L00]. EuB) was used as a loading control. B. Fowr different recombinant IAV were
generated usImE reverse genetics, nsing the same A PuerfoRico’8/34 (HIN1) genonuc background, and
harboring N5 sepment from different IAV strams; N5 from A/FPunertoFica’834 (HINI, PRE), swine-
ongin ATyenW96%08 (HIN, 50), AMoscow/10§98 (HIN2, MO), ATFinchEngland 2015194
(H5M2, EM). Human ling 4549 cells were mock-infected or infected with these different IAV with an
MOT of 4 and cell lysates were harvested at § h post-infection for western blot analysis. Mdm? relative
profein levels (Mdm? EPL) were measured by densitometry and caleulated from data from three
independent experiments. . for P-value < 0.0001. Eu80 was used as a loading conirol. C. Impact of

H51 transient expression on the inferaction between p53 and Mdm? A 549 cells were transfected with

etther an empty plasmad, or two quanfities of plasomds expressmg N51 (1 and 4 pg N51 H3N2). After
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43 b post-transfection cells hysates were analyzed using a co-immumeprecipitation assay using an anfi-
p33 polyclonal antibody.

Figure 5. An unexpected antiviral comtributon of Mdm2 revealed by slencing/transient
expression experiments and smallmolecule Mdm2? antagonists. A. Enock-down of p533 and'or
Mdm? mENA expression in A54% cells differentially modulates levels of LAV production (Left panel).
Forty-eight hours after si-ENA transfertion using a control si-RMAs (si-Cirl) or specific siEMAs (m-
pi3i=i-Mdm?), A549 cells were infacted by AMoscow/10V99 (HIN2) at a MOI of 0.01 and the level
of viral production at 24 b postunfection was assessed using three different experiments: (1)
determination of mfectious titers of supematants (logy TCIDs'ml) by endpoint titration in MDCE
cells {measured in quadmplicate in 2 independent experiments; *** for P-value = 0.001), (i) RT-gPCR
{logl) ENA copies/ml., measured in three independent experiments), and {(m) western blot. En80 was
used as a loading control; B. Transient expression/co-expression of p33 and/or Mdm? in H1299 cells
decreases the level of viral production (Right panel). Forty-eight hours after transfection, A549 cells
were infected by AMoscow'10/99 (HIN2) at a MOI of 0.0] and the level of viral production at 24 b
post-infection was assessed using simalar methods. €. Impact of small molecule Mdm? antagonists on
viral production and IAV-mduced apoptosis. Human hing epithehal AS49 cells were infected by
influenza virus AMoscow10/99 (HIN2) at a MOI of 0,001, in presence of DMSO or small molecules
Mdm? antagomsts (Muthin-3 or NSC 66811) at different concentrations. The level of viral production
at 48 b postinfechion was evahiated by ET-qPCR (logl0 ENA copies'ml). The impact of small
molecule antagonists on IAV-induced caspased/T activity at 48 h post-infection was momtored using a

luciferase reporter assay, nsing three differend MOT (0.1, 0.01 and 0.001).
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Article 2. Phylogenetic analyses of influenza A
(HIN1)pdm09 hemagglutinin gene during and after

the pandemic event in Brazil

Also, in parallel to my thesis, | participated in some evolutionary analyses of
Influenza virus. The Brazilian national reference center of Influenza virus work on the
surveillance and evolutionary analysis of influenza virus detected in Brazil. The
collaboration with this laboratory, where | did my master degree, is still established

and | contributed to this article published by the Brazilian team.
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Pandemic mfloemza A HINT | Al HIN jpdmi8] was first dstected in Brazl in May 2009, and spread exencreely
through out the: country causing, a peak of infection duning, june to August 3009, Since then, it has mntinued o
ainular with 25 msonal pattern, Gusing high raes of morbidity and morlity. Ower this pesiod, the sns has

T esnived with the anromul 6 on of new matatons In i shudy we analyze the phylogenssic rltion -
ship in 2 milection of 250 ATH 1M1 jpdmi® hemagghotinm (HA) gene seguen oo ooflecied duning and afer the
|pandemic pesiod {3008 o 2014 inBrazsl In addition, we have kooked for evidence of viral polymaosp hisms a<so-

oy ciated with severne disease and oomipaned the range of siral vasants with the waon e srain {A0Cal fom i/ 73009
Ao HIH 1 pelriey l.nedlln.gh:llﬁupmnd.
M g TG The phyk =% mhd&eaﬂid:lmcflbﬂtuﬂtpm mﬁ:.ﬂ.'l"w{ﬂ-
Flhyloge oo S analyues pﬁ'rl.md ﬂphﬂmﬂuhtﬂidul‘gﬁep:ﬂmpﬂmd. an easty of wiral
ST with 2 kow genetic distance from vamone s tra n Other phylogeneticgroups, ©5, O (induding 68, 6Cand SDsub-
(i P i goups), and T were found in the subsequent epidemic sez o from 2011 o 2014 These wuss achibied
e 2imina a0d difsrence: from the vamine strain with severa substitutions at the antigenic atec. This &
asocated with 2 theoeticl deoresme in the vaone officcy. Fusd we o d that the of
any polymonphism at residue 137 of the HAgene it can dy d with == fatal mmm, reinforony
[previons neponts that desoriber] this residue 25 2 potential vinulen o mader.
This smdy pronid = nisw infonmasion ahoot she dnon Lation of some viral varian i in Bosl fllees up potential
Fenstic markers aseocated with s o and allows infer if the =ficoy of the oument varone again st more
merent A{H 1H1 jpdmiE strains may be reduced.
© XN5 Besvier BV Al dghis reserved.
1. It aedisctian asdopted ta @nia] viral transmisson, 4 mortality rate of 4 6% among se-

Indlueres vir ises s importnt hunen patvegens, causing saxsonal
epidenmics and odrad onal pande mics with high rates of moddity and
martality annually {World Hesltls Organi zation, 200 4a). During April
2009 2 new inflenes A subtype HIN] vires eme rged simultaneowusly
i Moo amid thee United States, wihich rapidly spresd wor dwide, caus-
ing the first padernic of the 213 century (Dawood et al, 2009, Smith
ef a1 2000) This vins wis the prodwctol mul e res soment svents
inve hving viruses from swine, birds and lmens sand ws respomsible for
maorne than 18,000 deghs workdvide (Smith et s, 2009; Workl Health
Organization, 20104 In Brazil, pandemic influsnzs A [HIN1 ) virus
| ALHIM L e real | weins ftst dete cted in May 2009 and it spresd rapidly
acres the country. Despite public heslth @nixinmen mexaunes being

= Come spoading aottor ar: Ao Brasl, 4365, Masgeindes, Fay. HFP, BI04, - B de
Jamsing, ] Bl TOF coade 71080 3601
Fomal odibess: packalo Sucearia {PC Resmds].
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vere soule respiratory infections [ SARD) cxses wene reparted [Secretary
o Hexlth Surveill ance — Brzslisn Mok, 20107 After the parndem ic peri-
add, A[H1N jpediml S began to circilate ks 5 sl vines together vith
influenza A/HAME and inflienzs B virs linasges, causing snmeal epi-
demic seanans duri ng winter and consderatie morbidity and maortality
[ Secretary of Hasith Sumeillancs — Brasilian Mo, 2012 Ssaetiy ol
Hezlth Surveillance — Bradlian MaoH, 20138, 201 3h, 2001 4).

Inllienes viruses have & segmented single siranded BNA genome
andl exhibit an evolutionary plasticity. During replication process,
eraiual genetic changes (antigenic drift) oomr due to the Lk of prool
resding of the RNA polymer e comples (Carrat 2nd Flahsilt, 2007;
Medina and Garcis-Sxstre, 2001). It @ntributes to the shilicy of
ithe virus (o evade recognition by the Immine system and ensure its
condistent circul stion within humman popelstions | Carmat snd Flalundt,
2007; Meding snd Garcis- Sastre, 200 1] Surve illance of emerging viral
varianis is nedessary to inform dedsions on the vaccine compasition,
Curfertly, the vacdne used in Brazil cnixins two subhypes of influsnes
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A_HIN1 2nd HEN2 and one influsnes B linexge Since the emergence of
AHIND plm0d, the HIN vaccine com ponent has remained the sme
imthee Mortheern and Souther i Herms phoere [Wordd Heaith Organization,
20714h) and the anti-inflenzs vaccine coversge in Brazil has alvaays
been over B0E in the target population [Ministry ol Health, 2015).
Influenz vaccine effectivenes may be infhienced by 2 variety of Gcetos
rssocisted with recipientor with the vir sl strain chosen to oom pose the
anti-influwenzs vaccine (Houser and Subbarsn, 2015; VanLoveren = al,
2001). The intrinsie cxpacity af the recipient to redpond to the vacdne
vy e rrochulated by many charscteristics Sucl a9 age, 6% mutritional
and il gical conditi on, genetic facors, and presence of clronic
disesie [Van Liveren ot sl 2001 | Influsnzs vadcine eflectivensss is
sy affectd by the high mutstionrae of influenes vins. Efiective-
=i 8 flg ures. o 30-60F spainst inflwenz have been reported, depending
on the andgenic match between vacane and circulation strain [ Gupt
et al, X6, Howser and Subbarsa, 2015). The rate of aming scid change
of infhue rea mesns that rhe sntigens included in the snmusl veed nation
have to be changed on 4 regulsr bass b provide protection aginst
cufrent sirains. The selection of sirains i hesed on the detection of
neEw VarznE and sdesment of antigenic change using lef rel antsers
and 3era from vacciiess. Studies have smempled to svaluate the use
of sequence hased sming acid changes to predict these anti genic chang-
o8 [Glingky, 2000 Lee et 2l X000 Mesquits e al, 2014; Resende e 51
20 4; Soura stal, 201 3] Vira] i stions may a0 Crse siinciekss in
viral fimess leading to a grester transm isibdlity, parhogendcity and o
rhe emergence of viral variants resstant to antivira] drigs [ Glinsky,
2010; Lee of al_ 2010; Mesquita et al. 2014; Resends e al 2014;
Soires etal, A013) The HAgene is the major viralantigen and is respon-
sibile for entry into the host cells. Analyses of this gene provide irpar-
tant data on virulenos snd remporal and geograpldal distibuton of
straind (Smith et al, AMM). Same mutsions in the HA of
AHIND) pdm0D virus have besn suggeded 23 potentisl vimdence
markers, ke K-TF and QPO3H [Glinsky, 2010: Potdar et al_ 2010):
DZ22G [Waorkl Health 20°10). However, the substittion
of s partic scid (D) to glycine (G) or mived viral populstions & residue
222 of the HA gene presented 22 tnong asociation with sevens and bl
cartess [ Chen et al, 200 0; Kurods «tal, 20 100; Word d Feealth Crgandzation,
2010%; Resende of a1, 2014 ] Regarding the phylogenete dynamic of
Ihee ATHIN Jpedna virus, previois studies showed anearly diversifics-
vion of this virus in ssven phyloge netic groups during the pandemic
peeriad, hised on specific rmitations in the viral genome [Nelsnet sl
2009; Potdar et al, 2010 After the pandemic, 4 major diversification
of these strains ocurmed and new phylogenetic groups were identifted
Isesd evn it ons & t HA genee [Eiro pean Centre lor Disesce Prey ention
amed Convtrod, 2011, 30K 3).

In thisstudy, we deser ibedd the long-term molecular epidemialogy
of influenzs A HINI pdmi09 vims which circulated in the different
Brazilisn geographical regions from 2009 to 201 4 Based on HA gens
wie Jooked Tor mutations that culd be ssocisted with severe clinicsl
oulcanmes and with ant-Infkeenes vacdnes [l

2. Materia] an d miethods

2.1, Saiples

Lising the Bra lian infhienzs Surveillances Network . naso pharyngeal
aspirates [NPAS) were collected from patients with Influenzs-like

ilinesis (1) and hospitalived patent sulfering from SARL These sam-
ples were sent 1o the Laborstary of Respirstory Virses st FIOCRUZ in
Rio de Janeiro, 3 National Influenzs Genter (M) for World and Health
Orgaisization [WHD) aned for the Ministry of Hexlth | Mol L where this
study wis conducted.

A otz of 220 representative Brazilian Al HIN1 jpdm(0 strains wene
chase nkorchis study. These selected samples were represenntiveal the
virwses circul ating in the three distina Bras lian geogra phic lim 48 c re-
gioms, namely: Morthexstern {n = 38). Southexsten (n = 37] and
Southem (n = 145), covering the pandemic period [ n = 65) and the
Tallwing epidemic sezson 2001 (n=9L2HM2(n =49, 2013 (n =
7d) and 2014 [n = 23). These wuinples were colleced from jatients
with & medizn sge of 26 yexrs, being 53T of individusls ranging fom
16 16 50 years-okl, and 541% wene females. Among these pa tients
only 138 [627%) provided detsiled information shout clindeal out-
comed, 44 cxses veere mild, 57 severs snd 77 were from Bl cases,
and andy 14 patients reported chrondc disedse.

Samples were manipulsted anonymously. Patient identifiers
i uding personal information (nume and 2 ddress ) snd hospitalies-
tion naumber were removed to protea patient confldentiality. This
study was conducted within the scope of the Mationsl Influenzs
Epiceminlogical Survedllance ProgramMoH, a5 part of 2 global and
Federal public health poliey for Influenzs contral and prevention in
Bz ril For the rexsand,  lom .zl approval from our Ethical Gommmittes
s not requdred.

232 RMA extraation, amplifiaarion and ssquencing of the HA gene

Vi ral RNA wars exir scted Trom NPAS wsing & QLAm pvirsl RNA mini kit
[ Qi agen, Hilden, Ger many | soconding o mambeturer s proal cDNA
vkt Sy et inedd using Super Soript 0] ensyme [Life echnokogies, Carks-
I, Clifiornia, 11SA). Thersafter whiole HA sequence was obvod ned by
amplification of fows POR products using Tag Plat mum DNA paly merese
emyme | Life technologies, Carlehad, Califorma USA) and primer sets
deseribed previoudly by (OC Inflenza divison [Waodd Health
Crganiestion 2009). DNA products were purified with a Qlagquick PCR
Purifiestion kit [Qiagen, Hilden, Germany ) and sequenced ising an n-
tomated AR 31300 Genetic Anslyzer [Applied Biosystems, Califrnia,
USA). Sedquendes were kssemibled and the oom par sons with the refer-
ence suence A Caliamda/ 72008 | were perfrmed with Sequendher
software 51 [ Gene Cades, Ann Arbor, MI). Mixed nide atide palymar-
phisms st reside 222 found with the Sanger sequencing method
wiere checked wsing & cusmized pyrosiegiendng (PSQ) protocal
described previouwsly [Levine et al, 3011 ). Brazilln sequences wene
sulwnitted to the Global Initistive on Sharing Avian Influemes Deta
[GEAID) datshase snd sre svailable with the steesion numbers:
ERMI7872610 EA 178945,

23, Dt sef con sty chian, genatic o nd plplagensic analyss

A dats set with 266 HA fequendes wid condtruded including
Bradiian sequences (n= 220) and ather reprsentitive squences
[n = 45) obwined from GEAID datshese or fom Influencs vinis se-
gquence ditshise of National Center for Biotechnology Information
[NCEI) (Supplementary table 1 | These representative sequences have
specific amino scid signanires inthe HA gene tut deftned the ghyl oge-
netic groups, from pandemic (G1, G2-pdm to G7-pdm) and post-

Fig 1 Moo Ui sSitood (L plhoemdter Toe 072 HA ok

T

220 Brariiom

2007, M el 0 4 o ol

2 (o) o e gumspes C1, (2o o 7m0l 1 I .

A (5 a5 vinses gy hetecun from 2008, 200, 2011,
That ey apsbical b Erazilan

2l e S By 3T et SR i B e o 20 el T8 I i B it ST e 2 S W al e | AL, AR BA, Babis; S, !a": A, Min

Garaly B Ko o Janesiuy; [PS, Evpdria S PR, Pamsa; 55, B Gl di Soll; anad SC S Caarisa ). Assdieo acifl chages

Spercilfic g vee e bndicane o bn e

uuuu-uu e g e St gl Tt TRk by Sty ool Subitamion madel woed ik Hased v atine— Y m (HOY) 4 _m:-qu s

B rellabdlry of b sacl it g s

bty sy | SR ) el an noewior B O-od walee 05 |k

S pane e i e i s, B g - s B e e e v coliapad. Tht

and D, St e 5, GF and (G5 il s snbgrvnapa, Tespeecusty

umeu_mkﬂ-qmmml.ll:

179



PiC Resornde o o | iafivsion, Genarics avd Evolemias 36 (2005 f M7~ 155

e
H312 ey P ————— ' —
AREh —— | . = g == ML
BA0ET = ———

= * G5 —
T RPN |-~ ABrALI2Z0T0_Mar

ABFALIZEEZ0T0 Mar

(<] =P AIBrALAA3IZ010_Mar
o S AMErAL T RE 2010 Mar
ABraLAaT1ioi0_Mar

SR
B L]
ASErAL 2010 My
H AIErFRSEHIZ010 Jum
I_r'-w-_-rpn.u!z-mlu Way
* UBPRBSHEDIG May
LUBFPRIEEZ010_Apr
AErPRIBAHZ00 May
ABrPRBDE2010 Jan
BrPRISITI2010_opr
AErPRIS T HETD Mar
&rﬂ‘ﬂlﬂ-ﬁlﬂmﬂ Fubi
lBrPRIZERZ010_Apr
|+ AMINIDAOT 2005
FuB imahiaid 102000
VB 001008 Aug
—AErSC/S 117008 _Jun
IVBrES S 2000 Jun
ABrSCMBTIENE Jun
E203T  |[WBeRSIHOTIZ000 N
e (ABARESITI00 2008 Jud
o ASBrRESATIZZ00 Jul
- BBrRSETTZIZ000_Jul
' BrS CidBa 2009 Jun
ABPRFDE2A0 Jan
| BrS Cig5a1 2008 un
——AiBrPRITES02005_Jul
I B G AR 202008 Aug
[EE AMSGII00E Jin

AIBrRHBHED_Mar
_|—.-'L-urnL.9'.r.'zu|u fafar
AEALDBEIAD Way
—AiEr RS/ E50202008_ ul
ABErALIE R0 Mlar
ABrBAABIEEIN0D Due . ponan
|UBrR 3442005 Tl peses
F—ABrRIEE 872009 Jul - foisae

e L B MGZE 11200 Auy - Deam
FHEA wAETEAISTEIND_Apr
s = AIErE.ﬁ.'ZJ"I.'Zﬂ"ID_ﬁpr CrIGLNG
-k ek ]

— ABFRLSIRR0N Al
 —AErRIENZ2I008 Jul.pmi
u ABARAAZEOEZ00E Aoy
wAVBAEAMETIOTN Mar
— 4 LIErBLEZ0D_rEar
AIErEAENZ0_ Mar
ASEPFCIATNIHE Jun
-AiTokEshama/ 112008
A i 312402008
ABrPRAGATIZ0NG Jul
—AIETR5/SI5512009. Jul
P
lay X
ABFREST 2008 Jul GE-pdm
L/EFRIMEEERONE g
¥ ABrRLA$ 2010 Fab
K-A5E FUBrMGIEERI008 Auy | DdEies
- —AErAH2A522008_Jul
aasi ] [wErRABCBORN0S Jal
e 7 e | I_."'.-'ElrltJlT13-‘-‘E!Cll'llilI PR - L
1. AHARAEF2008_AuD ror
— AECRTARS 2009 AGY . J2HNG
Br3CHlZIGI008 Jul
ln,\ B 510 1 EAZ0AS_Aug
|- 8/BeF Ri28282008 " um
[Auew Tarki4T 352000
L nBal|ingiai2002
Ak b 2009
——— A/ BrfSGMENZ00E Jun
AlAgea 02009
— Aikareallli 2005
W el 1 G2 06
A ami DS 2000
—A&/SIchumnil/2009
il =4 _ vaccine strain

A, oom

*

G

G7-pdm

180



PiC Bermilear o | bfinming, Gomatls and Ewlamns 36 (2005 147- 155

= — LT

AEIPRIZE (2012 _Meay
AR ERIEA] S0 e
AJBPPRIIZTIINAD Jun
nRrPRG T 0TE R
- ABrPRIZIATEE Jun
AT [BIEFRRMALRAZ Ul
s BRI Jun
— ABrERI4ITI012_Jun
BRI
| NS AIBrEATTIE012 Au g
Hiage, AErEAEESI0T 2 Jun
EREN u S AErBASSEA 2 Mar
peTH AEBARSZI 2 Mar G5
HAEK b ﬁ.IErF‘RMW?IIHI_JuI
I, - &iStockholmiEs2011
R I A Brsiaddi2e ] Jun
AJErRS 3602071 _Jun
IBTRSTTIZ011_May
s e
P
ARSI BRI _Jun
e ABrREMSSHN2011_Jun
[ Alfstrakhan! 12011
0.0
E.
[ —
AIBRN152013_Mar
ABrPRAGTI2013_Mar
- A BrRSMII2013_Aps
A GEARI 2013 _Apt
ATBrRN 1442073 _Apr
ABRJTIFIN I .ﬁ.rr
ABrRJBNIN3_Apr
@ AIBETPRIBIANZINT Jun
AlNo MeTH 2013
AIBARSIZITII0E Apr
MBrSCIAN2AS May GT
RASK] ABRS2TN201T Apr
- ABFECIERAIII1E_May
ABAESMIEE M3 Jun
S - ABrECHSHI0TA_Mar
180T, —ABrSCHMS12013 Mar
RN - I} L Aug
IEIEIM&&':EME Miar
AJSE Petersburg! 10012094
—""-—ﬂg
———— 5
0001
C.
Ag L{cnsmaf

pandemic periods (G2 to G7, inchuding 6A to 6T subgrougs | | European
Centre for Disexss Prevention snd Contral, 20011, 2001 3; Melson et al
2009, Potdar et &l 2000). Sequences from unclssified phylogenstic
groups found in this study were submitted to Basic Local Alignment
Se ach Tool {BLAST) svailabile st the MOBI database to alblain il -
quences cineul ol ng workdwide. The dars ser alignment wis gensrated
with Clustal W algerithm (integrated tool within Gensious 70 soft-
ware] and edited manually for aptimizstion

Madmuwm Likelilood [ML) mress were inferred with the on- line
PhyML platform (hitp: fwww stcg-montpellier fr/phymi), using the
besr-firting nucleotide subatintion model, Hise giwa- Kishino- ¥ ano
{HKY) + gamma distribution smaong the sies which was estimsed
by means of Madeltes, integrat ed ool within the MEGA 6.0 solt-
wane [ Tamicra ot &1 2013 ). ML redishility of br anches wis evaloated
using appraximate likelihood-ratio test {aLRT) with an interior

branch cut-off value = 09 and the tree was mote d with the vaccine
atrain AN liloond 47 2009,

24 Analyses of aming acd aubssinSons an e predician of vaceine eficay

Aminn acid substitution from Drazdlisn HA sequences werne aii-
pared with vacdne strain using Sequendser 5.1 software [ Gene Codes,
Amn Arbor, MI). Amino add distances among phylogenetic groups to
vaidie sraln were ciloulsted in Mega 6.0 soltwane | Tamura et al_
240 3) using the p-distunee m ethod1n order to estimate vaeine eficaery
(Bl we used the squa donE = 04T — 247 x P, deseribed by Deem
and Pan [2009]. Puia Miears the |agest p-distancs value of snfgenic
sited, the propartion of differ enl aming sdds for esch epitope between
Wit Strains. W considered foe five epitopes Sa Sh, Cal, G2, and Ch
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of the HA1 globular domain, sgainst which the majority of nautralizing
antibodies are directed (1garad et al. 2010

2.5 Starjerienl analysis

The sofnware BaTS [Bayesisn Tip-Significance testing] was used
1o test for signiflcant phylogeny-tralt comelstions betwesn virus

sequendes from mild and severe/Tatl crses It takes into soount Uhe sa-
tistie vests of Asociationindex (Al ] the Parsimony Soore [PS ) 2nd the
Madmum Clade [MC)L they provided 5% anfidene inerals (0)
and significance estimaion for these while somunting for phylogenstic
uncertainty by the ise of the posterior sets of trees abisined thiough
earfier Bayesian phylogenstic analysis obtsined by MrBayes software
[Parker et al, 2008). Other statistical anulyses were criculsted by
Fisher™s exsct test svailsble st Graph Pad software sn an-line toal
[ heetp wewew g raplupad comyquickesdes contingency]). S o stical sig-
nifbcance was considensd only lor p-vahues < Q05

3. Resulis

1.1 Plylogeneric analyses af the hemaggutinn gete

Maoleculsr snalyses of HA gene sequences obtsined from 20
Brazilizn Al HIN| jpdm09 st sins revesled that st lexst eight genetic
groups circulsted in Brazil from 2009 to 2014 [Fig 1At D) The ML
tree pology showed 2 clear tamporal siructure with co-d raulation of
phylogensi ¢ groups and subgroups with replacement of genetic groups.
over fime. Based only on the HA gene, we identilfed two phylogenstic
groups that ciculifed eady in the pandemic: Go-pdm whose
sequences dustered closely with A Mew York/d7 35,/ 2008-like with K-
15E and Q293H substitutions; and GF-pdm, similar to A/Shangai’l/
2008-like with SMET subsritition Four Brarilisn strsing (A/BrSC)
62352004, A/ F5/9 11623009, A/BPR252920089, A/BMG/M02008 )
were nol clustered into GE-pdm and G7T-pdm. Since we nesd the
whaole genome to clissily the other exrdly phylogenstic groups fram
pandemic period, these four Sequende:s were cons dened wngrouped s
quences from pandemic period (ungrouped-pdm | These two early
phylagenetic groups and wungruped-pdm were detected during My
2009 1o June 20100065 strains anabyred from this perod, the Lerngema-
jority (57 7%) were GT-pdm, fol lowed by the G6-pdm [262E) The G7-
el v the origin of Lver phylog enstic groups (G2 to G7 | identified in
ithee peeest-pamdemic period, they are shivn olapsed st rhe ML tree
{Fig- 1A, indicated by srrows) Post-pandersic Brarilian HA sequences
Tram 200 1 1o 2004 epidemic ssxsons [Fig 1A 1o D) were distered in
group 5 (G5 group 6 (GE) and group 7 (7L The ML tree showed
co-chreulation of G5 and GE during epidemic season 2011, of G5, G6
&nd G7 in 2012 and of GG and G7in20M 3 [Fig- 1B 2nd ). Only the G&
subgroup 68 was deteded in 2014 epidemic sexson (Fig 10). G5 and
G7 variams wene e com mon than G5, The G5 A/Astrakhan, 1200 1-
like sequends wene dhrscten zd by DOTH, R20SK, 216V and V241
sulstitutiong Twealy-two Brariian strains chistered in this group,
were llected from May 2011 to August 2002 (Fig. 18] Seveneen G7
Brazilian sequences deteded in 2012 and 2013 sexons were A/
SitPetersiurg’1 00,201 1-like, being charsdtenizd by 5143G, 5185T and
A197T s gnature substitutions. In sddition to these s gnatures, $trins
from 20013 also exhibited the 1-9 M, 584G snd K163 substitutions
[Fig- 1C). Regarding G5, represented by srains A /St Petardhurg27]
2011-like with the DITN and 51857 substingions, it has cirailsted
ke ly i Brazil since 2011, repredented by the strains A /RS 279/
2011 _May and A/BRS/361/2011_jun (Fig 1D), and mare than halfol
Brazilian vinses (n = 116) analyzed in this sty belonged toit This
group sl shows the wider diversity, being divided in four subgroups,
GA to G0, The subgroup 68 was the most populated enclosing 79
Brazilian sequendes fram 201 3 i 2014 and the signatirs substitutions.
K 1630 and A255T The 6D phylogenstic subgroup (n = 33), was
defined by the 2G0T mutation. Ondy two samples veere clissifed 25

subgroup 6C at this millecdon 2nd not one sample was clustensd
subrgroup GA

32 Aming add subsd niians and its o oda en with dindml autenmes

I thi 5 s1udy, we obse rved whether ide ntified g eneti c g roups werne
axsociated with seversTaal dinial oveomes In Table | we mmpaned
the number of mild versus severe/Dital cxses in asch phylogenstic
gronip and this distribution was similar for both dindesl outemes_ To
analyze the stavistical significance of this distribution we dssiled HA
Sequendes in two brai s sequences obtxined from mild cses (n = 44)
sl sequends altalined fom seversfatsl ces (n = 67), and we
comstructed Bayesian treed The phylogeny-trait ssocistions were
tesied using BATS software and the resuls aonlftrme d the e of sisoci-
stion of diniel mtoomes within gensticgroups (Table 2]

Reviewing the main aming sdd substingions xsocisted with anin-
crexse ol severity in the literature, we observed that only the paoly mar-
phisirs st reddue 222 were sti s ally ssandated with sevensfatal
cases [ prvalue = 00016 | However, these poly morphism swere not iiso-
clated to any specific phykgenetic duster, being fund in several
brandves and groups thioughout the tree [Fig | md Tabde 1) The sub-
sritutions of I i G anedar 2o paragine | N) af resddue 222 of the HA gens
were found in 12 cases_ Among these, 10 were (sl crseq ons was s
vere ciie and another patient had no dinical outcome reported The
prolymor phism D226 was bund in four straing znd D222N in one
strxin However, we olserved in the Singer eletrophemgrams of
seven straing  double peak st the first and for second base of the 222
codon [FRT of GRT, where R indicates the pressnce of nucleatides A o
G )L suggesting 2 presence of mixed vira] subpoplition in these sum-
ples To dheck the presene of viral subpopulstions sugeestied by the
Sanger eletropherograms, we peribrmed a customized PSQ protocal
on residue 222 af the HA gene. This protocal 2l loved 15 to detect in
RRT codens, ame strain with T2 226D mutations and five with D2Z3N)
G mutation, and in GRT codon, one strain with DZ220/G. Among the
decessed patients, fur were pregnant women snd Al preened
mied vird populstionDAG2Z2 (n = 1) and N/GZZ2 [n = 3]

13 Amine add substinions in anfgenic di= and vacdne efimg
prediction

Weidentified 22 aming scid changes oom pared to the vaccine sfrain
locamed atfive different ant gendc sies | 10105 mitatons within stigen-
i sites | They were distributed in all phylogens tic groups, except in
o ped- pelm. Grodups [rom the pandemic period had 1 o3 dianges
sl &1 v i i groaps from peost- pandemic period contsined 2 o 5
changes [ Tabie 3).

The large mgoriny af these mutsions wene found 210 1ow i equendy
(L5 1 L) semtvered teroughois the yesrs covered by our sampling,
namely: T2 ATIS and 575T in O P1375, A1395 ad Al 41R inCa2;
N1370; 51747 and S179N in Sa: 1183V, G187R and E2350 in Cal;
ANET, D20AY, Q189K andd 5 190N in 5h However, other mitafions 41
thee fveantigenic sites ppeared in high proportion inthe viral populs-
tion The S20ET and R205K substitutions locsted at antigenicsite Cal,
were found in 905% and 123% of stralnd respectively. In ShE0 5% of
strxing showed substingions & residus 185, S185T (n = 126) o
5185A [n = T7) In 55 we ohserved K163 or K1631 substindions in
427% of sreaing. H1830 was found in 6G8% and D226, 222N o
mixed viral populstion IRZ20NG of DZ22N/G had 2 frequency of 555

The imean of global sming scid p-distsnce {number of aming sdd
sulstitutions per site) of esch phyl ogenstic group vwas calcoul sted in
o fuarion b the vaaine strain (Table 3). 1 revealed that phylogenstc
gronups from e pandemic period had 2low memiber of aminn acid sub-
stitutions in @mpanison to phylogenstic goup from the posi-
pandemic period We slo calilited the antigenic distances of five HA
epitopes from all sequende in relation to thase from the vacdne sirxin
AjCalifarmia 7 2009 in order to estime e the tweoretial v saine efficay
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(E] against Brazilian vinises using the P, method {Deem and Pan,
2004). Phylogenst ¢ g roups from pandemic pedod presented a perfea
theareticsl vamine mwtch (P, = 0) with an E value of 0470
which means WKE of predict effbcsny xgainst the vacdne Hove ver,
the phy logene B¢ growps with mutstions in antigenic site presented 3
decrese at te predict vacd ne match [ Tabile 3] The G5 presented the
woarst match with the vacdne with 45%, of sgreement, follovwed by 6C
subvgroupwith 38. 5% amd others with 51 7% Interestingly, fom53 indi-
viduals, wio reported receiving vaoina tion on the epidemiol ogical
Tarm, andy 13 received vacdne in 3 peiod of one year | ranging from 3
to 334 days ) prior thedr illness, 11 dn 2013 and 2 in 2014 and their
vins strains had a prediced vacdne march of 52_1% (E = 0245).

.. D i i

This study describes amino scid changes in the HA of 220
A[HIN1) pelmidS viruses circulsing in Braeil during the pandemic ped-
ad [ April, 2009 to Augast 2010) and in the Bllowing epidemic seasons
{2011 1o 2014 | Phylogenstic analyses indicate that o least sight dis-
ineT genetic g roups defined by s pediic mutat ong ciroelsed in Brasil
during this period Previous evolulionary studies, conducted with
AJHIN1 jpelreid that cireulsted warldwide during the initisl phass of
pande mic perdod, showed an eardy diversification hased on molecular
signature s of the whale genome, wihich charscterived the seven initisl
phyloge netic groups (G, G2-pdm to G7-pdm) [Melon &t &l 2009
Patelar &1 al, 2010). We identified twio of these early phylogenstic
grous, nanely G- pdm and GF-padim, &5 well 25 four wigrouped-pdm
cireul sting in Bradl As this previous classification vwas based on whale
genme sequence, becaise we have only HA sequences we nesd mone
indormation sboid the other genes 1o know exacly where feeselour s
quences are chisterng. In tum G6-pdm and G7-pdm co-circulsted
among Brarilisn population confirming previous dats (Gond et a2l
20 1; Ofiveira et al, 201 3; SantAnna ot al, 2004) A5 olserved waorkd-
wide, G T-pdm waxs 2l 5o the m ot commaon phylogenetic group deteced

Takiie

Comsparon s S cheowing ofmill caes v s jule L ol cxes sy Bayes
s Tip Sgnifirane waing (BT )

[reme—g— [rm— ol et Sificance
(56X ) {95 ) [
- 30{I0-4% 55 HEEE) am
s 306{220-320) IT4{I40-403) am
I (i a5 ) ITOTH 26 @34 o
MIC Severe & God cates) 33(TO-D0) 64 45-95) o
PS | parsimney soore) sTisric quanTifies phylogeay —sral . Y
it} althe gy ating

bl pilephog oy Eanhes anaf BAC | Pondnpibyheric clata.

i Beracril dhuring the pandemic period [ Nekon et al, 2009; Potlar ot al,
21 0] The global dominence: af G7-pdin varisnt mey be 3 oributed to
its dndtial foothald in Mew York dity, which muld have facilitsted its
rapid global sprend due to its high internyions] interconnectivity
[Mebion e al. 2011). The end of pandemic period wis dedared on
August, 2000 [ Warld Heal th Drgandzation 200 0a) and from mid-2010
o early 2011, U cres reduced in Braxil {Secretary of Health
Surveillance — Brarilin Mo, 20132). We speculate that this may
have been ssociated with increase of herd immunity following the
a4 W acination cam ign sgxinst A{HIN 1 jpdm09, together with the
inter sexsonality period in the Southem Hemisphere, Sinee then,
ALHIMT ) prdedd has drculated x5 8 sersonal vims togethe r with influ-
enes AHIMNE and the wwo linesges of influenzs Bvirses cosing snmial
epidernic se25om during the winter in Brazil with a lesser impact on
moridity and mortality than during the pandemic period (Sedetary
ol Hezlth Surveillance — Braxilian MaH, 2012, 201 32 20130, 20041
However, after the pandemic period {2011 to 2014 epidemic ses-
S0k | new genetic groups emerged from G7-pdm (European Centre
Tow Diserse Preve ntion and Control, 2011, 200 3] This i asse of diver-
sity wies also abderved in aunmries swih a Twrkey, Indis, Japan and
Tumdsia [Dhakhrve &t sl 2003 ; Dapater al, 204 2; B Mouwssi ef al, 2013,
Guldemir =t &1 2013 ] At lexst six new plylogenetic groups wens de-
tected cinoulating worl dw de and they wene nomm bered lrom growp 2
o 7 (G2 o GT), sitvoe vaine strain AjCalifomia/7 2000 reminded i
G [ European Centre kot Disesgse Prevention and Contral, 2001, 20031
Borailian samples wene obaerved in three of these growps G5 GE and
GT (Fig 1A). Additionslly, strains fom epidemic sxons 2012/13
in Europe were clissified in one of the G subgroups, 6A to GC
[ Euroresn Centre for Disesse Prevention and Contnol, 200 3] Using the
same approady, we desoibe & subgroup, with ¢ SignatuTe
N2E0T, called G0 This mutstion, detected smang 2012 Brazilisn
samples seems o be olserned mostly in HA sequences in North and
South America Group co-circulstion during epidemics in 2001 (G5
andd G5, 20M2[ G5, G6 2nd G7) and 2013 (G5 and 57 ) were abaerved
hiwsever samples of 200 4 epidemic sexson were detected anly at the
subgroup 6B Acmrding to dsta from Brazlian MoH, circulstian of
A[HINT) pedm 09 28 3 sexsonal vines were mone exbensive during 2012
and 213 epldemi ¢ sexsons avmpared with the 2011 and 2014 ep-
demics [Secretary of Health Surveillanee — Brarilisn MoH, 2012
200 s 201 3k, 2014) The increxse in viral circulation is J contribuory
Tactor to incredsed virzl diversity refllected ingenetic drilt and the emer-
gende ol new genetic groups & observed alter the pandemic period
Some of these gemetic groups were obsernved previowsly in Northem
Ihemisphere before their detection in Brazil Virses collected during
epidemic sason 2010-201 1 in Europesn countries [l ints the pos-
pandemic phylogenetic groups, and in Brasdl it ocurmed after May
201 {Europesn Centre for Diseases Prevention and Contral, 2400 1;
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Ledesms e ol 2012). 1t muy suggest that the exrdier epidemic in e
Harth Hemis phere may preda snd porntislly sed the ned epidemic
sexson in Brazil, however more data is necessary to conlirm this
hypathes_

I our study, Sequendces from pos {-pandemic strain shovwed maore
aming scid differences than pandemic straim fom the vaccine and
some al the aming scid substitutions occurned in antigenic sites (Cal,
Ca2, (b, 53 and Sh) of the HA molecule [Sriwilaij sraen and Suzikd,
200 2). Although the genetic groups identified in this study shived 5 pe-
cife changesin diffenent epitopes of HA which contributed to & theanet-
jcal deores sein vaod ne efficscy. the results abisined by lormal ant genic
chars@eriztion perfarmed with similler variant vinees did not showa
ol sent marked change in 2ntigendcity compared 1o vaccine vins 4/
Califarmia7 2009 (Europesn Centre for Diseise Prevendton znd Contral,
2011, 2013). Around 991 of Brazifian samples @nmined up to four
it tions in HA antige nic sites. However, frédous repart indicates
rthat such mitations did not contribare i asignificant changs in antige-
ity { Dapat et 2l 2012) indicating that the algorithms to evaluate
genetic changes slone, needs fubre refinement before it can be used
ey inder vairine chodoes

Maone ol the phylage netic grougps found in Brazil had 4 strong rela-
tinnship with severe or Dital influenes dissste snd our indings cormb-
orates the bk of asociation with severity of K-15E and Q293H
subwtitutions { GE-pdm) found previously (Graham et al_ 200 1; Lee
et al 2010: Masgults =t 51, 2014). Otherwise, we alserved a paint
mmutation ot residus 272 of the HA gene asanciated with an increxse of
severity of illness in humars [Worlkd Hesith Organizstion, 2000). This
mutathon was detectsd serods var st viral groups and in diflerent ses-
sond, which duggests it ssa poenisl vindence marker. Asocistions of
arming scid changes in te HA with & posible inoresse of virulene has
been reported | B Moussi et 2l 2013; Glinsky, 2010; Kilander of 2l
2010, Maurer-Stroh et al, 2000F Melidou et &l 2000; Resends ot al,
201 4). Polymarphisms 30 residue 722 inBrazilisn strains did mot form
a phylogenetc duster, sequences with this mutation were olserved
in atrains from o phylogenstic groups from the pandemic period,
Gi~pdm snd G7-pedm, andd it ws olserved in recent cates due ta 68
sl G0 vinses The sodaton of palymorphism s and the presendce of
s Epecies ot residue 272 of the HA wis widely explored in samples
from pandemic period [ Chen et 2l 2010 Kurda st 51, 2010; Resends
et al, 2014). This amino scid resdue i located in the antigenic site
Ca? nesr from of the receptor- binding domain and locsl dunges may
Infhyene binding prefenendes of the vines (Luet 2l 2000 The substi-
tutions of D to G andfor Naf residue 272 of the HA gene were found in
12 severe fatal cxseq among thedse four Dial cases were pregnant

Y i Bt el e ot o s T e 0 ] et i i A el T N -

wiomen and presented miked viral population DYGZI2 and N/GZ22.
Onr group had previowsly reporied the detection of misxed viral paly-
morphism &t this reddue insamples rom pregiunt women (Reiende
e al 201 4). We suggest that the sdadion of mutand vinrses may be re-
lated with an incresse of sislic sod level and ex pression of o2 3 linkage
in respiratory tract of pregnant women durng pregnancy
[ Orcryk- Pawilowics et sl, 2013 Resends of 51 30141

5. (Onduch sk

Five yexrs after the pandendc the A{HIN1 ) pdmd8 continues to cir-
culste in the Brazilian population, eight influenzs AHIN] jpdmig ge-
metic groups defined by ipecilic sming scid changes have been
circulated in Brazrl fram 2009 to 201 4 We have seena regular replae-
ment of varizns by new phyloge netic groups over time and toe pres-
ence of mutaliond in antigenic sites have been incressing. In
accordande with antigen ¢ results worddwide, none of these genetic
oL seer 10 show signifbcant sntigenic di Terenes with the vacdne
Strain A Calikyrmda 7 2000, but theoretically the vacine e fiescy hive
been decrexsed due to changes in antigenicsites of these strains. This
study reinforce the imporance of confined lboratory based-
surveillince bo detect the emergencs of new varanis, which essentisl
Tior reformclation of influenes v sorine, 5inee the d oser the vaccine $rxin
5 tothe dorminan circulating viral v ariant, the moreeffscthe i the vae
e i Hikely to be

Supplementry dat B this article cn be fund ondine at hoop/fds.
dhail ev 101 0 6] mrvseg el 200 5.00.007.
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