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Abstract

Viral respiratory tract infections have been linked to development of asthma, which
affects approximately 235 million people around the world. Human metapneumovirus
(hMPV) is a recently discovered virus recognized as a clinically important respiratory
pathogen. Thymic stromal lymphopoietin (TSLP) is an interleukin 7 (IL-7) like
cytokine that is expressed mainly by epithelial cells at barrier surfaces and induce
immune responses by targeting immune cells that produce T helper 2 (Th2) cytokines.
hMPYV infection is known to induce TSLP expression in airway epithelial cells and in
fibroblasts. Elevated TSLP-directed inflammation in the airways may contribute to
respiratory disease and create a Th2-permissive environment that attribute to the

development of asthma.

How TSLP is regulated in response to hMPV infection in human airway cells is
poorly described. Pattern recognition receptor (PRR) components regulating
induction of TSLP in response to respiratory syncytial virus (RSV) infection, and
IFN-f induction in response to hMPV has previously been assessed, but such
characterization of the regulation of TSLP induction in response to hMPV has not
previously been done. This study focuses on the regulation of TSLP in response to
hMPYV subgroup Al infection in human airway cells. PRR components involved in
the regulation of TSLP expression upon hMPV Al infection in human airway cells

were characterized applying siRNA-mediated knockdown method.

The results indicate that TSLP is induced in response to hMPV A1l infection in both
airway epithelial cells and lung fibroblast. The long form TSLP isoform is
predominantly induced upon hMPV infection. The RIG-I-MAVS signaling pathway
is suggested to be essential in the induction of TSLP upon hMPV infection. TBK 1
seems to be a key component in the IfTSLP induction pathway. Lung fibroblasts seem
to be particularly important as a source of TSLP production upon respiratory virus

infection.
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1 Introduction

1.1 Respiratory disease

Respiratory diseases are any disorders or diseases that affect the human respiration.
The respiratory tract is exposed to the environment and may be affected by inhaled
dust, gas and pathogens. Allergic or sensitivity reactions may affect the lung function.
The respiratory tract has several mechanisms to defend itself against inhaled particles.
The air is filtrated by cilia and mucus in trachea, and immune cells that travel in
lymphatic vessels in the trachea walls destroy foreign particles that follow the inhaled
air. In the bronchi, cilia is a key feature in removing substances from the airways. The
particles are moved in a mucus layer by the “mucociliary escalator” up to the
pharynx. Respiratory diseases can range from mild and self-limiting diseases such as
the cold to serious conditions such as bacterial pneumonia, asthma, chronic

obstructive pulmonary disorder (COPD), cystic fibrosis and lung cancer.

1.1.1 Asthma

Asthma is defined as a chronic inflammatory disorder of the airways. Because asthma
has a low fatality rate, it receives less attention than other respiratory diseases, even
though 235 million people around the world are affected (1). High prevalence of
childhood asthma is observed and the prevalence is predicted to increase in the future.
The inflammation cause wheezing, breathlessness, chest tightness and cough and is
associated with increased bronchial hyper-responsiveness to a range of different
stimuli. A number of different cell types are involved: mast cells, eosinophils, T
lymphocytes, neutrophils and epithelial cells. The airway inflammation may be

chronic or acute. The anatomy of an asthma attack is illustrated in Figure 1.1.



Anatomy of an Asthma Attack
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Figure 1.1. The anatomy of an asthma attack. The figure illustrates the anatomy of the lungs, with
an enlarged illustration of the aveoli. The bottom figures illustrate the difference between a normal
airway and an obstructed airway as in the case of an asthma attack. The asthma attack involves
contraction of the smooth muscle of the alveoli, immune cells infiltrate the blood vessels, inflammation
and swelling, the lumen area of the alveoli is decreased and mucus increases. The figure is borrowed
from Encyclopadia Britannica (2).

The inflammation found in adults with asthma may begin during early childhood in
high-risk individuals. Out of predisposing factors, atopy- the genetic predisposition
for development of an antigen-specific IgE-mediated response to aeroallergens- is the
strongest one for developing asthma. Respiratory tract infections as a result of viral
infections have been linked to development of asthma. Asthma and viral infections
have been linked in several ways. During infancy viruses are thought to be
responsible for the asthmatic phenotype. Viruses such as respiratory syncitical virus
(RSV) are known to be an inducer of this. However, there must be an additional
genetic, environmental or developmental factor to contribute to the development of
the asthmatic phenotype since close to all children have been infected by RSV by the
age of two. Viral upper respiratory tract infections (URTI) have shown to play a role
in patients with established asthma and may lead to acute worsening of airway
obstructions and even hospitalization (3). Many children experience wheezing as a
result of respiratory infections. For most of these children the wheezing will diminish

with increased age, but for others, it will be the beginning of asthma (4).



Asthma pathogenesis can be classified into immune responses where CD4+ T-cell-
dependent responses are T-helper type 1 (Thl) or 2 (Th2). The Thl cells mediate
delayed hypersensitivity reactions while Th2 promote B-cell-dependent humoral
immunity. Interleukin (IL) -4, -5, -9 and -13 lead to Th2 differentiation and thus B-
cell-dependent production of IgE, airway hyper-reactivity and tissue eosinophilia. Th1l
cytokines like Type I Interferons (IFNs) and IL-12 lead to down-regulation of these
Th2 responses, and they are inversely correlated with the general level of Thl
responses. Asthma pathogenesis is thus both based on the increase of Th2 responses
but also the decrease in Thl responses. The Th1 cells might be necessary for the
development of Th2 responses, and might contribute to the allergic response but the
overproduction of Th2 cytokines has nonetheless seemed to be the main cause of
asthma pathogenesis. The Th2 hypothesis has been questioned to be the sole
explanation for asthma after experiments of model systems and in humans. The
resulting response of the allergic response include airway hyper-reactivity and mucus
production, and these can develop without production of IgE or influx of eosinophils.
Treatment that is specific for blocking the Th2 pathway has not yet showed efficient
impact on asthma. Holtzman et al suggest that the primary response of airway
epithelial cells and macrophages regulate Th2 behavior. Epithelial immune response
genes are important in defense against virusesand may be involved in the asthma
development. In this way, paramyxovirus infection and asthma may activate genes of

the epithelial immune-response, a part of the innate immunity (5).

Allergic inflammation results from a complex immunological cascade that leads to a
Th2-derived cytokine production, which triggers production of immunoglobulin IgE,
eosinophilia and mucus. Dendritic cells (DCs) are professional antigen-presenting
cells that are involved in the pathogenesis of allergic diseases. The initial signal that
makes DCs induce production of pro-allergic Th2 cytokines is not known. Epithelial
cells are located at the site where particles enter the body and are in close relation to

DCs (6).



1.2 Human metapneumovirus (hMPV)
Human metapneumovirus (hMPV) was discovered by Bernadette van den Hoogen et

al at the Department for Virology at Erasmus Medical Center in Rotterdam in 2001
(7).

1.2.1 Epidemiology and clinical manifestations of hMPV

hMPYV is responsible for a large part of the URTI and lower respiratory tract
infections (LRTI) in children. The most common diagnoses caused by hMPV
infections are bronchiolitis, pneumonia and bronchitis. Children that have been
diagnosed with LRTI caused by hMPYV are most likely to be hospitalized, compared
to infections by other viruses. This is due to the severe symptoms that have been
observed in hMPV-associated LRTIs. It is believed that risk factors for hMPV are the
same as for the closely related respiratory virus RSV. These risk factors are premature
birth, comprised immune system, and underlying heart or lung disease. hMPV has

been identified on every continent and infections seem to peak in the later winter and

spring (8).

hMPYV infection in experimental animals is associated with changes in the airway
epithelial cells and increase of inflammatory cells in the lung interstitium. hMPV can,
like RSV, be present in the lungs for several weeks. This proposes that the virus
utilize specific strategies to overcome the host immune response. The airway
epithelial cell infection leads to degeneration and/or necrosis, increase of neutrophils
and prominent mucus. Later stages of hMPV infection include accumulation of intra-
alveolar foamy macrophages. These features indicate that the airway inflammation is
chronic and that the airway is obstructed and the mucociliary escalator is impaired. It
correlates well with the bronchiolitis and wheezing that is observed in patients with
hMPYV infection (9). Increased levels of IL-8, together with asthma exacerbation in
both adults and children is associated with hMPV infection (8). hMPV may, like
RSV, induce alterations in the airway and be related to outbreak and exacerbation of
childhood asthma. hMPV has been detected in respectively 8% and 4% of children
hospitalized for acute expiratory wheezing. This suggests that hMPV might be a
trigger for asthma (10, 11). Two chemokines that have been linked to RSV disease,
IL-8 and regulated upon activation, normal T-cell expressed and secreted (RANTES),

have been found in children positive for h(MPV. IL-8 is a chemotactic factor mainly



for neutrophils while RANTES is a chemotactic factor for eosinophils. Children
infected with hMPV had lower concentrations of RANTES and higher concentrations

of IL-8 in their respiratory secretions compared to children infected with RSV (9, 11).

1.2.2 Taxonomy of hMPV
hMPV is a member of the Order Mononegavirales, the Family Paramyxoviridae, the
Subfamily Pneumovirinae and the Genus Metapneumovirus, as illustrated in Figure

1.2. Bellow follows a brief description.

Human metapneumovirus was named so as it is the first member of the
Metapneumovirus genus of the Pneumovirinae sub-family of the Paramyxoviridae
family that was able to infect humans. Morphological, biochemical and genetic
analysis revealed that h(MPV was closely related to the, at that time, sole member of
the Metapneumovirus genus, the avian pneumovirus C (aMPV). aMPV is an
aetiological agent of upper respiratory tract disease in many birds. hMPV diverge
from RSV and other pneumoviruses of the Pneumovirinae sub-family in that it has a
different gene order and does not contain two non-structural proteins (9). Based on
genotyping, hMPV strains have been classified into two main lineages, A and B, and

four sub-lineages, A1, A2, B1 and B2 (12).

aramyxoviridae

Paramyxovirinae ~

—Respirovirus
-Sendai virus
-Human parainfluenza virus (type1.3)
-Bovine Parainfluenza virus type3

CLieumovirines -

N\

Pneumovirus

- . .
Hempahvnrus -Bovine Respiratory syncytal virus

~Hendravirus
-Nipah virus
Human Respiratory syncytial virus

(RSV)

[ Morbilivirus
-Measles virus

[ Avulavirus
Newcastie disease virus

— Rubulavirus
~Parainfluenza type 5
~Mumps virus
-Human parainfluenza virus type 2

Metapneumovirus

-Avian pneumovirus

Human Metapneumovirus
(hMPV)

Figure 1.2. Taxonomy of human metapneumovirus. Human metapneumovirus is a member of the
Order Mononegavirales (not illustrated), the Family Paramyxoviridae, the Subfamily Preumovirinae
and the Genus Metapneumovirus. The figure is modified from Kolli et a/ (13).



The Order Mononegavirales consist of enveloped viruses that contain a single
stranded (ss) negative sense RNA molecule. The nucleocapsids of these viruses are
helical and the infectious unit is the ribonucleoprotein that is found inside. On the
surface they have spike-like structures. The Family Paramyxoviridae contains mainly
spherical virions that are around 150-200nm in diameter. The genomes of these
viruses are between 13,000 and 18,000 nucleotides in length. The RNA genomes do
not have 5’cap structure or a 3 polyadenylate tail. The replication occurs in the
cytoplasma, and virions bud from the plasma membrane. Most of the

Paramyxoviridae members are respiratory viruses, and all infect vertebrates (14).

1.2.3 Biology and replication of h(MPV

hMPYV infection is initiated when the viral surface glycoproteins attach to receptors on
the cell membrane. This initiates virus entry by fusion with the cellular membrane.
The assumed life cycle of hMPV is shown in Figure 1.3. Most paramyxoviruses are
dependent on two viral glycoproteins to enter the cell, one attachment protein and one
fusion protein (F). For Paramyxovirinae it is proposed that the virus enters the cell by;
1) attachment protein binds to cellular receptors; 2) the bound attachment protein
transmits a signal by direct interaction, to the F protein; 3) the F protein undergoes
structural changes upon activation; 4) The F protein changes conformation from a
pre-fusion to a post-fusion structure and this results in that the viral membrane merges
with the plasma membrane; and 5) a fusion pore is created at the surface of the cell

and the genome is delivered into the cytoplasm.
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Figure 1.3. The assumed hMPYV life cycle. The hMPV virion attaches to the plasma membrane of the
host cell, and the two membranes fuse. The virion is uncoated and the RNAP complex, which contains
the negative sense viral RNA, is released into the cytoplasm. The genome goes through primary
transcription, and is then replicated to produce the antigenome (positive sense). The antigenome is
further replicated to synthesize genomic RNA (negative sense) to produce additional antigenomes that
are used as a template for secondary transcription. The M proteins and the RNPs are then transported
by intracellular transport, to the plasma membrane. The viral glycoproteins F, G and SH are transported
from the endoplasmic reticulum (ER) to the Golgi apparatus before they reach the plasma membrane.
New virions are assembled and are released from the cell by budding. The figure is borrowed from
Schildgen et al (15).

Unlike for other paramyxoviruses, only one glycoprotein is involved in the facilitation
of virus entry for Pneumoviruses. Pneumoviruses have three glycoproteins on the
surface of the virion; F, small hydrophobic (SH) and attachment (G). hMPYV lacking
G and SH are still infectious, and the F protein is able to perform the membrane
fusion without a viral attachment protein and capable of completing the entry process.
By attaching to the cellular receptors, F proteins activate the F-mediated membrane

fusion (16).



The hMPYV virions contain a lipid envelope that has three trans-membrane surface
glycoproteins and surrounds the matrix (M) protein and the ribonucleoprotein
(RNAP) complex. The RNAP complex consist of nucleoprotein (N), phosphor-protein
(P), large polymerase protein (L), and the non-segmented single stranded negative
sense RNA (—ssRNA) genome (15). An illustration of the hMPV virion is found in
Figure 1.4.
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Figure 1.4. Schematic representation of a human metapneumovirus (hMPV) virion. The fusion (F,
orange), attachment (G, red) and short hydrophobic (SH, black) proteins are glycoproteins on the
surface of the virion. The inside lining of the membrane is coated by matrix proteins (M, gray ovals).
The ribonucleoprotein (RNAP) complex (gray and black) is found within the viral envelope. The
RNAP complex consist of the helical, genomic RNA that is wrapped by the nucleoprotein (N), the viral
RNA-dependent, RNA polymerase (L), phosphoprotein (P), and matrix 2 protein (M2). The figure is
borrowed from Cox et al (16).

The genomes of hMPV are around 13,000 nucleotides in size and contain 8 genes and
9 open reading frames (ORF). As seen in Figure 1.2, another close related virus is
Sendai virus (SeV). A genomic map showing hMPV and compared to SeV and RSV
is seen in Figure 1.5. The genomes of hMPV and RSV differ in several ways. RSV
contains two genes that are not found in the hMPV genome, the nonstructural proteins
NS1 and NS2. The position of SH and G genes differ between the two genomes. For
RSV, the M2 and L ORF overlap. The position of SH and G genes differ between the
two genomes. Sendai virus (SeV) lacks the M2, SH and G genes in hMPV and
include a HN gene not found in hMPV. In addition the hMPV genome contains the
M2 gene (15). The RSV genes NS1 and NS2 are involved in inhibition of IFN-3
signaling (5).
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Figure 1.5. Genomic map of hMPV, RSV, PVM and SeV. The genomes of hMPV and RSV share
many similarities but differ in several ways. RSV contains two genes that are not found in the hMPV
genomes, the nonstructural proteins NS1 and NS2. For RSV, the M2 and L. ORFs overlap (not
illustrated). The position of SH and G genes differ between the two genomes. Sendai virus (SeV) lacks
the M2, SH and G genes in hMPV and include a HN gene not found in hMPV. Pneumovirus of mice
(PVM), Nucleoprotein (N), phosphoprotein (P), matrix protein (M), small hydrophobic protein (SH),
fusion protein (F), attachment protein (G), and large polymerase protein (L). The figure is borrowed
from Holtzman et al (5).

The F protein is synthesized as a precursor protein named FO. To become the
activated protein with disulfide-linked F1 and F2 subunits, it requires cleavage by
proteases. An illustration of the structural organization of the F gene is seen in Figure
4. The protein is not cleaved intracellularly and is depending on exogenous protease
activation (15). Exogenous trypsin is required for propagation of hMPV in cell
culture. Trypsin cleaves the F protein into the active variant that contains the F1 and
F2 bound together through disulfide-bridges. Cleavage of the F protein happens at
neutral pH at the plasma membrane of the cell (17). An illustration if the organization

of the F protein is seen in Figure 1.6.
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Figure 1.6. Organization of the hMPYV fusion (F) protein. The FO precursor protein is activated by
cleavage into into the F1 and the F2 subunits. They are bound together through disulfide bridges (S-S).
The cleavage process is carried out by proteases. /n vitro the cleavage is dependent on exogenous
trypsin to be carried out. The F protein contains 522 amino acids plus signal sequence. The F1 subunit
consists of 440 residues and the F2 subunit of 82 residues. The F1 subunit includes an extracellular
domain, a trans-membrane domain and a cytoplasmic tail. Fusion peptide (FP), Heptad repeat A
(HRA), Heptad repeat B (HRB), Trans-membrane domain (TM), Cytoplasmic tail (CT), Arginine-
glycine-aspartate (RGD) motif. The C and N is here used to illustrate the C and the N terminus of the
peptide. The figure is borrowed from Cox et al (16).

1.3 Defective interfering RNA (DIs)

Viruses have evolved mechanisms to counteract antiviral host responses. By doing so,
the viruses can replicate and spread before being eliminated. Seasonal viruses are
especially effective in counteracting host defenses. For example, Influenza virus and
RSV encode proteins that antagonize the host response. Many of the antagonists
target the RIG-like-receptor (RLR) pathway. The parainfluenza virus V protein blocks
MDAS signaling, while the C protein blocks IFN signaling and amplification of the
RLR response. RSV proteins NS1 and NS2 interfere with IFN expression and
signaling. These mechanisms allow the viruses to replicate, package and release from
host cells without any antiviral host response for 1.5 to 3 days, called the “incubation
period”. The incubation period is characterized by rapid virus growth and the patient
does not experience symptoms. The antiviral response that follows will control the
infection and clear the virus (18). The RSV antagonists NS1 and NS2 are not present
in the hMPV genome. Therefore hMPV is believed to have a different strategy to
evade the immune system and avoid the anti viral responses. It is thought that h(MPV
is a strong inducer of RIG-I and MAVS and thus IFN production. Viral defective
interfering (DI) particles are shown to induce IFN expression during infection of cells

in vitro (18). In addition to promote IFN expression, DI particles stimulate rapid and
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strong expression of pro-inflammatory cytokines, chemokines, antiviral genes upon
infection with the Paramyxovirus SeV. Stocks of SeV that do not carry DI particles
are shown to not induce a potent response in the host even when at high Multiplicity
of Infection (MOI). DI particles are in this way involved in promoting the transition
from the innate to the adaptive immune response. It is believed that DIs become
numbered during viral replication, and that these DIs are recognized by the cell as
danger signals and thus stimulate the antiviral response of the host (18). This is

illustrated in Figure 1.7.
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Figure 1.7. An overview of the current and proposed models for the sequence of events of
antiviral responses to infections with paramyxoviruses. A) The current model: Recognition of virus
is magnified by IFN signaling that promotes expression of viral receptors and signaling molecules. In
this model it is assumed that there are expressed low levels of IFN. This will mean in the case of SeV
infection, that the virus encoded antagonist proteins are only active to a certain degree. B) The
proposed model: In the proposed model by the Lopez laboratory it is assumed that defective viral
genomes that become numbered during virus replication, are danger signals that stimulate the host to
respond to overcome the viral antagonism. They assume that this response is independent of type I IFN
feedback. The figure is borrowed from Lopez (18).

Negative sense RNA viruses seem to produce defective viral genomes (DVGs) as
spontaneous by-products of replication when the virus reaches high titers. DVGs are
effectively recognized by the host and induce a potent antiviral response. DVGs are
truncated versions of the viral genome that lack essential genes and thus the DVGs
are unable to propagate without helper virus. There are two types of DVGs: Deletion
DVGs (dDVGs) and Copy-back DVGs (cDVGs). The dDVGs are generated when the
viral polymerase falls off the original template and reattaches further downstream.

They share the 3’and 5"ends with their parental virus but are incomplete. The cDVGs,
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and closely related Snap-back DVGs (sDVGs), consist of a segment of the genome
that is flanked by the reverse complementary version of its 5’end. These are generated
when the viral polymerase detaches from the template and reattaches to the newly
synthesizing strand, which then copies back the 5’end of the genome (18).

Van den Hoogen ef al suggested a hypothesis that DIs that are present in virus stocks
could be responsible for the activation of the IFN pathway. Their results showed that
sDVGs accumulate in hMPV stocks, and that these activate the IFN pathway upon
infection. DIs does most likely play a significant role in hMPV pathogenesis as they

easily accumulate (19).

1.4 The airway epithelium

Airway epithelial cells (AECs) line the airways and serve a number of functions,
including first line of defense and amplification of cytokine response. The AECs are
able to modulate a wide range of inflammatory responses through recruitment and
activation of inflammatory cells. AECs are also able to release mediators that serve to
recruit other epithelial cells and fibroblasts. AECs are in this way important in repair
responses, and when these responses are unbalanced it could lead to airway
dysfunction (20). In the alveolar part of the lung the most abundant cells are
interstitial fibroblasts. They are found in the interstitial space and they are responsible
for secretion of the extracellular matrix that supports the alveolar units. Fibroblasts
that are stimulated by TGF-f can transform into epithelial cells (21). The alveolus is

illustrated in Figure 1.8 showing the different cell types involved.
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Figure 1.8. The normal alveolus.
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1.4.1 The airway epithelium as an anatomical barrier

The first line of defense, the anatomical barriers of the airway epithelium, consists of
physical and chemical barriers. These are important in defense against pathogens by
making sure that they are unable to enter the body. Chemical barriers at these surfaces
have antimicrobial activity and acid pH. If pathogens are able to breach the physical
and chemical barriers they can survive in the extracellular spaces or infect cells.
When a foreign infectious agent invades the body, the cellular innate immune
response begins right away. Surface or cytosolic receptors recognize the pathogens
and the white blood cells macrophages and neutrophils are activated. These cells
engulf and destroy extracellular pathogens by phagocytosis. Some receptors lead to
activation of proteins that have beneficial effects like antimicrobial activity or they
recruit fluid cells and molecules to the site of infection, leading to inflammation.
Local innate inflammation is beneficial in the process of eliminating pathogens or
damaged cells. During inflammation a range of different processes take place:

antimicrobial substances are increased, phagocytic cells eliminate pathogens,
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dendritic cells take up and present pathogens to lymphocytes and in this way activates
the adaptive immune response. Natural killer cells are able to recognize and kill virus-
infected, altered or stressed cells. These inflammatory responses are absolutely
necessary in fighting pathogens and damaged host cells but can also be harmful by
leading to systemic consequences that cause damage of the tissues and worst case
cause death. Regulatory mechanisms have evolved to prevent or limit these harmful

responses (23).

1.4.2 The airway epithelium as a defense against invasive pathogens

The airway epithelium is an important player in the fight against respiratory
pathogens. The lungs are protected against respiratory viruses by ciliated epithelial
cells. Mucus that covers the apical site of the epithelium creates a semipermeable
barrier where nutrients, water and gasses are exchanged while being impermeable for
most pathogens. Most inhaled particles are cleared by mucus and cilia in this way on
the epithelial surface. Both the innate and the adaptive immune system are regulated
by the airway epithelial cells. The epithelial cells produce antiviral molecules such as
pro-inflammatory cytokines that in turn recruit and activate other innate immune cells
and initiate mechanisms of the acquired immune response. Once a virus has entered
an airway epithelial cell, they are rapidly recognized by Pattern Recognition

Receptors (PPRs) (24).

1.5 The innate immune response

Innate immunity is part of the immune system in vertebrates evolved to eliminate
invasive pathogens in the body. The innate immune system is highly conserved and
works as the first line of defense independent of immunological memory. The innate
immune response is able to discriminate between self and invasive pathogens, and
recognize microbes through PRRs that are constitutively expressed. In comparison,
acquired immunity is developed by clonal selection, involved in the late phase of
infection and responsible for generating immunological memory. The acquired
immune system involves a range of rearranged, specific receptors (25). Acquired

immunity is dependent on activation from the innate immune system.
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1.5.1 Pattern recognition receptors (PRRs)

PRRs are germline-encoded receptors independent of immunological memory, and
expressed on all cells. Even though they are not as specific as receptors of the
acquired immune system, they are able to discriminate between self and invasive
pathogens. They recognize distinct pathogen-associated molecular patterns (PAMPs)
on foreign microbes and danger-associated molecular patterns (DAMPs) on host
derived molecules, and are able to initiate anti-pathogen and pro-inflammatory
responses. The PAMPs can be the microbe itself or segments on the pathogen that are
essential to pathogen survival and therefore are conserved (25). When a virus enters
the host, the PAMPs on the pathogen are recognized by PRRs on the host cells. PRRs
are divided into three categories, including toll-like receptors (TLRs), RLRs and
nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs). TLRs are
membrane bound, found on the plasma membrane and on endosomal membranes,
while NLRs and RLRs are found in the cytosol. When PAMPs are recognized by
these PRRs, transcription factors and signaling pathways are activated leading to
expression of antiviral, immune and inflammatory genes, resulting in inflammation

and host immune responses (13).

Toll-like receptors (TLRs)
TLRs are type 1 integral membrane glycoproteins that contain leucine-rich-repeat

(LRR) motifs on their extracellular domain and a cytoplasmic signaling domain
homologous to that of the IL-1. This domain is therefore named the Toll/IL-1
homology (TIR) domain. A number of different immune cells express TLRs; antigen-
presenting cells (APCs) including macrophages and DCs as well as B cells, specific
types of T cells, and even non-immune cells such as fibroblasts and epithelial cells.
Expression of TLRs is regulated in response to pathogens, cytokines and stress.
Certain TLRs are expressed on the cell surface while others are found on endosomes.
TLRs are stimulated by their ligand, and this recruits adaptor molecules containing a
TIR domain to the cytoplasmic tail of the TLRs. This triggers a downstream signaling
cascade that results in production of cytokines and chemokines with pro-

inflammatory features (25).
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RIG-like receptors (RLRs)
RLRs are intracellular PRRs that belong to the superfamily 2 (SF2)

helicases/ATPases. RLRs distinguish between self and non-self RNA and trigger
signaling cascades to initiate host defense responses against viruses. They recognize
pathogenic-derived RNA in the cytosol of most cells. There are three members of the
RLR famil; retinoic acid-inducible gene I (RIG-I) also known as DDX58; melanoma
differentiation-associated gene 5 (MDA-5) also known as IFIH1 or helicard; and
laboratory of genetics and physiology 2 (LGP2) (13).

RIG-I, MDAS and LGP2 share conserved structural and functional domains. They
inhabit a DExD/H-box capable of ATP hydrolysis activity in vitro that is involved in
dsRNA interactions. The DExD/H-box is homologous to RNA helicase domains. The
DExD/H-box have diverse functions including translocation along ss and ds nucleic
acids, unwinding of db nucleic acids, annealing of complementary strands and
displacement of proteins from ribonucleoprotein complexes. RLRs contain a
regulatory domain (RD) located the C-terminus. The RD is involved in recognition of
RNA, and is involved in regulation of RIG-I signaling activity. The RD works as an
auto-inhibitory domain for RIG-I. The RD has also been termed the repressor domain,
and expression of the RD of RIG-I or LGP2 can inhibit RIG-I-mediated signaling and
deletion of the RIG-I RD region increases basal signaling activity (26).

RIG-I and MDAS also share two N-terminal caspase activation and recruitment
domain (CARD) regions, but these are not present in LGP2. These protein interaction
CARDs are necessary for antiviral signal transduction downstream of RNA
recognition. The CARDs are the primary effector domains that transduce an RNA
detection signal downstream. Expression of the RIG-I or MDAS CARDs alone is
sufficient to induce unregulated signal transduction (26). An illustration of the

composition of the three RLRs RIG-I, MDAS and LGP2 is found in Figure 1.9.
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Figure 1.9. RLR family members RIG-I, MDAS5 and LGP2. The three receptors have a central
ATPase containing a DExD/H box helicase domain. RIG-I and MDAS contain N-terminal CARD
domains that mediate downstream signaling. LGP2 lacks CARD. RIG-I and LGP2 contain a repressor
domain (RD) in the C-terminal regulatory domain (CTD). Because MDAS does not contain a RD,
overexpression is sufficient to activate pathway signaling, while overexpression of RIG-I in the
absence of an activating ligand does not result in activating signaling pathways. LGP2, lacking the
CARD, has a dominant-negative phenotype. The RLRs are present in low levels in un-stimulted
cells.The figure is modified from Dixit (27).

Retinoic acid-inducible gene | (RIG-1)
RIG-I senses the 5 triphosphate of viral genomes or viral derived transcripts of

negative sense sSRNA viruses. RIG-I is known to recognize several RNA virus,

including SeV and RSV (28).

Melanoma differentiation-associated gene 5 (MDAG5)
MDA-5 senses long dsRNA, typically intermediate of the replication of positive sense

ssRNA viruses. MDA-5 is essential in detecting picornaviruses and is a target of IFN
inhibitory activity of paramyxovirus V protein (28).

Laboratory of genetics and physiology 2 (LGP2)

LGP2 is unable to sense RNA directly due to the lack of CARD. It is thus not capable
of propagating an antiviral signal like RIG-I or MDAS, and LGP2 is therefore thought
to have a distinct role in signaling (26). The role of LGP2 is not completely
understood. However, it is shown that overexpression of LGP2 inhibit IFN induction
in response to SeV, and LGP2 is believed to be an inhibitor of RIG-I while an
activator of MDAS in IFN induction (29).

NOD-like receptors (NLRs)
NLRs play major roles in the innate immune and inflammatory responses, and they

have show to be involved in initiating responses against respiratory viruses (24).
Some NLR members, like the NOD1 and NOD2, activate transcription of genes that
encode inflammatory cytokines, while others, like NLRP3, is able to form multi-

protein complexes called inflammasomes (23, 30).
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NLR family, Pyrin Domain Containing 3 (NLRP3)
NLRP3 assemble with other proteins into the inflammasome complex that activate

proteases necessary for converting inactive cytokines into their active and secreted
frorm (23). The inflammasome consist of the adaptor apoptotic speck-containing
protein with a CARD (ASC) and pro-caspase-1, and is involved in cleavage and
activation of the pro-inflammatory cytokines IL-1p and IL-18 into secreted forms

(24).

1.6 Cellular signaling through TLRs, RLRs and NLRs

After PRRs recognize virus associated molecules, antiviral responses are initiated.
The antiviral response includes production of cytokines and chemokines and further
activation of the adaptive immune response. One of the main cytokines involved in
viral immune response is IFN-p. IFNs initiate both antigen-specific CD8" T cell
responses and chemokines that stimulate lymphocytes and monocytes and recruit
them to the site of infection. IFNs also upregulate effector molecules that help
establish the "antiviral state’. Transcription of IFNs is regulated by activation of
transcription factors NF-kB, ATF2, IRF3 and IRF7. Activation of NF-kB and ATF2-
c-Jun result in regulation of expression of genes that are involved in inflammation, in
addition to interaction with IRF3 and IRF7 to enhance type I interferon induction
(31). The RIG-I/MDAS5-dependent signaling pathway leading to expression of IFN-f3

is illustrated in Figure 1.10.
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Figure 1.10. MDAS5- and RIG-I-dependent signaling. The RNA helicases MDAS and RIG-I are
activated by viral RNA in the cytosol. RIG-I can be activated by both RNA molecules with
5’triphosphates and dsRNA, while MDAS is only activated by the latter. The N-terminal CARD
domains recruit the adaptor MAVS, which recruits signaling components that either signals further
through the IRF-3 or the NF-kB pathways. It is believed that the downstream signaling that follows in
these pathways are similar to the downstream signaling of TRIF in TLR3-dependent signaling.
Activation of NF-«xB requires TRAF6 and RIP1 recruitment and further the recruitment of the IKK
complex and TAK1. TAK1 phosphorylates and thus activates the IKK subunit of the IKK complex
which in turn phosphorylates IkB. This leads to ubiquitination of IkB, before it is degraded by the
proteasome. When IkB is degraded, NF-«B is released and moves into the nucleus where it bind to the
IFN-B promoter. Activation of IRF-3 requires the recruitment of TRAF3. TRAF3 binds to TANK,
TBK1 and IKKe which then are activated and able to phosphorylate IRF-3 directly. The mechanism for
how this happens is not yet fully understood. When IRF-3 is activated it can translocate into the
nucleus and bind to the IFN-b promoter. Co-factors such as CBP/p300 and RNA polymerase 11
assemble and stimulate transcription. The IFN-f promoter has three known binding sites: for ATF-2/c-
Jun (PRD 1V), IRF-3 (PRD I/III) and NF-kB (PRD II). The figure is borrowed from Randall et al (32).

Below follows a closer look at signaling components that lead to activation of

transcription factors in RIG-I- and MDAS5-dependent signaling.

Mitochondrial antiviral signaling (MAVS)
The adaptor protein mitochondrial antiviral signaling (MAVS) is also known as IPS1,

VISA and CARDIF. MAVS contain CARD and associate with RIG-I or MDA-5 upon
their activation, leading to downstream signaling kinases that lead to activation of NF-
kB and IRF that again leads to transcription of genes involved in antiviral and pro-
inflammatory responses (28), see Figure 1.10. The virus initiated innate immune

response also relies on the RIG-I1 and MDAS5-dependent pathway in fibroblasts and
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other cell types. MAVS triggers NF-kB activation through TRAF6 and the IKK-o-3
complex or IRF3 activation through TRAF3 and the TBK1 and IKKe-kinase

complexes in response to viral infection (33).

TNFR-associated factor 6 (TRAF6)
The tumor necrosis factor receptor (TNF-R) associated factor (TRAF) family consist

of intracellular proteins that bind to the cytoplasmic regions of receptors. In addition
to the adaptor function, most TRAF function as E3 ubiquitin ligases involved to
activate downstream proteins in signaling pathways. Signaling pathways that are
TRAF-dependent usually lead to activation of NF-xB, mitogen-activated protein
kinases (MAPKs) or IRFs (34). In RLR-signaling, dimerization of MAVS leads to
recruitment of TRAFs, including TRAF6. These assemble at the mitochondrial outer

membrane, a site for signaling complexes to assemble (34).

TRAFG6 ubiquitinates NEMO and proteins that activates TAK1 and further leads to
phosphorylation of the IkB kinase (IKK) complex. When IKK is activated, it
phosphorylates the inhibitory IkB subunit of the NF-kB. NF-kB is in this way

released and enter the nucleus where it activates gene expression (23).

TANK-binding kinase 1 (TBK1)
TANK-binding kinase 1 (TBK1) and IRF3 are crucial in the IFN-a-f§ induction, and

therefore the cell has evolved many mechanisms to control the activation of
TBK1/IRF3. TBK1 can be phosphorylated at multiple sites. The phosphorylation at
S172 seems to be necessary to activate TBK 1. IRF3 is one of the major downstream
substrates of TBK1 in inducing IFN expression. TBK1 mediates phosphorylation of
IRF3, and in this way promotes dimerization, nuclear translocation and involvement
in transcription. Regulation of TBK1/IRF3 phosphorylation by kinases and
phosphatases may determine the IFN induction, both in magnitude and duration, upon

viral infection (35).
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1.6.1 Transcription factors

The IFN-B promoter has, as shown in Figure 7, binding sites for the transcription
factors NF-kB, IRF3 and ATF2. The NF-xB and IRF transcription factor families are

simultaneously activated in response to viral infection.

Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-xB)
NF-«B activation following viral infections involves phosphorylation and subsequent

polyubiquitylation of IkBa through the IKK-dependent pathway. A number of
inflammatory and immunoregulatory genes that are induced by paramyxovirus require
NF-«B to be transcribed (36, 37). Optimal NF-kB activity also requires
phosphorylation of the NF-kB protein p65 (33). RIG-I and MDAS dependent

activation of NF-kB in response to viral infection is illustrated in Figure 1.10.

Interferon Regulatory Factor 3 (IRF3)
In contrast to NF-kB activation, IRF3 activation in the cytoplasm occurs directly

through their C terminal phosphorylation by two kinases, TRAF family member-
associated NF-kB activator (TANK)-binding kinase 1 (TBK1), and IKK-e (33).
Transcription factors of the IRF family are essential players in virus-triggered type I
IFN-gene expression (38). IRF3 is known to induce transcription of antiviral genes,
and in the absence of IRF3 the cells will become persistently infected and keep
producing new infectious virions. IRF3 is expressed in all cell types, however at
different levels. TBK1/IKKe are protein kinases that are responsible for mediating
IRF3-phosphorylation. When IRF3 is activated by RIG-I signaling it becomes
polyubiquitinated and degraded by the proteasome. The TLR pathway and the SeV-
activated RIG-I pathway are partially overlapping (39, 40). An illustration of the RIG-
I-dependent activation of IRF3 is found in Figure 1.11.
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Figure 1.11. RIG-I-dependent IRF3 activation. RNA from viruses activate RIG-I through binding to
their DExD/H box RNA helicases (the red boxes). The CARD domains on these receptors (the light
blue boxes) are polyubiquitylated by the E3 ubiquitin ligase TRIM25 which is believed to lead to
recruitment of the mitochondrial adaptor MAVS. MAVS signals to TRAF3 which activates IRF3
through TBK1 and IKKe signaling and phosphorylation. TANK is necessary for TBK1 and IKKe
assembly. The figure is modified from Chau et al (33).

Activating transcription factor 2 (ATF2)
ATF2 is a member of the leucine zipper family of DNA binding proteins and is found

in the lung among other tissues. Upon antigen stimulation ATF2 can be activated
through phosphorylation at amino acids Thr69 and Thr71 by upstream signaling
factors p38 and JNK. ATF2 dimerizes with the transcription factor c-jun, which
localizes the complex in the nucleus and makes where it works as a transcription
activatior of cytokines, pro-inflammatory genes and genes involved in apoptosis (41,

42).

1.6.2 IFN-p and the antiviral state

IFNs are secreted cytokines that have antiviral features. They can be divided into type
I, II and III, based on the amino acid sequence. IFN-a and -f are produced in response
to viral infections (32). Instead of referring to type I IFN, IFN-B will be used as IFN-f3
has been used in the experiments of this thesis. The virus-infected cell will secrete
IFN-f and the IFN-f will bind to the IFN-a-f receptor (IFNAR) on neighboring cells,

and itself. By binding to the receptor it will activate the intracellular signaling
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pathway that will lead to up-regulation of IFN-B-responsive genes, which have direct
or indirect antiviral effect. Viruses will not be able to replicate in an efficient manner

in cells that are in the antiviral state (32).

Many different types of epithelial cells express IFNs. Transcription factors NF-kB,
ATF2 and IRFs are involved in the regulation of IFN synthesis, as illustrated in
Figure 1.10. When IFN- binds to its receptor, signaling to the nucleus goes through
the Jak-STAT pathway, as illustrated in Figure 1.12. When STAT1/2 is activated it
forms a complex with IRF-9 that trans-locates to the nucleus where it induces IFN-
stimulated genes (ISGs) to produce antiviral proteins. The antiviral proteins include
protein kinase R (PKR), 2’5 -oligoadenylate synthetase (2°5"-OAS), myxovirus

resistance protein (Mx proteins) and these inhibit viral replication (24).
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Figure 1.12. Signalling pathway activated by IFN-a/p. When IFN-o/B bind to the type I IFN
receptor (IFNAR), the receptor-associated tyrosine kinases JAK1 and Tyk2 are activated and
phosphorylate STAT1 on tyrosine 701 (Y701) and STAT?2 on tyrosine 690 (Y690). When STAT1 and
STAT?2 are phosphorylated they interact with each other and the STAT1-STAT2 heterodimer trans-
locates into the nucleus where it interacts with IRF-9, a DNA-binding protein. The IRF-9-STAT1-
STAT2-heterotrimer, or the ISGF3 complex, binds to a sequence motif called the IFN-stimulated
response element (ISRE), which leads to transcriptional activity. To be activated properly, STAT1 also
requires phosphorylation of serine 727 (S727). The figure is borrowed from Randall et a/ (32).

Activation of PKR leads to apoptosis. 2°5'-OAS is involved in degradation of viral
through cleavage of ssRNA. The Mx proteins reduce virus replication by impairing

intracellular transport of viral proteins (24).
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1.7 Thymic stromal lymphopoietin (TSLP)

Thymic stromal lymphopoietin (TSLP) was first identified in supernatants isolated
from the mouse thymic stromal cell line Z210R.1 (43). Through characterization and
cloning, it was identified as a short-chain four helix-bundle type I cytokine (44). A
human homologue TSLP was identified through database search methods (45, 46).

1.7.1 Biology of TSLP
TSLP is an epithelial cell-derived IL-7-like cytokine. Induced by pathogens, it

contributes to mucosal immunity and promotes inflammatory responses by Th1 as
well as Th2 (47). TSLP is an important factor in the pathogenesis of asthma. Higher
concentrations of TSLP is found in the lungs of asthmatics and this correlate with the
increased Th2 responses and the severity of the disease (48).

There are two isoforms of the human TSLP. The translational products of the two
isoforms are functionally different (49). Short form TSLP (sfTSLP) is constitutively
expressed both at mRNA and protein level in cells of the oral mucosa and skin, the
salivary glands and is released in the saliva. The sfTSLP have antimicrobial features
and is not regulated in the same way as the long form TSLP (IfTSLP). The TSLP
isoforms show opposite immune functions. sfTSLP is anti-flammatory and expressed
during steady-state conditions, while the IfTSLP is pro-inflammatory and solely
expressed during inflammation (50). The TSLP receptor complex is a heterodimer
consisting of the IL-7-receptor a chain (IL-7Ra) and a TSLP binding chain called the
TSLP receptor (TSLPR) (51).

1.7.2 TSLP and asthma

Under normal physiological circumstances, TSLP seems to be involved in CD4+ T
cell homeostasis in the peripheral mucosa associated lymphoid tissues. It is not fully
understood which signals that control the steady-state TSLP production. In
inflammatory settings, such as during viral infection, TSLP expression in epithelial
cells is increased in response to inflammation. The local increase of TSLP affect and
enhance the DC maturation and activation and stimulates resident macrophages.
TSLP-activated DCs migrate to the lymph nodes and induce the CD4+ T cells to
produce Th2 inflammatory cytokines (52).
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Immune cells, including eosinophils, fibroblasts neutrophils and mast cells, is
attracted to the site of inflammation as a result of the chemokine production and is
contributing to the following exacerbated pathology (51). An overview of the sources
and direct and indirect targets of TSLP in asthma is found in Figure 1.13. TSLP has
been linked to the initiation of allergic airway inflammation. TSLP alone is not
sufficient in causing full airway inflammatory disease, however it induces innate
responses that include mucus overproduction in the lung. To develop full airway
inflammation foreign antigens as well as CD4+T cells are required. TSLP is a factor

in the lung that generate Th2 allergic responses to the foreign antigen (52).

TSLP is showed to activate DCs that subsequently lead to a Th2-driven T cell
response. TSLP is therefore an important epithelial cytokine that trigger DC-mediated

allergic inflammation (6).

Cellular sources of TSLP Cellular targets of TSLP Actions
Epithelial Cells mm Dendritic Cells 1’ Co-stimulatory molecules, Th2 priming
A CD4+ T Cells 4 Proliferation, Th2 differentiation
Fibroblasts ,ﬂ&h
Mast Cells ¢ Cytokine production
Dendritic Cells : ; Extracellular trap formation, cytokine
Eosinophils f production
eta 3% : Expansion, cytokine production
Basophils * @ °- ® Basophils * Y
Treg Cells & Suppressive activity
¥ 0 ¥
lls | )
Mast Cells &)b Lung natural helper 4 Th2 cytokine production (with IL-33)
innate type 2 cells

Figure 1.13. Sources and targets of TSLP during asthma. The overview show the TSLP cellular
sources and targets of TSLP in asthma/lung inflammation, and the actions of TSLP on these targets.
The figure is borrowed from West et al (48).

TSLP released by primary epithelial cells in response to relevant stimuli, activate cells
of the innate immune system and induce them to producing high levels of Th2 pro-
inflammatory cytokines (53). It is indicated that TSLP induction is occurring early
during the viral infection cycle, as molecules sensing viral replication in the cytosol of
AECs are activated (47). It has recently been shown that TSLP is expressed in

response to RSV in airway epithelial cells and that the regulation is dependent on
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RIG-I (54). However, a lot is still unknown regarding the TSLP induction pathway in

response to hMPV and other respiratory viruses.
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2 Aims of the Study

High prevalence of childhood asthma is observed and the prevalence is predicted to
increase in the future. Viral respiratory tract infections have been linked to asthma.
hMPYV is a recently discovered virus recognized as a clinically important respiratory
pathogen. TSLP is an IL-7-like cytokine that is expressed mainly by epithelial cells at
barrier surfaces and induce immune responses by targeting immune cells that produce
Th2 cytokines. How production of TSLP is regulated in airway epithelial cells during
respiratory virus infection is poorly described. The hypothesis is that hMPV infection
triggers TSLP expression in airway cells. Elevated TSLP-directed inflammation in the
airways may contribute to respiratory disease and create a Th2-permissive

environment that attribute to the development of asthma.

The objectives of the study were as follows:

1. Cultivate h(MPV subgroup A1 and produce stocks for use in cell culture

experiments

2. Characterize the IFN-f response and activation of related transcription factors
upon hMPV Al infection in airway epithelial cell line A549 and lung
fibroblast cell line WI-38

3. Assess the kinetics of TSLP mRNA induction in airway epithelial cell line
A549 and lung fibroblast cell line WI-38 upon hMPV A1 infection

4. Study PRR signaling components involved in TSLP mRNA induction in

airway epithelial cell line A549 and fibroblast cell line WI-38 upon hMPV Al

infection
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3 Methodology

Below follows a description of the methods that were used for this thesis. A complete

list of instruments and software used is found in Appendix A.

3.1 Reagents used

Below, in Table 3.1, is a list of reagents used in the experiments conducted in this

master thesis. The reagents are arranged according to experiment.

Table 3.1. Reagents used. Reagents used, manufacturer and catalog number, arranged according to

experiment.

Product

Manufacturer

Cell culture

DMEM

DPBS

FBS, Lot. nr: 41F3715K
Gentamycin

Glutamine (L-glut)
OptiMem
Pencillin-Steptomycin Solution
PBS

RPMI

Trypsin EDTA

siRNA transfection
Lipofectamine® RNAIMAX

RNA isolation and cDNA synthesis
B-ME (2-mercaptoethanol)

Ethanol (96%)

RNeasy kit

qScript™ ¢cDNA synthesis kit

PCR
Perfecta SYBR Green FastMix, ROX™
RNase free water

Virus isolation and titration assay
Human metapneumovirus direct
immunofluorescence Assay (DFA)
Sendai Virus (SeV)

Sucrose

Bio Whittaker®, Lonza

Sigma® life sciences, Sigma Aldrich
Gibco®

Gibco®

Sigma Aldrich

Gibco®, life technologies

ATCC®

Bio Whittaker®, Lonza

Gibco®, life technologies

Lonza

Thermo Fisher Scientific

Sigma Aldrich
VWR

Quiagen

Quanta Biosciences

Quanta Biosciences
VWR

Light diagnostics EMD Millipore
Corporation

Cantell strain, Charles River Laboratories,
Wilmington, MA

Sigma Aldrich
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Syringe-driven Filter Unit, 0.8mm Millex

Trypsin Difco
Tween20/Sodium Azide Light diagnostics EMD, Milipore Corporation
Western Blot

iBlot” Gel Transfer stacks Nitrocellulose, Mini NOVEX by life technologies
TBS
TBST In-house

In-house

3.2 Cell cultivation

3.2.1 Cell lines

LLC-MK;,
The LLC-MK; cell line is a monkey kidney epithelial cell line known to be

susceptible for and support growth of several different viruses (55). LLC-MK; has
been reported to be the most successful cell line for h(MPV cultivation (56). LLC-
MK, cell line was obtained from American Type Culture Collection (ATCC®)
number CCL-7"™. LLC-MK, cells were cultured in Opti-MEM with 5% fetal bovine
serum (FBS), 20ug/mL gentamycin and 200mM glutamine. LLC-MK2 was incubated
in 5% CO; at 37°C. These cells were maintained and sub-cultivated by the research
group engineer. These cells were used for the growth curve experiment as well as

hMPYV propagation and titration assay.

A549
A549 is a lung carcinoma epithelial cell line. The cells were maintained in RPMI 10%

supplemented with 10% FBS, 20ug/mL gentamycin and 200mM glutamine. The cells
were incubated in 5% CO; at 37°C. The cells were seeded in T75 flasks and split
when they reached 75-80% confluency. These cells were used to study hMPV-
mediated responses in airway epithelia, including kinetic studies, siRNA-mediated
knockdown of signaling components and phosphorylation status of transcription

factors.

Wi-38
The WI-38 cells are lung fibroblasts. The cells were maintained in DMEM

supplemented with 10% FBS, 100u/mLpencillin and 100ug/mL streptomycin. The
cells were incubated in 5% CO; at 37°C. The cells were seeded in T75 flasks and split
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when they reached 75-80% confluency. These cells were used to study hMPV-
mediated responses in airway epithelia, including kinetic studies, siRNA-mediated
knockdown of signaling components, phosphorylation status of transcription factors

and confocal study.

HEK-293
HEK-293 is an embryonic kidney cell line. The cells were maintained in DMEM

supplemented with 10% FBS, 200mM glutamine and 20ug/mL gentamicin. The cells
were incubated at 8% CO; at 37°C. These cells were maintained and sub-cultivated
by the research group engineer. The cells were used to test induction of IFN-3 and for

controls used for Western blot.

3.2.2 Subcultivation of cell lines
The cells were split when they reached 75-80% confluence. Medium was removed

and cells were washed in 8mL PBS 37°C to remove dead cells. The cells were then
trypsinated with ImL TE at 37°C for 5 minutes. The trypsination step is to detach the
cells from the flask surface. SmL medium was then added to inhibit the trypsin, and
the total 6mL cell supernatant/medium was transferred to a 15mL tube and
centrifuged (58 10R, Eppendorf) for 5 minutes, 1500rpm at 20°C. The supernatant was
removed and the cell pellet was re-suspended in 2mL medium. To count cells, the Z2
Coulter® Particle Count and Size Analyzer (Bekeman Coulter) was used. 20puL of
suspended cells were mixed in isoton. The function of the isoton is to dilute the cells
in a neutral liquid that keeps the cells intact and don’t cause lysis. Programme C

(T1=10uM, T,=19uM) was used to count all cell lines.

3.2.3 Thawing of cells
All cell stocks were kept in liquid nitrogen tanks and were thawed in water (37°C)

and seeded in T75 flasks. The cells were kept in medium containing the
cryoprotective agent dimethylsulfoxide (DMSO) when they were frozen, this to
reduce the freezing point of the medium as well as to slow the cooling rate and thus
reduce the risk of ice crystal formation which can cause damage to the cells (57). The
medium was changed the next day of the thawing, as the DMSO is toxic for the cells
in above 4°C (58).
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3.3 Virus propagation

The hMPV virus strain hMPV/NL/1/00 was received from Bernadette van den
Hoogen at the Department of Virology, Erasmus MC, Rotterdam. This strain
represents the hMPV subgroup Al.

hMPYV was propagated in serial propagation using LLC-MK; cells. LLC-MK, cells
are known to be the most successful cell line for h(MPV cultivation (56). On day one
2M LLC-MK, cells were seeded in a T175 flask with 30mL medium. When the cells
reached full confluence, at around day four, trypsin containing growth medium
(TCGM) was added and the cells were infected with hMPV at MOI 0.01. The h(MPV
fusion protein requires cleavage of proteases to be activated and trypsin is therefore
added to medium, to enhance the viral replication process. Four days after infection, a
SmL sample of the supernatant was collected. The rest of the medium was removed
and replaced with fresh TCGM. The collected supernatant was used to infect a new
flask with fully confluent LLC-MK, cells, generation two. The flask was incubated
for 1 hour before the virus sample was removed and replaced with 30mL fresh
TCGM. The serial propagation was continued for two more generations as illustrated
in Figure 3.1. When the cytopathic effect (CPE) was considered substantial: CPE of
75-90%, the flasks were freezed and stored at -80°C until isolation. This was around
day 8 or 9. It is important that the CPE doesn’t exceed 90% because live cells are

necessary for the virus to be able to replicate further.
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Figure 3.1. Serial propagation. HMPV was propagated using serial propagation. A flask with
confluent LLC-MK2 cells were infected with hMPV at MOI0,01 and incubated for four days.
Supernatant from the infected flask was then transferred to a new flask, and this was continued for in
total four generations. At day 8 or 9 the CPE were considered to be 75-90% and the flasks were freezed
and the virus was isolated. The isolation steps are explained in section 3.4. The figure is allowed used
by the author Jostein Malmo (unpublished).

3.4 Virus isolation

At the day of isolation, the virus flasks were thawed, the cells scraped and supernatant
collected in tubes. The tubes were centrifuged at 1500rpm for 5 minutes at 4°C. To
remove any cell residues the supernatant was sterile filtered using 0.8mm syringe-
driven filter units (Millex). Six polymer tubes were sterilized in 70% ethanol before
adding 2mL 20% sucrose. The filtered virus supernatant was carefully added on top
of the sucrose, creating two layers. The tubes were then centrifuged in an
ultracentrifuge (Sorvall Discovery 100SE, Hitachi) at 26 000rpm for two hours at
4°C. After centrifugation, the supernatant was removed and the pellet was re-
suspended in 3mL of TCGM. The virus solution was aliquoted into tubes of 1mL and

snap freezed in liquid nitrogen. The virus was stored at -80°C.

3.5 Titration assay
After isolation of virus, a titration assay was performed to find the titer for the
specific stock that was isolated. The assay is based on plaque forming units (PFUs),

which gives a number for how many live infectious particles present in the stock.
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Protocol
The titration assay was performed using LLC-MK, cells that were seeded in a 96 well

plate with 5k cells/well. Four days after seeding the cells were infected with hMPV
diluted in TCGM. A tenfold serial dilution as illustrated in Figure 3.2 was made. The
dilution series included eight dilutions, and four parallels were infected for each
dilution. Eight Eppendorf tubes were prepared, each with 900uL. TCGM. 100uL of
the virus stock was added to the first tube to obtain a 10™" dilution, and mixed. 100uL
of the mixed 10" solution was transferred to the next tube to obtain a 107 dilution,
and this was repeated till the last tube with a dilution of 10, The LLC-MK; cells
were washed with PBS before 200uL of the appropriate virus dilution was added to
their respective wells. The cells were incubated at 37°C with 5% CO, for four days.
The cells were then washed with 200puL warm PBS and fixed with 80% Acetone for
10 minutes at -20°C. The acetone was replaced with 30uL direct fluorescent antibody
(DFA), following incubation for 15 minutes at 37°C. The DFA monoclonal antibodies
are labeled with fluorescein isothiocyanate (FITC), a green fluorescence that bind to
cells infected with hMPV. Cells that were uninfected stained red due to the Evans
blue. The DFA was then removed and the cells were washed with room-tempered
PBS supplemented with Tween20. 100uL PBS was in the end added to the cells. A
fluorescence microscope was used to determine infected wells, the 50% Tissue
Culture Infective Dose per mL (TCID50/mL) and further the Focus Forming Unit per
mL (FFU/mL) of the virus stock was calculated.

Figure 3.2. 10-fold serial dilution. A serial dilution of hMPV was made to infect the cells in the
titration assay. 900LL TCGM was added to each tube. 100LL of the virus stock was added to the first

tube, mixed, and 100pLL was then transferred to the next tube to obtain a 10-fold serial dilution, with
dilutions 107 till 10®. The figure is modified from Racaniello (59).
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Focus forming assay is one method to measure the concentration of viruses in a
sample. Confluent cells are infected with virus for a chosen time frame, before the
cells are permeabilized and incubated with a fluorescent antibody against the virus.
The cells are examined using a microscope. The TCIDsp-principle is based on the
number of plaques that are infected at a specific dilution. At low dilutions, all wells
will be infected while at high dilutions none of the wells will be infected. Wells with
one fluorescent foci was considered positive. The dilution where 50% of the wells
were considered positive was used, and the virus stock titer (expressed as FFU/mL)
was calculated (59). To calculate the FFU/mL, Formula 3.1 was used. The mean of

the plaques of the four parallels of the dilution was calculated (plaque mean).

FFU/mL= (plague mean / dilution factor) / 0,2

Formula 3.1. Calculation of FFU/mL. This formula was used to calculate the FFU/mL of a virus
stock from the titration assay. The plaque mean was calculated from the parallels of the dilution with at
least two positive wells. The dilution factor is 10°-x.

The FFU/mL was used to calculate the volume of virus that was needed to infect a
particular number of cells at a particular MOI. The formula that was used to calculate

this is shown in Formula 3.2.

a) MOI = ((FFU)/mL)/(Number of cells)) x V

b) V = (MOI x number of cells)/(FFU/mL)

c) V= (MOI 1 x 100k cells)/(700k FFU/mL) =(100k)/(700k) = 142,8uL virus.

Formula 3.2. Calculating MOI. a) The formula for calculating MOI. b) Algebraic alteration of the
formula given in a) gives the formula for calculating the volume (V) of virus that is needed to infect a
particular number of cells at a particular MOI. ¢) Example of using the formula to calculate the volume
of virus when using a virus stock with FFU/mL = 700k in an experiment with 100k cells per well, and
wishing to infect at MOI 1.
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3.6 DI+/- determination assay

To determine whether virus stocks were positive (+) or negative (-) of DI particles, a
DI+/- estimation assay was performed. The assay was performed in HEK-293 cells.
On day one, 30k cells were seeded in 48 well plates in DMEM. On day two, the
medium was removed and OptiMem 2% was added. The cells were infected with
hMPYV at MOI 1. The medium was changed back to DMEM after two hours. The cells
were lysed with 350uL 1% LB containing -ME after 18 hours. RNA was isolated as
explained in 3.14 and cDNA synthesized as explained in 3.16. qRT-PCR was then
performed, using IFN- primers as listed in Table 3.2.

3.8 Replication curve
To determine the peak time point of hMPV replication and thus the ultimate day for

hMPYV isolation, a replication curve experiment was performed.

Two flasks with 2M LLC-MK; cells were seeded. One was used as a “cell bank™ to
seed plates for the titration assay while the other was infected with hMPV. At
confluence the virus flask was infected with hMPV at MOI 0.01. The cells were
incubated at 5% CO, 37°C in SmL TCGM for one hour. The TCGM was then
replaced with 30mL fresh TCGM. The TCGM was replaced every fourth day. A
titration assay was performed for days 0, 2, 4, 6, 7, 8,9, 10, 12 and 14 to determine
the titer peak time point, the highest FFU/mL. At those specific days 400uL of the
supernatant was collected and centrifuged for 5 minute at 20°C, 1500rpm. 175uL of
the supernatant was then lysed with 175uL RLT lysis buffer with 1:100 B-ME and
stored at -80°C. qRT-PCR was eventually performed on all samples using primers for
the hMPV N-gene, found in Table 3.2. 100uL of the supernatant was used in titration

assay as explained in section 3.5.

3.9 Infection

Prior to infection, all cell lines except HEK-293 were washed with PBS. The
appropriate volume Opti-MEM supplemented with 2% FBS and antibiotics was then
added according to well plate. Which antibiotics used for the specific cell lines is
found in section 3.2.1. In the case of HEK experiments, the medium was removed
after two hours of infection as the HEK cells tolerate being maintained in the

OptiMem medium poorly. The A549 and WI-38 cells were kept in the infection
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medium till lysis to increase infection rate. MOI tests were performed by other
members of the research group and MOI 1 was considered the most appropriate

concentration.

3.10 Lysis

Cells were lysed with lysis buffer (LB) according to which analysis methods that were
further used. Cells used for qRT-PCR were lysed with RLT LB with 1:100 3-ME
(10pL/ImL RLT). 350uL lysis buffer was used for lysis per well. Cells used for
Western blot were lysed in 150pL 1% LB containing phosphate inhibitors NaOvan
(200mM), B-glycerolphosphate (2M), NaF (1M), PMSF (0,3M), Pepstatin (1mM),
Leupeptin (Smg/mL). The 1% LB consist of Tris (50mM, pH 7.5), NaCl (150mM),
Glycerol, Triton X-100 (1%), EDTA (2mM) and H,O.

3.11 Time course
Time course experiments were conducted using both A549 and WI-38 cell lines. Both

mRNA and protein levels were analyzed.

Protocol for qRT-PCR
50k WI-38 cells were seeded in 24 well plates. The next day cells were washed with

PBS and OptiMem 2% FBS was added. The cells were then infected with hMPV at
MOI 1. The cells were lysed in 350uL LB supplemented with B-ME.

Protocol for SDS-PAGE and Western Blot
200k WI-38 cells were seeded in 2mL medium in 6-well plates or 100k cells in ImL

medium in 12-well plates. The next day cells were washed with PBS and OptiMem
2% FBS was added. The cells were then infected with hMPV at either MOI 1 or MOI
0.5. MOI 0.5 was considered to be OK for potent stocks, or was used to spare virus.
The cells were lysed in 150uL 1% LB supplemented with phosphatase and protease
inhibitors, concentrations are found in section 3.10. Lysates were put on ice and
stored at -20°C. The SDS PAGE and Western blot protocols were followed as
explained in 3.18.
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3.12 siRNA Knockdown

Knockdown experiments were performed to determine the role of signaling
components involved in the regulation of hMPV-triggered TSLP induction. As
control siAllstar and no siRNA medium and hMPV infected cells were used. Both

A549 and WI-38 cell lines were used for these experiments.

To silence genes that are suspected to be involved in the regulation of TSLP upon
hMPV infection, a RNA interference (RNA1) method was used. Knockdown using
small interfering RNA (siRNA) was performed. siRNA molecules are double stranded
RNA (dsRNA) molecules that are around 20-25 basepairs (bp) long with a 2
nucleotide 3 overhang. These overhangs are recognized by the enzymatic machinery
of RNAI, and result in degradation of target messenger RNA (mRNA) (60). The
siRNA binds to the protein complex Dicer in the cell, which cuts the siRNA into
fragments. The antisense strand becomes connected to the RNA-induced Silencing
Complex (RISC). The strand directs the RISC to the mRNA, which results in
basepairing. The mRNA is further cleaved An illustration of the principle is found in

Figure 3.3.

Figure 3.3. The siRNA knockdown
principle. The siRNA molecules are delivered
into the cell by the Lipofectamine RNAIMAX
transfection reagent (yellow). The siRNA
molecules are double stranded RNA with a two
nucleotide 3 overhang that are recognized by
the enzymatic machinery of RNAIi and result in
degradation of the target mRNA. The siRNA
binds to the protein complex DICER which
cuts the siRNA into fragments. The antisense
strand becomes connected with the RNA-
inducing Silencing Complex (RISC), and
directs the RISC to the mRNA which results in
basepairing. The mRNA is further cleaved,
resulting in knockdown. The figure is modified
from Mirus Bio (61).
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Protocol for knockdown experiments, qRT-PCR
SiRNA at a final concentration of 10nM was mixed with OptiMem without serum and

antibiotics. The medium was prepared without antibiotics and serum as these
components can interfere with the RNAIMAX complex and thus disrupt the
transfection. RNAIMAX diluted 1:10 in OptiMem was added to the siRNA, and
incubated at room temperature (RT) for 20 minutes. A complete list of the siRNA
sequences that were used is found in Table 3.2. Cells were seeded in complete
medium without antibiotics. The cells were incubated over night (ON) and the
medium was replaced with fresh medium. The cells were incubated at 37°C for 24
hours. The cells were then infected at MOI 1. OptiMem supplemented with 2% FBS
was used during the infection. 18 hours p.i., the cells were lysed in 350uL buffer
RLT. RNA was isolated as explained in 3.14, cDNA synthesized as explained in 3.18,
and qRT-PCR was performed as explained in 3.16. 18h infection was chosen, as this
was the time point where we expected the highest induction of IfTSLP, based on the

time course experiments that were performed.

Protocol for test siRNA, Western Blot
1uL siRNA at a final concentration of 10uM was mixed with 200uL OptiMem

without serum or antibiotics, and 2uL. RNAIMAX and added to a well of a 12-well
plate. The mix was incubated at RT for 20 minutes. Cells were seeded in complete
medium without antibiotics. The cells were incubated ON and the medium was
replaced with fresh medium. The cells were then incubated at 37°C for 24 hours. The
cells were lysed in 150uL 1% LB supplemented with phosphatase and protease

inhibitors found in Section 3.10. Western Blot was performed as explained in 3.17.
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Table 3.2. siRNA sequences. A complete list of sSiRNA sequences used for siRNA-mediated
knockdown experiments. Concentrations of 10uM was used.

siRNA ID# Manufacturer
Allstar 1027280 Quiagen
RIG-I sc-61480 Santa Cruz
MDAS sc-61010 Santa Cruz
LGP2 sc-93967 Santa Cruz
MAVS sc-75755 Santa Cruz
TRAF6 004712-00 Thermo
Scientific

TBK1 S761 Ambion
NLRP3 S41554 Ambion
Caspasel S2408 Ambion

3.13 Knockdown pathway using kinase inhibitors

These experiments were performed to observe the effect of h(MPV-triggered TSLP
induction by inhibiting TANK-binding kinase 1 (TBK1) kinases. Amlexanox is an
inhibitor of TBK1 and IKKeg (62). BX795 inhibits the catalytic activity of
TBK1/IKKze by blocking their phosphorylation (63).

Protocol
On day one 30k cells were seeded in 250uL in 48-well plates. On day two, kinase

inhibitors diluted in OptiMem 2% were added to the cells. Kinase inhibitors BX795
and Amlexanox were used. Concentrations 2uM and 4puM were used for both
inhibitors. After 30 minutes incubation in RT, the cells were infected. On day three,
the cells were lysed in 350uL LB RLT with B-ME. The lysates were stored at -80°C.
RNA was isolated and qRT-PCR was performed as explained in section 3.16.
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3.14 RNA isolation

RNA isolation was performed following the Qiagen RNeasy kit instructions. 350uL
70% EtOH was added to the samples and transferred to spin columns before
centrifuged for 15 seconds at 10,000rpm. Following wash with RW1 and buffer RPE
buffers, RNA was collected in 30uL. RNase-free water. NanoDrop was used to
measure the RNA concentration and purity. For 260/280 a ratio around 2.0 is
considered pure while significantly lower ratio may indicate the presence of protein or
other contaminants that absorb strongly near 280nm. For 260/230 a ratio around 2.0-
2.2 was considered pure (57). RNA was stored at -80°C. Following isolation the RNA

was used to synthesize cDNA by using the reverse transcriptase method.

3.15 cDNA synthesis/reverse transcriptase

RNA was transcribed into cDNA using TC-512 (TECHNE) machine, program Nu
Quanta. The qScript ™ cDNA synthesis kit was used. 4uL Reaction Mix (RM) and
1uL Reverse Transcriptase (RTr) was used per well. For each well, 10uL sample, SpuL
water, 4uL RM and 1uL RTr was used, making to total volume of each well 20pL.
Two controls were used, -RNA and -RT. The -RNA control contained 4uL. RM, 1uL
RTr and 10pL water while the —RT control contained 4uL. RM, 6uL. water plus SuL of
the “Medium sample” RNA. The Nu Quanta program steps are found in Table 3.3.
cDNA was stored at 4°C. The cDNA was further used for qRT-PCR.

Table 3.3. cDNA synthesis cycles. The
thermal cycles of the cDNA synthesis using
the Nu Quanta program of the TC-512 TECHNE

machine.

Step Temperature  Time
(minutes)

1 22°C 5

2 42°C 30

3 85°C 5
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3.16 qRT-PCR
qRT-PCR was used to determine the expression of specific genes upon hMPV Al
infection in cell lines HEK, A549 and WI-38.

The polymerase chain reaction (PCR)
DNA is amplified by the polymerase chain reaction (PCR). The PCR amplification

process consists of three stages. First is the denaturation step, where the double
stranded DNA (dsDNA) is exposed to heat to divide the DNA into single stranded
DNA (ssDNA). The second step is the annealing step. The temperature is lowered and
specific primers attach to the ssDNA. The third and last step is elongation, where
enzymes carry out extension of primers with nucleotides to copy the original DNA

(64). The DNA amplification is illustrated in Figure 3.4a.

SYBR Green
PerfeCTa® SYBR Green FastMix (Quanta BioSciences) was used to measure the

amount of PCR product. SYBR Green is a fluorescent dye that binds to the minor
groove on dsDNA. The fluorescence is measured real-time during the PCR reaction.
Amplification of the DNA is linked to cycles. When the fluorescence signal exceeds a
chosen threshold, this cycle is called the threshold cycle (Ct) (65), as seen in Figure
3.4b.
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Figure 3.4. The PCR principle. a) This figure illustrates the principle of amplification of a target gene
that is the basis of the PCR method. The template DNA is denatured and two new strands are
synthesized. The step is repeated for several cycles. b) This figure illustrates the principle of qRT-PCR.
When the amplification of a sample (orange) reaches a certain cycle that exceeds a chosen threshold
(blue), a fluorescence signal is detected. This cycle is called the cycle threshold (Ct). The product
amount is doubling for each cycle during the exponential phase. When the reaction components are
being consumed, the reaction slows down, and in the plateau phase the reaction has stopped.
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The 2AACT method
The relative quantification method is one way to analyze data from real-time

quantitative PCR experiments. The other way is by absolute quantification which
determines the input copy number of the target gene, this by relating the PCR signal
to a standard curve. The relative quantification is based on the 2AACT method, which
measures the relative changes in gene expression for qRT-PCR experiments. Relative
quantification is the change in expression of the target gene relative to a reference
gene or reference sample such as an untreated control or a sample at time zero in a
time-course study. When using the relative quantification method, certain equations
and assumptions are required. The 2AACT method is use for this. The amount of
target equation is found in Formula 3.3. The use of this formula should give the mean

fold change at time zero close to 1 because 2°=1 (66).

a) Amount of target =2 24T

b) AACT = ((CT,target - CT,ControI)Time X (CT,Target_ CT,ControI)Time 0

Formula 3.3. The amount of target equation used in the 2AACT method. a) The amount of target
is calculated by this formula where b) Time x is any given time point. Time 0 represents the 1x
expression of the target gene normalized to the control. The mean Cr values for both the target ant the
control is determined at time 0. When using this formula, the value of the mean fold change at time 0
should be close to 1 because 2°=1. A full derivation for the formula is found in Livak ez al (66).

Protocol
A master mix containing 10uL SYBR Green, 1pL Forward primer, 1puL Reverse

primer and 6.5uL dH,O for each well was prepared. 18.5uL of the master mix was
added to each well of a 96 well-plate. The primers used are found in Table 3.6. 1.5uL
cDNA, diluted 1:2 with dH,O, was then added. The plate was centrifuged Rotina 35
(Hettich Zentrifugen) for 15 seconds. The qRT-PCR is performed using the Step One
Plus Real-Time PCR System machine (Applied Biosystems). Three parallels of each
of the cDNA samples were used. For the negative RNA and negative RT controls,
either 1 or 3 parallels were used. The steps of qRT-PCR are found in Table 3.4.
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Table 3.4. The thermal cycle steps of qRT-PCR. The steps of qRT-PCR using the Step One Plus
Real-Time PCR System machine from Applied Biosystems.

Step Temperature Time (seconds)
Denaturing 95°C 00:20
PCR cycling 95°C 00:03
Final elongation 60°C 00:30

To establish the kinetics for h(MPV A1 infected A549 and WI-38 cells, primers for
IFN-f and the sfTSLP and IfTSLP genes were used for time course experiments. To
establish the significance of different genes involvement in TSLP regulation upon
hMPV Al infection, knockdown experiments were carried out. The IfTSLP primers
were used to establish expression of IfTSLP upon hMPV Al infection in cells that
were used for knockdown experiments. To determine infection rate, primers for the
N-protein of hMPV were used. The primer efficiency has previously been tested by

members of the research group.

Table 3.6. Primers used for qRT-PCR. An overview of the primers used in qRT-PCR.

Target ~ Manufacturer Direction Primer sequence

IfTSLP  Sigma Forward 5-GGGCTGGTGTTAACTTACGACTTCA-3’
Aldrich Reverse 5"-ACTCGGTACTTTTGGTCCCACTCA-3"

sfTSLP  Sigma Forward 5"-CGTAAACTTTGCCGCCTATGA-3’
Aldrich Reverse 5"-TTCTTCATTGCCTGAGTAGCATTTAT-3"

IFN-B Invitrogen Forward 5'-GCCGCATTGACCATCTATGAGA-3’
Reverse 5'-GAGATCTTCAGTTTCGGAGGTAAC-3’

hMPV  Sigma Forward 5"-CATATAAGCATGCTATATTAAAAGAGTCTC-3’
N-gene  Aldrich Reverse 5-CCTATTTCTGCAGCATATTTGTAATCAG-3’
GAPD  Sigma Forward 5'-GAAGGTGAAGGTCGGAGTC-3"

H Aldrich Reverse 5'-GAAGATGGTGATGGGATTTC-3’
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3.17 Western Blot

The term Western Blot is here used as a collective term for several methods used to
analyze expression of proteins. Western blotting was performed to determine whether
specific transcription factors were activated in response to hMPV infection in human
airway cells. Proteins are often activated by phosphorylation, and to measure
activation of transcription factors, antibodies against phosphorylated transcription

factors were used.

Protocol SDS PAGE
NuPAGE® gels were used, usually 10% or 4-12% Bis-TrisGel. Type of gel used was

was choosen on basis of the size of the proteins to achieve high distribution of the
proteins that were being observed. Running buffer was prepared by mixing 950mL
dH,0 with 50mL 20x NuPAGE MOPS running buffer. Protein lysates were thawed on
ice and centrifuged (5000rpm, 4°C for 5 minutes). Sample buffer containing 950uL
4xLDS, which contains a dye making it possible to visualize the samples in the gel,
and 50uL of the reducing agent DTT (1M) was prepared, and mixed with cell lysate
sample in a 3:1 concentration. The proteins were further denatured by heat block at
70°C for 10 minutes. Samples were short spinned and loaded onto the gel and running
buffer poured into the chamber. 4uL of Caleidoscope and Magic Mark standards were
used to determine the size of the proteins by comparing the standards to their

corresponding bands. Electrophoreses was run on 200V for circa one hour.

Protocol dry blot
After protein separation by electrophoresis, the proteins were blotted onto the

membrane for further detection. Dry blot was performed using iBlot® Gel Transfer
stacks Nitrocellulose Mini kit and the iBlot™ machine (Invitrogen). The membrane
was washed with 1xTBS before it was blocked with Odyssey block buffer (diluted 1:1
in TBS) for one hour. The membrane was further washed 3x with TBST and
incubated with primary antibody shaking in a cold environment overnight (ON). The
membrane was the next day washed 3x5minutes with TBST and further incubated at
room temperature with secondary antibody for 1h. The membrane was then washed
with 2xTBST and washed with TBS. When the membrane was dry, Odyssey (LI-
COR Biosciences) was used to develop photo of the membrane. Image Studio

Software (LI-COR Biosciences) was used to analyze the blots. The primary
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antibodies were diluted in TBST. For a complete overview of antibodies and their

corresponding dilution, see Table 3.7.

Table 3.7. Antibodies. Antibodies used and their corresponding dilution in TBST. P = Phosphorylated.

Antibody Dilutionin  Host Manufacturer  Catalog Size Phosphorylation
TBST number (kDa) site

Primary antibodies

P-ATF2 1:1000 Rabbit CST #9221 70 Thr71

P- IRF3 1:1000 Rabbit CST #4961 45-55 S396

P-65 1:1000 Rabbit CST #3033 65 S536

P-STATI1 1:1000 Rabbit CST #9167 84,91 Tyr701

B-aktin 1:20,000 Mouse Sigma Aldrich A1978 42

TRAF6 1:10,000 Rabbit Abcam Ab33915 58

Secondary antibodies

680 GAR 1:20,000 Rabbit Li-cor

680 GAM 1:20,000 Mouse Li-cor

800 GAR 1:5000 Rabbit Li-cor

800 GAM 1:5000 Mouse Li-cor

3.18 Statistical analysis

Data are representative for three independent experiments unless else is stated. Excel

was used to do all the statistical analysis in this thesis. The standard deviation is

represented by error bars. To calculate the significance between two samples, two-

sample unpaired Student’s t test was used. P value < 0.05 was considered significant

and is represented with an asterisk (*).
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4 Results and discussion

4.1 Propagation of hMPV Al in LLC-MK?2 cell culture

To find the optimal time point for h(MPV replication a growth curve experiment was
performed. It was used to establish an indication of when to isolate h(MPV during
propagation to yield the highest possible amount of virus. Based on the titration assay,
the ideal time for harvesting virus would be on day 10 as seen in Figure 4.1a. High
FFU/mL at day 10 may indicate that the replication is at its maximum on this day.
Based on low Ct-value on day 8, as seen in Figure 4.1b, the replication maximum
may be on this day. The low Ct-value stays fairly stable from day 8 and through day
14. The problem with using Ct-value as a basis for viral replication is that the Ct value
is not able to register whether the mRNA is from live or dead virus. Because of this,
consideration of the CPE effect was also taken into account when finding the optimal
day for virus isolation. Figure 4.2 shows the cell morphology during a propagation of
the hMPV Al stock S26 in LLC-MK2 cells. The cells were considered to have CPE
of 75-90% at day 8 or 9. As this day correlates closely to the replication max
indicated by the FFU/mL and Ct-values, the virus flasks were frozen and virus
isolated at day 8 or 9. The CPE value is important to ensure that there still are cells
with normal morphology present that are adherent and available for virus replication.

The growth curve experiment was conducted once.
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Figure 4.1. h(MPV A1 growth curve. The growth curve experiment was conducted to find the peak
replication day for hMPV A1l. LLC-MK2 cells were infected with hMPV A1S17 at confluency.
Titration assays were performed to calculate the FFU/mL at days 2, 4, 6, 7, 8, 10, 12 and 14 p.i. qRT-
PCR was applied to assess maximum virus using hMPV N-gene primers. The experiment was
conducted once. a) FFU/mL b) Ct Mean value.

The cytopathic effect (CPE) was monitored during the growth curve experiment.
When the CPE was considered to be at 75-90%, the flasks were frozen and the virus
isolated. A picture of healthy cells, that show low or no CPE, is found in Figure 4.2a.
Pictures of the day-to-day CPE development during hMPV propagation is presented
in Figure 4.2b-m.
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Figure 4.2. Cell morphology during
hMPYV Al growth curve.

The LLC-MK2 cells were infected
with hMPV S26 on day 0. Pictures are
magnified 20x unless otherwise is
stated. a) Healthy cells b) Day 1 ¢)
Day 2 d) Day 3 e) Day 4 f) Day 5 g)
Day 6 CPE: 20% h) Day 6 Magnified
40x i) Day 7 j) Day 7 CPE: 45%
Magnified 40x k) Day 8 CPE: 80% 1)
Day 8 Magnified 40x m) Day 9 CPE:
90-100%
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4.2 Determination of IFN-f induction in virus stocks, DI+ and DI- stocks

DIs are truncated viral genomes that are produced during replication. The Van den
Hoogen et al hypothesis is that DIs are present in hMPV stocks and could be
responsible for the activation of the IFN pathway is assumed. DIs are likely
recognized by the host as danger signals and lead to antiviral responses, and in this

way probably play a significant role in h(MPV pathogenesis (18, 19).

Virus stocks that showed greater than a 2-fold induction of IFN-b in HEK-293 cells
were considered DI+, while virus stocks that showed a fold induction of less than a 2-
fold were considered DI-. This was tested because in A549 cells DI- stocks were not
able to induce sufficient IFN-B. Induction of IFN-f in response to selected A1 stocks
in HEK are shown in Figure 4.3. For WI-38 cells all stocks were able to induce
sufficient amounts of IFN-f, and thus whether the stock was considered DI+ or DI-
was not of significance. In this thesis all the stocks that were used in experiments
were DI-. The reason for this was that it proved to be difficult to propagate DI+
stocks. The DI- stocks showed great variation between them, both in regard to the
IFN-B induction and the TSLP fold induction. The variation might be caused by the
degree of DI genomes that accumulate in the stocks. A theory is that DI particles are
produced during the infection of hMPV, so that stocks that are initially DI negative
might produce DI particles gradually and in this way be able to induce higher
amounts of IFN-f and could in this way be considered DI+. The theory is based upon
the finding that DI- stocks in WI-38 were seen to induce IFN-f in the same amount as
stocks that were considered DI+. Whether the virus stocks were DI+ or DI- was
considered to be insignificant for the experiments conducted in this thesis, because
some of the DI- stocks were still able to induce sufficient amounts of TSLP in the
airway epithelial (A549), while all stocks induced sufficient amounts of TSLP in lung
fibroblast (WI-38) cell lines. The magnitude of the IfTSLP fold induction varied
between the different A1 stocks. The variation was especially considerable in the
A549 cell line, seen in Figure 4.4 while in WI-38 all stocks gave sufficient induction
of IfTSLP, seen in Figure 4.5. Therefore the stocks that showed the highest induction
of IfTSLP in A549 and WI-38 were chosen when conducting the experiments. The
results may still vary a lot as a result of stock variation. An overview of h(MPV Al

stocks used in this thesis is found in Table 4.1.
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Figure 4.3. IFN-f induction in HEK cells infected with h(MPV A1 stocks. IFN-f3 fold induction in
HEK cells upon infection with hMPV stocks 30, 31, 35, 36 and 38. The cells were infected for 24
hours. The induction is measured mRNA fold compared to medium, applying qRT-PCR. SeV was used
as a positive control and gave 18-fold induction (not shown). Standard deviation is represented with
error bars.
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Figure 4.4. TSLP induction in airway epithelial cells infected with hMPV A1 stocks. The graph
show IfTSLP fold change in response to hMPV stocks 16, 17, 19, 28, 31 and 34, and illustrates the
stock variation in IfTSLP induction in A549 cells. The cells were infected for 24 hours. IfTSLP mRNA
fold induction in A549 was measured by applying qRT-PCR. Standard deviation is represented with
error bars.
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Figure 4.5. TSLP induction in lung fibroblasts infected with hMPV A1 stocks. IfTSLP fold
induction in WI-38 cells upon infection with different hMPV A1 stock. Cells were infected for 24
hours. SeV was used as a positive control. Standard deviation is represented with error bars.

Table 4.1.Virus stocks used in experiments. An overview of FFU/mL, TCID50, TCID50/mL and
TSLP and IFN-b fold change of A1 stocks that are used in experiments in this thesis. N.d. = not
determined.

Virus stock FFU/mL TCID50/mL
S15 875 000 7.34x 10°
S17 275 000 5.00 x 10°
S21 232 500 232x10°
S26 750 000 2.81x10°
S28 237 500 1.08 x 10°
S30 387 500 2.81x10°
S31 500 000 8.89 x 10°
S35 375 000 5.00 x 10°
S38 250 000 5.02x 10°
S40 750 000 1.08 x 10°
S41 750 000 8.89 x 10°
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4.3 Characterization of IFN-f response and activation of related
transcription factors upon hMPV Al infection in airway epithelial
cells

First, kinetics of IFN-f in response to hMPV A1l infection was established, as this is
the classical antiviral response (67). Next, the phosphorylation status of transcription
factors known to be involved in IFN-f induction in response to RSV and SeV was
examined. This may give indications on what pathways that are triggered by hMPV
and thus what pathways are likely to mediate the TSLP response.

As illustrated in Figure 7 in section 1.6, the IFN- promoter has binding sites for NF-
kB, IRF3 and ATF2. NF-kB is involved in the induction of IFN-f in response to SeV
(68), NF-kB and IRF3 is involved in IFN-f induction in response to RSV infection
(13). RSV-infection in A549 cells is known to result in increased binding of ATF2 to
the IL-8 promoter (69).

4.3.1 Kinetics for hMPV Al-triggered IFN-§ induction in airway epithelial cells

It is well known that IFN-f is induced as a response to infection by RNA viruses (70,
71). To establish whether hMPV infection induce IFN-f in airway epithelial cells, and
when the IFN- induction reaches its high point, kinetics experiments were performed
in A549 cells. The time points chosen to assess was 6h, 18h, 24h and 48h p.i. These
time points were chosen on the basis of IFN-f3 induction in response to SeV infection
that was well established through previous observations done by the research group.
These results, presented in Figure 4.6, show that hMPV indeed induce IFN-f in
airway epithelial cells. The results indicate that IFN- is mainly induced 48h p.i in
response to hMPV Al infection. The result is based upon one experiment. Results
from other members of the research group indicate that IFN-f is induced at 24h p.i.
and even as early as 18h p.i., and this result is thus not completely representative. It
may also be that h(MPV is able to inhibit signaling leading to IFN-f expression, and
that this ability is stock dependent, explaining the diverging results in regard to IFN-f

induction time points.
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Figure 4.6. Induction of IFN-f3 in airway epithelial cells upon hMPV infection. Induction of IFN-[3
mRNA during infection with hMPV A1S21 in A549 cells. The induction starts at around 34h p.i. and
peaks at 48h p.i. All fold inductions are relative to medium. Standard deviation is represented by error
bars. 24h and 48h significant relative to medium. as indicated by *. P value <0,05 relative to medium.
48h significant relative to 24h.

4.3.2 Activation of transcription factors upon infection with hMPV A1l in airway
epithelial cells

Phosphorylation status of transcription factors during hMPV A1 infection in A549
When transcription factors are phosphorylated, they become activated and are able to

translocate into the nucleus where they promote transcription of specific genes. NF-
kB, ATF2 and IRF3 are transcription factors that are activated in response to viral
infection, inducing the transcription of pro-inflammatory and antiviral genes.
Experiments by Goutagny et al show that these transcription factors are activated by
both SeV and hMPV Al infection. IRF3 is especially involved in to induction of IFN-
B in response to viral infections (72). NF-«xB is known to be activated through
phosphorylation on p65 in response to RSV infection in A549 cells (73), and it was
therefore of interest to investigate whether p65 is phosphorylated in response to

hMPYV infection in these cells.

To examine whether these transcription factors are activated upon hMPV A1 infection
in airway epithelial cells, time course experiments were performed in A549 cells at
MOI 1. To determine activation of transcription factors upon infection, the
phosphorylation status was observed. SDS-PAGE was used to separate the proteins
before they were blotted onto a membrane by applying the Western Blot method. The

proteins were bound by against their respective antibody, targeting a specific
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phosphorylation of that protein. The results are seen in Figure 4.7. The intensity of the
band is correlated to the phosphorylation status, which again suggest the amount of
that specific activated transcription factor. A quantification analysis of the blots were
performed to assess band intensities. To ensure equal amounts of sample in each lane,

the quantification was adjusted against f-actin.

Oh 6h  18h 24h  48h

I — - -I P-p65

— P-ATF2

O R N W H U1 &

I S et St St | P-|RF3

o ————— Med 6h 18h 24h 48h

Relative density, P-
p65

a) b) Time p.i. (hours)

. 2,5 , 8

g, &

585 £ 6

=] )]

o< é 04

Zdl e

= QO =

« > 2

3 05 g

&~ <

0 o 0
Med 6h 18h 24h 48h a Med 6h 18h 24h 48h

o) Time p.i. (hours) d) Time p.i. (hours)

Figure 4.7. The phosphorylation status of transcription factors upon hMPV A1l infection in A549.
a) Phosphorylation of p65 (65kDa), ATF2 (70kDa) and IRF3 (45-55kDa) at time points Oh, 6h, 18h,
24h and 48h p.i. b) Quantification of P-p65 blot. ¢) Quantification of P-ATF2 blot. d) Quantification of
P-IRF3 blot. The quantification is measured in relative density. The relative density is adjusted against
[-actin. Statistical analysis for the quantification graphs was not performed.

Transcription factors of the IRF family are essential players in virus-triggered type I
IFN-gene expression (38). These results show that phosphorylation of IRF3 seem to
peak at 24h p.i. There is also a peak at 6h p.i., however this is probably not a credible
result as the results show that the phosphorylation status is decreased by 18h and this
is more in line with what is expected based on the research group experience with

phosphorylation of transcription factors in response to SeV infection (38).
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It is also known that a number of inflammatory and immune-regulatory genes that are
induced by paramyxovirus require NF-«B to be transcribed (36, 37). Activation of
NF-kB requires phosphorylation of p65, and antibody against P-p65 was therefore
used. The results indicate that the phosphorylation of p65 is later than expected, not
until 24h p.i. and the phosphorylation of p65 even peaks at 48h p.i. The expectations
are based on previous observations for SeV by the research group. It would be
interesting to observe the phosphorylation of p65 at later time points, as [IFN-f in
response to hMPV seems to be induced at much later time point p.i. compared to what
is experienced with SeV. It has been reported that the SH-gene of hMPV inhibits
phosphorylation of NF-«xB (74), which might explain the phosphorylation status of
p65 presented in this thesis, as the SH-gene might be able to inhibit the
phosphorylation until 18h p.i. Experiments conducted by Wang et a/ indicate that NF-
kB is important in regulating IFN-f expression in response to viral infections, but that
the regulation is limited to an early phase of the infection (70). In addition, their
results indicate that the requirement for NF-kB in IFN-f3 gene expression is inversely
correlated with IRF3 activation, suggesting that NF-kB is involved in promoting the
IFN-f expression prior to the IRF3-driven IFN-f induction. The trend indicated by
the results in this thesis do not clearly support the results by Wang, however it is

necessary to investigate the activation further.

The phosphorylation status of ATF2 seems to be low. The phosphorylation peaks at
18h p.i., which may indicate that ATF2 in response to hMPV is activated in the early
phase of infection. It is necessary to investigate the involvement of ATF2 in hMPV-

triggered IFN-f3 expression further.

To confirm the results of phosphorylated transcription factors, comparing the
quantification against the relative amount of that particular protein would be an
advantage. This would confirm whether it the protein itself that is upregulated in
response to the infection, or if the upregulation seen on the blot is representing the

phosphorylated thus activated protein.

STAT1 is phosphorylated upon hMPV infection in airway epithelial cells
The transcription factor STATT is an important signaling component in the Jak-STAT

pathway, which is induced secondary when IFN-f3 binds to the IFNAR receptor. The
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binding of IFN-f to the IFNAR is a secondary signaling pathway in response to viral
infection. STAT1 phosphorylation leads to its translocation into nucleus, where it
induces transcription of genes involved in in the antiviral state. [f STAT]I is
phosphorylated upon hMPV infection, it is likely that this STAT1 activation is caused
by secondary signaling by IFN-f, initially induced in response to the viral infection.
The results, seen in Figure 4.8, show that STAT]1 is phosphorylated upon hNMPV
infection in airway epithelial cells. The phosphorylation peaks at 24h p.i. Because
STATI seem to be phosphorylated mainly at around 24h p.i., and IFN-f§ does not
seem to be induced in these cells until 48h p.i., these results do not indicate a clear
connection between the IFN-f induction and the STAT1 phosphorylation seen in
A549 upon hMPV infection.

a) b)
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Figure 4.8. Phosphorylation status of STAT1 upon hMPV Al infection in A549. a)
Phosphorylation of STAT1 (84,94kDa) at time points Oh, 6h, 18h, 24h and 48h p.i. B-actin was used as
control to determine equal loading of the samples. b) Quantification of P-STAT1 blot in A549. The
relative density is adjusted against B-actin. Statistical analysis for the quantification graph was not

performed.

Contradictory it has previously been reported by Dinwiddie et a/ that h(MPV infection
inhibits type I IFN-induced STAT1 phosphorylation and thus nuclear translocation of
P-STATI in A549 cells, and it has been suggested to be a way to block IFN signaling
(75). Supporting the findings on STAT1 phosphorylation in airway epithelial cells in
this thesis, STAT1 phosphorylation upon hMPV infection was reported by Bao et al
Their results show that STATT1 activation starts at around 6h p.i. (76). The results
presented by Dinwiddie ef al is based on hMPV strain CAN/97/83, which is subgroup
A2. The diverging results could therefore be due to differences between the
subgroups, however different experimental conditions may also be the cause. The

findings must therefore be investigated further, optimally comparing the two hMPV
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subgroups to confirm whether there is a difference in STAT1 involvement in IFN-b
induction in response to infection by the two subgroups or not. It would be an
advantage to compare the quantification against the relative amount of the total STAT

protein.

4.4 Characterization of PRR signaling components involved in htMPV
Al- triggered TSLP induction in airway epithelial cells

It is not yet fully understood how TSLP is induced. To be able to fully understand the
link between TSLP, respiratory virus infections like hMPV and inflammation it is
necessary to characterize which PRR signaling components that are involved in
regulating expression of TSLP upon hMPV infection. PRR components regulating
TSLP expression in response to RSV infection has previously been assessed (77), but
such characterization has not previously been done in response to hMPV. Based upon
the results found for induction of IFN-f in response to hMPV Al infection in these
cells, the kinetics of TSLP was further studied. To determine which PRR signaling
components that might be involved in TSLP induction upon hMPV infection,
signaling components involved in the pathways of the different transcription factors
were knocked down, using siRNA-mediated knockdown method to see the impact on

TSLP expression.

4.4.1 Kinetics for hMPV-triggered TSLP induction in in airway epithelial cells

It has been shown that TSLP is induced in airway epithelial cells in response to RSV
infection (54), and in response to hMPV infection (47). How the expression of TSLP
is regulated in response to viral infection is as of today largely unknown. To be able
to find strategies for treatment it is necessary to understand which components that
are involved in the regulation, and how they interact. To establish the kinetics for
TSLP induction in airway epithelial cells upon hMPV infection, kinetics experiments
were performed. The aim of the time course experiments was to establish at what time
point the TSLP induction was at its highest. The time points were initially chosen on
the basis of IFN-b induction. Both sfTSLP and IfTSLP mRNA levels were measured.
As seen in Figure 4.9, the induction of IfTSLP peaks at 18h p.i. while the sfTSLP is
induced later, around 48h p.i. and is thus induced at the same time as [FN-f. The
difference in induction time point could be a result of the different biological function

of the two isoforms.
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Figure 4.9. Induction of TSLP in airway epithelial cells upon hMPYV infection. A549 cells were
infected with hMPV A1S21 at MOI 1 and lysed at 6h, 18h, 24h and 48h p.i. N.i. cells used as control.
Induction of TSLP mRNA was measured using qRT-PCR. All fold inductions are relative to medium.
a) IfTSLP fold induction. b) sfTSLP fold induction. Standard deviation is represented by error bars.
Data are representative for three experiments. Statistical significance is indicated by *, P value <0,05
relative to medium.

4.4.2 Efficiency of siRNA-mediated knockdown of PRR signaling components

Prior to conducting the siRNA-mediated knockdown experiments of PRR signaling
components, a sSiRNA efficiency test was performed to test the efficiency of the
knockdown transfection method. If the transfection was successful the cell would not
be able to produce protein in as high amounts as they normally do, and thus there
would be a decreased intensity of the bands for the protein in question. Transfection is
not 100% effective, which leaves a mixed population of transfected and un-
transfected cells. The transfection efficiency will vary from experiment to experiment,
depending on the specific siRNA and how easily the cell line is transfected. Figure
4.10 shows a knockdown efficiency test of siTRAF6 in A549 cells where
concentrations of 5, 10 and 20nM have been used. The knockdown of TRAF6 is
clearly successful compared to the siAllstar control. The efficiency of the other
siRNA sequences used in this thesis have previously been tested by the research

group by Western Blot or qRT-PCR.
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Figure 4.10. Efficiency test of siTRAF6 in A549 cells. A549 cells were transfected with 5, 10 or
20nM siRNA against TRAF6, or Allstar as a control. Cell lysates were separated by SDS-PAGE and

immunoblotted against TRAF6 and B-actin. No transfection (NT).
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4.4.3 Characterization of PRR signaling components involved in hMPV Al-triggered
IfTSLP expression in airway epithelial cells

To further investigate the regulation of TSLP induction in response to hMPV
infection, involvement of some PRR signaling components were analyzed. For
conducting these experiments the IfTSLP isoform was chosen for further analysis.
Choosing the IfTSLP isoform is based on the kinetics experiments that showed that
hMPYV infection in airway epithelial cells induce greater amounts of IfTSLP than the
sfTSLP. LfTSLP is also induced earlier than the sSfTSLP isoform. To characterize
which PRR signaling components that are involved in IfTSLP induction upon hMPV
infection in airway epithelial cells, knockdown experiments using siRNA transfection
method was performed in A549 cell line. The cells were infected with hMPV for 18h
at MOI 1 as the kinetics experiment showed peak induction for IfTSLP at this time

point.
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The cytoplasmic PRR RIG-I is required for induction of IfTSLP upon infection with
hMPV A1l in airway epithelial cells
RIG-I is a cytoplasmic PRR that recognizes viral genomes, and is required for the

antiviral responses against viruses, including Paramyxoviridae (72). A study carried
out by Casola et al confirmed that RIG-I plays an essential role in initiating cell
signaling in the immune response to hMPV infection (78). Liao ef al shows that RIG-I
is important in hMPV triggered IFN-f} responses in airway epithelial cells. Their
results show that inhibition of RIG-I leads to a significant decrease of IRF and NF-xB
transcription factors as well as type I IFN and pro-inflammatory cytokines and
chemokines (28). TSLP expression in epithelial cells have also been observed in
response to RSV (79). RIG-I is known to be involved in the TSLP induction pathway
in response to RSV and SV infection in A549 cells (54). It is therefore of interest to
characterize whether RIG-I is involved in the TSLP induction pathway in response to
hMPYV infection as well. To investigate whether RIG-I is required for hMPV mediated
induction of IfTSLP mRNA in airway epithelial cells, the A549 cells were transfected
with RIG-I siRNA, or Allstar siRNA as a control, and the IfTSLP mRNA fold
induction was measured by qRT-PCR. As a result, knockdown of RIG-I significantly
suppressed hMPV-triggered IfTSLP induction in compared to the siAllstar control, as
seen in Figure 4.11. This suggests that RIG-I plays a significant role in the regulation
of TSLP induction in airway epithelial cells upon hMPV A1 infection.
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Figure 4.11. TSLP fold induction in RIG-I depleted cells. A549 cells were transfected with siRIG-I
or siAllstar as a control, and subsequently infected with hMPV A1S30 for 18h. Induction of IfTSLP
mRNA was measured with qRT-PCR. Standard deviation is represented by error bars. Data are
representative for three experiments.

65



The adaptor protein MAVS is required for induction of IfTSLP upon infection with

hMPV A1 airway epithelial cells
The mitochondrial antiviral-signaling protein MAVS is an adaptor protein that

transfer signals from RIG-I to downstream kinases that activates transcription factors
NF-kB and IRF that again leads to transcription of genes that are involved in antiviral
and pro-inflammatroy responses. Liao ef al has shown that the RIG-I-MAVS pathway
is important in hMPV triggered cellular responses (28). RIG-I-MAVS signaling
leading to TSLP expression has been observed in epithelial cells in response to RSV
(79). It was therefore of great interest to investigate whether MAVS is involved in the
regulation of TSLP induction in response to hMPV Al infection. The cells were
transfected with MAVS siRNA, or siAllstar as a control, and the IfTSLP fold
induction was measured. The results are seen in Figure 4.12 and show that
knockdown of MAVS completely suppressed the ability of the cells to induce IfTSLP
compared to the siAllstar control. This suggests that MAVS plays a crucial role in the
IfTSLP induction in airway epithelial cells upon hMPV infection.
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Figure 4.12. TSLP induction in MAVS depleted cells. Induction of IfFTSLP mRNA during infection
with hMPV A1S30 in MAVS-depleted A549 cells. Standard deviation is represented by error bars.
Data are representative for three experiments.
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TRAFG6 is involved in hMPV Al-triggered induction of IfTSLP in airway epithelial

cells
TRAF6 is an intracellular protein that bind to the cytoplasmic regions of receptors

(34). TRAF6 has shown to be required in RIG-I-MAVS signaling in response to RSV
infection in A549 cells (73). The A549 cells were transfected with TRAF6 siRNA, or
siAllstar as a control, infected with hMPV for 18h, and the IfTSLP mRNA fold
induction was measured. The result, seen in Figure 4.13, show that knockdown of
TRAF6 significantly suppressed TSLP induction compared to the siAllstar control,
suggesting that TRAF6 plays a significant role in the TSLP induction in airway
epithelial cells upon hMPV infection. Yoboua et al have shown that TRAF6 is
necessary in the RIG-I downstream signaling pathway leading to phosphorylation of
p65 in response to RSV infection in A549 cells (73). Whether TRAF6 is involved in
the signaling pathway leading to phosphorylation of p65 in response to hMPV needs

to be further investigated.
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Figure 4.13. TSLP induction in TRAF6 depleted cells. Induction of IfTSLP mRNA during infection
with hMPV A1S30 in TRAF6-depleted A549 cells. Standard deviation is represented by error bars.
Data are representative for three experiments.
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4.5 Characterization of IFN-f response and activation of related

transcription factors upon hMPV Al infection in lung fibroblasts

Because of low basal expression and high variation of TSLP induction in airway
epithelial cells due to hMPV stock variation, it was decided to repeat experiments in a
lung fibroblast cell line, WI-38. These cells showed higher basal expression of TSLP
in addition to induce efficient amounts of TSLP for all h(MPV Al stocks.

4.5.1 Kinetics for hMPV-triggered IFN-f induction in lung fibroblasts

It is well known that IFN-f is induced in response to viral infection. Primary
fibroblasts from asthmatic patients have shown poor capability to induce IFN-f in
response to human rhinovirus (HRV) (80). To establish whether h(MPV Al infection
induce IFN-P in lung fibroblasts, and to establish at what time point the IFN-3
induction is maximal in these cells, kinetics experiments were performed in the WI-38
cell line. The results, seen in Figure 4.14, show that I[FN-f is induced in WI-38 cells
and that the induction reaches its high point 18h p.i. The establishment of this
information on IFN-f induction in lung fibroblasts as a response to hMPV infection
was used when investigating induction of hMPV-triggered TSLP in the WI38 cell
line. The time point where the IFN-f fold induction reaches its maximum, at 18h, was
further used in experiments to characterize which PRR signaling components that are

involved in the TSLP induction in these cells.
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Figure 4.14. Induction of IFN-[3 in lung fibroblasts upon hMPYV infection. Induction of IFN-f3
mRNA during infection with hMPV A1S38 in WI-38 cells. The induction starts at around 6h p.i. and
peaks at 18h p.i. All fold inductions are relative to medium. Standard deviation is represented by error
bars. Data are representative for three experiments. Statistical significance is indicated by *, P value
<0,05 relative to medium.
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4.5.2 Activation of transcription factors upon infection with hMPV Al in lung
fibroblasts

Phosphorylation status of transcription factors during hMPV A1 infection in lung
fibroblasts
The IFN-f promoter has binding sites for transcription factors NF-kB, IRF3 and

ATF2, and these are activated in response to viral infection. It is as of today not
completely understood how TSLP is induced in response to hMPYV infection. To
assess which transcription factors that are activated in response to hMPV infection,
might give an indication of which transcription factors are involved in promoting
TSLP induction. The results, shown in Figure 4.15, show that IRF3 is phosphorylated
upon hMPV infection in WI-38 cells. However, it seems that the transcription factors
NF-kB and ATF2 are less active in response to hMPV infection in fibroblasts. It is
observed by Dey et al that NF-«B is activated in a RIG-I-dependent manner in SeV-
infected fibroblasts (81). Whether hMPV infection in fibroblasts mainly induces IRF3

activation, needs to be further investigated.
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Figure 4.15. The phosphorylation status of transcription factors upon hMPV Al infection in WI-
38. a) Phosphorylation of p65 (65kDa), ATF2 (70kDa) and IRF3 (45-55kDa) at time points Oh, 6h,
18h, 24h and 48h p.i. b) Quantification of P-p65 blot. ¢) Quantification of P-ATF2 blot. d)
Quantification of P-IRF3 blot. The quantification is measured in relative density. The relative density is

adjusted against [3-actin. Statistical analysis for the quantification graphs was not performed.
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STAT1 is phosphorylated upon hMPV infection in lung fibroblasts
STATTI is found expressed constitutively in the cytoplasm of un-stimulated cells and

is phosphorylated on specific tyrosine residues and post-translationally modified
which leads to dimerization and translocation to the nucleus. In the nucleus, it binds
to DNA and induce transcription (76). As seen in Figure 4.16, the results show that
STATTI is phosphorylated upon hMPV infection. STAT]1 is mainly phosphorylated
18h to 24h p.i. This might indicate that STAT1 and the Jak-STAT pathway is
activated by IFN-f3 in response to hMPV infection. By quantification of blot our
results show that the STAT1 phosphorylation peaks at 24h p.i. As seen in the kinetics
experiment, IFN-B mRNA is mainly induced at 18h p.i. Together, the kinetics result
for IFN-P and the results for the phosphorylation of STAT1 indicate that IFN-3 might
be induced as a response to hMPV Al infection in lung fibroblast, and that secretion
of IFN-b and the subsequent binding to the IFN-f3 receptor, might lead to secondary
activation of the Jak-STAT pathway and thus might result in phosphorylation of
STAT1. Whether this pathway is involved in the secondary signaling pathway of
TSLP upon hMPV infection would be exciting to investigate further. It is known that
both STAT3 and STATS are activated in by TSLP binding to the TSLPR (82).
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Figure 4.16. Phosphorylation status of STAT1 upon hMPV A1l infection in WI38.

a) Phosphorylation of STAT1 (84,94) at time points Oh, 6h, 18h, 24h and 48h p.i. B-actin was used as
control to determine equal loading of the samples. b) Quantification of P-STAT]1 blot in WI-38. The
relative density is adjusted against [B-actin. Statistical analysis for the quantification graph was not
performed.
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4.6 Characterization of PRR signaling components involved in hMPV A1l-
triggered TSLP induction in lung fibroblasts

It is of great interest to assess which PRR signaling components that are involved in
the regulation of TSLP in response to hMPV infection. It has been reported that TSLP

is able to activate fibroblasts (83).

4.6.1 Kinetics for hMPV-triggered TSLP induction in lung fibroblasts

To establish the kinetics for TSLP induction in lung fibroblasts upon hMPV infection,
kinetics experiments were performed in WI-38 cells. The IfTSLP mRNA induction
was detected by applying qRT-PCR.The aim of the kinetics experiments was to
establish the time point where TSLP induction peak in response to hMPV infection.
The time points were initially chosen on the basis of the IFN-f induction results. The
results, shown in Figure 4.17, show that IfTSLP show high induction 18h p.i., which

also was the case for IfTSLP induction in airway epithelial cells.
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Figure 4.17. Induction of TSLP in lung fibroblasts upon hMPYV infection. Induction of TSLP
mRNA during infection with hMPV A1S38 in WI38. IfTSLP fold induction. All fold inductions are
relative to medium. Standard deviation is represented by error bars. Data are representative for three
experiments. Statistical significance is indicated by *, P value <0,05 relative to medium.
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4.6.2 Characterization of PRR signaling components involved in hMPV Al-triggered
TSLP expression in lung fibroblasts

To characterize which PRR signaling components that are involved in TSLP
induction upon hMPV infection in lung fibroblasts, knockdown experiments using
siRNA were performed in WI-38 cell line. Comparing the kinetics experiments of the
two cell lines A549 and WI-38, the lung fibroblast cell line gave higher induction of
TSLP and more stable results than A549. Because the basal expression of TSLP is
low in the A549 cell line, they are very sensitive to the high differences in induction
when fold induction is calculated. In addition, all A(MPV A1 stocks gave sufficient
induction of TSLP in the WI-38 cells. TSLP induction in response to selected hMPV
A1 stocks in WI-38 cells are previously shown in Figure 4.5. Additional PRR
signaling components were selected for knockdown experiments to expand the picture
of the signaling pathway leading to TSLP induction upon hMPV infection. The time
point for IfTSLP maximum induction was 18h p.i., and so this time point was chosen

for the following knockdown experiments.

The cytoplasmic PRR RIG-I is involved in the induction of IfTSLP upon hMPV A1
infection in lung fibroblasts
RIG-I is a cytoplasmic PRR that is required for the antiviral response against

Paramyxoviridae, by sensing the nascent 5 end triphosphate moiety of viral genomes
or virus derived transcripts of -ssRNA viruses (28). RIG-I induces type [ [IFN
responses by recruiting the CARD domain containing downstream adaptor protein
MAVS and trigger IRF3 activation which activate the IFN-f gene transcription (72).
It has been shown that h(MPV strain A2 induce IFN-f in a RIG-I dependent manner
(28). Goutagny et al have shown that RIG-I and MAVS are involved in the
regulation of IFN- induction upon hMPV strain A1 (72). They interestingly also
found that hMPYV strain B1 is not able to induce IFN-. Mouse fibroblasts that are

RIG-I deficient are unable to induce type I IFN in response to SeV infection (31).

As mentioned, it has been reported that RIG-I is involved in the TSLP regulation in
response to hMPV infection in airway epithelial cells (54). Because this has been
reported in airway epithelial cells, it was interesting to investigate whether this was

the case in lung fibroblasts as well.
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Whether TSLP was expressed in RIG-I depleted lung fibroblasts was investigated by
siRNA-mediated knockdown. The cells were transfected with RIG-I siRNA, or
Allstar siRNA as a control, and the IfTSLP mRNA fold induction was measured
applying qRT-PCR. The result, presented in Figure 4.18, show that TSLP induction is
significantly suppressed in the RIG-I depleted cells. This suggests that RIG-I plays a
significant role in the TSLP induction in lung fibroblasts upon hMPV infection.
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Figure 4.18. TSLP induction in RIG-I depleted cells. Induction of TSLP mRNA during infection
with hMPV A1S28 in RIG-1-depleted WI-38 cells. Standard deviation is represented by error bars.
Data are representative for three experiments. Statistical significance is indicated by *, P value <0,05
relative to medium.

As seen in the results in Figure 4.18, the IfTSLP mRNA induction is increased for the
siAllstar control. The fact that the Allstar siRNA sequence induce TSLP expression
must be considered a method flaw. Ideally there should not be any difference between
the no siRNA and the siAllstar control. It is necessary to compare the siRIG-I result
with the siAllstar control to make sure that the transfection method itself is taken

into account and not responsible for the induction. It has been shown that siRNA can

induce the innate immune response (84).

The cytoplasmic PRR MDAS is not involved in hMPV Al-triggered induction of

IfTSLP in lung fibroblasts
MDAS is a cytoplasmic PRR that recognize viral molecules; more specificly long

dsRNAs that are typical intermediates of the replication of plus-sense ssSRNA viruses.
MDAS induces IFN-f by recruitment of MAVS and activation of transcription factor

IRF3. MDAS is required for antiviral response against picornaviruses (85).
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Goutagny et al has previously reported that MDAS is not involved in hMPV Al
recognition in HEK293 cells, and that the IFN-f expression is induced through the
RIG-I/MAVS-dependent pathway (72). To investigate whether TSLP induction upon
hMPYV infection is associated with MDAS expression in lung fibroblasts, WI-38 cells
were transfected with siMDAS, or siAllstar as a control. The cells were infected for
with hMPV at MOI 1 for 18h and the IfTSLP fold induction was measured by qRT-
PCR. The results are presented in Figure 4.19 and show that knockdown of MDAS
gave unaltered induction of TSLP compared to the control. This suggests that MDAS
is not involved in the regulation of TSLP induction upon hMPYV infection in lung
fibroblasts. Based upon these results, it might seem that the MDAS pathway is not
involved in IfTSLP regulation, where RIG-I seem to work as the main sensor of
hMPYV and RIG-I-dependent downstream signaling is the main regulator of IfTSLP
induction upon hMPV infection in lung fibroblasts. It is possible that signaling
through MDAS can lead to induction of IfTSLP, however the lung fibroblasts are able
to induce IfTSLP in the same amount even in the absence of MDAS. Supporting these
findings, Liao et al showed that MDAS does not play a role in regulating cellular
responses in upon hMPV infection in A549 (28). The role of MDAS in response to
hMPYV needs to be further investigated both in airway epithelial cells and in lung
fibroblasts.
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Figure 4.19. TSLP induction in MDAS depleted cells. Induction of TSLP mRNA during infection
with hMPV S40 in MDAS-depleted WI-38 cells. Standard deviation is represented by error bars. Data
are representative for three experiments. Statistical significance is indicated by *, P value <0,05
relative to medium.
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The cytoplasmic PRR LGP2 is not involved in hMPV Al-triggered induction of IfTSLP

in lung fibroblasts
LGP2 is a RLR that differ from RIG-I and MDAS in that LGP2 does not contain

CARD domains and is therefore thought to have a distinct role in antiviral signaling
(13). To investigate whether TSLP induction upon hMPV infection is associated with
LGP2 expression in fibroblasts, the cells were transfected with siLGP2 or siAllstar as
a control, infected with hMPV at MOI 1 for 18h, and the IfTSLP fold induction was
subsequently measured. The results are presented in Figure 4.20, and show that
knockdown of LGP2 show no or little suppression of TSLP induction, suggesting that
LGP2 plays a little or insignificant role in the TSLP induction in fibroblasts upon
hMPV infection.
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Figure 4.20. TSLP induction in LGP2 depleted cells. Induction of TSLP mRNA during infection
with hMPV S40 in LGP2-depleted WI-38 cells. Standard deviation is represented by error bars. Data
are representative for three experiments. Statistical significance is indicated by *, P value <0,05
relative to medium.
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The adaptor protein MAVS is involved in hMPV A1-triggered induction of IfTSLP in

lung fibroblasts
When RNA molecules bind to RIG-1 and MDAS, their CARD domains interact with

the CARD domain of MAVS that further recruit and activate protein kinases that
phosphorylate the transcription factors (24). Whether MAVS is involved in TSLP
regulation upon hMPV infection was investigated by transfecting cells with siMAVS,
or siAllstar, infecting the cells at MOI 1 for 18h and the mRNA fold induction was
then measured applying QRT-PCR. As a result, shown in Figure 4.21, knockdown of
MAVS significantly suppressed TSLP induction, suggesting that MAVS plays a
significant role in the TSLP induction in fibroblasts upon hMPV infection.
Experiments carried out by Liao ef a/ shows that the RIG-I-MAVS pathway is
important in hMPV triggered cellular responses (28).
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Figure 4.21. TSLP induction in MAVS depleted cells. Induction of TSLP mRNA during infection
with hMPV A1S28 in MAVS-depleted WI-38 cells. Standard deviation is represented by error bars.
Data are representative for three experiments. Statistical significance is indicated by *, P value <0,05

relative to medium.
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TRAFG6 is not involved in hMPV A1l-triggered induction of IfTSLP in lung fibroblasts
In RLR-signaling, dimerization of MAVS leads to recruitment of TRAF6 which is

involved in the downstream signaling pathway in inducing transcription factors (34).
To investigate whether IfTSLP induction upon hMPV infection is associated with
TRAFG6 expression in fibroblasts, the cells were transfected with TRAF6 siRNA, or
Allstar siRNA as a control, and the IfTSLP mRNA fold induction was measured. As a
result, shown in Figure 4.22, knockdown of TRAF6 does not seem to have any impact
on the IfTSLP induction compared to the control, suggesting that fibroblasts are able
to induce IfTSLP production in the absence of TRAF6. This indicates that TRAF6
might not be involved in the regulation of TSLP induction in fibroblasts upon hMPV
infection. As seen in figure 37, the IfTSLP mRNA induction in response to hMPV
was not considered statistically significant. It has been shown by other members of
the research group that TRAF6 knockdown inhibit the IfTSLP induction,
contradictory indicating that TRAF6 is involved in the regulation of TSLP induction
pathway in response to hMPV. Therefore, the involvement of TRAF6 in the TSLP
signaling pathway must be investigated further. The result is however, in line with the
result presented in Figure 4.15, suggesting that NF-«xB is not activated in response to
hMPYV infection in lung fibroblasts. TRAF6 is an important signaling component in
the NF-kB-activating pathway (25).
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Figure 4.22. TSLP induction in TRAF6 depleted cells. Induction of TSLP mRNA during infection
with hMPV A1S28 in TRAF6-depleted WI-38 cells. Standard deviation is represented by error bars.

Data are representative for three experiments. Statistical significance is indicated by *, P value <0,05
relative to medium.
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TBK1 is involved in hMPV Al-triggered induction of IfTSLP in lung fibroblasts
TRAF6 may activate TBK1 that is involved in the phosphorylation of IRF3 (86). The

lung fibroblasts was found to increase the activation of IRF3 in response to hMPV
infection, as seen in Figure 4.15. It was therefore of interest to investigate whether
TBKI1 is involved in the regulation of TSLP induction in these cells. The cells were
transfected with TBK1 siRNA and the IfTSLP fold induction was measured. The
results are seen in Figure 4.23 and show that knockdown of TBK1 significantly
suppressed TSLP induction, suggesting that TBK1 plays a significant role in the
TSLP induction in fibroblasts upon hMPV infection.
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Figure 4.23. TSLP induction in TBK1 depleted cells. Induction of TSLP mRNA during infection
with hMPV S40 in TBK-1-depleted WI-38 cells. Standard deviation is represented by error bars. Data
are representative for three experiments. Statistical significance is indicated by *, P value <0,05
relative to medium.
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The kinase activity of TBK1 is important for hMPV-triggered IfTSLP induction in

lung fibroblasts
To further investigate whether TBK1 is involved in TSLP induction upon hMPV

infection in lung fibroblasts, TBK1 kinase activity was blocked by applying
pharmacological inhibitors. The results are presented in Figure 4.24. IfTSLP induction
was significantly suppressed in the presence of TBK1 inhibitors, suggesting that the
TBKI1 kinase activity is an important factor of the IfTSLP induction pathway.
Increasing the concentration of kinase inhibitor led to further decrease in the IfTSLP
induction, suggesting that the suppression of IfTSLP induction is a result of the
inhibitor as well as indicating that the inhibition is concentration dependent. This also
confirms that TBK1 is absolutely necessary in the IfTSLP induction pathway. These
results are in line with the results of the phosphorylation status of IRF3 upon hMPV
infection in lung fibroblasts. TBK1 has been shown to phosphorylate IRF3 which
leads to IRF3 activation, translocation into the nucleus and induces the transcription
of antiviral genes, like IFN-B (32, 35). Altogether these results indicate that IfTSLP is
induced in a TBK1-IRF3-dependent manner.
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Figur 4.24. Fold induction of IfTSLP upon hMPYV infection in WI-38 cells transfected with TBK1
kinase inhibitors. Fold induction of IfTSLP in WI-38 cells transfected with kinase inhibitors
Amlexanox (AM) and BX-795 (BX) upon infection of hMPV S40. Standard deviation is represented
by error bars. Data are representative for three experiments. Statistical significance is indicated by *, P
value <0,05 relative to medium.
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4.6.3 The NLRP3-inflammasome involvement in hMPV-triggered TSLP induction in
lung fibroblasts

The NLRP3 inflammasome is a large protein complex that is built up by NLRs, the
adaptor protein apoptosis associated speck-like protein containing a CARD (ASC)
and Capasel. The inflammasome is activated when the NLRP3s recognize DAMPs
and PAMPs, like virus molecules, in the cytosol, which leads to recruitment and
activation of the pro-inflammatory protease Caspasel. It has been shown that
infection by both influenza virus and RSV can activate the inflammasome (87). For
RSV the NLRP3/ASC inflammasome was crucial for the IL-1f production upon the
infection. Caspasel cleaves pro-interleukins like IL-1 and IL-18 into their active
cytokine forms. Cytokine IL-1 is recognized as a potent inducer of inflammation.
(30). Interestingly, IL-1 has been shown to be an inducer of TSLP in DCs (88),
however it is not known if the inflammasome is involved in hMPV Al-triggered
TSLP induction in lung fibroblasts. To investigate whether the inflammasome is
involved in the IfTSLP regulation in response to hMPV infection, siRNA-mediated
knockdown of Caspasel and NLRP3 was performed prior to infection and IfTSLP

mRNA induction was measured.
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NLRP3 might be a negative regulator of IfTSLP induction in lung fibroblasts upon
hMPV A1 infection

It has recently been reported that IL-1p and NLRP3 is up-regulated in patients with
severe respiratory tract infection associated with hMPV subgroups A2 and B2 (89).
NLRP3 cells were transfected with siNLRP3, or siAllstar, infected with hMPV at
MOI 1 and lysed 18h p.i. The IfTSLP mRNA induction was then measured applying
gqRT-PCR. The results, seen in Figure 4.25, interestingly show that knockdown of
NLRP3 resulted in increased IfTSLP induction. This suggests that the NLRP3
inflammasome might work as a negative regulator in the IfTSLP induction pathway in
fibroblasts. This experiment was conducted twice and it is therefore not possible to

conclude based on these results. This requires further investigation before conclusions

could be drawn.
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Figure 4.25. TSLP induction in NLRP3 depleted cells. Induction of TSLP mRNA during infection
with hMPV A1S40 in NLRP3-depleted WI-38 cells. Standard deviation is represented by error bars.
Data are representative for three experiments. Statistical significance is indicated by *, P value <0,05

relative to medium.
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Caspasel might be involved in IfTSLP in lung fibroblasts upon hMPV A1 infection

Inflammasomes are able to recruit and activate pro-caspasel. Caspasel is important in
a variety of inflammatory responses, including converting IL-1f into their active
cytokine form (30). The cells were transfected with siCaspasel or siAllstar, infected
with hMPV at MOI 1, lysed 18h p.i. and subsequently the IfTSLP fold induction was
measured. The results are presented in Figure 4.26 and show that knockdown of
Caspasel slightly decreases IfTSLP induction, suggesting that lung fibroblasts are
able to induce IfTSLP in the absence of Caspasel, which indicates that Caspasel is
not a crucial component in the IfTSLP induction pathway in lung fibroblasts upon
hMPV infection. The results could also indicate that Caspasel might possibly be

involved in an inflammasome-independent manner.
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Figure 4.26. TSLP induction in Caspasel depleted cells. Induction of IfTSLP mRNA during
infection with hMPV A 1S40 in Caspasel-depleted WI-38 cells. Standard deviation is represented by
error bars. Data are representative for three experiments. Statistical significance is indicated by *, P
value <0,05 relative to medium.

82



5 Conclusions

The aims of this study have been to characterize the PRR signaling components of
hMPV-triggered TSLP expression, and to determine the phosphorylation status of
transcription factors. The experiments that have been performed have resulted in
some conclusions regarding hMPV-triggered TSLP expression and the effect on

signaling components triggered by hMPV. These conclusions are listed as follows:

- hMPV Al replication peaks at day 8-9 in LLC-MK; cells.

- sfTSLP and IfTSLP is induced upon hMPV infection in airway epithelial cells
and in lung fibroblasts.

- sfTSLP induction peaks at 48h p.i. in airway epithelial cells while IfTSLP
induction peaks at 18h p.i. upon hMPV Al infection in airway epithelial cells.

- hMPV Al-triggered IfTSLP induction in airway epithelial cells and lung
fibroblasts happens in a RIG-I- and MAVS-dependent pathway.

- TBKI mediated signaling downstream of RIG-I is important in regulation of
hMPYV triggered IfTSLP.

- The cytoplasmic PRRs MDAS and LGP2 play less significant roles in the
hMPV Al-triggered IfTSLP-induction pathway in lung fibroblasts.

For some experiments performed in this thesis it is not possible to draw conclusions
based on the results, however these results give indications that need to be further

investigated. These indications are listed as follows:

- hMPV ALl stocks that are considered DI negative can still be able to induce
IfTSLP in high amounts in airway epithelial cells and lung fibroblasts.

- Results in this thesis suggest that NF-«xB is phosphorylated upon hMPV Al
infection in airway epithelial cells, while seem to be less phosphorylated upon
hMPYV Al infection in lung fibroblasts. This is supported by the indication that
TRAF6 seems to be involved in the IfTSLP-induction pathway in airway
epithelial cells, however possibly not involved in the If TSLP-induction
pathway in lung fibroblasts. TRAF6 is known to be a signaling component
resulting in NF-kB phosphorylation. These findings need to be further

investigated.
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hMPYV Al infection in airway epithelial cells and lung fibroblasts seem to lead
to IRF3 phosphorylation and thus activation. This is supported by the results
indicating that TBK1 seems to be involved in the IfTSLP-induction pathway
in lung fibroblasts. TBK1 is shown to be necessary for the phosphorylation of
on IRF3. The results therefore suggest that IfTSLP is induced in a TBK1-
IRF3-dependent manner upon hMPV Al infection, though this needs to be
investigated further.

STATI seems to be phosphorylated in response to IFN-f signaling upon
activation of hMPV Al in fibroblasts. In airway epithelial cells, IFN-} seems
to be induced after STAT1 is phosphorylated suggesting that the
phosphorylation of STATI is not induced by IFN-f in these cells. These
results need to be further investigated.

The NLRP3 inflammasome does not seem to be a crucial component in the
IfTSLP induction upon hMPV Al infection in fibroblasts. Further

investigation is needed.



6 Future Studies

Further analysis is needed to provide more insight into the TSLP induction pathway in
human airway cells upon hMPV infection. Understanding the role of the PRR
signaling components leading to induction of TSLP upon hMPV infection this can
further explain which function TSLP has in asthma development. The following

experiments would be of interest to further investigate the findings of this thesis:

- It would be interesting to do additional knockdown experiments, including
knockdown of transcription factors NF-xB, IRF3 and ATF2, and observe the
effect on TSLP induction.

- Knockdown of several PRR signaling targets simultaneously would be of
interest, both at mRNA level and protein level.

- Luciferase assay to investigate the promoter activity of NF-kB, ATF2 and
IRF3 upon hMPV infection would also be of interest to supplement evidence
provided by the phosphorylation analyses performed for Western Blot in this
thesis.

- It would also be interesting to conduct knockdown of PRR components and
apply Western Blot to analyze the phosphorylation status of transcription
factors. That will provide information on how these PRR signaling
components are involved in the activation of transcription factors in response
to hMPV infection.

- Experiments in mice models using knockout mice would be interesting to

observe the hypothesis in vivo.

It would also be of interest to study the differences in the induction pathways leading
to sfTSLP and IfTSLP, to increase the knowledge in what the functional difference
between them is. Comparing the regulation of TSLP induction in response to the
different h(MPV subgroups would also be highly interesting. Increased understanding
of these processes would increase the understanding of the link between TSLP, h\MPV
and asthma, would be an important piece in the puzzle of respiratory pathogens and

disease.
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Appendix A: Instruments and Computer Software

Purpose Instrument/machine Producer Software
Cell culture
Microscope AE3IE MOTIC
Centrifuge 5810R Eppendorf
Cell counter Z2 Coulter” Particle Beckman Coulter
Count and Size
Analyzer
Virus propagation
Titration Assay C-SHGI Inverted Nikon
Microscope Diaphot-
TMD
Ultracentrifuge, virus Sorvall Discovery Hitachi
isolation 100SE
Western Blot
Dry Blot iBlot™ Invitrogen
Western blot membrane
scanner Odyssey LI-COR Odyssey
Membrane analysis LI-COR Image
Studio
Quantification of blots ImageJ
qRT-PCR
qRT-PCR machine Step One Plus Real- Applied Biosystems Step One
Time PCR System Plus
Centrifuge Rotina 35 Hettich Zentrigfugen
cDNA synthesis TC-512 TECHNE
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