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Abstract

FK506 binding protein 5 (FKBPS) is a peptidyl propyl cis-trans isomerase that has been
shown to interact with cellular immune pathways such as calcineurin and NF-xB. During
an influenza infection, FKBP5 is up-regulated at the lung in an in vivo ferret infection
model, yet the effect of FKBP5 on influenza replication and immune response is not
understood. An in vitro model of human alveolar epithelial cell line A549 was established
to study the cause and the function of FKBPS5 up-regulation during an influenza infection.
In this in vitro model, FKBP5 was not up-regulated by influenza replication, but instead it
was up-regulated when A549 cells were treated with glucocorticoid. FKBP5 up-
regulation did not have any effect on rate of influenza replication. However, FKBP5 up-
regulation mediated the suppressive effect of glucocorticoid on pro-inflammatory
cytokine production, since FKBP5 knock-down by siRNA increased cytokine production
in the presence of glucocorticoid. Overall, the results suggested that the up-regulation of
FKBPS is a physiological response of lung cells to the increase of glucocorticoid during
influenza infections, which facilitates the suppressive effect of glucocorticoid on pro-

inflammatory cytokine production.
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CHAPTER 1 - INTRODUCTION



Since the beginning of the current H5N1 influenza outbreak in November 2003,
6629 confirmed outbreaks in poultry have been reported in 50 countries (1). HSN1
influenza killed the majority of the birds infected in each outbreak, and many of the
humans who have caught avian flu have displayed acute symptoms and died. To date,
there have been 445 human cases of avian influenza reported to the World Health
Organization, of which 263 cases were fatal, presenting a mortality rate in excess of 50%
(2). Recently, the emergence of a swine-origin HIN1 influenza virus in 2009 has resulted
in 246571 confirmed cases of human infection and over 9596 deaths worldwide (3).
Unfortunately, it is unclear how exactly influenza infection leads to lethality in birds and
humans, and no effective treatments currently exist. An understanding of the influenza
pathology, and the host immune response, will be essential to establish an effective

treatment for patients with severe avian influenza infection.

1.1 Influenza virology

Influenza viruses belong to the Orthomyxoviridae family of RNA viruses, and
there are three specific types of influenza. Influenza A infects multiple animal species,
and causes pandemics such as seasonal flu in humans as well as lethal avian influenza in
poultry and waterfowl (4). Influenza B is less lethal and comprises a minority of human
influenza cases. Influenza C causes only mild respiratory illness, and is less studied (5).
Influenza A viruses are subtyped based on the antigenicity of their surface glycoproteins,
haemagglutinin and neuraminidase (NA) (6). All 16 HA subtypes and all 9 NA subtypes

of influenza A are found in waterfowl, whereas subtypes HINI1, H2N2, and H3N2



constitute the majority of all human infections (5). However, when humans are infected
by H5N1 or HON2 avian influenza viruses, the ensuing illness is usually deadly.

The Influenza virus is about 100nm in size and is either spherical or filamentous
in shape (7). The influenza genome consists of eight individual RNA gene segments; the
gene products of each segment, and their functions, are summarized in Table.1 (6).
Influenza is an envelope virus and the HA, NA, and M2 proteins reside at the surface
membrane envelope. The M1 protein is a major interior structural component of the virus,
forming a shell around the eight vVRNP gene segments. The remaining proteins, PA, PB1,
PB2, NP, and NS2, bind with the vRNP segments. The NS1 protein is not part of the
influenza virion, but is produced during the early phase of an influenza infection (5).

During infection, HA influenza surface proteins bind to the sialic acid moiety of
the host cell’s glycoprotein. Through endocytosis, the influenza virus enters the host
cell’s endosomes. The low pH of endosomes triggers a conformational change in the viral
HA protein, which allows the fusion of the viral membrane with the host endosome’s
membrane, in turn releasing interior viral components including vRNPs (8, 9). The
trafficking of VRNP into the host cell nucleus is facilitated by the nuclear localization
signals of viral NP proteins (10). Inside the nucleus, the viral RNA dependent-RNA
polymerase produces viral mRNA for viral protein production, and also produces positive
sense complementary RNA, which then acts as a template for making more negative
sense viral genomic RNA (11). Viral products HA, NA, and M2 are processed in the
Golgi apparatus and exported to the cytoplasmic membrane (6). On the other hand, RNA
polymerase components (PA, PB1, PB2), NP, M1, and NS2 are imported into the nucleus

(5). The RNA polymerases and NP proteins form vVRNP by binding to the newly



synthesized genomic RNA, while M1 and NS2 proteins facilitate the export of vRNP
from the nucleus to the cytoplasm (12, 13). Finally, at the lipid raft of the cytoplasm, M1
proteins bring the VRNP and the associated polymerases and NS2 proteins close to the
cytoplasm, which contains HA, NA, and M2 proteins (5, 14). The influenza virus escapes,
with all of its structural proteins. Since the HA of a newly synthesised influenza can bind
to the sialic acid of the producing host cell, the NA cleaves the sialic acid in order to
release the virus (15).

Table 1. Influenza A genome and gene products

Genome | Encoded Protein Description and Function of Protein
Segment
1 PB2 RNA transcriptase complex component

Binds to host cell capped mRNA

2 PB1 RNA transcriptase complex component

RNA-dependent RNA polymerase

3 PA RNA transcriptase complex component

Replicates and transcribes RNA

4 HA Virus surface protein
Haemaglutinin Binds to sialic acid of host cell for entry
5 NP Viral RNP component
Nucleoprotein Binds to RNA genomic segments and RNA

polymerase to form viral ribonucleoprotein (VRNP)

Contains nuclear localization signal

6 NA Viral surface protein
Neuraminidase Cleaves sialic acid for virus release

7 M1 Major viral internal component
Matrix protein Transports viral RNP out of nucleus
M2 Ion channel at virus surface




Ion channel Lowers the pH on the interior of the virus during
endocytosis, in order to dissociate M1 and release

VRNP to pass the nucleus pore

8 NS1 NS1 : multi functional protein

Non structural protein 1 | Antagonizes interferon, and inhibits host cell mRNA
transport from nucleus

NS2 NS2: Transport vVRNP out of nucleus

Non structural protein 2

1.2 Immune response to infection by influenza

In humans, influenza primarily targets the epithelial cells of the respiratory tract.
The immune system is activated in order to contain the infection and eliminate the virus.
During an influenza infection, influenza double stranded RNA (dsRNA) accumulates in
the infected cells. However since dsRNA is not normally present in cells, it is
immediately recognized as a pathogen-associated molecular pattern by cellular receptors
including the toll like receptor 3 (TLR3) and the RNA helicase retinoic acid inducible
gene 1 (RIG-1), which initiate an anti-viral immune response (16, 17). Upon recognition
of viral dsRNA in endosomes, TLR3 recruits myeloid differentiation primary response
gene 88 (Myd88), and TIR domain-containing adapter proteins, inducing interferon-beta
(TRIF) to activate NF-kB and the Type I interferon response (16). RIG-1 recognizes
cytoplasmic non-cap viral RNA (18) and activates NF-kB and the Type I interferon
response through interferon beta promoter stimulator-1 (IPS-1) (19, 20). RIG-1 also
activates AP-1 through p38 mitogen-activated protein kinases (MAPK) (16, 21). The

resulting IFNa/p secretion activates STAT (22) to sensitize the cells to IFNa/B, providing




a positive feedback mechanism (23) that sustains the cellular anti-viral state and cytokine
production for influenza clearance.

The production of interferons (IFN) by influenza infected cells is essential in
initiating a cellular antiviral state and an innate and adaptive immunity. Upon IFN
stimulation, the influenza infected cells produce 2’-5" oligoadenylate synthetase (OAS)
(23), which add 2'-5'-linked oligomers of adenosine to the viral RNA (24), so that the
RNA can be targeted for digestion by ribonuclease L (RNAseL) (25). IFN also stimulates
the expression of MxA proteins, inhibiting virus replication (26). In terms of innate
immune response, IFNo/p stimulates macrophages to produce chemokine (C-C motif)
ligand 2 (CCL2), chemokine (C-C motif) ligand 7 (CCL7) and IFN-inducible protein 10
(IP-10) (27), which further recruit monocytes/macrophages and Th1 cells (28) to contain
the infection. For the generation of adaptive immunity, [IFNo/p stimulates the maturation
of dendritic cells (DCs) (29) and increases the major histocompatibility complex (MHC)
expression on DC (30). IFNa/p is essential for the proliferation and survival of helper T
cells (31), and controls the activity of helper T cells. This is done by inducing the
expression of IL-12 (32) and IL-18 (33) receptors, and the enhancement of IFNy
production (34). The activation of antigen presenting cells (APCs) and helper T cells
leads to the development of an influenza-specific Th1 response.

The activation of NF-xB and AP-1 leads to the production of pro-inflammatory
cytokines such as IL-1, IL-6, and TNFa (35) and chemokines such as CCL5 (21) that are
important for innate immunity. In response to CCLS5, NK cells are recruited to the site of
infection (36). NK cells recognize the up-regulation of haemagglutinin on the infected

cell through the NKp46 receptor (37) and kill the infected cell before the influenza virus



can be replicated. The innate antiviral mechanism restricts the replication of influenza
virus at the earliest stages of infection, prior to the adaptive immune response.

Concurrently, DCs are recruited to the site of infection by chemokines such as
CCL-2, initiating adaptive immunity (38). The DCs internalize the influenza virus
through endocytosis. Viral particles are digested into peptides in the lysozome and are
presented on the DC surface by MHC class II (39). The DCs undergo maturation and
increases the expression of CCR7 so that it can migrate to the lymph node (40). The DCs
then present the viral antigen to naive CD4 (41) and CD8 T cells (42).

After antigen presentation, naive CD8 T cells expressing an appropriate T cell
receptor (TCR) mature into CDS8 effector T cells and move to the site of infection (43),
where they recognize infected epithelial cells and induce the apoptosis of infected cells
either through the release of perforin or through Fas-FasL interactions (44). CD4 T cells
mature into CD4 effector T cells and activate antigen presenting B cells to proliferate and
produce influenza-virus specific antibodies (45). The antibodies bind to the surface of
influenza virus, preventing the virus from infecting and spreading. The virus is eliminated
within 7 to 10 days of infection (46), and effector B cells and T cells become memory B
cells (47) and T cells (46), producing immunity against future infection by the same

strain of influenza.

1.3 Differentiated H5N1 influenza immune response
Regular human influenza symptoms include fever and coughing, which are not
life-threatening; individuals usually recover within two weeks of infection (48). Immuno-

compromised individuals, such as transplantation patients taking immunosuppressive



drugs (49), young children, and the elderly (50), may develop more severe symptoms
such as bronchitis and viral pneumonia (48), and may die due to complications such as
secondary bacterial infections (51). However, some influenza strains are very lethal, such
as H5N1, which has a mortality rate exceeding 50% (2). HSN1 patients frequently suffer
severe viral pneumonia, which progresses to acute respiratory distress syndrome (ARDS)
(52). Systemic infection can also occur in other organs, including the brain and liver,
leading to multi-organ failure (53). Patients usually die within 9 days of the onset of
disease (54).

One of the hallmarks of HS5N1 influenza infection is an excess infiltration of
monocytes, neutrophils, and activated lymphocytes in the lung (55). The inflammatory
response caused by the macrophages and neutrophils leads to a number of severe lung
injuries, including apoptosis of alveolar cells (55), hemorrhaging (56), and ARDS caused
by pulmonary congestion (56). Avian influenza infections are also characterized by high
serum cytokine levels, or hypercytokinemia (57). For instance, IL-6, IL-8, and MIG are
respectively 200, 16, and 13 times higher in H5SN1 patients than patients with regular
human influenza (57). IL-6 is a pro-inflammatory cytokine (58), whereas IL-8 and MIG
are chemokines which respectively recruit neutrophils (59) and T cells (60). Therefore, it
has been postulated that hypercytokinemia is the cause of severe inflammation and excess
leukocyte infiltration. Lymphopenia is another characteristic of severe avian influenza
infections, and is often associated with the development of ARDS, as well as death (61-
63). Lymphocyte levels in blood are three times lower in ARDS patients than in patients
without ARDS (61), which may explain the inability of the immune system to clear some

influenza viruses.



Although the exact mechanisms of hypercytokinemia, lung inflammation and
systemic infection are not understood, research on influenza pathology has provided
some insight. For example, avian influenza replicates more effectively than regular flu.
For instance, the viral load of avian influenza is 10 times higher than regular influenza in
the nose, and 160 times higher in the throat (57). Avian influenza has special proteins that
counteract the immune system. For instance, the NS1 protein antagonizes the anti-viral
IFN response by binding to dsRNA and RIG-1 (64). The PB2 polymerase, with a
mutation at Glu627Lys, is also more effective in replication (65). The overall result is
that avian influenza viruses replicate more effectively, causing a larger number of
epithelial cells to be infected. The recruitment of monocytes and macrophages causes a
higher production of pro-inflammatory cytokines, leading to severe lung inflammations.
Clinically, the plasma level of cytokines and chemokines correlates positively with the
pharyngeal viral load, suggesting that these responses are driven by high viral replication
(57). In addition to a high viral load, avian influenza has a unique molecular mechanism
that leads to a higher cytokine production. The NS1 protein of the HSN1 influenza virus
induces pro-inflammatory cytokines, such as TNF-a in macrophages, to much higher
levels than seen in HIN1 and H3N2 influenza (66). A recombinant HINT1 influenza, with
the NS1 genes from the HS5NI influenza, induced high level of pulmonary pro-
inflammatory cytokines in pigs, as well as prolonged viral production (67).

Infections are more systemic when caused by avian influenza, as compared to
regular influenza, due to differing amino acid sequences in the HA protein’s proteolytic
cleavage site. Regular influenza has a single basic amino acid arginine and is specifically

cleaved by trypsin-like extracellular serine protease Clara (68), which is secreted from



Clara cells in the epithelial lining of the respiratory tract (5). When the virus is released,
the HA is cleaved by the extracellular serine protease to form functional HA1 and HA2
subunits for a second round of infection. Since the extracellular serine protease has a
limited tissue distribution in the respiratory lining, regular influenza infections are limited
in the upper respiratory tract (5). However, for avian influenza, the HA proteolytic
cleavage site has poly basic residues, and can be cleaved by the furin protease, which is
ubiquitously expressed in the Golgi apparatus of many cell types (69). Therefore, the HA
is already cleaved and functional when the avian influenza virus is shed, and can initiate a
second round of infection on any cell type, leading to systemic infection in organs such as
the brain and kidney (53).

Since lung inflammation and the subsequent ARDS are the cause of mortality,
reducing lung inflammation may save patients’ lives. Since a high influenza viral load is
associated with hypercytokinemia and a fatal outcome (57), research is underway on
controlling virus replication through vaccination and anti-viral drugs. Yet, due to the high
mutation rate of influenza viruses, different strains emerge and new vaccines have to be
developed constantly (70). Influenza viruses can also develop resistance to anti-viral
drugs such as oseltamivir (71), making influenza a moving target. However, drugs that
target the aberrant host immune response could have the advantage of alleviating lethal
pathophysiology such as lung inflammation, regardless of the influenza strain. Therefore,
studying host immune responses is essential, and microarray is a useful technology to do

SO.
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1.4 Up-regulation of FKBPS during influenza infection

Several microarray studies on the cell line and animal models of influenza
infection have been conducted, and have yielded useful information on virus-host
interaction. For instance, a microarray analysis has found that numerous genes, which
were related to antiviral and interferon responses, were down-regulated by the NSI1
protein of influenza viruses when A549 cells were infected (72). This result is consistent
with the finding that NS1 attenuates the interferon response (73) and the 2’5’-
OAS/RNaseL. antiviral response (74) through the NS1 double stranded RNA-binding
domain, confirming the validity of using microarray analysis when studying virus-host
interaction.

Our laboratory has performed a microarray analysis on a ferret model to study the
host immune response during influenza infection (75). Ferrets are chosen because ferrets
can be infected with human influenza viruses, and because ferret-to-ferret transmission is
possible (76). Moreover, the clinical symptoms of influenza infected ferrets are similar
to the symptoms of humans (77). Of the numerous genes characterized by the microarray
analysis, FK506 binding protein 5 (FKBPS5) is up-regulated at the site of influenza
infection, particularly for HSN1 avian influenza infections. FKBPS5, as a peptidylproline
cis-trans isomearase (78), can assist protein folding, which may affect influenza
replication. FKBPS is known to interact with immune pathways such as NF-xB (79) and
calcineurin (80), which may affect the host immune response. The goal of this thesis is to
characterize the cause of FKBPS5 up-regulation, and to determine the function of FKBPS

in influenza infection.
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1.5 FK506 binding protein 5 (FKBPS)

FKBPS5 belongs to the FK506 binding protein family of peptidylproline cis-trans
isomerases (PPlases). Its main function is to assist protein folding by converting the
peptide bond preceding proline (propyl bond) into a correct cis-trans confirmation (81).
FKBPS5 was first discovered in T cells (78) and the preadipocyte cell line (82) in mice,
and is expressed in a variety of mouse (82) and human tissues (83). FKBPS is a
monomeric cytoplasmic protein with 457 amino acids, and has a size of 51 kDa (83). The
FKBPS polypeptide is divided into 3 functional domains: the FK1 FKBP domain (33-138
aa), the FK2 domain (147-251), and the TPR (tetratricopeptide repeat) domain (261-400);
there is also a linker sequence between the FK2 and TPR domains (84). The FK1 domain
is the source of the PPIase activity of FKBPS5, and Phe-67 and Asp-68 are the two highly
conserved codons in the domain. A double point mutation with Phe-67 changed to Asp
and Asp-68 changed to Val decreases the FKBPS enzymatic activity by more than 90%
(85). The FK2 domain is generally structurally similar to the FK1 domain. However, FK2
has only 26% sequence conservation compared to the FK1 domain, and has three amino
acid insertions (D195, H196 and D197) in the enzymatic binding pocket. FK2 lacks the
PPlase activity (84), but the distinct orientation of the FK2 domain in FKBPS5 allows
protein-protein interaction such as with progesterone receptor (84). The TPR domain is
essential in Hsp90 binding for the interaction with steroid receptors (86). Rapamycin, an
antagonist of FKBPS5, can bind to the FK1 domain, thereby inhibiting PPlase activity;
Rapamycin can also bind to the FK2 domain, thereby inhibiting the protein interaction
activity of FKBP5 (84).

The human FKBPS5 gene is about 115 kb in size, is situated in chromosome 6, and

12



is composed of 11 exons and 10 introns (87). The promoter of FKBP5 is 3.4 kb upstream
of the gene (88). There are also two hormone response elements (HRE) in the intron E of
the gene that respond to glucocorticoid and progestin (89). For the splicing pattern,
alternative FKBPS5 isoforms have not been described. However, techniques in proteomics
such as 2D fluorescence difference gel electrophoresis (DIGE) and 2D immunobloting
reveal the possible existence of several FKBPS isoforms (90). FKBPS is known to
interact with different proteins, including the glucocorticoid receptor, the Hsp90 protein,
and the NF-xB components (79, 86). With PPlase activity, FKBP5 can induce a
conformational change in its interaction partner, and may act as a switch in controlling

signal transduction along a cellular pathway.

1.6 FKBPS interaction with immune response pathways

FKBPS5 has been shown to interact with various immune response pathways. One
of the important pathways is calcineurin, which is a serine/threonine protein phosphatase
that controls cellular pathways through the phosphorylation of transcription factors, such
as the nuclear factor of activated T cells (NFAT) (91). In the presence of the
immunosuppressive drug FK506, the FKBP5/FK506 complex binds to calcineurin and
inhibits the phosphatase activity of calcineurin (92). Therefore, the dephosphorylation of
transcription factors such as NFAT is prevented and transcription factors cannot
translocate to the nucleus to initiate the cellular response through gene expression (92).
The end result is that FKBP5, in combination with FK506, can suppress the calcineurin
pathway. Since FKBPS5 can bind to calcineurin even in the absence of FK506 (93), it is

also possible that FKBPS interacts with other proteins and synergistically controls the

13



calcineurin pathway using different yet uncharacterized mechanisms.

Another important pathway that FKBPS interacts with is NF-xB. A mass
spectrometry study of HeLa cells has shown that FKBPS5 interacts with the inhibitor of
kappa B kinase alpha (IKKa) during TNFa stimulation, and that the siRNA knock-down
of FKBP5 decreases the NF-kB activation measured by a luciferase reporter assay (94).
In another study on primary vascular smooth muscle cells, rapamycin, an inhibitor of
FKBPS5, down-regulates NF-kB activation as the degradation of the inhibitor of kappa B
alpha (IxkBa) protein is not observed. FKBP5 siRNA also down-regulates NF-xB
activation as the translocation of the NF-kB protein to the nucleus is inhibited (95). These
findings suggest that FKBPS plays an important role in the function of NF-xB and may
provide an entry point in controlling NF-xB pathway through the interaction with other
protein partners. Of note, FKBPS5 is up-regulated by anti-inflammatory agents such as
glucocorticoid (96), aspirin (97) and lactoperoxidase (LPO) (98). It is possible that
FKBPS5 act synergistically with other proteins that are also up-regulated by anti-

inflammatory agents to inhibit cytokine production.

1.7 FKBPS5 and influenza replication

To date, no study has described the relationship between influenza and FKBPS.
However, being a PPlase, FKBP5 may play a role in viral replication. This is true for
cyclophilin A and cyclophilin B, two PPlases that are required for human
immunodeficiency virus (HIV) and hepatitis C virus (HCV) replication respectively (99,
100). Cyclophilin A binds to the HIV Gag protein, and the disruption of cyclophilin A-

Gag interaction by cyclosporine A leads to a reduction in HIV replication (99).
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Cyclophilin B is a cofactor of the RNA-dependent RNA polymerase NS5B of HCV (100),
and the replication of HCV is inhibited by cyclosporine A (101). Since FKBPS is up-
regulated in the influenza-infected cells, it is worthwhile to study whether FKBP5 has

any effect on influenza replication.

1.8 FKBPS5 and the suppression of inflammation by glucocorticoid

Another important aspect of FKBPS in influenza pathology is the suppression of
inflammation through glucocorticoid. During influenza infection, pro-inflammatory
cytokines such as IL-1, TNFa and IFN are secreted by infected cells and immune cells to
sustain an inflammatory response (35). However, an uncontrolled inflammation can have
detrimental consequences, as exemplified by septic shock syndrome (102). To suppress
an excessive inflammation, the hypothalamic-pituitary-adrenal (HPA) axis is activated to
increase adrenal glucocorticoid production (103). In response to the increase in the blood
level of pro-inflammatory cytokines such as IL-1 and IL-6, the hypothalamus secretes
corticotrophin-releasing hormone (CRH) (104). CRH stimulates the pituitary gland to
secrete adrenocorticotropic hormone (ACTH) (103). As the blood level of ACTH
increases, the adrenal gland secretes glucocorticoid in response (103).

Glucocorticoid (GC) acts on different cell types, such as macrophages and T cells,
to decrease pro-inflammatory cytokine production (105). GC first passes through the cell
membrane and binds to the GC receptor (106), which translocates into the nucleus (106)
and binds to the negative glucocorticoid response element (GRE), suppressing the
transcription of inflammatory genes such as IL-1 and IL-2 (107). The GC receptor can

also interact with transcription factors such as NF-kB and AP-1 to prevent themfrom
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binding to the DNA sequences of pro-inflammatory cytokines such as TNFa (108). The
GC receptor can also bind to the positive GRE and up-regulate the expression of anti-
inflammatory proteins such as IkB (107).

During influenza infection, pro-inflammatory cytokines activate the HPA axis,
leading to an increase in GC production. It is possible that the FKBPS up-regulation
observed in influenza infected cells is caused by GC. Since FKBPS is shown to interact
with different immune response pathways, it is further possible that FKBPS alone, or in
conjunction with other proteins, facilitates the suppressive effect of GC on cytokine

production.

1.9 Rationale, hypothesis and objectives
Rationale

Up-regulation of FK506 binding protein (FKBP5) gene expression is observed at
the site of influenza infection in a ferret model, yet the functions of FKBPS5 in mediating
the inflammation and virus production are not understood. Immunosuppressive agents
such as glucocorticoid, aspirin, and lactoperoxidase up-regulate FKBPS and suppress pro-
inflammatory cytokine production. FKBP5 also interacts with various immune signalling
pathways which control cytokine production, such as NF-kB and calcineurin. It is
possible that immunosuppressive action is facilitated by FKBP5. During an influenza
infection, the level of glucocorticoid in the blood is up-regulated to decrease cytokine
production. The up-regulation of FKBPS5 at the site of infection may facilitate the

function of glucocorticoid.
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Hypothesis

FKBPS5 plays a positive role in mediating the suppressive effect of glucocorticoid

on pro-inflammatory cytokine production.

Objectives

The specific objectives for this study were:

1.

To compare the suppressive effect of glucocorticoid on pro-inflammatory
cytokine production in A549 lung cells, in the presence and absence of FKBPS
siRNA;

To examine whether influenza infection up-regulates FKBPS expression in A549
cells;

To determine if glucocorticoid treatment and the subsequent FKBPS5 up-

regulation have an effect on influenza production in A549 cells.
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CHAPTER 2 - MATERIALS AND

METHODS
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2.1 Cells and cell culture conditions

The human alveolar epithelial cell line A549 and the Madin-Darby Canine
Kidney (MDCK) cell line were purchased from the American Type Culture Collection
(ATCC). A549 cells were maintained in Kaighn’s Modification of Ham’s F-12 (F-12K)
medium (ATCC) supplemented with 10% Fetal Bovine Serum (FBS) (GIBCO) and 1%
penicillin and streptomycin (pen/strep) (Invitrogen). MDCK cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM) (Gibco) supplemented with 10% FBS, 1%
pen/strep, 25mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer
(Gibco) and 0.2% bovine serum albumin faction V (BSA) (Gibco). Cells were grown in
T-75 tissue culture flasks (Corning or Sarstedt) at 37°C with 5% CO,. Cells with passage

number between 3 and 10 were used for experiments.

2.2 Hydrocortisone and TNFa treatments

Hydrocortisone (Sigma-Aldrich) was dissolved in DMEM to make a working
stock at a concentration of 50pug/ml or 137.9uM. For experiments in a 6-well plate, 235ul
of hydrocortisone stock was added to 3ml of culture medium to give a final concentration
of 10uM. For experiments in a 96-well plate, hydrocortisone stock was serially half-log
diluted in culture medium. 50ul each of diluted hydrocortisone was added to 50ul of
culture medium in each well to give a final concentration of 32uM, 10uM, 3.2uM and
serially down to 0.001uM. Human tumour necrosis factor alpha (TNFa) (R&D Systems)
at a concentration of 1pg/ul was 10-fold diluted in F-12K medium to make a 100ng/ul
working stock. 3ul of diluted TNFo was added to 3ml of culture medium in a 6-well plate

to give a final concentration of 100ng/ml for the experiments.
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2.3 Cytometric bead array

Cytometric bead array (CBA) human inflammation kit (Becton Dickenson) was
used according to the manufacturer’s instruction manual. In brief, 50ul of culture medium
from cell samples was collected and frozen at -80°C, and was thawed prior to CBA
measurement. Human inflammation standard, containing 5000pg/ml IL-1p, IL-6, IL-8,
IL-10 and IL-12p70, was serially 2-fold diluted. Human inflammation capture beads were
prepared by mixing 10ul of each capture beads for the five cytokines to give a total
volume of 50ul. The beads were then added to 50ul of diluted standard or 50ul of
samples, and 50ul of PE detection reagent was added to provide a fluorescence signal.
After 3 hours of incubation at room temperature, the beads were washed once with the
wash buffer provided in the kit and resuspended in 300ul wash buffer. Three cytometer
setup beads were used to calibrate the FACSCalibur flow cytometer (Becton Dickenson).
The calibrated flow cytometer was then used to measure the fluorescence signal of the
sample beads, and the results were analyzed by the BD CBA software (Becton Dickenson)
and Microsoft Excel. The amount of cytokine in the culture medium sample was

calculated from the standard curve generated by the human inflammation standard.

2.4 Transfection of siRNA

Lyophilized FKBP5 specific siRNA duplexes (Sigma-Aldrich and Ambion) and
scrambled sequence siRNA duplex (Ambion) were dissolved in RNase free water
(Ambion) to generate a storage stock at 5S0uM and a working stock at 10uM. The

sequences of siRNAs were the following:
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FKBPS siRNA set 2 (Sigma-Aldrich):
sense: 5’ -rGrArGrCUUrAUrAUrAUrGrArArGUrGrATT-3’
anti-sense: 5’-UrCrArCUUrCrAUrAUrAUrArArGrCUrCTT-3’
FKBP5 siRNA set 3 (Ambion):
sense: 5’- rGrArGrArArArGrGrCUUrGUrAUrArGrGrATT -3’
anti-sense: 5’- UrCrCUrAUrArCrArArGrCrCUUUrCUrCrAT-3’
Scrambled sequence siRNA (Ambion):
sense: 5’ -rGrAUrCrAUrArCrGUrGrCrGrAUrCrArGrATT-3’
anti-sense: 5’-UrCUrGrAUrCrGrCrArCrGUrAUrGrAUrCTT-3’
The siPORT NeoFx tranfection agent (Ambion) was used, and the siRNA transfection
was performed according to the procedures in the manufacturer’s manual. Sul of NeoFx
transfection agent was mixed in 100ul in Opti-MEM I medium (Invitrogen). A calculated
amount of siRNA was dissolved in Opti-MEM I medium and added to the NeoFx agent,
so that the final concentration of siRNA would be 30, 15 and 5nM in the 6-well plate.
The RNA/NeoFx transfection agent complex was incubated for 10 minutes at room
temperature. After incubation, the transfection complex was added to the 6-well plate and
3x10° A549 cells in 3ml regular growth medium were seeded on the transfection complex.
The siRNA and transfection agent was left on the A549 cells and incubated at 37°C. At
specific time points after transfection, mRNA was extracted from the cells and the
efficiency of gene silencing was determined by quantitative real time polymerase chain

reaction (QPCR).
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2.5 Trizol RNA extraction

RNA was extracted from A549 and MDCK cells by Trizol reagent (Invitrogen)
according to product manual instructions. Culture medium was removed from the 6-well
plate and replaced with 1ml Trizol for 5 minutes. Trizol, with dissolved cellular materials,
was homogenized by pipetting, transferred to a 1.5ml Eppendorf tube and frozen at -80°C.
The Trizol sample was thawed prior to RNA extraction, and 200ul of chloroform was
added to Trizol. After vigorous shaking, the Trizol sample was centrifuged at 12000 x g
for 15 minutes at 4°C. The aqueous phrase containing RNA was separated to another
Eppendorf tube. RNA was precipitated by adding 500ul of isopropanol and centrifuging
at 12000 x g for 10 minutes at 4°C. Finally, the precipitated RNA was washed once with
Iml of 75% ethanol and dissolved in 20ul of RNase free water (Ambion). The
concentration and purity of the dissolved RNA was determined by ultra violet (uv)

absorbance measurement at 260nm and 280nm using BioPhotometer 6131 (Eppendorf).

2.6 Reverse transcriptase polymerase chain reaction (RT-PCR)

Reverse transcriptase polymerase chain reaction (RT-PCR) was employed to
make complementary DNA (cDNA) from RNA. The reaction was performed according
to the manufacturer’s instructions for Murine Leukemia Virus (MuLV) reverse
transcriptase (Applied Biosystems). 2ug of RNA was mixed with: RNase free water
(Ambion), 2ul of 10X PCR Buffer II (Applied Biosystems), 4ul of 25mM MgCl,
(Applied Biosystems), 2ul of 10mM dNTP (Promega), 1ul of 20 unit RNase inhibitor,
Il of 25uM random Hexamer or oligo d(T);¢ primers (Applied Biosystems), and 1pl of

50 units MuLV reverse transcriptase to give a total volume of 20ul. The reaction mix was
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incubated for 10 minutes at room temperature, 40 minutes at 42°C and heat-inactivated

for 5 minutes at 65°C. The cDNA produced was used for quantitative real time PCR.

2.7 Quantitative real time PCR (qPCR)

Quantitative real time PCR (qPCR) was used to measure the expression of FKBPS
relative to a house keeping gene PB-actin. Following primers (Invitrogen) were used to
amplify a 150bp fragment from gene FKBPS5 and B-actin in cDNA.

FKBPS5: sense: 5’-ACCAAAGCTGTTGAATGCTG-3’

anti-sense: 5’-GGCTGACTCAAACTCGTTCA-3’
B-actin sense: 5’-TGACCGGATGCAGAAGGA-3’
anti-sense: 5’-CCGATCCACACCGAGTACTT-3
0.5ul of cDNA, 3.5ul of RNase free water (Ambion), 1ul of 2.5uM primers and 5Spl
Power CYBR Green PCR Master Mix (Applied Biosystems) were mixed and applied to a
384-well plate (Applied Biosystems). RT-PCR was performed in the 7900HT Fast Real-
Time PCR System (Applied Biosystems), and the result was analyzed using SDS

software version 2.2 (Applied Biosystems) and Microsoft Excel.

2.8 Influenza production

Influenza Strains A/WS/33 HIN1, A/NWS/33 HIN1, and A/PR/8/34 HIN1 were
purchased from ATCC. Following the procedures of World Health Organization manual
on animal influenza diagnosis and surveillance (109), 100ul of 1000-fold diluted
influenza virus with 100U/ml penicillin, 100pg/ml streptomycin and 50pg/ml gentamicin

(Gibco) was inoculated into the amniotic cavity of specific pathogen free (SPC) 10-day
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old embryonated hens’ eggs (Health Canada). After 48 hours of incubation at 33.5°C with
5% CO,, the eggs were chilled either for 24 hours at 4°C or 30 minutes at -20°C. 3-5ml
amniotic fluid was collected and centrifuged at 600 x g for 10 minutes. The influenza
virus in amniotic fluid was distributed in 1ml aliquot and stored at -80°C. The influenza

titre was quantified by plaque assay and haemagglutination assay.

2.9 Influenza infection

Influenza infection experiments were carried out in 6-well plates. A549 or MDCK
cells were seeded at a density of 3x10° per well in normal growth medium supplemented
with FBS and pen/strep. After 24 hours of incubation at 37°C, cells were washed three
times with 1ml pure growth medium stripped of any supplements. One well of cells were
trypsinized and the number of cells was counted for calculating the multiplicity of
infection (MOI). MOI=1 and MOI=5 were used for influenza infection. Based on the
MOI, the correct amount of influenza virus was dissolved in 100ul of pure growth
medium. The washing medium in the well was removed and 100pul virus medium was
overlaid on the cells. The cells and virus were incubated for 1 hour at 37°C with 5% CO,
to allow virus binding on the cells. After 1 hour of incubation, the 100ul virus medium
was removed and the cells were washed three times with 1ml pure growth medium to
remove any unbinding virus. The infected cells were then maintained in growth medium
supplemented with 0.2% BSA, 25mM HEPES Buffer, 1% pen/strep and TPCK-trypsin
(Sigma-Aldrich). 0.125 pg/ml TPCK-trypsin in F-12K medium was used for A549 cells

while MDCK cells required 2 pg/ml TPCK-trypsin in DMEM.
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2.10 Plaque assay

Plaque assay was performed according to the infection procedures described
above and the procedures reported by Matrosovich et al (110). In brief, 3x10° MDCK
cells were seeded in each well of a 6-well plate. Following 24 hours of 37°C incubation,
the cells were washed three times with 1ml MDCK medium. The influenza virus was
serially 10-fold diluted in MDCK medium. The wash medium was removed and 100pl
each of 10” to 10" fold diluted influenza was added to each well. After 1 hour of 37°C
incubation, the virus was removed and the cells were washed three times with 1ml
MDCK medium. Finally, 3ml of 0.9% overlay agar supplemented with 1X DMEM
medium, 0.2% BSA, 25mM HEPES Buffer, 1% pen/strep and 2 pg/ml TPCK-trypsin was
put on top of the infected cells. After 3 days of incubation at 37°C with 5% CO,, the agar
was removed and the cells were fixed in 10% neutral buffered formalin for 30 minutes at
4°C. After fixing, the cells were stained with crystal violet. The number of plaques was
counted in each well, and the titre of the influenza samples was reported in plaque

forming units per ml (pfu/ml).

2.11 Haemagglutinatin assay

The procedures for haemagglutination assay are documented in the World Health
Organization manual on animal influenza diagnosis and surveillance (109). 50ul of
pH=7.2, 0.01M phosphate-buffered saline (PBS) were added to each well in a 96-wells
plate. 50ul of influenza virus was added to the first well and serially two-fold diluted by
transferring 50pul from the first well to the next well down the row. 50ul of PBS washed

0.5% Alsever’s turkey red blood cells were added to the diluted influenza in each well.
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After 30 minutes of incubation at room temperature, haemagglutination patterns were
record. The HA titre was reported as the reciprocal of the highest dilution of virus that

caused complete haemagglutination.

2.12 MTS assay

CellTiter 96® AQueous MTS Reagent (Promega) was used according to the
manufacturer’s instruction. The tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt] MTS solution
was stored at -20°C and thawed prior to the assay. A549 cells were cultivated in 96-well
plate at a density of 20000 cells per well in 50ul of F12K growth medium. A/WS/33
HINI1 influenza stock was serially ten-fold diluted with F12K virus medium and
hydrocortisione was serially half-log diluted in regular F12K growth medium. 50ul each
of diluted virus or hydrocortisone were added to the wells. After 72 hours of influenza
infection or 24, 48 and 72 hours of hydrocortisone treatment, S0ul of MTS reagents were
added. After 1-1.5 hour incubation at 37°C, 100ul of 10% SDS were added to each well
to stop the reaction. The light absorbance at 490nm was measured by a 96-well plate

reader.

2.13 Protein extraction

Protein extraction followed the manufacturer’s instruction for Trizol reagent.
After removing the aqueous phrase for mRNA extraction as described above, 300ul of
100% ethanol was added to the organic phrase per Iml of Trizol reagent used. The

samples were mixed and centrifuged at 2000 x g for 5 minutes at 4°C. After
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centrifugation, the phenol-ethanol supernatant was separated into a 15ml falcon tubes
(Sarstedt). 1.5ml of isopropanol was added to precipitate the protein. The sample was
incubated for 10 minutes at room temperature followed by centrifugation at 12000 x g for
10 minutes at 4°C. Finally, the protein precipitate was washed 3 times with 2ml of 0.3M
guanidine hydrochloride in 95% ethanol, vacuum dried and dissolved in 300ul of 1%
SDS. The protein product was then quantified using Bradford Protein Assay reagent
(Bio-Rad) following the manufacturer’s instruction. Alternatively, for extracting protein
samples from cells, where mRNA extraction was not required, the cells were directly
dissolved in 300ul of Triton X-100 lysis buffer (1% Triton X-100, 150mM NaCl, 50mM
Tris-HCI, pH 7.5 and 1X Complete Protease Inhibitor Cocktail (Roche)) in a 6-well plate.
The protein dissolved in the Triton X-100 buffer was quantified by Bradford Protein

Assay reagent.

2.14 Western blot

Protein samples were mixed with 2x protein loading buffer (62.5 mM Tris-HC1
(pH 6.8), 2% SDS, 10% glycerol, 2% B-mercaptoethanol, 0.0005% bromophenol blue)
and boiled at 100°C for 5 minutes. Samples were loaded to a 10% SDS-polyarylamid gel
and were run at 120V for 30-40 minutes. After electrophoresis, the protein was
transferred to nitrocellulose membranes (Millipore) by semi dry transfer method at
210mA for 3 hours. Membranes were blocked by 5% non-fat dry milk in Tris-buffered
saline (TBS) with 0.05% Tween-20 (Sigma-Aldrich) for 1 hour at room temperature.
Membranes were then incubated with 1:5000 diluted mouse anti-f-actin monoclonal

antibody (Becton Dickenson) or rabbit anti-FKBPS5 polyclonal antibody (Santa Cruz) in

27



Tween TBS (TTBS) milk solution for 1 hour at room temperature. The membranes were
washed 3 times, 5 minutes each, in TTBS, and incubated with 1:10000 diluted goat anti-
mouse IgG-HPR (Santa Cruz) or goat anti-rabbit IgG-HPR (Santa Cruz) secondary
antibodies in TTBS milk solution for 1 hour at room temperature. Finally, the membranes
were washed again 3 times, 5 minutes each, in TTBS and visualized by Amersham
Enhanced Chemiluminescence (ECL) Plus Western Blotting Detection Reagents (General

Electric Healthcare).
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CHAPTER 3 - RESULTS
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3.1 A/WS/33 H1IN1 influenza was viable in A549 cells and produced viable virus

Here, I investigated FKBPS up-regulation during influenza infection and its
function in disease development. Our laboratory has previously shown that FKBPS, a
peptidylproline cis-trans isomerase (PPlase), is up-regulated at the site of influenza
infection such as lung and nasal turbinate in a ferret infection model (75). PPlases, such
as cyclophilin A and cyclophilin B, are required for human immunodeficiency virus (HIV)
and hepatitis C virus (HCV) replication respectively (99, 100). However, the function of
FKBPS in influenza replication is not well understood. I established an in vitro system to
test the hypothesis that influenza infection increased FKBPS expression which affected
influenza replication. Since epithelial cells are the primary cellular targets for influenza
infection in lung, A549 alveolar epithelium cell culture model was chosen to determine if
A/WS/33 HINI influenza could be cultured.

A549 cells were infected with A/WS/33 HINI influenza at the multiplicity of
infection (MOI) of 5, 0.5, 0.05 and MOI=0 as an uninfected control. Culture medium was
collected at 0, 12, 24, 48 and 72 hours and influenza replication was assessed by
haemagglutination assay (HA) and plaque assay. The viral protein haemagglutinin level
increased throughout the course of the experiment from O to 72 hours (Figure 1A).
Influenza replication increased at a dose-dependent manner, since the higher initial
inoculation of MOI=5 led to higher haemagglutinin production than the lower doses
inoculations MOI=0.5 and MOI=0.05 (Figure 1A). At MOI=0 (no infection control), no
haemagglutinin was detected. These results demonstrated that A/WS/33 HIN1 influenza

was able to replicate in A549 cells.
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To confirm that the influenza virus produced by AS549 cells was viable and
infectious, plaque assays were performed on samples from the MOI=5 infection.
Consistent to the HA results, influenza was replicated in A549 cells as the number of
infectious particle increased to over 80000 pfu/ml after 12 hours of infection (Figure 1B).
The number of infectious particles decreased gradually after 24 hours continuing to 72
hours as the influenza virus destabilized (Figure 1B). This decrease was not observed in
HA (Figure 1A), as HA was measuring viral protein levels from both the viable and non-
viable viruses. Taken together, the results of the HA and plaque assays suggested that

A/WS/33 HINI influenza replicated and produced infectious viral particles in A549 cells.
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Figure 1. A/WS/33 HINI1 influenza replicated and produced infectious virus in A549
cells.

A549 cells were infected by A/WS/33 HIN1 at MOI=5, 0.5 and 0.05 with MOI=0 as an
uninfected control. Culture medium was collected at 0, 12, 24, 48 and 72 hours post
infection, and influenza replication was monitored by (A) haemagglutination assay and
(B) plaque assay. (A) Haemagglutinin viral protein level increased from 0 to 72 hours.
Higher haemagglutinin level was observed in samples from MOI=5 than MOI=0.5 and
MOI=0.05. No haemagglutinin was detected in the uninfected negative control. (B)
Plaque assay on samples from MOI=5 confirmed that influenza virus produced in A549
cells were viable. The number of viable viruses peaked at 12 hours and gradually
decreased from 24 to 72 hours.
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3.2 A/WS/33 HIN1 influenza decreased the viability of A549 cells

After demonstrating that A/WS/33 HINI1 influenza can replicate in A549 cells, I
next examined the effect of influenza replication on the metabolism and viability of A549
cells. A549 cells were cultivated and infected with ten-fold serial dilutions of A/WS/33
HINT influenza. 72 hours after infection, the viability of the A549 cells was examined by
[3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium, inner salt] MTS assay.

When A549 cells were infected with A/WS/33 HIN1 influenza, the cells showed
low absorbance of 0.2 for 1/10, 1/100 and 1/1000 fold diluted influenza samples (Figure
2) indicating low viability. When the virus was diluted from 10* to 10° fold, the
absorbance gradually increased (Figure 2). As expected, for 107 to 10" fold highly
diluted influenza and no infection control, the absorbance remained high at 1.0 (Figure 8).
The absorbance value of 0.2 for influenza samples was comparable to the absorbance
value of 0.1 for dead A549 cells killed by SDS and MTS alone control, suggesting
A/WS/33 HINI1 decreased the viability of A549 cells (Figure 2). The results
demonstrated that A/WS/33 HINI infection of A549 cells affected cellular metabolism
and viability and suggested that A549 cells as the cell model for investigating influenza

replication.
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Figure 2. A/WS/33 HIN1 influenza decreased A549 cells viability.

A549 cells were infected by serially diluted A/WS/33 HIN1 influenza for 72 hours. Cell
viability after infection was measured by MTS assay. SDS treated cells and MTS
reagents alone without cells were used as control. At high influenza titre (10" to 10’ fold
dilution), the viability of A549 cells was low with A49, at around 0.2, which was
comparable to A9, value of 0.1 for killed cells and MTS alone controls. As the influenza
titre decreased (104 to 10 fold dilution), the A4g, values increased. For highly diluted
influenza samples (104 to 107 fold dilution), the A49, of 1.0 was comparable to uninfected
cells control.
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3.3 A/WS/33 HINI1 influenza infection did not increase FKBPS expression at mRNA
and protein levels in A549 cells

I next tested the hypothesis that influenza infection could up-regulate FKBPS5
expression in the host cells. A549 cells were infected by A/WS/33 HINI influenza at
MOI=1. At 0, 10 and 26 hours post-infection, mRNA and protein were extracted from
A549 cells. FKBPS expression in mRNA was determined by RT-PCR and FKBP5
protein level was measured by Western blot with the use of densitometry quantification.

FKBP5 mRNA level remained constant throughout the course of the experiments
for both infected and uninfected A549 cells (Figure 3A). Furthermore, FKBP5 protein
levels also did not change in both infected and uninfected A549 cells (Figure 3B). The
results of the RT-PCR and Western blot analysis showed that A/WS/33 HIN1 influenza

infection did not increase the FKBP5 expression level.
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Figure 3. A/WS/33 HIN1 influenza infection did not enhance FKBP5 mRNA and
protein level in A549 cells.

A549 cells were infected by A/WS/33 HINI at MOI=1. FKBP5 mRNA and protein level
were measured by (A) RT-PCR and (B and C) western blot at 0, 10 and 26 hours post
infection. (A) FKBP5 mRNA level remained constant for both infected and uninfected
AS549 cells. (B) FKBPS protein levels for infected and uninfected A549 cells were similar.
No increase of FKBPS protein level was observed. (C) A section of western blot for 10
hours protein sample is shown to demonstrate densitometry quantification.
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3.4 FKBP5 expression was enhanced by hydrocortisone but not by the influenza
strains A/NWS/33 HIN1 and A/PR/8/34 HIN1

Influenza infection activates the anti-viral immune responses and the production
of pro-inflammatory cytokines such as TNFa and IL-6 by cells such as neutrophils and
macrophages (111). These pro-inflammatory cytokines in turn activate the Hypothalamic-
Pituitary-Adrenal (HPA) axis and to increase adrenal glucocorticoid levels (112). It has
previously been shown that glucocorticoid stimulation can increase FKBP5 expression in
human peripheral blood mononuclear cells (PBMCs) (113). Furthermore, an in vivo study
investigating NewCastle disease virus infection in chickens reported that viral infection
led to the up-regulation of glucocorticoid expression to induce FKBPS expression in the
lung (114). From these previously published studies, I investigated if increased levels of
glucocorticoid levels at the site of influenza infection could induce FKBPS expression.

To test this hypothesis, hydrocortisone, the native form of human adrenal
glucocorticoid, was added to A549 cells and FKBPS5 expression was measured by RT-
PCR. Moreover, infection with the influenza strains A/NWS/33 HIN1 and A/PR/8/34
HINTI were also tested for the ability to induce FKBP5. A549 cells were cultivated and
infected with A/WS/33 HIN1, A/NWS/33 HIN1 and A/PR/8/34 HINI at MOI=1 or
stimulated with 10uM hydrocortisone. Samples were taken at 0, 4, 8, 12, 24 and 48 hours
post infection/stimulation. Following RNA extraction, FKBP5 expression was measured
by RT-PCR. Normal allantoic fluid and regular F12K medium were used as negative
controls.

Consistent with the previous results, A/WS/33 HINI1, A/NWS/33 HINI and

A/PR/8/34 HINI1 did not increase FKBPS expression at early or late infection time points
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(Figure 4). Furthermore, the FKBPS expression levels were similar to normal allantoic
fluid and regular medium negative controls (Figure 4), confirming that influenza
replication did not increase FKBPS. In contrast, 10uM hydrocortisone enhanced FKBP5
expression by 19 to 53 fold throughout the time course. The up-regulation of FKBPS
peaked at 12 hours and gradually reduced at 24 and 48 hours following hydrocortisione

stimulation (Figure 4).
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Figure 4. FKBPS5 expression was increased by hydrocortisone stimulation

A549 cells were infected with A/WS/33 HIN1, A/NWS/33 HINI or A/PR/8/34 HIN1
influenza at MOI=1 or stimulated by 10uM hydrocortisone. Normal allantoic fluid and
regular F12K medium were used as negative controls. FKBP5 expression was measured
by RT-PCR at 0, 4, 8, 12, 24 and 48 hours. All three influenza strains did not increase
FKBPS5 expression throughout the experiment. Stimulation with 10uM hydrocortisone
increased FKBP5 expression by 19 to 53 fold.
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3.5 FKBPS expression was not enhanced by influenza infection in MDCK cells

Since influenza infection did not induce FKBPS5 expression in A549 cells, Madine
Darby Canine Kidney (MDCK) cells were also investigated for influenza stimulated
FKBP5 expression. MDCK cells are standard cells for influenza isolation and support the
replication of different influenza strains. Therefore, MDCK cells made a suitable cell line
to investigate influenza stimulated up-regulation of FKBPS.

MDCK cells were infected by A/WS/33 HINI influenza at MOI=1. FKBP5
expression in MDCK cells was examined by RT-PCR at of RNA extracted from samples
at 0, 1 and 10 hours and by Western blot with densitometry quantification at 10 hours. At
0 and 1 hours, FKBP5 mRNA expression in infected and uninfected MDCK cells was
similar (Figure 5A). At 10 hours, infected MDCK cells showed a slight increase in
FKBPS5 expression but the increase was not significant with p=0.31 (Figure S5A).
Furthermore, Western blot analysis demonstrated that at 10 hours, there was no
significant difference in FKBPS protein levels between infected and uninfected MDCK

cells (Figure 5B).
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Figure 5. A/WS/33 HIN1 infection did not up-regulate FKBP5S mRNA and protein
level in MDCK cells.

MDCK cells were infected by A/WS/33 HIN1 at MOI=1. FKBP5 mRNA and protein
level were measured by (A) RT-PCR and (B and C) western blot at 0, 1 and 10 hours post
infection. (A) FKBP5S mRNA levels for infected and uninfected MDCK cells were
similar at 0 and 1 hours. At 10 hours, there was a slight increase in FKBPS5 expression but
the increase was not statistically significant (p=0.31). (B) At 10 hours, FKBP5 protein
levels for infected and uninfected A549 cells were comparable with p=0.24. (C) A
section of western blot at 10 hours protein sample was analysed by densitometry
quantification.
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3.6 Effect of hydrocortisone on growth of A549 cells

It has previously been shown that FKBPS is up-regulated at the site of influenza
infection such as lung and nasal turbinate in a ferret infection model (75). I have shown
that FKBPS5 was not increased by influenza infection but was enhanced by hydrocortisone
in A549 cells, possibly as a physiological response to suppress inflammation. However, it
is not known whether FKBP5 up-regulation has an effect on viral replication. I went on to
investigate the effect of hydrocortisone stimulated up-regulation of FKBPS5 on the
influenza replication.

Prior to infection studies, I first sought to determine the effect of hydrocortisone
alone on the growth of A549 cells. Cells were seeded and stimulated with hydrocortisone.
After 24, 48 and 72 hours, the growth of A549 cells was measured by MTS assay. The
growth of the A549 cells in the presence and absence of hydrocortisone was similar at 24,
48 and 72 hours (Figure 6A-C). These results showed that stimulation with 10uM of
hydrocortisone, which was used in previous experiments, did not affect the growth of
AS549 cells and indicated that 10uM hydrocortisone was suitable to be used in testing

FKBPS affected influenza infection.
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Figure 6. Hydrocortisone had minimal effect on the growth of A549 cells.

AS549 cells were treated with serially diluted hydrocortisone in F12K medium. At 24, 48
and 72 hours, cell growth was measured by MTS assay. Hydrocortisone treated A549
cells and untreated cells show similar A4g, value at (A) 24 hours, (B) 48 hours and (C) 72
hours. GC: glucocorticoid
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3.7 FKBPS expression did not affect A/WS/33 HIN1 influenza replication

Next, I went on to investigate the effect of hydrocortisone stimulated FKBPS up-
regulation on influenza replication. A549 cells were stimulated with hydrocortisone to
up-regulate FKBP5 and subsequently infected with A/WS/33 HIN1 influenza at MOI=5.
Culture medium was collected at 0, 12, 24, 48 and 72 hours and influenza was titred by
HA and plaque assay. Interestingly, influenza replicated well in both hydrocortisone-
treated A549 cells and no treatment control (Figure 7A). As well, viral protein
haemagglutinin levels were similar in both hydrocortisone-treated and untreated samples,
suggesting that FKBPS up-regulation had no effect on influenza replication (Figure 7A).
Infectious influenza particles in 0 and 24 hours samples were measured by plaque assay.
Consistent with the results from HA assays, the increase in viral particles were similar in
hydrocortisone-treated and untreated samples with p=0.74 (Figure 7B). Together, these
results indicated that hydrocortisone stimulated FKBP5 up-regulation does not affect

influenza replication.
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Figure 7. Hydrocortisone stimulated FKBPS up-regulation did not affect A/WS/33
H1NT1 influenza replication.

A549 cells were treated with 10uM hydrocortisone 12 hours after seeding to increase
FKBPS5 expression. 12 hours after hydrocortisone addition, A549 cells were infected by
A/WS/33 HINI1 influenza at MOI=5 and MOI=0 for uninfected control. At 0, 12, 24, 48
and 72 hours post infection, culture medium was collected and influenza replication was
measured by (A) haemagglutination assay and (B) plaque assay. (A) Haemagglutinin
viral protein level increased from O to 72 hours. Haemagglutinin levels were similar in
both hydrocortisone treated and untreated samples. (B) Viable influenza particles at 24
hours were similar for hydrocortisone treated and untreated samples with p=0.74.
GC:glucocorticoid
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3.8 TNFa stimulation of A549 cells enhanced IL.-6 and IL-8 production

The above experimental results suggested that up-regulation of FKBPS during
influenza infection was not caused by influenza replication. Rather, it appeared to be a
physiological response to glucocorticoid in viral infection. Although my results showed
that FKBPS5 up-regulation did not affect influenza replication, the role of FKBPS5 in other
aspects of influenza disease remains poorly understood.

During influenza infection in the lung, infected epithelial cells of the lung secrete
IL-8 and CCL2 to recruit neutrophils and monocytes (115). Neutrophils and
monocytes/macrophages then produce TNFa, IL-1 and IL-6 to initiate inflammation
process (111). These pro-inflammatory cytokines activate the HPA axis and as a negative
feedback mechanism adrenal glucocorticoid is secreted to suppress pro-inflammatory
cytokine production (112) to control inflammation. Since glucocorticoid increased
FKBPS5 expression and FKBP5 has been shown to interact with immune response
pathways such as NF-kB (94), I went on to investigate whether FKBP5 up-regulation
facilitates the suppressive effect of glucocorticoid on cytokine production in lung cells.

Prior to investigation of this hypothesis, I first sought to determine if A549 cells
responded to TNFa by producing pro-inflammatory cytokines such as IL-6 and IL-8.
Cytometric bead array (CBA) was the tool used to measure cytokines secreted from the
cells to the medium. CBA employs five populations of beads which specifically capture
human pro-inflammatory cytokines IL-1p, IL-6, IL-8, IL-10 and IL-12p70. Due to the
distinct fluorescence intensity of each bead, the five bead populations can be resolved in
the FL3 channel of a flow cytometer, allowing the simultaneous measurement of five

cytokines within one sample. The amount of cytokine captured on the bead is then
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quantified by phycoerythrin(PE)-conjugated detection antibodies and measured in the
FL2 channel of a flow cytometer. Prior to sample measurement, a standard curve
correlating the FL2 fluorescence intensity with the amount of cytokine was made by
using serially 2-fold diluted human inflammation standard. Standard curves for IL-6 and
IL-8 were shown here as an example (Figure 8).

A549 cells were stimulated with 100ng/ml TNFa and the culture medium was
collected at 0, 12, 24 and 48 hours after TNFa stimulation. Pro-inflammatory cytokines
were quantified by cytometric bead array (CBA). In response to TNFa, IL-6 increased 13,
31 and 81 fold at 12, 24 and 48 hours, respectively (Figure 9A). Similarly, IL-8
production increased from 303 pg/ml to over 5000 pg/ml, the detection limit of CBA
after TNFa stimulation (Figure 9B). This increase was not observed in the no treatment
control. These data suggest that A549 cells are capable of producing pro-inflammatory

cytokine following TNFa stimulation.
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Figure 8. Cytometric bead array standard curves for IL-6 and IL-8

Human inflammation standards were serially 2-fold diluted and incubated with the
cytometric beads. The median fluorescence intensity of the beads in FL2 channel was
plotted against the concentration of the cytokine to generate a standard curve for IL-6 (A)
and IL-8 (B). MFI: median fluorescence intensity
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Figure 9. A549 cells produced IL-6 and IL-8 in response to TNFa stimulation.
AS549 cells were stimulated with 100ng/ml TNFao and supernatant IL-6 (A) and IL-8 (B)
cytokine levels were measured by CBA at 0, 12, 24 and 48 hours. (n=3, mean * SD)
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3.9 A549 cells did not produce IL-1, IL.-10 and IL-12 in response to TNFa

IL-1 and IL-12 are important pro-inflammatory cytokines produced by
neutrophils and macrophages to sustain the pro-inflammatory state during influenza
infection (111). Conversely, IL-10 is an anti-inflammatory cytokine produced by effector
T cell to regulate the inflammation process (116). I next sought to investigate the
production of IL-1, IL-10 and IL-12 by AS549 cells following TNFa stimulation.
Furthermore, I wanted to determine if glucocorticoid stimulation could suppress the
production of these cytokines. A549 cells were stimulated with 100ng/ml TNFa and
cytokine production was measured at 0, 12, 24 and 48 hours by CBA. In contrast to IL-6
and 1L-8, A549 cells did not produce IL-1, IL-10 and IL-12 in response to TNFa (Figure
10A-C). These data are consistent with the literature that IL-10 and IL-12 are primarily

produced by white blood cells and not by epithelial cells (6).
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Figure 10. A549 cells did not produce IL-1, IL-10 and IL-12 in response to TNFa
stimulation.

A549 cells were stimulated with 100ng/ml TNFa and cytokine production in the

supernatant was measured by CBA at 0, 12, 24 and 48 hours. (A) IL-6 (B) IL-10 (C) IL-
12 were not produced in response to TNFa stimulation.
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3.10 Glucocorticoid stimulation inhibited IL-6 and IL-8 production in A549 cells
After demonstrating that A549 cells produced IL-6 and IL-8 in response to TNFa,
I next sought to investigate the effects of glucocorticoid on cytokine production. Cultured
A549 cells were stimulated with hydrocortisone, at a final concentration of 10uM.
Following the addition of hydrocortisone, A549 cells were stimulated with 100ng/ml
TNFa and cytokine production was measured by CBA at 0, 12, 24 and 48 hours. IL-6
production increased in the cells stimulated with TNFo without hydrocortisone treatment
(Figure 11A). Interestingly, in the presence of hydrocortisone, the production of IL-6 was
suppressed with 1.7, 2.8 and 5.8 fold at 12, 24 and 48 hours respectively (Figure 11A).
Furthermore, hydrocortisone reduced IL-8 production from over 5000 pg/ml to 3456
pg/ml at 12 hours (Figure 11B), suggesting that hydrocortisone can suppressed pro-
inflammatory cytokine production in A549 cells. Taken together, these results
demonstrated that A549 cells produced pro-inflammatory cytokines in response to TNFa
and that hydrocortisone stimulation suppressed cytokine production. Furthermore, this
suggested that A549 cells are a good model to study the molecular events responsibly

involved in the suppression of cytokine production and particularly the role of FKBPS.
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Figure 11. Hydrocortisone suppressed IL-6 and IL-8 production in A549 cells.

AS549 cells were cultivated in F12K medium and subsequently treated with 10uM of
hydrocortisone. The cells were then stimulated with 100ng/ml TNFa, and the cytokine
production was measured by CBA at 0, 12, 24 and 48 hours. (A) IL-6 production
increased after TNFa stimulation and was inhibited in the hydrocortisone treated samples.
(B) Hydrocortisone inhibited TNFa stimulated IL-8 increase. (n=3, mean * SD)
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3.11 siRNA transfection of A549 cells down-regulated FKBPS expression

Above I have shown that FKBPS expression is inducible upon hydrocortisone
treatment. I next wanted to further investigate the suppressive effects of FKBPS5
expression on cytokine production. To investigate effects of FKBP5 expression, I
developed FKBP5 siRNA to knock down FKBPS. As a quality control step, 1 tested the
siRNA transfection reagent and double strand RNA itself to ensure there were not non-
specific effects leading to inhibition of FKBP5 expression. Other factors such as time of
transfection and concentration of siRNA were also optimized. Cultured A549 cells were
transfected with siRNA in F12K medium using Ambion Neo f(x) transfection reagent.
Following transfection 10uM hydrocortisone was added to A549 cells to induce FKBP5
expression. The cells were then harvested and mRNA was extracted and FKBPS5
expression was measured by RT-PCR.

Consistent to previous experimental results, when A549 cells were treated with
hydrocortisone, there was a 22 fold increase in FKBP5 expression (Figure 12A).
Comparing A549 cells treated with GC in the presence and absence of Neo f(x)
transfection reagent, there is 17% decrease in FKBP5 expression when transfection
reagent was present. However, the difference was not statistically significant as
demonstrated by a Student’s T-test (p=0.21) (Figure 12A). These results indicated that
the transfection conditions had only minimal effects on FKBPS5 expression.

I next tested whether FKBPS specific siRNA could knock down FKBP5. FKBP5
siRNA inhibited expression by 53%, 45% and 45% with p=0.03, p=0.06, p=0.06 for
siRNA concentration of 30, 15 and 5nM respectively (Figure 12A). The scrambled

sequence siRNA that did not target any human gene had an 8%, 16% and 20% decrease
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in FKBP5 expression at siRNA concentration of 30, 15 and 5nM respectively. However,
these decreases were not statistically significant with p=0.22, p=0.26 and p=0.29. In
summary, FKBP5 siRNA significantly decreased FKBP5 expression in A549 cells by
40%, while mock transfection and non-specific siRNA did not have any statistically
significant effect on FKBPS expression.

To further confirm the effects of FKBP5 siRNA and to optimize the parameters
for efficient gene silencing, the siRNA experiment was repeated using two sets of FKBPS
siRNA changing the time of hydrocortisone addition to 12 hours instead of 36 hours as
used before. Similar to the previous experiment, FKBPS5 siRNA set 2 decreased FKBPS
expression by 43%, 22% and 42% at concentrations of 30, 15 and 5nM (Figure 12B).
FKBPS5 siRNA set 3 also inhibited FKBPS expression by 39% at 5nM concentration
(Figure 12B).

The results from these two experiments demonstrated that two sets of FKBPS
siRNA were able to knock down FKBP5 expression as early as 12 hours post-transfection
and continue to be effective at 36 hours post-transfection. Furthermore, the SnM siRNA
concentration was as effective as 30nM for siRNA set 2 and 5SnM was most effective for
set 3. Therefore, for subsequent experiments in testing the effect of FKBP5 knock down
on the ability of hydrocortisone to suppress cytokine production, SnM of siRNA was

chosen and 10uM hydrocortisone was added 24 hours post-transfection.
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Figure 12. FKBPS siRNA transfection of A549 cells decreased FKBPS expression.
(A) A549 cells were transfected with FKBP5 siRNAs and control siRNAs. After 36 hours,
10uM hydrocortisone was added. 12 hours after hydrocortisone addition, mRNA was
extracted and FKBPS5 expression was analysed by RT-PCR. In response to
hydrocortisone, FKBP5 expression was increased by 22 fold (1% and 2" bars).
Transfection reagent (3™ bar) and non-specific scrambled sequence siRNAs (yellow bars)
did not have a statistically significant effect on FKBP5 expression. In contrast, FKBPS
specific siRNA set 2 (light green bars) significantly decreased FKBPS by 45-53%. (n=3,
error bars represent standard deviation, results analyzed by Student’s T-test compared to
no treatment + GC value)

(B) A549 cells were transfected with FKBPS5 specific siRNA. After 12 hours, 10uM
hydrocortisone was added. mRNA was extracted 12 hours later and FKBP5 expression
was analyzed by RT-PCR. FKBPS5 specific siRNA set 2 (light green bars) significantly
decreased FKBPS5 expression by 42% at 30nM and 5nM concentration. FKBP5 siRNA
set 3 (orange bars) also decreased FKBPS expression by 39% at SnM concentration. (n=3,
error bars represent standard deviation, results analyzed by Student T-test compared with
the no treatment + GC sample). GC: glucocorticoid
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3.12 FKBP5 knockdown decreased the suppressive effect of hydrocortisone on
cytokine production

Since A549 cells responded to TNFa and hydrocortisone and FKBPS siRNA was
effective in knocking down FKBPS5 expression in A549 cells, I examined the effect of
FKBPS5 knockdown on the suppressive action of hydrocortisone by measuring IL-6 and
IL-8 production. A549 cells were seeded and transfected with 5nM FKBPS5 and control
siRNA. 24 hours following transfection, A549 cells were treated with 10uM
hydrocortisone. Subsequently, the cells were stimulated with 100ng/ml of TNFa and
cytokine production in culture medium was quantified by cytometric bead array.

Consistent with previous results, TNFo increased IL-6 production and
hydrocortisone suppressed IL-6 production (Figure 5A). When FKBPS5 was knocked
down by FKBP5 siRNA set 2 and set 3, both increased IL-6 production at 24 and 48
hours compared to the negative control scrambled sequence siRNA (Figure 13A). The
FKBPS5 siRNA set two showed a 31% increase and a 22% increase at 24 and 48 hours
with p=0.03 and p=0.06 compared to the scrambled sequence siRNA control (Figure
13B). For FKBPS5 siRNA set 3, there was also a 21% increase and a 17% increase in IL-6
production at 24 and 48 hours with p=0.09 and p=0.05 compared to scrambled sequence
siRNA control (Figure 13B).

The results of IL-8 were similar to the IL-6 results: A549 cells increased IL-8
production following TNFo stimulation and IL-8 production was suppressed by
hydrocortisone treatment (Figure 14A). When FKBP5 was knocked down by siRNA set 2
and 3, IL-8 production increased at 24 hours compared to scrambled sequence siRNA

(Figure 14A). There was a 19% and 21% increase, p=0.11 and p=0.08, for set 2 and set 3
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respectively (Figure 14B). At 48 hours, the IL-8 level in the culture medium exceeded the
detection limit of CBA at 10000pg/ml.

In conclusion, when FKBP5 was knocked down, the suppressive effect of
hydrocortisone was reduced and IL-6 and IL-8 production tended to be increased.
Furthermore, RT-PCR was performed to ensure that siRNA was knocking down FKBP5
expression. Similar to the previous siRNA experiments, both set 2 and set 3 were

effective in minimizing FKBP5 expression by 40% (Figure 15).
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Figure 13. FKBP5 knockdown minimized the effect of hydrocortisone and increased
IL-6 level.

AS549 cells were seeded and transfected with FKBPS5 siRNA or scrambled siRNA. After
24 hours, 10uM hydrocortisone was added followed by the treatment with 100ng/ml of
TNFo. IL-6 production was measured by CBA at 0, 12, 24 and 48 hours. (A) IL-6
production increased with TNFa and was suppressed by hydrocortisone (1%, 2" and 5"
bars). When FKBPS5 was knocked down, a trend of increasing of IL-6 production at 24
and 48 hours compared to scrambled sequence siRNA (3", 4™ and 5" bar) was seen. (B)
IL-6 production increased by 30.7% and 20.5% in FKBP5 siRNA set 2 and set 3 samples
(2" and 3™ bars) compared to scrambled sequence siRNA (4™ bars) with p=0.03 and
p=0.09, respectively. At 48 hours, there were also a 21.8% increase and a 16.8% increase
in IL-6 production in FKBP5 siRNA set 2 and set 3 samples (2™ and 3™ bars) compared
to scrambled siRNA (4™ bars) with p=0.06 and p=0.05 respectively. (n=3, mean * SD)
GC: glucocorticoid
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Figure 14. FKBP5 knockdown minimized the effect of hydrocortisone and increased
IL-8 level.

IL-8 production was measured by CBA under the same conditions as the assessment of
IL-6. (A) Similar to IL-6, IL-8 production was increased by TNFa and suppressed by
hydrocortisone (1%, 2" and 5™ bars). When FKBP5 was knocked down IL-8 production
increased at 24 hours (3" and 4™ bars) compared to the scrambled siRNA (5" bar). At 48
hours, the IL-8 production exceeded the detection limit of CBA at 10000 pg/ml. (B) IL-8
production at 24 hours increased 18.5% and 20.8% in FKBP5 siRNA set 2 and set 3
samples (2" and 3" bars) compared to the scrambled siRNA (4™ bars) with p=0.11 and
p=0.08 respectively. (n=3, mean * SD) GC: glucocorticoid
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Figure 15. FKBPS expression knockdown by FKBPS siRNA transfection.

RT-PCR was performed on mRNA from A549 cells at TNFa stimulation O hours.
Consistent to the results of two previous siRNA experiments, FKBP5 siRNA set 2 and set
3 at 5nM concentration knocked down FKBPS5 expression by 40% with p=0.17 and
p=0.16 respectively. GC: glucocorticoid
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CHAPTER 4 — DISCUSSION
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Microarray technology has been used to study host gene expression of various
viral infections such as HIV (117) and Herpes Simplex Virus (118). Importantly, this
technique has yielded valuable information of host immune responses and disease
progression events. This thesis is based on the finding that FKBPS is up-regulated in the
lung during influenza ferret infection (75). Furthermore, FKBPS has been shown to
interact with cellular immune pathways such as calcineurin and NF-xB (80, 94), and to be
up-regulated by immunosuppressive agents (97, 98, 113). Here, an A549 lung cell line
model was used to investigate the cause of FKBP5 up-regulation and the function of
FKBPS up-regulation during influenza infection.

I first determined whether FKBPS up-regulation at the site of infection was
directly caused by influenza infection and replication. Infections by different strains of
influenza did not up-regulate FKBPS5 in A549 cells in either early (4-12 hour) or late (24-
48 hour) infections (Figures 3 and 4), suggesting that influenza replication was not the
direct cause of FKBPS5 up-regulation. This result is consistent with findings from the
literature which have not shown FKBP5 to be up-regulated by influenza infection in vitro.
A microarray study of influenza infection in A549 cells revealed that many important
immune response genes such as IFN-f and NF-«B are directly up-regulated by influenza
replication (72), but FKBP5 was not included in the list of up-regulated genes. The result
was further confirmed here where MDCK cells, which are susceptible to influenza
infection, were also unable to up-regulate FKBPS following influenza infection (Figure
5). This is consistent with another microarray study which showed that influenza
infections did not up-regulate FKBPS5 in other cell lines such as the human cervical

epithelial HeLa cell line (119).

78



As mentioned above, although influenza replication did not directly up-regulate
FKBPS5 at the cellular level, FKBP5 up-regulation was observed in a ferret in vivo study
(75). 1t is possible that FKBP5 up-regulation was indirectly caused by the host immune
response to influenza, and it is proposed here that glucocorticoid is the cause of the
FKBPS5 increase. During an influenza infection, infected lung cells and infiltrating
leukocytes secrete pro-inflammatory cytokines (111). In response to inflammation, the
adrenal gland secretes glucocorticoid to suppress inflammation and acts as a negative
feedback mechanism (112). Since glucocorticoid was shown to increase FKBPS levels in
different cells such as human PBMC (113) and the Pre-B human leukemia 697 cell (120),
glucocorticoid may be the stimulus of FKBPS up-regulation in the ferret lung. Here I
showed that glucocorticoid treatment caused a substantial increase of FKBPS expression
in A549 lung cells (Figure 4). This finding is in agreement with a study of New Castle
Disease Virus in chickens, which found that glucocorticoid up-regulation during a viral
infection led to a systemic increase of FKBPS in twelve organs of the infected animal,
including the lung (114).

Following the result that glucocorticoid up-regulated FKBPS5 in lung cells, two
aspects of the function during influenza infection were examined: the effect of FKBP5
regulation on influenza replication, and the role of FKBPS5 in mediating the suppressive
action of glucocorticoid on pro-inflammatory cytokine production. Influenza virus often
replicates by exploiting host immune response pathways. For instance, the virus uses
Tumor Necrosis Factor-related Apoptosis-inducing Ligand (TRAIL) and Cluster of
Differentiation 95 Ligand (CD95L), both of which are up-regulated by the anti-viral

NF-kB pathway, to enhance virus replication (121, 122). However, FKBPS5 up-regulation
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induced by glucocorticoid did not have any effect on A/WS/33 HINI replication in A549
cells at the viral particle or the viral protein levels (Figure 7), suggesting that FKBP5 up-
regulation provided no advantage to influenza replication. Even though there has been no
single study in the literature that directly investigated the relationship between FKBPS5
and influenza replication, other evidence is consistent with this result. For example,
lactoperoxidase (LPO) has been shown to up-regulate FKBPS in intestinal epithelial cells
(98); and, in an in vivo study, mice which had been fed with lactoperoxidase (LPO) were
infected with influenza and subsequently exhibited reduced lung inflammation and an
improved recovery (123). In that study, however, there was no difference in influenza
titre in the lungs of the mice after LPO treatment, suggesting that up-regulation of
FKBPS5 did not affect the influenza replication. Humans with a severe avian influenza
infection usually exhibit lung inflammation, which is sometimes suppressed by the
administration of glucocorticoid (124, 125). Safety of this medical practice is supported
by my findings that influenza replication is not promoted by glucocorticoid stimulation
and the accompanying up-regulation of FKBPS.

I further examined the function of FKBPS5 in mediating the suppressive effect of
glucocorticoid on cytokine production. Since TNFa is the pro-inflammatory cytokine
secreted by infiltrating macrophages and neutrophils, as well as by lung cells infected
with influenza (111, 115), inflammation events were mimicked by stimulating A549 lung
cells with TNFa. A549 cells responded to TNFa, producing high amounts of IL-6 and
IL-8 (Figure 9), a result which is consistent with findings in the literature that IL-6 and
IL-8 are produced in the lung during an influenza infection and at a particularly high rate

in the case of severe inflammations (126, 127). Furthermore, the production of IL-6 and
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IL-8 was reduced when glucocorticoid was introduced (Figure 11). Finally, when FKBP5
was down-regulated by siRNA in the presence of glucocorticoid, there was a trend of
increase in the IL-6 and IL-8 production compared to the glucocorticoid-only control
(Figure 13 and 14), suggesting that the suppressive effect of glucocorticoid was at least
partially mediated by FKBPS.

The concentration of TNFa used in this study (100ng/ml) was actually higher than
the concentration required for inducing IL-8 expression in A549 cells, which is 2ng/ml-
20ng/ml (128). It is possible that if a lower concentration of TNFa is used to induce a
medium expression of IL-6 and IL-8, a lower amount of glucocorticoid is required and
the effect of FKBPS knock-down by siRNA can be uncovered.

The finding that FKBPS played a positive role in suppressing cytokine production
concurs with previous findings in the literature. When mice were fed with LPO, which
can up-regulate FKBP5 (98), the mice exhibited a significant decrease in IL-6 levels in
their lungs, as well had reduced lung inflammation during influenza infection (123). This
is consistent with the idea that FKBPS plays a positive role in suppressing IL-6
production. Aspirin is an anti-inflammatory drug that can up-regulate FKBPS5, as shown
in a cellular study and an in vivo study in mice (97). Since I have shown that FKBPS5 can
suppress inflammatory cytokine production, it is possible that the anti-inflammatory
effect of aspirin is mediated by FKBP5 up-regulation.

In summary, the up-regulation of FKBPS in the lung during an influenza infection
is not caused by the replication of the influenza. Rather it is likely a physiological
response of lung cells to the increased circulating levels of glucocorticoid during virus

infections. This physiological increase in FKBP5 had a positive role in facilitating the
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suppressive effect of glucocorticoid on pro-inflammatory cytokine production, yet
glucocorticoid treatments and the subsequent increase of FKBPS do not have any effect
on influenza replication.

The finding that FKBP5 mediated the down-regulation of pro-inflammatory
cytokine production has several implications, especially pertaining to the therapeutic use
of glucocorticoid in treating severe cases of lung inflammation caused by avian influenza.
Glucocorticoid is a double-edged sword: although it suppresses inflammation, it also
decreases the ability of immune cells such as macrophage, neutorphils, cytotoxic T cells
and natural killer cells to clear the influenza virus (112, 129). Furthermore,
glucocorticoid treatments have been associated with side effects such as osteonecrosis,
which affected many patients who were treated with glucocorticoid during severe acute
respiratory syndrome (SARS) viral infection (130). Moreover, there is considerable
variability in the patient response to the use of glucocorticoid treatment of avian
influenza. Some patients responded well with high doses of glucocorticoid, while others
responded to a lower dose or did not respond at all (125). It is possible that a lower dose
of glucocorticoid can minimize the suppressive effect on the function of crucial immune
cells, such as T cell activation, while still causing the up-regulation of FKBPS5 (129). The
finding that FKBPS facilitated the suppressive effect of glucocorticoid on cytokine
production suggested that FKBPS stimulators such as LPO and aspirin can be used
instead of glucocorticoid in treating lung inflammations, thereby minimizing the side
effects of glucocorticoid. My finding that FKBPS up-regulation does not affect influenza
replication also suggested that FKBPS stimulators are safe drugs for controlling

inflammation caused by influenza.
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Another implication of my findings is that there are multiple pathways of
glucocorticoid action. The anti-inflammatory property of glucocorticoid has been well
studied, and mechanisms of action of glucocorticoid are mainly classified into two
categories: genomic mechanism, which affects gene expression, and non-genomic
mechanism, which acts through protein-protein interaction and is less characterized (107).
The finding that FKBPS mediated the suppressive effects of glucocorticoid may reveal a
novel mechanism in the non-genomic category, especially since FKBPS5 interacts with
various immune response pathways (80, 94). Study of this novel mechanism may also
reveal some therapeutic targets for suppressing pro-inflammatory cytokine production.

The findings here contribute to the understanding of FKBP5’s role in influenza
disease progression, and also have implications for the use of FKBP5 targeting influenza
therapeutics. However, these findings are limited by the fact that my experiments are
based on in vitro A549 cell line model. To confirm these results, future in vivo work is
suggested, as detailed below.

My in vitro work in A549 cells has determined that FKBPS5 up-regulation was not
caused by influenza, but by lung cells responding to the increase of glucocorticoid which
occurs during infection. To confirm that glucocorticoid is the cause of FKBPS up-
regulation during an in vivo influenza infection, it is proposed that glucocorticoid
antagonist RU-486 be used to treat infected mice or ferrets. It is expected that FKBP5 up-
regulation will be reduced when the animals are treated with RU-486 and infected with
influenza, since the effects of glucocorticoid are disrupted by RU-486 treatment. For
control animals infected with influenza in the absence of RU-486, a normal level of

FKBPS5 up-regulation should be observed. Thus, the animal model would support my

83



findings that glucocorticoid caused FKBP5 up-regulation during influenza infection.

In order to confirm the finding that FKBPS mediated the suppressive effect of
glucocorticoid, it is proposed that FKBP5 knockout mice be used, since FKBPS knockout
mice have previously been used to study the functions of FKBPS (131). To induce pro-
inflammatory cytokine production in the lung, mice would be treated with TNFa. Then,
the administration of glucocorticoid would suppress cytokine production, shown by IL-6
and IL-8 measurements by CBA and RT-PCR. For FKBPS5 knockout mice, the 1L-6 and
IL-8 expression in lung would be expected to be higher, as FKBPS5 would not be there to
mediate glucocorticoid’s suppressive effect. Glucocorticoid treatment is expected to
suppress IL-6 and IL-8 cytokine production in wild type mice, confirming the mediating
role of FKBPS5 in glucocorticoid action.

Following confirmation that FKBPS5 mediated the suppressive effect of
glucocorticoid at both cellular and animal levels, the exact mechanism of FKBPS should
be investigated. It is uncertain whether FKBPS up-regulation alone directly suppressed
cytokine production, or if another protein acted synergistically with FKPBS5. To
determine FKBP5’s mechanism for mediating glucocorticoid, the in vitro A549 cell
model established in this thesis be used. A549 cells could be transfected with a plasmid to
constitutively express FKBPS protein. Subsequently, A549 cells should be treated with
TNFa to stimulate IL-6 and IL-8 production. If A549 cells expressing the FKBPS5
plasmid yielded a lower cytokine production than untransfected A549 cells, I will be able
to conclude that FKBPS5 up-regulation alone suppresses cytokine production. However, if

cytokine production in the A549 cells with the FKBPS5 expression plasmid was similar to
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that of untransfected A549 cells, then I will be able to conclude that another protein acted
synergistically with FKBPS to suppress cytokine production.

It is also proposed that an investigation to determine which interacting protein
partners facilitated the function of FKBPS5. This can be done by treating A549 cells with
TNFa and glucocorticoid and extracting the cellular protein for immuno-preciptation to
identify FKBPS5 and its interacting partners by immunoblotting. Mass spectrometry could
then also be used to identify the interacting protein partners. Subsequently, the cellular
pathways on which FKBP5 has an effect should be studied, in order to determine the
mechanism of FKBPS action.

The findings in this thesis also set the groundwork for future investigations into
FKBPS as a therapeutic target in the treatment of influenza. To establish the protective
function of FKBPS5 in controlling inflammation, it is proposed that FKBP5 knockout
mice be infected with a mouse specific influenza, such as the A/PR/8/34 strain. It is
expected that in the absence of FKBPS, the physiological increase in glucocorticoid
during the infection will not effectively suppresses lung inflammation, causing the
FKBP5 knockout mice to die early. This will demonstrate that FKBPS up-regulation is an
essential therapeutic target. It is then proposed that FKBPS knockout mice be treated with
drugs known to up-regulate FKBPS5 that also have a positive effect in controlling
influenza and inflammation, such as aspirin and LPO. The expected result is that the
protective effects of the drugs will be reduced in FKBP5 knockout mice, confirming that
FKBPS5 mediates the therapeutic function of the drug in controlling inflammation. Based
on the new understanding of the FKBPS5 action mechanism, new drugs which up-regulate

FKBP5 can be developed and used to mitigate severe lung inflammation in avian
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influenza patients, potentially reducing morbidity from the current rate of greater than

50%.
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