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Type I Interferons have been used to treat viral infections and cancer: howev

IFN treatment is not always effective due to the presence of cellular suppressors of the

ated whether inhibition

IFN pathway such as Ras signalling activation. We have investig
of Ras signalling at the level of the MEK promotes the expression of IFN-inducible genes

in vivo. BALB/c mice were injected intraperitoneally with cither DMSO/PB!

an
inhibitor for MEK (SL.327. 100 mg/kg BW), IFN-u (10x10" U/mouse) or SL327/1FN-w

combined. At 8 hrs after injection, the brain, intestine and lung were harvested for

confirmation of MEK inhibition and semi-quantitative expression analysis for three 1FN-
inducible genes: Ghp2, Rig-1 and Siar2. Western blot analysis of proteins isolated from

$1.327 treated lung showed reduced levels of phosphorylated substrate, indicating that the

drug worked effectively 1o inhibit MEK in vivo, IFN significantly induced the expression
of all genes in intestine and Rig-1 in the brain: however, there was no significant induction
of gene expression following the SL327 treatment and no synergistie effeet was observed
following the co-injection of SL327 and 1FN-u. The results of this work suggest that

ME

inhibition cannot effectively promote transcription of IFN-inducible genes under

physiological conditions n vivo.
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Chapter 1: Introduction

Interferons (IFNs) are cytokines best recognized for their pivotal role in antiviral
defence in mammals (1. 2). IFNs were discovered by Isaacs and Lindenmann (1957)
while they were studying the mechanisms of antiviral defence. and recognition of their
ability in interfering with viral infection led to their nomination as “interferons™ by these
scientists (3). In contrast to antiviral drugs used at that time, IFNs had almost no toxicity
and acted against a wide range of viruses. These unique properties made them superior

over common antiviral sub which ged virologists to further i

and expand their knowledge of IFN biology (1. 2, 4). IFNs were the first cytokines
identified. purified. cloned. sequenced. and produced in recombinant form for clinical use
(3.5-7).

antiviral, antitumor, and

1FNs are a group of pleiotropic cytokines with

nd importance of their activities.

immunomodulatory functions (1-3). Based on the range 4

IFNs have been used for the treatment of various pathological conditions, including

in viral infections, several types of cancer and autoimmune discases (8-12). The

biological functions and subsequent interventional properties of 1FNs are mediated by the

is), which comprise a large group of genes with great diversity

IFN stimulated genes (1¢
in function (Table 1.1) (13). They are classified into three groups according to their

type I, type 1 and type 111

receptor specificity and amino acid sequence homology

1ENs (14).



fications of ISGs.

Table 1.1 Gene ontology cla

Functional Categorics
Adhesion
Angiogenesis
Antigen presentation
Antigen processing
Antiviral
Apopto
Cancer
Cell-cell adhesion
[Cellcycle
Chemokine
Cytoskeleton
Develop nent
DNA replication/repair
Extracellular matrix
G-protein signalling
Growth factor
-binding
Hostdefmse
Immune modulation
Inflammation
Lymphocyte adhesion
Oncogene

scriptional activator
“Transeriptional repressor |

umor suppressor
Ubiquitination
Vesicle transport

Adapted from reference (13)



1.1.2 Type | Interferons

Type | 1FNs are a multi-gene family comprised of cight subclasses in mammals:

IFN-a, IFN-B, TFN-g, IFN-K. IFN-, IFN-t. [FN-3. and IFN-C (Table 1.2) (15, 16). Fach

gene is encoded by a single exon on human chromosome (Chr) 9. and mouse Chr 4 (17).

The size of type | IFNs ranges from 165-200 amino acids and their sequence homology

ranges from 30-80 % within species (6, 15, 16). IFNs activate intracellular signalling
networks in an autocrine and paracrine manner by binding (o hetero-dimeric cell surface
receptors, IFN-u receptor (IFNR)T and IFNR2 , which are distributed in all human cell
types (1, 18, 19). Antiviral, immunomodulatory, and antitumor actions are the main
functions of the type T 1FNs (1, 2).

In mammals, type | 1FNs are considered the principal antiviral cytokines with

significant regulatory roles in innate and adaptive immune responses. To induce innate

immune responses, they act direetly on uninfected or virally infected cells. which leads to

inhibition of viral nucleic acid replication and mRNA translation (20). Type | 1FNs

accomplish this by signalling the up-regulation of ISGs that mediate the antiviral attack.

Examples of antiviral IS coadenylate synthetase (OAS), dsRNA-activated
protein kinase (PKR) and Myxovirus resistance gene (M), which play important roles in

type I IFN-induced innate immunity (2). The antiviral activity of 2'5-OAS targets viral

RNA. while PKR targets viral translation, and Mx targets viral replication.



Table 1.2 Expression pattern of type | IFNs in mammals

Expression pattern

Type L IFN subtypes

Ubiguitously expressed

Leukocy

l 02, a3, ad a5, a6, 7.
a8, al0, al3, ald, al6,
AN

Tropl

Spleen, thymus, lymph node

INRE

* Absent in mice; " Ruminants only; © Pigs and cattle only

Adapted from references (15) and (16)




2°5°-OAS activates a latent ribonuclease termed RNAase L, leading to degradation of
hostand viral RNA (21). PKR inhibits viral translation through phosphorylation and
subsequent inactivation of eukaryotic iniliation factor 2 (22). Mx blocks viral replication

via inhibition of viral ion across the nuclear (3).

Type | IFN-induced adaptive immunity is mediated through their
immunomodulatory functions and subsecuent promotion of antigen presentation and
pathogen clearance stages (24 23). Type I IFNs enhance the process of antigen

presentation through induction of differentiation of

“helper (Th)-1 cells (26).

differentiation and activation of dendritic cells (DC) and increased expression of major

histocompatibility complex (MIIC) Class Tand MHC 11 (27, 28). Their promational role
o stimulate the formation and activity of cytotoxic T lymphocytes (29, 30), induction of
macrophage (31) and natural killer cells (NK) activity (32. 33) facilitates elimination of

virally infected cells. Notably, these immunomodulatory functions highlight the

importance of type 1 1FN to bridge the innate and adaptive immune responses, which

emphasizes their quality as strong antiviral effecto
Type 1 IFNs induce antitumor responses through direct and indirect effects on
tumor cell growth and progression. Direcily, they reduce oncogene expression such as

Myelocylomatosis viral oncogene homolag (¢-Myc), and they induce tumor suppressor

ene expression such as the wumor necros s factor (TNF) receptor family and protein 53

) (4.21). Indirectly. the antitumor effeets of type I 1FNs are mediated by increased

immune-mediated wmor surveillance and down-regulation of proangiogenic molecules

(34, 35). The immunomodulatory functions of type I IFNs also cause stimulation of




adaptive immunity responses against tumor cells, which promote host immune
recognition and eradication of emerging tumor cells. In addition. both 1FN-a and [FN-f
down-regulate several important proangiogenic molecules such as matrix metalloprotein
(MMP9), vascular endothelial growth factor, and basic fibroblast growth factor to restrict
blood vessel supply (36). Through their broad immunoregulatory and antiangiogenic

activities. type 1 1IFNs suppress tumor initiation and progression. This is the basis for

clinical research initi

ives that incorporate type | IFNs into antitumor therapeutic

strateg;

ies (34).

1.2 TYPE I IF)

PRODUCTION PATHWAYS

In mammalian organisms, the first step to control viral infection s detection of
these pathogens, which subsequently trigzers induction of innate immune responses. The

sensing of viruses and subsequent induction of type I IFNs is mediated by two pathways:

the Retinoic acid inducible gene-1 (RIG-1)-dependent pathway and the Toll-like receptor
(TLR)-dependent pathway (37, 38). Thes: pathways show some cell specificity: for
example, type 1IN production in macrophages and DC is mediated through TLR-

dependent pathways (39-41) and in other types of cells, including both immune and non-

immune, is stimulated by RIG-I-dependent pathway (39, 41-43). Several transeription

factors can be activated by RIG-1 and TLR pathways through different mechanisms, but
the production of type 1 1PN is stimulated by activation of Interferon regulatory factor

(IRF)3 and IRF7 (44, 45).



I RIG-I dependent pathway for IFN induction
RIG-1 (DDX58) functions as a cytoplasmic sensor for different types of RNA
viruses, including singled-stranded RNA (ssRNA) viruses harbouring a 5'-Triphosphate

(5'-PPP) group (46-48) and double-stranded RNA (dsRNA) viruses (49, 50). RIG-1

il )-box RNA

anine-HHistamine/Asparag

belongs to DEAD (Asp

helicase family (43). mily of proteins use nuelcotide triphosphate (NTP)s as source
of energy to mediate a variety of functions such as translation, transcription, mRNA

consists of four functional domains: two amino-

2). RI

splicing and RNA decay

a central DEAD-box helicase

terminal caspase recruitment domains (CARD) (43, 53).
domain (43. 54, 55) and a C-terminal domain (CTD) also known as the repressor domain
(RD) (50. 53.56. 57). The CARD domains are responsible for transmitting the signal
from RIG-1 to downstream signalling molecules: the DEAD-box helicase domain is

responsible for both RNA recognition and providing energy for conformational changes

through the hydrolysis of ATP: the CTD/RD domain is responsible for both inhibition of

RIG-I signallin; ognition of RNA viruses. RIG-1 is inactivated in the absence ol

viral RNA, and in this state the CARD domain is masked by CTD/RD domain to repress
signalling to downstream molecules (Figure 1.1) (58). Viral binding to CTD/RD or
DEAD-box domains activates ATPase activity leading to the unmasking of CARD
domains and activation of signalling (50, 59). The CARD domain of activated RIG-1
interacts with the CARD domain of'a mitochondrial antiviral signalling protein (MAVS)

also termed [FN-f promoter stimulator | (IPS-1) or VISA or CARDIF (25. 60).



——
Viral RNA \

Figure 1.1 RIG-1 dependent production of type I IFNs. Binding of virus to RIG-1

induces. It changes and its subs activation. Activated RIG-I induces
activation of MAVS which in tum activaies TBK1 and IKKe through phosphorylation
After phosphorylation by TBK1 and IKKg, IRF3 and IRF7 translocate to the nucleus and

induce transeription of Type I IFNs.



Activated IPS-1 relays the signal to the TANK-binding kinase 1 (TBK1) and inducible

IkB kinase (IKk

: also known as IKKe). which phosphorylate IRF3 and IFR7 (61, 62).
Phosphorylated IRF3 and IRF7 translocate to the nucleus to activate transcription of type

I IFNs (44, 45)

1.2.2 TLR-dependent pathway for nduction
I'LRs are a family of trans-membrane proteins that sense different types of

pathoy

ns at the cell surface or in the endosome (63-66). Among TLRs, TLR3, TLR7.
LR$ and TLRY are localized in the endosome and are able to induce Type | IFN
dependent antiviral responses (37, 67). The best known ligand for TLR3 is dsRNA. for
TLR7/8 is ssSRNA and for TLRY is viral DNA or bacterial DNA with a CpG motif (68-
75). In all TLRs, recognition of viral particles is mediated by the leucine-rich-repeat

(LRR) domain, and they also posses the Toll-interleukin 1 receptor (IL-1R) homology

(TIR) domain, which is a docki

itc for downstream adaptor proteins (Figure 1.2) (76-

79). The TIR-domain-containing adaptor-inducing IFN (TRIF) serves as an adaptor

protein for TLR3 signalling. while Myeloid differentiation primary response Gene 88
(My88) serves as an adaptor protein for TLR7, TLRS and TLRY signalling (80, 81).
These adaptor proteins activate TBK I anc IKKe (82, 83), which in turn phosphorylate
IRF3 and IRF7 (61, 62). Phosphorylated IRF3 and IRF7 subsequently translocate to the

nucleus o activate transcription of type | 11Ns (44, 45).



Endosome

dsRNA  SsRNA Co6

N N \
R3[| TR/ ipe ()
. |®] e |=
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N ;
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Figure 1.2 The TLR-dependent production of type I IENs. Binding of viral products

(ssSRNA. dsRNA. CpG) to the LRR domain of the TLRs resulted in their activation. Upon
activation. TLR3 activated its downstream adaptor protein TRIF while MyDS8 is the
downstream target of TLR7. TLRS. and TI.RY. Upon activation. TRIF and MyD8§
activate TBK1. and IKKe which phosphory late IRF3 and IRF7. Following

phosphorylation. they translocate to the nucleus and induce transcription of Type I IFNs

10



13 TYPEL

IGNALLING PATHWAY
IFNs serve to establish an antiviral state in the host organism following viral

infection. Following their secretion from virally infected cells, IFNs act in both an

autocrine and paracrine manner (o up-regulate 1SGs in both infected and non-infected
neighboring cells (84). A well recognized signaling pathway important for relay of type |

IFN actions is the Janus activated Kinase-signal transducer and activation of transcription

(Jak-STAT) pathway (2. 85-87). Members of the janus family of tyrosine kinases (Jak)
and signal transducer and activator of transcription (STAT) proteins are the principal

components of Jak-STAT pathway that can be induced by several cytokines besides IFNs.

Jak1 (88) and Tyk-2 (89-91) of the Jak family. and STATI (92, 93) and STAT2 (94-96)
of the STAT family, play central roles in type | IEN signaling (20).

Autocrine or paracrine IFN signaling is triggered by binding of type I 1FNs to
their hetero-dimeric cell surface receptors comprised of one IFNR 1 and one FNR2

subunit. Intracellularly, IFNR1 is associated with Tyk-2 and IFNR2 is associated with

Jak1 (97-99), such that IFN binding stimulates transphosphorylation and subsequent

activation of Tyk-2 and Jak 1, respectively (Figure 1.3) (98, 100). Activated Jak| and
Tyk2 phosphorylate their associated receptors on their tyrosine residues in the

cytoplasmic domain. Phosphotyrosyl residues act as a docking site to recruit STAT2 (96.

101) leading to STAT2 phosphorylation by Jak| and Tyk-2, which aceelerate

phosphorylation of STATI by these kinases (2, 102). Once phosphorylated. STAT and
STAT? form heterodimers, which in turn bind to IRF9 and form a trimerie complex

termed IFN-stimulated gene factor 3 (ISGF3) (20, 103).

i
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Figure 1.3 Type I IFN signalling pathway. Type I IFNs bind and activate IFNR I and

IENR2 which in tumn activate Tyk2 and Jak1, leading to phosphorylation of STAT2 and

STATI. Phosphorylated STAT2 and STATI form heterodimers which binds to IRF9 and

forms a tnmeric complex named 1SC 3 translocates to the nucleus and activates

transcription of IFN-inducible genes.



ISGF3 translocates to the nucleus and binds to the IFN-stimulated response element

(ISRE) in the promoter of ISGs to induce their expression (2, 104).

1.4, MULTIFUCTIONAL ISGS WITH PIVOTAL ROLES IN TYPE I 1IF

1.4.1 GBP2

GBP2 is one member of the GBP family. which are one class of the type [ TIFN-

induced guanosine triphosphatase. Their naming as GBP is based on their capacity to bind
agarose-immobilized guanine nucleotides (105-107). GBP2 is a cytoplasmic protein that
was first identified from a ¢DNA library obtained from type 1 and type 11 IFN-treated

human fibroblast cells in 1991 (108). GBP2's high rate of induction (> 6 fold) followi

exogenous type | and type 11 TN has led 1o its recognition as one of the markers of TFN
responsiveness (105, 106, 109-112). There is evidence for both antiviral and antitumor
properties for GBP2. The antiviral activities of GBP2 were first identified by Carter ef al.
in 2005. They showed GBP2 has antiviral activity against vesicular stomatitis virus
(VSV) and encephalomyocarditis virus (EMCV) (109). GBP2 mediated its antiviral

activities against VSV in a G TPase-dependent manner and against EMCV in a GTPase

ilated genes in lungs

independent manner (109). In addition, GBP2 was one of the up-re;
of pigs infected with Porcine Circovirus type 2 (113). Fernandes ef al. suggested the

el activation, which

antiviral activity of GBP2 against this virus is mediated through T~

implics an immunomodulatory role and CBP2 involvement in adaptive immunity (113).

T'he antitumor functions of GBP2, which were discovered in the context of type 11 IFN

13



signalling, are also mediated through down regulation of an angiogenic factor, MMP,
and down regulation of a cell migration factor, Rac (114, 115). Overall. evidence suggests

a broad range of activities for GBP2, pivotal for antiviral and antitumor responses

induced by IFNs.

142 RIG-1
In 1997, RIG-1 was identified as ane of the genes that mediates all-trans retinoic
acid-induced differentiation of acute promyelocytic leukemia cells (116). In 2004,

Yoneyama et al. recognized antiviral properties of RIG-1 (117). They found that it

ered production of type | 1FNs throuzh sensing of RNA viruses. Interestingly. its
expression is also under regulation by IFNs: therefore, RIG-1 is categorized as an 1G
which enables RIG-1 to further promote innate immune responses in a positive feedback
loop (117). RIG-1 is a key component of N production, as many positive and negative

regulators of the IFN pathway exert their effects at the level of this protein (39, 118, 119).

RIG-1 s ubiquitously expressed in most cell types and recognizes RNA viruses with

specific molecular features, including: 5-PPP. ssSRNA, dsRNA forms. This is

hypothesized to be a practical strategy for cells to discriminate self RNA molecules from

non-self RNA and thus prevent autoimmune reactions (42, 54, 58, 118). More (

twenty RNA viruses are known to be recognized by RIG-1, including some that have
severe effects on human health, including: hepatitis C virus (HCV), human

immunodeficiency virus (HI1V) and influenza virus (Table1.3) (39, 117, 120).



Table 1.3 RNA viruses sensed by RIG-1

Family

Viruses

Rhabdoviridae

Reoviridae, Rabies virus

Paramyxoviridae

Sendai virus, New Castle disease virus,
Respiratory syncytical virus.
Measles virus, Nipah virus

Orthomyxoviridae

Influenza A virus, Influenza B virus

Filoviridae

Ebola virus. Hepatitis C virus, Japanese
encephalitis virus, Dengue virus,
West Nile virus

Arenaviridae
Bunyaviridac_
Reoviridac

Lassavias
Rift Valley fever virus
Orthoreovirus

Adapted from references (39), (117), (120)



Since the activation of innate immunity is a critical step for mounting long term adaptive

immunity, RIG-I can be considered an indirect stimulator of adaptive immunity. In
addition to this indirect influence, the immunomodulatory functions of RIG-1 on DC

(121), T=cells (56). NK cells (122) and MHCT expression (123), direetly induce adaptive

immunity against virally infected cells and tumor cells. The antitumor potential of RIG-1

was first identified by Zhong Su er al. in 2007 (124). They observed lower expression ol
this protein in several cancer models. including prostate. breast, melanoma and malignant
glioma cancer cell lines when compared to normal cell lines of equivalent tissue. The

antitumor functions of RIG-1 are mediated through apoptotic (122, 125-127) and anti-

proliferative (128) activities. thus reduced expression of RIG-1 would permit apoptosis

evasion and excessive proliferation, common characteristics of tumor cells.

Overall, RIG-I h

a significant impact on cellular s

alling integration with a major
impact on host health, which has encourazed both virologists and cancer rescarchers (o
focus on this protein for the development of interventional therapeutic approaches (39,

118, 119, 127).

1.4.3 STAT2

STAT2 w

as first identified by Fu ef al.. while they were exploring the polypeptide

composition of the ISGI3 complex in 1990 that was already recognized as a key

component of the IFN response (129). Several loss of function studies demonstrated the

potential of STAT2 as an essential compenent of type | IFN signalling. Leung ef al. found

that cells lacking STAT2 have defective type | IFN response (95). In two other
16



independent studies, it was found that Star2 knockout mice are more vulnerable to many

types of viruses (130, 131). There are two themes of type 1 IFN s

alling pathway. in
both of which STAT2 s a key transcription factor: 1) the classic pathway, described at

section 1.3, includes STAT2, STATI anc IRF

: 2) the non-classic pathway includes
STAT2 and other transcription factors rather than STATI and IRF9. In terms of the
classic signaling pathway. there are two features already defined: 1) required level of
STAT2 phosphorylation or threshold that is required for phosphorylation of STAT1 and

subsequent formation of active ISGF3 (102): 2) requirement of STAT2 for interacting

with additional transcription factors and regulators of type I IFN signalling (132-134).

ic Jak-STAT

There are some type | IFN-induced non-cl ignalling pathways. for which

STAT2 is a pivotal transcription factor: 1) STAT2 media alling ina STATI-

independent manner through an active STAT2:IRF9 complex (135-137): 2) STAT2

mediates signalling in an IRF9-independe:

manner through a STAT2:STATI complex

(138

1 3) STAT2 mediates signalling in a STATI/IRFY independent manner

(STAT2

"AT3 complex, STAT2:

TATS complex) (110, 139). All above examples

suggest the dependency of type I IFN signalling function to STAT2 rather than to STATI
and IRF9.

Like RIG-L Yan ef al. (1995) found that STAT2 is also an ISG. and thereby
amplifies type 1N responses (91). STAT2 is essential for adaptive immunity against

viral and tumor cells of macrophage (31). DC (140), and Th cells (141). The first

obsel

ation of antitumor activity of STAT2 comes from a study in 2003, which showed

Star2 knockout mice developed brain tumors (142). In addition, loss of STAT2

17



ac tumor progressi istic in colorectal. renal, and melanoma cancer

cells (143, 144). STAT2 also plays critical roles for inducing apoptosis of tumor cells

(144-146). inhibition of cell growth (140, 147) and down-regulation of an angiogenic

factor MMP9 (148). Overall, by its determinant role in type I IFN

nalling and

modulating vital biological process. STAT2 can be considered one of the most prominent

ISGs. important for fidelity of type | IFN signalling and health,

IEN THERAPY AND ITS LIMITATIONS

1.5.1 IEN therapy

Based on their pivotal physiological roles, IFNs, especially type | IFNs, have

achieved a notable role in clinical medicine following their recombinant production in

1980 (1 Their first entry in clinics occurred in 1985 for treatment of hairy cell

nce then, they have been

leukemia (HCL), 28 years after their discovery (149).
approved as a treatment for viral infections, cancer, and multiple selerosis (MS) as an
autoimmune discase (20, 149).

Of viral diseases, type | IFNs were approved for treatment of HBV (150),

HCV(I51), herpes simplex virus (HSV) (152), HIV (153, 154). herpes zoster (155), and

common cold viruses (156, 157). but now they are applied just for treatment of HBV and

HCV. HBV is a serious international public health problem, with approsimately 400

million people infected throughout the werld (158). This infection causes severe

symptoms including liver cirrhosis and hepatocellular carcinoma, thereby leading to

18



chronic and deadly disease outcomes (159-161). IFN-« was introduced as the firs
intervention for HBV in 1991 (162). In the past two decades. IFN-a has been recognized

an effective treatment, as it causes a reduction in disease severity in about 25-40% of’

patients (163, 164). HCV currently infects 175 million people world-wide and induces the
same symptoms and outcomes as HBV (165). The treatment of chronic HCV with [FNs

began with sole application of IFN-g, o which 20% of patients responded (166). Co-

administration of IFN-u2 with low dose of the antiviral drug ribavirin led to a synergistic

effect and increased response rates o 40% of patients (167). Current form of treatments

includes application of long-acting, pegylated IFN-a2 with ribavirin which has led to

improvements-over 60% of patients are cured (168). Pegylated IFN-02 consists of
polyethylene glycol added to the IFN-u2, a chemical modification which increases
1FN-a2 half life and duration of activity (169).

Type 1 1FNs arc an important treaiment option for MS, which is an autoimmune

disease. In this disease, neural transmission in the central nervous system (CNS) becomes

isa of

aberrant as a result of demyelination of CNS. This
reactions against myelin (170-172). MS patients suffer from muscle weakness, muscle
spasms or difficulty in moving. difficulties with coordination and balance and visual
problems (173, 174). IFN-f is the main immunomodulatory medication for this discase.

and its clinical benefits are observed in 50-75% patients (175). It reduces CNS

inflammation, and thereby reduces symptoms of physical disability (176). The molecular

mechanisms through which 1FN-f exerts its clinical benefits are not well understood. It is



hypothesised that those effects are mediated through immunomodaulatory function
of IFN-B (176).

Even though type I 1FNs are best recognized for their unique antiviral properties.
they first entered into the clinic as an antitumor therapeutic agent for HCL in 1985 (177).

Further investigations revealed their antitumor activity a

inst some other types of

cancy

which ultimately led to their application for treatment of chronic myeloid

leukemia (CML), B- and T-cell Lymphomas. melanoma. renal cell carcinoma (RCL) and

Kaposi’s sarcoma (149). Although for some cancers such as CML and HC|

type 1 1FNs
are delegating their place to some new anticancer drugs, they are still widely used for
treatment of some malignancies such as melanoma (34). Since 1995, 1FN-a has been used
as an adjuvant therapy for patients with high risk melanoma (178, 179). It benefits these

patients with increased disease-free survival for about 9 months, and overall survival by

8-99

o (180, 181).

Limitations of IFN therapy
Type 1PN have shown promisc for the treatment for some life threatening and
debilitating discases: however, their overall therapeutic efficacy s only moderate (1, 2)

One obstacle to the success of IFN ther:

py is the phenomenon of patient resistance to 11N
treatment. Given the potential of IFN therapy. understanding the obstacles to success of
IEN therapy might improve therapeutic outcomes. Three factors are associated with IFN

resistance: 1) genetic ons of

duction or IFN
signalling pathways (182-184): 2) anti-IFN proteins encoded by viral genomes (185
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186): and 3) clevated activities of endogenous cellular suppressors of IFN signalling
(187-190).

Mutations or polymorphisms of 1°N signaling can change IFN

susceptibility from responsive to non-responsive phenotype. For example. defective

stance in CML and a cutaneous T-cell

STATI expression correlates with 1FN-« res
Ilymphoma cell line (183, 184). In addition, Shang er al. found that abolished Jak 1. Tyk2

ing. which underlies IFN

and Stat| ion leads to i of Jak-STAT

istance in RCL cell lines (182). Recognition of impacts of mutations of different type |

re

IFN signalling will open an avenue for developing markers for future personalized

ions.

therapy deci

Viruses have developed strategies to shut down IFN signalling in order to evade

innate immune responses and support viral propagation. Viruses may counteract

IFN-mediated antiviral defences in either a direct or indirect manner (185, 187). Directly.

viruses encode proteins which disrupt the IFN signalling pathway through targeting its

components. For instance. Dengue virus encodes a protein which binds to STAT2 leading

(191). Another example is suppression of

1o its ubiquitination and
RIG-1 signalling by HCV: this virus encodes a protease which cleaves IPS-1 from

mitochondria (192). Indirectly. viruses exploit cellular suppressors of IFN signalling to

attenuate IFN response (193, 194). Viruses lacking anti-IFN proteins propagate
selectively in cells with elevated activity of these cellular inhibitors, thereby causing more
severe discases in humans and animals (195-197). The up-regulation of endogenous

suppressors of IFN signalling was also observed in cancer cells resistant to N (189,




190). This evidence suggested these are serious barriers to IFN therapy efficacy and the

suppressor mechanisms have been the focus of recent research.

1.6. CEL

AR SUPPRESSORS OF IFN SIGNALLING

“The primary function of endogenous cellular suppressors of IFN si

maintain the homeostasis of IFN signal transduction (187), as prolonged or constitutive

q

activation of IFNs leads to destructive biological consequences such as asthma, fatigue,
and depression (198, 199). Three major families of type | IFN signalling pathway

inhibitors include: Sre-h v 2 (SH2)

(SHP), the

suppressors of cytokine signalling (SOCS) family and protein inhibitor of activated STA'

ure 1.4) (187). Activation of Ras/Raf/MEK pathway also was recognized as

inhibitor of IFN signalling in our laboratory (197).
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Figure 1.4 Suppressors of IFN signalling. The SOCS family members suppress Jak
kinases activity, or act as a competitor of IFN in binding to receptors. PTP family
members de-phosphorylate Jaks and STATI to induce ubiquitin-mediated degradation of

Jaks. PIAS family members prevent transcriptional activity of STAT dimers,



Phosphorylation is an integral feature of the activated Jak-STAT signalling

seade, sueh that de-phosphorylating events offer the cell a significant level of control.

SHP1 and SHP2 are tyrosine phosphatascs involved in the negative regulation of type |

ation of

through de-phosphory

IFN signalling (200). SHP1 attenuates type | IFN signaling

ion through de-phosphorylation

SHP2 induces the same suppres

JaK1 (201, 202). while $
of STATI (202. 203). Sodium stibogluconate is an inhibitor of both SHP1 and SHP2 and

ificant synergistic effect on IFN-a responsiveness

its combination with IFN-« showed sig

). This combination entered into phase |

in both in vitro and in vivo experiments (204, 20
trials for evaluating safety and target inhidition for treatment of melanoma (206).
The SOCS family is comprised of eight members, including: eytokine inducible

1-7 (207). Generally. their inhibitory effects are

SH2 containing protein and SO

mediated via three mechanisms: as antagonists for STAT binding to phosphorylation

target sites on receptors, inducers of protcosomal degradation of bound signalling proteins

and suppressors of Jak activity through a sinding interaction (208). Among the SOCS
amily, SOCS | and SOCS3 are involved in the negative regulation of type 1 1FN

gnalling (209). Up-regulation of SOCS3 s one of the strategics used by Influenza A

virus and HIV to suppress type | IFN signalling (210, 211). The same mechanism s used

by HSV, as it induces SOCS1 or SOCS3 for evading IFN-induced immunity (193, 212).
Inaddition, over expression of SOCS3 was observed in myelogenous leukemia cells
resistant to IFN-u (189). The levels of both SOCS 1 and SOCS3 activity are determinant

factors of 1PN-susceptibility in melanoma (213). Furthermore, the level of SOCST and



SOCS3 activity influence the interferon responsiveness of neuroendocrine tumor cells.
and RCL cells, respectively (190, 214).

The PIAS family includes PIAS1, PIAS2, PIASX and PIASy (215). PIAST and
PIASy are involved in negative regulation of type | IFN signalling (216). Both PIAS1 and
PIASy bind to STATT and disrupt its DNA binding capability (217, 218). It was observed
that over expression of PIASy in mouse embryonic fibroblasts in virro diminished the

antiviral activity of IFN-« and IFN-f against VSV. EMCGV. and sendai virus (219).

1.6.1 Ras signaling

1.6.1.1 The Biology of Ras
The rat sarcoma virus oncogene (Ras) superfamily comprises proteins that share a
protein structure that binds to GTP and possesses GTPase activity (220). They switch
between two states, an active (GTP bounc), and inactive (GDP bound) form (221). This
transition is controlled by intrinsic GTPase activity of Ras, guanine nucleotide exchange
ctivating protein (GAP)s (222, 22,

factor (GEF)s and GTPase 3). Ras proteins have low

and GAPs act in a supplementary manner to

intrinsic GTPase activity. such that Gi
increase the rate of exchange and hydrolysis, respectively. GEFs facilitate Ras activation

by promoting the release of GDP and exchange for activating GTP. while GAPs facilitate

RAS deactivation by promoting GTP hydrolysis to GDP (222, 223). The balance between

activation and deactivation is very important for normal functions of Ras (224-226).

When activated in the GTP-bound conformation. Ras interacts with many eflectors o
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control numerous biological responses. including: proliferation, differentiation, cell

adhesion, apoptosis, actin cytoskeletal integrity and cell migration (220). Characterized

ectors are phosphatidylinositol 3-kinase, Ral guanine nucleotide exchange factors

Ras ¢f

and the Serine/Threonine protein Kinase Raf (227. 228).

1.6.1.2 Ras/Ral/MEK pathway

The Ras/Ral/MEK pathway includes a cascade of phosphorylation events

performed by members of three key kinase families: serine/threonine protein kinase Raf.

activated protein/extra cellular signal-regulated kinase (MEK), and Extra cellular
Signal-Regulated Kinase (ERK). This pathway can be activated in two ways, one is
regulated or physiological activation and the other type is constitutive or oncogenie
activation (220),

Physiological activation of the Ras pathways oceurs upon activation of receptor

tyrosine kinases (RTK) by growth factors and mitogens (F

. which stimulates the

Appropriate ligand binding is required to activate the RT
activation of Ras by inducing the GTP-beund state (226). Raf kinase is recruited to the
plasma membrane by activated Ras. which leads to phosphorylation and activation of Raf

29). Phosphorylation cascades ensue, where phosphorylated Raf phosphorylates MEK.

which phosphorylates and activates ERK (230-232). Activated ERK has a wide varicty of
targets in the eytoplasm and nucleus including kinases, phosphatases. transeription factors

and cytoskeletal proteins.
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Figure 1.5 Overview of physiologi ivation of the K pathway

Following mitogen binding, a phosphorylation cascade starts. This ultimately leads to

of growth, or migration.



The final outcome of physiological activeted Ras/Raf/MEK pathway is induction of
proliferation, growth, differentiation and migration (233).
Constitutive activation of the Ras/Raf/MEK pathway leads to tumor development.

and aberrant activity of this pathway is almost found in one third of all human cancers

4). This type of activation is a consequence of activating mutations in the carly
components of this pathway including RTKs, Ras, or Raf, or amplification and
deregulation of its downstream effectors (220). The outcome is signalling pathway
activation that is autonomous from the presence of ligand, and overall loss of regulatory

control. The most abundant mutations involved in constitutive activation ol Ras are

mutations at amino acid residue 12, which represses GAP-mediated inactivation of Ras

234, 235). and mutations in residues 13 and 61 which result in repression of the intrinsic
GTPase activity of Ras (234, 233). For pathway components downstream of Ras, B-Raf

ant

mutations have been found in many types of malignancies including malig:

melanomas, colon cancer, papillary thyroid cancers and serous ovarian cancer (173).

Overall, mutations responsible for over-astivity of Ras signalling pathway components

have been found in 20-25% of all human tumor:

and up 10 90% in specific tumor types

such as colorectal cancer (226): therefore, these proteins have been the focus of

chemotherapeutic drugs for cancer (236). One of the common Ras/Ral/MEK pathway
inhibitors are MEK inhibitors, because MEK is an important regulation step for the
pathway (237). Their potential therapeuti benefits have led to developing different types

of MEK inhibitors with different structural and chemical properties, in a way that they

target different MEKs with dift

ies (238). Two widely used experimental



inhibitors of MEK I and ME

are U126 and SL327. U0126 is used broadly for in vitro
studies and 1327 for in vivo studies (239-241). The obstacles such as not being
sufficiently soluble o sufficiently bioavailable and inability of passing blood-brain

tion of

barriers res

ted the in vivo application of U0126 (236). resulting in broad appli
S1.327 in vivo, especially for behavioral studies (240-243). Scherle er al. applicd both

10126 and SL327 in their in vivo studies, and identified superiority of SL.327 over U0126

for the inhibition of MEK (244).

ions

1.6.1.3 Manipulation of normal Ras/Raf/MEK pathway activity during viral infc
Many viruses evade the host defense system by activating the Ras/Ral/MEK
pathway, which is mediated through direct binding of the virus to its receptor or

interaction of viral proteins with cellular signalling components. For example. the

coxsackie virus induces a biphasic activation of the Ras/Raf/MEK pathway to enhance its

protein synthesis and progeny production (244, 243). U0126 treatment of the infected

cells significantly decreased viral produciion and protein synthesis (244, 245). In the carly
phase of borna virus infection, Ras/Raf/MEK pathway activation facilitates viral
propagation, but U0126 treatment reduces the spread of this virus up o 9% (238). Rapid
transient activation of the Ras/Raf/MEK pathway also oceurs upon respiratory syneytial

virus (RSV) infection. Early activation of this pathway plays an important role in RSV-

induced early gene expression, since treaiment with MEK inhibitor PD98039 resulted in a

ant reduction in the RSV infé

sign ion (246). Furthermore visna virus infection

resulted in activation of Ras/Raf/MEK pathway in the carly phase of infection, and this
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activation remained during all phases of infection. Since PD98059 treatment resulted ina

significant reduction of replication. it could be concluded that activation of Ras/Ral/MEK

pathway is necessary for visna virus replication (247). As well, activation of

Ras/Ral/MEK pathway has been observed for many other viruses such as HIV-1,

cytomegalovirus, simian virus, influenza virus, HBV, HCV, and vacina virus (245, 246).

Collectively, these reports demonstrate that several viruses use transient activation of’

Ras/Raf/MEK pathway as a tactic to evade innate immune responses.

as/Ral/MEK pathway for | ing oncolytic viruses

1.6.1.4 Exploiting of

Many oncolytic viruses preferably replicate in cancer cells harboring constitutive
activation of Ras/Raf/MEK pathway to evade innate immune responses and spread their
progeny. Examples of those oncolytic viruses are: reovirus (248). adenovirus (249).
polivirus (250), HSV (251), VSV (252), and influenza virus (deINS| strain) (224),

Constitutive Ras/Ral/MEK pathway facilitates viral oncolysis generally through

promating three viral steps, including: uncoating of virus (253, 254), translation of vir

protei

ns (242) and release of new progeny (254, 23

1.6.1.5 /

cross talk of the Ras/Raf/MEK pathway and Interferon pathways
Ample evidence shows that manipulation of Ras/Ra/MEK signalling, cither in

physiological or in constitutive states, is & universal tactic by which different types of

30



viruses support their own propagation. Our laboratory previously reported that the
Ras/Raf/MEK pathway is a cellular suppressor of the type 1 1FN-induced antiviral
response (197). In this study. it was shown that [FN sensitive viruses can infect NIH3T3

cells with activated Ras (RasV 12) in the presence of

-a. whereas control cells with
normal Ras activity were protected from infection by IFN-u.. MEK inhibition by chemical
inhibitors and knockdown of Ras by RNA interference (RNAI) restored [FN sensitivity in
the Ras activated cells. As external validation, Noser et al. found that  IFN-induced
antiviral responses were restored in human cancer cell lines following Ras/Raf/MEK
pathway inhibition (256). The evidence puts forward two key points: 1) that viruses
benefit from activated Ras signalling to evoid IFN-stimulated immune suppression, and

2) that revers

I of Ras activation could sensitize cells to the IFN response.
Experimental efforts to identify IFN signalling components targeted by the Ras/Raf/MEK
pathway, revealed reduced total STAT2 protein expression and reduced phosphorylation

of STAT2 and STATI in RasV 12 cells (2

7). U0126 restored the IFN response

completely but re-expression o

AT2 in RasV 12 cells resulted in partial recovery of
IFN-induced antiviral responses (257). Although STAT2 is recognized as a Ras
Raf/MEK pathways target. evidence such as effective antiviral responses by 1N
treatment followed by MEK inhibition. and partial recovery of IFN responses following
over expression of STAT?2 suggested that Ras/Rafl/MEK pathway targets multiple
components of IFN signalling. not just STAT2. Therefore, further experiments were
performed to determine other elements of the IFN signalling targeted by the

Ras/Raf/MEK pathway. Global gene expression profiling by microarray analysis was



conducted to identify the IFN-inducible genes targeted by the Ras/Raf/MEK pathway

(Christian, i ). NIH3T3 cells tr I with ively active Ras (Ras

V12) were treated with DMSO (control) IFN-a or U0126. RNA was extracted 6 hrs post

treatment and subjected to microarray analysis. OF 41960 gene isoforms represented on
the array, 1883 were up-regulated in the Ras V12 cells treated with U0126 compared to
control, with a threshold criteria set (0 a > 2.5 fold increase, while IFN treatment alone
induced 1877 genes. Of these candidate genes. 619 were found to be up-regulated by both

U0126 and IFN treatment and the group was named MEK-down regulated 1FN-inducible

genes (MDII genes). Some of the genes were known to have antiviral functions. such as

Ghp2. Rig-1. and Star2. According o microarray analysis data. the U0126 treatment

resulted in 9.38 fold increase for Ghp:

55 for Rig-I, and 6.41 for Star2 (Table 1.4). To
confirm microarray analysis. the same RNA samples were subjected to quantitative-
polymerase chain reaction (q-PCR) for Ghp2, Rig-1, and Siar2. The results from q-PCR

analysis showed that MEK inhibition induced the expression of these tested ger

significantly and co-treatment of U0126/IFN-a induced synergistic effects (Table 1.4)
(Christian: unpublished).
Further experiments were conducted to investigate the influence of the

Ras/Raf/MEK pathway on IFN responsiveness in human cancer cell lines, as many



Table 1. 4 MDII genes expression in Rasv12 cells following IFN treatment, MEK

inhibition or the combined treatment in vitro

u0126 IEN U0126/ IFN
Microarray Analysi
(RasV12 Cells)
Ghp2 97.52
Rig-I 2546
Star2 641 16.77
q-PCR Analy:
(RaSV12 Cel
Ghp? 581 78.16 21851
Rig-I 278 20.10 24.604
Star2 374 10.61 24.25
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oncolytic viruses exploit pathological activity of this pathway as a mean to replicate in

cancer cells (Christian et. al: unpublishec). Sixteen cell lines of different origin (3 breast,
I cervical, 4 colon. 1 fibrosarcoma, 2 melanoma, 3 ovarian and 2 prostate cell lines) were
tested for their sensitivity to IFN-u treatment. Three of them were IFN sensitive, 9 of

sistant. Treatment of U0126

them moderately resistant. and 4 of them were completely

improved the IFN responsiveness in 10 out of 13 y and completely resistant cell
lines. Further steps were taken to explore the mechanisms which underlie Ras/Raf/MEK
pathway mediated 1PN resistance in these examined cancer cell lines. Global gene
expression profiling by microarray analysis was performed on one IFN sensitive and one
moderately IFN resistant cell line treated with DMSO (control). IFN-w or U0126. RNA
was extracted 6 hrs and 12 hrs post treatrent and subjected to microarray analysis.
U0126 treatment increased expression of a group of 1SGs such as Ghp2, Rig-1. and Star2.,
and these results were confirmed by q-PCR analysis.

Following the observations that the cellular activity of the RAS/Ral/MEK
pathway imposed a negative influence on cellular susceptibility to IFN-induced antiviral

and antitumor effects via a global down regulation of ISGs i viro, the next step was to

in an animal model. To our

ssess the physiological application of these findings

is the firs v of MEK inhibition to promote IFN’s

study testing the effica

knowledge. th
transcription activity in vivo. Itis the ultimate goal of the investigation to explore

ses such as viral

interventional strategies that improve the efficacy of IFN to cure disea:

infection, MS and cancer.



1.7.1 Hypothesis

MEK inhibition will independent y promote the expression of MDII genes, and
the co-administration of IFN and a MEK inhibitor will have synergistic effect on MDII

gene expression under physiological conditions in vivo.

1.7.2 Objectives
1. Investigate whether treatment with a MEK inhibitor promotes expression of
representative MDII genes (Ghp2, Rig-1. Star2) in a mouse model.

2. Investigate whether co-treatment with a MEK inhibitor and 1FN-a induces a

synergistic effect in the induction of MDII genes (Ghp2, Rig-1. Star2) in a mouse model



Chapter 2: Material and Methods

2.1 MICE
Nine week old female mice of the Balb/c inbred strain (Charles River Labs.
Boston MA) were used for in vivo experiments. Twenty mice were divided into four
groups of five mice receiving the following treatments intraperitoneally (IP): control mice
received 80 ul of Dimethylsulfoxide (DMSO) (Sigma, St. Louis MO) plus 120 pl
Phosphate Buffered Saline (PBS) (80 g sodium chloride. 2 g potassium chloride, 11.59 ¢

disodium hydrogen phosphate, 2 ¢/l mono potassium dihydrogen phosphate (Sigma, St.

Louis MO) ): one group received 100 mg/kg BW of SL327 (Ascent Scientific, Cambridge
MA) dissolved in 80 ul of DMSO and then diluted at120 pl: another group received

1000 U 1FN- (Pestka Biomedical Laboratories Interferon Source, Piscataway NIy
dissolved in 100 I PBS L and one group was co-injected with S1.327 (100 mg/kg) and
1000 U TFN-0t in their respective vehicles. The mice were saerificed 8 hrs afier injection.

T'he brain. intestine and lungs were harvested to obtain protein samples for western blot

analysis and RNA samples for semi-quantitative PCR-based gene ion analysis.

2.2 WESTERN BLOT ANALYSIS

2.2.1 Preparation of protein samples

Tissues were cut into about 50 mg picces and homogenized in 1 ml of
radioimmuno precipitation assay (RIPA) lysis buffer (1X PBS pH 7.4 , 1% nonidet P40
(Sigma. St. Louis MO), 0.5% sodium deoxycholate (Sigma. St. Louis MO). and 0.2%
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sodium dodecyl sulphate (SDS) (USB, Cleveland OH) containing protease and
phosphatase inhibitors (100 ng/mi pheny| methyl sulfony! flouride (Sigma-Aldrich.

St. Louis MO), 2 pg/ml leupeptin (Sigme. St. Louis MO). 30 jg/ml aprotinin (Sigma. St

$ St. Louis MO). and 500 mM sodium

Louis MO). 100 mM sodium vanadate

. Louis MO)). The lysate was centrifiuged at 12000 xg for 10 min at 4

fluoride (Sigma
°C. Supernatants containing cellular proteins were then separated from debris and kept at

-40 °C until the time of assay.

ation of protein
The amount of protein was measured with bicinchoninic acid (BCA) Protein assay

Kit (Picrce Biotechnology Inc.. Rockford, 11). BCA reagent (50:1, reagent A: reagent 13)

was added 10 50 ul of protein samples or standards prepared from bovine serum albumin

(BSA) (0. 1.0, 1.5, 2.0 and 2.5 pg). and incubated for 30 min at 37 °C. Afier incubation.

absorbance of protein samples was measured with a spectrophotometer (Beckman Coulter

. Brea, CA) at 562 nm and the protein concentration of experimental samples determined
from the standard curve (Beckman Instruments Inc, Fullerton, CA). Afier standardizing

the protein samples, they were then mixed with 3x bromophenol blue (Sigma. St. Louis

MO). boiled at 100 °C for 5 min and stored at -45 °C until the immunoblotting procedure.

2.2.3 Electrophoresis and transfer of proteins

ation ol

SDS-polyacrylamide gel electrophoresis (SDS-PAGL) was used for sep

protein samples on a 10% separating gel nade from: 3.448 ml 1,0, 1.876 ml 1.5 M Tris
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(hydroxymethyl) aminomethane-hydrochloride (Tris-HCI), pH 8.8, 2.025 ml 30%
acrylamide (29 (Acrylamide) :1 (Bisacrylamide)). 3 ul tetramethylethylenediamine

(TEMED) (Bio RAD. Hercules CA). 75 pl 10% ammonium persulfate (APS) (Pharmacia

Biotech. Baie-D'Urf¢ QC). The protein was initially loaded onto a 4.5 % stacl

1.720 ml dH>0. 760 pul 0.5 M Tris-Hel pH 6.8, 500 pl 30% acrylamide, 30 ul 10% SI

30 11 10% APS, and 3l TEMED. Ten pl/well of each protein samples or pre-stained
protein ladder (Benchmark company, New York NY). ranged from 10 t0 220 kDa, was
loaded and then run in - mini-protein cell electrophoresis chambers (Bio-Rad. Hereules
CA) with gel running buffer (500.2 mM tris base, 38.3 mM glycine (Sigma, St. Louis

MO). and 70 mM SDS) at 100 V for 2 hrs. Following electrophoresis. the protein samples

were I 1 from gels to nii Hul b (Bio-RAD, Hercules CA) in
transfer buffer (20% methanol (ACP. Montreal QC), 39.82 mM glycine. 47.9 mM tris

base, 1.28 mM SDS) for | hat 100 V.

2.2.4 Immunoblotting
Membranes were blocked with 5% skim milk in tris-buffered saline with tween

(20mM tris and 137 mM sodium chloride PH 7.3 containing 0.1% tween 20 (TBST)

(Sigma, St. Louis MO) for 1 h, and then incubated with primary antibodies including:

anti-phospho-ERK (p-ERK) (1:1000) (Cell Signalling Technology, Danvers MA: Catal

number: 9101 ) and anti-total-ERK (-ERK) (1:3000) (Santa Cruz Biotech, Santa Cruz

CA: Catalog number: SC94) overnight at 4 °C. The next day they were washed 3 times

for 5 min with TBS'T, and incubated with- goat anti-rabbit IgG- horseradish peroxidase

(1:5000) (Santa Cruz Biotech, Santa Cruz CA: Catalog number: K0408) which was used



as the secondary antibody. Following incubation with secondary antibody. membranes

were wa

shed 3 times for 5 min with TBST. Bands were visualized on Fuji medical X-ray

film (F

ilm. Tokyo Japan) using AFP imaging developer (AFP Imaging Corp.

Elmsford NY) following incubation of the membranes with millipore chemiluminescent

detection kit (Millipore, Billerica MA). “The band images were scanned using an epson

perfection 3170 photo scanner (Epson, Tokyo Japan) to get the image in digital format for

subsequent densitometry analysis.

2.3 RT-PCR

2.3.1 RNA Extraction

RNA was extracted with TRIzol (Invitrogen, Burlington ON) according to the

manufacturer’s instruction. RNA extraction consists of five procedures: homogenization,

separation, precipitation, RNA wash, and re-di

solving the RNA. At the homogenization
step, tissue samples with about 50 me weight were homogenized in Iml of TRIzol

applying a gla

Teflon homogenizer. At the separation phase homogenized samples were

incubated for 5 min at room temperature. and then 0.2ml of chloroform (Sigma. St. Louis

MO) was added to samples. Tubes were shaken vigorously by hand for 15 sec and

incubated at room temperature for 3 min. Next. samples wer ntrifuged at 12000 xg for

15 minat4 °C. After centrifuge, the aqueous phase, which contained RNA wa

separated
and placed in new tubes, and the organic phase was kept for future DNA and protein

extraction. To precipitate RNA from agucous phase. 0.5 ml isopropanol (Sigma. St. Louis
MO) was added to cach tube, and then the mixture was incubated at room temperature for

39



10 min. After incubation, samples were centrifuged at 12000 xg for 10 min at 4 °C. Atthe
washing level, supernatant was removed, and 1 ml ethanol 75% (Sigma. St. Louis MO)
was added to cach pallet, The mixture was then vortexed and centrifuged at 7500 xg for 5
min at 4 °C. At the re-dissolving step. samples were air dried after centrifuge for 10 min.
pallet was then dissolved at RNAase-frec water, followed by incubating the mixture for
10 min at 60 °C. The quantity and quality of samples were measured based on 260/280

nm ratios by Nanodrop 1000 spectrophotometer (Thermo Scientific, Waltham MA)

2.3.2 ¢DNA Synthesis

RevertAid™ H Minus first

Complementary DNA (¢DNA) was synthesized using
strand cDNA synthesis kit (Fermentas, Burlington ON). The RT mixture included:
RevertAid™ H Minus M-MuLV reverse transcriptase, X reaction buffer. Ribolock
RNase inhibitor, 10 mM dNTP mix, random hexamer primer, and 500 ng RNA diluted in

atotal volume of 6 ul Dicthylpyrocarbonate-treated water. Samples were incubated for 5

min at 25 °C followed by 60 min at 42 °C. The reaction was terminated by heating at 70

°C for

3.3 Standard PCR

The expression levels of Gapah, (Gbp2. Rig-1and Star2 mRNA were measured

lifi usirg ! i ide primers

following limited PCR
described in (Table 2.1). The PCR reaction mixture included: 2 ul 10X buffer, 1 il
MeCl2,
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Table 2.1 Gene specific primer sequences

Gene Primer forward Primer reverse ize |
Gapdt AGC CAN ACG GGT CAY | -GG GGT GCT GTT GAR GIC GOAY

Ghp2? TAACGGAAAACCCGTCAS™ | 5- CACAGTCGCGGCTCATTAAAGS 106
Rig-1 AGACAAAGAGUAGGAGA-Y | 5~ CGOACATCGTGOAAGAAGGS 150
Star2 | S-GTCTTC AGA CCC CCATCA GA- | 3-CTG CCTTCCTGG AGT CTCACY | 507
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(Fermentas, Burlington ON), 0.2 pl 10 mM deoxynucleotide triphosphate mix (dNTP),
2 phosp!

0.2ul Tag polymerase (Invitrogen. Burlington ON) .0.5 pl of 10 mM forward primer.

. Coralville IA) and 14.6

0.5 ul of 10 mM reverse primer (Integrated DNA Technologi
ul distilled water. The PCR reaction was carried out as follows: denaturation at 94 °C for
I min, annealing at 63.5 °C for | min. extension at 72 °C for | min for 32 cycles for
Ghp2. Rig-I, and Stat2. The annealing temperature was set at 63 °C for Gapeh and
proceeded for only 29 cycles of amplification. The final extension was carried out at 72

°C for 10 min for all the reactions.

2.3.4 Electrophoresis of PCR products

Five pl of the PCR products mixed with 0.5 pl of loading buffer as well as 3 l of
100 b ladder (Fermentas, Burlington ON) were run on 1% Agarose gel (Invitrogen,
Burlington ON) containing Ethidium Bremide (Invitrogen. Burlington ON) placed on a

horizontal gel transfer apparatus for 30 miin. The gel transfer apparatus was filled with Tx

T'ris acetate (50x stock/ml: 242 g tris base, 57.1 ml glocial acetic acid. 100 mI PH.8 0.5 m
cthylene diamine tetra acetic acid ). The ?CR products were observed under UV light

using a gel logic 200 imaging system (Ez stman Kodak Company. New York NY).

2.4 DENSITOMETRY ANALYSIS
Densitometry analysis on scanned protein films and Ethidium stained gels was

performed with Image J software (NIH, Bethesda, Maryland, USA,



http://imagej.nih.gov/ij/). Protein bands were normalized to t-ERK and RT-PCR bands

were normalized to Gapdh.

ATISTICAL ANALY
Statistical analysis of the protein and RT-PCR densitometry ratios was performed
using One-way Analysis of Variance (ANOVA) by GraphPad Prism Version 4

(GraphPad Software, La Jolla California USA).



Chapter 3: Results

3.1. EFFICACY OF SL327 TRE.

™

“NT ON INHIBITION OF Ras/Raf/ MEK PATHWAY
INVIVO

“The first step of the experimental strategy was to determine whether the MEK
inhibitor SL.327 can inhibit the activity of the Ras/Ral/MEK pathway in vivo. Western
blot analysis was performed to examine the activation state of ERK Kinase. the
downstream target of MEK. and this was represented by the phosphorylation status of
ERK (p-ERK). p-ERK was examined in protein lysates prepared from the lungs of three
mice injected intraperitoneally with DMSO or SL327 in DMSO (100 mg/kg BW). A

ised to

ate, as an

specific antibody against p-ERK was s the phosphorylation s

indicator for the efficacy of the S1.327 treatment. Intraperitoneal injection of SL.327

reduced the relative ratio of phosphorylated to -ERK in the lungs (Figure 3.1 and Fi

3.2). The same dose and site of drug administration was used for subsequent

experiments.

3.2 EFFE

Y OF PHYSIOLOGICAL LEVELS OF ACTIVE Ras/Raf MEK PATHWAY

ON EXPRESSION LEVELS OF MDII GiENES IN THE BRAIN, INTESTINE, AND LUNG

If the physiological activation of the Ras/!

al/MEK pathway suppresses the

expression of the MDII genes, inhibition of Ras/Ral/MEK would be expected to increase
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Control sL327

p-ERK - -

s - -

re 3.1 Western blot analysis of p-ERK in the lung Mice were injected
intraperitoneally with 80 l of DMSO (control) or SL.327 (100 mg/Kg). At 8 hrs after
injection, protein samples were prepared from the lungs for western blot analysis. The

membranes were blotted with antibodies against p-ERK, and t-ERK. Each lane number

represents an individual mouse per treatment



»
o

Relative protein level of p-ERK

14
o

mouse 1
mouse 2

i

Control si327

¢ 3.2 Densitometry analysis of p-ERK in the lung_ Protein samples were prepared
from the lungs of mice intraperitoneally injected with 80 ul of DMSO (control) or 1327
(100 mg/Kg). Following wester blotting, densitometry of the bands was measured with
NIH Image J. The band density of p-ERK was normalized to that of t-ERK and plotted

per mouse. Horizontal lines represent the mean density + SEM



Balb/c female mice were treated with DMSO (control, n=5),

To examine this hypothesi
100 mg/kg S1.327 (n=5). 1000 U/mouse 1FN-a (n=3), or the combination of IFN-/

. and intestine at 8 hrs post

. RNA was extracted from the brain. lung

1327 (n

injection and subjected to semi-quantitative RT-PCR to measure the expression of the

MDII genes: Ghp2, Rig-l and Star2.

Brain

shows the relative changes in electrophoresis banding patterns for the

Figure 3
MDII genes in the brain of mice that received control DMSO injection, S1.327 alone,
1FN-a alone or SL327 in combination with [FN-a. In Figure 3.4, the densitometric ratios
for Ghp2, Rig-1and Star2 relative o Gapedh are plotied for individual mice across the four
different treatment groups, along with the mean expression change.

ion of Ghp2 in all individual mice, but the

1FN-a treatment induced expre
individual mouse responses were quite variable in $1.327 treatment group (Figure 3.3 A).

For example, mouse 1 and 2 were the only responders to S1.327 treatment based on this

ant changes in Ghp2 relative

semi-quantitative analysis. As a group, there were no signifi
expression relative to mice receiving the vehicle control in the brain (Figure 3.4A). Co-

tic effect (Figure 3.3 A, Figure 3.4 A).

injection of IFN-u and S1.327 induced no synergi
The individual mouse responses were quite variable for Rig-I expression in the

brain of IFN-g treatment groups (Figure 3.3 B). For example: most robust induction of

Rig-1 was observed in mouse 3, 4, and 3, as the induction in mouse 1, and 2 was not

considerable.
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Figure 3.3 RT-PCR

ysis of the brain samples. RNA was extracted from the brain
of animals treated with DMSO (cont, n-5), and 100 mg/Kg SL327 (n-5), 1000 U/mouse

IFN-a (n-5), and S|

327/IFN-a (n-5), at 8 hrs after injection. RT-PCR analysis was
performed for Gibp2, Rig-1, Star2, and Gapdh. Each number represents an individual

mouse per treatment
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Figure 3.4 Densitometry analysis of the RT-PCR results of the brai

represent the mean density + SEM

mples RNA

was extracted from the brain of animals treated with DMSO (cont, n-5), and 100 mg/Ke,
S1.327 (n-5), 1000 U/mouse IFN-a (n-5), and SL327/IFN-at (n-5), at 8 hrs after
injection. The band intensity of MDII genes was normalized to that of Gapedh and plotted

per mouse. * P< 0,05 by one-way analysis of Variance (ANOVA). Horizontal lines
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Expres

ion of Rig-I was up-regulated in none of the mice following ¢
administration. As a group, there were o1ly significant changes in Rig-1 relative
expression in the [FN-a treatment group relative to mice receiving the vehicle control
(Figure 3.4 B). Co-injection of IFN-u and $1.327 induced no synergistie effect (Figure 3.3
B: Figure 3.4 B).

ion in

Similarly, individual mouse responses were quite variable for Siar2 expre:
the brain of all treatment groups (Figure 3.3 C). For example: mouse 1 and 2 were non-
responders (o any treatment based on this RT-PCR analysis. Mouse 3. 4 and 5 showed an

up-regulation of Srar2 expression in the brain following

FN-a. but only in mouse 3

Star2

expression was induced following S1.327 treatment. As a group, there were no significant

changes in Star2 relati

c expression in the brain compared to mice reced

ing the vehicle
control (Figure 3.4 C). Co-injection of IFN- and $1.327 induced no synergistie effect

(Figure 3.3 C:

figure 3.4 C).

Intestine
Figure 3.5 shows the relative changes in electrophoresis banding patierns for

MDII genes in the intestine of mice that received control DMSO injection, SL327 alone.

1FN-calone or SL327 in combination with IFN-q. In Figure 3.6. the densitome itios

for Ghp2, Rig-I and Star2 relative to Gapdh are plotted for individual mice across the four

diff

Nt treatment groups,

along with the mean expression change.
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ys:

ples. RNA was extracted from the

intestine of animals treated with DMSO (cont, n=5), and 100 mg/K;

SL327 (n-5), 1000

U/mouse IFN-a (n=5), and SL327/IFN-a (n=5), at 8 hrs after injection. RT-PCR analysis

was performed for GGbp2, Rig-1, Star2, and Gapdh. Each number represents an individual

mouse per treatment
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Figure 3.6 Den:

itometry analysis of the R
RNA was extracted from the intestine of animals treated with DMSO (cont, n- 5), and 100
mg/Kg SL327 (n=5), 1000 U/mouse IFN-a (n-5), and SL327/1FN-a (n-5), at 8 hrs after

injection The band intensity of MDII geres were normalized to that of Gapeh and plotted

per mouse. * P< 0.05 by one-way analysis of Variance (ANOVA). Horizontal lines

represent the mean density + SE|



All mice showed an up-regulation of Ghp2 expression in the intestine following IFN-a

s were variable for Ghp2 in

5 A). The individual mouse respon:

administration (Figure 3

the intestine of SL327 treatment groups, as despite mouse 1. 2, 3, 4, and 5. mouse 3

showed no induction of this gene (Figure 3.5 A). As a group, there were only significant

changes in Ghp2 relative expression in [FN-a treated group relative to mice receiving the

-oand SL327 induced no synergistic

vehicle control (Figure 3.6 A). Co-injection of TN

effect (Figure 3.5 A: Figure 3.6 A)

IFN-a treatment induced expression of Rig-/ in the intestine of all individual mice.

with a more robust induction in mouse I and 2 (Figure 3.5 B). SL327 induced no changes

in expression level of Rig-/ in the intestine of any individual mice (Figure 3.5 B).

Grouping the responses of all five mice per treatment group. there was only significant

changes in Rig-/ relative expression in IFN-a treated group relative to mice receiving the

vehicle control (Figure 3.6 B). Co-injection of IFN-« and S1.327 induced no synergistic

effect (Figure 3.5 B: Figure 3.6 B).

I'he individual mouse responses were variable for Srar2 expression in the intestine
of all treatment groups: for example, mouse 3 did not respond to 1FN-u treatment (Figure

3.5 ). SL327 inereased expression of Star2 only in intestine of mouse 1 and 2 (Figure

cant changes in Star2 relative expression in

©). As a group. there were only signi

1FN-a treated group relative to mice receiving the vehicle control (Figure 3.6 ). Co-

injection of 11N-u and SL327 induced no synergistic effect (Figure 3.5 C: Figure 3.6 C).



3 Lung

Figure 3.7 shows the rel

ative changes in clectrophoresis banding patierns for the

MDII genes in the lung of female mice that received control DMSO injection, SL327
alone, IFN-a alone or S1.327 in combinction with IFN-w. In Figure 3.8. the densitometric

ratios for Ghp2. Rig-1and Star2 relative o Gapeh are plotted for individual mice across

the four different treatment groups, alo

with the mean expression chan;

“The individual mouse responses were variable for Ghp2 expression in the lung of
1FN-cc treatment groups, with mouse 3, 4, and 3 showing a relatively robust response, but

mouse | and 2 were non-responders to 1'N-a treatment based on the Ghp2 profile (Figure

3.7 A). All mice showed an up-regulation of Ghp2 expre

ion in the intestine following

S1.327 administration (Figure 3.7 A). As a group, there were no significant changes in

Ghp2 relative expre:

jon in the lung compared to mice receiving the vehicle control

(Figure 3.8 A). Co- injection of IFN-c and S1.327 induced no synergistic effect (Figure

3.7 Ay

oure 3.8 A).

The individual mouse

esponses were quite variable for Rig-/ expression in the
lung of all treatment groups, for example, as only mouse | and 2 were responders o
1FN-a or $1.327 treatment based on this KT-PCR analysis (Figure 3.7 B). As a group.

there were no significant changes in Rig-/ relative expression re

ative Lo mice receiving

the vehicle control (Figure 3.8 B). Co- in

tion of IFN-a and ¢

2327 induced no

synergistic effect (Figure 3.7 B; Figure 3.8 B).

All mice showed an up-regulation of Siar2 expr

sion in the lung following IFN-«

administration (Figure 3.7 €). The individual mouse responses were quite variable for
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$1.327 treatment group, as only mouse 1 and 2 were responder to this treatment (Figure

3.70). As

group, there were no significant changes in Siar2 relative expression relative
1o mice receiving the vehicle control (Figure 3.8 C). Co-injection of IFN-a and 1327

induced no synergistic effect (Figure 3.7 C: Figure 3.8 C).
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Figure3. 7 RT-PCR analyses of the lung samples. RNA was ex

ted from the lung of
animals treated with DMSO (cont, n-5). and 100 mg/Kg SL327 (n-5), 1000 U/mouse

IFN-u (n-5), and SL327/1FN-« (n-5), at 8 hrs after injection. RT-PCR analysis was

performed for Ghp2, Rig-1, Stai2, and Gapdh. Each number represents an individual

mouse per treatment
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¢ 3.8 Densitometry analysis of the RT-PCR results of the lung samples. RNA

was extracted from the lung of animals treated with DMSO (cont, n-5), and 100 m,

SL.327 (n-5), 1000 U/mouse IFN-a (n-5), and SL327/IFN-a (n-5), at 8 hrs after
injection. The band intensity of MDII genes were normalized to that of Gapdh and plotted

per each individual mice. * P< 0.05 by one-way analysis of Variance (ANOVA).

Horizontal lines represent the mean density + SEM



Chapter 4: Discussion

41 APPLICATION OF MEK INHIBITCRS AS A

TRATEGY TO PROMOTE IFN
EFFICACY

Type I IFNs have been approved as a therapeutic agent for various pathological
conditions, such as: HCV, HBV, HIV, HCL, CML. certain types of B- and T-cell
lymphoma, melanoma, renal cell carcinoma and MS (1, 2). Even though other targeted
therapies have replaced type 1 1FNs as the primary treatment strategy for some of these
conditions. they are still an important therapy option for HBV, HCV. melanoma and MS.
cither alone or in combination with other therapies (150, 151, 172, 179). Unfortunately.
despite high expectations for the therapeutic benefits of IFN therapy, the rate of response
is limited by an inherent or acquired IFN resistance phenotype in non-responsive patients
(187). One of the main contributors to poor therapeutic outcome is deregulation and over-
activity of endogenous cellular suppressors of [FN signalling (210, 211, 256). Ongoing
investigations are focussed on the potential to target the endogenous cellular suppressors
to improve IFN responsiveness (203, 213, 214). For instance, due to promising

combination effec

of IFN=a with an inhibitor of SHP1 phosphatase-sodium
stibogluconate, using in vitro and in vivo model systems, clinical trials have progressed to
phase | for the combination treatment of melanoma (206).

Our laboratory has identified the Ras/Ral/MEK pathway as an endogenous
inhibitor of type 1 1IFN signalling (197, 257). Activation of the Ras/Raf/MEK pathway
triggers diminished IFN-a-induced antiviral and antitumor responses that are mediated

through global down-regulation of ISGs in a cell model (197, 257) (Chrisian et al
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unpublished). Conversely, inhibition of Ras/Raf/MEK pathway via MEK inhibitor U0126

invitro induced a profound reversal in the IFN- responsiveness, and synergistic up-

regulation of ISGs when co-applied with IFN-u (197, 257) (Christian et al unpublished).
These observations shaped the hypothesis of my rescarch thesis. to explore the
therapeutic value of co-application of IPN-ut and a MEK inhibitor in a mouse model
This study was a first step towards improved type 1PN therapy based on Ras/Raf/MEK

pathway targeting.

TS OF

~a AND SL327 COMBINATIONS ON MDII GENES EXPRESSION

The 1N treated groups were a pesitive control for evaluating the aceuracy of the
experimental procedures. Significant induction of all tested genes by IFN-a in the
intestine, and significant induction of the Rig-/ in the brain suggests that the experimental
procedures including RNA extraction, PCR, densitometry and statistical analysis were

properly performed.

Western blot analysis using anti-p-ERK antibody revealed that SL327

successfully inhibited Ras/Raf/MEK pathway. Even though the degree of inhibition was
correlated with up-regulation of MDII genes in some individual mice. it did not have a
statistically significant effect on the overall mean of S1.327 treated group compared to the

control group for none of the genes in any organs. IFN-a/S1.327 co-injection also induced

no additive or synergistic effect. These outcomes are very different from prior in virro
results. where MEK inhibition significantly restored the expression of MDII genes with
determinant roles in type | 1IFN signalling such as Ghp2. Rig-L. and Siar2. In this rescarch,

MEK inhibition followed by 1.5-1.75 fold changes for Ghp2. 1-1.2 fold changes for Rig-1.
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and 1-1.2 fold changes for Star2, while the relevant ratio measure from the in vitro studies

were 5.8-9.83 fold changes for Ghp2, 2.

- 2.78 fold changes for Rig-1, and 3.74-6.41

fold changes for Sar2. This discrepancy setween i vitro and in vivo observations might

be explained by several factors including: different experimental design between the two

studies (cellular vs animal model), time and concentration dependence of drugs and

observed degree of variation between individual mice.

4.3 EXPRIME]

TAL DESIGN: IN VITRO VS IN VIVO

The in vivo experiments explored in this work were designed based on literature
reports and empirical data gathered from sell models for MEK inhibition and type I 1FN
signalling response in the Hirasawa lab. There were several methodological differences
between the i vitro and in vivo studies: 1) change of model of study from cell culture to
animal: 2) change of measurement strategy from q-PCR to RT-PCR; and 3) change of
MEK inhibitor from U0126 to SL327.

Recognition that the oncogenic activity of the Ras/Raf/MEK pathway determined

cellular type | 1N susceptibility in virro, the logical step was to determine the

physiological application of these findings. This was important because, as discussed in

section 1.6.1.3, many viruses exploit physiological activation of Ras/Raf/MEK pathway

for their replication. Inbred female mice that were not virally, immunologically or tumor-
challenged were chosen as a model to investigate influence of physiological activation of

Ras/Raf/MEK pathway on type I IFN responsiveness. Animal models are more complex

than cell culture, and results can be variable based on different conditions.

Pharmacokinetics is very different from a culture model where cach cell receives the
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same drug dose in the medium refative to cells distributed in tissues and organs of intact
animals. In addition, drugs administrated in vivo can be injected into different parts of the
animal’s body. which may produce different results. In this study. the most robust
induction of IFN-t response oceurred in the intestine and a question raises here s that

whether the significant stimulation of IFN-u response in intestine is an influence of route

injection?

Another complexity of working with mouse model is the genetic differenc
between various strains of mice. such that changing the strain of' mice may lead to
different results. For example. in efforts for learning about RIG-1 functions. in one study

conducted in C57BL/6 female mice, knock down of Rig- was lethal (42). but in another

male

independent study, Rig-/ deficient mice, obtained from intercrossing of CSTBL/G f
mice with ICR mice, were viable (49). In addition, Groblewski ef al. were exploring the

effect of ERK signalling, applying S1.327 on some aspects of ethanol seeking behaviour

correlation (240). Their findings were in contrast

in male DBA/ 2J mice but they found no «
with two other independent studies (258. 259), and they discussed differences in mice

strains as one of the main reasons of the inconsistency (240). Like individuals that have

different sensitivity to 1PN, different strains of mice might have different sensitivity to
drugs applied in this study. We ran a proof-of- principle experiment, and this demands a
sensitive and thorough design. In this regard, first, it is logical to obtain an estimate of
response in normal cells, independent of variables such as strain of mice and route of
injection, and this would inform the next round of mouse studics.

The expressional changes were detected by q-PCR in vitro, while RT-PCR was

applied i vivo. Since several viruses exploit physiological activation of Ras/Ral/MEK
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constitutive form of

pathway to spread their progeny. we expected that similar to i

activity. normal activity of this signalling pathway would have considerable cffects on

IFN resp Therefore, we that RT-PCR is sensitive enough to detect

so was used by Klampfer ef al. while they

those major changes. This technique was
were investigating the effect of oncogenic Ki-Ras on type 11 1FN responsiveness (260).
Results of my study showed less than 2 fold changes of all tested MDIT genes, while

relevant rates from in vitro studies were more than two fold (Table 1.4). My results raise

two questions: whether inhibition of physiological activation of Ras/Raf/MEK pathway is
adequate for significant induction of MDII genes expression, and whether RT-PCR
methodology is sensitive enough (o detect these changes. These questions will be tested in

future i vitro studies, as the answer is very important for designing the next round of

mouse studies.

tion from UO126 to SL327

Another difference between the two studies was a trans

atment. Type of MEK inhibitor is a variable, which may have influenced the results of

my experiments (238). However, Christian ef al. found no significant difference between

the efficacy of SL327 and U0126 in vitro (257). In addition, Scherle ef al. and others

reported superiority of SL327 over U012¢ for in vivo studies (244). My results also

herefore, it is not expected that

confirmed down-regulation of p-ERK by 51.327 in vivo.

switching from U0126 to S1.327 led to inconsistency between two investigations.

ENDENCY OF MEK INHIBITORS AND TYP.

4.4 TIMI IFNs

AND DOSE D

Based on the literature, both MEK inhibitors and type I IINs, similar to most
drugs. are time and concentration dependent (240, 241261, 262). Accordingly.

restoration of IFN-t response by MEK inhibition was proven within a range of time
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points (0-24 hrs) and U0126 doses (1.25-20 M) during former studies in our faboratory
(197.257). As a start for performing an in vivo pilot study, one time point (8 hrs) and
concentration (100 mg/kg) based on former preliminary data and maximum dose
tolerance of animals was selected

Induction of 1SGs can oceur in twe phases. including: primary response which

happens within minutes of post injection without need for new protein synthesis:

secondary responses which happen within hours post injection and require new protein

ng on

synthes . Depending on the experimental conditions, investigations focus

s (83

gene expressional analysis of ISGs are usually conducted between 30 min and up o 48

hrs of post injection (13, 261-264). Former studies in our laboratory identified that the

most robust stimulatory effect of MEK inhibition on 1SGs transcription was at 6 hrs post
stimulation (197, 257) (Christian ¢f al. unpublished). Since i vivo is more complex than
invitro., we anticipated that it may take longer for MEK inhibitor to effectively inhibit
Ras/Raf/MEK pathway i vivo, thereby 8 hrs was chosen as a time point of this study
Future in vivo studies should be performed with testing more time points testing cither
before or after § hrs

Expressional analysis of type | IFN signalling in normal conditions is usually

264), while the related range for

within a concentration range of 100 1U- 1000 1U (13

S1.327 is between 25 me/ke-100 mg/kg (240-243). Toxicity tests in Hirasawa laboratory

revealed a dosage limit of 100 mg/kg for SL327 and 1000 IU for IFN-w. Therefore,

aiming (o obtain the most robust induction, we followed a general theme, which wa
applying highest allowed dosage. but induction levels were not as high as we expected.

gic of trying lower dosages. especially when we are

“This does not mean that there is no lo
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sceking to observing synergistic effect. The hypothesis of my thesis was tested in normal

mice: therefore, high dose of IFN-a may mask synergistic effect. Groblewski ef al..

during their investigations on understanding the effects of ERK signalling on ethanol
sccking behaviour, applicd two doses of SL327. including: 30 mg/kg and 50 mg/kg (240).

They observed the reverse effect for 50 mg/ke. but not with 30 mg/kg. This suggests that

applying high dosages of $1.327 may not be always suitable. In addition. i et al.
conducted dosage course experiments to evaluate potential synergistic effect of 1FN-

with an inhibitor of SHP1 and SHP2 inhibitor sodium stibogluconate (204). They

combined 1000 1U of IFN-u with different dosages of sodium stibogluconate ranging
from 25-200 pg/ml, and the most robust synergistic effect was observed in the treatment

of 25 pg/ml sodium stibogluconate (204). Altogether. future studies should be expanded

with different sets of experiments testing a range of dosages: 1) experimental setting 1:

use one dosage of IFN mixing with different dosages of MEK inhibitor: 2) experimental

setting 2: use one dosage of MEK inhibitor combining with different dosages of IFN: 3)
using data from experimental setting 1 and 2 and testing several dosages of $1.327 and

IFN together, These studies will help us in finding the best dosage for obtaining the most

robust induction and synergistic effect.

4.5 MODEL SYSTEM VARIABILITY

High level of variation compromises the power of a statistical test to find

significant difference, while the greater number of samples provides a better estimation of

the vari;

fon o be expected in the responsz (263). The results of this study suggested that

ahigh degree of variation is to be expected, based on the semi-quantitative gene
04



expression analysis. Therefore, a set of five animals per treatment s likely an

underestimate of the number of animals

required to come to a firm conclusion. To avoid
false negative conclusions, the next round of mouse studies should be expanded with

more mice and a statistical power calculation.

4.6 CONCLUSION

is was a pilot study to contribute to the advancement of practical strategies for

improvement of type I IFN therapy. We investigated the influence of co-administration of

a MEK inhibitor with IFN-a for the expression of ISG (MDII) genes under physiological

conditions in vivo. Although in the current study we did not observe the significant effect

of MEK inhibition on IFN-t responsiveness cither in the absenee or presence of

exogenous IFN-q, it remains possible that other cell types under different conditions may

vield different results. Therefore, it is important to consider developing new animal and

cell-based models o define specific means to improve 1FN-a sensitivity. This exploration

rains that

might require a broader array of mouse models, such as genctically engineered
are models of cancer, autoimmune disease or that show enhanced sensitivity to viral

infection.

4.7 FUTURE DIRECTIONS
1. Conducting in vitro experiments to determine the effect of the Ras/Raf/MEK
pathway on IFN-a responsiveness in normal cell lines without constitutive Ras/Ra/MEK

activation.



Animal studies are very challeng ng and expensive, and results can be variable

ba on, genotype of mouse, number of

d on different parameters such as route of inje
individuals. In vitro studies help o get an estimation of relation of these two signalling

pathways excluding the effects of variable parameters. A normal cell line such as NIH3T3
will be chosen as a model of study, and vill be treated with a MEK inhibitor, 1FN-u and a
combination of both. Protein and gene expression analysis will perform to seck outcomes.

These sets of experiments will be performed with several time points. concentrations. and

several common in vivo MEK inhibitors. In addition, expressional analysis will be

performed by applying both -PCR and KT-PCR. This multistep analysis will help with
better designing of the next round of mouse studics.
2. Conducting a new round of in vivo studies to develop strategies to improve type

LIPN therapy by targeting Ras/Raf/MEK

ant results are observed from

These set of experiments will be designed if signi
two in vitro experiments. /i vivo experiments will be conducted in mouse models
challenged with viral infection, harboring MS or cancer. These models will be treated
with MEK inhibitor, 1F'N-u and a combination of both. Experiments will be run with a

greater number of individuals (>10) and testing several time points and concentrations.

ssion will be assessed to determine the eff

The discase prog icacy of MEK inhibition on

improving the type | 1IN therapy outcome.
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