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Abstract

The Study for Interferonf-1la-based
Anti-cancer Therapeutics

Tae-Eun Kim
College of Pharmacy
The Graduate School

Seoul National University

Interferonf (IFNP) has recently emerged as an anti-cancer drug owing to
its ability to preferentially induce apoptosis in cancer cells. However,
IFN resistance, the low stability and systemic toxicity of its derivative
agents limit its use in treating cancer. Previously a glycoengineered version
of recombinant human IFNf-1a, termed R27T was developed which has two
N-glycosylation sites: one at the 80th amino acid (original site) and one at the
25th amino acid (additional site). Compared to the parent molecule, R27T
exhibited superior stability, solubility, productivity, and pharmacokinetic
properties without any loss of biological activity and change in receptor-
binding affinity. However, R27T alone, like its parental molecule, still has

significant issues with resistance and toxicity.



In this study, I first examined the anti-cancer efficacy of R27T in various
cancer cells. I found that its decreased ability to induce anti-proliferation and
apoptosis in resistant cells was due to an upregulation of cellular FLICE-like
inhibitory protein (cFLIP), which impairs caspase activation. I thus
investigated whether inhibition of cFLIP could facilitate R27T-induced
caspase activation. Toward this end, I evaluated the abilities of a cFLIP small
interfering RNA (siRNA) or 4,5,6,7-tetrabromobenzotriazole [TBB, a casein
kinase-2 (CK-2) inhibitor] to enhance the anti-cancer effects of R27T in vitro
and in vivo.

To support the further application of R27T, I developed a fusion protein
in which R27T was fused to the C-terminus of the heavy chain of a
trastuzumab, an anti-ERBB-2 antibody and assessed its potential for treating
ERBB-2+ gastric cancer. R27T fused protein exhibited a higher expression
level in CHO cells compared with that of the parental IFNB-1a fused protein.
The fusion protein induced IFN signaling in gastric cancer cells exhibiting
direct anti-cancer efficacy. Moreover, I have verified the antibody-dependent
cellular cytotoxicity and complement dependent cytotoxicity using fusion

protein in gastric cancer cells.

Keywords: recombinant human interferonf-1a, R27T, anti-cancer, resistance,

cFLIP, trastuzumab, fusion protein

Student Number: 2011-31101



Contents

N 6] £ = Vo AP i
CONTENES = +=+rnreeremrmnemrenrmnnmneanenranrenenneaneasenrnnnnansanrenennenneanenrnnns iii
LLiSt OF TADIES -+ +ererrnrenemrenrenrmnmnnenrenrenrnnrnennenrenrnnnnnennearenrenennenns Y
LiSt OF FIQUIES «+-=ssrreeeeraaannrrnesamaaannnressaaannneeeaseaannne e e e e s snneees Vi
LiSt OF ADDIEVIALIONS -+« r=reeresemrenrenrmnmasenrenrenrenrnamnsenrearnenneanenns X

l. Introduction

1. TYPE | INEIFEIONS ««exxxxssunmrrrersranannrrensaaanneeaeasasnne e e e e 2
1.1 Type | interferon for cancer therapy -----«---s=ssssseesreesemaseennnaa. 2

1.2 Type | interferon resistance in CaNCer -« -«-«-sxsxssmmmummrrananans. 6

1.3 Type | interferon combination therapy for cancer --«-«-«----=-xxuxue. 8

2. Cellular FLICE inhibitory protein in Cancer «-----«-=-ssessurerananans 10

23R T 100} 10) 408 S0 ) o) = I 1 10

2.2 Functions Of CFLIP =«-ceeeeeererereramaiaiaeieiiiieinniciieeenene, 12

3. Antibody-cytokine fusion protein for cancer therapy ----------------- 15

I1. Purpose of the study ------=sssermmemememen e 17

I11. Part 1. Sensitization of glycoengineered interferonf-la-mutein
resistant cancer cells by cFLIP inhibition for enhanced anti-cancer
therapy

INErOQUCTION == - s m e mm e 21



VI. Part Il. The development anti-ERBB-2 antibody-glycoengineered i

nterferonp-la mutein fusion protein for gastric cancer therapy

TS a0 00 18 o o) £ N PP 69
Materials and MEthOUS «-«--«-nxnrererrmemmrmrmrararaeamamrrararaeanananns 73
RESUITS «= - e exmsmrmrmemememamem s s s e mamem s s e e mamemem e e e e nemem e nnnns 79
DIISCUSSION ==+ - -« mxmrmrmsmemmmmememnmsnmamam s s s eaeamamem e s eeamamnmnnnns 08
VII. Conclusion and Perspectives ----««««--««ssssrrrrmmssussarraaraeaaaannnas 101
RETEIEICES =+« -+nrermsmemramrmrmnnnanamaasmrarasanananan s s s nanam e e rarenannns 106
T R 127
iv 2]



List of Tables

Introduction
Table 1. Deregulation of various IFN signaling components

Table 2. Antibody-cytokine fusion proteins in clinical development

Part 11

Table 1. Properties of cytokines under evaluation for cancer immunotherapy



List of Figures
Introduction
Figure 1. Type 1 interferon-induced signaling and transcription
Figure 2. Structures of cFLIP isoforms
Figure 3. cFLIP mediated inhibition of caspase-8 activation.

Figure 4. Analysis of cFLIP expression level data from the cBioPortal

database

Part1

Figure 1. Analysis of anti-proliferative effects of R27T in different cell lines

by WST assay

Figure 2. Analysis of anti-proliferative effects of R27T in different cell lines

by live cell imaging
Figure 3. Pro-apoptotic effects of R27T in different cell lines
Figure 4. Ability of R27T to induce the IFN signaling

Figure 5. Ability of R27T to increase the mRNA expression of apoptotic

mediators

Figure 6. Ability of R27T to increase the protein expression of apoptotic

vi



mediators
Figure 7.  Ability of R27T to activate the caspase-8

Figure 8.  Ability of R27T to activate the caspase cascade and cFLIP

expression
Figure 9.  cFLIP expression in R27T-sensitive and -resistant cancer cells
Figure 10. Activation of NF-xB p65 and NFAT1c by R27T treatment

Figure 11. Inhibition of anti-proliferation efficacy of R27T by co-treatment

with zVAD

Figure 12. Inhibition of anti-proliferation efficacy of R27T by cFLIPS

expression

Figure 13. Inhibition of cFLIP expression with siRNA enhances caspase-8

activation in R27T-resistant cells

Figure 14. Inhibition of cFLIP expression with TBB enhances caspase-8

activation in R27T-resistant cells
Figure 15. TBB-mediated reduction of cFLIP

Figure 16. Inhibition of cFLIP expression with siRNA enhances R27T-

induced anti-proliferation and apoptosis in R27T-resistant cells

Figure 17. Inhibition of cFLIP expression with TBB enhances R27T-induced

anti-proliferation and apoptosis in R27T-resistant cells

Vii



Figure 18. Restoration of cFLIP by expression vector transfection prior to

TBB or R27T treatment

Figure 19. In vivo anti-tumor efficacy of R27T in OVCAR-3 xenograft mouse

model

Figure 20. /n vivo anti-tumor efficacy of co-treatment with R27T plus TBB

in HeLa xenograft mouse model

Figure 21. Immunohistochemical detection of cFLIP in HeLa tumor

xenografts

PartII
Figure 1. Schematics of trastuzumab-R27T and its constituents
Figure 2. Purification of trastuzumab-R27T

Figure 3. Comparison of expression level between trastuzumab-IFNB-la and

trastuzumab-R27T

Figure 4. Size analysis of trastuzumab-R27T
Figure 5. Structural analysis of trastuzumab-R27T
Figure 6. IFN functions of trastuzumab-R27T

Figure 7. Analysis of ERBB-2-targeting function by FACS

viii .



Figure 8. Analysis of ERBB-2-targeting function by confocal microscopy
Figure 9. In vitro direct anti-cancer efficacy of trastuzumab-R27T
Figure 10. /n vitro CDC efficacy of trastuzumab-R27T

Figure 11. In vitro ADCC efficacy of trastuzumab-R27T

Conclusion and perspectives

Figure 1. Strategy for combination therapy



Abbreviation

ADCC

CD
CDC

cFLIP

cFLIPL
cFLIPS
CK-2
DAPI

EGFR

ERBB-2

HUVECs

IFN
IFNAR1

IFNAR2

List of Abbreviations

Word

antibody-dependent cellular
cytotoxicity

circular dichroism

complement dependent cytotoxicity
cellular FLICE-like inhibitory
protein

cFLIP-long

cFLIP-short

casein kinase-2
4,6-diamidino-2-phenylindole
dihydrochloride

epidermal growth factor receptor
epidermal growth factor receptor-2
human umbilical vein endothelial
cells

interferon

interferon-alpha/beta receptor alpha
chain

interferon-alpha/beta receptor beta

chain



IL-2
IRDS

ISGF3
ISREs
NK
PD-1
PD-L1
rhIFN

RP-HPLC

siRNA
STAT

TBB
U-STAT
U-ISGF3
WST

interleukin-2

IFN-related DNA damage-resistant
signature

interferon-stimulated gene factor 3
IFN-stimulated regulatory elements
natural killer

programmed cell death protein 1
programmed death-ligand 1
recombinant human interferon
reverse phase-high performance
liquid chromatography

small interfering RNA

signal transducers and activator of
transcription
4,5,6,7-tetrabromobenzotriazole
unphosphorylated STAT
unphosphorylated ISGF3

water-soluble tetrazolium

Xi .



Introduction



1. Type | interferons

1.1 Type I interferon for cancer therapy

The interferon (IFN) family cytokines can be classified into two major
groups: type | (predominantly o or ) and type Il (y) [1]. The type I IFNs
exhibit their effects by binding a heterodimer cell surface receptor that
consists of IFNARL1 (Interferon-alpha/beta receptor alpha chain) and IFNAR2
(Interferon alpha/beta receptor beta chain). Following the binding of type |
IFN to this receptor, Janus kinases phosphorylate the signal transducers and
activator of transcription (STAT) proteins are activated. A ternary complex,
interferon-stimulated gene factor 3 (ISGF3), that includes phosphorylated
STAT-1, -2 and IRF9, translocate into the nucleus and binds to IFN-
stimulated regulatory elements (ISREs), leading to the transcription of IFN-
stimulated genes [2]. These genes mediate pleiotropic biological activities,
including anti-viral [3], anti-proliferative [4], anti-angiogenic [5], and
immunomodulatory [6] processes (Figure 1).

The type | IFNs are also involved in cell differentiation and anti-cancer
activity. There are several mechanisms underlying the anti-cancer effects of
type I IFNs. They have direct effects, such as the induction of apoptosis and
blockade of the cell cycle. The initiation of apoptosis can act through an
extrinsic pathway (e.g., the activation of the death receptors), via an intrinsic

and/or mitochondrial pathway, or by the stress kinase cascade [7-10]. In



addition to these direct effects, type | IFNs also have several indirect anti-
cancer effects, such as inducing immunomodulatory functions (e.g., the
activation of cytotoxic T-lymphocytes, natural killer (NK)-cells, and
monocytes [11]) and enhancing the cell-surface expression of class | major
histocompatibility complex antigens [12, 13]. Furthermore, several non-
immunomodulatory host effects of type I IFNs, such as the inhibition of the
transcription/secretion of anti-angiogenic factors [14-16] and the down-
regulation of interactions between tumors and the surrounding stroma [17],
have been demonstrated.

Most of the clinical trials of IFNs in cancer therapy have involved type |
IFNs. They demonstrated efficacy against certain types of cancers in early
trials, and have been approved for the treatment of hairy cell leukemia,
chronic myelogenous leukemia, Kaposi’'s sarcoma, melanoma, and renal cell
carcinoma [18, 19]. However, the use of IFNs in cancer therapy has declined
in recent years due to the systemic toxicity associated with IFN and the
development of more effective therapeutics with lower side effects. Because
of the proven anti-cancer effects of type I IFN, however, novel therapeutic
strategies using this agent are continually being developed by many research
groups [20].

Accruing evidence suggests that the efficacies of chemotherapeutics,
targeted anti-cancer therapeutics, radiotherapy, and immunotherapy depend

on type | IFN-mediated signaling [20]. In in vivo mouse models, for example,



anti-IFNAR1 antibodies blocked the anti-tumor effect of monoclonal
antibodies targeting human epidermal growth factor receptor 2 (ERBB2) or
epidermal growth factor receptor (EGFR) [21, 22]. The effect of
anthracycline-based chemotherapy in cancer-cell-xenografted mice was also

inhibited by co-treatment of an anti-IFNAR1 monoclonal antibody [23].
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Figure 1. Type I interferon-induced signaling and transcription. Receptor
binding of type | IFNs induces STAT-1/-2 phosphorylation through the
receptor associated JAK1. The phosphorylated STAT-1/-2 form a complex
with IRF-9. The STAT-1/-2-IRF-9 complex (ISGF3) regulates expression of

genes with ISREs in their promoters.
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1.2 Type I interferon resistance in cancer

As IFNs are strong suppressors of growth, tumor cells with truncated,
restrained, or dysfunctional IFN signaling components can evade the effects
of endogenous IFN and the innate immune response, and thus exhibit
increased proliferation. Such a view is supported by studies showing that cells
with dysfunctional type I and type Il IFN signaling components are more
susceptible to spontaneous and induced tumor formation [24-28]. Moreover,
many malignancies are reportedly associated with deregulated/resistant IFN-
signaling pathways.

There are several issues should be considered in developing type I IFN
based anti-cancer therapeutics. One of them is the production of U-STAT,
which is known to be produced under the chronic exposure to low levels of
endogenous type I IFN. U-STAT1, together with U-STAT2 and IRF9, forms
an unphosphorylated ISGF3 (U-ISGF3) and increased U-ISGF3 levels lead
to enhanced expression of IFN-related DNA damage-resistant signature
(IRDS) inhibiting increase of other ISGs that are related to anti-proliferative
or pro-apoptotic responses [29, 30].

The possible deregulations of various IFN signaling components in

malignant and IFN-resistant cells are listed in Table 1.



Table 1. Deregulation of various IFN signaling components

Signali
ignating Mechanism Reference
stage
Receptor low expression [31]
Receptor Receptor mutation [32]
Soluble receptor presence in serum [33, 34]
JAK1 mutation [35-37]
STAT expression/activation [38, 39]
JAK-STAT
U-STAT1/2 [30]
SOCS expression [40]
Transcriptional ISGF3 component deficiency [41]




1.3 Type I interferon combination therapy for cancer

The existing literature clearly shows that co-treatment with IFNs plus
other strategies, including chemotherapeutics, hormones, radiotherapy, and
other immunostimulatory molecules, is effective against cancer [42]. A
combination regimen of IFN plus chemotherapeutics triggers cancer cell
death in proliferating cells while stimulating an IFN-induced immune
response [43]. The IFN signaling pathway has been reported to enhance the
effects of chemotherapeutics in mouse models of breast cancer, supporting
the benefit of combination therapy with IFN and chemotherapeutics in
patients [23]. IFN has also been shown to stimulate the anti-cancer effects of
ERBB-2-targeting drugs, such as trastuzumab and lapatinib, potentially via a
mechanism that requires both type I and type Il IFN immune stimulatory
responses [21, 44].

Tumor cells can both directly and indirectly suppress the anti-tumor
immune response [45], such as via the suppressive microenvironment of large
primary or metastatic tumors, and through the expression of ligands that target
inhibitory receptors (e.g., programmed cell death protein 1 (PD-1) or
cytotoxic T-lymphocyte-associated protein 4) on immune effector cells to
inactivate an anti-tumor immune response [46]. As radiotherapy can
reportedly moderate the immuno-suppressed tumor microenvironment [47],
it has been proposed that a combined regimen of radiotherapy plus an

immune-stimulating agent, such as IFN, could reactivate the anti-tumor



immune response [48]. Interestingly, IFN treatment was reported to induce
the expression of programmed death-ligand 1 (PD-L1), which can suppress
anti-tumor immune responses [49]. Therefore, combined therapies involving

IFN plus PD1-PD-L1 blockers could be effective.



2. Cellular FLICE inhibitory protein in cancer

2.1 Isoforms of cFLIP

Cellular FLICE inhibitory protein (cFLIP), also known as CFLAR,
Casper, iFLICE, FLAME-1, CASJ, CLARP, MRIT or usurpin, is a pivotal
negative regulator of the apoptotic signaling pathway [50]. Currently, 15
different variants have been identified, but only 3 of these, cFLIPL, cFLIPS,
and cFLIPR, have been shown to be translated to protein (Figure 2). The
55kDa protein cFLIPL is structurally similar to procaspase-8 which has two
N-terminal DED domains and a C-terminal caspase-like domain [51]. The C-
terminal domain of cFLIPL lacks the catalytic cysteine residue, which cleaves
caspases. Thus, cFLIPL has lack of enzymatic activity. c-FLIPS (26 kDa) and
CFLIPR (24 kDa) also contain two N-terminal DED domains, but contain a
shorter carboxyl terminus than cFLIPL [52]. All three isoforms of cFLIP can
be recruited to the DISC through an interaction of their double DED domains

with the adaptor protein FADD.
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Figure 2. Structures of cFLIP isoforms. Three cFLIP isoforms, cFLIPL,

CFLIPS, and cFLIPR, contain tandem death effector domains (DED 1/2) at

their N-terminus. In addition to tandem DED 1/2, cFLIPL possesses a

caspase-like domain without catalytic activity.
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2.2 Functions of cFLIP

Recruitment of cFLIPS to the death-inducing signaling complex (DISC)
impedes procaspase-8 homo-dimerization and activation, inhibiting the
activation of the apoptotic caspase cascade. cFLIPL, whereas forms a hetero-
dimeric complex with caspase-8, but unlike cFLIPS, hetero-dimerization of
cFLIPL and procaspase-8 allows activation of caspase-8 through its self-
cleavage [53]. As a result of limited caspase-8 activation, the p43-cFLIP and
the p41/43 caspase-8 subunits are generated. However, due to the absence of
proteolytic activity of cFLIPL, no further processing is triggered. Thus
cleaved caspase-8 and cFLIPL are remained at the DISC, blocking additional
transduction of the apoptotic signaling (Figure 3) [54].

The elevated expression level of cFLIP has been found in various cancer
types. Several studies with cancer cell lines have demonstrated increased
cFLIP expression levels in colorectal cancer [55], pancreatic cancer [56],
gastric cancer [57], ovarian cancer [58], prostate cancer [59], and melanoma.
cFLIP was also expressed at high level in primary tissues from patients with
bladder cancer [60, 61], lung cancer [62, 63], liver cancer [64], gastric cancer
[65, 66], and melanoma [67]. Overexpression of cFLIP is related with a
resistance to Fas and TRAIL mediated apoptosis. Moreover, Djerbi et al.
reported that high levels of cFLIP expression in some tissue types are
correlated with tumor aggressiveness [68]. The levels of cFLIP gene

expression in human cancers are displayed in Figure 4.

12
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Figure 3. cFLIP mediated inhibition of caspase-8 activation. cFLIPL
forms hetero-dimers with caspase-8, partially inhibiting caspase-8 activation.
When caspase-8 form a complex with cFLIPS, caspase-8 remains uncleaved

(non-funtional). Source of figure : Krueger A, 2001 [54].
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single study. White spots represent those analyzed without gene sequencing,
blue spots represent normal results of gene sequencing, red spots represent
missense mutations, diamond spots represent nonsense mutations, and

inverted triangles represent frameshift mutations.

’ R Eone kAT

1 =



3. Antibody-cytokine fusion protein for cancer therapy
Cytokines are the major regulators of the immune system and released by
various cell types including immune cells. Secreted cytokines could activate
innate and adaptive immune responses and affect cell proliferation,
differentiation, effector functions, and survival [69]. For its ability in
activation of immune response toward to cancer cells, cytokine have been
extensively studied for cancer therapy [70]. Several cytokines including
interleukin-2 (IL-2), other members of common gamma chain cytokine
family (IL-7, IL-15, IL-21), IL-12, and the interferons (IFNs), have been
reported to exhibit anti-cancer efficacy [71-73]. However, therapies using
cytokine alone induce severe side effect, such as systemic inflammation or
vascular leak syndrome [74]. These side effects are resulted from absorption
of cytokine in the peripheral tissues prior to reaching the tumor site. Because
the cytokines could not be specifically transported to tumor site, high doses
of cytokines need to be injected to induce sufficient anti-cancer efficacy,
which induces unwanted toxicity. Currently, the development of recombinant
antibody technologies enables the creation of antibody-cytokine fusion
proteins [75]. These fusion proteins utilize the tumor-targeting ability of
monoclonal antibodies to lead cytokines specifically to tumor tissue allowing
them stimulate more enhanced anti-tumor immune responses while
mitigating the systemic toxicities [76-78]. The antibody-cytokine fusion

proteins under clinical development are listed in Table 2.

15



Table 2. Antibody-cytokine fusion proteins in clinical development

. . . Clinical
Fusion Protein Company Antigen Structure Ref.
Stage
Merck
Hu 14.18-IL2 GD2 IgG Phase 1T [79-82]
KGaA
Alopexx
DI-Leul6-1L2 CD20 1gG Phase I/I1 [83]
Oncology
Anti-CD20 Immunome
CD20 1gG Preclinical [84]
tetrameric hIFNa dics
Anti-CD20-IFNa Immungene CD20 IgG Pre-phase 1 [85]
Anti-CD20-IL-21 none CD20 1gG Preclinical [86]
Anti-HLA-DR- Immunome
HLA-DR IeG Preclinical [87]
tetrameric IFNa-2b dics
Merck
NHS-IL2LT DNA 1gG Phase I [88, 89]
KGaA
Merck
NHS-IL12 DNA IgG Phase 1 [90]
KGaA
Al domain of
F16-1L2 Philogen Diabody Phase Ib/I1 [91-93]
Tenascin C
ED-B
L19-1L2 Philogen Diabody Phase 11 [94-96]
Fibronectin
ED-B
L19-TNFa Philogen Diabody Phase I/I1 [97-99]
Fibronectin
ED-B
huBC1-IL12 Antisoma IeG Phase I/I1 [100, 101]
Fibronectin
huKS-IL2 Seono EpCAM 1gG Phase I/11 [102, 103]
Carcinoembryo
Anti-CEA-IL2v Roche 1gG Phase [ [104]
nic antigen
ED-B variant of
BC1-IL12 Antisoma IeG Phase I [101]

fibronectin

16



Purpose of the study
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Interferonf (IFNP) has recently emerged as an anti-cancer drug owing to
its ability to preferentially induce apoptosis in cancer cells. However,
resistance, toxicity, and high price has limited the usefulness of IFNf to treat
cancer. Previously, a glycoengineered version of recombinant human IFNp-
1a, termed R27T was developed. This agent has two N-glycosylation sites:
the original site at the 80th amino acid, plus an additional site at the 25th
amino acid, which was induced by mutating an arginine to a threonine at the
27th position. R27T exhibited superior stability, solubility, productivity, and
pharmacokinetic properties without any loss of biological activity or
alteration of receptor binding affinity, relative to those of its parental
molecule. Although the protein stability is improved, it still has a resistance
and toxicity problem.

The therapies using cytokine alone induce severe side effect, such as
systemic inflammation or vascular leak syndrome. These side effects are
resulted from absorption of cytokine in the peripheral tissues on the way to
reach tumor site. Because the cytokines could not be specifically transported
to tumor site, high doses of cytokines need to be injected to display anti-
cancer efficacy, which induces unwanted toxicity. In the same manner, the
therapeutic use of free IFNs has been limited by a dose-limiting systemic
toxicity that makes it impossible deliver optimal concentrations deep into
tumor tissues, thus the true therapeutic potential of IFN has not been fully

exploited.

18



The purpose of this study is twofold: firstly, to examine the molecular
mechanism underlying the resistance of cancer cells to R27T and sought to
overcome R27T resistance through combination therapy, and secondly, to
reduce R27T toxicity, monoclonal antibody-R27T fusion protein was

developed and its bioactivity and therapeutic efficacy was confirmed.

19



PART I
Sensitization of glycoengineered interferonp-la-mutein

resistant cancer cells by cFLIP inhibition for enhanced anti-

cancer therapy
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Introduction

Interferonf3 (IFNB) has emerged as a potential anti-cancer drug that can
effectively induce cancer growth arrest by decreasing cell proliferation and
inducing apoptosis [105]. However, the use of IFNf in anti-cancer therapy
has been hampered by its low stability and relatively short circulating half-
life (3-5 h in humans) [106].

In a previous study, R27T, a glycoengineered version of recombinant
human IFNB-1a was developed. R27T has two N-glycosylation sites: at the
80™ amino acid (the original site) and an additional site at the 25™ amino acid,
induced by mutating an arginine to threonine at the 27" position [107]. R27T
exhibited superior stability, solubility, productivity, and pharmacokinetic
properties without any loss of biological activity or alteration of receptor
binding affinity, compared to those of its parent molecule, IFN3-1a. However,
the anti-cancer efficacy of R27T has not yet been fully explored. In addition,
IFN resistance reportedly develops in diverse tumor cells via deregulation
of the IFN signaling pathway [108-110]. Therefore, I need to explore
additional approaches, such as combination therapy, as a means to enhance
the therapeutic efficacy of R27T.

In this study, the anti-cancer efficacy of R27T was first examined in
various cancer cells. I found that the resistance to R27T-induced anti-

proliferation and apoptosis was due to the increased expression of cellular

21 .



FLICE-like inhibitory protein (cFLIP), which blocks the initiation of caspase
activation. I investigated whether the inhibition of cFLIP could facilitate
R27T-induced caspase activation. Therefore, I evaluated the ability of cFLIP
small interfering RNA (siRNA) or 4,5,6,7-tetrabromobenzotriazole (TBB, a
casein kinase-2 [CK-2] inhibitor) to enhance the anti-cancer effects of R27T

in vitro and in vivo.

22 .



Materials and methods

1. Construction of plasmids

In order to establish a cell line that transiently express cFLIP-short
(cFLIPS), pCMV3-cFLIPS was constructed. The cFLIPS gene synthesized
by Bioneer (Daejeon, Korea) was excised with Kpnl (Thermo Scientific,
Pittsburgh, PA, USA) and Xbal (Thermo Scientific) and inserted to pCMV3.
The pCMV-cFLIP-long (cFLIPL) was purchased by Sino Biological (Beijing,

China).

2. Cell lines and culture condition

Human ovarian carcinoma (OVCAR-3, TOV-21G), human cervical
cancer (HeLa), and human breast cancer (MCF-7) cell lines were purchased
from the American Type Culture Collection (ATCC; Manassas, VA, USA).
OVCAR-3, HeLa, and MCF-7 cells were cultured in RPMI-1640 (HyClone,
Logan, UT, USA) supplemented with 10% fetal bovine serum (HyClone), 100
units/mL penicillin, and 100 pg/mL streptomycin (HyClone). TOV-21G cells
were maintained in a 1:1 mixture of M199/MCDB medium (HyClone)
containing 15% fetal bovine serum, 100 units/mL penicillin, and 100 pg/mL
streptomycin. All cells were grown at 37°C in a humidified 5% CO>

atmosphere
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3. Cell viability and apoptosis assays

The in vitro anti-proliferation efficacy of R27T (provided from Abion Inc.
[107] ) was tested using two different cell viability assays. . OVCAR-3, MCF-
7, HeLa, or TOV-21G cells were seeded in 96-well plates, cultured overnight,
and then treated with or without various concentrations of R27T for 24, 48,
or 72 h. For combination treatment, OVCAR-3 or Hela cells were treated
with R27T (100 ng/mL), zVAD (50 uM; R&D Systems, Minneapolis, MN,
USA), and/or TBB (10 uM; Tocris Bioscience, Bristol, UK), alone or in
combination, for 48 or 72 h. ON-TARGET plus human cFLIP siRNA set was
supplied by Dharmacon (Lafayette, CO, US). The sequences of siRNAs used
for transfection were as follows: 5’-GUGCCGGGAUGUUGCUAUA-3’
(sense) and 5’- UAUAGCAACAUCCCGGCAC-3’ (antisense); 5’-

CAAGCAGUCUGUUCAAGGA-3’ (sense) and 5’-
UCCUUGAACAGACUGCUUG-3’ (antisense); 5’-
CAUGGUAUAUCCCAGAUUC-3’ (sense) and 5’-
GAAUCUGGGAUAUACCAUG-3’ (antisense); 5’-
CCUAGGAAUCUGCCUGAUA-3’ (sense) and 5’-

UAUCAGGCAGAUUCCUAGG-3’ (antisense). For sequential treatment
with R27T and cFLIP siRNA, HeLa cells were transfected with 10 nM of
scrambled siRNA (Dharmacon) or cFLIP siRNA for 24 h. Thereafter, the
siRNA-containing culture medium was removed and cells were cultured in

fresh medium containing R27T (100 ng/mL). Cell viability was assessed
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using a water-soluble tetrazolium (WST) colorimetric assay (Ez-Cytox; Daeil
Lab Service, Seoul, Korea) or a live cell-staining assay (LIVE/DEAD
Viability Assay; Molecular Probes, Eugene, OR, USA). For the WST assay,
10 uL of WST reagent was added to each well, the plates were incubated for
1 h, and absorbance was measured at 430 nm using a microplate reader
(TECAN, Durham, NC, USA). For live-cell analysis, calcein-AM was treated
to cells for 10 min and the fluorescence of calcein-AM (which is specifically
taken up by live cells) was analyzed using a fluorescence microscope (Leica,
Wetzlar, Germany).

R27T-induced apoptosis was measured using a fluorescence
isothiocyanate (FITC) Annexin V/PI kit (BD Bioscience, San Jose, CA, USA).
Annexin V can detect apoptotic cells by binding to phosphatidylserine and PI
is used for nuclear DNA staining. Cells are Annexin V positive and PI
negative in early apoptosis, while cells are both Annexin V and PI positive in
late apoptosis [111]. Briefly, cells were harvested, washed twice with
phosphate-buffered saline (PBS), and resuspended in 100 pL of binding
buffer (10 mM HEPES/NaOH [pH 7.4], 140 mM NaCl, and 2.5 mM CacCl,).
Five microliters of FITC Annexin V or PI solution were added to each sample,
and the samples were incubated for 15 min at room temperature in the dark.
The reaction was stopped by adding 400 pL of binding buffer. The stained
samples were run on a FACSCalibur flow cytometer (BD Biosciences) and

analyzed with the Cell QuestPro (BD Biosciences).
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4. Luciferase reporter assay

Reporter gene assays were performed using a Dual Luciferase Assay kit
(Promega, Madison, WI, USA). OVACAR-3 or HeLa cells were seeded to
12-well plates and incubated overnight at 37°C in a humidified atmosphere
containing 5% COz. The cells were then co-transfected with 0.4 ng of a firefly
luciferase-encoding reporter plasmid containing the interferon stimulated
response element (ISRE) and 0.3 pg of pTK-RLuc plasmid containing the
Renilla luciferase reporter gene. Transfections were performed with the
Lipofectamine LTX reagent (Invitrogen, Carlsbad, CA, USA). At 24 h post-
transfection, cells were treated with the indicated concentrations of R27T, and
after an additional 16 h, the activities of firefly luciferase and Renilla

luciferase were determined using a microplate reader (TECAN).

5. Quantitative real-time reverse transcription-polymerase chain
reaction (QRT-PCR)

OVCAR-3 or HeLa cells were treated with 100 ng/mL R27T, total RNA
was isolated using a Hybrid-RTM kit (GeneAll, Seoul, Korea), and the RNA
was reverse transcribed to complementary DNA (cDNA) using a Transcriptor
First Strand cDNA synthesis kit (Roche, Indianapolis, IN, USA). TagMan
gRT-PCR was performed using the following primers and probes: death
receptor 4 (DR4; forward primer, 5'-GGGTCCACAAGACCTTCAAGT-3';

reverse primer, 5'-TGCAGCTGAGCTAGGTACGA-3"; and probe, 5'-FAM-
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TCCTGCTG-TAMRA-3"), FAS (forward primer, 5'-
ATGGCCAATTCTGCCATAAG-3'; reverse primer, 5'-
TGACTGTGCAGTCCCTAGCTT-3"; and probe, 5'-FAM-TCCTCCAG-
TAMRA-3'), tumor necrosis factor alpha (TNF-a; forward primer, 5'-
GACAAGCCTGTAGCCCATGT-3 reverse primer, 5'-
TCTCAGCTCCACGCCATT-3'; and probe, 5'-FAM-CCTCCTGG-TAMRA-
3"), and TNF-related apoptosis-inducing ligand (TRAIL; forward primer, 5'-
CCTCAGAGAGTAGCAGCTCACA-3 reverse primer, 5'-
CAGAGCCTTTTCATTCTTGGA-3"; and probe, 5'-FAM-CAGAGGAA-
TAMRA-3"). The following cycling conditions were applied: 95°C for 10 min;
followed by 50 cycles of 95°C for 10 s and 55°C for 30 s; and a final cycle at
40°C for 30 s. The primers and probes were designed by the Universal Probe
Library Assay Design Center (Roche Diagnostics, Basel, Switzerland), and
gRT-PCR was performed on a LightCycler 2.0 (Roche Diagnostics,
Mannheim, Germany). The 2(-AAC(T)) method was used to compute relative

mRNA expression levels [112].

6. Antibodies and Western blot analysis

OVCAR-3 or HeLa cells treated with R27T (100 ng/mL), cFLIP siRNA
(10 nM), and/or TBB (10 uM), alone or in combination, were lysed in RIPA
lysis buffer (150 mM sodium chloride, 1% Triton X-100, 1% sodium

deoxycholate, 0.1% SDS, 50 mM Tris-HCI [pH 7.5], 2 mM EDTA)
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supplemented with a protease inhibitor mixture (Roche). The lysed cells were
incubated for 20 min on ice and clarified by centrifugation at 12,000 x g for
15 min. The supernatant was collected, and protein concentration was
determined using a BCA protein assay kit (Thermo Scientific) according to
the manufacturer’s instructions. Twenty micrograms of protein were resolved
by 12% SDS-PAGE and transferred to a polyvinyl difluoride membrane
(PVDF; BioRad, CA, USA). The PVDF membranes were blocked in TBS-
Tween20 buffer containing 5% skim milk and incubated with primary
antibodies at 4°C overnight. The following primary antibodies were utilized:
anti-FAS, anti-TNF-a, anti-TRAIL, anti-caspase-8, anti-caspase-3, anti-
caspase-9, anti-p65, anti-p-p65 (all from Cell Signaling Technology, Danvers,
MA, USA), anti-cFLIPS (AG Scientific, CA, USA), anti-DR4 (Abcam,
Cambridge, UK), anti-cFLIPL, anti-nuclear factor of activated T-cells 1c
(NFAT 1c) and anti-B-actin (both from Santa Cruz Biotechnology, Santa Cruz,
CA, USA). The blots were then incubated for 1 h with anti-mouse IgG-HRP
(ThermoFisher Scientific) or anti-rabbit IgG-HRP (ThermoFisher Scientific)
secondary antibodies, and immunoreactive proteins were visualized using
enhanced  chemiluminescence  reagents (GE  Healthcare). For
immunoprecipitation, cells were lysed in lysis buffer containing 20 mM Tris
[pH 7.5], 150 mM NaCl, 1% NP-40, 10% glycerol, and protease inhibitor
mixture (Roche) for 1h. The lysed cells were clarified by centrifugation at

12,000 x g for 15 min. The supernatant was collected and protein
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concentration was determined using a BCA protein assay kit (Thermo
Scientific) according to the manufacturer’s instructions. One milligram of
protein was precleared in the presence of 20 ul Dynabead protein G (Thermo
Scientific) for 1h at 4°C. After centrifugation, the supernatant was collected
and incubated with 1 pg of anti-caspase-8 antibody (Acris Antibodies,
Herford, Germany) in the presence of 20 uL Dynabead protein G (Thermo
Scientific). The precipitated beads were washed 3 times in lysis buffer and

then the precipitated proteins were analyzed by Western blotting.

7. Caspase-8 activity analysis

Caspase-8 activity was measured using a Caspase-Glo 8 assay kit
(Promega). OVCAR-3 or HeLa cells were treated with R27T (100 ng/mL),
cFLIP siRNA (10 nM), and/or TBB (10 uM) alone or in combination, and
then lysed on ice in phosphate buffered saline containing 1% NP40 and 0.1%
SDS. Ten micrograms of cell lysate in a 50 pL total volume was resuspended
in 50 pL of Caspase-Glo reagent and incubated for 1 h at room temperature.
The luminescence produced upon cleavage of the luminogenic substrate
(which contained the caspase-8 cleavage site, LETD) was measured for each

sample using a microplate reader (TECAN).
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8. Assessment of in vivo anti-tumor efficacy

The anti-tumor efficacy of R27T in vivo was tested in OVCAR-3 and
HeLa xenograft models. All animal experiments were approved by the
Institutional Animal Care and Use Committee (IACUC) of Seoul National
University (SNU-160310-1). Five-week-old female athymic nude mice
(Orient Bio, Seongnam, Gyeonggi, South Korea) were subcutaneously
inoculated at the dorsal right side with 5 x 10° cells. OVCAR-3-tumor-bearing
mice were intraperitoneally treated with R27T (1 mg/kg) every other day for
three weeks. In HelLa xenograft model, the mice were intraperitoneally
administered three times per week for 4 weeks with either vehicle or TBB (10
mg/kg) or/and R27T (1 mg/kg). In the co-treatment group, mice were treated
with TBB and R27T alternately every day for 4 weeks. Tumor size was
measured by caliper every other day in two dimensions, and the tumor volume
was calculated using the following formula; tumor volume (mm?®) = (short
diameter)? x (long diameter) x 0.5. For histological evaluation, tumor tissues
were extracted, weighed, sectioned, and stained with TUNEL. In addition,
expression level of cFLIP was determined by immunohistochemical staining
HeLa tumor tissue section (4 um thick) with an anti-cFLIP antibody (AG

Scientific).
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9. Statistics

Statistics were conducted by analysis of variance (ANOVA), with the
Student-Newman-Keuls test. The SigmaStat software (Systat Software,
Richmond, CA, USA) was employed, and P < 0.05 was considered

statistically significant.
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Results

1. R27T induces anti-proliferation and apoptosis

To investigate the anti-cancer efficacy of R27T in vitro, 1 carried out two
different assays in OVCAR-3, MCF-7, HeLa, and TOV-21G cells. The cell
proliferation assay revealed that R27T showed a concentration-dependent
anti-proliferative effect in OVCAR-3 and MCF-7 cells, but not in HeLa or
TOV-21G cells (Figure 1). Treatment of OVCAR-3 and MCF-7 cells with
R27T decreased cell viability by 86.1 = 2.1 and 60.4 £ 1.7% at 72 h post-
treatment, respectively. In contrast, R27T did not significantly induce anti-
cancer activity in HeLa cells compared with that in control cells. The live
fluorescence assay system yielded similar results, which showed that R27T
exerted notable cell-killing effects in OVCAR-3 and MCF-7 cells, but not in
HeLa or TOV-21G cells (Figure 2).

Next, I examined whether R27T could induce apoptosis in OVCAR-3,
MCF-7, HeLa, and/or TOV-21G cells. I found that the treatment of OVCAR-
3 and MCF-7 cells with R27T increased the proportion of late-stage apoptotic
cells to 78.3 and 40.0%, respectively, compared to less than 15% in the
untreated cells. However, R27T treatment did not alter the population of late-
stage apoptotic cells in HeLa or TOV-21G cells (Figure 3). Thus, the results
suggest that R27T exhibits differential anti-proliferative and pro-apoptotic

effects in R27T-sensitive cells (OVCAR-3 and MCF-7) versus R27T-resistant
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cells (HeLa and TOV-21G).
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Figure 1. Analysis of anti-proliferative effects of R27T in different cell
lines by WST assay. OVCAR-3, MCF-7, HeLa, or TOV-21G cells were
treated with or without various concentrations of R27T. The cells were
incubated for various times, and cell viability was measured by WTS assay.
Data are presented as the mean + SD of three independent experiments (***P

<0.001 compared to the untreated group).
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Figure 2. Analysis of anti-proliferative effects of R27T in different cell
lines by live cell imaging. OVCAR-3, MCF-7, HeLa, or TOV-21G cells were
treated with or without various concentrations of R27T. Seventy-two hours
after treatment, live cells were incubated with calcein-AM and analyzed by

microscopy for detection of fluorescence. Scale bar = 250 um.
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Figure 3. Pro-apoptotic effects of R27T in different cell lines. OVCAR-3,

MCF-7, HelLa, or TOV-21G cells were treated with or without various

concentrations of R27T. Apoptosis activity was quantified by bivariate flow

cytometry of cells stained with Annexin V/PI at 72 h post-treatment.
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2. Induction of apoptotic mediators does not correlate with R27T
resistance

To investigate whether R27T resistance is related to IFN-induced
signaling, I transiently transfected OVCAR-3 and HelLa cells with the
interferon-sensitive response element (ISRE)-luciferase reporter plasmid.
R27T treatment (100 ng/mL) resulted in 2.7- and 14.9-fold increase of ISRE
luciferase activity in R27T-sensitive OVCAR-3 cells (Figure 4A) and R27T-
resistant HeLa cells (Figure 4B), compared with their respective controls.

To examine whether R27T resistance was correlated with the induction of
apoptotic mediators, I compared the mRNA and protein expression levels of
DR4, FAS, TNF-a, and TRAIL in R27T-sensitive OVCAR-3 and R27T-
resistant HeLa cells. qRT-PCR and western blotting analysis showed that the
mRNA (Figure 5) and protein (Figure 6) expression levels of FAS, TNF-a,
and TRAIL increased in both cell lines following R27T treatment. As shown
by the results of western blot analysis, two sizes of FAS or TRAIL proteins
were detected at 45/48 or 28/30 kDa, respectively (Figure 6). Previous reports
showed that two molecular weights of FAS protein resulted from different
glycosylation patterns [113], and TRAIL existed in two isoforms [114].
Overall, these results indicate that R27T resistance is not associated with
changes in IFN-induced signal transduction or the induction of apoptotic

mediators.
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Figure 4. Ability of R27T to induce the IFN signaling. ISRE-luciferase-
expressing OVCAR-3 (A) and HeLa cells (B) were treated with various
concentrations of R27T for 16 h, and the ISRE luciferase activity was

determined using a dual-luciferase kit.
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Figure 5. Ability of R27T to increase the mRNA expression of apoptotic
mediators. OVCAR-3 (A) or HeLa cells (B) were treated with R27T (100
ng/mL) for the indicated times, and the mRNA levels were analyzed by qRT-

PCR. Error bars indicate the SD of experiments performed in triplicate.
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Figure 6. Ability of R27T to increase the ptorein expression of apoptotic
mediators. OVCAR-3 (A) or HeLa cells (B) were treated with R27T (100
ng/mL) for the indicated times, and the mRNA and protein levels were
analyzed by Western blot analysis, respectively. B-Actin was used as a loading

control.
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3. R27T-resistant cancer cells exhibit increased cFLIPS expression and
blockade of caspase activation
To test whether changes in caspase activity contribute to R27T resistance,
I examined caspase-8 activity in R27T-sensitive OVCAR-3 cells and R27T-
resistant HeLa cells. Following R27T treatment, caspase-8 activity
significantly and time-dependently increased up to 48 h post-treatment in
OVCAR-3 cells (to 5.4-fold the basal activity; Figure 7A), but not in HeLa
cells (Figure 7B). Western blotting analysis of caspase-8, -9, and -3 showed
that these proteins were cleaved following R27T treatment of R27T-sensitive
OVCAR-3 cells (Figure 8A) but not R27T-resistant HeLa cells (Figure 8B).
These results demonstrated that the activation of caspase cascade might be
blocked in R27T-resistant cells.
cFLIP is a crucial negative regulator of caspase-8 activation [115].
Therefore, I next examined the expression level of cFLIP in R27T-sensitive
and -resistant cells. Increased expression of cFLIPL and cFLIPS was
observed in HeLa cells compared to that in OVCAR-3 cells without R27T
treatment. cFLIPS was not detected in OVCAR-3 cells (Figure 9). Notably,
there was no difference in the expression level of cFLIP protein in OVCAR-
3 cells after R27T treatment compared with that in the control cells (Figure
8A). In contrast, cFLIPS protein expression was significantly increased in
R27T-treated HeLa cells at 72 h (Figure 8B). To substantiate these results, I

sought to test whether the late increase of cFLIPS level is related to
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transcription factors such as NF-kB and NFAT. I found that R27T treatment
of both OVCAR-3 and HelLa cells did not significantly alter the NF-kB p65
levels for 72 h (Figure 10). However, the activation of p65 (phosphorylated
p65) and NFAT1c (dephosphorylated NFAT1c) was greater in HeLa cells
(Figure 10B) than in OVCAR-3 cells (Figure 10A). These results revealed
that the late expression of cFLIPS in R27T-resistant cells might be influenced
by the increased activation of p65 and NFAT 1¢ following R27T treatment.
The co-treatment of OVCAR-3 cells with the pan-caspase inhibitor,
zVAD, recovered cell viability by 89.1 + 6.6% compared to less than 20%
observed in OVCAR-3 cells treated with R27T alone (Figure 11). I
ascertained whether the overexpression of cFLIPS plays a role in apoptosis
resistance. When OVCAR-3 cells transfected with cFLIPS expression vector
was treated with R27T, cell viability was restored to 81 + 5.2% (Figure 12).
Taken together, these results show that an increase in cFLIPS expression

contributes to the impairment of caspase activation in R27T-resistant cells.
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Figure 8. Ability of R27T to activate the caspase cascade and cFLIP
expression. Cells were treated with 100 ng/mL of R27T and collected at the
indicated times post-treatment. For detection of cleaved caspase-3/8, cFLIPL,
and cFLIPS, Western blot analyses were performed in (A) OVCAR-3 or (B)

HeLa cells. B-Actin was used as a loading control.
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Figure 9. cFLIP expression in different cell lines. Protein expression of
cFLIPL and cFLIPS was analyzed using western blotting in OVCAR-3,

MCF-7, HeLa, or TOV-21G cells. B-actin was used as the loading control.
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Figure 10. Activation of NF-kB p65 and NFATI1c by R27T treatment.
OVCAR-3 (A) and HeLa (B) cells were treated with 100 ng/mL of R27T for
the indicated time. For detection of p65, p-p65, and NFAT 1¢, western blot

analysis was performed. B-actin was used as the loading control.
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Figure 11. Inhibition of anti-proliferation efficacy of R27T by co-
treatment with zZVAD. OVCAR-3 cells were treated with R27T (100 ng/mL)
alone or in combination with 50 puM zVAD for 72 h, and cell viability was
measured by WTS assays. Data are presented as the mean + SD of three

independent experiments (***P < (0.001 compared to the untreated group).
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Figure 12. Inhibition of anti-proliferation efficacy of R27T by c¢FLIPS
expression. OVCAR-3 cells transfected with control or cFLIPS vector were
treated with 100 ng/mL R27T for 72 h. Cell viability was analyzed by WTS

assays (***P < 0.001 compared to the untreated group).
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4. Inhibition of cFLIP expression facilitates caspase activation

I further verified the effect of suppression of cFLIP on caspase-8 activity.
Caspase-8 activity in HeLa cells treated with cFLIP siRNA plus R27T was
2.7-fold higher than that in HeLa cells treated with R27T alone (Figure 13A),
and I detected the cleaved caspase-8 product (Figure 13B). A previous study
reported that inhibition of CK-2 by TBB decreased the endogenous cFLIP
levels via proteasome-mediated degradation of cFLIP, leading to the
enhancement of TRAIL and FAS sensitivity in endometrial carcinoma cells
[10]. Therefore, HeLa cells were co-treated with R27T and TBB, which
resulted in the reduction of cFLIP expression. Furthermore, co-treatment of
R27T with TBB resulted in 2.3-fold increase in caspase-8 activity (Figure
14A) and the cleavage of caspase-8 (Figure 14B). Immunoprecipitation of
cFLIPL and cFLIPS with an anti-caspase-8 antibody revealed that TBB
treatment did not inhibit cFLIP binding with caspase-8 but only decreased
cFLIP expression, thereby activating caspase-8 on R27T co-treatment (Figure

15).
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Figure 13. Inhibition of cFLIP expression with siRNA enhances caspase-
8 activation in R27T-resistant cells. HeLa cells were transfected with 10 nM
scrambled or cFLIP siRNA for 24 h, and then treated with R27T (100 ng/mL)
for an additional 48 h. Cell lysates were analyzed by protease activity assays
(A) or Western blot analyses (B). Data are presented as the mean + SD of
three independent experiments (***P < 0.001 compared to the untreated

group). B-Actin was used as a loading control.
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Figure 14. Inhibition of cFLIP expression with TBB enhances caspase-8
activation in R27T-resistant cells. HeLa cells were co-treated with 10 uM
TBB in the absence or presence of R27T (100 ng/mL) for 48 h, and cell lysates
were analyzed by protease activity assays (A) or Western blot analyses (B).
Data are presented as the mean = SD of three independent experiments (*** P

< 0.001 compared to the untreated group). B-Actin was used as a loading

control.
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Figure 15. TBB-mediated reduction of cFLIP. HeLa cells were treated with
10 uM TBB in the absence or presence of R27T (100 ng/mL) for 48 h, and
the cell lysates were used for western blotting before (lysates) or after (IP:

Caspase-8) immunoprecipitation with an anti-caspase-8 antibody.



5. Inhibition of cFLIP expression sensitizes R27T-resistant cancer cells to
anti-proliferative and pro-apoptotic effects

I next examined whether the cFLIP siRNA- or TBB-mediated inhibition
of cFLIP expression could enhance the anti-cancer efficacy of R27T in vitro.
In the WST assay system, combined treatment of R27T and cFLIP siRNA
significantly reduced HeLa cell viability to 54.1 + 2.5% (Figure 16A). For the
establishment of cFLIP overexpression in HeLa cells, cFLIPL, cFLIPS, or
cFLIPL + S vectors were transfected. Western blot assay showed an increase
in cFLIP protein expression (Figure 18). The anti-cancer activity of R27T plus
TBB was 2.1-, 3.0-, or 2.9-fold greater in control vector-transfected HelLa
cells than in HeLa cells transfected with cFLIPL, cFLIPS, and cFLIPL + S
vector, respectively (Figure 17A). In control vector-transfected HelLa cells,
R27T plus TBB exerted 3.6-fold greater cell-killing effect compared with that
of free R27T. Similarly, fluorescent microscopy revealed that the smallest
live-cell populations were observed in cultures co-treated with R27T and
cFLIP siRNA (Figure 16B) or TBB (Figure 17B). Moreover, apoptosis was
significantly increased when HeLa cells were co-treated with R27T and
cFLIP siRNA or TBB, with the late apoptotic cell populations increasing to
63.5 (Figure 16C) or 51.6% (Figure 17C) compared to less than 10% observed
in the controls, respectively. These results suggest that the combined
treatment of R27T and a cFLIP inhibitor can overcome R27T resistance and

increase the therapeutic efficacy of R27T in resistant cells.
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Figure 16. Inhibition of cFLIP expression with siRNA enhances R27T-

induced anti-proliferation and apoptosis in R27T-resistant cells. HeLa

-continued next page-
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cells were transfected with 10 nM of scrambled or cFLIP siRNA for 24 h, and
then treated with R27T (100 ng/mL) for an additional 48 h. Cell viability was
analyzed by WTS assays (A) or live-cell staining (B), and apoptosis was
assessed by Annexin V/PI staining. Error bars indicate the SD of experiments
performed in triplicate (***P < 0.001 compared to the R27T-treated group).

Scale bar = 250 um.
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Figure 17. Inhibition of cFLIP expression with TBB enhances R27T-
induced anti-proliferation and apoptosis in R27T-resistant cells. HeLa
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cells alone or transfected with cFLIPL, cFLIPS, or cFLIPL+S vector were
treated with TBB (10 uM) and/or R27T (100 ng/mL) for 48 h. Cell viability
was analyzed by WTS assays (A) and live-cell staining (B), while apoptosis
was assessed by Annexin V/PI staining (C). Error bars indicate the SD of
experiments performed in triplicate (***P < 0.001 compared to the R27T-

treated group). Scale bar = 250 um.
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Figure 18. Restoration of cFLIP by expression vector transfection prior
to TBB or R27T treatment. HeLa cells transfected with cFLIPL, cFLIPS, or
cFLIPL + S vector were treated with TBB (10 mM) or R27T (100 ng/mL) or
both for 48 h. For the detection of cFLIPL and cFLIPS, western blot analysis

was performed. b-actin was used as the loading control.



6. Combined treatment with R27T and TBB suppresses in vivo tumor
growth

I next examined the in vivo anti-tumor efficacy of R27T in an OVCAR-3
tumor xenograft model. The tumor volumes were significantly smaller
(Figure 19A) and tumor weights were lower (Figure 19B and 19C) in mice
treated with R27T than in those treated with the control vehicle. The tumor
weight of R27T-treated group was 3.1-fold lower than that of the vehicle.
When 1 further examined the anti-tumor effects of intraperitoneally co-
administered R27T and TBB in Hela tumor-bearing mice, significant
inhibition of tumor growth was observed in the R27T/TBB co-treated group
(Figure 20A). The tumor weights were lowest in the mice co-treated with
R27T and TBB, which exhibited a 3-fold reduction in tumor weight compared
with that of R27T-treated mice (Figure 20B and 20A). In keeping with these
tumor-growth inhibition effects, terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) analysis showed population of apoptotic cells in
OVCAR-3 tumor tissues of R27T-treated mice (Figure 19D) or HeLa tumor
tissues of R27T plus TBB- treated mice (Figure 20D) was higher than that in
the control-treated group. Furthermore, a significant decrease in cFLIP
staining was observed in HeLa tumor tissues of R27T plus TBB-treated mice
(Figure 21). Collectively, these results indicate that the anti-tumor activity of

R27T could be enhanced by combination treatment with TBB.
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Figure 19. In vivo anti-tumor efficacy of R27T in OVCAR-3 xenograft
mouse model. OVCAR-3-tumor-bearing mice were intraperitoneally treated
with vehicle or R27T (1 mg/kg) three times per week for 3 weeks (n=5 per
group). Tumor volumes were measured in each group (A). OVCAR-3 tumor
tissues were extracted for weight analysis (B) and visualization (C) and,
sectioned for TUNEL staning (D). *P < 0.05 compared to other groups, as

assessed by ANOVA and the Student-Newman-Keuls test. Scale bar = 100 um.
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Figure 20. In vivo anti-tumor efficacy of co-treatment with R27T plus
TBB in HeLa xenograft mouse model. HeLa-tumor-bearing mice were
intraperitoneally treated three times per week for 4 weeks with either vehicle
or TBB (10 mg/kg), and then with R27T (1 mg/kg; n=5 per group). Tumor
volumes were periodically measured using calipers (A). HeLa tumor tissues
were extracted for weight analysis (B) and visualization (C), and sectioned
for TUNEL staning (D). *P < 0.05 compared to other groups, as assessed by

ANOVA and the Student-Newman-Keuls test. Scale bar = 100 pm.
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Figure 21. Immunohistochemical detection of c¢FLIP in HeLa tumor
xenografts. HeLa tumor-bearing mice were intraperitoneally administered
with TBB (10 mg/kg), R27T (1 mg/kg), or TBB + R27T (10 mg/kg TBB, 1
mg/kg R27T) three times per week for 4 weeks. Immunohistochemical
staining of the tumor tissues was performed using anti-cFLIP antibody. Scale

bar =100 pum.
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Discussion

In this study, I demonstrate the concentration-dependent anti-proliferative
and pro-apoptotic effects of R27T in OVCAR-3 and MCF-7 cells via
significant induction of IFN and death receptor signaling pathways. In
contrast, R27T did not exhibit significant anti-cancer activity in HeLa cells,
in which the overexpression of cFLIPS was associated with impaired caspase-
8 activity and R27T resistance. Moreover, co-treatment with R27T and a
cFLIP inhibitor was found to reduce the growth of R27T-resistant cells in vitro
and in vivo.

It is notable that R27T has significant anti-cancer effects in OVCAR-3
and MCF-7 cells (Figure 1) because several previous reports have described
the anti-proliferative effects of IFN3 in OVCAR-3 and MCF-7 cells [116,
117]. Consistent with our results, previous reports showed that IFNf
treatment did not induce apoptosis in HeLa cells [117, 118]. TOV-21G cells
have a JAKI-truncating mutation [37], which suggests that R27T does not
induce IFN signaling, enabling it to exert a dominant-negative effect on
apoptosis (Figure 1C).

Unlike the nature of its anti-cancer effects, R27T increased ISRE
luciferase activity and expression levels of apoptotic mediators in both
OVCAR-3 and HeLa cells (Figure 4). It has been reported that IFN-stimulated

gene factor-3 (ISGF-3) can bind to ISRE in OVCAR-3 or HeLa cells treated
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with type I IFNs [119, 120]. Furthermore, the IFNB-induced expression of
interferon-stimulated genes (ISGs; e.g., DR4, FAS, TNF-a, and TRAIL) has
been correlated with death receptor-mediated activation of apoptotic signals
[3, 9, 121, 122]. Regardless of the activation of IFN and death receptor
signaling pathways, there were significant differences in caspase activity
between R27T-treated sensitive and -resistant cell lines (Figure 7 and 8). The
caspase cascade can be initiated through either intrinsic (mitochondrial-
mediated) or extrinsic (death receptor-mediated) apoptosis pathway. The
extrinsic apoptosis pathway is triggered by ligand binding to death receptors,
resulting in caspase-8 activation. Activated caspase-8 then directly cleaves
effector caspases (caspase-3, -6, -7) or activates the intrinsic apoptotic
pathway via cleavage of Bcl-2 homology (BH3)-interacting domain death
agonist, resulting in caspase-9 activation. Activated caspase-9 then triggers
apoptosis by activating effector caspases [123]. In this study, I found that the
anti-cancer efficacy of R27T in OVCAR-3 cells was inhibited by the pan-
caspase inhibitor, zZVAD, which prevented R27T-mediated anti-proliferative
effects (Figure 11), and has been used to study the mechanisms underlying
the effects of IFN in various cancer cell lines [124, 125].

In the absence of R27T, cFLIPL and cFLIPS proteins were more highly
expressed in R27T-resistant cells than in R27T-sensitive cells, thereby
blocking caspase-8 activation (Figure 9 and Figure 8B). Moreover, when

HeLa cells were treated with R27T for 72 h, an increase in cFLIPS expression
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was observed (Figure 8B). cFLIP is known to be a major anti-apoptotic
regulator and resistance factor that inhibits death receptor-induced apoptosis
in a wide range of human malignancies [126, 127]. Recruitment of cFLIP to
death-inducing signaling complex (DISC) prevents the processing and
activation of procaspase-8 [126, 127]. Although 15 different isoforms of
CFLIP have been currently identified, cFLIPL and cFLIPS are the major anti-
apoptotic proteins [128, 129]. cFLIPL is structurally similar to procaspase-8
but lacks the catalytic cysteine residue and proteolytic activity, while cFLIPS
only contains two N-terminal death effector domains [51]. In addition,
cFLIPL forms heterodimeric complex with procaspase-8, resulting in the
partial activation of caspase-8. Recruitment of cFLIPS to the DISC impedes
homodimerization and activation of procaspase-8, preventing the
downstream apoptosis cascade [54]. Notably, in an earlier report, TRAIL-
induced upregulation of cFLIPS was shown to increase the survival of non-
small cell lung carcinoma cells by reducing TRAIL sensitivity, whereas the
cFLIPL isoform did not appear to be involved in TRAIL-induced apoptosis
[130]. A previous report showed that cFLIPL triggered FAS-induced
apoptosis upon strong receptor stimulation, while the overexpression of
cFLIPS inhibited caspase-8 activation even upon expanded stimulation of
FAS receptor [131]. Previous reports provided evidence that cFLIPS
expression was significantly upregulated 72 h after TRAIL treatment [130],

and cFLIPS expression was linked to the calcineurin/NFAT pathway in T-cells
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[132]. NFAT can bind to cFLIP promoter, thereby promoting the expression
of cFLIPS [132]. Activation of NF-kB enhanced histone deacetylase 1,
reduced p300 and histone acetylation, and prevented the recruitment of NFAT
to cFLIP promoter, resulting in the transcriptional repression of cFLIP [133].
The results of this study as well as previous studies suggest that R27T
resistance of tumor cells might result from increased cFLIPS expression.

Downregulation of cFLIP by siRNA or TBB rendered R27T-resistant
cells sensitive to R27T-mediated apoptosis and was accompanied by cleavage
of caspase-8 (Figure 13-14 and Figure 16-17). Since the upregulation of
cFLIP impairs caspase-8 activation, siRNA-mediated silencing of cFLIP
could logically be predicted to promote the apoptosis of R27T-resistant cells.
A previous report showed that the downregulation of cFLIP gene expression
increased the pro-apoptotic effect of type I IFNs [134]. In addition, co-
treatment with TRAIL and a cFLIP-targeting siRNA has been recently
reported to enhance the apoptosis of TRAIL-resistant tumor cells via caspase-
8 activation [135, 136]. Moreover, combined treatment with TRAIL and TBB
was shown to increase the TRAIL sensitivity on cancer cells [137, 138]. Thus,
I chose cFLIP siRNA and CK-2 inhibitor, TBB, for combination therapy with
R27T.

In conclusion, this study is the first to show that the induction of
apoptosis in cancer cells by R27T involves a cFLIP-mediated mechanism. |

further suggest that it may be possible to enhance the therapeutic efficacy of
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R27T significantly by downregulating cFLIP. Thus, combination therapy with
R27T and cFLIP inhibitors may be an attractive strategy for overcoming

R27T resistance.
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Introduction

Gastric cancer is an aggressive disease that constitutes the second leading
cause of cancer death worldwide [139]. Although fluoropyrimidine (anti-
metabolite)- or platinum-based combination chemotherapies are widely
accepted for advanced gastric cancer, their benefits have not necessarily
translated to higher overall survival rates [140, 141]. Therefore, more
effective therapies for gastric cancer are required.

The human epidermal growth factor receptor (HER) family is composed
of EGFR, ERBB-2, ERBB-3, and ERBB-4 [142]. These molecules affect cell
proliferation, differentiation, and apoptosis through homodimerization- or
heterodimerization-mediated signaling [143]. In tumors, the overexpression
of HER family members is often related to malignancy [144]. In gastric
cancer, overexpression of EGFR, ERBB-2, and ERBB-3 has been reported
and related to a less favorable prognosis [145]. Thus, inhibition of ERBB-2
signal transduction might benefit for patients with gastric cancer. In 2010, a
ToGA (Trastuzumab for Gastric Cancer) trial showed that the combination of
trastuzumab (human anti-ERBB-2 monoclonal antibody) and chemotherapy
exhibited a survival benefit in ERBB-2-overexpressing gastric cancer patients
[146]. At present, trastuzumab is FDA approved for the combined treatment
with cisplatin and a fluoropyrimidine for ERBB-2-positive (ERBB-2+)

metastatic gastric and gastroesophageal junction cancer.
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The potential benefit of therapeutically enhancing the immune response
against tumors has been discussed for the past few decades [147]. Clinical
trials have examined the therapeutic efficacy of several cytokines in cancer
patients [148], but it is difficult to administer therapeutically effective doses
of such agents due to their considerable side effects and insufficient
pharmacokinetic properties [149]. Recently, recombinant protein technology
has allowed the construction of antibody-cytokine fusion proteins (also
known as immunocytokines), which utilize the tumor-targeting ability of
monoclonal antibodies to carry cytokines specifically to tumor sites where
they might stimulate an enhanced anti-tumor immune response while
decreasing systemic toxicity [76, 78, 150]. Among the diverse cytokines, type
I IFNs has the great advantages of: clinical experience [151]; stimulation of
T-cell immunity [152], the maturation of antigen presenting cells [153],
enhancement of antibody-dependent cellular cytotoxicity (ADCC) [154], and
direct tumor cell killing effect [155]; and inhibition of angiogenesis [156]
(Table 1). IFN therapy has been reported to increase the anti-cancer immune
response of ERBB-2-targeting therapeutics, such as trastuzumab and
lapatinib [21, 44]. Therefore, combining anti-ERBB2 therapy with IFN could
potentially benefit ERBB-2+ cancer patients.

In this study, I generated a trastuzumab-R27T fusion protein and
examined its ability to specifically target ERBB-2+ gastric cancer cells. Our

results show that R27T-fused trastuzumab exhibits higher expression level in
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CHO-S cells compared to wild type IFNB-fused trastuzumab. Moreover, the
fusion protein properly induced IFN signaling and direct cell death in gastric
cancer cells. Also, I have verified the antibody-dependent cellular
cytotoxicity (ADCC) and complement dependent cytotoxicity (CDC) using
fusion protein in gastric cancer cells and compared those efficacies with

trastuzumab.
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Table 1. Properties of cytokines under evaluation for cancer immunotherapy

Cytokine  Anti-tumor ADCC APC T cell Angiogenesis Clinical
effect enhancement  activation  stimulation  inhibition experience

IL-2 - + - + - +
IL-7 - - - + - -
IL-12 - + - + +/- /-
IL-15 - + - + - -
IL-18 - + - + +/- -
IL-21 +/- + - + - +/-

GM-CSF - + + + - +

IFNa/B + + + + + +
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Materials and methods

1. Preparation of Trastuzumab and Trastuzumab-R27T

The trastuzumab and trastuzumab-R27T-expressing genes were prepared
by gene synthesis (Cosmogenetech, Seoul, Korea), and the synthesized heavy
and light chain DNAs were inserted into the pCHO 1.0 expression vector
(Life Technologies, Gaithersburg, MD, USA) at the Avrll-Bstz171 and
EcoRV-Pacl sites of the polylinker region, respectively. CHO-S cells (Life
Technologies) were transfected with the expression vectors, and stable clones
were selected with 100-1000 nM of methotrexate (Sigma Aldrich) and 10-50
png/mL of puromycin (Life Technologies). Culture fluids from CHO-S cells
stably expressing trastuzumab and trastuzumab-R27T were collected and
loaded onto a MabSelect SuRe™ rProtein A agarose-based resin (GE
Healthcare), and the proteins were eluted using 0.1 M sodium citrate (pH 3.0)

buffer.

2. Cell lines and culture condition

The NCI-N87 human gastric carcinoma cell line and normal primary
human umbilical vein endothelial cells (HUVECs) were purchased from the
American Type Culture Collection (ATCC; Manassas, VA, USA). The NCI-
N87 cells were cultured in RPMI-1640 (HyClone, Logan, UT, USA)

supplemented with 10% fetal bovine serum (HyClone), 100 units/mL
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penicillin, and 100 pg/mL streptomycin (HyClone). HUVECs were
maintained in VascuLife EnGS (containing Endothelial Cell Growth
Supplement; Lifeline Cell Technology, Frederick, MD, USA). All cells were

grown at 37°C in a humidified 5% CO2 atmosphere.

3. Cell viability assay

The in vitro anti-proliferation efficacy of R27T was tested using viability
assays. NCI-N87 cells and HUVECs were seeded to 96-well plates, cultured
overnight, and treated with or without various concentration of R27T,
trastuzumab, or trastuzumab-R27T for 72 h. Cell viability was assessed using
a water-soluble tetrazolium (WST) colorimetric assay (Ez-Cytox; Daeil Lab
Service, Seoul, Korea). Briefly, 10 pul of WST reagent was added to each well,
the plates were incubated for 1 h, and absorbance was measured at 430 nm

using a microplate reader (TECAN, Ménnedorf, Switzerland).

4. Luciferase reporter assay

Reporter gene assays were performed using iLITE Type 1 IFN assay ready
cells (Euro Diagnostica, Malmo, Sweden) and a Luciferase Assay kit
(Promega, Madison, WI, USA). Briefly, iLITE Type 1 IFN assay ready cells
were seeded to 96-well plates and treated with the indicated concentrations of
R27T, trastuzumab, or trastuzumab-R27T. After 18 h, the activities of firefly

luciferase were determined using a microplate reader (TECAN).
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5. Antibodies and western blot analysis

NCI-N87 cells were treated with R27T (100 ng/mL), trastuzumab (100
ng/mL), or trastuzumab-R27T (100-300 ng/mL), and lysed in RIPA lysis
buffer (150 mM sodium chloride, 1% Triton X-100, 1% sodium deoxycholate,
0.1% SDS, 50 mM Tris-HCI [pH 7.5], 2 mM EDTA) supplemented with a
protease inhibitor mixture (Roche, Indianapolis, IN, USA). The lysed cells
were incubated for 20 min on ice and clarified by centrifugation at 12,000 x
g for 15 min. The supernatant was collected and the protein concentrations
were determined using a BCA protein assay kit (Thermo Scientific, Pittsburgh,
PA, USA) according to the manufacturer’s instructions. Twenty micrograms
of protein were resolved by 12% SDS-PAGE and transferred to a polyvinyl
difluoride membrane (PVDF; BioRad, Hercules, CA, USA). The PVDF
membranes were blocked in TBS-Tween20 buffer containing 5% skim milk
and incubated with primary antibodies at 4°C overnight. The utilized primary
antibodies were anti-pSTAT1 (Cell Signaling Technology, Danvers, MA,
USA) and anti-B-actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA).
The blots were then incubated for 1 h with anti-mouse IgG-HRP
(ThermoFisher Scientific, San Jose, CA, USA) or anti-rabbit IgG-HRP
(ThermoFisher Scientific) secondary antibodies, and immunoreactive
proteins were visualized using enhanced chemiluminescence reagents
(Amersham Biosciences, Piscataway, NJ, USA).

Culture fluids (10 pl) from CHO-S cells transiently expressing
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trastuzumab-IFNB-1a or trastuzumab-R27T were subjected to 12% SDS-
PAGE, and the resolved proteins were transferred to a PVDF membrane
(BioRad). The PVDF membranes were blocked in TBS-Tween20 buffer
containing 5% skim milk and incubated with anti-human IgG-HRP
(GenScript, Piscataway, NJ, USA). Immunoreactive proteins were visualized

using enhanced chemiluminescence reagents (Amersham Biosciences).

6. Coomassie blue staining

The purified R27T, trastuzumab, or trastuzumab-R27T proteins were
mixed with 5x protein sample buffer; reducing samples were mixed with
DTT-supplemented 5x protein sample buffer and boiled, while non-reducing
samples were mixed with DTT-free 5x protein sample buffer without boiling.
The prepared samples were resolved by 12% SDS-PAGE and stained with

coomassie blue staining solution.

7. Antibody-dependent cell-mediated cytotoxicity (ADCC) and
complement-dependent cytolysis (CDC) assays

NCI-N87 cells and HUVECs were seeded to 96-well plates (target cells,
2x104 cells/well) and cultured overnight. For the ADCC assay, NK-92MI-
CD16 cells were used as effector cells; the target cells were incubated for 6 h
in the presence of trastuzumab or trastuzumab-R27T (final concentration: ~

10 pg/mL) and 8x104 NK-92MI-CD16 cells (effector/target [E/T] ratio: 8).
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For the CDC assay, human serum (Sigma Aldrich) was used as a complement
source; the target cells were incubated with trastuzumab or trastuzumab-R27T
(final concentration: ~ 10 pg/mL) and 20% human serum (v/v) for 6 h, and

target cell viability was analyzed with the WST assay.

8. Flow cytometry analysis

The expressions of HER2 on the surfaces of NCI-N87 cells and HUVECs
were evaluated using flow cytometric analysis. Cells were harvested, blocked
for 1 h at 4°C in cold phosphate-buffered saline (PBS) containing 2% fetal
bovine serum (HyClone). The cells were then washed twice with PBS,
incubated for 1 h at 4°C with 1 pg of trastuzumab or trastuzumab-R27T
(diluted in cold PBS), and then incubated with fluorescein isothiocyanate
(FITC)-conjugated anti-human secondary antibody (diluted 1:100; Santa
Cruz Biotechnology). HER2-expressing cells were identified by detection of
monoclonal fluorescent antibodies using a BD FACSCalibur system equipped

with the Cell Quest Pro software (BD Biosciences, San Jose, CA, USA).

9. Confocal microscopy analysis

NCI-N87 cells and HUVECs were seeded to 4-well culture slides (SPL,
Seoul, Korea), cultured overnight, fixed with 4% paraformaldehyde in PBS
for 15 min, and stained with trastuzumab or trastuzumab-R27T for 1 h. The

cells were rinsed twice with PBS, incubated with FITC-conjugated anti-
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human secondary antibody (Santa Cruz), and stainedwith 4,6-diamidino-2-
phenylindole dihydrochloride (DAPI). The 4-well culture slides were
removed from the chamber and mounted for digital micrographs, which were
taken using a LSM 700 ZEISS laser scanning confocal microscope (Carl
Zeiss, Jena, Germany). The data were processed using the LSM

Colocalization Software (Carl Zeiss).

10. Three-dimensional structure, circular dichroism (CD) and size study

The three-dimensional structure of tratuzumab-R27T was predicted using
the PDB data files for trastuzumab and IFNf-1a. To determine the secondary
structures of trastuzumab-R27T, CD spectra were obtained using a Chirascan-
plus circular dichroism spectrometer (Applied Photophysics Ltd., Surrey,
United Kingdom). The spectra were measured between the wavelengths of
190 and 260 nm in the presence of PBS. The secondary structure content of
the trastuzumab-R27T was analyzed using the CDNN secondary structure
analysis software (Applied Photophysics Ltd.). The size of trastuzumab-R27T

was measured using dynamic light scattering.

11. Statistics

Statistical analyses were performed using analysis of variance (ANOVA)
with the Student-Newman—Keuls test employed as a post hoc test. SigmaStat
software (version 3.5, Systat Software, Richmond, CA, USA) was used for

the analyses and a P < 0.05 was considered statistically significant.
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Results

1. Design of Trastuzumab-R27T fusion protein

I generated an anti-ERBB2 antibody (trastuzumab)-R27T fusion protein
(Figure 1) in  which a 15-mer flexible peptide linker
(GGGGSGGGGSGGGSG) was used to link R27T to the C-terminus of the
heavy chain of trastuzumab. Therefore, a trastuzumab-R27T fusion protein
has 2 R27T and the molar equivalent with R27T is 3.76. The recombinant
DNA technology was used to fuse tastuzumab and R27T, the nucleotide
sequence of trastuzumab, flexible linker and, R27T were prepared using gene

synthesis.
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Trastuzumab-R27T

Recombinant

Fusion Technology
J oL \é .ﬁ —

Trastuzumab + Linker + R27T

Figure 1. Schematics of trastuzumab-R27T and its constituents. The
trastuzumab-R27T fusion protein was generated by fusing R27T to the C-
terminus of the trastuzumab heavy chain via 15-mer flexible peptide linker
(GGGGSGGGGSGGGSG). Abbreviations: V, variable (blue); C, constant

(light blue); H, hinge; and L, linker.
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2. Expression analysis of the trastuzumab-R27T fusion protein

R27T, trastuzumab, or trastuzumab-R27T were expressed in CHO cells
and secreted to the culture medium. The proteins were purified and separated
by SDS-PAGE under reducing (Figure 2A) and non-reducing (Figure 2B)
conditions. The known molecular masses of trastuzumab and R27T are 146
kDa and 26 kDa, respectively [107, 157]. The band representing the heavy
chain of the fusion protein was observed between the 70- and 100-kDa marker
bands, confirming that R27T was successfully fused to the heavy chain
(Figure 2A). The fusion protein showed a higher molecular mass compared
to the trastuzumab band under non-reducing conditions (Figure 2B). Next, |
compared the expression levels of trastuzumab-wild-type IFNB-la and
trastuzumab-R27T fusion proteins in CHO-S cells. Expression vectors
encoding trastuzumab-IFNfB-1a or trastuzumab-R27T were transfected into
CHO-S cells, the cells were incubated for 48 h, and Western blotting was
performed with anti-Human-IgG (H+L) antibody. Our analysis revealed that
R27T-fused trastuzumab was expressed at a higher level than IFNf-1a-fused
trastuzumab (Figure 3A). Indeed, our IgG quantification analysis revealed
that the expression level of trastuzumab-R27T was 6-fold higher than that of
trastuzumab-IFNB-1a (Figure 3B). Altogether these results suggest that
trastuzumab-R27T is stably fused. Moreover, since the expression level is a
critical factor in protein drug development, our results suggest that
trastuzumab-R27T could be more therapeutically potent than trastuzumab-

IFNB-1a.
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Figure 2. Purification of trastuzumab-R27T. CHODG44 cells were stably
transfected with the R27T expression vector, while CHO-S cells were stably
transfected with expression vectors encoding trastuzumab or trastuzumab-
R27T. Proteins were purified from culture fluids using Sepharose 6FF
columns (R27T) or Protein A columns (trastuzumab and trastuzumab-R27T)
and separated by SDS-PAGE under (A) reducing conditions and (B) non-

reducing conditions.
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vectors encoding trastuzumab-IFNf-1a or transtuzumab-R27T and incubated
for 48 h, and culture fluids (A) or lysate (C) were subjected to Western blot
analysis with anti-human IgG (H+L) antibody to detect the heavy and light
chains, or (B) analyzed using a Cedex bio IgG quantification system. Data are
presented as the mean + SD of three independent experiments (***P < 0.001

between two groups).
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3. Three-dimensional structure, size, and secondary structure analysis of
trastuzumab-R27T

The three-dimensional structure of trastuzumab-R27T was visualized
using the PDB data files for trastuzumab and IFNB-1a (Figure 4A). The size
of trastuzumab-R27T was 16.8 nm (Figure 4B) when analyzed by using
dynamic light scattering. Furthermore, I observed a CD peak of trastuzumab-
R27T at a zero intensity of 206 nm, and identified a spectral minimum at 220

nm (Figure 5C).
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Figure 4. Size analysis of trastuzumab-R27T. (A) The three-dimensional
structure of trastuzumab-R27T was predicted in silico. (B) The size of

trastuzumab-R27T was measured by dynamic light scattering.
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4. IFN bioactivity of trastuzumab-R27T

To investigate whether the bioactivity of IFN was maintained in the
trastuzumab-R27T fusion protein, I applied an IFN assay system that utilizes
U937 cells expressing firefly luciferase under the control of an IFN-
responsive promoter. I found that trastuzumab-R27T dose-dependently
increased luciferase activity in this system. Similar luciferase activities were
observed in cells treated with 100 ng/mL R27T and 200 ng/mL trastuzumab-
R27T (Figure 6A). IFN[ activity is mediated through the binding of type I
IFN receptors and the subsequent phosphorylation of STATs [158]. In this
study, I found that trastuzumab-R27T induced robust phosphorylation of
STAT1 in NCI-N87 gastric cancer cells (Figure 6B). Overall, these results

indicate that R27T is functional when fused to trastuzumab.
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Figure 6. IFN functions of trastuzumab-R27T. (A) U937 cells stably
expressing an ISG promoter-firefly luciferase gene were treated with or
without the indicated concentrations of R27T, trastuzumab, or trastuzumab-
R27T. After 18 h, the firefly luciferase activities were determined. (B) NCI-
N87 cells were treated with or without various concentrations of R27T,
trastuzumab, or trastuzumab-R27T for 1 h, and cell lysates were analyzed by
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Western blotting with indicated antibodies. Data are presented as the mean +
SD of three independent experiments (***P < 0.001 compared to the
untreated group). B-actin was used as a loading control.these results show that
the ERBB-2 targeting ability of R27T-fused trastuzumab is equivalent to that

of trastuzumab.
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5. Targeting of ERBB-2 by trastuzumab-R27T

To determine whether trastuzumab-R27T maintained the ERBB-2-
targeting function, I stained ERBB-2-negative (ERBB-2-) HUVECs or
ERBB-2+ NCI-N87 cells with trastuzumab or the fusion protein and
performed FACS (Figure 7) and confocal microscopy (Figure 8). The FACS
analysis revealed that trastuzumab and the fusion protein showed similar
fluorescence intensities in both cell lines (Figure 7), indicating that the fusion
protein retained the ability to target ERBB-2. Furthermore, confocal
microscopy analysis revealed that the NCI-N87 cell membrane stained
positively by the fusion protein (Figure 8B). Together, these results show that
the ERBB-2 targeting ability of R27T-fused trastuzumab is equivalent to that

of trastuzumab.
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Figure 7. Analysis of ERBB-2-targeting function by FACS. HUVECs (A)
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Figure 8. Analysis of ERBB-2-targeting function by confocal microscopy.
HUVECs (A) and NCI-N87 cells (B) were incubated with trastuzumab or
trantuzumab-R27T for 1 h, and cellular fluorescence was observed by

confocal microscopy.
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6. In vitro anti-cancer efficacy of trastuzumab-R27T

I next examined the in vitro anti-cancer efficacy of trastuzumab-R27T. To
test its direct efficacy, HUVECs or NCI-N87 cells were treated with R27T,
trastuzumab, or the fusion protein. In the WST assay system, treatment with
R27T or the fusion protein reduced NCI-N87 viability to 56.8% + 3.3% and
59.2% =+ 2%, respectively (Figure 9A). Similarly, fluorescent microscopy
revealed that the smallest live-cell populations were observed in cultures
treated with R27T or the fusion protein (Figure 9B).

I further verified the effect of the fusion protein on CDC and ADCC.
Neither trastuzumab nor the fusion protein showed CDC efficacy in ERBB-
2- (HUVEC) or ERBB-2+ (NCI-N87) cells (Figure 10). However, both agents
triggered similar maximum ADCC effects in NCI-N87 cells (76.8% + 0.2%

and 77.1% % 0.2% cell lysis, respectively, at 1000 ng/mL) (Figure 11B).
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Figure 9. In vitro direct anti-cancer efficacy of trastuzumab-R27T.
HUVECs and NCI-N87 cells were treated with or without 100 ng/mL of R27T,
trastuzumab, or trastuzumab-R27T for 72 h, and cell viability was measured
by WST assay (A). Data are presented as the mean + SD of three independent
experiments (***P <(0.001 between two groups). (B) Seventy-two hours after
treatment, live cells were stained with calcein-AM and analyzed by

fluorescence microscopy. Scale bar = 250 pum.

95 .



Lysis
Pl \,91 q A= "
4 | SN Y 3
4 Y i
[ \ 4 —_— 3 [}
\ 2 ' ’
‘4 ?f
oeoo’ ¥ Complement & _ . *
cascade activation
B HUVEC C NCI-N87
100 100
- - Trastuzumab-R27T - i Trastuzumab-R27T
2 g0 |- Trastuzumab 2 80- | Trastuzumab
= 7 |eR27T % _ |®R2T
G 60 2 604
> >
= 40 = 40
(3] (3]
% 20+ % 20-
> 2
g 0 W.‘é%f%?ki%?*ﬁ S OW‘W
-20 ' v . ’ ' ; =205 ' ’ r . : .
0 10" 10° 10" 102 10° 104 0 107" 10° 10" 102 10° 104
Concentration (ng/ml) Concentration (ng/ml)

Figure 10. In vitro CDC efficacy of trastuzumab-R27T. (A) The graphical
explanation of CDC. HUVECs (B) and NCI-N87 cells (C) were incubated
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presence of NK-92MI-CD16 for 6 h, and viable cells were quantified with the
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Discussion

I developed an antibody-cytokine fusion protein comprising a
glycoengineered version of recombinant human IFN3-1a (R27T) linked to the
C-terminus of trastuzumab heavy chain, and evaluated its potential for
therapeutic use against gastric cancer. Our results showed that the
trastuzumab-R27T fusion protein properly induced IFN signaling and direct
cytotoxicity. I also found that the fusion protein maintained its ERBB-2-
targeting function, as confirmed by FACS and confocal microscopy, and I
evaluated the antibody-mediated efficacies (ADCC, CDC) of trastuzumab-
R27T.

As the therapeutic use of free IFNs has been limited by a dose-limiting
systemic toxicity that makes it impossible deliver optimal concentrations
deep into tumor tissues, thus the true therapeutic potential of IFN has not been
fully exploited [158]. The use of cancer-targeting molecules to deliver IFN to
tumors could facilitate the application of IFN in anti-cancer therapeutics.
Furthermore, targeted IFN therapies can activate various immune effector
cells (e.g., T cells, dendritic cells, NK cells, and macrophages) that might
serve to bridge innate and adaptive anti-tumor immune responses [153-155].
Yang et al. previously reported that anti-EGFR-IFN could control EGFR
antibody resistance by re-bridging suppressed innate and adaptive immunity

in the tumor microenvironment; anti-EGFR-IFNf stimulated intratumoral
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dendritic cells, which reactivated cytotoxic T-cells by increasing antigen
cross-presentation within the tumor microenvironment [22]. Since several
groups previously reported that ERBB-2-targeted therapies require both type
I and type II IFN immunostimulatory responses [21, 44], I chose trastuzumab
as a fusion partner for R27T. I believe that a fused version of trastuzumab and
R27T might prove to be a powerful therapeutic candidate for ERBB-2-
targeted therapy.

Various approaches may be used to fuse a cytokine to an antibody. The
domain structure of an antibody facilitates molecular engineering can be used
to fuse a cytokine to a full IgG or IgG fragments, such as Fab or scFv [159,
160]. Here, I fused R27T to the C-terminus of the trastuzumab heavy chain.
Since IFNP, IFNARI, and IFNAR2 form a ternary complex [161], I
determined that using the C-terminus of the heavy chain which would
facilitate the flexible access of trastuzumab-fused R27T to interferon
receptors.

It is notable that the R27T fusion protein showed a 6-fold higher
expression level than the corresponding wild-type IFN-1a fusion protein in
CHO cells (Figure 3B). To explore the mechanistic basis of this finding, I
examined the expression levels of heavy chain-IFNB-1a, heavy chian-R27T,
and LC in lysates from expression vector transfected CHO cells. Surprisingly,
the expression level of HC-IFNf-1a was higher than that of HC-R27T (Figure

3C). I therefore speculate that IFN-1a-fused trastuzumab suffers from some
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issue with insufficient protein assembly, poor protein export, and/or
degradation compared to the R27T fusion protein.

Dynamic light scattering revealed that the size of trastuzumab-R27T was
approximately 16.8 nm (Figure 4B). Previous studies reported that R27T had
a size distribution peak at around 3.7 nm [107] and that trastuzumab
maintained a size of 11.4 nm over a 28-day period, even at a high
concentration [157]. Therefore, the fusion of trastuzumab with R27T resulted
in a size increase relative to the sum of their individual sizes. Moreover, the
trastuzumab tended to form [-sheet secondary structures, with a -sheet
content of 29.86% (Figure 5E). Our observations are consistent with a
previous report that trastuzumab showed a dominance of -sheet secondary
structural conformation [157]. The a-helix content of trastuzumab-R27T was
9.85% higher than that of trastuzumab (Figure 5F). Prior studies found that
R27T contains more a-helices and less B-sheet than thRFN- [107, 162].

In concordance with earlier reports [163, 164], I did not observe any
CDC-mediated cytolytic effect of trastuzumab or trastuzumab-R27T against
NCI-N87 cells, even at 10 pg/mL (Figure 10). As expected, the trastuzumab-
R27T fusion protein maintained the ADCC effect of trastuzumab (Figure

11B).

100 .



Conclusions and Perspectives
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Type I IFNs are expressed in a broad range of mammalian cells and have
been considered potential anti-cancer therapeutic candidates because they are
related to various protective mechanisms, such as intercellular anti-viral, anti-
proliferation, anti-angiogenic, and immune control, through interferon
receptor-mediated signal transductions. US FDA approved IFNa as anti-
cancer therapeutic agent against chronic myeloid leukemia, melanoma, and
renal cell carcinoma in 1988; however, its therapeutic use has reduced
recently because of side effects, non-responsiveness, and development of
tolerance [158].

Currently, various studies have shown the anti-cancer effect of IFNJ,
which has been verified by the several hundred times higher therapeutic
response compared to that of IFNa. [165, 166]. Furthermore, several clinical
studies on the application of IFNp are in progress. However, IFN showed
inefficient Escherichia coli based protein expression and the activities of
Escherichia coli expressed IFNB were significantly low. Active IFNf should
be produced in animal cells; however, the production efficiency was quite low
compared to that for other proteins. These factors may slow down the anti-
cancer application of IFN despite its high therapeutic effect. To overcome
these limitations of IFNJ, our lab has developed a glycoengineered IFNf,
R27T. R27T exhibited superior stability, solubility, productivity, and
pharmacokinetic properties without loss of biological activity and alteration

in receptor binding affinity.
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Although the protein productivity and stability are improved, R27T has
the limitation of resistance. To overcome R27T resistance, | developed a co-
treatment strategy by blocking cFLIP. Since cFLIP has a structure similar to
caspase-8, developing a small molecule targeting cFLIP was impossible [115].
Several studies have reported agents that reduce cFLIP expression, thus
affecting the transcription, degradation, and translation of cFLIP [115, 167].
Among these agents, I selected two strategies, of which one was that of siRNA
for specific inhibition of cFLIP and the other was that of a small molecule
targeting CK-II, the upstream molecule of cFLIP responsible for transcription
and stability of cFLIP. Results suggested that R27T has potential as an anti-
cancer drug, and that a combination therapy using R27T and cFLIP inhibitors
might be an effective strategy for overcoming R27T resistance. For further
study, in vivo synergistic efficacy of R27T and cFLIP siRNA will be
confirmed.

However, therapies using R27T alone could induce severe side effects,
resulting from absorption of R27T in the peripheral tissues before reaching
the tumor site. To overcome these limitations, I developed a trastuzumab-
R27T fusion protein. The fusion protein utilizes the tumor-targeting ability of
trastuzumab to lead R27T specifically to ERBB-2-overexpressing tumor
tissues and may stimulates enhanced anti-tumor immune responses in a tumor
microenvironment while mitigating systemic toxicities.

A known IFNP mediated anti-cancer response is the activation of
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dendritic cells, promotion of cancer antigen cross-presentation and activation
of cancer specific CD8+ T cells through these mechanisms [156, 158].
According to a recent report, though there is exception, over 80 % of immune
checkpoint blockages including those by anti-PD1 and anti-CTLA4
antibodies led to no response in patients and was attributed to the number of
cancer neoantigens [ 168]. A low neoantigen level is not sufficient to recruit T
cells to cancerous tissue. IFN can improve antigen presentation ability of
dendritic cells, and in cancer cells, IFNf treatment upregulates PD-L1
expression. Thus, the combination therapy is expected to exert powerful
synergistic effects of IFN3 with immune checkpoint inhibitors such as anti-
PDI1 or -PD-L1 in low neoantigen patients. Additionally, this therapy is
expected to overcome the issue of non-response in patients, which IFNf3 and
immune checkpoint blockade therapies previously encountered.

Therefore, the combination therapy comprising the antibody-R27T fusion
protein, cFLIP inhibitor, and immune checkpoint blockers will be a promising

strategy to treat cancer patients in the future.
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Figure 1. Strategy for combination therapy. Combination therapy
comprising the antibody-R27T fusion protein, cFLIP siRNA, and immune
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