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ABSTRACT

ESTABLISHMENT OF HUMAN UMBILICAL CORD-DERIVED

MESENCHYMAL STROMAL CELLS EXPRESSING

INTERLEUKIN-12 AND ASSESSMENT OF THEIR EFFECT ON

LUNG ADENOCARCINOMA CELLS

Goh Jiunn Jye

Mesenchymal stromal cells (MSCs) are promising alekifor cancer therapy
due to their homing ability. They can be geneticatlanipulated through either
non-viral or viral methods to express anti-cancenes for cancer therapy.
Interleukin-12 (IL-12) is one of the key immunomdatory cytokines which has
potential in antitumour effect. However, systendognistration of the cytokine
at therapeutic dosage can lead to serious toxiitiie host system due to the
high systemic level of interferon{IFN- ) induced by this strategy. In this study,
we investigated than vitro growth inhibition of genetically engineered human
umbilical cord-derived mesenchymal stromal celld@WVSC) expressing IL-12
on human lung adenocarcinoma cells. The hUCMSC-M&g generated via
adenoviral and electroporation method. Based orrdhelts between the two
methods, adenoviral method showed superior resulignsfection efficiency
(63.6%), post-transfection cell viability (82.6%)dahIL-12 protein expression
(1.2 x 10 pg/ml). Thus, adenoviral vector was selected far downstream

experiments. Subsequently, hUCMSC-IL12 showed Bagmt inhibition effect



on H1975 lung adenocarcinoma cells after 5 daysoafulture. No significant
difference was observed for all other co-cultureugs, indicating that the
inhibition effect was because of hiL-12. Intereghn cell viability of MRC-5

cells was significantly increased on day 5 aftercatiured with untransduced
hUCMSC but not hUCMSC-IL12. The hIL-12 mRNA was egulated

significantly in hUCMSC-IL12 compared with untranseéd hUCMSC leading
to the exogenous expression of hiL-12 protein enghpernatant of hUCMSC-
IL12. The hIL-12 protein expressed by hUCMSC-IL1@sA1..2 pg/ml on day 3
and increased to 2.2 pg/ml on day 5. Lastly, thegrnty of hUCMSC-IL12

remained unaffected by the transduction throughmaxation of their surface
markers and differentiation properties. In con@usithis study provided the
proof of concept that hUCMSC can be geneticallyimegyed to express hiL-12

and exert growth inhibition effect on human lun@mocarcinoma cells.
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CHAPTER 1

INTRODUCTION

Mesenchymal stromal cells (MSCs), also known asemgsymal stem
cells, can be isolated from bone marrow, adipassuéis, umbilical cord and
other tissues. MSCs are multipotent cells thatditierentiate into multilineages.
They are also self-renewable and culturally exphledan vitro with fewer
ethical issues in comparison with embryonic steifs cmarking its suitability
in cell therapy, regenerative medicine and tisgmairment (Ullah, Subbarao
and Rho, 2015). There is still a lack of a singdfirdtion or quantitative assay
to assist in the identification of MSCs in a mixsapulation of cells. However,
the International Society for Cellular Therapy (l§Cthas recommended the
minimum criteria to define MSCs. First, MSCs shoetkthibit plastic adherence.
Second, MSCs must possess specific set of celhairharkers, e.g. cluster of
differentiation (CD)73, CD90, CD105 and lack exgiea of CD14, CD34,
CD45, CD19 and human leucocyte antigen-DR (HLA-DR)ird, MSCs must
have the ability to differentiaten vitro into adipocytes, chondroblasts and
osteoblasts (Dominici et al., 2006). These charesties are valid for all MSCs
although there might be some differences that a@rid¥ISCs isolated from

different tissue origins (Ullah, Subbarao and R2@i,5).

Interleukin-12 (IL-12) is one of the key immunonubtatory cytokines
which has potential in antitumour effect through cmmbination of

immunostimulatory and anti-angiogenic mechanisnsis la heterodimeric
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cytokine comprising two different disulfide-linkedbunits, namely p35 and p40
(Choi et al., 2011). IL-12 is naturally produced dtivated macrophages and
dendritic cells (DCs) (Choi et al., 2011). It in@scinterferon-gamma (IFN)
production by natural killer (NK) cells, T cellsendritic cells (DCs) and
activated macrophages which consequently triggées release of anti-
angiogenic chemokines CXCL9, CXCL10 and CXCL 11r¢idi et al., 2009).
The anti-angiogenic effect of IL-12 is further enbad by its ability to down-
regulate the production of the pro-angiogenic makefibroblast growth factor
2 and vascular endothelial growth factor (Airoldiaé, 2009). In addition, IL-
12 also stimulates the proliferation of NK celldah cells and enhances the
cytotoxic effects of NK cells and cytotoxic T ceby promoting the T helper

type 1 (Thl) differentiation (Gambotto et al., 1999

Previous studies have shown the promising antituneffect of I1L-12
eitherin vitro or in vivo. However, it is important to note that the systemi
administration of the cytokine at therapeutic desegn lead to serious toxicity
in human cancer-bearing patients as well as in animodels due to the
extremely high systemic level of interferordFN- ) induced by this strategy
(Choi et al., 2011). A phase | clinical trial wittose escalation of human
recombinant IL-12 administered intravenously intatignts with advanced
malignancies showed acceptable level of safetyatium Tolerated Dosage
(MTD). In marked contrast to the phase | trial igats in phase Il trial suffered
from severe toxicities following continuous mulgplireatment of human

recombinant IL-12 at MTD (Leonard et al., 1997).



Lung cancer is the leading cause of cancer wodehand it accounts for
one third of all the cancer-related deaths (KoJllwaurent and Janes, 2013).
Non-small cell lung cancer (NSCLC) accounts for ningjority of all the lung
cancer cases and can be further classified inteetlypes: squamous cell
carcinoma, adenocarcinoma and large cell carcin@aapa and Mousa, 2016).
Out of the three types, adenocarcinoma is the nwsmon type of lung cancer

as it constitutes around 40% of all lung cancers.

In order to enhance the therapeutic applicatioldf2, there is a need
to overcome the associated systemic toxicitiesdi8suhave shown that MSCs
preferentially migrate to tumour microenvironmentuén, Kolluri, Sage,
Gowers, & Janes, 2015Jhis study aimed to employ genetically engineered
hUCMSC-IL12 as a cancer treatment without causiegere toxicities as
compared to the systemic administrative approabis $tudy focused on the
initial stage which is the proof of concept usingvitro setting.Therefore, the
hypothesis of this study is the MSCs can be gealgtiengineered to provide
paracrine secretion of IL-12 fan vitro growth inhibition of human lung
adenocarcinoma cells. In this study, human umbilicard-derived
mesenchymal stromal cells (hUCMSC) were utilisedceular vehicles to
deliver IL-12 to lung adenocarcinoma cells. The MWMELCZ were modified using
both viral and non-viral vectors in order to deterenthe most efficient vector
for IL-12 expression in hUCMSC. Lastly, the integrof hUCMSC after the
modification was also determined by examining thairface markers and

trilineage differentiation properties.



1.1 General Objectives

The general objective of this study is to invesegaein vitro growth inhibition
of human umbilical cord-derived mesenchymal strorpalls (hUCMSC)
expressing human interleukin-12 (hIL-12) on humamgl adenocarcinoma cell

line.

1.2 Specific Objectives

The specific objectives of this study are as fodow

(@) To generate hUCMSC expressing hlL-12 using wvical- method

(electroporation) and viral method (adenoviral vect

(b) To compare the transfection efficiency, poatifection cell viability and
hiL-12 protein expression level of the hUCMSC-ILg@nerated using the

viral and non-viral methods.

(c) To determine the surface markers and diffeadiotn properties of

genetically engineered hUCMSC-12.

(d) To determine then vitro growth inhibition of genetically engineered

hUCMSC on H1975 lung adenocarcinoma cell line.



CHAPTER 2

LITERATURE REVIEW

2.1 Mesenchymal Stromal Cells (MSC)

2.1.1 Historical Overview and Nomenclature of MSC

Mesenchymal stromal cells (MSC) were first discedemn 1970s by
Friedenstein and his colleagues (Friedenstein,l&tgan and Lalykina, 1970).
In their pioneer studies, a subpopulation of adieféroblast-like, clonogenic
bone marrow-derived non-hematopoietic cells wadaied from mice and
guinea pigs with potential in osteogenic, chondmgeand adipogenic

differentiation (Afanasyev, Elstner and Zander, 200

In the early 90s, Caplan coined the term "mesenahgtem cells" due
to the in vitro multipotency and self-renewal characteristics lodse cells
(Caplan, 1991). However, about 20 years later, &aploposed to change the
name of MSC to "medicinal signalling cells" becabsefound that the cells
homed to sites of injury or disease and performedretory function of
biofactors that showed immunomodulatory or regdaneraeffects rather than
differentiation into regenerating tissue-productells. He further elaborated

that the new tissue was in fact generated by pgatiewn site- specific or tissue-
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specific resident stem cells as the results ofidation by the biofactors secreted

by MSC (Caplan, 2017).

There was no single definition to define MSC wHthto confusion and
difficulty in results comparison between clinicaldanon-clinical studies in the
1990s and 2000s (Mizukami and Swiech, 2018). Heacset of minimum
criteria for MSC classification was proposed by liternational Society of Cell
and Gene Therapy (ISCT) in the year 2006 (Domieial., 2006). According
to this widely adopted definition, MSC have to Idedto 1) adhere to plastic; 2)
differentiate into adipocytes, oesteoblasts anddhmcytes when cultuia vitro;
3) positive for CD105, CD73, and CD90 and negafivethe expression of
CD45, CD34, CD14 or CD11b, CD79 or CD19, and humealkocyte antigen
class Il (HLA class Il). MSC of different origingatie been shown to fulfill these
minimal criteria though they often exhibited vaioat in their transcriptomic

profiles (Kern et al., 2006a).

In 2019, ISCT updated the nomenclature with suggesthat the
fibroblast-like plastic-adherent cells, regardle$sheir origins, be termed as
multipotent mesenchymal stromal cells, while threitenesenchymal stem cells
is only used for cells that meet specified stenh aderia (Viswanathan et al.,

2019) The three main criteria are as listed below:

tissue of origins
rigorous functional evidende vitro andin vivo to demonstrate self-

renewal and differentiation properties



matrix of functional assays to demonstrate seanetfdgrophic factors,
modulation of immune cells and other relevant privge including

promoting angiogenesis

However, the acronym, MSC, is still commonly usedioth cell populations

under current practice.

2.1.2 Sources of MSC

Studies have shown that MSC can be extracted fiemouws tissues such
as bone marrow, umbilical cord Wharton's jelly, ulioél cord blood, placenta,
amniotic fluid, breastmilk, dental pulp, adiposssties, synovial membrane and

many others as illustrated in Figure 2.1 (Musiaysdtka, Kot and Majka, 2019).

Figure 2.1 Mesenchymal stem cells sources. (Musilysocka et al., 2019)



Bone marrow was the first type of tissue usedlierisolation of MSC.
It is also known as the gold standard of MSC as the most used source of
MSC (Musial-Wysocka et al., 2019). However, thdexdlon method for bone
marrow MSC is highly invasive and can cause paithéodonor. Bone marrow
collection also requires advanced planning anddudivey as the procedure can
only be conducted by a skillful medical officer.i¥hncreases the chances of
last-minute consent withdrawal by the donor. Moexothere is also risk of viral
exposure due to donor’'s morbidity. Because of ladisé factors, alternative

sources to isolate MSC are required.

In recent years, umbilical-cord derived MSC (UGB)®ave emerged as
a promising source for MSC in research as welhadimical applications. There
are no ethical issues involved for UCMSC collectamthe umbilical cord is
treated as a biological waste. UCMSC are also keastailable as they can be
cryopreserved in advance (Ao et al., 2017). Studase shown that UCMSC

have higher proliferation rate compared to BMMS@IKet al., 2006b).

2.1.3 Homing ability

The most prominent feature of MSC is their homibgity. However,
the exact mechanism has yet to be fully elucidabed2009, Karp and Teo
defined MSC homing as the capture of MSC withintaeculature of a tissue
followed by transmigration across the endothelidfarp and Teo, 2009). In
order to achieve therapeutic effect, MSC can beimidtared either systemically

or directly to specific site, therefore it is essato extend the definition of MSC
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homing to encompass the mechanism. Nitzsche andofisagues classified
MSC homing into two categories, namely systemic ama-systemic homing.
Non-systemic homing involves the interstitial migpa of the locally
transplanted MSC towards the site of injury/inflaatory which is guided by
chemokine gradient released from the injured/infreed tissues. On the other
hand, systemic homing is a multistep process. ,AMSIC will be administered
into the bloodstream, then continues with extrattasaand chemokine guided
interstitial migration to the injury/inflammatoryts. Endogenous MSC can be
recruited as well to the site of injury/inflammatawith an additional active

intravasation step into the blood circulation (Nike et al., 2017).

It was suggested that the mechanism of leucoayteirlg can be the
conceptual role model of MSC homing as the two jpefulations shared many
similarities (Henschler, Deak and Seifried, 2008gnce, the mechanism of
systemic homing of MSC can be further split intstéps: (1) tethering and
rolling, (2) activation, (3) arrest, (4) transmiggom or diapedesis, and (5)
migration as illustrated in Figure 2.2 (Ullah, Land Thakor, 2019). The
tethering step is initiated by the recognition dndding of MSC with the
selectins expressed by the endothelial cells wisichsequently caused the
rolling of the cells along the vasculature wall¢&stein et al., 2008). The second
step, activation, is mediated by the chemokine pters. This step plays an
important role in increasing the affinity of intégg which is crucial for cell
arrest (Constantin et al., 2000). The binding ¢égnins and its ligands on the
endothelial cells occurs in the third step. Intla@smigration step, MSC secrete
matrix metalloproteinases (MMPs) to degrade the odradial basement

membrane thereby facilitates transcellular penetrabf MSC through the
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endothelial cells and basement membrane (Steingan 2008). Finally, MSC
can migrate to the site of injury/inflammation fmdling the chemoattractive
signals released by the injured/inflammatory tissué is noteworthy that
tumours are considered as chronic inflammationaPAmbele and Pepper,
2021). Therefore, the tropism of MSC to injuredAnimatory sites should

include tumour sites as well.

1. Tethering/Rolling 2. Activation 3. Arrest 4, Transmigration 5. Migration

VCANM-1
‘ ! ICAM-1

PDGF-AB O

IGF-1
RANTES
MDC
SDF-1

Figure 2.2 The homing mechanisms of MSC(UIllah, Liu andThakor, 2019)

2.1.4 Factors Affecting MSC Homing Ability

Numerous factors such as passage number of MStyewonditions,
source of MSC, age of the donor and administrat@thod can affect MSC
homing capability. Romboutst al. demonstrated tha vitro culture of MSC
greatly reduced the homing efficiency of the calls syngeneic mouse model
(Rombouts and Ploemacher, 2003). The study shohetdtiie percentage of

injected MSC found in the lymphohaematopoietic ogyaas reduced from 55-
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65% for primary MSC to 10% for MSC that were cuddirfor 24 hours and
further decreased to 0% when the cells were cultfioe 48 hours prior to

injection.

In vitro culture has been shown to cause MSC in eithermgimi losing
certain surface receptors which affect their homahgity. For example, the
expression of CXCR4, a chemokine receptor for saleherived factor-1 (SDF-
1) is lost duringn vitro culture (Wynn et al., 2004). Interestingly, mocifiion
of culture condition by adding in a cocktail of olgines such as interleukin-6
(IL-6), interleukin-3 (IL-3), stem cell factor (S¢Fhepatocyte growth factor
(HGF) (Shi et al., 2007) and under hypoxic (Schap al., 2003) condition,
can effectively restore the expression of CXCR4adtlition, the activity of
matrix metalloproteinases (MMPs) which involvedtmansmigration step of
MSC homing, can be upregulated by the presencafl@mmatory cytokines
such as transforming growth factot (TGF- 1), interleukin 1 (IL-1 ) and
tumour necrosis factor-alpha (TNF«(Ries et al., 2007). Yet al. demonstrated
that combination of erythropoietin and granulocgt#dony-stimulating factor
(G-CSF) enhances the expression of MMP-2 and thexrgbromotes MSC

homing capability (Yu et al., 2011).

Studies have shown that MSC derived from differemiirces exhibit
phenotypic variation although they fulfill the mimal criteria of MSC definition
under the ISCT guidelines. Furthermore, Kilpiretral. have demonstrated that
MSC isolated from older donors showed changes ie thembrane

glycerophospholipid composition which eventuallgndiished the functionality
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of the MSC (Kilpinen et al., 2013). All these asigaafluence the capability of

MSC to migrate to the site of injury.

The next critical factor which affects MSC homisghe administration
method. There are multiple routes of MSC adminigtnaand can be classified
into two main categories, namely systemically aralty at the injury sites.
Intravenous (1V) injection is the most common adstiation route (Kabat et
al., 2020) because it is least invasive, convenamd easily reproducible.
However, as the average size of MSC is bigger pidmonary capillaries, a vast
majority of the IV-injected MSC will get trapped thin the capillaries in the
lung (Schrepfer et al., 2007). Therefore, direchanistration of MSC into the
injury site or near to the injury site might achadvigher effectiveness. The types
of local injection into tissue which have been mgd in clinical trials included
intra-cardiac, intra-articular, intra-muscular antta-osseous injections (Kabat

et al., 2020).

2.1.5 MSC as Cellular Vehicles of Cytokines

With traits such as migration to the sites of igjummune evasion, wide
availability and easin vitro expansionMSC have become suitable trojan horses
for a variety of therapeutic agents (Niess et2816). Generally, modification
of MSC can be classified into 4 categories: 1) jeakly modified to express
cytokines or suicide genes; 2) loaded with oncolyiruses; 3) primed with
therapeutic drugs and 4) micro-RNA (miRNA) modifital produce MSC-

derived microvesicles containing miRNA (Chulpanetal., 2018).
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Interleukin-12 (IL-12) is one of the key immunomdatory cytokines
which exert potential antitumour effect (Weiss &t 2007). However, it is
important to note that the systemic administratbthis cytokine at therapeutic
dosage can lead to serious toxicity in human capagents as well as in animal
cancer models due to the extremely high systeml l&f interferon- (IFN- )
induced by this strategy (Choi et al., 2011). Hend#ferent groups of
researchers investigated the effectiveness of MsSiieacellular vehicle for IL-

12 in various cancer models.

MSC engineered to secrete IL-12 using lentivirattoe showed they
can inhibit lung adenocarcinoma cell migration amgasionin vitro (Li et al.,
2015a). In contrast to our current study ekial utilised adipose-derived MSC
(AD-MSC) as the cell source for MSC. However, undail cord-derived MSC
which was utilised in our study may be a betteri@hdue to their non-invasive
collection method, and higher proliferation ratanpared to AD-MSC. As
compared to lentiviral vector, the usage of adembwiector in our study may

be a safer and less risky option as it is not nategl into the host genome.

In addition, Hanet al. demonstrated the effectiveness of genetically
modified MSC by lentivirus-mediated IL-12 in thehibition of the growth of
malignant ascites in mice (Han et al., 2014). WMSC co-expressed high

levels of IL-12 and interleukin-7 (IL-7) simultanggsly, they exhibited

13



efficiency in modulating the immunosuppressive é&crvironment of

glioblastoma (Mohme et al., 2020).

Interleukin-18 (IL-18) was reported to enhance dh&tumour effect of
NK cells (Ni et al., 2012). Liwet al. generated MSC expressing IL-18 by
transducing the cells with lentiviral vectors contag human IL-18 genes.
These cells were reported to suppress the growtheobreast cancer ceils

vitro (Liu et al., 2015) anah vivo (Liu et al., 2018).

Studenyet al. investigated the antitumour effect of MSC expnegsi
interferon-beta (IFN-). IFN- stimulates tumour regression by its indirect
immunomodulatory and antiangiogenic propertiesbitiits the proliferation of
malignant cells directly. They successfully demoatsd that MSC expressing
IFN- inhibited the proliferation of melanoma cells (&uay et al., 2002).
Subsequent study showed that MSC expressing IENdicated ovarian cancer
cells and prolonged the survival of ovarian cancells-bearing mice
(Dembinski et al., 2013). Moreover, human umbilieard-derived MSC
transduced with adenoviral vector to express IFhave also been reported to

inhibit the growth of breast cancer cells througbgtosis (Shen et al., 2016).

Apart from therapy in cancer, genetically engieeeMSC also showed
promising results in other disease models. ¥aml. demonstrated that MSC
expressing interleukin-35 (IL-35) using lentiviralector can ameliorate
ulcerative colitis by down-regulating the expressiof proinflammatory

14



cytokines which included tumour necrosis factdffNF- ), interferon- (IFN-
) and interleukin-17 (IL-17) (Yan et al., 2018). &ddition, platelet-derived
growth factor subunit B (PDGFB)-expressing MSC asémwed efficacy in
improving human haematopoietic stem cells (HSC) raftgent in
immunodeficient mice by providing a better humadisa@icroenvironment for

HSC proliferation (Yin et al., 2020).

2.1.6 Clinical Trials of Genetically Engineered MSC

With the encouraging results evidenced by the precal data in MSC-
based studies, many of the studies have furthendet to the translation from
the bench to the bedside. To date, there are ma®g-based clinical trials
reported according to U.S  National Institute  of  Ildea
(http://www.clinicaltrials.gov) with the objectivde investigate the therapeutic
potential of MSC in various clinical disorders, Buas graft-versus-host disease,
cancer, neurological disease, cardiovascular disemstoimmune disease as

well as diseases related to joint.

According to the U.S. Food and Drug Administrat{6iDA), the status
of a clinical trial can be categorised into 4 plsagthase | mainly focuses on the
drug's safety and any major adverse effects retatéte drug; phase Il gathers
preliminary data on the effectiveness; phase Wbines the comparison of the
experimental drug to the commonly used treatments lastly, phase IV
encompasses additional information of the FDA-appdodrug such as risks,

benefits, and optimal usage.
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The first clinical trial of genetically modified $1IC was conducted in year
2017 to determine the safety and efficacy of gea#yi modified autologous
MSC expressing Herpes-simplex-virus thymidine kandblSV-TK) for the
treatment of advanced gastrointestinal cancer iglifrials.gov:
NCT02008539) (Einem et al., 2017). The modified M8@s named as
MSC_apceth_101. In this study, six patients wejected intravenously with
MSC_apceth_101 followed by the infusion of prodgagciclovir. A total dose
of 1.5 x 16 cells/kg was given to three of the six patientae@atient only
received two doses of 1 x &0ells/kg due to a severe adverse drug reaction
(SADR), whereas the other two patients each redeilieee doses of 1 x 90
cells/kg. This strategy is considered as suicidegherapy whereby the HSV-
TK delivered by the MSC catalysed the phosphomtaof the ganciclovir and
subsequently led to the apoptosis of the cancds.CEhe trial successfully

demonstrated that MSC_apceth_101 was safe andolethted by the patients.

Since then, several clinical trials related to gieady modified MSC
have been reported. One of the actively exploredkoye in recent years is the
tumour necrosis factor (TNF)-related apoptosis-gmogl ligand (TRAIL). A
phase I/1l trial using genetically modified MSC egpsing TRAIL (MSCTRAIL)
in combination with chemotherapy for metastaticgluadenocarcinoma was
initiated two years ago and still in progress cutlge (ClinicalTrials.gov:
NCT03298763). Patients will receive cisplatin areimgtrexed followed by
MSCTRAIL on the next day. This trial aims to evdkiahe tolerability and

preliminary efficacy of this combined treatmentstgy.
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Ruanoet al. also successfully showed the safety of MSC asileell
vehicle for oncolytic adenovirus Icovir-5 in thesfi-in-human, first-in-child
clinical trial of relapsed and refractory solid toans in adults and children
(ClinicalTrials.gov: NCT01844661) (Ruano et al., 2B). Icovir-5 is a
conditionally replicative oncolytic adenovirus whby it only replicates in
cancerous cells. Autologous bone marrow-derived M@&£e infected with
oncolytic adenovirus, Icovir-5 and the resultingguct was named as Celyvir.
Results indicated that MSC can successfully preveavir-5 from being
detected and attacked by the immune system, leddirige conclusion that
Celyvir is safe even when repeatedly injected wsilieral dosages. With this
positive outcome, the Ruano group plans to furtheestigate the efficacy of
Celyvir in combination with other antitumoural agerthat might exhibit

synergistic effects in cancer therapy.

2.2 Gene Delivery Systems

2.2.1 Viral Vectors

Adenovirus, adeno-associated virus, retrovirus deadtivirus are
examples of viral vectors which are commonly usettdansduce MSC in pre-
clinical as well as in clinical studies. Globalground 70% of the clinical gene
therapy trials have used viral vectors (Lundstra@i,8). Typically, viral vectors
showed higher transduction efficiency and soméeifit also allowed long-term
stable transgene expression (Sage, Thakrar and,Ja0&6). However, the

utilisation of viral vectors always triggers thefetg concern such as strong
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Immune response, insertional mutagenesis and oytitio when translated
clinically although the advancement in vectors giedielped in mitigating this

issue (Lee et al., 2017a).

2.2.1.1 Adenovirus

Adenoviruses (Ads) are non-enveloped, icosahedkA Diruses with
virion size ranging from 70 to 90 nm (Singh, Kunaaud Agrawal, 2019). The
viral genome is flanked on both ends by hairpime ikverted terminal repeats
(ITRs) which possess a variety of functions (Leal ¢2017). These viruses have
the ability to replicate inside the nuclei of baliriding and non-dividing cells
episomally. Therefore, they are considered as ntagrating viral vector.
Serotype 2 and 5 are the most extensively studieaah adenovirus serotype.
By eliminating specific genome sequences, adensegare modified to make
them effective and safe for use as human vaccmagiene, and cancer therapy
vectors. The first generation of adenovirus vectmes designed without the
regulatory genes Ela and Elb to produce replicatéicient adenoviruses. In
the second generation adenovirus vectors non-gtalagenes E2, E3 and E4
were deleted in addition to the absence of the éfegThe third generation of
adenovirus vectors are named as gutless or hegperdent adenovirus in
which all the viral coding sequences were remolesjing only the ITRs and
packaging signal (Lee et al., 2017). The three gaioms of adenoviral vectors

are illustrated in Figure 2.3.
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Figure 2.3 Three generations of adenoviral vectorglLee et al., 2017)

Muhammadet al. have demonstrated that MSC expressing tumour
suppressor genes pl4 and p53 generated by addnesat@rs can inhibit
prostate tumour growtim vitro and in xenograft mouse models (Muhammad et
al., 2019). In year 2003, the first commerciallyagable gene therapy vector in
the world was approved by State Food and Drug Adstnation of China for the
treatment of head and neck squamous cell carciffaii&CC) (Lee et al., 2017).
Since then, many clinical trials were conductedvmious types of cancers such
as head and neck cancers, hepatic cell carcino®@LR, malignant glioma and
epithelial ovarian carcinoma (Li et al., 2015). @mally, these clinical trials
showed satisfying results with better survival saedad response rates compared

to the control groups (Li et al., 2015).

Besides, human IL-12 has also been encoded irefilieation-deficient
adenoviral vector, Ad-RTS-hIL-12 (Sato-Dahlman &t 2020). This is an
inducible system controlled by the oral activat@edimex (Barrett et al., 2018).

In year 2019, the safety of Ad-RTS-hIL-12 in condiion with veledimex was
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demonstrated in a clinical trial conducted for theatment of recurrent high-

grade glioma (Chiocca et al., 2019).

2.2.1.2 Lentivirus

Another common and widely investigated viral vecisrlentivirus.
Lentiviruses are categorised as a subclass of vimiees. Unlike other
retroviruses which can only infect dividing cellgentiviruses are naturally
integrating vector that can infect non-dividing Ise{Nayerossadat, Ali and
Maedeh, 2012). Lentiviruses have high cloning capd#aat allows up to 8kb of
transgene delivery into target cells. Meyerrose akt utilised lentiviral-
transduced human MSC to express therapeutic ldviglsosomal enzyme-
glucuronidase (MSCs-GUSB) in a xenotransplantatimadel of human disease
(non-obese diabetic severe combined immunodeficrerdopolysaccharidosis
type VII [NOD-SCID MPSVII]). The study demonstratédat MSCs-GUSB
were able to increase the serum level of GUSB ¢ae#h0% of normal level and
the transduced human MSC retained their homingtylvhile persisted for at
least 4 months in delivering the therapeutic lewl GUSB in the

xenotransplantation model (Meyerrose et al., 2008).

In recent years, several clinical trials have uged! generation self-
inactivating lentiviral vectors to insert genesoifitaematopoietic stem cells to
treat primary immunodeficiencies and haemoglobittupa (Milone and

O’Doherty, 2018). Moreover, lentiviral vectors alkave been used to carry
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genes into mature T cells to generate immunitythki& delivery of chimeric

antigen receptor (CAR) in the CAR-T therapy (Milcared O’Doherty, 2018).

2.2.1.3 Adeno-associated Virus

Adeno-associated viruses (AAV) are tiny, non-engeth icosahedral
viruses that are members of the Dependovirus gelRasjoviridae family
(Vannucci et al., 2013). AAV contains only two geneamely rep and cap,
which is necessary for viral genome replication sindctural proteins encoding
respectively (Vannucci et al., 2013). These vectoes a desirable option for
gene therapy applications due to their high tracson efficiency in a variety
of target cells and tissues, outstanding safetyileso and low inflammatory
toxicity (Naso et al., 2017). However, the AAV hagelatively low cloning
capacity at 4kb when compared to the lentivirusadlbeless, AAV are still the
popular choice of viral vector in clinical applicats (Hirsch, Wolf and

Samulski, 2016).

The transduction of interleukin-10 (IL-10) geneaISC using AAV
improved the neuroprotective effects of the MSG@umnacute ischaemic stroke
rat model (Nakajima et al.,, 2017). Nakajima et 2017 suggested the
neuroprotective effect was due to anti-inflammatmadulation and reduction
in neuronal degeneration. Gabriel et al. also skiotiat AAV-transduced
mesenchymal stromal cells (MSCs) can be the vefoclbepatic gene transfer

in a murine liver injury model (Gabriel, Samuel alayandharan, 2017).
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2.2.2 Non-viral Vectors

Despite having lower transfection efficiency, naral gene delivery
methods are safer, able to load with larger tramsg@ad more feasible in large
scale production in comparison with viral-basedhuods (Schaffert and Wagner,
2008). Generally, non-viral gene delivery methoi8C can be classified into

physical method and chemical method.

2.2.2.1 Physical Method

Physical gene delivery method includes microinf@ttielectroporation,
and sonoporation (Wang et al., 2014). Microinjetiileliver genes directly into
the nucleus of the target cell. However, microitiggt is not suitable for
transfection of high number of cells or precioull seurces as this technique
requires single manipulation of each cell and Vew injection rate (Han et al.,
2008). In comparison with microinjection, electrogion has higher throughput
as it utilises transient electrical pulse to cremtrometer-scale pores on the cell
membranes of a population of cells and thus allgwire nucleic acid to enter
into the cells (Hamann, Nguyen and Pannier, 201%agtead of using
conventional electroporation cuvettes, the micexgbporation system reduces
pH variations and enables the cost-effective usenatll gold electrodes that are
more electrolytically inert (Kim et al., 2008). 8 has shown that
electroporation conducted using micro-electroporaystem exhibited higher

transfection efficiency on human adipose-derivedMBAD-MSCs) compared
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to other transfection method, without affecting thierentiation properties of
hAD-MSCs (Halim et al.,, 2014). Canton et al. demaised that the
intratumoural tavokinogene telseplasmid electropona (IT-tavo-EP)

monotherapy is safe and well tolerated by melanpategents in a phase /1l

clinical trial (Algazi et al., 2020).

Nucleofection is a transfection method which woe§iciently for
primary cells or hard-to-transfect cell lines. P& DNA, oligonucleotides, and
SiRNA can be delivered directly into the cell nudevia nucleofection, which
combines electrical parameters and cell-type swigti(Aluigi et al., 2006).
Fakiruddin et al. showed that nucleofection wasfficient method to deliver
TRAIL gene into adipose-derived MSC for its antitwm effects on LN18
glioblastoma cells, A549 lung cancer cells, Hep@pdtocellular carcinoma
cells and REH acute lymphocytic leukemia cells (Raldin et al., 2014).
Moreover, nucleofection was shown to be a non-weaisfection method which
Is in tune with Good Manufacturing Practice (GMR)dglines (Agostini et al.,
2021). When comparing with chemical transfection thmd using
polyethyleneimine (PEI) to transfect the mouse paatic TC1-6 cells,
nucleofection showed much higher transfection igfficy ( or evi et al.,

2022).
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2.2.2.2 Chemical Method

Unlike physical methods, chemical methods use ct&ngarriers to
form complex and carry nucleic acid materials itite cells. Various chemical
carriers have been developed and thoroughly stualiedthe past few decades
in an effort to achieve high transfection perforcgnincluding low toxicity,
high efficiency, biodegradability, and targetingesificity. These chemical
nanocarriers are electrostatically condensing eapsulating nucleic acids to
form complexes that bind with cell membranes thiosigrface receptor binding
or charge interactions. The complexes then enter tdrget cells via
micropinocytosis, clathrin-mediated endocytosis @aveolae-mediated
endocytosis, depending on the nanopatrticle sizechaye (Xiang et al., 2012).
Mangraviti et al. demonstrated that MSC transfected with biodegriadab
polymeric nanoparticles, -amino esters (PBAE) containing bone
morphogenetic protein 4 (BMP4) can secrete BMP4leviiaintaining their
multipotency and homing ability simultaneously (Maawiti et al., 2016). The
study also showed significant improvement in sualifor athymic rat bearing
human brain tumours when treated with the modifd8C intranasally.
According to this study, the nanocarrier used, PBgibwed transfection
efficiency (75%) similar to and viability (71%) Higr than electroporation
(Hamann, Nguyen and Pannier, 2019). Even thougketmanocarriers can
achieve high transfection efficiency, it shoulddmphasised that a wide range
of transfection results have been reported, likedgause of variation in the
species, tissue source, passage, and donor of 8 (Mamann, Nguyen and

Pannier, 2019). Madeira et al. demonstrated thatttiinsfection efficacy of
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hBMSCs through Lipofectamine 2000 (LF2000) at pgesane varies amongst
donors by 5 to 20% and declines with increasing@ges number (Madeira et al.,
2010). Hence, donor heterogeneity may accounhtvariations in transfection
efficiency reported by several researchers uttisihe same MSC nonviral
delivery methods, and direct comparisons of varigags on the same donor(s)

are necessary to properly determine the best peirfigrnanocarriers.

2.3 Interleukin-12 (IL-12)

Cytokines have been utilised in cell and gene thiesafor various types
of cancer as have been outlined in section 2.4 &is study, interleukin-12 (IL-
12) was selected due to its immunostimulatory ¢dfediich mediate both innate

and adaptive immune system.

2.3.1 Discovery and Structures

Interleukin-12 (IL-12) was first discovered as atumal killer cell
stimulatory factor (NKSF) in the year 1989 (Kobdyast al., 1989). The
following year, Stern and his colleagues identifiegtotoxic lymphocyte
maturation factor (CLMF) from a human B-lymphobtadtcell line (Stern et al.,
1990). Thereatfter, the term IL-12 was proposedkSNand CLMF were found

to be identical (Gubler U et al., 1991).
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IL-12 is a heterodimeric cytokine comprised twofehiént disulfide-
linked subunits, namely p35 and p40 with molecutasses of 35 and 40 kDa
respectively (Gately et al., 1996). In human, teeas encoding p35 and p40 are
located at the chromosome 3 and 5 respectivelycéjehe protein expression
is regulated individually (Watford et al., 2003) heéh the cell co-expresses the
two genes, the biological active p70 heterodimdirv@ formed (Gubler U et al.,

1991).

Study showed that IL-12p40 can be produced in @ monomer or
disulfide-linked p40 homodimer (Gately et al., 1R9én mice, the p40
homodimer was found to inhibit the murine IL-12r&djing in vivo (Gately et

al., 1996). In contrast, p35 is not secreted in omogric form.

2.3.2 Expression and Biological Function

Interleukin-12 (IL-12) is one of the key immunomdatory cytokines
which has potential in antitumour effect. IL-12 maturally produced by
phagocytes such as activated macrophages and tiendlis (DCs) (Watford et
al., 2003). It induces interferon-gamma (IFNproduction by NK cells, T cells,
DCs and activated macrophages. It also stimulategitoliferation of NK cells
and T cells and enhances the cytotoxic effectskotblls and cytotoxic T cells
(Watford et al., 2003). Moreover, IL-12 is also #®y cytokine in polarisation
of T cells towards T helper type | differentiatii»el Vecchio et al., 2007). This

indicates the bridging of innate and adaptive imityuhy IL-12. Figure 2.4
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shows the cellular sources and responders of Ial@@g with their respective

functions.
Maijor Major ]
IL-12 Producers IL-12 Responders FERE e
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«Paolarization toward Th1
«Increase cytotoxic

T cell activity of CTLs

> IL-12
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*Increase cytotoxic activity
Monocyte NK cell

Neutrophil /

Figure 2.4 Cellular sources and responders of IL-12along with their
respective functions(Watford et al., 2003)

2.3.3 Mechanisms of Action

The remarkable function of IL-12 is in its capalyilio stimulate the
production of IFN- by NK cells, CD4 T cells and CD8T cells. The IFN- in
turn mediates the immunostimulatory properties I6fl2 that modifies the
tumour microenvironment (Berraondo et al., 2018)e Thechanisms include the

following (Figure 2.5):
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i.  Augmentation of major histocompatibility 1 (MHC Dantigen
presentation in tumour cells.
ii.  Conversion of M2 macrophages into antitumour M1 ropleages.
li.  Stimulation of chemokines expression to attractééls, Thl cells and
CD8' T cells.
iv. Regulation of antiangiogenesis in tumour microemwmnent by acting
on the endothelial cells while upregulating the resgion of homing

receptors for T cell recruitment to the tumour.

IL-12 stimulates the production of IFN-by phagocytes which in turn
induces or increases the secretion of IL-12, fogranpositive feedback loop
(Tugues et al., 2015). Moreover, IL-12 and IFidiso enhance cytotoxic effects
by NK cells and CD8T cells by producing cytolytic factors such asfpen,
granzymes and Fas ligand (Fasl)(Tugues et al., )2(Bésides the IFN-
production, IL-12 also stimulates the secretionushour necrosis factor-alpha
(TNF- ), granulocyte-macrophage colony-stimulating facgtGM-CSF) and
interleukin-2 (IL-2) (Trinchieri, 2003). TNF-is an inflammatory cytokine that
is produced by macrophages and monocytes duringg acflammation that
triggers a wide variety of cellular signalling pathys resulting in necrosis or
apoptosis (Idriss and Naismith, 2000). On the otfard, in response to stress,
infections, and malignancies, GM-CSF stimulatesdteation of myeloid cell
subsets like dendritic cells, macrophages, monsg¢yad neutrophils. Under
pathologic settings, GMCSF has a broad impact ahinamune surveillance by
regulating the activities of innate immune cellgttbperate as a bridge to trigger
adaptive immune responses (Kumar et al., 2022)il&iym IL-2 also serves

critical roles in controlling immune activation ahdmeostasis with the major
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function to induce proliferation of CD4and CD8 T cells (Gaffen and Liu,

2004).

Interleukin-12

0 0 ©

NK cells CD4+ T lymphocytes CD8+ T lymphocytes

o 9F

Increased MHC | M2 to M1 macrophage CXCL9,10,and 11 Antiangiogenesis and
on tumor cells conversion on lymphocytes T-cell recruitment

£ 2018 American Association for Cancer Research

Figure 2.5 Mechanism of actions of IL-12(Berraondo et al., 2018)

2.3.4 Antitumour Effect

IL-12 has shown to be highly efficient in animal dets of tumour
therapy due to its capacity to induce a varietglioéct and indirect anticancer
actions related to innate immunity, adaptive immyniand non-immune
mechanism (Lasek, Zagd on and Jakobisiak, 2014). The main IL-12 actions
are as follows (Figure 2.6): increasing the IFNroduction from NK and T cells,

which is the most effective mediator of IL-12 acso stimulating the growth
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and cytotoxicity of activated NK cells, CD&nd CD4 T cells; shifting CD4
ThO cell differentiation towards the Thl phenotymmhancing antibody-
dependent cellular cytotoxicity (ADCC) against tumaells; and inducing IgG
and suppressing IgE production from B cells. Furtieee, the IFN- produced
can stimulate the reprogramming myeloid-derivedosegsor cells and induces
the expression of antiangiogenic cytokine and chemneo Studies have also
shown that IL-12 induces the expression of Fc rexef macrophages and NK
cells and thereby enhances the antibody-dependiuliac cytotoxicity (ADCC)
(Liu et al., 2002). The Fc receptors on NK cellstaiggered to attack the tumour

cells when IgG1 antibody attaches to the surfagetamour cells (Shiokawa et

al., 2010).
i Iy
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myeloid-derived
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" Cytotoxic
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Figure 2.6 Overview of the biological functions ofL-12 contributing to its
antitumour effects. (Lasek, Zagod on and Jakobisiak, 2014)
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In the 1990s, there were some clinical trials whisled IL-12 to treat
Hepatitis B, Hepatitis C and renal cell carcinormong these clinical trials,
there were some common adverse effects reportddasifiu-like symptoms,
rapid transient leukopenia, increased liver enzymastrointestinal tract (GIT)
toxicity and liver dysfunction (Car et al., 19989).the year 1997, a phase | dose
escalation clinical trial was conducted to asséesdafety and tolerance of
recombinant hiL-12 (rhIL-12) administered intravesly (Leonard et al., 1997).
In the trial, a single test dose of rhiL-12 was audstered 14 days prior to the 5
days consecutive daily dose for every 3 weeks.réhelts demonstrated safety
at maximum tolerated dose (MTD) of 500 ng/kg withist schedule of
administration. However, a phase Il clinical tr@nducted using the same
dosage to treat patients with renal cell carcinevaa reported to cause severe
toxicities. The patients in the phase Il cliniaghitwere not administered with
the single priming dose prior to the multiple-dasgimen resulting in the
differences in toxicities between the phase | arabp |l trial. The IL-12 induced
IFN- was believed to be the main culprit of the toxast Interferon- produced
by T cells and NK cells causes myelosuppressiorgiwhi linked to macrophage
activation and upregulation of MHC class | andritigens in various epithelial
cells (Car et al.,, 1995). Subsequently, enlargenoenbedema occurred in

multiple organs such as liver, spleen and lungs.

With the evidence of systemic toxicities resultfirgm the high level of
interferon- produced from the direct administration of IL-1® therapeutic
dosage, novel therapeutic modalities that localisel® within the tumour were

extensively explored. For instance, Sangro andeaglies investigated the
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feasibility and safety of the intratumoural injecti of adenoviral vector
encoding human IL-12 gene (Ad.IL12) on advancecashige tumour-bearing
patients (Sangro et al., 2004). The study demaestrinat the intratumoural
injection of Ad.IL12 up to 3 x 18 viral particles was feasible and well tolerated

by the patients despite the low antitumour effect.

Another phase I clinical trial was conducted &atrpatients of metastatic
solid tumours with the tumour-targeted immunocytek{NHS-IL12) (Strauss
et al., 2019). The immunocytokine combined the B Heterodimers with the
NHS76 antibody. The antibody can bind to histone$ree DNA fragments in
tumour necrosis area which resulted in the tumargeting effect of this method.
The study reported positive results on the tolditgbof the NHS-IL12 in
patients with metastatic or locally advanced selmithelial or mesenchymal

tumours.

Furthermore, IL-12 gene therapy was exploited jphase | clinical trial
as the treatment for patients with metastatic peator cancer (Barton et al.,
2021). In this trial, the replication-competent aolérus carrying IL-12 gene
(Ad5-yCD/mutTKSR39rep-hIL-12) was intratumourallynjected into 12
patients followed by the standard-of-care chemaiinerAlthough the outcome
of the study showed acceptable safety profile, ibdailed to demonstrate
significant antitumour effects. Similarly, anotteetenoviral vector encoding IL-
12 gene Ad-RTS-hIL-12) was used in a phase | clinical tt@ltreat recurrent
high-grade glioma patien{€hiocca et al., 2019However, instead of a suicide

gene, this trial utilised the veledimex, an oraill2 activator, as a switch to
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regulate the IL-12 activation. Results showed that optimal dose of 20mg

veledimex led to an encouraging median overalligahwf 12.7 months.

More recently, Komel et al. demonstrated hightantour efficacy of
combined IL-2 and IL-12 gene electrotransfer in imeirB16.F10 melanoma
models (Komel et al., 2021). The combined treatment with these
immunomodulatory cytokines successfully increasbd accumulation of
dendritic cells, macrophages, CDdnd CD8 T-lymphocytes in the mice and
resulted in significant tumour delay. Another pigickl study that also showed
successful antitumour effects on a murine colotettanour model was
conducted bysilva-Pilipich et al. using intratumoural electroporation of H-se
amplifying RNA (saRNA) encoding IL-12 (SFV-IL-14FBilva-Pilipich et al.,
2022).This result was reproduced in a hepatocellulacicama tumour model

as well.

2.4 Cancer

In every country in the world, cancer is the maanise of death and a
major impediment to increase life expectancy. Adoay to estimations from
the World Health Organization (WHO) for 2019, canedhe first or second top
cause of death before the age of 70 in 112 of ®88tcies and the third or fourth
in the remaining 23 countries in the world (Fig@r@). Globally, the burden of
cancer incidence and death is rising rapidly wisatue to the population's aging
and expansion as well as changes in the prevakmtelistribution of the key

risk factors for cancer, some of which are relatesbcioeconomic development
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(Sung et al., 2021). In the year 2020, the coranaulisease 2019 (COVID-19)
pandemic had negatively impacted the detectiortr@atiment of cancer (Siegel
et al., 2022). Delays in diagnosis and treatmerg tlu health care facility
closures and concern over COVID-19 exposure letktwmeased access to care,
which could cause a temporary decrease in canceteimce followed by an
increase in advanced-stage of disease and, evigntigher mortality (Yabroff

et al.,, 2022). The population-based statistics usethis analysis indicate
significant declines in cancer pathology reports 2020, which suggests
significant delays in cancer diagnosis and treatrasrindirectly contributed by

the COVID-19 pandemic.
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Figure 2.7 National Ranking of Cancer as a Cause d@eath at Ages <70
years in 2019. (WHO, 2020)
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2.4.1 Lung Cancer

Lung cancer is the leading cause of cancer worle\artt it accounts for
one third of all the cancer-related deaths (KoJllwaurent and Janes, 2013).
According to Globocan 2020 from the World Healtlg@nmization, lung cancer
is shown to be the second most common cancer wiolddand also the highest
mortality rate cancer among all the cancer typem@set al., 2021). Non-small
cell lung cancer (NSCLC) accounts for the majootyall the lung cancer cases
(Zappa and Mousa, 2016). NSCLC can be further ifladsnto squamous cell
carcinoma, adenocarcinoma and large-cell carcinégdanocarcinoma is the
most common type of lung cancer as it constitutesirad 40% of all lung
cancers (Schabath and Cote, 2019). Figure 2.8 sth@¥sstologic classification

of lung cancer.

Lung adenocarcinoma is the most common subtype tdidgnosed in
non-smoker. It is also strongly correlated with 'engast smoking experience
(DJ M. and JM W., 2022). The understanding of lawgnocarcinoma and its
subtypes has substantially expanded recentlyesudt of advances in oncology,
imaging, and molecular biology, which have improteel paradigm for clinical
management of the disease (Tang, Schreiner an@@L4). A multidisciplinary
consensus of the International Association for 8tady of Lung Cancer,
American Thoracic Society, and European Respirato§ociety
(IASLC/ATS/ERS) has endeavoured to address theseiigg challenges with a
new classification system exclusively for lung aalearcinoma (Tang, Schreiner
and Pua, 2014). In this new system, lung adenctara is further classified
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into atypical adenomatous hyperplasia (AAH), adanciooma in situ (AIS),
minimally invasive adenocarcinoma (MIA), invasiveleaocarcinoma, and

variants of invasive adenocarcinoma.

Lung cancer histologic categories Non-small cell lung cancer subtypes

Others and not
otherwise
specified
20% Adenocarcinoma
40%

Non-small cell lung Large cell
carcinoma carcinoma
85% 15%

Squamous cell
carcinoma
25%

Figure 2.8 Histologic classification of lung cance(Schabath and Cote, 2019)

2.4.2 Epidemiology of Lung Cancer

Based on Globocan 2020, about 2.2 million of leagcer cases were
diagnosed worldwide, which covers 11.4% of theltotses (Figure 2.9 A).
From the data of mortality rate in both sexes, loagcer was the leading cause
of cancer death worldwide (18% of total deaths)g@Fe 2.9 A). When
comparing the data of each gender, men showedyriztirhes higher incidence
and mortality rates than women (Figure 2.9 B and Rjere is significant
difference in the male-to-female ratio of lung caniacidence across the regions
(Figure 2.10). In terms of country-specific rat@srkey had the greatest

incidence rates among men while Hungary had thiedsigrates among women.
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Figure 2.9 Distribution of Cases and Deaths for th&@op 10 Most Common
Cancers in 2020 for (A) Both Sexes, (B) Men, and J&Vomen. (Sung et al.,
2021)
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Figure 2.10 Region-Specific Incidence Age-Standarskd Rates by Sex for
Lung Cancer Among Men and Women in 2020(Sung et al., 2021)
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In Malaysia, trachea, bronchus and lung cancer thasthird most
common cancer during the period of 2012 to 2016¢kvhaccounts for 9.8% of
all the cancer cases (Figure 2.11). During the saened, there were a total of
11,256 cases reported to the Malaysia National €aRegistry with 68.3%
among the males and 31.7% among the females. Aogotal the Registry, the
lifetime risk of male is higher than female whiclasweported as 1 in 60 and 1
in 138 respectively. The incidence of trachea, bhois and lung cancer were
highest among the Chinese in both genders (Fig2).2However, incidence
rate among the Malays is increasing when compaitdthe rates among the
Chinese and Indians from the period of 2007-201théoperiod of 2012-2016.
Over 90% of lung cancer cases were diagnosed yataterstage (stage Il or IV)

for both genders (Figure 2.13).
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Figure 2.12 Trachea, bronchus and lung: Comparisonf age-standardised
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2.4.3 Risk Factors

Smoking, exposure to passive smoke inhalationideatal radon,
occupational exposures, infection and genetic fusxkty are all risk factors
for lung cancer (de Groot et al., 2018). Up to 96f4ung cancer cases are

attributable to smoking, making it the single majsk factor for the disease.

Smoking was first popularised among men in sevéigh-income
countries (Parkin, Bray and Devesa, 2001). Cotyrahe tobacco epidemic is
less severe and progressed among women (Thun 20&R). The quantity of
cigarettes smoked each day, the intensity of iniv@aand the age at which
smoking first began are all directly correlatechahie chance of developing lung
cancer. The risk for a lifetime smoker is rough~30 times higher than for a
non-smoker. Filter and reduced tar cigarettes redhe risk of cancers and the
increased use of these products has helped reeaetaions of smokers to
lower both the risk and the prevalence of smokiRarkin, Bray and Devesa,

2001).

Lung cancer develops following a series of mutati@vents (Sato et al.,
2007). The three main established pathways of eigasmoking induced cancer
are (1) the exposure to carcinogens, (2) the foomaif covalent bonds between
the carcinogens and DNA and (3) accumulating samatitations that are
persistent in critical genes (United States. Pulkalth Service. Office of the

Surgeon General., 2010).
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CHAPTER 3

MATERIALS AND METHODS

3.1 Experimental Design

The workflow of this study is illustrated in Figu@1l. Briefly, the human
umbilical cord-derived mesenchymal stromal celld@WSC) were obtained
from Cryocord Sdn Bhd. The expanded hUCMSC were ttiearacterised by
cell surface markers and trilineage differentiatassays. Subsequently, the
hUCMSC were genetically engineered to express humarieukin-12 (hlL-12)
by using adenoviral method and electroporation. Téel viability,
transduction/transfection efficiency and hlL-12 tein expression of the
hUCMSC expressing hiL-12 (hUCMSC-IL12) generatedtly two methods
were compared and the method with better resulsssebected. The hUCMSC-
IL12 were then generated by using the selected adefimd co-culture with
H1975 human lung adenocarcinoma cells and MRC-5amdomg fibroblasts in
order to study its cytotoxic effects on the celels. The viability of the cell lines
was determined by CCK-8 assay. Theitro expression of hiL-12 mRNA and
protein in hUCMSC were analysed via quantitatived-tene PCR and enzyme-
linked immunosorbent assay (ELISA) respectivelastly, the hUCMSC-IL12
were characterised by cell surface markers andedage differentiation assays

to confirm their integrity.
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Figure 3.1 Experimental design flow chart of this tudy.
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3.2 Cell Culture

3.2.1 Human Umbilical Cord-derived Mesenchymal Straal Cells
(hUCMSC)

The hUCMSC from three different donors (passage 9) twere obtained from
Cryocord Sdn. Bhd. The cells were cultured in catgomedium that was made
up of low glucose Dulbecco's Modified Eagle Medi(IDMEM) supplemented
with 10% Fetal Bovine Serum (FBS) (Gibco, Invitrag&SA), 1% Penicillin-
Streptomycin (Gibco, Invitrogen, USA) and 1% L-Glotine (Gibco, Invitrogen,
USA) at 37°C in a humidified 5% CGOncubator. Seeding density of the cells
ranged from 7 X 1¥cells to 1 X 16 cells per crhof surface size of the culture
vessel. The cells were expanded and medium wagjetiaevery 3-4 days. The
cells were sub-cultured when they reached 70-80%fluncy. For
cryopreservation, cells were harvested and cryepved using hUCMSC
freezing medium which composed of 90% FBS and 1080®&ure-DMSO
(WAK-Chemie, Germany). Cryovials were immediatelgged into a Cool Cell
and kept in -80°C freezer overnight prior to beingnsferred into a liquid
nitrogen storage tank at -196°C. Cells from thodifth passage were used for

subsequent studies.
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3.2.2 Human Embryonic Kidney 293 Cell Line (HEK 293

The HEK 293 cell line was a kind gift from Profes$ar Leong Chee Onn
(International Medical University, Malaysia). Theells were originally
purchased from the American Type Culture Collec@mCC). The complete
growth medium of the cells consists of high glucDsébecco’s Modified Eagle
Medium (DMEM) supplemented with 10% Fetal Boving e (FBS) (Gibco,
Invitrogen, USA), 1% Penicillin-Streptomycin (Gihdavitrogen, USA) and 1%
Sodium Pyruvate (Gibco, Invitrogen, USA) at 37°Cairhumidified 5% CQ@
incubator. The seeding density for the cells rarfgeh 1 X 1¢ cells/cnt to 4
X 10 cells/cn?. The cells were sub-cultured when the concentrasi®etween
6 and 7 X 10 cells/cnt. During culture, the medium was replaced every 3 t
days. HEK 293 cells were cryopreserved in freezimaglium which was made
up of 95% complete growth medium and 5% DMSO. Thiscwere kept
overnight at -80°C and then transferred into a 2C9kquid nitrogen storage

tank on the next day.

3.2.3 Human Lung Adenocarcinoma Cell Line (H1975)

H1975, a cell line established from a non-smokemdle with adenocarcinoma,
non-small cell lung cancer, was purchased fromAREC. The H1975 cells
were cultured in growth medium containing RoswelliPMemorial Institute
(RPMI) 1640 medium (Gibco, Invitrogen, USA) supptarted with 10% FBS

(Gibco, Invitrogen, USA) at 37°C in a humidified 326, incubator. The cells
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were cultured in a T75 flask at seeding density li0Xcells/cnf upon received
and were maintained by replacement of fresh meduravery 2 to 3 days. The
H1975 cells were sub-cultured when the confluemached 70-80%. The cells
were cryopreserved in freezing medium containingo98omplete growth
medium and 5% DMSO. The cryovial was stored in E8@‘eezer overnight

before being moved into a -196°C liquid nitrogeorage tank.

3.2.4 Human Lung Fibroblast Cell Line (MRC-5) (ATCC ® CCL-171™)

MRC-5, a human normal lung fibroblast cell line vpaschased from the ATCC.
The cells were cultured in growth medium composifigzagle’s Minimum
Essential Medium (EMEM) (ATCC, USA) supplementednni0% FBS (Gibco,
Invitrogen, USA) at 37°C in a humidified 5% E@cubator. The cells were
cultured at seeding density of 1 X “1@ells/ml upon received and were
maintained by replacement of fresh medium everyp 3 tdays. When the
confluency reached 70-80%, the cells were sub-4@dtuMRC-5 cells were
cryopreserved with freezing medium containing 9% plete growth medium
and 5% DMSO. The cryovial was kept in -80°C freelperone night prior to

being stored in a liquid nitrogen tank at -196°C.
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3.3  Characterisation of human Umbilical Cord-Derivel Mesenchymal
Stromal Cells (hUCMSC)

3.3.1 Immunophenotyping

Umbilical cord-derived MSC at passage three tonsexe used for the analysis
of their phenotypic properties. Cryopreserved MS€emhawed and washed
twice with 1X phosphate-buffered saline (PBS) (GiddSA). Aliquots of MSC
(5 X 1@ cells in 1001 PBS) were prepared in each flow tube. Analysis wa
carried out using BD Stemflow™ hMSC Analysis Kitg@on Dickinson, USA).
Briefly, cells in the tubes were stained with flachrome conjugated
monoclonal antibodies accordingly and incubatedcenfor 30 minutes. The
antibodies used were CD73, CD90, CD105, CD34, CDCI19, CD45, HLA-
DR and CD44. Mouse isotype antibodies served asaloAfter incubation, the
cells were washed twice with 1X PBS in order toogmexcess antibodies. The
supernatant was discarded and the cells were resdeg in 300l of 1X PBS
and subjected to flow cytometric analysis using BBIVA Software (Becton

Dickinson, USA).

3.3.2 Trilineage Differentiation

3.3.2.1 Adipogenic Differentiation

Aliguote of 1.0 X108cells from early passage (P3-P6) were seeded auo ef

the well in a 6-well plate. Cells were cultureccomplete medium (90% DMEM
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+ 10% FBS + 1% Glutamax + 1% Penicillin-Streptomyat 37°C, 5% C®
until they were approximately 90-95% confluent. patyenic induction medium
(AIM) was prepared from DMEM/F12 medium (Gibco, imggen, USA)
supplemented with 10% FBS, 1% L-Glutamine, 1% REiniStreptomycin,
1.0 M dexamethasone (Stemcell Technologies, Canada) M.thdomethacine
(Sigma-Aldrich, USA) and 0.25mM Bobutyl-1-methylxantinéSigma-Aldrich,
USA). AIM was filtered with 0.2 um filter unit (Sartars, Germany) prior to
usage.The growth medium was then replaced with 2ml of Apetr well. The
medium was changed every alternate day for 21-¥8 dad monitored daily
using microscope for the presence of lipid dropl€&lls maintained in regular

growth medium served as negative control.

After 21-28 days of induction, the cells were stainvith Oil Red O to observe
any lipid droplets formed. The working solution foil Red O was prepared by
mixing 3 volumes of Oil Red O solution (Sigma AdiricJSA) with 2 volumes
of deionised water (Millipore, USA). The workinglstion was allowed to settle
down in room temperature for 10 minutes and wereetaised within 2 hours.
In order to eliminate the sediment, the workinguioh was filtered with filter
paper or syringe filter before use. The culture immedwas discarded and the
cells were washed twice with 1X PBS followed by afion with 4%
paraformaldehyde (Sigma Adrich, Germany) for 30utes at room temperature.
Then, the 4% paraformaldehyde was discarded ancktiseewere washed thrice
with deionised water followed by incubation with%0sopropanol (Nacalai
tesque, Japan) for 5 minutes. One mililitre of Rdd O working solution was

added into each well of the 6-well plate to st&i@ tells for 30 minutes. After
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incubation, the excessive staining was washed @gibnised water. Staining
results were evaluated and images were captured) lMkon eclipse TS100

microscope.

3.3.2.2 Osteogenic Differentiation

The hUCMSC cultures at passage three to six wezd f8 osteogenesis. The
experiments were carried out using the MeserffCstimulatory Kit, Human
(Stemcell Technologies, Canada) with some modiboabn the manufacturer's
protocol. Briefly, 3 X 16to 4 X 1 cells were seeded in a well of a 6-well plate
and cultured at 37°C, 5% GQ@vith  95% humidity until the cells were
approximately 90-98% confluent. This took about deys. The medium was
then replaced with 2ml of complete Osteogenic ItidacMedium (OIM) per
well. The OIM consisted of MesenctiMSC Basal Medium supplemented with
Osteogenic Supplements, “40M dexamethasone, 10mg/ml ascorbic acid
(Stemcell Technologies, Canada) and 1MGlycerophosphate (Stemcell
Technologies, Canada). The medium was changed &vdrgays until bone
matrix formation occurs (approximately 10-15 day3glls cultured in regular

growth medium served as negative control.

At the end of the experiment, Alizarin Red S wasduso stain the matrix
mineralisation associated with osteoblasts. Theiunedrom each well was
removed carefully and the cells were washed twitle WX PBS. The cells were
then fixed with 10% formalin (Nacalai tesque, Jgpand incubated for 15

minutes at room temperature. Next, the fixative vessoved and the cells were
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rinsed with excess of distilled water. Alizarin R8dolution (Millipore, USA)

was then added into the well and incubated for 20utes. The excessive
staining solution was removed completely and this eeere washed four times
with deionised water. During each wash, the plags wwirled gently for 5
minutes. Then, 1.5ml of water was added into eaeh t@ prevent cells from
drying. Staining results were evaluated and imaga® captured using Nikon

eclipse TS100 microscope.

3.3.2.3 Chondrogenic Differentiation

The hUCMSC cultures at passage three to six were fias chondrogenesis. The
experiments were carried out using the Mesed®ukCF Chondrogenic
Differentiation Kit (Stemcell Technologies) with me modification on the
manufacturer's protocol. Aliquote of 1 X°1€ells was resuspended in 1®f
complete medium (90% DMEM + 10% FBS + 1% Glutamak? Penicillin-
Streptomycin) and dropped into the center of a arelh 24-well plate. The cells
were allowed to adhere for 2-3 hours at 37°C, 5%.0@e medium was then
carefully aspirated without disturbing the pelletdareplaced with 1ml of
complete MesencUlf -ACF Chondrogenic Differentiation Medium per well
which composed of the MesendMt-ACF Chondrogenic Differentiation Basal
Medium and Mesencdlft -ACF 20X Chondrogenic Differentiation Supplement.
The medium was changed every 3-4 days for 2 wéaddés cultured in regular
growth medium served as negative control. Chondragelifferentiation
medium was completely removed from each well andpediet was fixed for

15 minutes at room temperature with Kahle’s fixatiwhich contained 150ml
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of double distilled water, 65ml of 95% ethanol (8&rAldrich, USA), 30ml of

formalin (Sigma-Aldrich, USA) and 25ml of acetia¢Merck, Germany). The
cell pellet was then washed with 1X PBS for thigees. Subsequently, Alcian
Blue solution (Millipore, USA) was added to thedtk cells and incubated for
30 minutes in the dark. The excessive stainingtsolwas removed by washing
with 0.1M of HCI (Fisher Scientific, UK). The ceNgere observed using Nikon
eclipse TS100 microscope and Nikon stereomicros&)2445. Images were

captured for analysis.

34 Plasmids

3.4.1 Plasmid Encoding hlL-12 Gene

One vial of lyophilised plasmid DNA containing 200§ pUNO1 bearing the
human IL-12 elasti (p40: p35) gene was purchased fnvivoGen (InvivoGen,
USA). Plasmid pUNO1-hIL12 (Figure 3.2) is an exgies vector containing
human interleukin-12 (hIL-12) open reading framke Bize of the inserted hiL-
12 gene is 1646 bp. This plasmid contained EF-HTLV hybrid promoter
comprised the Elongation Factor-XEF-1) promoter and 5 untranslated
region of the Human T-Cell Leukaemia Virus (HTLW).is expressed at high
levels in all cell cycles and lower levels duriing tGO phase. The promoter is
also non-tissue specific. Hence, it is highly esgesl in all cell types. This
hybrid promoter not only increases steady stat@stmdption, but also
significantly increases translation efficiency pbbs through mMRNA

stabilisation. The plasmid pUNO1-hIL12 also congairblasticidin-resistance
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gene (bsr) driven by the CMV promoter/enhanceamdem with the bacterial
EM7 promoter. This allows the amplification of thiasmid in E. coli, as well
as the selection of stable clones in mammaliars aeding the same selective

antibiotic. Other features of this plasmid are diethin Appendix Al.
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Figure 3.2 Restriction map of pUNO1-hIL12 plasmid.

3.4.1.1 Liquid Media

E.coli Fast-Media® Blas Terrific Broth (InvivoGen, USAj® used to prepare
LB media with blasticidin (InvivoGen, USA). To praq@ 200ml of liquid media
containing blasticidin, one pouch of the Fast-M@dBlas Terrific Broth was
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poured into a beaker and 200ml of double dist¥eder was added into it. The
mixture was mixed by gently swirling the beakereihthe beaker containing
the mixture was put into a microwave oven to hgawith medium power setting
until the medium was completely dissolved. The medwas cool down to 37°C

prior to use in the seeding of the bacteria.

3.4.1.2 Solid media

E.coli Fast-Media® Blas Agar (InvivoGen, USA) was usedptepare agar
plates with blasticidin. To prepare 200ml of aga&dmm containing blasticidin,
one pouch of the Fast-Media® Blas agar was pounteda beaker and 200ml of
double distilled water was added into it. The migtwas mixed by gently
swirling the beaker. Then, the beaker containirg rixture was put into a
microwave oven to heat up with medium power settingl the medium was
completely dissolved. The medium was cool down3&C4before pouring on

plates.

3.4.1.3 Growth and Storage of pUNO1-hlL12-transforned Bacteria

E.coli competent cells transformed with pUNO1-hIL12 wdatgd on Fast-
Media® Blas agar plates and incubated at 37°C ayletnOn the next day,
single colony of the bacteria was isolated andwadib to culture overnight at
37°C in Fast-Media® Blas Terrific Broth containibtasticidin. For long term
storage of pUNO1-hiL12-transformedt.coli 500ul of pUNO1-hIL12-
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transformedE.coli culture and 500ul of 50% sterilised glycerol (Basiz,
Germany) were added into a cryovial. The vial watex vigorously to ensure
even mixing before freezing at -80°C. The WizarB®is SV Minipreps DNA
Purification System (Promega, USA) was used todwtrand isolate pUNO1-

hiL12 plasmid DNA from the overnight bacteria cuéiu

3.4.2 Plasmid Encoding Green Fluorescence ProteiGEP)

An agar stab containing the bacteria with mammaéapression vector for
expression of GFP was purchased from Addgene (AdglggSA). Plasmid
pCMV-GFP (Figure 3.3) is a mammalian expressiortorecontaining CMV

promoter-EGFP gene. The size of this gene is 140@lasmid pCMV-GFP has
cytomegalovirus immediate early promoter. This plas also contained the
ampicillin resistance gene which allows the setectof the plasmid from

bacteria culture. Other features of this plasmeldetailed in Appendix A2.
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Figure 3.3 Restriction map of pCMV-GFP plasmid.

3.4.2.1 Liquid Media

In general E.coli can be cultured in LB broth. To prepare 500ml Bf lhroth,
12.5g of LB broth powder f1Base, Singapore) was dissolved in 500ml of
double distilled water and autoclaved for 121°C30minutes. LB broth can be
stored in 4°C for a few weeks. Antibiotic was add#d the broth after warming

to room temperature (RT) before use.
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3.4.2.2 Solid media

E.coli strains can be grown on LB agar®(Base, Singapore) containing
appropriate antibiotic. To prepare 10 LB agar @ate4g of LB agar powder
was dissolved in 120ml of double distilled wated @utoclaved at 121°C for 30
minutes. The solution was allowed to cool to 55A@ antibiotic was then added
into it. Then, the LB medium containing antibiotiere poured into sterile
90mm petri dishes in a laminar hood and alloweddlidify. The LB plates

containing antibiotic were put in a sealed bag stoded at 4°C.

3.4.2.3 Antibiotic

E.coli containing pCMV-GFP plasmid were grown in mediurmtaming

ampicillin. A stock solution of 100 mg/ml ampicill(GoldBio, USA) was made
by dissolving 2.5g of ampicillin in 25 ml of stexiUltraPure™ DNase/RNase-
Free Distilled Water (Invitrogen, USA), filtered darstored in -20°C. The
working concentration of ampicillin used to cultyp€MV-GFP transformed

E.coliwas 100pg/ml.

3.4.2.4 Growth and Storage of pCMV-GFP-transformeacteria

E.coli competent cells transformed with pCMV-GFP was qaabn LB-
ampicillin agar plates and incubated at 37°C ow#rniOn the next day, single

colony of the bacteria was isolated and alloweduiture for 16 to 18 hours at
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37°C in LB broth containing ampicillin with vigorsushaking. For long term
storage of pCMV-GFP-transforméglcoli, 500ul of pCMV-GFP-transformed
E.coli culture and 500ul of 50% sterilised glycerol wadgled into a cryovial.
The vial was vortex vigorously to ensure even nuxiefore freezing at -80°C.
The Wizard®PIlusSV Minipreps DNA Purification System was used toveat

and isolate pCMV-GFP plasmid DNA from the overnighatteria culture.

3.4.2.5 Verification of Plasmid using sequencing

The concentration and purity of the extracted plddDNA were measured using
spectrophotometer, Nanodrop 2000 (Thermo ScientitiSA), prior to
sequencing. The acceptable range for ratio of ARB80D for pure DNA was 1.8
to 2.0. The extracted pCMV-GFP were sent for segagnusing the following
primer:

5 sequencing primer:CGCAAATGGGCGGTAGGCGTG (CMV-F)
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3.5  Generation of Genetically Engineered Human Umbcal Cord-
Derived Mesenchymal Stromal Cells Expressing Human
Interleukin-12 (hUCMSC-IL12)

3.5.1 Adenoviral Method

Amplification
& purification
of
recombinant
plasmids

Bacterial transformation

Verification:
(st QAN < = i) Restriction
5t e 5t ne PO = _ MR TR . analysis
E = . ii) Sanger
sequencing

MOI Optimisation :
j a) Cell viability (Cell
3

= AR . Counting Kit-8)
>3 W cemtivints iration = Adenovirus construct b) Transduction
= a) qPCR
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Figure 3.4 Production of recombinant adenovirus.

3.5.1.1 PCR Primer Design and Amplification

PCR primers to amplify the hiL-12 gene were desilgaed synthesised in such
a way that each end of the PCR product generataeatl5 bp of homology
with the one end of the linearised pAdenoX-ZsGreesttor. The amplification
of hiL-12 gene was performed using CloneAmp HiFerRix (Clontech, USA)
in Applied Biosystems Veriti Thermal Cycler (Therfsher Scientific, USA).
PCR mixture, PCR cycle profile and PCR primers (Bier, Korea) used are

summarised in the Tables 3.1, 3.2 and 3.3 resdygtiv
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Table 3.1 PCR mixture components

Reagent Volume Final Concentration
CloneAmp HiFi PCR 12.5 pl 1X
Premix
Primer 1 5-7.5 pmol 0.2-0.3v
Primer 2 5-7.5 pmol 0.2-0.M
Template <100 ng
DNase/RNase-free water Upto 25
Total volume per 25.0 |
reaction

Table 3.2 PCR cycle profile

Cycle Steps Temperature Time Cycles

Initial denaturation 98°C S minutes | 1

Denaturation 98°C 10 seconds }35

Annealing & Extension 72°C 35 seconds

Final Elongation 72°C 5 minutes 1
4°C Hold

Table 3.3 PCR primer sequences

Primer Sequence Length
(bp)
hiL-12 5'-GTAACTATAACGGTC 38

forward | CTGAGATCACCGGTCAACATGTG-3'

hiL-12 5'- 36
reverse | ATTACCTCTTTCTCQCGGAGGGACCTCGCTTTT
TAG-3'

Note: Sequence highlighted in red indicates the 15 bpdiogy with the one
end of the linearised pAdenoX-ZsGreenl vector.
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3.5.1.2 Purification of PCR Fragment

Agarose gel electrophoresis was conducted to amdhes PCR products and
visualised under ultraviolet light. The DNA bandsre excised and purified
using Nucleospin Gel and PCR Clean-up kit (Mach&tagel, Germany)

according to the manufacturer's protocol. Brietyg weight of the excised DNA
fragment was determined and the fragment was thasferred into a clean tube.
200 pul of Buffer NTI was added into the tube ancuimated at 50°C for 5 to 10
minutes. The sample was vortexed briefly every 2 noinutes until the gel slice
was completely dissolved. Next, the sample wasddawto the NucleoSpin Gel
and Clean-up Column and centrifuged at 11,000 @, s8conds. After

centrifugation, the sample was washed with BufféBMnd eluted using Buffer
NE. The concentration and purity of the extractédiADvas determined using
Nanophotometer (Implen, Germany). The ratio of A2&80 for pure DNA

was generally accepted to be in the range of B7-1.

3.5.1.3 In-Fusion Cloning of Purified PCR Fragments

In-Fusion reactions (Table 3.4) were set up inMIZPCR tubes and incubated
at 50°C for 15 minutes, then placed on ice immetifafThe tubes were stored
in -20°C before the transformation step. The Ad&n&ontrol Fragment

consisted of a completacZ gene flanked by 15 bp of sequence homologous to

the ends of pAdenoX-ZsGreen 1 vector. It is desiggea cloning control, but
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the gene will also be expressed in the CMV SystemiacZ expression can be

assayed in these systems.

Table 3.4 In-Fusion cloning reaction

Reagent Volume (| per sample)

Reagent Cloning reagent | Cloning reagent
(hIL-12) (control)
Deioniced wate 6 5
Linearised pAdeno’-ZsGreen 1 1
hiL-12 PCR insert (102 ngl) 1 0
Control fragment, lacZ (50 ng) 0 2
5X In-Fusion HD Enzyme Pren 2 2
Total volume per reaction 10 10

3.5.1.4 Transformation Using Stellaf™ Competent Cells

The recombinant plasmids (pAdenoX-hiL12 and pAdetacZ) were
transformed into Stellar Competent Cells. Brieflys | of In-Fusion reaction
mixture was added into 100 of Stellar cells. The cells were incubated on ice
for 30 minutes, followed by heat shock at 42°C46rseconds and incubated on
ice again for 2 minutes. Subsequently, SOC mediimwit{ogen, USA) was
added and the cells were incubated at 37°C andeshak250 rpm for 1 hour.
Next, 100 pl of cell suspension was plated on LBiaitin plate and incubated

overnight at 37°C.
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3.5.1.5 Screening of Clones Using PCR

On the next day, 5-8 single colonies were pickedl taansferred into 40 pl of
deionised water. Twenty microlitres of the suspemsvas transferred into 5 ml
of liquid LB medium containing 100g/ml ampicillin (LB/Amp) and incubated
at 37°C with shaking for 6 to 8 hours. PCR colonyesning was performed
using Terrd" PCR kit (Takara Bio, USA). PCR master mix wasugeby using

5 ul of each clone (Table 3.5) and proceeded femtlal cycling as follows:

Table 3.5 PCR mixture components

Reagent Reagent Volume (| per sample)
Deionised 0 7
Adeno-X Screening Primer 0.5
Mix 3 (10 M)
Template (bacterial cultur 5
Terra PCR Direct Red Dye 12.5
Premi»
Total volume per reaction 25

Table 3.6 PCR Thermal cycling

Cycle Steps Temperature Time Cycles
Initial denaturation 98°C 2 minutes 1
Denaturation 98°C 10 seconds }35
Annealing & Extension 68°C 3 minutes
Final Elongation 68°C 5 minutes 1
4°C Hold

Next, 5 ul of each PCR reaction was analysed onO% lagarose gel. The

expected band sizes of the recombinant plasmidshemen in Table 3.7.
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Table 3.7 Expected results of PCR colony screeniragpalysis

Gene of interest Expected Band Sizes When Cloning into
pAdenoX-ZsGreenl vector (1.9 kb)
Recombinant Non-recombinant
hiL-12 3.5kb 1.6 kb
lacZ (control fragment) 4.9 kb 3.0 kb

3.5.1.6 Verification of Recombinant Plasmid usindgrestriction Analysis

After the positive clones were identified by PCRe tlones were amplified by
transferring the initial culture into 100 ml of ligg LB/Ampicillin medium and
incubated overnight in a shaking incubator at @@ speed of 260 to 280 rpm.
Next, the plasmids were purified using the Nucleo@Xtra Plasmid Midi Kit
(Macherey-Nagel, Germany) according to the manufacts protocol. The
identities of the purified recombinant plasmids eveferified by individual
digestions with Xhol (Promega, USA) and Nhel (Nemgi&nd Biolabs, USA)
restriction analysis. The digested products wepaisged on a 1% agarose gel
and viewed using UVP Biospectrum AC Chemi HR410 dmg System

(Analytik Jena, Germany).

3.5.1.7 Verification of Recombinant Plasmid Using &uencing

The purified recombinant plasmids were also sentSianger sequencing. For
this purpose, 1 pg of each of the purified plasmidee sent to NHK Bioscience,
Malaysia. Table 3.8 shows the primers used foiStweger sequencing of each

recombinant plasmid. Nucleotide sequence resuli® Waer analysed using
63



NCBI BLAST to confirm that the inserted gene ofeirgst corresponded with

the published sequence.

Table 3.8 Primer sequence for Sanger sequencing

Recombinant plasmid Primers

pAdenoX-hiIL-12 5' - tgtcacaccacagaagtaaggttcc - 3'

5' - tagtgtggcggaagtgtgatgttgc - 3'

5’ - gggaacattcctgggtctg - 3'

5’ - gattgtcgtcagccaccag - 3'

pAdenoX-lacZ 5' - tgtcacaccacagaagtaaggttcc - 3'

5' - tagtgtggcggaagtgtgatgttgce - 3'

3.5.1.8 Digestion of Recombinant Plasmids with Pa&estriction Enzyme

The recombinant plasmids (pAdenoX-hlL12 and pAdef@Z) were digested
with Pacl restriction enzyme (New England BiolaldSA) before the
adenovirus packaging can be performed. The purpbdbis digestion is to
expose the inverted terminal repeats (ITRs) locaedeither end of the
adenoviral genome and release the adenoviral gerioome the plasmid
backbone. The ITRs contain the origins of adenbliNA replication and must
be positioned at the termini of the linear Ad DNAoletule to support the
formation of the replication complex. The Pacl netibn enzyme digestion set-

up is as shown in Table 3.9 below:
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Table 3.9 Digestion set-up for restriction enzyme &l

Component Volume ( 1)
pAdenoX-hlIL12 or 2(19)
pAdenoX-lacZ (500ng/)
10X Neb buffer 2.1 5 (1X)
Pacl 1
Nuclease-free water 42
Total 50

The above reaction was prepared in 5 tubes anthated at 37°C for 15 minutes.
The content for all the 5 tubes were combined arte tube and 3 was taken
to analyse on a 1% agarose gel. The plasmid podiothe recombinant
pAdenoX vector will migrate at ~ 3 kb, while theeadviral genome will not
enter the gel, but will remain at the top of thedaThe remaining content form
the digestion reaction was subjected to pAdenoX Dax&action. In brief, 60
pl of 1X TE Buffer (pH 8.0) (Invitrogen, USA) wasl@ed into the reaction tube
followed by 100 | phenol: chloroform: isoamyl alcohol (25:24:1) (Aesco,
USA) The mixture was vortexed and centrifuged a0Q@ rpm for 5 minutes at
4°C to separate phases. After centrifugation, thie &gqueous layer was
transferred into a clean sterile 1.5 ml microcénge tube and 4001 95%
ethanol, 25 | of ammonium acetate (NDAc) (Nacalai tesque, Japan), and 4
| polyacrylamide (5 mg/ml) (Biorad, USA) were addé&tien, the mixture was
centrifuged again at 14,000 rpm and 4°C for 5 n@sutSupernatant was
discarded and the pellet was washed with 3000% ethanol followed by
centrifugation again at 14,000 rpm for 2 minutebe Textracted DNA was

dissolved in TE buffer and kept in -20°C.
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3.5.1.9 Transfecting HEK 293 Cells with Pacl-Digesti Recombinant
Plasmids

One day before transfection, HEK 293 cells werdeplaon a 6-well plate with
seeding density of 4.5 x 1@ells per well. The cells should be 50% to 70%
confluent, display a flat morphology, and adherdl we the plate prior to
transfection. The plates were incubated overnig378C, 5% CQ. On the
following day, the transfection was performed ussafgium phosphate method.
The transfection reagents (2M Ca€blution and 2X HBS) were prepared as

follows:

i) 2.94g of CaCGl.2H,O (MW=147.02 g/mol) (Amresco, USA) was dissolved
in 10ml of deionised water and filtered sterilis€de solution was then kept

in 4°C (shelf life: 1 week).

i) 100ml of 2X HBS was prepared with the followiogmponents added into

90ml of deionised water.

280mM NaCl (Amresco, USA) 1.6369
1.5mM NaHSOQ: (Sigma-Aldrich, USA) 0.022¢g
50mM HEPES (Nacalai tesque, Japan) 1.192¢g

The pH of the solution was adjusted to 7.08-7.Hhttopped up to 100ml
with deionised water. The solution was filteredited and aliquoted into

smaller amount and kept in -20°C.

Solution A and B were then prepared as shown ineTald0 below:
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Table 3.10 Components of solution A and B

Solution A Solution B
1-3 g plasmid DNA 2X HBS
Sterile water
12.4 | 2M CaCb
Total: 100 | Total: 100 |

Solution A was vortexed slowly and carefully whiélding in solution B
dropwise. The transfection solution was incubated I5 minutes. After
incubation, the solution was vortexed gently andealdddrop by drop into the
culture plate. The cells were incubated overnigl&74C, 5% CQ. On the next
day, the calcium phosphate-containing medium wasoved. The cells were
washed with medium or 1X PBS and replaced withhfreemplete culture
medium and continue incubation at 37°C, 5%CIhe cytopathic effect (CPE)
of the cells was checked frequently and the traisgie efficiency was
monitored using fluorescence microscopy. WhendteeCPE was observed, the
cells were harvested by three freeze-thaw cyclésstéored in -20°C. Primary
amplification was performed by infecting HEK 293lsén a 90mm culture plate
with 250 pl of cell lysate (50% of the harvestesdte). Cells were incubated at
37°C, 5% CQand the CPE was checked daily. When >50% of the balve
detached from the plate, “Primary Amplificationrai stock was prepared by
harvesting the cells after three freeze-thaw cytdégse the cells. The cell lysate

was aliquoted into multiple small volume and stareeR0°C.
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3.5.1.10 Titration of Recombinant Adenovirus

Titration of the recombinant adenovirus was pertanusing Adeno-X gPCR
Titration kit (TakaraBio, USA) according to the mdacturer's protocol. The
Nucleospin Virus purification kit was used to pyrihe viral genomic DNA.

Next, serial dilutions of the viral DNA sample (Tal8.11) were subjected to
gPCR following the thermal cycling condition in Tal8.12 to determine the
threshold cycle (Ct) for each dilution. The DNA gapumber in a diluted sample
is then determined from a standard curve genetatguotting the Ct values of
the diluted Adeno-X DNA Control Template againseithrespective copy

numbers.

Table 3.11 Control and sample dilutions for gPCR

Well Strip 1 Strip 2 Strip 3

1 5x 10 5x 10 Sample (1X)

2 5x 10 5x 10 Sample (1X)

3 5x 10 5x 10 Sample (0.1X)

4 5x 10 5x 10 Sample (0.1X)

5 5x 1C 5x 16 Sample (0.01X)

6 NTC Sample Sample (0.01X)
(0.0001X)

7 NTC Sample Sample (0.001X)
(0.0001X)

8 Sample Sample Sample (0.001X)

(0.00001X) (0.00001X)
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Table 3.12 Thermal cycling conditions for gPCR usig ABI StepOnePlus
Real-Time PCR System

Cycle Steps Temperature Time Cycles

Initial denaturation 95°C 30 seconds 1
95°C 3 seconds

gPCR 40
60°C 31 seconds
95°C 15 seconds

Melting/Dissociation curve 60°C 1 minute 1
95°C 15 seconds

3.5.1.11 Amplification of Recombinant Adenovirus foHigh Titer Viral
Stocks

One day before transduction, HEK 293 cells werédagén five 150mm culture
plates with cell density 12.5 to 14 million of cefler plate. The cell monolayer
should be 50-70% confluent for optimal transduction the following day, the
medium was replaced with 30ml of fresh growth madicontaining
recombinant adenovirus (AdhIL-12 or AdlacZ). Fosbeesults, the cells should
be infected at a multiplicity of infection (M.O.1)5. The cells were incubated
for 90 minutes at 37°C, 5% GOrhen, the flasks were added with 10ml of fresh
growth medium and incubated for 3-4 days at 37%,G%. The CPE was
checked daily. When >50% of the cells have detadtwd the surface of the
flasks, they were lysed with three consecutivezieethaw and the lysate was

collected for purification.

69



3.5.1.12 Purification of High Titer Recombinant Adeovirus Stocks

The purification of recombinant adenovirus (AdhIR-ar AdlacZ) was carried
out using Adeno-X Maxi Purification kit (TakaraBilSA) according to the
manufacturer's protocol. Briefly, bof Benzonase Nuclease was added to the
harvested cells which were resuspended in 5ml bfireumedia. The mixture
was incubated at 37°C for 30 minutes. The sampketiven diluted with equal
volume of 1X Dilution Buffer and filtered throughd 0.45m syringe-tip pre-
filter. Subsequently, the clarified lysate was ped using the equilibrated
purification filter by pushing the lysate throudtetfilter at a rate of ~3ml/min
to allow the virus patrticles to bind to the fillmembrane. The filter was washed
with 20ml of 1X Wash Buffer and finally the recomhbnt virus particles were
eluted with 3ml of 1X Elution Buffer. Eluted recomhbnt virus particles were
aliquoted into multiple microcentrifuge tubes inahwvolume and stored in -

80°C.

3.5.1.13 Verification of Recombinant Adenovirus Costruct

The recombinant virus constructs were verified gdhCR method. The PCR
was performed using TeffAPCR kit (Takara Bio, USA) with gene of interest-
specific primers. The PCR master mix was set upudigg 2.5 ul of purified
recombinant adenovirus (Table 3.13) and proceedethérmal cycling using

parameters shown in Table 3.14.
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Table 3.13 PCR mixture components for recombinant@enovirus construct
verification

Reagent AdhlL-12 | AdlacZ
Reagent Volume (| per sample)

Deionised H2C 2.7¢ 3.2E
Adeno-X Screening - 0.5
Primer Mix 3 (10 M)
Forward primer hiL12 0.5 -
(7.5uM)
Reverse primer hiL12 0.5 -
(7.5uM)
Template (Ad 2.5 2.5
Terra PCR Direct Red 6.25 6.25
Dye Premi
Total volume per 12.5 125
reaction

Table 3.14 PCR Thermal cycling

Cycle Steps Temperature Time Cycles
Initial denaturation 98°C 2 minutes 1
98°C 10 seconds
gPCR _ 30
68°C 3 minutes
Melting/Dissociation curve 68°C 5 minutes 1

Next, 5 pl of each PCR reaction was analysed on0% lagarose gel. The

expected band sizes of the PCR products are showahle 3.15.

Table 3.15 Expected band sizes of PCR products

Gene of interest Size (bp)
hiL-12 1646

Recombinant AdlacZ 4900
lacZ 3000
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3.5.1.14 Functional Titration of Recombinant Viruses

One day before infection, 1 X 46f HEK 293 cells were plated in each well of
a 6-well plate. On the day of infection, the celhtuency should be 80-100%.
The cells in each well of the 6-well plate wereerted with 100 | of 10-fold
dilution of the recombinant adenoviruses (AdhIL{¥lacZ), ranging from 10
“to 108 (Figure 3.5). The plates were incubated at 379CG446 hours. After
the incubation, the media containing viruses wemaved. Two mililitre
agarose overlay was applied into each well. Theeplavere incubated again at
37°C. Another 1 ml per well of agarose overlay vagplied after 2-4 days
following the initial overlay and continued to irzate at 37°C up to 7 days. The
cells were stained with MTT solution (Sigma-AldriddSA) and the plaques

were counted to determine the functional titer gghe formula below:

Functional titer (ifu/ml)

= No. of plaques / (Volume of virus added to thélwe(dilution)

Ad

10%
Ad Ad
10° 108

Figure 3.5 Layout of the 6-well plate for plagque faming assay.

72



3.5.1.15 Optimisation of Multiplicity of Infection (MOI) of
Recombinant Adenoviruses

The hUCMSC (passage 3 to 5) were plated at thetgiefsi-5 X 13 cells per
well of a 96-well plate in the presence of standd®IC growth media (Figure
3.6). After reaching 50%-80% confluency, the cellsre transduced with
AdhIL-12 or AdlacZ in 50 pl of growth media per wel 0.5, 10, 20, and 50
MOI. After 4 hours incubation at 37°C, 5% @0 pl of fresh growth media
was added to each of the well. On day 3 and 5 &éirsduction, the supernatant
of the culture was collected for analysis of hiL{rdtein expression. The cells
were analysed for GFP expression (transductionieffcy) and cell viability on

day 3 and 5 post transduction.
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AdhIL-12 MOI0.5

AdhIL-12 MOI10

AdhIL-12 MOI 20

Adlacz MOI 0.5

AdlacZz MOI 10

Adlacz MOI 50

O
O
@
®

AdhiIL-12 MOI 50

O

Negative control

Figure 3.6 Layout of the 96-well plate for MOI optmisation assay

a) Determination of Transduction Efficiency

In order to check for transduction efficiency, thansduced hUCMSC were
fixed with 4% paraformaldehyde for 10 minutes aolibfved by staining with
5 M DAPI (Abcam, UK) for 30 minutes. Then, the cellere viewed under
fluorescence microscope (Carl Zeiss, Germany) dudos of each well were
shapped for analysis. For quantification, at I&separate fields were counted
in each transduced sample. The percentage of trargd efficiency was

calculated using the formula as below:

DAPI + GFP positive seX 100%

DAPI positive cell

b) Human Interleukin-12 (hIL-12) Protein Expression Level

On day 3 and 5 after transduction with AdhIL-12 tulture supernatant
of each well was collected and centrifuged at 2)X3®€@r 10 minutes to remove
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the cell debris. After centrifugation, the supeamatwas collected and stored in

-20°C or below for ELISA assay later.

The hIL-12 level was measured using Human IL-1D§ELISA Max
Deluxe kit (Biolegend, USA) according to the marmiaer's protocol. Due to
the wide range of hIL-12 concentration among tha@as, different dilutions

were used for the ELISA assay.

One day prior to the ELISA assay, the wells of an@#l plate were
coated with diluted capture antibody. The plate waaled and incubated
overnight (16-18 hours) at temperature 2°C to 8@.the next day, the plate
was washed 4 times with at least 300 pl of waskebaind tapped upside down
on absorbent paper to remove the solution. Two tachdicrolitres of assay
diluent A was added into each well to block nonesjpebinding and to reduce
background noise. Then, the plate was sealed anbated at room temperature
for 1 hour with shaking on a plate shaker follovisyd4 times of washing using
wash buffer. The wells were aspirated and washadek again before addition
of 100 pl per well of standards or samples. Seflaitions of standard were
performed by diluting 500 pg/ml of hIL-12 recombimaprotein with assay
diluent to make 7 standards (500, 250, 125, 62253 15.63 and 7.81 pg/ml).
All standards and samples were run in duplicatsaggiluent was used as 0
pg/ml. The plate was sealed and incubated at reompérature for 2 hours with
shaking. The wells were then aspirated and washiede$ followed by addition
of 100 ul per well of diluted detection antibodgaked and incubated at room

temperature for 1 hour with shaking. After the wellere aspirated and washed
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for 4 times, 100 pl of avidin-HRP was added intarewell and incubated for
30 minutes at room temperature with shaking. Thiésweere finally washed for
5 times and 100 pul of stop solution was added. plae was read at 450 nm in
a microplate reader (Tecan, USA). Data was analgsedstandard curve was
plotted with the absorbance of serial dilution bt tstandards against the
concentration. Concentration of human IL12p70 fromtture supernatant of

hUCMSC expressing hiL12 was determined from thedsied curve.

c) -galactosidase Expression

On day 3 and 5 after transduction by AdlacZ, theression of -
galactosidase was measured using the Luminescetd#-gakactosidase
Reporter System 3 (Takara Bio, Japan) accordimgaioufacturer's protocol.
Briefly, the cells were harvested, resuspendedencold lysate buffer and
freeze-thawed for 3 cycles. After the freeze-thgeles, the cell lysate was
collected and stored in -80°C until use. In order perform the
chemiluminescent -galactosidase assay, 20-30 of the individual cell
lysates were aliquoted into wells of a white, opa@6é-wells flat-bottom
microplate followed by 200l of reaction buffer mixture added into each well.
The plate was incubated at room temperature foodr land luminescent
measurement was carried out using the Infinite MZ2® (Tecan,

Switzerland).
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d) Determination of Cell Viability

After the culture supernatant has been collecte&fdSA assay, fresh medium
was added into each well, followed by lI®f CCK-8 reagent (Dojindo, Japan).
Wells with medium only were treated as blank. Thkure plate was incubated
at 37°C for 4 hours. After the incubation, the abaace was measured at 450
nm with a microplate reader (Tecan, USA). The ewlbility of the transduced

UCMSC were calculated using the formula below:

Absorbance of transduced hUCMSC — Almoch of blank X 100%
Absorbance of untransduced hUCMSC — Abmueb of blank

3.5.2 Electroporation Method

3.5.2.1 Electroporation Protocol

Early passage hUCMSC (P3-P5) were transfectedpdadmids of interest using
the Neon Transfection System (Thermo Fisher SdientySA). Prior to the
electroporation, hUCMSC were harvested by trypais and centrifugation
for 5 minutes at 300 xg and the cell number wasitaali The cells were washed
with 1X PBS (without C& and Md") by centrifugation again. Then, the cells
were resuspended with Resuspension Buffer R atah diensity of 2.0 X 10
cells/ml. The Neoh Tube was set up by 3 ml of electrolytic bufferoirthe

NeorP Pipette Station. As the size of Neon® Tip used @8 pl, thus each
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electroporation will be sufficient for plating oD vells in a 96-well plate setting.
One hundred microlitres of cell suspension and Bfygasmid DNA (pUNO1-
hiL12 or pCMV-GFP, a positive control vector) wesdded into a 1.5 ml
centrifuge tube and mix gently. The mixture wasirased into the Neon® Tip
which was installed on the Neon® Pipette. Followihi, the Neon® Pipette
was placed in the Neon® Pipette Station and elpotatgion was performed
using the optimised setting of 1600V, 20ms, 1 pu&absequently, 10 ul of
transfected hUCMSC was transferred into each wellgrepared 96-well plate
with 100 pl of pre-warmed fresh medium without bigtics. The cells were
incubated at 37°C in a humidified 5% &i@cubator. The transfection efficiency
(refer to Section 3.5.1.15a), post-transfectior eability (refer to Section
3.5.1.15d) and hlL-12 protein expression leveldréd Section 3.5.1.15b) were

assessed on day 2 and day 4 after electroporation.

3.6 Determination of Inhibition Effect of hUCMSC Expressing hiL-12 on
Human Lung Cell Lines

» > ) ) 4

Figure 3.7 Timeline for co-culture experiment

Figure 3.7 outlined the timeline for co-culture exment. The hUCMSC
(passage 3 to 5) were plated at a density of 1L0*Xells/well onto the transwell
insert. During optimisation of effector cell andget cell ratio (E:T), target cells
(H1975 human lung adenocarcinoma cells or MRC-5dmiang fibroblasts)

were seeded in the bottom chamber of the trang&4éiwvell plate setting) in
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500 | of low glucose DMEM supplemented with 10% FBS d8d Penicillin-
Streptomycin, at different cell density with diféeit effector (h(UCMSC) to
target ratio (E:T), namely 1:1, 2:1, 5:1 and 1QJpon the selection of the
optimal E:T ratio, target cells were seeded inabkom chamber of the transwell
at the optimised E:T ratio. On the following dadye hUCMSC were transduced
with AdhIL-12 and the transwell inserts were tramstd onto the wells with
target cells to initiate the co-culture on the satag. On day 3 and 5 after co-
culture initiation, cell viability of target cellsvas determined using CCK-8
reagent (refer to Section 3.5.2.15d) while thewelisupernatant was collected
for analysis of hIL-12 protein expression (refer $ection 3.5.2.15b). The
percentage of cell viability was calculated by aggng the optical density (O.D.
absorbance) of duplicate wells of each experimeagr@lp using the following

formula:

Percentage cell viability = ¢Ratment- Ablank) / (Acontrol - Ablank) X100%

(where A=absorbance)

The experiments were repeated for 3 hUCMSC biolgaplicates. Table 3.16
shows the experimental groups of the co-cultureearpent.

Table 3.16 Experimental groups of co-culture expement

Transwell Bottom chamber

Experiment | hUCMSC expressing hiL-12  H1975 cells or MRC-S<el
1

Experiment | Transduced hUCMSC withH1975 cells or MRC-5 cells
2 lacZ control vector

Experiment | Untransduced hUCMSC H1975 cells or MRC-5 cellls
3

Control H1975 cells or MRC-5 cells only
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3.7 Determination of hiL-12 mRNA Expression of Trarsduced hUCMSC

3.7.1 Total Ribonucleic Acid (RNA) Extraction

The hUCMSC (passage 3 to 5) were plated at 1.(° ¥dis/well in a 6-well
plate. Cells were cultured in complete medium (9ORMEM + 10% FBS + 1%
Glutamax + 1% Penicillin-Streptomycin) at 37°C, &X». On the next day, the
hUCMSC were transduced with AdhIL-12 at selected INMQ replacing the
culture medium with 1 ml/well of complete mediumthwiAdhIL-12 and
incubated for 3 hours. The medium was then dischatel replaced with fresh
complete medium. Cells were cultured for 3 days.day 3 post-transduction,
the cells were harvested for RNA extraction usingg@n RNeasy mini kit
(Qiagen, Germany) according to the manufacturexopol. The hUCMSC
were trypsinised and collected as a pellet in areoentrifuge tube by
centrifugation at 300 xg for 5 minutes prior toldgkis. Supernatant was
completely aspirated and remaining cells were gigd by addition of 350 pl
lysis buffer (Buffer RLT) and vortexed vigorousiytil no cell clumps were
visible. The lysate was homogenised by loadingctlyanto the QlAshredder
spin column placed in a 2 ml collection tube (Qmageéermany) and centrifuged
for 2 minutes at maximum speed. The flow-througls wdded with 350 pl of
70% ethanol and mixed well by pipetting. The sampées transferred to a
RNeasy spin column placed in a collection tube @mdrifuged for 15 seconds
at maximum speed (0,000 rpm). Total RNA bound to the membrane of the
column while the contaminants passed through th&rmo and retained in the

flow-through. The column was then washed with buR&/1 (1 time) and buffer
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RPE (2 times) by centrifugation for 15 seconds aximum speed. The
collection tube with flow-through was discarded dhd RNeasy spin column
was placed in a new collection tube and centrifugethaximum speed for 1
minute to eliminate any remaining carry over offeuRPE. Next, the RNA was
eluted into a new 1.8 ml microcentrifuge tube bgiadn of 30 ul of RNase-free
water and centrifuged at maximum speed for 1 minlitee concentration and
purity of the extracted DNA was determined usingdtrop (Thermo Fisher
Scientific, US). Untransduced hUCMSC were harvestedRNA extraction as
well. The ratio of A260/A280 for pure RNA was gealér accepted to be in the

range of 1.8 - 2.1. Pure RNA was stored at -80°C.

3.7.2 DNase | Treatment of RNA and Reverse Transgiion of RNA to
cDNA

The DNase | treatment and reverse transcriptiorexifacted RNA were
performed using the ReverTra A¥e qPCR RT Master Mix with gDNA
Remover (Toyobo, Japan) according to the manufactumprotocol. RNA
extracted from hUCMSC samples were subjected tatdestion by incubation
at 65°C for 5 minutes and then kept on ice. Pouge, a 1 in 50 volume of
gDNA remover was added to the 4X DN Master Mix.ofat of 0.5 ug of RNA
was resuspended with 2 pl of 4X DN Master Mix ddditwith nuclease-free
water to a final volume of 8 pl. The mixture wasubated at 37°C for 5 minutes.
Then, the mixture was subjected to complementanAQBDNA) synthesis.
Two microlitres of 5X RT Master Mix Il was addedtanthe mixture and

incubated at 37°C for 15 minutes followed by 50%C5aminutes. Next, the
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mixture solution was heated at 98°C for 5 minuted stored in 4°C or -20°C

for long term storage.

3.7.3 Quantitative Real-Time PCR

The hIL-12 mRNA expression in both transduced amlamsduced hUCMSC
were analysed via quantitative real-time polymerdsen reaction (QPCR). The
gPCR was performed with StepOnePMiRReal-Time PCR System (Thermo
Fisher Scientific,USA). The PCR components forragla 10 pl reaction were
prepared as shown in Table 3.17 and the primeresegs were listed in Table
3.18. The gPCR was performed according to the thkroycler cycling
parameters in Table 3.19. The hIL-12 mRNA expressias quantified using
comparative € method ( Ct) with GAPDH as the endogenous control. The
gPCR was performed in triplicates for each samfie. experiment was carried
out for samples of 3 biological replicates withifetent passages samples from

each biological replicate.

Table 3.17 Reaction components of qPCR for mRNA exgssion

Component Volume ( l)/reaction
PowerUp™ SYBR™ Green 5
Master Mix (2X)
Forward primer (10 M) 0.2 (final concentration: 200 nM)
Reverse primer (10 M) 0.2 (final concentration: 200 nM)
cDNA (10 ng/ 1) 2 (final concentration: 20 ng)
Nuclease-free water 2.6
Total 10
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Table 3.18 Primers of qPCR for mRNA expression

Primer Sequence
hIL-12 primer (Forward) CTGCAGTGTTCCTGGAGTAG
hIL-12 primer (Reverse) GAACATTCCTGGGTCTGGAG

Table 3.19 Thermal cycler parameters for mRNA exprssion

Cycle Step Temperature Time Cycle

Initial setup 50°C 2 minutes 1
(Holding stage)

Dual-lock™ DNA 95°C 2 minutes 1
polymerase (Holding stage)
Denature 95°C 15 seconds } 40
Anneal/Extend 60°C 1 minutes
Dissociation curve 95°C 15 seconds Step & Hold
condition 60°C 1 minute
(melt curve stage) 95°C 15 seconds

3.8  Statistical Analysis

Data were expressed as mean + standard deviaiin@8ference between two
groups of data were compared using Student’s B-tesile One-way ANOVA
was used to analyse difference between more thargtaups. Data for gene
expression assay was analysed using Wilcoxon Sigaeés Test. Differences
were considered significant at p<0.05. Statistcelyses were conducted using

GraphPad Prism 7.0.
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CHAPTER 4

RESULTS

4.1 Characterisation of hUCMSC

4.1.1 Immunophenotyping

A panel of surface markers were used in the immhbeaoptyping analysis of
early passage (passage 3 to 5) hUCMSC. The reshlsved that the
untransduced hUCMSC expressed typical MSC markeisiding CD73, CD90,
CD105 and negative for CD14, CD34, CD45, CD19 anddn leucocyte

antigen-DR (HLA-DR) (Figure 4.1). Due to the transdd hUCMSC expressing
green fluorescent protein (GFP) which interferethwhe fluorescence signal
detection in the flow cytometry, a different setflolborochrome antibodies was
used for the immunophenotyping analysis for traneduhUCMSC. Results
showed that the transduced hUCMSC expressed CDOC&105 positively

and lacked expression of CD34 and CD45 similarrntvamsduced hUCMSC

(Figure 4.2).

84



MSC PE-Tube 7 MSC PE-Tube 7

- =L
a 2 =
£ w e | g
Bes_ : . Qz-1
F 2 O =
O
= ol Q31 Q-1
1-|'|T|'|'|'|'|_|—|'|'|'|T|T|_r
w o wt n® w o' owt wf
CDa0 FITC-A CD105 ParCP-Cy5-5-4

Figure 4.1 Immunophenotyping of UCMSC. Flow cytomaty analysis
showed the UCMSC were positive for cell surface maers CD73, CD90,
CD105 and negative for CD34, CD45, CD11b, CD19 aridlLA-DR. All the
negative markers are conjugated with the same fluachrome, PE.
Representative images shown from 3 independent expaents.
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Figure 4.2 AdhIL-12 transduced UCMSC maintained cdlsurface markers
similar to untransduced UCMSC. PerCP-Cy5.5 includedCD90 and CD105
while APC included CD34 and CD45. Representative iages shown from 3
independent experiments.

4.1.2 Trilineage Differentiation

Both untransduced and transduced hUCMSC from pas$ado 5 were

investigated for their differentiation capacity. el tifferentiation capacity was
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defined by the ability to undergo trilineage di#fatiation which included
adipogenesis, osteogenesis and chondrogenesiscaftaring in appropriate

induction media.

4.1.2.1 Adipogenic differentiation

After 3 to 4 weeks of incubation with adipogenicduction medium,
untransduced and transduced hUCMSC were diffetedtianto adipocytes.
Accumulation of lipid-rich vacuoles within the cylasm of the cells were
observed and stained positively with Oil Red O (iFgg4.3 A & B). In contrast,
hUCMSC maintained in regular MSC growth medium sadwo morphological

changes and stained negatively with Oil Red O (f@gu3C).
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Figure 4.3 Adipogenesis of hUCMSC. Lipid dropletsdrmed in the cells
differentiated from (A) untransduced hUCMSC and (B) hUCMSC-IL12
and stained positively with Oil Red O. (C) hUCMSC naintained in regular
growth medium (control). Nikon eclipse TS100 microsope, magnification:
(A) and (B) 400X, (C) 100X.

4.1.2.2 Osteogenic differentiation

Both untransduced and transduced hUCMSC underwesiteogenic
differentiation after 1 to 2 weeks of culture widkteogenic induction medium.
Untransduced hUCMSC stained positively with AlimaRed S (Figure 4.4 A).
The transduced hUCMSC also stained positively wiiharin Red S albeit in
darker shade of brown (Figure 4.4 B). It is belstvbat the strong GFP
expressed by the transduced hUCMSC interfered thélstaining process and
resulted in the difference seen in the transdud¢¢@MSC when compared to
the untransduced hUCMSC. The red or brown precdgstan the cells
represented the calcium deposits of matrix fornmegissociated with osteoblasts
formation. Undifferentiated hUCMSC cultured in réeguMSC growth medium

stained negatively with Alizarin Red S (Figure €}
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Figure 4.4 Osteogenic differentiation of hUCMSC. Akarin Red S staining
showed mineralisation of extracelllular matrix produced by the osteogenic
differentiated cells of (A) untransduced hUCMSC andB) hUCMSC-IL12.
(C) Uninduced cells maintained in regular growth méium (control) showed
negative staining for Alizarin Red S. Nikon eclipseTS100 microscope,
magnification: 40X.

4.1.2.3 Chondrogenic differentiation

Chondrogenic induction of the micromass cultures I8 days resulted in
formation of spheroid. At the end of the experiméiné spheroid in the well of
a 24-well plate was clearly visible to the naked.eyhe chondrogenic spheroids
formed from untransduced or transduced hUCMSC wti@ed blue in colour
with Alcian Blue (Figure 4.5 A to D). The hUCMSC ragular MSC growth
medium showed no spheroid formation and stainedthedy with Alcian Blue

(Figure 4.5 E).
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Figure 4.5 Chondrogenic differentiation of hUCMSC.Spheroid formed in
micromass culture of untransduced hUCMSC (A and Band hUCMSC-IL-
12 (C and D) under induction for 2 weeks and stairtepositively with Alcian
Blue. (E) Uninduced cells maintained in regular gravth medium (control)
showed negative staining for Alcian Blue. (A) andE) Carl Zeiss Axio
Observer Al, magnification: (A) 50X; (E) 100X. (B)and (D) Nikon
stereomicroscope SMZ445, magnification: 40X. (C) Mon eclipse TS100
microscope, magnification:40X.
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4.2 Generation of Genetically Engineered Human Umbcal Cord-Derived
Mesenchymal Stromal Cells Expressing Human Interlekin-12
(hUCMSC-IL12) Using Adenoviral Method

4.2.1 Amplification of hiL-12 gene

PCR primers used to amplify the hiL-12 gene wemggieed and synthesised in
such a way that each end of the PCR product getersttared 15 bp of
homology with the one end of the linearised pAdei®Greenl vector. Then,
the hiL-12 gene was amplified using PCR and the P@Ructs were analysed
using agarose gel electrophoresis and visualisetrualtraviolet light. The
expected band size was 1.6 kb as per the lendtiedflL-12 gene (Figure 4.6).
The DNA bands from lane 1 to 5 were excised and DdN#ification was
performed. Sample from lane 1 was used in the sulese step to generate the
adenovirus. The concentration and purity of theaetéd DNA from lane 1 was
shown in Table 4.1. The sample is shown to be@félquired DNA purity with

the A260/280 ratio between the range of 1.7 to 2.0.
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Figure 4.6 Agarose gel electrophoresis image of PGRoduct of hIL-12 gene
amplification. Lane M: 1 kb Extend DNA Ladder (New England Biolabs,
USA). Lane 1 to 5: Amplification of hiL-12 gene.

Table 4.1 Concentration and purity of the extractedDNA

Sample Concentration Purity Purity
(ng/ul) (A260/A280) (A260/A230)
1 102 1.845 1.990

4.2.2 Screening of clones using PCR

The presence of the recombinant plasmid encodind Bigene (pAdenoX-hlL-
12) and recombinant plasmid encoding lacZ gene ¢maX-lacZ) transformed
into Stellar competent cells were determined byeational PCR. The results

of agarose gel electrophoresis showed that thenms@mplified with Adeno-X
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Screening Primer Mix 3 produced PCR products wipeeted sizes of 3.5kb
and 4.9kb (Figure 4.7). These results verified thattransformed competent
cells contained the plasmid of interest. Subsedyetfie positive clones were
amplified by inoculating them in liquid LB/Ampicih medium and purified by
NucleoBond Xtra Plasmid Midi Kit (Macherey-Nagel, e@any). The

concentration and purity of the extracted DNA wshewn in Table 4.2. The
extracted plasmids showed good quality as the cdthk260/280 obtained were

in the range of 1.7 to 1.8.

Figure 4.7 Agarose gel electrophoresis image of 12 gene amplification.
Lane M: 1 kb Extend DNA Ladder (New England Biolabs USA). Lane 1 to
8: Colony screening for pAdenoX-hIL12; lane 9 to 16Colony screening for
pAdenoX-lacZ. Positive clones from lanes 2, 9, 1(hd 16 were amplified
and purified.
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Table 4.2 Concentration and purity of the extractedrecombinant plasmid
DNA

Sample Lane Concentration Purity Purity
no. (ng/ul) (A260/A280) | (A260/A230)

pAdenoX- 2 754.5 1.81 2.05
hiL12

pAdenoX- 9 603.7 1.77 1.96
hiL12

pAdenoX- 10 217.9 1.84 2.25
lacz

pAdenoX- 16 490.3 1.77 1.95
lacz

4.2.3 Restriction Analysis of Recombinant Plasmids

Adenoviral recombinant plasmids were generated gusmFusion Cloning
method, namely recombinant plasmid expressing [I(pAdenoX-hlL12) and
recombinant plasmid expressing lacZ (pAdenoX-lacZhe recombinant
plasmids were digested with Nhel (New England BislaUSA) and Xhol
(Promega, USA) restriction enzymes. The DNA fragimemere separated on
1% agarose gel (Figure 4.8) and showed expecteatidiaes respectively (Table

4.3)
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Figure 4.8 Agarose gel electrophoresis of the recdmmant pAdenoX
digested with Nhol or Xhol restriction enzymes. Lae M: 1 kb Extend DNA
Ladder (New England Biolabs, USA). Expected band &ses were observed.

Table 4.3 Expected fragment sizes in recombinant pkenoX vectors
digested with Nhel or Xhol

Vector Nhel Xhol
pAdenoX-hiIL12 687 59t
384¢ 144~
434( 246¢€
1034 332(
18295 5483
9702
1450(
pAdenoX-lacZ 687 59t
384¢ 144~
434( 246¢€
1034 332(
19649 6837
9702
1450(

Note: Fragment sizes highlighted in green are fragmems$aining the gene of

interest.
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4.2.4 Sequencing Analysis of Recombinant Plasmids

The identities of pAdenoX-hlL12 and pAdenoX-lacZreséurther verified using
Sanger sequencing. Primer walking was performetherfull gene of hiL-12
encoded by pAdenoX-hlL12. Results showed both thelR gene and lacZ
gene were cloned successfully into the pAdenoX-2e@t adenoviral vector
and no mutation was found in the full gene of hR_.{Appendix B). Sequence

alignment was performed using SnapGene Viewer arsadpftware.

4.2.5 Digestion of Recombinant Plasmids with Pacléstriction Enzyme

In order to prepare the recombinant plasmids torgfection on HEK 293 cells,
restriction digestion with Pacl (New England BidaklSA) was performed and
analysed on a 1% agarose gel. The plasmid portitredecombinant pAdenoX
vector migrated at approximately 3 kb while therameral genome did not enter
the gel but remained at the top of the lane (Figu8. Then, the digestion
reaction was subjected to DNA extraction. The catreéion and purity of the
extracted DNA is shown in Table 4.4. The extradd®A showed good quality

as the ratio of A260/280 obtained were in the rasfige7 to 2.0.
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Figure 4.9 Agarose gel electrophoresis of the recdmmant pAdenoX
digested with Pacl restriction enzyme. Lane M: 1 kiExtend DNA Ladder
(New England Biolabs, USA).

Table 4.4 Concentration and purity of the extractedolasmid DNA

Sample Concentration (ng/pul) Purity
(A260/A280)
pAdenoX-hlL12 112.0 1.86
pAdenoX-lacZ 180.0 1.88

4.2.6 Packaging of AdenoX Recombinant Viruses

The linearised pAdenoX-hIL12 and pAdenoX-lacZ weensfected into HEK
293 cells in order to package the AdenoX adenovempressing hiL-12

(AdhIL12) and AdenoX adenovirus expressing lacZ 16&d). Infected HEK
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293 cells typically remain intact but they may rdwp and detach from the plate.
These changes are collectively referred to as eytopeffect (CPE). Late CPE
was observed on day 9 post-transfection with Adh2L{Figure 4.10) and
AdlaczZ (Figure 4.12). Cells were harvested by thireeze-thaw cycles and
stored in -20°C. Transfected HEK 293 cells alsowsdtb GFP expression as

AdhIL-12 (Figure 4.11) and AdlacZ were expressirfgRGas well (Figure 4.13).

Day 1 Day 2
Day 3 Day 6
Day 7 Day 9

Figure 4.10 HEK 293 cells transfected with pAdenoXHL12 observed under
inverted microscope. HEK 293 cells showed cytopathi effect after
transfection with pAdenoX-hlL12. Carl Zeiss Axio Observer Al,
magnification: 100X.
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Day 1 Day 2 Day 3

Day 6 Day 7 Day 9

Figure 4.11 HEK 293 cells transfected with linearisd pAdenoX-hiL12
observed under fluorescence microscope. HEK 293 tsIshowed green
fluorescence after transfection with pAdenoX-hiL12. Carl Zeiss Axio

Observer Al, magnification: 40X.

Day 4 Day 5
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Day 7 Day 9

Figure 4.12 HEK 293 cells transfected with pAdenoXHL12 observed under
inverted microscope. HEK 293 cells showed cytopathi effect after
transfection with pAdenoX-lacZ (control). Carl Zeiss Axio Observer Al,
magnification: 100X.

Day 4 Day 5

Day 7 Day 9

Figure 4.13 HEK 293 cells transfected with linearisd pAdenoX-lacZ
observed under fluorescence microscope. HEK293 cellshowed green
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fluorescence after transfection with pAdenoX-lacZ ¢ontrol). Carl Zeiss
Axio Observer Al, magnification: 40X.

4.2.7 Primary Amplification of AdenoX Recombinant iruses

In order to amplify the AdenoX viral particles, 508bthe harvested lysate in
Section 4.1.3.6 were used to infect fresh HEK 28Bscseeded on a 90mm
culture plate. The primary amplification viral skofor AdhIL-12 and AdlacZ

were collected on day 2 (Figure 4.14) and day §Ufe 4.16) post-transduction
respectively, when the late CPE was observed. Tearesl HEK 293 cells also
showed GFP expression as AdhIL-12 (Figure 4.15)AatidcZ were expressing
GFP as well (Figure 4.17). The recombinant virugese lysed with three

consecutive freeze-thaw cycles and the lysate wiected and stored in -20°C.

A) Day 1: Early CPE observed. B) Day 2: Late CPE observed.

Figure 4.14 HEK 293 cells showed cytopathic effeafter transduction with
AdhIL-12. (A) Day 1 post-transduction showed earlyCPE; (B) Day 2 post-
transduction showed late CPE. Carl Zeiss Axio Obs&er A1, magnification:
40X.
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A) Day 1: 50% transduction B) Day 2: >90% transduction
efficiency. efficiency.

Figure 4.15 HEK 293 cells showed green fluorescenedter transduction
with AdhiIL-12. (A) Day 1 post-transduction showed 9% transduction
efficiency; (B) Day 2 post-transduction showed >90%transduction
efficiency. Carl Zeiss Axio Observer Al, magnificabn: 40X.

Day 1 Day 2

Day 3

Figure 4.16 HEK 293 cells showed cytopathic effeafter transduction with
AdlacZ. Carl Zeiss Axio Observer Al, magnification:40X.
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Day 1 Day 2

Day 3

Figure 4.17 HEK 293 cells showed green fluorescenedter transduction
with AdlacZ. Carl Zeiss Axio Observer A1, magnificdion: 40X.

4.2.8 Titration of Recombinant Adenovirus

The titration of Ad-hIL12 and AdlacZ primary ampdiftion stock were
performed using the Adeno-X gPCR Titration kit (AekBio, USA) according

to the manufacturer's protocol.

4.2.8.1 Titration for AdhlL-12

In order to titrate the concentration of AdhlIL-12, standard curve was
constructed (Figure 4.18). The constructed standarde was accepted as the

correlation coefficient (B was 0.973 and the value of slope (M) obtained was
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between -3.0 and -3.6 (Figure 4.18). The Ct valiethe serial dilution of

control was shown in Table 4.5. Table 4.6 showsGhealue and calculated
copy number of hiL-12 samples with different dituts. Only sample dilutions
with Ct value falling within the range of Ct valuekcontrol (8.5 to 23.3) were

selected to calculate the concentration of AdhlL-12

Table 4.5 Ct value for control dilutions

Control concentration Ct value (Mean)
5x 10 8.55944252
5x 1C¢ 10.99899101
5x 10 14.45525646
5x1¢ 17.74892235
5x 1CG 23.30673218
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Figure 4.18 Standard curve of Adeno-X control titrdion. Standard curve
generated from five serial dilution of Adeno-X contol template against the
respective threshold cycle (€value).

Table 4.6 Ct value and copy number of samples wittlifferent dilutions

Sample Ct value Copy number Final copy
dilutions (Mean) number
hiL12 (1x) 9.767846 14040851.89 1.40 x'10
hiL12 (0.1x) 11.67315 4184523.565 4.18 x'10
hiL12 (0.01x) 15.67104 329971.6843 3.30 x"10
hiL12 (0.001x) 16.11987 248099.6299 2.48 x%10
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hIL12 22.25206 5041.056514 5.04 x'10
(0.0001x)

hIL12 26.50532 337.9751699 3.38 x'10
(0.00001x)

Calculation for AdhlL-12 viral DNA copy number:

Mean of copy number = [(1.40+4.18+3.30+24.8+5.04)' M5 = 7.74 x 10

50 | of sample was purified and eluted in 30

Copies/ml

= (7.74x10 copies) (1000 1/ml) (30 | elution) / (50 | sample) (2 | per well)
= 2.32x10° copies/ml

4.2.8.2 Titration for AdlacZ

Similarly, a standard curve for AdlacZ was condtedc(Figure 4.19).
The constructed standard curve was accepted astreation coefficient (B
was 0.986 and the value of slope (M) obtained vewden -3.0 and -3.6. The
Ct values of the serial dilution of control was wioin Table 4.7. Table 4.8
shows the Ct value and calculated copy numberof &amples with different
dilutions. Sample dilutions with Ct value fallingttin the range of Ct values of

control (8.5 to 20.6) were chosen to calculatecthrecentration of AdlacZ.

Table 4.7 Ct value for control dilutions

Control Ct value (Mean)
concentration

5x 10 8.46541214

5x1¢ 11.47512627

5x1C¢ 14.07284069

5x1¢ 17.55538559
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5x 1C¢ 20.59268188

Figure 4.19 Standard curve of Adeno-X control titrdion. Standard curve
generated from five serial dilution of Adeno-X contol template against the
respective threshold cycle (€value).
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Table 4.8 Ct value and copy number of samples wittlifferent dilutions

Sample Ct value Copy number Final copy
dilutions (Mean) number
lacZ (1x) 9.739433 17665952.68 1.77 X’10
lacZ (0.1x) 12.08807 2970130.477 2.97 X"10
lacZ (0.01x) 15.00722 323827.2914 3.24 x’10
lacZ (0.001x) 17.30524 56577.18956 5.66 x"10
lacZ (0.0001x) |  20.08123 6876.679423 6.88 x'10

Calculation for AdlacZ viral DNA copy number:
Mean of copy number = [(1.77+2.97+3.24+5.66+6.88)' {5
=4.10x 10
73 | of sample was purified and eluted in 30
Copies/ml
= (4.10 x10 copies) (1000 1/ml) (30 | elution)/ (73 | sample) (2 | per well)
= 8.43 x10 copies/ml

4.2.9 High Titer Amplification of AdenoX Recombinart Viruses

HEK 293 cells seeded in five 150mm culture platesrentransduced with
primary amplification stock of AdenoX recombinamniges at MOI 5. High titer

AdhlIL-12 viral stock was collected when the lateEOWas observed on day 2
post-transduction (Figure 4.20). AdlacZ was cobddcton day 3 post-
transduction when late CPE observed (Figure 4D2nsfected HEK 293 cells
also showed GFP expression as AdhIL-12 (Figure)4at AdlacZ were

expressing GFP as well (Figure 4.23). SimilarlyeAdX recombinant viruses
were collected by three consecutive freeze-thawesyand the lysate was

resuspended in 5ml of culture media and proceedegdrification. Purified
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AdenoX recombinant viruses were eluted with 3mledfition buffer and

aliquoted into small volume in multiple microcefiige tubes and stored in -

80°C.

A) Day 1: Early CPE observed. B) Day 2: Late CPE observed.

Figure 4.20 HEK 293 cells showed cytopathic effeafter transduction with
AdhIL-12. (A) Day 1 post-transduction showed earlyCPE; (B) Day 2 post-
transduction showed late CPE. Carl Zeiss Axio Obs&er A1, magnification:

40X

A) Day 1: 20% transduction B) Day 2: >90% transduction
efficiency. efficiency.

Figure 4.21 HEK 293 cells showed green fluorescenedter transduction
with AdhiIL-12. (A) Day 1 post-transduction showed P% transduction
efficiency; (B) Day 2 post-transduction showed >90%transduction
efficiency. Carl Zeiss Axio Observer Al, magnificabn: 40X.
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Day 1 Day 2

Day 3

Figure 4.22 HEK 293 cells showed cytopathic effeafter transduction with
AdlacZ (control). Carl Zeiss Axio Observer Al, magification: 40X.

109



Day 1 Day 2

Day 3

Figure 4.23 HEK 293 cells showed green fluorescenedter transduction
with AdlacZ (control). Carl Zeiss Axio Observer A1, magnification: 40X.

4.2.10 Verification of Recombinant Adenovirus Constict

The AdhIL-12 and AdlacZ constructs were verifiedngsPCR method. The

hiL12-specific primer and Adeno-X Screening Prifvix 3 were used for the

PCR. Agarose gel electrophoresis was conducteddtyse the PCR products
and then gel was visualised under ultraviolet ligtte gel electrophoresis of
PCR products for both of the recombinant adenoesishowed expected band
sizes as shown in Table 4.9. There were other baihdi$ferent sizes observed
for gel electrophoresis of AdlacZ because the prinsed was a mixture instead

of lacZ gene-specific primer.
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Table 4.9 Size of gene of interest

Gene of interest Size (bp)
hiL-12 1646
lacZ 3000
Adlacz 4900

Figure 4.24 Agarose gel electrophoresis of PCR pradts of AdhlL-12 and
AdlacZ.

4.2.11 Functional Titer of AdhlL-12 and AdlacZ

Functional titer of AdhIL-12 and AdlacZ was perfa@cthusing plaque
forming assay. The plaques were visible on day st-pdection A total of 79
plaques were counted at the dilution factor of {Bigure 4.25) to give a titer

count of 7.9 x 10ifu/ml (Table 4.10) for AdhIL-12. For AdlacZ, 23gmues
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were counted at the dilution factor of A(Figure 4.26) to give a titer count of

2.3 x 10 ifu/ml (Table 4.10).

Figure 4.25 Functional titration of AdhIL-12. Plaques were obvious in the
well which the cells were infected with AdhlL-12 diution at 10°.
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Figure 4.26 Functional titration of AdlacZ. Plagueswere obvious in the well
which the cells were infected with AdlacZ dilutionat 10°.
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Table 4.10 Functional titer of AdhlL-12 and AdlacZ

Recombinant Plaque count Functional titer
adenovirus (ifu/ml)
AdhlL-12 79 7.9x10

AdlacZ 23 2.3x10

4.3 Comparison between Viral and Non-viral Methodm Generation of
hUCMSC Expressing hiL-12

The two methods which were used to generate hUCMSg®essing hlL-12
(hUCMSC-IL12) were compared in terms of transfattefficiency, hiL-12
protein expression level and post-transfectiondability. Adenoviral method
was selected for downstream co-culture assayseasetults showed superior

condition in all aspects of the comparison.

4.3.1 Transfection Efficiency

The transfection efficiency of hUCMSC-IL12 genethtyy both methods were
compared. Adenoviral method showed higher of teetgin efficiency (63.6
10.6%) compared to only 26.9 + 16.7% of transfecedéficiency (P = 0.001)

using the electroporation method (Figure 4.27).
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Figure 4.27 Comparison of transfection efficiency étween hUCMSC-IL12
generated by adenoviral vector and electroporation(n=3). Data were
expressed as mean £ SD. (** = p<0.01)

4.3.2 Expression of hiL-12 Protein

The hIL-12 protein expressed by the transfected M8C was analysed using
ELISA. The ELISA kit measured only hiL-12 p70 hetdmer protein in the
cell culture supernatant of the transfected hUCM&{&noviral method showed
significantly higher hlL-12 protein level compardelectroporation at 1.2 x 10

pg/ml and 41 pg/ml respectively (P = 0.011) (Figdu28).
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Figure 4.28 Comparison of hIL-12 protein expressiorbetween hUCMSC-
IL12 generated by adenoviral vector and electroportion (n=3). Data were
expressed as mean £ SD. (* = p<0.05)

4.3.3 Cell Viability of hUCMSC Post-transfection

In the context of hUCMSC viability post transfectj@denoviral method again
showed better outcome compared to electroporatvth, viability reported at
82.6 £ 23.6% compared to 55.1 + 28.6% in electragam. However, there is

no significant difference (P = 0.1) between the twoups.
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Figure 4.29 Comparison of hUCMSC viability post transfection between
hUCMSC-IL12 generated by adenoviral vector and eldcoporation (n=3).
Data were expressed as mean + SD.

4.4 Determination of Inhibition Effect of hUCMSC Expressing hiL-12 on
Human Lung Cell Lines

The inhibition effect of hUCMSC-IL12 on H1975 humlaimg adenocarcinoma
cells was determined in am vitro co-culture system. Three days after
hUCMSC-IL12 co-culture with H1975 cells, the viatyil of H1975 cells
decreased by approximately 18% compared to H19lI'S @dtured alone and
further reduced to 66.8% (P < 0.0001) on day 5 afteculture initiation (Figure
4.30). In contrast, there is no significant reduetin the cell viability of MRC-

5 human lung fibroblast cells after co-culture ithCMSC-IL12. These results
demonstrated that hUCMSC-IL12 directly inhibitede tlgrowth of lung

adenocarcinoma cells without the requirement ohths immune system. When
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co-cultured with H1975 cells, no significant dilé@ice was observed in groups
of untransduced hUCMSC and hUCMSC-lacZ. Interestindpe cell viability
of MRC-5 cells was significantly increased to 136.@° = 0.0156) after 5 days
of co-culture with untransduced hUCMSC (Figure 4.3Mo significant
difference for the other groups was observed wleouttured with the MRC-5

cells.

Figure 4.30 Inhibition effect of hUCMSC-IL12 on H195 lung
adenocarcinoma cells (n=6). Data were expressedragan + SD. Statistical
differences are indicated with * for P < 0.05, ** ér P < 0.01, *** for P <
0.001 and **** for P < 0.0001 when compared to H1% cells alone using
two-way ANOVA.
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Figure 4.31 Inhibition effect of hUCMSC-IL12 on MRC-5 human normal
lung fibroblast cells (n=6). Data were expressed asean + SD. Statistical
differences are indicated with * for P < 0.05 wherompared to MRC-5 cells
alone using two-way ANOVA.

4.5 Determination of hiL-12 Protein Expression Levein Co-culture
Experiment

In order to determine the hIL-12 protein expressievel in the co-culture
experiments, the cell culture supernatant was delte and the protein
expression was evaluated by ELISA, which showetith@hIL-12 level in both
co-culture experiments were similar. The hIL-12 tpho expressed by
hUCMSC-IL12 was reported as 1.2+0.4ug/ml on dayP3=( 0.0048) and
increased to 2.2+0.4ug/ml on day 5 (P = 0.000&r afo-cultured with H1975
cells (Figure 4.32). Similarly, the hiL-12 proteioncentration in the co-culture
experiment with MRC-5 cells was 1.2+0.08ug/ml ory @a(P < 0.0001) and
2.2£0.1ug/ml on day 5 (P < 0.0001) (Figure 4.33). INL-12 protein was

detected in the supernatant of untransduced hUCMSC.
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Figure 4.32 Protein expression of hiL-12 in untrandced and hUCMSC-
IL12 when co-cultured with H1975 cells (n=6). Untrasduced hUCMSC
served as negative control. Data were expressed magan = SD. Statistical
differences are indicated with ** for P < 0.01 and*** for P < 0.001 when
compared to untransduced hUCMSC using unpaired t-tst.

Figure 4.33 Protein expression of hiL-12 in untrandced and hUCMSC-
IL12 when co-cultured with MRC-5 cells (n=6). Untransduced hUCMSC
served as negative control. Data were expressed mgan = SD. Statistical
differences are indicated with **** for P < 0.0001 when compared to
untransduced hUCMSC using unpaired t-test.
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4.6 Determination of hiIL-12 mRNA Expression Level 5hUCMSC-IL12

In order to investigate the mRNA expression of kR in hUCMSC-IL12, gRT-
PCR was performed. The fold changes of hiIL-12 mRB)pression in
hUCMSC-IL12 were calculated by the Ci: method with GAPDH as the
endogenous control. Then, the relative quantifocat{RQ) values, which
indicated the gene expression in the hUCMSC-IL12@as relative to the

untransduced hUCMSC samples, were calculated lmasdte formula below:

Ct (hUCMSC-IL12 or hUCMSC)
= Ct sample (hUCMSC-IL12 or hUCMSC) — Ct GAPDH
Ct = C(hUCMSC-IL12) - Ci(hUuCMSC)

RQ =2 ©

The hIL-12 mRNA expression was detected at higkellévy hUCMSC-IL12,
which was 6.0 x 19(P = 0.0313) fold higher relative to control unsenced
hUCMSC (Figure 4.34). The result was obtained fram average of 6

independent experiments.
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Figure 4.341n vitro mRNA expression of hiL-12 in hUCMSC-IL12 relative
to untransduced hUCMSC (n=6). Data were expressedsamean * SD.
Statistical difference is indicated with * for P <0.05 when compared with
control untransduced hUCMSC.
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CHAPTER 5

DISCUSSION

5.1 Comparison of viral and non-viral method in gaeration of hUCMSC-

IL12

In general, MSC can be genetically engineered ugnadjor non-viral methods.
Typically, viral method showed much higher trangdrcefficiency compared
to non-viral method. The most often utilised vivactor for gene therapy is
recombinant adenovirus (Ad), which offers the falllog beneficial properties
for gene therapy products: high gene-transfer iefiicy, large gene carrying
capacity, selective gene delivery, low cytotoxicitgotential therapeutic
iImmunogenicity, ease of manufacturing and modiitecgt and cost-effective
commercial manufacture (Zhang et al., 2018). Howete utilisation of viral
vector often triggered safety concerns when traedlalinically. This was seen
in the fatal case of a patient with partial orm#hitranscarbamylase (OTC)
deficiency who underwent adenoviral gene therapRapér et al., 2003).
Consequently, other severe adverse events weretedpshereby two patients
with X-linked severe combined immune deficiency ({B) developed
leukaemia more than 2 years after their retrogeale therapy (Kohn, Sadelain
and Glorioso, 2003). Since then, research is aadbtireduced due to safety
concerns regarding the use of viral vectors clihicaDespite these early
setbacks, adenoviral vectors have recently gainechipence again in the field

of gene therapy (Lee et al., 2017). In year 20@hdkcine, a recombinant human
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p53 adenovirus which was approved by China FoodlRnug Administration
(CFDA), was made available in the market. After entlran ten years of use in
the market, Gendicine (Ad-p53) has proven to hawvexxellent safety profile,
shown to be effective against a variety of tumoypes, and has been
successfully used in conjunction with other typéscanventional anticancer
therapy (Li et al., 2021). Based on these resattenoviral vector was selected
as the viral vector used in this study. Adenowsadtor is a non-integrating viral
vector with reported lower risk of genotoxicity (&nasopoulos, Munye and
Yafiez-Mufoz, 2017). The adenoviral vectors remaithé nucleus of the host
cells as episomal DNA rather than integrating itite host genome (Singh,

Kumar and Agrawal, 2019).

Among the variety of non-viral methods, electr@imn was chosen in
this study. The principle of electroporation isheat simple in which the
permeability of target cell membrane is increasgedpplying electrical field and
thus allows the introduction of plasmid DNA (gerfeirdgerest) into the cells.
Park et al. demonstrated that the etanercept-syisthg MSC generated by
electroporation showed anti-arthritic effect incl@gen-induced arthritis model
(Park et al., 2017). In addition, electroporati@s falso been utilised in clinical
trials. A phase Il clinical trial of electroporatgdasmid IL-12 in advanced
melanoma patients completed in year 2019, showeds#fiety usage of the
intratumoural electroporation approach (Algazilet2z020). However, there are
some limitations on the electroporation usage inegtherapy. For instance,
surgical procedure is required when transferringeje material into internal

organs via electroporation and usage on a larga afetissue is almost
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impossible due to the small gap between the el@es.oThe use of high voltage
in electroporation will also lead to severe andntemded skin damage
(Soko owska and B achnio-Zabielska, 2019). Theeefat may be more
challenging to translate the use of electroporaliased gene therapy in clinical

settings.

In view of the advantages and limitations assediatith both adenoviral
vector and electroporation methods of gene deljvigy first part of this study
was conducted to assess the best approach to gsaenating hUCMSC-IL12.
Parameters that were selected for comparison betwleese two methods
include the transfection efficiency, level of hlR-protein expression and post-
transfection hUCMSC cell viability. Results fromigrstudy showed that the
adenoviral method is superior to electroporatiorthmé@. There was a huge
difference between the hIL-12 protein secretecheytJCMSC-IL12 generated
by the two methods, which were 1.2 X’ 1@/ml and 41 pg/ml for adenoviral
vector and electroporation respectively. A studyméolytic adenovirus (Ad5-
yCD/mutTKSR39rep-mIL12) expressing two suicide genand mouse
interleukin-12 (IL-12) also reportdtl-12 protein expression level as high ag 10
pg/ml (Freytag, Barton and Zhang, 2013). It is matehy that the plasmid
carrying the IL-12 gene in the study has the saraeklione and same
manufacturer as the pUNO1-hIL12 plasmid used irsqme study. This may
suggest that the expression of the gene of intelledt2 can be powerful by

these plasmids.
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In addition, the results also showed that the-pasisfection viability of
hUCMSC was lower when using electroporation (55.1%}hod compared to
adenoviral (82.6%) method. It is vital to maintthe hUCMSC post-transfection
viability because method with higher post-transéectviability can produce
more viable cells carrying the hiL-12 gene in e&@msfection procedure. In
other words, it will be more time and cost effeetivilaken together, the
adenoviral method was selected to be the bettenadeb produce hUCMSC-

IL-12 for the downstream assays.

5.2 Characterisation of hUCMSC and hUCMSC-IL12

Mesenchymal stromal cells can be isolated from \ém&s jelly in umbilical
cord and expandedh vitro. In the year 1991, fibroblast-like cells were
successfully isolated from Wharton’s jelly and @dwterised by McElreavey et
al. (DMcelreaveyet al., 1991) and these cells wbsn identified as MSC.
Wharton's jelly, named after the English anatonaistl physician Thomas
Wharton (1614-1673), is a gelatinous material foumdhe stroma of the
umbilical cord (Arutyunyan et al., 2016). Two umdall arteries and one
umbilical vein are shielded from clumping by Whartojelly, which also helps

to maintain the elasticity of the umbilical cordr(@yunyan et al., 2016).

In the year 2019, the ISCT has published a guidetegarding the

nomenclature of MSC. Following the recommendatiohshis guideline, the

cells used in this study are termed as mesenchstnoahal cells. The MSC used
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in this study were characterised by the immunoptygiog and trilineage

differentiation assays.

MSC do not differentiate during vitro cell expansion, in contrast to
haematopoietic stem cells, as MSC differentiatieads certain signals (Yap et
al., 2009). In addition, Scheers et al. have shdvat UCMSC maintain their
ability to proliferate and differentiate for a lomgough time to enable for the
necessary cell expansion to reach the numbersreeljtor stem cell therapy
(Scheers et al., 2013). The study also showeduBdMSC were able to retain
the osteogenic and adipogenic differentiation prigge up to passage 18. Usage
of UCMSC has several advantages for example, rotuing ethical issues like
embryonic stem cells, being readily available aaslydsolation method. More
importantly, UCMSC are a good replacement for borarow-derived MSC
(BMMSC) because the umbilical cord blood cellsiarmature cells which can
yield a more primitive version of MSC compared WwMisC derived from the
bone marrow. Therefore, age-related reductions®CMuantity, differentiation,
and proliferative capability can be avoided (Ryuakt 2010). With all these

advantages, UCMSC were selected as the source GfiMhis study.

In this study, UCMSC is genetically engineeredxpress IL-12 using
the adenoviral vector. Thus, it is of paramountan@nce to investigate the post
transduction effects on UCMSC for any unanticipgteénotype changes and
cellular toxicity to ensure the development of michlly safe and effective
approach. In addition, studies have shown thatiedtMSC are prone to change
their behaviour and activity in response to envinental changes since the

environment in culture is different from the envineent in the body (Zhou, Tsai
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and Li, 2017). Wagner et al. showed that MSC enmyed cellular senescence,
slow proliferation rate and eventually cease tagdaring cell culture (Wagner
et al., 2008). Theseén vitro cell expansion-related problems will have a
significant impact on the therapeutic quality of ®&hich may potentially limit

the clinical utility of MSC.

Duhrsen et al. demonstrated that retrovirally tdaiced MSC to express
herpes simplex virus thymidine kinase (HSV-TK) Istilaintained the MSC
characteristics including surface marker expressadipogenic and osteogenic
differentiation properties (Duhrsen et al., 20#)other study using genetically
engineered MSC by transduction with adeno-assatiatases (AAV) carrying
anti-sense for miR-142 also showed the abilityrahsduced MSC in retaining
the cell surface marker expression and trilineaifferdntiation properties of
MSC (Yang et al., 2017). These findings are coastiswith the results from this
study which showed that hUCMSC-IL12 maintained rt@munophenotypic
characteristics and trilineage differentiation pdm@s after adenoviral
transduction indicating the potential of hUCMSCthe source for MSC in

genetic engineering technology.

5.3 The Direct Inhibition Effect of hUCMSC-IL12 on H1975 Human
Lung Adenocarcinoma Cells

The homing ability of MSC towards inflammatory sitenjured tissues and
tumour sites led to the research and developmeiSsE as cellular vehicles in
cell and gene therapy. Moreover, when administecedHLA-non-identical

recipients, MSC do not trigger the host immune oesp and avoid
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immunological rejection (Uchibori et al., 2014). érkfore, HLA-matching is
not required prior to the administration of MSQoithe recipients. Over the past
decades, researchers were continuously puttingtefbo using MSC to deliver
anti-cancer agents to tumour sites. By enablingaamicer drugs to effectively
concentrate at local tumour sites without incregsiystemic concentrations, the

systemic side effects of these agents can be ledgelchibori et al., 2014).

Although the anti-cancer effectiveness of IL-12 bagn evidenced in
many studies (Del Vecchio et al., 2007), howevianjaal usage of recombinant
human IL-12 has been constrained due to considertalicity from dosing
identified in clinical trials on advanced maligngx (Leonard et al., 1997).
Hence, one of the strategies to surmount this ehgé# is through cell and gene
therapy in which adequate levels of IL-12 can bkvdeed and maintained at
tumour sites to avoid the surge of IL-12 concerdrasystemically. Recently,
Wu et al. demonstrated the antitumour effect ofebamarrow-derived MSC
expressing IL-12 in glioma-bearing xenograft moosedel (Wu et al., 2021).
Moreover, in another study, MSC expressing IL-1Zevable to inhibit the
tumour growth and reduced the number of metastasesurine melanoma
model (Ku ach et al., 2021). The suppression ofagenesis elicited by MSC
expressing IL-12 cells and the rise in the proportof M1 macrophages and
CD8' T lymphocytes within the tumour are the likely enlging mechanisms of

tumour inhibition seen in this therapy.

Recently, Ahn et al. demonstrated an efficient métlior treating

orthotopic and metastatic lung cancer models witinavenous injection of
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synthetic polymer/DNA nanopatrticles that induceshdur-specific expression
of the IL-12 gene under the control of the canededive progression elevated
gene 3 (PEG-3) promoter (Ahn et al., 2021). In ghigly, the survival of lung
tumour-bearing mice was significantly improved afthe treatment of the
special constructed nanopartickeegpressing murine single-chain IL-12 without
any systemic toxicity. However, the use of nanaplad in cancer therapy is
commonly restricted by their poor targeting effeetiess and othdechnical
issues such as scale-up production, equal optimmsatnd performance

forecasting (Gavas, Quazi and Kagki, 2021).

Najmuddin et al. showed superior anti-tumoural eytdtoxic effects in
the CT26 colon cancer model when using recombinantcastle disease virus
(NDV) strain expressing IL-12 (rAF-IL12), as comedrto its parental wild-
type, AF2240-i (Najmuddin et al., 2020). Accorditgthis study, rAF-IL12
effectively inhibited the growth of CT26 tumours anmurinein vivo model.
Moreover, rAF-IL12 demonstrated the ability to icduapoptosis botim vitro
andin vivo, leading to an increase in the expression of aysiptrelated genes
and a decrease in the expression of oncogenestidwhdly, rAF-1L12 played a

role in modulating the immune response specifidaltgeting the CT26 tumours.

Tumour-homing cells have been utilised as deliwestyicles for cancer
treatment. Mesenchymal stem/stromal cells (MSCd)ichv exhibit tumour
tropism, a capability for self-renewal and prol#gon, and minimal
immunogenicity, are the most desirable candidatedriug delivery vehicles for

cancer therapy among the numerous types of tumamiriy cells (Takayama,
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Kusamori and Nishikawa, 2021). In this study, theCIMSC were genetically
engineered to express hiL-12 and ith&itro growth inhibition effect on human

lung adenocarcinoma cells was investigated.

Many studies have shown the antitumour effectd_af2 on various
tumour models. IL-12 can stimulate both the innatel adaptive immune
responses as it functions to enhance the cytotg>a€iNK cells and T cells. In
addition to this, IL-12 may have direct growth ibition effect on the cancer
cells as well through other signalling pathwaysebi growth inhibition will be
useful in conditions where the treatment sitesharelly reachable by immune
cells such as the central nervous system (CNS) paiients who are immune-
compromised such as those with HIV/AIDS or transpfmtients who are taking
certain immunosuppressive drugs. It is also usefydatients who has inborn

errors of immunity (IEIl) where the immune systemnas functioning normally.

In order to investigate the direct inhibition effe¢ hUCMSC-IL12 on
H1975 human lung adenocarcinoma cells, the coimulissay with transwell
system was conducted. The transwell inserts widhu@n pore size were used
which allowed the cytokines, in particularly hiL-;ls&creted by hUCMSC-IL12
to pass through to the culture medium in the bottdramber containing the
H1975 cells. It is noteworthy that at this poreesizo cells can penetrate through
the transwell inserts. In other words, only seoretifrom hUCMSC-IL12 will
have direct contact with the H1975 cells in thecatiure system, but not
hUCMSC-IL12. Based on the results from this studyJCMSC-IL12

significantly inhibited the growth of H1975 celils vitro after 3 days of co-
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culture. There were no significant differences EEwhUCMSC or hUCMSC-
lacZ that were co-cultured with the H1975 cellsu3hthese findings indicated
that the inhibition effect seen was due to the bR released by the hUCMSC-

IL12.

The direct effect of IL-12 on tumour cells has yeten thoroughly
elucidated despite the fact that it has a variétgativities on immune cells. A
study conducted by Su et al. suggested that tleetdffects of IL-12 on tumour
cells involved the activation afuclear factor kappa-light-chain-enhancer of
activated B cellsNF-kB) and enhanced IFN-mediatedsignal transducer and
activator of transcription 1ISTAT1) phosphorylation via IL-12 receptot (Su
et al., 2001). This may also be the possible ugtgylmechanism of direct
inhibition effect that is observed in this study &ddition, Su et al. also
demonstrated that IL-12 receptot is selectively expressed on some tumour
cells only. The role of NF-kB activation and STAphosphorylation via IL-12
receptor 1 in the growth inhibition of H1975 after treatmewth hUCMSC-
IL12 are still unknown at this point and will betalito be elucidated in future

study.

Thus far, the results have indicated significamawgh inhibition of
H1975 cells after treatment with hUCMSC-IL12 in thevitro co-culture system.
However, it did not translate to major inhibitionserved on the H1975 cells. In
the co-culture system of this study, only hUCMSQ2lLwere added into the
wells. As the main function of IL-12 in tumour elimation is by stimulating NK

cells and T cells to produce IFNand improve their cytotoxicities, absence of
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these cells may contribute to the lower growthhitfon rate seen. Addition of
these immune cells in the co-culture system mayowgthe inhibitory effect

of hUCMSC-IL12.

Since human models can only be engrafted in nudee,mihe
comprehensive evaluation of tire vivo antitumour effect of hUCMSC-IL12
may be hindered due to the lack of an immune systdhese mice. Hence, the
usage of immunocompetent mice is preferred. As ,symtient-derived
xenograft (PDX) models or genetically engineereduseomodels (GEMMS)

may be suitable animal models to be used forrthévo study.

5.4 Co-culture of LUCMSC and Genetically EngineerethUCMSC with
MRC-5 Human Lung Fibroblasts

For the co-culture assays of the MRC-5 human lumglblasts, results showed
no significant effect of hUCMSC-IL12 or hUCMSC-la@n the MRC-5 cells.
Interestingly, there is a significant increaseha tell viability of MRC-5 cells
after 5 days co-culture with hUCMSC. Similar resudts reported by Chen et al.
(2021) where they observed significant increaseelhviability of MRC-5 cells
when co-cultured with hUCMSC, after cigarette sm@k&) extract exposure
(Chen et al., 2021). Lung fibroblasts play a siigaifit part in the healing of CS-
damaged lung tissues (Togo et al., 2008). Hennog, fibroblast dysfunction was
the primary factor contributing to the loss of #iglity to repair alveoli caused

by CS (Miglino et al., 2012).
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Therefore, it was suggested that the paracrineofagbroduced by
hUCMSC to lung fibroblasts may play a role in theqess of alveolar healing
following cigarette smoke exposure that led to iticease in cell viability of
MRC-5 cells (Chen et al., 2021). Prior to this, thieo study has shown that
human MSC isolated from Wharton’s Jelly, can secteansforming growth
factor (TGF)- 1 (de Araujo Farias et al., 2018) which takes pahtealthy lung
growth and repair of lung damage by stimulatingrdiidast proliferation,
differentiation, migration, production and contrantof the extracellular matrix

(Saleh, Fotook Kiaei and Kavianpour, 2022).

This may explain the observation of the co-cultassay with MRC-5
cells. The hUCMSC may have secreted paracrinermttat led to the increase
of cell viability of MRC-5 cells. In fact, the lunfyinction of various types of
lung disease models has been shown to improve b§ M&tment (Cruz and
Rocco, 2020). These lung diseases included astlumanic obstructive
pulmonary disease (COPD), idiopathic pulmonarydds (IPF), pulmonary
arterial hypertension (PAH), and silicosis. Intéregy, the mechanism of MSC
action varies between lung diseases, reflectingaipacity of MSC to perceive
and react differentially to various inflammatorynditions. The data from
clinical trials demonstrated that this method wafe dor use across ages and
disease types (Behnke et al., 2020). However, mesearch is still required to
allow widespread clinical deployment of MSC-baseatments for all types of

lung disease.
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In this study, we selected MRC-5 human normal [fibgpblasts as the
control cells. These cells originated from the Itisgue of a male foetus at 14-
week-old gestation. They have been widely usedasd cell lines in various
research studies due to their normal nature anecanoerous characteristics. As
this is a proof-of-concept study, only one normaid cell line was utilised.
However, future studies would benefit from the ustbn of additional lung cell

lines to obtain a more comprehensive data.
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CHAPTER 6

CONCLUSIONS

6.1 CONCLUSION

Over the past decades, IL-12 has emerged as a $ingrantitumour
agent. However, severe toxicities will be triggevaen IL-12 is administered
systemically due to the extremely high level oenfieron- (IFN- ) induced by
this strategy. Thus, strategies that can achies@gieutic effect of IL-12 while
avoiding systemic toxicity simultaneously are regdi MSC appear to be the
suitable candidate as the cellular vehicle of ILdl@ to their homing ability to

inflammatory/injured sites.

This study hassuccessfully generated the hUCMSC expressing hlL-12
using both viral (adenoviral vector) and non-v(ekectroporation) methods. The
constructed hUCMSC-IL12 showed the ability to seerecombinant hiL-12.
The adenoviral method was shown to be superiorlg¢otreporation in the
generation of hUCMSC-IL12 based on the transductfiiciency, post-
transfection cell viability and hIL-12 protein exssion level. Both the
untransduced hUCMSC and hUCMSC-IL12 have the gltdidifferentiate into
adipocytes, chondrocytes and osteoblasts whemrspective induction medium
was introduced to the cells. The hUCMSC-IL12 alsaintained their cell

surface markers similar to untransduced hUCMSCsé&hesults confirmed that
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hUCMSC-IL12 successfully maintained their integrigfter adenoviral
transduction to ensure the therapeutic quality h&f gienetically engineered

hUCMSC if clinically translated.

In the co-culture experiments to determine thealimhibition effect of
hiL-12 secreted by hUCMSC-IL12 on H1975 human ladgnocarcinoma cells,
the results demonstrated that hUCMSC-IL12 were abkuppress the growth
of the cancer cells. In contrast, there is no ittiloib effect of the hUCMSC-IL12
on MRC-5 human lung fibroblast cells. This indicatieat h\UCMSC-IL12 target
only cancerous or inflammatory cells, but not ndrogls. Apart from that, the
co-culture experiment also demonstrated that usthaced hUCMSC promotes
the growth of MRC-5 cells. It is believed that thieding was contributed by the
paracrine factors secreted by hUCMSC, in partitpl@GF- 1which helps in

the growth of healthy lung cells.

In conclusion, this study provides the proof aicept that hUCMSC can
be genetically engineered to express hiL-12 andt gxewth inhibition effect
on human lung adenocarcinoma cells, but not nononaan lung fibroblast cells.
The hUCMSC-based delivery of IL-12 is a feasibld @anomising approach to
deliver IL-12 for antitumour therapy without triggeg the systemic toxicities
associated with IL-12. However, additional studée required before this

MSC-based therapy can be utilised clinically.
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6.2 RECOMMENDATIONS OF FUTURE RESEARCH

The therapeutic potential of hUCMSC-IL12 to inhithie growth of lung
adenocarcinoma cells appears promising. Howevere thre specific issues that
must be resolved in future study in order to imgrdke design and also the

understanding of this MSC-based therapeutic approac

The experiments in this study demonstrated th&pgbfihUCMSC-IL12
to inhibit the growth of lung adenocarcinoma catia transwell setting. This
experimental set up may not precisely replicatartheévo condition. However,
as this is a proof-of-concept study, future invgeions can be carried out to
explore using 3D co-culture system or animal motelachieve a more
comprehensive result. As IL-12 has immunoregulatongtion by activating T
cells and NK cells (Guo, Cao and Zhu, 2019),ithétro co-culture experiment
may be extended to include the immune cells so as/estigate if the presence

of these cells can improve the growth inhibitiortgmtial of LUCMSC-IL12.

Besides, it is anticipated that timevivo suppression effect of hUCMSC-
IL12 will be better in the presence of the surrangdmmune cells in the host
system. Animal models also can be a tool to evalaay adverse effects of the
administered hUCMSC, particularly the hUCMSC that lbeen extensively
manipulatedex vivo It will be essential also to look into tlire vivo properties
of the genetically engineered hUCMSC in order tqriove the delivery
procedures. Furthermore, tracing thevivo fate of hUCMSC would help in

developing the optimal delivery method for this M8&sed therapy. Thus,
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further investigation into the use of hUCMSC-IL12cellular vehicle of cancer

therapy in an animal model is warranted.

As studies have shown the antitumour effects ofl2Lin a broad
spectrum of tumours, the inhibition effects of hUSGHL12 may be
investigated in other cancer cells. This study Hemonstrated the growth
inhibition effect of hLUCMSC-IL12 on H1975 cells. Withis proof-of concept
finding, other functional assays can be includethefuture to further study the

antitumour effect of hUCMSC-IL12 on H1975 cells.

In addition, the efficacy of IL-12 in combinationittv other cytokines
may also be investigated. For instance, IL-18 le@nlproven to have synergistic
effect with IL-12 (Baxevanis, Gritzapis and Papdmit 2003). Last but not
least, the mechanism of the growth inhibition efi@ichUCMSC-IL12 may be
investigated especially with regards to the NF-ki8l STAT1 pathways. By
understanding the underlying mechanisms, the efficd the hUCMSC-IL12

could be improved further.
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APPENDIX A

1) pUNO1-hIL12
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2) pCMV-GFP
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APPENDIX B: 1) Results of Sanger Sequencing of pAdenoX-hlL12 rdsmoant plasmid
Note: Location of hIL-12 gene is highlighted in orange.
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APPENDIX B: 2) Results of Sanger Sequencing of pAdenoX-lacZ redoamb plasmid
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