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Chapter 1 Introduction

Chapter 1: Introduction

1.1 Title
Developing novel carriers to deliver targeted immunotoxins for the treatment of

primary and metastatic non-small cell lung cancer

1.2 Lay Title
Test whether CMV-EGF-ETA plasmids could be delivered by the Layered
Double Hydroxides (LDHs) nanoparticles into cancer cells and induce cells

death.

1.3 Background

Non-small cell lung cancer (NSCLC) accounts for 85% of lung cancer which is a
leading cause of cancer death. Most patients (>80%) present with advanced
NSCLC when curative surgery is no longer an option. Other conventional
therapies, such as chemotherapy, radiotherapy and existing molecular targeted
therapy have neither significantly extended the life span of most patients, nor
improved their quality of life. This is not only because of the large tumor load in
the advanced stage of NSCLC but its metastasis. This project devises a novel
approach to shield the “magic bullet” and help it locate and kill targeted cancer

cells.

NSCLC is an epithelial cancer. Elevated levels of cell surface molecules, such
as the epidermal growth factor receptor (EGFR), a growth-factor-receptor
tyrosine kinase, and the Claudin family of molecules forms gap junction and
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Chapter 1 Introduction
barriers for drug delivery. Our lab has developed two specifically targeted

immunotoxins. One is the variable domain of a single chain antibody fragment
(425scFv) specific for EGFR, fused with an apoptosis-inducing domain of a
protein, derived from a fragment of Exotoxin A (ETA) of Pseudomonas
aeruginosa, the other is a hybrid molecule that utilizes the high-affinity of
receptor-binding fragment of Clostridium perfringens enterotoxin (CPE) which
naturally binds to CLDN-4 through its C-terminal 30 amino acid. Preliminary
results in vitro have shown these recombinants molecules were significantly and
selectively toxic to cancer cells in vitro. 50% of NSCLC proliferation was
inhibited at a concentration (ICso) of 7.5 ng/mL, as well as 90% of A549 cells at

ICs0 of 6 ng/mL.

However, delivery of these in vivo, especially repeated use of such proteins for
long term therapy of solid epithelial cancers such as NSCLC elicit an immune
response, limiting their use. My Master's degree research has focused on
Layered double hydroxide (LDH), an inorganic nanoparticle which has been
employed for developing a drug delivery system. Recently, LDHs have been
widely employed in medical research as drug carriers. Many bio-molecules have
been either attached to the surface of or intercalated into LDHs through co-
precipitation or anion-exchange reaction, including amino acid and peptides,
ATPs, vitamins, even polysaccharides. Taken advantage of the unique
properties of LDH materials, LDH nanoparticles successfully achieved delivering
drugs into targeted cells in vitro and in some case in vivo without side-effects.
Compared with old-fashioned drug delivery methods which are suffering from
problems such as drug degradation, poor bioavailability, low circulation stability,

the LDH, as a new drug carrier, is much simpler to synthesize in the laboratory
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Chapter 1 Introduction
with high transferring efficiency, high drug loading density, and low toxicity to

target cells or organs. In addition, the LDHs nanopatrticles could also achieve: 1)
the Improvement of loaded drug “survival” ability; it has been discovered that
the drug-loaded LDH could remarkably enhance the drug solubility in either
aguatic environment or in the gastric fluid environment. The thermo-gravimetric
analysis also showed that drugs appeared to be more stable after the
intercalation with LDH nanoparticles. The presence of LDH nanoparticles could
not only prevent loaded drugs from unexpected degradation, most importantly,
lead to an enhancement of gastric mucus permeation and protection of
gastrointestinal mucus from the ulcer-genic activity. 2) Sustained release of
drugs; controlled drug release could be achieved in both gastric environment
(pH 1~2) and intracellular environment (~pH 7.5). As discussed above, the
appropriate modification is required for drug release to appear in a liner manner
at pH value of 1~2. However, at pH value of 7.5, the different mechanism, ion
exchange, was the most responsible for the sustained drug release. The LDHs
based drug delivery systems are therefore well positioned to overcome some

hurdles that usually impede successfully drug delivery.

Therefore, the question is raised, could LDHs drug delivery systems be
employed for efficient gene delivery to targeted cancer cells, in this case, the
CMV-EGF-ETA plasmid? In details, could the system achieve high drug
loadings? Could the system provide perfect shelters to the plasmids from
unexpected degradation in vitro for drug accumulation at targeting points?
Could the system achieve controlled release inside tumor environment for

sustain and long term treatment?
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In summary, this research will investigate whether the LDHs drug delivery

systems could encapsulate immunotoxins CMV-EGF-ETA and facilitate the
immunotoxin to reach the targeted immunotoxins in vitro, which will be for the
first time that the newly developed drug delivery systems are employed for the

establishment of a novel therapy for NSCLC.

1.4 Hypothesis, Objective and Aims

1.4.1 Hypothesis

Nano-based structures could encapsulate immunotoxins CMV-EGF-ETA and
reduce these proteins’ immunogenicity, enabling long term repeated delivery of
these tumor-selective and toxic agents in vivo, facilitating the establishment of a

novel therapy for NSCLC.

1.4.2 Objective
To develop a novel, nano-based carrier to deliver targeted immunotoxin for the

treatment of primary and metastatic non-small cell lung cancer.

1.4.3 Aims
To test the hypothesis, | specifically aim:
1. To establish the Mg-Al hydroxide LDH nanoparticle drug delivery
system in the lab and optimize the synthesis of the LDH to ensure
efficient drug loading. (Chapter 3)
2. To design and synthesize the new immunotoxin CMV-EGF-ETA
based on two plasmids existed in Prof. Ming Q, Wei’s lab 425 (scFv)-
ETA and peEGFP-C1 through gene reconstruction and gene cloning.
(Chapter 4)
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3. To examine the interaction between the plasmids (immunotoxin

CMV-EGF-ETA) and the nanoparticle Mg-Al LDH nanoparticles.
(Chapter 5, Section 5.4.1)

4. To examine the release and therapeutically anticancer efficacy of
LDH nanoparticle- immunotoxin (in plasmid form) complex in vitro.

(Chapter 5, Section 5.4.2)
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Chapter 2: Literature review

Potential for Layered Double Hydroxides-Based, Innovative Drug Delivery

Systems

This section includes a co-authored published paper. The bibliographic details

of co-authored paper, including all authors, is:

Kai Zhang, Zhi Ping Xu, Ji Lu, Zhi Yong Tang, Hui Jun Zhao, David A. Good

and Ming Qian Wei

International Journal of Molecular Biology; Open Access: Volume 15, Page
7409-7428

http://www.mdpi.com/1422-0067/15/5/7409

First author contribution to the paper involved: Literature review and
drafting the manuscript.
Other authors contribution to the paper involved: Critical review and

revisions were conducted by ZPX, JL, ZYT, HJZ, DG and MQW

MZB%

(Signed) (Date) 5/04/2017

Kai Zhang
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2.1.1. Layered Double Hydroxides in Gene Delivery

2.1.1.1 Gene delivery overview

Given that the anions locating at the LDH interlayer can be replaced by other
organic or inorganic, simple or complex anions, it is possible that the negatively
charged oligonucleotides can be intercalated into the LDH inner space via ion-
exchange mechanism (Figure 2.1). Moreover, it has also been shown that the
more guanine and cytosine the small DNA/siRNA possessed, the higher
intercalation efficiency achieved [1]. Once the oligonucleotide was intercalated
into the LDHs nanopatrticles, the host could protect the loaded nucleotide from
the attack of DNase. On the other hand, there has been an ongoing debate
regarding the manner of the association between large nucleotides and the LDH
host. In several studies, it was believed that the DNA plasmids were intercalated
into LDH layers [2-5]. However, we found that lager DNA fragments (1000 base
pair or more) or plasmid DNA vectors adapted a secondary structure in an
aguatic environment forming a supercoiled structure, which was not completely
accessible to intercalation in the interlayer galleries by means of anion
exchange [6,7]. Given that observed plasmid/LDH aggregation and lower-than-
theoretically possible DNA: LDH ratio, DNA molecules might be more adsorbed
to the surface of LDH carriers via ionic bond rather than intercalated into LDH
layers. Therefore, the hypothesis of employing LDHs for cellular delivery of
large DNA and protection from unexpected degradation might need to be further

confirmed.
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Figure 2.1. The intercalation mechanism of oligonucleotides with LDH

nanoparticles [6].

Naked gene delivery has been confronted with hurdles, such as DNA/siRNA
instability resulting in unexpected degradation, low cell membrane penetration
efficiency, and inability to reach the nuclear zone for gene expression. It is
believed that the LDH-mediated cell transfection not only can protect the
DNA/siRNA from immature degradation but also can effectively penetrate the
cell membrane and readily release the nucleotides into cytoplasm near the
nucleus, leading to high transfection efficiency and prolonged gene expression.
Choy et al. firstly revealed the cellular uptake mechanism of the LDH
nanoparticles (~150 nm), they were shown to primarily internalize into cells via
an energy-dependent endocytic pathway, clathrin-mediated endocytosis [8].

Interestingly, given that the clathrin-mediated endocytosis is the most common
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internalization pathway in all mammalian cells, the LDH nanoparticle might be

able to pass through all type of cells membrane, suggesting its high cell
penetration capability as drug delivery system. It is possible that the LDH is
transported to endosomes and subsequently to the Golgi apparatus and/or
lysosomes after internalization, following the typical clathrin-mediated trafficking
pathway, which was illustrated in Figure 2.2 [9]. It has been proved that the
gene expression or specific gene silencing occurred six to eight hours after the
LDH-mediated cell transfection, suggesting that the LDH host could efficiently
release the DNA/siRNA into the cytoplasm [4,10]. The rapid gene
expression/silencing could be explained by several steps: (1) The DNA/siRNA
loaded LDHs hybrids (50~250 nm), which provided overall positive charge,
could be attracted by the negatively charged cell membrane and rapidly
adhered to the surface of the membrane; (2) After the adsorption, the LDH host
could efficiently penetrate the cell membrane via clathrin endocytosis pathway
and quickly enter the cytoplasm; (3) Eventually, the DNA/sIRNA could be
released near the nucleus when the LDH host dissolves, therefore the plasmids
could easily to enter the nuclear zone resulting in expression or targeting
specific mMRNA for gene silencing [9]. The cellular uptake of LDHs increased in a
concentration-dependent manner up to the dose of 200 pug/mL. This could be
explained by the receptor-mediated endocytosis employed by the LDHs
internalization mechanism. Moreover, the cellular uptake amount of LDHs was
highly particle size-dependent, the clathrin-mediated endocytosis would select
the LDH nanopatrticles ranged from 50 to 200 nm for penetrating cells and could
achieve high uptake and long retention in cells, whereas the LDHs over 200 nm

did not select specific cellular entry [8].
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cellular
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Figure 2.2. Schematic illustration of LDH-FITC nanopatrticle intracellular fate. (A)
TEM image of LDH-FITC nanoparticles; (B) CHO cells transfected with LDH-
FITC nanoparticles; (C) Pumping protons into the endosome to facilitate
acidification for subsequent proteolysis of nutrients, followed by an influx of
chloride ions; (D) Acid-driven dissolution of LDH-FITC nanoparticles in the late
endosome to buffer acidification and ions were released; (E) Entrance of water
molecules to the endosome due to an increase in ionic strength, leading to
osmotic swelling and endosome burst, which releases LDH-FITC nanoparticles
into the cytoplasm. Step |. Adhesion of LDH-FITC nanoparticles to the cell
membrane; IlI. Clathrin-mediated endocytosis; Ill.LEndosomal changes; IV.
Nuclear localization of LDH-FITC; V. Cytoplasmic distribution of LDH-FITC;
VI.Lysosomal pathway; VIl.Unspecific uptake through macropinocytosis. VIII-IX.
Caveolae-mediated endocytosis; X. Microtubule directing the freed LDH-FITC

nanoparticles to the nucleus [9].

2.1.1.2. Small Nucleotide Intercalation with LDH Nanoparticles
In 2000, Choy et al. firstly intercalated c-myc (a gene overexpressed in cancer
cells) antisense oligonucleotide into the inner layers of Mg-Al LDH nanoparticles

simply via ion-exchange reaction [18]. LDHs nanoparticle was prepared via co-
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precipitation of mixing Mg/Al ions with NaOH (pH=10). After the ion-exchange

reaction, an extended basal spacing was obtained indicating that the
oligonucleotide was successfully intercalated into LDH layers. Cellular
internalization experiments were then performed by employing FITC as a
reporter molecule; a significant uptake of cellular DNA/LDH hybrid was
observed (Figure 2.3A). Moreover, the longer the time of cell exposure to LDH
hybrids, the greater the cellular uptake rate (Figure 2.3B). These experiments
went on to prove that, not only could the c-myc/LDH hybrids be internalized by
cells, but also the antisense oligonucleotides were involved in cell metabolism.
They exposed HL-60 cells to the AS-myc-LDH hybrids at a concentration of 20
MM for four days. A strong suppression of cancer cells growth (65%) was
detected, showing that the LDH nanoparticles can deliver small nucleic acid into
target cells. They also found that such inhibition of cell growth was time and

dose-dependent [9].
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Figure 2.3. Kinetic profiles of FITC-LDH internalizing into cells at A) increasing

concentration of hybrids and at B) different exposure times [2].

Small interfering RNAs (siRNAs) have emerged in medical research for
diseases caused by single gene mutation because of its ability to silence a

specific gene, yet its application was limited due to their instability both in vitro
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and in vivo [11]. In 2010, Ladewig et al. employed the Mg/Al-LDH nanoparticles

as siRNA carrier to penetrate mammalian cells membrane for specific gene
silencing [12]. The anti-MAPK1 (ERK2) siRNA/LDH complexes were
synthesized following Xu et al.’s protocol published in 2006 [13]. HEK293Tcells
were transfected with anti-MAPK1 siRNAs using both Lipofectamine and LDH
nanoparticles and harvested after 8-48 hours incubation. Western blotting
showed that a significant ERK2 gene knockdown occurred after eight hours’
SiRNA/LDH exposure and lasted at least another eight hours (Figure 2.4). After
24 hours’ incubation, the knockdown of target gene expression was still able to
be detected in cells transfected with siRNA/Lipofectamine; whereas relatively
weak gene suppression was observed in cells exposed to the siRNA/LDH
nanoparticles. These results showed that the siRNA/LDH could achieve a faster
and more effective target gene knockdown with less functioning time,
suggesting that the LDH drug delivery system possessed higher membrane-

penetrating and drug controlled-releasing efficiency in vitro.

14 |



Chapter 2 o o Literature Review

F
}_|
—
—
’_,

}_|

o
[=2]
1

relative intensity [a.u.]

o
£y
1

"L IR

D B S S S S
AR AR AR AN SRR A ORI\
Q> @ & e e ') s N8 s O
S & OIS OED
> O > 45 % x x x
NI O PR\ N SN
C & @ ¥ & ¢ FLfFfFS S &
N B G Qoé 2 & & &
& N & &° ¥°
By By 0,25‘
® NV

Figure 2.4. The knockdown profile of ERK2 by LDH delivered anti-MAPK1
(ERK2) siRNA to HEK293 cells [12].

The LDH system was employed to deliver siRNA into cortical neurons to
develop gene therapies targeting neurological diseases caused by single gene
mutation such as Huntington’s disease [10]. The siRNA sequence was
covalently coupled to the 6-FAM fluorophore at the 5 end. Then the sSIRNA/LDH
hybrids were synthesized at 37°C in an aquatic environment and the drug
loading was achieved at a mass ratio of 1:1 (SiRNA: LDH). Cortical neurons
were then exposed to 1.0 ug/mL of siRNA/LDH for 4 and 24 hours. They found
that over 80% of neurons were transfected with 6FAM-siRNA/LDH complexes in
four hours but no significant increase was observed after 24-hour incubation
(Figure 2.5). Furthermore, the Deleted in Colorectal Cancer (DCC) gene

knockdown was carried out on cortical neurons. When cells were transfected
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with siRNA/LDH hybrids for further 48 hours, an average knockdown efficiency

of 49% on cortical neurons was obtained, leading to a conclusion that efficient,
targeted gene silencing in neurons can be achieved by LDH mediated sSiRNA

delivery (Figure 2.6).
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Figure 2.5. The 6FAM labeled complexes uptake efficiency of neurons and
NIH3T3 cells after 4 and 24-hour incubation [10].

16 |



Chapter 2 Literature Review
* &

1.00 =
c 0.80
§ q KD = 49%
3 0.60 -
U -
S 0.40 =
= -
€ 0.20
| % v 2
N & 9
¥
c,}?.

Figure 2.6. The knockdown profile of DCC by LDH mediated delivery of siRNA

to neurons [10].

2.1.1.3. Large Nucleotides Intercalation with LDH Nanoparticles

It was also demonstrated that even relatively larger DNA fragments (100-500bp)
could be associated with LDH nanoparticles. Desigaux et al. investigated the
interaction of DNA fragments with Mg/Al, Mg/Fe and Mg/Ga nanoparticles
separately [3]. DNA/LDH hybrids were synthesized as described [2]. LDH/DNA
hybrids were recovered after 48 h of aging by ultracentrifugation at 13,000 rpm,
extended interlayer distances were detected in all three LDH systems, from
~0.77 nm of all nitrate parent LDHs to ~2.11 nm (Mg/Al), ~1.80 nm (Mg/Fe), and
~1.96 nm (Mg/Ga), respectively. They further explored the Mg/Ga LDH’s ability
to deliver DNA fragments into carcinoma HelLa cells. DNA fragments including
short fragments, long fragments and DNA plasmid were modified with

fluorescent signal YOYO-1 and intercalated into Mg/Ga LDH nanopatrticles.
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Carcinoma HelLa cells were exposed to the fluorescent DNA/LDH complexes for

two hours and examined under a microscope. As we can see in Figure 2.7,
most of the fluorescent signals could be clearly observed in the cell cytoplasm
and the cell nucleus as well as around the cell membrane. These data directly
proved that the relatively larger nucleotides or even DNA plasmids could be

efficiently accumulated within cells by employing LDH mediated delivery.

Figure 2.7. The image of hybrids cellular uptake by HelLa cells. Cells were
incubated with LDH/DNA including short DNA fragment (A, D), long DNA
fragment (B, E) and DNA plasmid (C, F). D-F corresponds to the transmission

images of the same cells [3].
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The interaction of DNA plasmids in various size with Mg2Al(OH)sNOs LDH

nanoparticles under different experimental conditions was investigated by
Ladewig et al. [14]. With the increasing size of plasmid, fewer plasmids loading
efficiency was evident (Figure 2.8). Moreover, the variation of an experimental
condition such as increasing the temperature during the reaction can increase
the LDH loading ability, yet an expected enhanced LDH loading capacity (DNA:
LDH ratio) was not observed. This could be accounted for by the incompletion
of anion change between NO®*- with DNA even through in some case the
amount of DNA is far more than required, which is much different from the case

of small DNA fragments [15-18].
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Figure 2.8. The LDH loading efficiency of LDH with plasmids in various sizes
under different experimental conditions [14].

Masarudin et al. have successfully transfected Vero3 (African monkey kidney)
cells with the plasmid pEGFP-N2, which contains the GFP gene employing

Mg/AlI-LDH nanopatrticles [4]. The cells were exposed to the plasmid-LDH
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hybrids (0.1 mg/mL) for 24 hours at 37°C and a clear fluorescence was

observed under microscope (Figure 2.9), indicating that not only was the
PEGFP-N2 plasmid safely delivered into targeted cells by the LDH catrriers, but
also could be successfully expressed and involved in cell metabolism.
Furthermore, the delivery efficiency of LDH was compared to another
commercial transfection reagent, Lipofectamine™ 2000. The Vero3 cells were
treated with plasmid-LDH hybrids and a Lipofectamine-plasmid mixture
containing the same amount of plasmid for 48 hours. Fluorescence was
observed at 6-8 h post-treatment on LDH group, whereas it took 10 hours to
detect the signal from Lipofectamine group (Figure 2.10). Even though the
transfection efficiency between both vectors was comparably similar, the
authors pointed out that, from the cost-operative point of view, their system still
benefited. It is indeed a large advantage that the LDH system can be
synthesized with low cost reagent and loading drug could be easily achieved via

the anion exchange mechanism.
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Figure 2.9. 24 hours’ exposure of Ver3 cells to A) pEGFP-N2 alone; B) Mg/Al-

LDH alone; C) Plasmid-LDH hybrids. Fluorescence was observed in group C

after 6 hours but was not detected on group A and B [4].

Figure 2.10. 24 hours’ exposure of Ver3 cells to A) no treatment; B) plasmid-

LDH hybrids; C) Lipofectamine-plasmid mixture [4].

2.1.2. The Delivery of Non-Steroidal Anti-Inflammatory Drugs (NSAIDs)

Non-steroidal anti-inflammatory drugs are aromatic organic compounds
associating with carboxylic groups that can be easily ionized; therefore, it is
possible that these drugs can be intercalated into LDH layers simply via ion-
exchange [19]. It is believed that the synthesis of the NSAIDs/LDH hybrids
could improve drug solubility in an aquatic environment and enhance drug

absorption by living organisms [20].

2.1.2.1. The LDH Application with Fenbufen
Fenbufen (FBF) is normally used in relieving cancer pains as well as in the
treatment of rheumatoid arthritis and osteoarthritis [21]. However, their negative

effect on both the gastrointestinal tract and the central nervous system limit its
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application. The synthesis of the FBF/LDH complexes with the controlled

release is expected to alleviate these side effects [22].

In 2004, Li et al. first intercalated FBF into the inner layer of the LDH
nanoparticles by co-precipitation in a nitrogen environment [23]. Given that the
original gallery height is 0.39 nm and the thickness of brucite-like layer itself is
0.48 nm [2,24], XRD analysis showed that the spacing between LDH layers
expanded to 1.87 nm after intercalation with FBF, which was consistent with
previous study [25]. A significant impact on the FBF-LDH intercalation was
observed regarding under differing pH value (Figure 2.11). Space increased
from 1.87 nm to 3.00 nm while the pH value increased from 8 to 13, suggesting
a possible change of interlayer FBF from a monolayer to a bilayer structure.
They also investigated the effect of varying the chemical composition of the host
layers to the intercalation efficiency of FBF. The same interlayer spacing of 2.35
nm was obtained regardless of different chemicals used to synthesize LDH

(Figure 2.12).
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Figure 2.11. XRD patterns of Mg/Al-LDH-FBF synthesized under different pH
conditions. (a) LDH; (b) FBF; (c) pH 8; (d) pH 10; (e) pH 12; (f) pH 13 [23].
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Figure 2.12. XRD patterns of FBF-LDH with different chemical composition. (a)
Mg/Al-FBF-LDH; (b) Li/Al-FBF-LDH [23].
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The FBF intercalations with Mg, AlI-LDH and Mg, Al, Fe-LDH have been

explored by Del Arco et al. following three different preparation methods,
namely co-precipitation, ion-exchange, and reconstruction, as well as the
solubility of the drug/LDH complex in a water environment [26]. Despite a failed
synthesis of FBF/Mg-Al-Fe LDH using reconstruction method (the present of Fe
inhibited the intercalation of the drug into LDH); other routes achieved a drug
loading range of 31%—44%. In addition, the presence of the LDH was proven to
significantly enhance the solubility of FBF in an aquatic environment,

irrespective of the LDH acting as an additive or hosting matrix.

The controlled release study of FBF/LDH hybrids was also performed by Li et al.
[27]. Both Mg/AI-LDH and Li/Al-LDH were employed to intercalate with FBF and
were re-suspended in phosphate buffer at pH 7.8. They observed that both
hybrids triggered fast drug release in the first 10 minutes and reached the
maximum amount of 40% (Li/AL-LDH) and 59% (Mg/Al-LDH) over 120 minutes,
indicating that the Mg/AL-LDH hybrids release system were more efficient. What
is more, the slower linear increase after the rapid release of FBF from the
Mg/Al-LDH inferred that the Mg/Al-LDH was a more sustained system for drug
release, which suggests that Mg/AI-LDH materials are more suitable for a
controlled-release host. However, the application of LDH can be limited in the
stomach (pH 1.2). Taking this into account, Evans et al. coated the Mg/Al-LDH
with enteric polymers and explored the controlled release of the new complexes
[27]. The pure FBF/LDH hybrids and the coated complex were separately re-
suspended in an aqueous medium with an initial pH at 1.2 for 2 hours followed
by 6.8 for another 2 hours, and eventually at 7.4 for additional 5 hours. They

found that pure FBF/LDH hybrids achieved a complete FBF release within a
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very short time, which proved that pure LDH was not capable of delivering drugs

in certain realistic conditions; whereas the modified complexes survived at pH
1.2 and gradually released FBF while the pH increased. However, only the FBF-
LDH coated with Eudragit S 100 managed to appear in a liner manner and
finally peaked at 70% release efficiency over 9 hours, suggesting a sustained
but slow drug release occurred (Figure 2.13). It can be concluded that
unmodified LDH nanoparticles are not versatile carriers in the application, and
some materials used for LDH modification somehow reduced the LDH drug
release capability. Therefore, finding appropriate LDH modification methods for

specific conditions is crucial for their further application.
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Figure 2.13. FBF release profile of (a) FBF-LDH (complexes); (b) FBF coated
with Eudragit L 100; (c) complexes coated with Eudragit L 100; (d) FBF coated
with Eudragit S 100; (e) complexes coated with Eudragit S 100 [27].
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2.1.2.2. The LDH Application with Naproxen

Given that Naproxen (Np) can exhibit analgesic and anti-inflammatory effects, it
iIs commonly used for the treatments of osteoarthritis and musculoskeletal
disorders [28,29]. However, Naproxen has been characterized by its poor
solubility in water and readily cell-absorbing, which might cause gastric and
duodenal ulcers formation in application [30-32]. It is hoped that the LDH
mediated drug delivery system could help Naproxen to reduce adverse second

effects and produce a controlled-release formulation.

Wei et al have firstly obtained the Np-LDH complex and studied its stability
under different temperature condition [33]. Mg/AI-NO3s LDH was synthesized by
following the protocol previously published by Meyn et al [34]. Naproxen was
intercalated into LDH nanoparticles simply via ion exchange mechanism in a
water solution with final pH of 8.0 and the mixture was incubated at 70°C under
nitrogen environment for more than 39 hours. Since the original interlayer
spacing of Mg/Al LDH precursor they observed was 0.854 nm and the thickness
of LDH basal layer was 0.480 nm [14], XRD detected an extended interlayer
distance of 2.347 nm of Np-LDH complex, giving an interlayer increase of 1.867
nm. The XRD pattern proved that the Naproxen was successfully associated
with Mg/Al LDH nanoparticles. Thermal decomposition experiments were
conducted in a temperature range from 0°C to 700°C and monitored by situ FT-
IR, situ HT-XRD and TG respectively. They found out that pure naproxen
started to decay at 170°C and achieved complete decomposition at about 250°C.
However, the naproxen in Np-LDH maintained stable at 170°C and the
decomposition did not occur until the temperature reached 250°C. The thermo-

gravimetric analyses demonstrated that the presence of the LDH nanoparticle
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significantly enhanced the thermal stability of intercalated naproxen, suggesting

that the inorganic layered material could have prospective application as the

basis of a novel drug delivery system.

Hou and Jin have studied the effects of pH value on the absorption of naproxen
on LDHs as well as the release of naproxen from the Np-LDH hybrids [42]. A
similar LDH preparation method [35] was utilized to synthesize the Zn-Al LDH
nanoparticles. A series of ZnCl2-:6H20/AICl3-6H20 mixed solutions at different
molar ratio but containing same total metal ion concentration of ~0.5 mol/L were
prepared and co-precipitated by adding diluted ammonia water to form Zn/Al
LDH. A given amount of naproxen (15 mmol/L) was exposed to Zn/Al LDH
individually at pH 8.5 to examine the naproxen absorption efficiency. According
to these authors, the maximum naproxen uptake amount, or as the authors
referred equilibrium values (Aeq value), was observed after 160 minutes’
incubation irrespective of the LDHs types (Figure 2.14). They also demonstrated
that these absorption isotherms could adapt the Langmuir model. The study of
pH effect on the uptake of naproxen was carried out in the range of pH value 6-
11. They found out that the Aeq values decreased in all four LDHs systems
while the pH values of environment increased. This could be simply explained:
the increasing environmental pH value could effectively reduce the LDHs
nanoparticles positive charge density resulting in less electrostatic attraction

between naproxen and LDHs basal layers and the Aeq values decreased.
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Figure 2.14. The time course of naproxen adsorption on different LDHs
Samples. 1) Zno.asAlo.s2-Cl LDH; 2) Zno.s9Alo.41-Cl LDH; 3) Zno.e3Alo.37-Cl LDH; 4)
Zno.esAlo.32-CO3 LDH [35].

The profile of LDH nanoparticles loaded with other NSAID, such as Flurbiprofen,
Ibuprofen, Diclofenac, Indomethacin, were widely investigated as well [35-39].
In a combination of discussion about Fenbufen and Naproxen, there is three
possible conclusions: (1) NSAID-LDH synthesis; Two different methods were
employed for LDH synthesis, co-precipitation and reconstruction. It is believed
that co-precipitation showed more advantages over reconstruction. The co-
precipitation leads to a perfect single layered structure whereas the
reconstructed LDH could be “contaminated” by other unwanted anions (a
layered MgAI-COs phase existed in MgAI-OH). Moreover, the co-precipitation
LDHs possessed a larger gallery than the reconstructed LDHSs, indicating a
relatively higher drug loading efficiency; (2) Improvement of loaded drug

“survival” ability; it has been discovered that the drug-loaded LDH could
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remarkably enhance the drug solubility in either the aquatic environment or in

the gastric fluid environment. The thermo-gravimetric analysis also showed that
drugs appeared to be more stable after the intercalation with LDH nanoparticles.
The presence of LDH nanoparticles could not only prevent loaded drugs from
unexpected degradation but most importantly, lead to an enhancement of
gastric mucus permeation and protection of gastrointestinal mucus from ulcer-
genic activity; (3) Sustained release of drugs; controlled drug release could be
achieved in both gastric environment (pH 1~2) and intracellular environment
(~pH 7.5). As discussed above, the appropriate modification is required for drug
release to appear in a liner manner at pH value of 1~2. However, at a pH value
of 7.5, the different mechanism, ion exchange, was the most responsible for the

sustained drug release.

2.1.3. The Delivery of Anti-Cancer Drugs

Chemotherapies with cytotoxic drugs have been widely developed and
employed for cancer treatment. However, the frequent employment of these
drugs often leads to the development of cancer cell resistance to these agents
during treatment [40-42]. The complex nature of cancer cells presents a great
obstacle in developing ideal cancer chemotherapy with high drug efficacy and
low side effects [43]. However, it might be achieved by drug-LDH Nano-hybrids.
The application of LDH nanoparticles for cancer therapy with several commonly

used anti-cancer drugs is summarized.

2.1.3.1. The Delivery of Methotrexate (MTX)
Methotrexate (MTX) is an anti-metabolite and anti-folate drug, which can lead

abnormal cells through programmed cell death by effectively interfering with cell
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metabolism. These have been used in treatment for certain human cancers,

such as osteosarcoma (bone cancer) and leukemia [44].

Choy et al. have explored the intercalation of MTX with LDH nanopatrticles in a
series of studies [40,45,46]. It has been demonstrated that the cellular uptake of
MNNG/HOS (osteosarcoma cells) to LDH-associated MTX was significantly
enhanced [47]. As shown in Figure 2.15 A, the concentration of MTX in MTX-
LDH treated cells was considerably higher than that in the cells treated with
MTX only at all incubation time. Moreover, cytotoxicity test showed that MTX-
LDH was more toxic than MTX only to MNNG/HOS cells (Figure 2.15 B) [46], as
well as Saos-2 and MG-63 cells (data not shown) [45]. These results indicated
that the MTX-LDH Nano-hybrids could penetrate the cell membrane more
effectively than MTX only, leading to enhanced drug efficacy. One more thing to
be noted here is that the LDH nanoparticles along had no influence to cell

viability at levels up to 500 pg/mL.
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Figure 2.15. A) Cellular uptake profile of MTX in MNNG/HQOS cells treated with
MTX only (o) or MTX-LDH hybrids (e). B) Cell viability of MNNG/HOS cells
treated with LDH (A ), MTX only (o) and MTX-LDH hybrids (e). [46]

Given that the MTX could deactivate the cell's metabolism in the manner of

inhibiting DNA synthesis and eventually contribute to anti-proliferation [47],
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these authors also investigated the effect of MTX and MTX-LDH on cell cycle

distribution to further confirm the MTX-LDH efficacy [46]. Cells were incubated
with MTX and MTX-LDH hybrids respectively over 20 hours, resulting in drug
accumulation in the G1 phase and certain amount of cell death in the S and G2
phase (Figure 2.16). However, it is worthy to note that the inhibition of DNA
synthesis was more successful in cells treated with MTX-LDH hybrids than
those with MTX only, giving 75.09% vs. 63.8% at 10 uM/mL, and the gap even

increased at higher drug concentrations.
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Figure 2.16. Cell growth inhibition profile of LDH, MTX only and MTX-LDH
hybrids in wild-type HOS and HOS/Met cells [46].

Subsequent study revealed that the MTX-LDH hybrids effective penetration
through the cell membrane and its high cytotoxicity to cancer cells could be
accounted for by not only the cellular retention of the MTX-LDH hybrids in
cancer cells but also the clathrin-mediated endocytosis pathway employed by
the hybrids, which is completely different from the cellular uptake mechanism for
MTX only. Amazingly, they also found out that the MTX-LDH hybrids could
overcome drug resistance [40]. The inhibition of cell proliferation of the MTX
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resistance cells (HOS/Mtx) treated with free MTX was significant decreased

compared to wild-type HOS cells, indicating that drug efficacy was dramatically
compromised due to the MTX resistance. On the other hand, both HOS cells
and HOS/Mtx cells were remarkably inhibited to a similar degree. These results
could also be explained by the uptake mechanism that MTX-LDH hybrids
employed. In addition, 5-fluorouracil (5-Fu) was also encapsulated into LDH via
co-precipitation to further evaluate the potential of drug-LDH complexes as
cancer chemotherapy agents [47]. It was showed that both 5-Fu and MTX were
intercalated in LDH nanoparticles, achieving higher efficiency of inhibiting

cancer cell proliferation in a manner of concentration dependence.

2.1.3.2. The Delivery of Camptothecin and Podophyllotoxin
Camptothecin (CPT) and Podophyllotoxin (PPT), inhibitors of topoisomerase |
and Il during DNA synthesis and eventually leading to cell death, have been
studied as potential cancer therapeutics [48-53]. Like NADIS, the application of
these drugs has been significantly hindered by several deficiencies such as
poor water solubility, fast metabolic inactivation, drug resistance and poor
bioavailability [53]. However, improvement could be achieved by employing

LDH nanoparticles.

Tyner et al. have proved that the association with LDH nanoparticles could
remarkably enhance the CPT solubility in an aquatic environment [54]. They
observed an approximately threefold increase in solubility of CPT-LDH hybrids
compared to the naked drug, which was further confirmed by Dong et al. [55]
and Liu et al. [56]. Controlled release experiment obtained similar results to

NSAIDs associating with LDH, which could be summarized: when drug-LDH
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complexes expose to a pH 4.2 environment, rapid drug release is obtained due

to dissolving of the LDH host; however, sustained drug release could be
achieved in a pH 7.2 environment, where the ion exchange was the most
responsible for releasing the drugs [54]. Xue et al. firstly modified the procedure
of PPT-LDHs synthesis to achieve higher PPT loading efficiency [57]. They co-
precipitated tyrosine (Tyr) with LDH resulting in Tyr incorporation into the
interlayer space. Therefore, the interlayer space was pre-opened and an
environment of inviting drugs was created. Eventually, a drug loading efficiency
of 34% wi/w of drug/material was achieved. Preliminary anticancer experiments
in vitro revealed that tumor cells growth was significantly inhibited by PPT-LDH
hybrids, representing higher tumor suppression effects. This theory was further
demonstrated by Qin et al. [58]. They found out that the PPT-LDH hybrids not
only showed higher efficacy to inhibit cancer cells growth compared to naked
PPT but also showed a long-term suppression effect and were more readily
internalized into tumor cells in vitro. In vivo experiments for evaluating PPT-LDH
anti-tumor efficacy were conducted on nude mice bearing HeLa tumor. PPT-
LDH hybrids and naked PPT were intraperitoneally injected into mice at a PPT
dose of 5 mg/kg body weight. They discovered that remarkable therapeutic
tumor suppression 46.39% inhibition rate was achieved by PPT-LDH complexes
(Figure 2.17). In addition, given that high dose of PPT has a life-threatening
toxicity to mice [59], it was revealed that the presence of LDH could remarkably
reduce the toxicity of PPT, representing the reduction of side effects seen with

PPT.
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Figure 2.17. Tumor suppression effect by naked PPT and PPT-LDH injected
into mice at a dose of 5 mg PPT/kg measured by solid tumor growth. [58]

2.1.4. Recent Applications of LDHs in Medicine

Researchers have used LDHs nanoparticles to impart functionality to a variety
of devices in medicine. For example, Li et al. have utilized the LDHs as DNA
vaccine delivery vector to enhance anti-melanoma immune response [60].
Pristine LDHs were prepared by co-precipitation method and were mixed and
shaken with pcDNA3-OVA plasmid for four hours under 37°C for DNA/LDH
complexes synthesis. Two selected types of mice B16-OVA and C57BI/6 were
separately immunized by the DNA/LDH complex. Seven days after the last
immunization, these mice were challenged with B16-OVA melanoma cells. They
found out that, after the delivery of the DNA/LDH complexes by the intradermal
immunization in two types of mice, the presence of the LDHs could assist the
plasmid DNA to induce an enhanced serum antibody response significantly
greater than naked DNA vaccine. Over 60% tumor-free and inhibition of

melanoma growth were observed in mice that treated with DNA/LDH complexes,
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whereas no tumor-free mice were found in the control group. They further

evaluated this vaccination strategy in a model, which was more analogous to
the clinical setting. The therapeutic effect of DNA/LDH complexes
immunizations was challenged in mice with the pre-established tumor. After a
six-day treatment with DNA/LDH complexes in C57BL/6 mice, they observed a
significant delay in tumor growth and potent prolongation of mean survival time
(from 35 days to 50 days). These results suggested that the LDHs mediated
cellular transportation could significantly enhance the therapeutic efficacy of

DNA immunization, as well as protective immunity against the tumor.

Chronic otitis media is a common disease often accompanied by recurrent
bacterial infection, resulting in the destruction of the middle ear bones. D. Hesse
et al. employed LDHs as an efficient delivery system for ciprofloxacin in the
middle ear in vivo [61]. The middle ear implants were individually coated with
Mg/Al LDHs loaded with ciprofloxacin. Two groups of Male New Zealand White
rabbits (12 each) were infected with Pseudomonas aeruginosa, right after the
surgery for group 1 and 1 week later after the implantation for group 2. Clinical
examination showed that only two rabbits, one of each group, appeared
behavioral syndromes and lost 11% of their initial body weight after four days.
The clinical neurological examination showed that only one rabbit developed
mild imbalance and mild to severe head tilt throughout the whole examination
period after infection, whereas three animals showed vestibular signs in group 2
after the infection. Microbiological examination revealed that more animals in
group 2 than that in group 1 (yet only 5 vs.1) were detected germs on blood as
well as on Gassner agar. Histopathological examination reported that all the 24

animals were accompanied with pulmonary oedema, yet one in group 2
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developed severe meningoencephalitis; the remaining rabbits of both groups

showed no inflammation of the brain. All these evidences demonstrated that the
LDH nanoparticles impregnated with a medical drug can be used as an effective
antibiotic delivery system for the challenge of a forced infection in vivo.
Moreover, it seems that animals underwent concomitant infection during the
prostheses implantation developed a better outcome than subjects that were
infected with P. aeruginosaone week after the implantation, suggesting a fast

the LDHs drug release and efficiency.

L. Tammaro et al. used LDHs nanoparticles to develop a fluoride-releasing
dental material, which could constantly release fluoride over time without any
initial toxic burst effect [62]. LDHs loaded with fluoride (LDH-F) were
incorporated into commercial light-activated restorative material Bis-
GMA/TEGDMA dental resin, Fluoride release study showed that an initial rapid
release was observed and followed by a release linearly depending on the time
(days). Interestingly, the fluoride release inversely depended on concentration,
which could reflect the strong influence of the LDHs lamellar clays morphology.
Amazingly, these authors also pointed out that the extrapolated release could
last up to one year, with a concentration released every day, which is far from
the possible adverse fluoride effect. It has been proposed that the failure of
dental restorations depends on the degree of which the human dental pulp stem
cells (hDPSCs) can survive as well as the sensitivity of these cells to injury to
trigger an appropriate repair response[63,64]. Given that even a low amount of
fluoride can benefit the growth and differentiation of the hDPSCs, authors
further investigated whether the active fluoride-releasing materials could affect

the proliferation of hDPSC. It was demonstrated that the materials with four
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different LDH-F concentrations (mass fraction 0.7, 5, 10, and 20%) showed no

significant inhibition of proliferation on hDPSC. Moreover, the activity of alkaline
phosphatase activity (ALP), an early marker of odontogenic differentiation of
pulp cells, gradually increased for 28 days during the growth of cells that had
been cultured on fluoride-releasing restorative materials (0.7% and 10%),
suggesting that the slow release of small amount of fluoride from active material

could positively modulate hDPSCs differentiation.

2.1.5. Conclusion and Future Directions

LDHs have been widely employed in medical research as drug carriers. In
addition, many bio-molecules have been either attached to the surface of or
intercalated into LDHs through co-precipitation or anion-exchange reaction.
Some molecules that have been used include amino acid and peptides, ATPs,
vitamins, and even polysaccharides [6]. Taken advantage of the unique
properties of LDH materials, LDH nanoparticles successfully achieve drug
delivery into targeted cells in vitro and in some case in vivo without side-effects
[65]. The LDHs based drug delivery systems are therefore well positioned to

overcome many hurdles that usually impede successfully drug delivery [6].

Nevertheless, despite numerous advantages, LDH have been encountering
obstacles caused by its nature, some of these hurdles critically limit their future
application in medicine and other aspects [6,66]. Firstly, current studies of drug
delivery mediated by LDHSs are still focused on intercalating small biomolecules
(chemo-drugs, small DNAs and siRNAs and peptides). Only a few successful
attempts at large molecules have been reported. This might be due to its

restricted inner layer space and limited surface area. Large molecules are
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believed to attach to the surface of LDH other than being intercalated into inner

layers. Therefore, increasing the surface area of LDH could be crucial for
loading and delivering large biomolecules. Efforts have been made to modify
the LDH synthesis procedure to create LDH nanoparticles with new 3-D
structure, the Nano-sheet, which is reported to possess larger surface area [67].
However, this is still a field where new research is required. Additionally, since
the relatively large plasmids are attached to the LDH surface, they may not be
protected from unexpected degradation unless the hybrids are coated with other
polymer films to preserve the drug and LDH host being degraded, which is one
of the drawbacks of the naked LDHs delivery system. Other drawbacks,
including quick aggregation in cultured solution or PBS, easily decomposed in a
critical environment, rapid drug release after transfection in vitro, relatively low
targeting transportation, have been greatly limiting the biological applications as
well. Even though the surface of the LDH is believed hard to be functionalized
due to its simple composition, attempts were made to improve LDHs drug
delivery efficiency. Tyner et al. coated the LDH with disuccinimidyl carbonate
(DSC) for improving LDH transportation activity [54]. It was proved that the
surface modified samples showed 30-fold more activity compared to control
group. Meanwhile, this enhancement to the delivery scheme caused by LDH
surface modification could provide potential site-directing of the Nano-hybrids.
Efforts were also made to slow down the rapid drug release in vitro to achieve
sustained drug liberation and prolong drug efficacy. Alcantara et al. encapsulate
LDHs by two biopolymers: (i) zein, a highly hydrophobic protein and (ii) alginate,
a polysaccharide widely applied for wrapping drugs. Preliminary studies showed
that the bio-composite could successfully survive in the stomach-like

environment (pH 1~2). The hydrophobic nature of zein could prevent water

39|



Chapter 2 Literature Review
molecules entering the complexes which could cause LDH host decomposition

from swelling and eventually controlled drug liberation was achieved [68]. E.
Valarezo et al. employed poly (e-caprolactone) to coat LDHs via the
electrospinning technique [69]. The release curves appeared in a liner manner
in the second step even though it was companied with an initial rapid drug
release, indicating that the presence of the poly (e-caprolactone) could, to
certain extend, compromise the drug release rate. Bao et al. synthesized novel
LDHY/silica core-shell nanostructures (LDH@mSIO2), which contained MgAI-LDH
nanoplate core and ordered mesoporous silica shell via surfactant-templating
method [70]. Studies showed that released drug amount achieved 80% over 10
hours after the drug-loaded LDH@mMSIiO2 multidrug resistance were placed in
PBS buffer (pH=7.4), whereas the control group liberate 80% of drugs within
one hour. Recently, more biocompatible compounds have been employed to
functionalize the surface of the LDHSs for its medical applications. For instance,
the polysaccharide family was attracting a growing attention for LDHs
modification to achieve sustainable development. Given the resemblance of
their structure with many body components, most polysaccharides are
intrinsically biocompatible [71]. Therefore, the common use of the
polysaccharides has been justified as binders, fillers and thickeners in solid and
liquid formulations and as components for site-specific oral delivery systems
[72]. Wicklein et al. developed and evaluated lipid-based LDH carriers of
efficacious vaccines against influenza A [73]. LDHs were coated with xanthan
gum polysaccharide with additional quality of feasible surface modification with
biomimetic lipid membrane. Immunogenicity tests in mice revealed that virus
immobilized on the lipid bio-hybrid elicited high titers of serum virus-specific

antibodies, indicating that a strong immunoreaction was induced. Moreover,
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Huang et al. used liposomes to encapsulate the Dextran-magnetic layered

double hydroxide-fluorouracil (DMF), a dextran coated LDHs nanoparticles
loaded with the anticancer drug fluorouracil, which concerned the entrapment
efficiency and slow-released effect [74]; Ribeiro et al. also coated LDHs with
pectin for controlled release in the treatment of colon diseases [75]. All these
attempts have opened alternatives for the delivery of the drug in the desired

location.

Another direction for LDH future development could be achieving “drug co-
delivery”. This is a new concept that has been proposed recently for
biocompatible inorganic material-based Nano-systems in their application of
cancer therapies. It is believed that the drug co-delivery method could
overcome multidrug resistance (MDR), one of the four severe issues that are
encountered during cancer treatment, by concurrently inhibiting the action or
reduce the expression of anti-cancer drug efflux transporters and enhancing the
activity of the drugs [76]. Both organic and inorganic material-based co-delivery
Nano-systems to overcome MDR have been reviewed by several outstanding
papers [76-80]. However, few reports have been published about the
application of LDH in drug co-delivery due to the related research being still in
its infancy. Recently, Li et al. firstly developed the co-drug delivery strategy
using LDH anion exchange capacity to encapsulate the anti-cancer drug 5-Fu
into the inner-layer and load the All-stars Cell Death siRNA (CD-siRNA) onto the
surface of LDH nanoparticles [81]. Amazingly, they demonstrated that the
combined strategy remarkably enhanced the complexes cytotoxicity to different
types of cancer cell lines compared with a single agent. Therefore, the co-

delivery of SiRNA and anti-cancer drug via LDH has shown great potential as an
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alternative approach for developing cancer therapy. Furthermore, the

development of LDH-mediated drug co-delivery will expand the inorganic drug
family and hopefully open a door to achieve an improved organic/inorganic

hybrid delivery Nano-system.

2.2 Immunotoxin therapy for cancer treatment

2.2.1 Introduction of Immunotoxins

Triggering host immune response by antibody-based therapy against tumors is
a promising approach with positive clinical documents [82,83]. It was proposed
that a “magic Bullet” targeting cancer antigens could be developed, killing tumor
cells within the human body without harming healthy cells [84]. Protein toxins
that naturally derived from bacteria or plant, such as Pseudomonas exotoxin
(PE), Diphtheria toxin (DT), ricin, saporin, are believed to be the most potent
cytotoxic agents which are capable of inhibiting protein synthesis and induce
apoptosis efficiently [85]. Since these toxins are therapeutically “blind” harming
cells un-discriminatorily, directing these agents to tumors with appropriate
ligands is necessary. The emergence of the monoclonal antibody (mAb)
reawakened the interest in inventing the “magic bullet” for cancer treatment [86].
Designed mAbs could efficiently interact with the antigens on cancer cells and
constructed biomolecules containing toxins could chemically link with mAb of a
single defined specificity [87,88]. The combined agents were named
immunotoxins since the immune response to specific antigens helps the toxins

targeting tumor cells.

Over 3 decades of dedication by researchers all over the world, the
development of immunotoxins for cancer treatment agents continues. Several
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studies have progressed to clinical trials after displaying promising results in

tissue culture systems and animal tumor models. In addition to the clinical trials
summarized by Antignani & FitzGerald [89], there are many published reports of
new trails showing encouraging results [90-99], with more completed
(NCT00006981, NCT00003020 etc.) or currently ongoing (NCT01408160,
NCT01362790 etc.). One targeted toxin, DT-IL2, also known as denileukin
diftitox or Ontak has been approved by U.S. Food and Drug Administration
(FDA) for treating patients with persistent or recurrent cutaneous T-cell
lymphoma [100-103]. Given the evidence that other highly expressed markers
exist on cancer cells, these studies provide further rationale for targeting these

molecules with immunotoxin therapy for cancers[104-106].

As immunotoxin therapy for tumors continues to develop, dose-limiting toxicities
causing leaking vascular are still the major obstacles limits its application.
Others include lack of specificity, poor stability, and heterogeneous composition
[83]. Identification of additional tumor targets with limited off-target toxicity and
Immunosuppressive regimens to improve immunotoxin tolerance and prevention
of anti-therapeutic immune responses could be the future direction for
immunotoxin therapy development [107]. In the present review, a brief history of
immunotoxin will be summarized. Groundbreaking studies of its clinical
application for cancer treatment in the recent year will be highlighted and an

outlook of the possible future progress is proposed.

2.2.2 Immunotoxin: toxins armed with targeting molecules
Immunotoxins that have been successfully designed for cancer therapy typically

consist of three domains (Figure 2.18). A binding domain for cell recognition,
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leading the toxins to targeted cells; a translocation domain, allowing the toxin to

pass the through the cell membrane to enter the cytoplasm; an activity domain
(the toxin), which interfere with certain cell pathways and induce cell apoptosis
[88]. In some cases, the translocation domain could also be replaced by a
cleavable linker [108] which can remarkably increase the cytotoxicity of native
toxins. Most of the toxin’s translocation domain and activity domain is retained,
yet the natural binding domain has been replaced by an independently
designed moiety, which is more efficient to bind cancer cells. Several possible
options for the binding domain have been significantly enhanced the therapeutic

efficiency of immunotoxin, such as Fv fragment.

AT 0
Diphtheria toxin Pseudomonas exotoxin Ricin

Figure 2.18. The basic structure of designed Immunotoxin based on Diphtheria
toxin, Pseudomonas exotoxin, and ricin. Abbreviations: A: activity domain; T:
translocation domain; B: binding domain; L: linker. The A-T-B model represents
the basic structure of an immunotoxin. Recent studies showed that the
translocation domain could be replaced with a linker. A Furin cleavable linker
has been used for linking Fv with Pseudomonas exotoxin (PE), which could
increase the cytotoxicity of PE. Another study also used a linker consists of four
glycines and a serine residue (G4S) to link Diphtheria toxin (DT) with scFv
(1567) or Bi-svFv (1567) for targeting CCR4+ cell [109]. The A chain of ricin
contains both A and T domains, which are not clearly separated [88].

In the last three decades, three generation of immunotoxins has been created.
The first generation of immunotoxin was created by chemically coupling native
toxins to antibody [88]. A disulfide bond was usually employed as the chemical

linker between intact toxin molecules and monoclonal antibodies. However, the
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native toxin still possessed its natural binding site, significantly compromising

the function of mAb in the immunotoxin. The second generation of immunotoxin
was designed to address the issue. Like their predecessors, mAbs were still
chemically linked with toxins however, the toxins had been modified. Here, the
binding site of toxins was removed, leaving their activity domain. The resulting
toxin fragments were coupled with mAb. Even though this method increased the
safety level of drug dose usage to experimental animals, the first and second
generations of immunotoxins are still flawed. One of the severe and undesirable
side effects is vascular leak syndrome (VLS), caused by the lack of specificity of
the immunotoxin. The first and second generations of immunotoxins could still
weakly bind to normal cells. Given that most of the immunotoxins were
intravenously injected, endothelial cells were exposed to high dose of
immunotoxin drug and could be seriously damaged by unexpected attacks

resulting invascular collapse [110,111].

To address undesired binding, the binding domain of the third-generation
immunotoxin was replaced by a growth factor, cytokine or fragment variable
domain of an antibody by expressing reconstructed plasmids in a
microorganism such as Escherichia coli. Fragment variable domain (Fv) along
with a consistent sequence form the light chain or the heavy chain in the
Fragment Antigen-Binding (Fab) region located at the Y-arm of an
antibody. The Fv region is the most important functional region of antibodies
binding antigens, which shapes the paratope at the amino terminal, end of the
antibody monomer. By replacing the whole mAb just with its own paratope
region the size of recombinant immunotoxin reduced and the binding specificity

is significantly increased [111,112]. Another issue needed to be addressed for
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the recombinant immunotoxins was their lack of stability. Normally, a single-

chain Fvs (scFvs) are fused to toxins for immunotoxin targeting however, single-
chain Fvs were not stable in clinical use. In the Fab region of an antibody, the
Fvs located in the heavy and light chain are stabilized by a disulfide bond, which
is removed during the synthesis of the scFvs. Consequently, the scFvs could
bind to each other forming disulfide bonds within heavy and light chains,
resulting in aggregation and loss of drug efficacy. The invention of disulfide-
stabilized Fv (dsFv) solved this problem. The peptide linker between the heavy
and light chains in the scFv was substituted by a disulfide bond that created by
genetic modification of the Fv sequence. Either two cysteines were inserted into
the Fv sequence or two amino acids (one on each chain) were replaced by
cysteines in order to form disulfide bond for Fv sequence stabilization (Figure

2.19).

Legends:
dskv
Heavy chain
A 5
scFy Peptide linkers

Figure 2.19. The third generation of immunotoxins. Abbreviations: A: activity
domain; T: translocation domain. Most of them are produced by a
microorganism and the whole mAb is replaced by its own agent-binding portion,
the Fv region. The heavy or light chain in the Fv region are either genetically
linked (scFv) or held together by a disulfide bond (dsFv)

2.2.3 Mechanism of Toxin-induced cell apoptosis
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Microorganisms produce and secrete toxins to protect themselves in hostile

environments and to gain advantages when competing for nutrients. Seeds of
plants also contain toxins that help them survive in wild. Some toxins act on the
cell surface while others must accumulate inside of the cells. Because toxins
can kill cell readily, they have been investigated for possible cancer therapy.
Though it is believed that bacterial toxins, such as PE and DT, have higher
efficacy and fewer side effects to human, immunotoxins containing the plant

toxin ricin have also been tested in clinical trials.

PE is a single-chain polypeptide toxin containing 613 amino acids [113]. It
possesses three structural domains inhibiting protein synthesis in eukaryotic
cells [114]. Structure domain la is the cell recognition and binding domain;
structure domain Il is responsible for facilitating the toxin to pass across the
membrane and be accumulated in the cell cytoplasm; structure domain 11l and
part of domain Ib functions as an enzyme that interferes with an essential

cellular pathway, causing ADP-ribosylation and inducing cell apoptosis [115].

DT is also a single-chain peptide that produced by toxigenic strains of
Corynebacterium diphtheria in a precursor form and is secreted into the
environment as 535 amino acids after losing 25 amino acids through protein
modification [116-119]. It contains two subunits: A 21.1kDa N-domain (amino
acid residues 1-193) has the similar function of PE domain Ill & Ib, which
catalyzes the NAD*-dependent ADP-ribosylation of elongation factor 2 (EF-2)
and cause cell death; a 41.2kDa C-domain (amino acid residues 194-535)

carries both translocating and cell recognition domains [120,121]. The two
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domains are connected by a stable disulfide bond between Cys186 with Cys201

and 14 amino acid residues in between are exposed and form a loop [122].

Ricin can be found in the bean of the castor oil plant, Ricinis Communis. It is a
66kDa type Il ribosome-inactivating proteins (RIP) consist of two polypeptides
chains linked by a disulfide bond formed between amino acid 259 of the A-chain
and amino acid 4 of the B-chain. B chain is a 32kDa with 262 amino acids
containing the cell binding domain which is specific for galactose residues on
the cell surface [123]. The 32kDa A chain has rRNA N-glycosylase function
which is able to specifically and irreversibly hydrolyses the N-glycosidic bond of
the adenine within the 28S rRNA, resulting in adenine depurination and protein

synthesis inhibition [124].

PE, DT, and ricin are also referred as AB-toxin because of their structure.
Domain A has the enzymatic activity while domain B contains the translocation
and cell binding moiety. Most of the AB-toxin are stabilized by a disulfide bond
between domain A and B [125]. The bacterial toxins PE and DT catalyze the
same substrate andcell mutants that resistant to one are often cross-resistant to
the other [126,127]. However, PE (66kDa) and DT (60kDa) do not share
significant similarity regarding DNA coding or protein sequences and only a
small amount of homology can be observed, which primarily is in the region that
encodes activity domains [128]. Even though PE and DT are not genetically
similar to each other, their toxic mechanisms of killing cells are alike (Figure

2.20).
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The first step is to bind the cells via interaction with specific receptor molecules

on the surface of the targeted cells. It has been reported that the receptor for
PE is the a2-microglobulin receptor [129] and the receptor for DT is the
precursor of the heparin-binding EGF-like growth factor [130]. In addition to
serving as binding sites for the AB-toxins, they also provide other functions in
the intoxication. It has been proven that the integrity of the DT receptor is crucial
for DT to cross the biological membrane [131] Replacement of cytoplasmic
domain or point mutation on the receptor can significantly compromise the toxin
translocation efficiency [132,133]. In many the recombinant immunotoxins used
in clinical trials, the natural binding site of the toxin has been replaced with
growth factor, cytokine or fragment variable domain of an antibody in order to

increase their binding specificity.

Translocating the toxins to cytosol takes place in the second step at the surface
of the cells through clathrin-endocytosis pathway. The toxins are wrapped by
clathrin-coated pits and transferred into endocytic vesicles [134,135]. Low pH
allows both toxins to be fully stretched and expose their hydrophobic domains,
which facilitate them to interact with the lipids and insert into biological
membranes [136]. Moiety A and B are cleaved at an early stage of the
translocation process by acidic pH naturalizing the disulfide bond between them
allow moiety A to cross the membrane. In the case of DT, the toxin fragment
that exists in the cytosol is the 20kDa moiety A, and both PE and DT eventually
kill cells by transferring ADP moiety to diphthamide, a modified histidine residue,
present in EF-2 [137,138]. For ricin-based immunotoxins, the internalization

process is similar to that of PE. Depurination of rRNA occurred rapidly after the
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toxin is released into the cytoplasm from ER, inducing cell apoptosis by protein

synthesis inhibition.
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Figure 2.20. Toxic mechanism of immunotoxin in mammalian cells. Both DT

Antigen

Plasma membrane

and PE interacted with specific antigens on the cell surface and are internalized
via clathrin-related endocytosis pathway, which is facilitated by low pH.
Catalysis domains are released into cytoplasm under acidic environment and

interact with ADP-r-EF2 to interfere protein synthesis, resulting in cell death.

2.2.4 Recent Clinical application of Immunotoxins for cancer treatment
2.2.4.1 Clinical application targeting hematologic malignancies

Many of immunotoxins have been designed and developed targeting a variety
of hematologic malignancies, not only those connected through both circulatory
system and immune system affecting the blood, bone marrow, lymph, and
lymphatic system but multiple melanomas. Pastan and his colleagues have
summarized lots of clinical studies in hematologic malignancies [7]. An update
of those focused on new immunotoxin development and new clinical attempts
are summarized in table 1.

Table 1. New immunotoxin development and new clinical trials against

hematologic malignancies
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Immunotoxin Toxin Target Tumor | Clinical | No.of |Response | References
used antigen type trial patient
phase S
PGO001, PE38 CD7 ALL 65
PG002
CD89-ETA’, ETA’ CD89 AML 66
Gb- granzyme | CD64 AML 69
2 H22(scFv), B
é GbR201K-
5
E H22(scFv)
% DT390- DT CCR4 ALL 27
< scFv1567, ATLL
DT390- PTCL
biscFv1567 CTCL
HM1.24-ETA’ ETA’ CD317 | Melanoma 72
© DT2219 DT CD19 BCL Phase | 25 13 12
% CD22
% LMB-2 PE38 CD25 ALL Phase | 17 8 73

2.2.4.2 New immunotoxin development for hematologic malignancies

CD7

iIs a transmembrane protein that belongs to the

immunoglobulin

superfamily, which is widely present on the surface of immune cells, such as

thymocytes, peripheral blood T-cells, and natural killer cells [139-142]. It is

believed that CD7 is overexpressed on T-cell lymphoma and leukemia cells

[143,144]. Moreover, its rapid internalization after binding to its antigens makes

it a perfect receptor for drug delivery in the following step [145]. To target CD7-
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expressing lymphoma and leukemia cells, the monovalent and bivalent CD7

Nano-based immunotoxins PG0O01 and PG002 are constructed by Tang and his
colleagues [146]. Both are conjugated with a derivative of PE as the activity
domain. In vivo results showed that both immunotoxins can significantly prolong
the survival of CEM cells implanted mice by approximately 50%, up to 53 days
compared to 34 days of the control group. Moreover, it is worth noting that in
the case of PG002 treatment, the body weight of mice was maintained even
slightly increased at 25days after tumor implanted. In summary, both
immunotoxins have been proved with remarkable ability to target and
eliminating CD7 expressed lymphoma and leukemia cells. In vivo observation
further proved that the efficacy of PG002 is 30 times greater than that of PG001.
This is the first study for CD7 specific nanobody-based immunotoxins in vivo,
which deserve further evaluation of their potential for anti-leukaemia in

preclinical and clinical studies.

Fc fragment of IgA receptor (FCAR), as known as CD89, also belongs to the
immunoglobulin superfamily, which is expressed by different myeloid leukemic
cell populations. Mladenov and his team successfully created CD89-ETA’, a
reconstructed immunotoxin containing a single-chained anti-human CD89 fused
with modified PE, to achieve specific targeting and killing [147]. After 72 h
exposure to the recombinant protein, up to 90% of targeted cells were killed in
vitro and the apoptosis-mediated cytotoxicity showed in a dose-dependent
manner. In vivo experiment, leukemic primary cells derived from three
previously untreated patients were also treated with CD89-ETA’ immunotoxin.
Compared with healthy primary cells, better binding shifts were observed on

leukemic primary cells. Moreover, an average of 13% of leukemic primary cells
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elimination efficiency was achieved. Even though the study only proved the

efficacy of CD89-ETA’ in vitro, the results showed the great potential of CD89-

ETA’ as a potent, novel immunotherapeutic agent.

CD64, which is more commonly known as Fc-gamma receptor 1, is a 72 KDa
integral membrane glycoprotein that binds monomeric 1gG-type antibody with
high affinity and activates endocytosis, phagocytosis, antibody-dependent
cellular cytotoxicity and the production of cytokines and superoxide [148,149].
Schiffer and his team constructed the novel immunotoxins Gb-H22(scFv) and its
derivative GbR201K-H22(scFv) comprising a humanized single chain antibody
H22 that specifically bind CD64 with high affinity and human granzyme B, a
serine protease that expressed in cytotoxic T lymphocytes and natural killer
cells. It has been proved that the Gb-H22(scFv) could significantly induce
apoptosis in CD64+ U937 cells and primary Acute myeloid leukemia (AML) cells,
whereas CD64- AML cells were unaffected [150]. Furthermore, they compared
the effectiveness of both immunotoxins with H22(scFv)-ETA’, which is also anti-
CD64 based immunotoxin but have been evaluated extensively before [151].
Results showed that both new constructs reached the same level of cytotoxicity
towards cells derived from patients [152]. Better performance was also
observed. In the case of patients-derived serpin B9-negative AMML Ill, CMML II
and serpin B9-positive CMML IV cells, the efficacy of both new constructs
inducing cell apoptosis was significantly higher than the H22(scFv)-ETA’,
achieving an average of 25% and 30% cell death, whereas 10% for H22(scFV)-
ETA’. These results suggest that CD64 is not only a promising diagnostic

marker but also a novel target for specific CMML and AMML therapy, and the
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new immunotoxins could offer an alternative to Pseudomonas Exotoxin A

resistant AMML or CMML cells.

Because of the high expression of CC chemokine receptor 4 (CCR4) on some
tumour cells such as T-cell acute lymphoblastic leukaemia (ALL), adult T-cell
leukaemia/lymphoma (ATLL), adult peripheral T-cell Lymphoma (PTCL) and
cutaneous T-cell lymphoma (CTCL), CCR4 seemed an excellent candidate for
immunotoxin therapy [108]. Therefore, the diphtheria toxin based anti-human
CCR4 immunotoxins were produced. The three isoforms DT390-scFv1567
(monovalent), DT390-biscFv1567 (bivalent) and single-chained Fold-back
Diabody were examined both in vitro and in vivo. Given that the Diabody
isoform could bound to its receptor with the highest affinity among the three
versions, in vitro efficacy analysis confirmed that the single-chained fold-back
diabody isoform was significantly more potent than its monovalent and bivalent
isoforms (200-fold and 10-fold respectively) in inhibiting cellular proliferation and
protein synthesis in human CCR4+ tumor cells. Moreover, the diabody isoform
significantly prolonged the survival ability of the human CCR4+ tumour-bearing
mouse model. The mice survived up to 34 days until they died, whereas others
treated with bivalent, monovalent isoforms and C21 immunotoxin (control) lived
only 31, 21 and 20 days. It was concluded that the novel anti-human CCR4
immunotoxin, more specifically the Diabody isoform, could be a promising drug

candidate for cancer therapy [108].

To target the HM1.24 antigen (CD317) that overexpressed on multiple
melanoma cells, a truncated variant PE (ETA’) was fused with a CD317-specific

svFv to make HM1.24-ETA’ to induce apoptosis of target cells [153]. In vitro
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results showed that the apoptosis induction occurred in a few hours after the

treatment to cells, indicating that the drug could be rapidly internalized by cells
and post-internalization processing executed efficiently. Compared with CD64-
ETA’, HM1.24-ETA’ could significantly and specifically eliminate malignant
plasma cells at low concentration. It was showed that the ECso were only 28
ng/mL and 44 ng/mL on L363 and INA-6 cells after 72h treatment, whereas

CD64-ETA’ showed little or no effects on these cells.

2.2.4.3 New clinical trials of immunotoxins for hematologic malignancies

DT2219 is a reconstructed immunotoxin containing bispecific scFv of antibody
targeting CD19 and CD22 and catalytic and translocation enhancing domain of
DT. To evaluate its preliminary efficacy, side-effects and maximum tolerated
dose (MTD), 25 patients with B-cell lymphoid malignancies were signed up for
the Phase | clinical trial [93]. Patients were treated intravenously with different
doses of DT2219 from 0.5 ug/kg/day to 80 ug/kg/day every two days for 7 days.
Short term side-effects such as weight gain, low albumin, transaminitis, and
fevers were observed in the 13 patients received a minimum dose of 40
pg/kg/day. Dose Limiting Toxicity (DLT) occurred in 2 patients with a dose of 40
and 60 ug/kg/day respectively. One experienced back pain and extreme
strength loss and died of rapidly progressive disease, while the other developed
grade 3 capillary leak but recovered in 10 days with supportive care. Regarding
immunogenicity, neutralizing antibodies were detected in only 3 patients that
treated with high dose of DT2219 after the first session and no consistent
pattern was recognized in the whole process. The study also pointed out that
the clinical activity and CD19/CD22 target expression were not related to each

other at a lower dose. Only 9 patients received high dose treatment possessed
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detectable drug level in blood. 2 of those responded to the treatment, 1

achieved complete remission after 2 cycles. Therefore, a safety and biologically
active dose of 40~80 ug/kg/day for 4 cycles have been determined for phase Il

study of exploring DT2219 repetitive courses.

Phase | treatment with LMB-2, which is a single-chain immunotoxin contains the
anti-CD25 mAb (anti-Tac) conjugated to PE38 was significantly limited by
immunogenicity [154]. Therefore, the patients in Phase Il trial were treated with
LMB-2 after cyclophosphamide and fludarabine in order to reduce the antidrug
antibody production and slow down the progression leukemia between cycles
[155]. 15 out of 17 patients entered the second stage of 30-40 pg/kg/day LMB-2
treatment after receiving fludarabine and cyclophosphamide for the first cycle
and were evaluated for response. Of those 15, 8 leukemia patients treated with
25+250 or 30+300 mg/m2 of fludarabine and cyclophosphamide responded to
LMB-2 positively. 6 achieved complete remission (CR) including 5 with >25%
leukemic cells and 2 partial remissions (PR). 5 with lymphomatous ATL showed
no response to the LMB-2 due to the low dose fludarabine and
cyclophosphamide pre-treatment. These studies showed that the less
immunogenicity could result in a better performance of LMB-2 to leukemia ATL

patients.

2.2.4.4 Clinical application of immunotoxin targeting solid tumors

To evaluate the functions of immunotoxins made with various of ricin and PE-
conjugated to mAb or mAb fragments against solid tumors, new attempts have
been performed in labs or in clinical trials [156-160], which are summarized in

table 1. High expression molecules on the surface of the cancer cells have been
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studied and some of them could potentially be a new target for the design of

improved immunotoxins. Studies with significant improvement are listed in table

2.

Table 2. New immunotoxin development and new clinical trials against solid

tumors
Immunotoxin | Toxin used Target Tumor | Clinical | No. of | Response | References
antigen type trial patient
phase S

scPiPP-PE38 PE38 hCG NSCLC 75
(72}
; NL1.1-PSA cytolysin ErbB2 Breast 76
@)
e cancer
>
£ BL2  |streptavidin-| HuD | NSCLC 78
% saporin NB
p

complex

SS1(dsFv)- PE38 mesothelin | Lung Phase 55 79
1% PE38 cancer Il
c
T‘: MOC31PE PE38 EpCAM | EpCAM- | Phase | 63 47 88
(&)
£ positive
@)

cancer

2.2.4.5 New immunotoxin development against solid tumor

Human chorionic gonadotropin (hCG) is a hormone that highly produced in
pregnant females [161]. However, a significantly high expression level of hCG
and its two subunits can also be detected in men and non-pregnant females

harboring a variety of non-trophoblastic cancers [156]. cPiPP is a previously
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developed antibody which has been proved with high affinity to hCG expressing

tumor cell lines such as MOLT-4 (T-lymphoblastic leukemia) and U-937 (a
histiocytic lymphoma) [162] and showed no harm to normal healthy donors
[163]. However, the disadvantage of its instability caused by chemical
conjugations remains, resulting in incomplete linkage or loss of linkage over
time. In 2015, the binding site of cPiPP was engineered in single chain variable
fragment format and genetically conjugated to PE38 in Nand’s lab [156]. A new
recombinant hCG-specific immunotoxin scPiPP-PE38 was created. In vitro
results showed that over 90% of both U937 and Molt 4 cells were lysed when
cells were incubated with 100 ug of scPiPP-PE38 after 24 hours, indicating that
the new immunotoxin is capable of kiling hCG-expressed cells with a high
eliminating rate. Moreover, similar results were observed with A549, lung
adenocarcinoma cells. It was also demonstrated that scPiPP-PE38 showed no
or little harm on peripheral blood mononucleated cells (PBMCs) harvested from
healthy donors at different doses. Future studies could further reveal the
potential of the new immunotoxin as a therapeutic agent for hCG-

overexpressed tumors.

As addressed in Weigle’s article, one of the major issues of designing new
immunotoxin by employing bacterial exotoxins is the requirement of the toxins to
be internalized into targeted cells to exert their toxic effects, indicating that both
the rate and route of internalization can directly impact the efficacy of the
immunotoxin [157,164]. Therefore, the authors showed great interested in
alternatives and designed a novel peptide-based immunotoxin NL1.1-PSA
specifically targeting ErbB2, which is a receptor tyrosine-protein kinase that is

expressed in over 30% of breast cancers [165]. The functioning site of the new
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peptide-immunotoxin is a small peptide cytolysin acting at the cell membrane,

which can lead to membrane disruption and cell death. The employment of the
immunotoxin could significantly enhance the chance of overcoming
chemoresistance and thereby more effectively eliminate ErbB2-positive breast

cancer cells.

Another issue of immunotoxin is side effects, such as vascular leak syndrome.
Attempt to address the issue has been made by Ehrlich and his team, a
streptavidin-saporin complex was introduced into the new immunotoxin BL-2 as
the functioning domain [159]. It is believed that the HuD, a paraneoplastic
encephalomyelitis antigen containing RNA-binding domains [166], is expressed
in small cells lung cancer (SCLC) cells and neuroblastoma (NB) cells at a
significantly high level [167]. Therefore, the mouse anti-human-HuD monoclonal
antibody was chosen and synthesized as the targeting domain of BL-2. In vitro
results showed that BL-2 can specifically and aggressively eliminate SCLC and
NB cells that express HuD antigens. In vivo, BL-2 was directly injected into
tumors in nude mice bearing human SCLC or NB and the tumor progression
was remarkably inhibited in both mouse models without causing toxicity in nude
mice and the duration of tumor response was significantly prolonged. Future
studies in vivo will be performed to further reveal the potential of the

immunotoxin as a therapeutic option against HuD-positive tumors.

2.2.4.6 New clinical trials for solid tumors
A phase Il clinical trial (NCT01362790) has been performed by National Cancer
Institution (NCI). Participants recruitment has been finished and the study is

currently ongoing (last updated on January 4, 2017). A promising immunotoxin
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therapy of SS1P is employed to treat solid tumors. The SS1(dsFv)-PE38 is an

immunotoxin that was reconstructed to target against mesothelin, a cell surface
antigen highly expressed in lung adenocarcinoma [160]. The toxic site of the
immunotoxin is a portion of PE. In the combination of two drugs: Pentostatin
and Cyclophosphamide that can suppress the immune system, the team will
examine the effectiveness of the immunotoxin to treat malignant mesothelioma.
55 individuals at least 18 years of age bearing malignant mesothelioma in the
chest or abdomen will receive the first 30-day treatment cycle followed by three
21-day cycles of treatment. Overall survival, progression-free survival, and
duration of response rates will be recorded and analyzed during the whole
process. Estimated study completion date is September 4, 2017. Given that the
proof that mesothelin is significantly overexpressed in Non-Small Cells Lung
Cancer (NSCLC) [168], the study will provide clinical evidence for targeting

mesothelin with immunotoxin therapy for NSCLC in the future.

Another team at Oslo University Hospital, Norway has carried out a Phase |
clinical trial by using anti-EpCAM immunotoxin MOC31PE to treat patients with
EpCAM-positive metastatic disease in combination with Sandimmune
(cyclosporine, CsA), which is an immunosuppressant medication and natural
product [169]. The primary aim of the study is to determine the MTD, safety,
pharmacokinetics and immunogenicity of the immunotoxin in the patients. 63
individuals at the age of over 18 were divided into two groups and treated with
MOC31PE along or with CsA in doses ranging from 0.5 to 8 pg/kg for 4 circles
in 56 days. The MTD of the second group (treated with MOC31PE and CsA)
was lower than that of the first group (treated with MOC31PE only), 6.5 pg/kg

and 8 ug/kg respectively. The treatments were well tolerated and no co-
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treatment-related toxicity was detected. 36% of patients had shown no

improvement in the first group, whereas the proportion was only 15% in the
second group and no dose dependency was observed in these “stable disease”
patients in both groups. However, due to the low number of patients at each
dose, the study simply implied that the combination of MOC31PE+CsA may
have a promising potential of achieving repeated treatment of MOC31PE and
further evaluation of the immunotoxin efficacy against EpCAM-positive

metastatic disease in the clinic is required.

2.2.5 Summary and Discussion

Immunotoxins are recombinant proteins that normally possess a binding domain
and an activation domain. By taking advantage of the specificity of antibodies as
binding domain and the cytotoxicity of protein toxins as an activation domain,
the hybrid immunotoxin can target the cancer cells, be accumulated on-site

rapidly and induce apoptosis of the targeted cells efficiently.

Since the concept was initially instigated, the development of the
immunotherapy has been advancing forward. New immunotoxins have been
designed, reconstructed and launched; older generations of immunotoxins have
been optimized to either cope with more scenarios or enhance their efficacy on
specific targets of interests. Furthermore, clinical trials have also been carried
out in hematologic malignancies as well as in solid tumors. However, only the
Denileukin Diiftitx has been approved by the U.S. FDA for the treatment of
CTCL. This indicates that the application of most immunotoxins in the clinic has

been significantly limited.
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Improving the accuracy of reaching targeted cells of interest and minimizing the

side-effects such as VLS is one of the central challenges in treating hematologic
malignancies with immunotoxin. The antigen selection is critical to addressing
this issue. It is arguable that there is a single ideal antigen for targeting when
treating antigenically diverse hematologic malignancies such as AML with
immunotherapy. Rashidi and Walter proposed that these types of cancer can’t
be recognized as one disease for immunotoxin treatment [170]. In addition to
that, not all the patients with same cancer could be compatible to
immunotherapy with an antigen. Therefore, with the efforts like exploring new
target antigens, improving existing immunotherapy modalities, and developing
new classes of therapeutics, a personalized treatment strategy combining
immunotherapy with other agents, or even muti-target bioengineering might be

a new direction for hematologic malignancies.

In hematologic malignancies, the immunotoxins could be relatively easier to
reach the cancer cells, whereas the tumor penetration is limited in solid tumors.
As mentioned above, the efficiency of delivery and internalization to tumor cells
can directly impact the efficacy of the immunotoxins. One possible method is to
employ novel materials to facilitate the transportation of the immunotoxins to/in
targeted cells, such as polymeric nanoparticles. Several engineered
nanostructures like MOFs, Silica, et al have shown great potential for drug
delivery in cancer therapies [171]. It was also reported that the co-internalization
of endosome-disrupting polymer nanoparticles and immunotoxins can enhance
the cytosol delivery and the efficacy of the immunotoxins [172]. The utilization of
nanostructures in cancer therapy can raise the concern of extra cytotoxicity and

immunogenicity, therefore current attempts have been focusing on the design
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and synthesis of more biocompatible and less toxic nanostructures [173].

Moreover, nanostructures have also been modified to cope with more cases in

different scenarios, expanding their potentials in cancer therapy [174,175].

Immunogenicity issue might be a less problem in patients with hematologic
malignancies due to their suppressed immune system, but the application of the
immunotoxins in those with solid tumors is significantly limited. The neutralizing
antibodies could be formed after few cycles of immunotoxins treatment and
significantly reduce their efficacy. Recent studies have been making efforts of
identifying and remove the T- and B-cells epitopes to hide the from the immune
system [158,176]. However, these modifications might compromise the
cytotoxicity activity of the immunotoxins in some cases. Therefore, it is crucial to
find a balancing point where the immunogenicity could be reduced and the
integrity and potency could be reserved. Possible solutions could be designing
new immunotoxins without B- or T- cells epitopes rather than removing them
from the immunotoxins afterward. The epitopes-diminished immunotoxins
combined with other medication that suppressed the immune systems will help
the patients receive more treatment cycles and offering them a fighting chance

against cancer.
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Chapter 3 The Synthesis of Mg/Al
Layered Double Hydroxide Nanoparticle

via Co-precipitation Method

3.1 Introduction

Layered Double Hydroxides (LDHs), also known as hydrotalcite-like (HTI),
hydrotalcite-type (HTt) or anionic clays belong to a big family of layered
materials [177]. The first member of this natural mineral family was identified in
Sweden in 1842, which is known as hydrotalcite with the formula
MgsAl2(OH)16C0O3-4H20 [66,178]. Most of the LDH materials can be described
by a general formula [M"1xM"x(OH)2**(A™ )wm-nH20] (x=0.2-0.4; n=0.5-1),
where M'" represents a divalent metal cation, M"" a trivalent metal cation and
Am- an anion [6,179]. Structurally, like brucite Mg(OH)z, each cation in LDH
layers is surrounded with six OH" ions forming an octahedral subunit, and every
two subunits share edges and could expand the two-dimensional layer,
theoretically, to infinity [180]. Anions Am— located between two layers balance
the positive charge of cations via electrostatic interaction. With the contribution
of hydrogen bonds between layers, the two layers are held together forming a

three-dimensional structure.

Interestingly, not only can the layer cations of these materials be replaced
among a wide range selection of cations, but also the anions located at the

interlayer are believed to have possible substitutions among organic or
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inorganic, simple or complex anions and simple anionic coordination

compounds [181-183]. Furthermore, a unique property, which makes them
diverse from other cationic-layered materials, is that they can recover the
double-layered structure after thermal decomposition under mild conditions [8].
All these properties, such as high chemical versatility, anionic exchange
capacity, and low cytotoxicity, are leading to a promising future in drug delivery
and release, opening wide possibilities for researches and development for its
clinical application. Compared with old-fashioned drug delivery methods which
are suffering from problems such as drug degradation, poor bioavailability, and
low circulation stability, the LDHs, as a new drug carrier, is much simpler to
synthesize in the laboratory, have a high drug transportation efficiency, high
drug loading density, low toxicity to target cells or organs and excellent
protection to loaded molecules from undesired enzymatic degradation [6]. The
earliest application of LDH materials in human therapy was as anti-acid and
anti-peptic reagent [6,184-186]. However, recently LDHs have been employed
for clinical disease diagnosis, chemical industry and as a drug carrier
responsible for delivering therapeutic and bioactive molecules such as peptides,
anti-inflammatory drugs, and even small nucleic acids to mammalian cells in
vitro or in vivo with the purpose of crossing the cell membrane into the

cytoplasm [187-189].

3.2 Material and Methods
3.2.1 Materials and instruments
Aluminum Chloride Hexahydrate AR (AICI3-6H20, 500g), Magnesium Chloride

Hexahydrate AR (MgCl2-6H20, 500g) and Sodium Hydroxide Pellet AR (NaOH,
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5009) are purchased from Chem-supply Co. (Port Adelaide, South Australia,

Australia). Falcon™ 50 mL Conical Centrifuge Tubes are purchased from Fisher
Scientific Co. (by Thermo Fisher Scientific, Pittsburgh, Pennsylvania, USA). The
model of centrifuge machine is Beckman Avanti J-26XPI equipped with JA-
25.50 fixed angle rotor. Nano ZS from Malvern Instrument was utilized to
examine the particle size distribution. Particles were imaged by JEOL JSM-2010
transmission electron microscope (TEM) (acceleration voltage of 200kV) and
characterized by Fourier transform infrared spectroscopy (FTIR, model Nicolet
6700) and X-ray diffraction (XRD, model Rigaku Miniflex). The Synthesis of the
Mg-Al LDH nanoparticles was achieved at Zhi Ping (Gordon) Xu’s lab,
Australian Institute for Bioengineering & Nanotechnology (AIBN) at the

University of Queensland (UQ).

3.2.2 Co-precipitation

The pristine Mg/Al-Cl LDH (with the designed formula Mg2AI-(OH)sCl-2H20) is
prepared by aqueous co-precipitation in the presence of excess Mg?*. 3.0 mmol
of MgCl2:6H20 and 1.0 mmol of AICIs:6H20 were dissolved in 10 mL of fresh
Milli Q water. 6.0 mmol of NaOH was dissolved in 40 mL of fresh Milli Q water
as a basic solution. Then the salt solution was quickly added to a basic solution
to precipitate under vigorous stirring at room temperature. The suspension was
then stirred for 30 mins. During the preparation, precipitation and aging period,
the suspension should be exposed to an Nz environment to minimize the CO:2

contamination.

3.2.3 LDH purification
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After 30 mins’ continuous stirring, the mixture was transferred into a 50-mL

Falcon centrifuge tube. The resulting white slurry was collected by centrifugation
at 50009 for 10 mins. The supernatant was removed from the tube and 40 mL
of fresh Milli Q was added into the tube. The precipitance was re-suspended
through vortex until no solid was left at the bottom of or in the tube. Re-collect
the white slurry by centrifugation at 4000g for 30 mins. Then the supernatant
was discarded and excess salts were removed from the system. Repeat this
routine to wash the mixture 2 or 3 times and eventually leave the pre-mature
nanoparticles suspended in 40 mL fresh Milli Q water in the 50-mL centrifuge

tube.

3.2.4 Autoclave

The suspension was transferred into a stainless-steel autoclave and
hydrothermally treated at 100°C for 16 hours. After the incubation, the autoclave
was cooled down on the bench at room temperature and the suspension was
carefully transferred into a new 50-mL centrifuge tube. The resultant transparent
suspension contained 4.0 mg/mL of homogenously dispersed LDH

nanoparticles.

3.2.5 Characterization

The particle size distribution of obtained mature LDH nanoparticles was
determined by photon correlation spectroscopy on the Nanosizer instrument.
The same instrument was also employed for zeta potential measurements. The
nanoparticles were imaged by transmission electron microscopy (TEM) using a

JEOL JSM-2010 transmission electron microscope (acceleration voltage of
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200kV). Particles pellet was harvest after High-speed centrifugation (30 min,

16000 rpm/min) and dried at 100°C to yield a white product with constant weight
which will be analyzed by Fourier transform infrared spectroscopy (FTIR) using
a Nicolet 6700 FTIR instrument in ATR mode and powder X-ray diffraction (XRD)
using the X-ray diffractometer in order to verify chemical composition and

crystal structure of the nanopatrticles, respectively.

3.3 Results

3.3.1 X-ray diffraction pattern of LDH nanoparticles

The pristine LDH nanoparticles were collected by high-speed centrifugation and
re-suspended in MilliQ water. The suspension looks transparent and
homogeneous. A dry powder of the LDH materials was prepared for the XRD,
and the pattern is shown in Figure 3.1.

LDH XRD pattern
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Figure 3.1. XRD pattern of pristine Mg2Al-Cl LDH nanopatrticles
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The XRD pattern proved that the LDH presented the typical layered features.

Strong and sharp peaks were detected from the planes (003) and (006),
indicating the materials have an organized layer. The interlayer spacing is
0.7428 nm. LDH material units stacked with each other and the distance in
between is 0.3562 nm. These parameters are similar to previous studies

[190,191].

3.3.2 FTIR spectrum
The dry powder of pristine LDH nanoparticles was also examined by the FTIR
spectrum and shown in Figure 3.2.

LDH FTIR spectrum
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Figure 3.2. FTIR spectrum of pristine Mg2AI-Cl LDH nanoparticles. “#”

represents the shoulder peak.
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Like previously reported, the FTIR spectrum in Figure 25 showed the typical of

Mg2AI-LDH materials. A broad band was detected at 3404 cm™, representing
the OH- group and a weak peak at 1625 cm, representing the H20 group. Due
to the M-O vibrations and M-O-H bending, two weak peaks at 601 and 441cm
were also detected. Interestingly, a relatively strong peak was also observed at
1370 cm?, which is the CO3% group that is converted from CO:2 captured from
the air during the LDH materials preparation. If the whole synthesis process
could be performed in an N2 environment, the COs? group can be avoided. It
can be also observed that there is a weak “shoulder” peak (labeled as “#”) to
the slight left of the 3404 cm™. Combined with the presence of the peak 411,
these two peaks are considered as the direct evidence of the Mg2AI-LDH

[191,192].

3.3.3 LDH particle size distribution and zeta potential
Freshly made LDH materials were re-suspended in MilliQ water and the particle

size and zeta potential were measured by zeta sizer (Figure 3.3 & 3.4).
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Figure 3.3. Particle size distribution of the Mg2AIl-Cl LDH nanoparticles
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Figure 3.4. Zeta potential of the Mg2AI-Cl LDH nanopatrticles

The preparation of the LDH materials was performed with care to synthesize the
stable and homogeneous Mg2AI-CI-LDH suspension. A narrow peak was
observed centered at 106.7 nm with a narrow zeta potential distribution at 32.1
mV. The maximum size of the LDH materials for mammalian cellular uptake is
150~200 nm, therefore the new batch of the LDH materials was suitable for

mammalian cells transfection.

3.3.4 TEM image of LDH nanoparticles
The LDH nanoparticles were also imaged by TEM. The image is shown in
Figure 3.5. The pristine LDH nanoparticles were hexagonal in shape with the

approximately 50~100 nm edges. Particle units were separated from each other
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but with limited and casual stacking. No vertical orientated particles were

captured in the image, so it was difficult to measure the thickness of the units.
According to earlier reports [191], the thickness of the LDH nanoparticles was
estimated 8~16 nm after taking into account of the XRD diffraction peaks and

TEM images.

TEM image of LDH nanoparticles

Figure 3.5. TEM image of the Mg2AI-Cl LDH nanopatrticles

3.4 Discussion
In this Chapter, the pristine LDH nanomaterials were synthesized and

characterized. Freshly-made homogeneous LDH nanoparticles were
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approximately 106 nm in size and 32.1 mV in zeta potential. XRD and FTIR

proved the exist of the important molecular groups and the “shoulder” in FTIR
image was the direct evidence of the presence of the Mg2AI-Cl LDH

nanoparticles.

Zeta potential is one of the crucial factors that affect the transfection efficiency
of nanoparticles in mammalian cells. The LDH nanopatrticle synthesized in this
Chapter possessed 32.1 mV zeta potential. Due to the cell membrane is
negatively charged, the LDH nanoparticles are more likely to adhere to the cell

membrane and initiate the translocation process by endocytosis.

Another issue for transfection that needs to be considered is the particle size. It
was believed that the particle sizes in the range of 40~150 nm were preferred
by cells for the transfection via endocytosis pathway [193,194]. The LDH
nanoparticles synthesized in the Chapter was 106 nm, which is suitable for the
delivery. After intercalated with the CMV-EGF-ETA plasmids, the particle size
could increase. It was believed that the LDH/plasmids hybrids were not suitable
for mammalian cell transfection due to the increased particle size caused by
expanded interlayer [191]. However, previous studies [3,4] and the preliminary
transfection experiments on MCF-7 breast cancer cells in this project showed
that mammalian cells can be transfected with LDH/plasmids hybrids and the
transfection efficiency was almost equivalent to those of Lipo2000. The
experiments results performed in Chapter 5 have confirmed the preliminary
results. Therefore, the LDH nanoparticles can be used as a carrier to deliver

plasmids into target cells and employed for the development of new cancer
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therapy. In that case, patients with cancer could significantly benefit from the

drug controlled release by LDH nanoparticles.

3.5 Conclusion

The LDH nanomaterials were successfully synthesized in a lab. The LDH
composition analysis provided the direct evidence of the presence of Mg2Al-
LDH and confirmed by the TEM. The particle size and zeta potential are the key
factors affecting the mammalian cell transfection efficiency. In our case, the
synthesized pristine LDH nanoparticles with 106 nm in size and 32.1 mV in zeta

potential are suitable for the cell transfection.

74 |



Chapter 4 Design and Construct the New Immunotoxin CMV-EGF-ETA

Chapter 4 Design and Construct the

New Immunotoxin CMV-EGF-ETA

4.1 Introduction

4.1.1 Role of Epidermal Growth Factor Receptor (EGFR) binding in
cancer progression

In targeting of cancer cells, it needs to be considered that the significant
differences between somatic and cancer cells. One of the major differences is
the activity of certain receptors that are present on the cell surface, as these
receptors could activate intracellular signaling pathways, which enhance the
cancers ability to survive. EGFR is a transmembrane tyrosine kinase receptor
that plays a central role in cancer progression, angiogenesis, metastatic spread
and the inhibition of apoptosis [195]. It is commonly seen in particular types of
cancer such as small cell lung cancer, head and neck, prostate and breast
cancer [196]. It consists of three basic components, the extracellular ligand
binding domain, the transmembrane segment and the intracellular protein
tyrosine kinase [197]. Among its multiple ligands, EGF and TGF-a are the most
important ligands that could bind and stimulate EGFR [198]. Furthermore, it has
been reported that the EGFR intracellular signaling pathways could be triggered
not only by the increased concentration of EGFR specific ligands such as EGF
and TGF-a but also by decreased receptor turnover or the presence of aberrant

receptors due to EGFR gene mutations [199]

EGFR, when stimulated via binding of its specific ligand, undergoes a transition

from an inactive monomeric structure to an active homodimer. The activated
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homodimer will attract another pair of the ErbB family forming a ligand-EGFR-

ErbB complex which will be endocytosed into the cell [200]. After
phosphorylation in cells, the complex could activate multiple intracellular
pathways, such as the JAK STAT pathway or Signal Transducers and
Activators of Transcription, resulting in phosphorylation of STAT1/STAT3 and
the activation of their target gene Nuclear Factor Kappa B (NFkB) transcription
[201,202]. NFKB is recognized as a positive regulator of cancer survival and
increase proliferation due to the ability to activate pro-survival and antiapoptotic
signals transcriptionally. In cases of cancer, due to the overexpression of NFkB,
this will activate oncogenes such as HER2, which plays a role in pathogenesis
and progression of types of breast cancer. NFkB also stimulates AKT, a
serine/Threonine specific protein kinase that promotes growth factor-mediated
cell survival via the activation of NFkB, cell cycle via overcoming cell cycle

arrest in G1 and G2 and simulates angiogenesis [203].

4.1.2 Pseudomonas Aeruginosa Exotoxin A (ETA)

Pseudomonas Aeroginosa is a Gram-negative bacillus which could be identified
throughout a variety of different environments [204]. One of the most toxic
factors secreted by P. Aeruginosa is ETA, a 613-amino acid protein with AB
toxin structure-function properties, meaning that both the A and B domains are
encoded on a single protein. B domain could facilitate the translocation of A
domain into the cytoplasm of the cells. Then the A domain binds to a coenzyme
nicotinamide adenine dinucleotide (NAD) [205]. NAD is recognized as a
stimulator in many cellular oxidation-reduction reactions. The binding of
exotoxin releases the nicotinamide from adenine dinucleotide (ADP-ribose).

This ADP-ribose unit stays attached to the ETA. Subsequently, exotoxin A
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transfers ADP-ribose to Elongation Factor-2, a protein involved in the translation

and elongation of proteins, which in return, blocks protein synthesis in host cells,
resulting in cell death [206]. Therefore, it is widely used in current cancer-

targeting therapy researches.

4.2 Material and Methods

4.2.1 Materials and tools

The plasmid of the new immunotoxin was designed and synthesized based on
two plasmids, 425(scfv)-EGF-ETA and pEGFP-C1. The function fragment
(EGF-ETA) of 425(scfv)-EGF-ETA and the backbone of pEGFP-C1 (without
EGFP gene) were ligated with each other to form the reconstructed plasmid.
The primers for EGF-ETA fragment was designed via online tools, such as

Primer 3 plus (http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cai)

and NBE Tm calculator (http://tmcalculator.neb.com/#!/). The primers were

examined by the online tool DINAMelt to check issues like cross-pairing

(http://unafold.rna.albany.edu/?g=DINAMelt/Two-state-melting). Then they were

ordered from Sigma-Aldrich. Quick polymer chain reaction (PCR) kit, quick
ligation kit and restriction enzymes (RE), Nhe | and Xho | were purchased from
New England Biolabs. PCR tubes were purchased from Bio-Rad and
autoclaved by Tomy SX-700E high-pressure steam sterilizer with other
equipment, such as transfer pipettes, pipettes tips, agar plates, et al before use.
Nuclease free water was purchased from Promega. Standard Agarose Gel (low
electroendosmosis, aka EEO) was purchased from AppliChem. 50X TAE buffer
containing Tris-base, acetic acids and ethylenediaminetetraacetic acid (EDTA)

was purchased from Bio-Rad and was diluted into 1X for dissolving agarose gel
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powder. 1kb GeneRuler DNA ladders and DNA gel stain, SYBR™ Safe, was

purchased from Invitrogen. 5x DNA loading dye was bought from Bioline
(Germany) The concentration of the samples was evaluated by Nanodrop ND
1000 Spectrophotometric from Bio-Rad. Gel extraction kit for PCR product
purification and Miniprep kit for plasmid amplification were purchased from
Qiagen. Competent E. coli cells were a kind gift from Professor Alfred Lam’s lab,
G40, Menzies Health Institute, Griffith University, Gold Coast, Australia.
Kanamycin, Luria-Bertani (LB) broth powder and agar powder were purchased

from Sigma-Aldrich.

4.2.2 Primer design for EGF-ETA fragments

The EGF-ETA fragment of the 425(scfv)-EGF-ETA was amplified using EE-F (5’
GCA TGA GCT AGC ATG AAT AGT GAC TCT GAA TGT CCC CTG 3’) and
EE-R (5 GCA TGA CTC GAG TTA GAA AAC CTG ATG TAT GGC CAG3’). 6-
base pair (bp) nucleotides over-hang containing the REs Nhe | and Xho | cutting
sites were designed at each of the ends of the primers respectively. After REs
treatment, sticky ends at the both sides of the primers were created and ready
for the ligation reaction. Primers were shipped in the form of dry powder in
concealed tubes with instruction (EE-F 95.6 ug; EE-R 93.1 pg). Both tubes were
quickly spin down before the open. To prepare 100 uM primer stocks, 79 yL and
83 pL of DNase free water was added to EE-F and EE-R tubes respectively,
then 10 pyL of primer solution from each tube were transferred into two new
Eppendorf tubes (1.5-mL) and diluted to a concentration of 10 yM, which were
used in the following PCR. The rest of the 100 uM stocks were preserved at -

20 °C.
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4.2.3 Polymer Chain Reaction (PCR) of EGF-ETA gene fragments

Purified 425-EGF-ETA template plasmid was obtained from a colleague at Prof.
Ming Wei’s lab and further diluted to a concentration of 1 ng/uL as the working
stock for PCR. A 50 pL of the reaction mixture was prepared in a 0.5-mL

sterilized PCR tube on ice as followed recipe:

Component Volume Final concentration
Standard Taq Reaction
5L 1X
buffer (10X)
dNTPs solution Mix (10
1 uL 200 uM
mM)
Forward Primer (EE-F,
1 uL 0.2 uM
10 uM)
Reverse Primer (EE-R,
1 uL 0.2 uM
10 uM)
425-EGF-ETA plasmid Total plasmid amount: 1
1 yL
template (1 ng/uL) ng
Tag DNA polymerase 0.25 L 1.25 unit/50uL
Nuclease free water 40.75 pL N/A

One extra tube was prepared following the same steps. The reaction system
was gently mixed and quickly spin down on a micro-centrifuge for 5 seconds

and placed on ice.

The PCR thermal cycler was set up as the following conditions:
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Activity Temperature Time
Initial Denaturation 95 °C 30 seconds
Melting 95 °C 20 seconds

30
Annealing 60 °C 45 seconds
cycles

Amplification 68 °C 90 seconds
Final Extension 68 °C 300 seconds

Hold 4°C 1 hour

According to former experience, the amplification rate of Taq polymerase is
normally 1000 bp/min. Given that the length of the sequence of interest is 1365
bp, the time for extension was set up at 300 seconds. The tubes were put back
on the ice after the PCR process finished and the PCR products were examined

on agarose gel by gel electrophoresis.

4.2.4 PCR product isolation by Agarose gel running.

1% (w/v) of agarose gel was made for gel electrophoresis. 1 g of agarose dry
powder was dissolved in 100 mL of 1X TAE buffer and microwaved for 1 minute
for melting. The temperature of the solution was cooled down to 50 °C and 2 uL
of SYBR™ Safe DNA gel stain was added to the solution. The liquid was gently
mixed and carefully poured into the gel electrophoresis tank with a comb to
avoid any bubbles. The solution was air-cooled for 30-40 minutes to solid, and
20 pL PCR products mixed with sample loading dye were carefully loaded into
each well. Gel running was set up at 70 Volt for 50 minutes. The gel was

examined under Bio-Rad Gel Doc for imaging.

4.2.5 Gel extraction for the purification of PCR product.
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The protocol provided within the QIAquick Gel Extraction Kit was followed to

perform PCR products extraction from agarose gel. Nanodrop the concentration

of the purified PCR product after the gel extraction.

4.2.6 REs treatment to purified PCR product and pEGFP-C1 plasmid.

50 pL of the reaction mixture for REs digestion was prepared following the
recipe as below. The instruction of buffer performance for Xho | and Nhe |
showed both enzymes can achieve 100% activity in CutSmart buffer (NEB).

Therefore, CutSmart buffer was utilized in the digestion reaction.

Component Volume
Restriction Xho | Tul
enzymes Nhe | 1 ”L

DNA 149
10X CutSmart buffer 5 uL (1X)

The treatment was applied to the purified PCR product and pEGFP-C1 plasmid.
Follow the protocol described in Section 4.3.4 and 4.3.5, the digested PCR
products and pEGFP-C1 backbone (3980bp) were isolated and extracted from
agarose gel using sterilized tools and Personal protective equipment to avoid
unexpected UV damage to the performer. The concentration of fragments was

evaluated via Nanodrop after gel extraction.

4.2.7 Ligation reaction of REs treated PCR product and the backbone of

the pEGFP-C1 plasmid.
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The concentration of digested PCR products was 3.6 ng/pL (260/280: 1.89) and

the concentration of pEGFP-C1 backbone is 15.3 ng/uL (260/280: 1.93). To
perform a successful ligation reaction, the insert is normally 3-fold molar excess
to the vectors. Therefore, 20 uL of ligation reaction mixture was prepared in a

0.5-mL sterilized PCR tube as follow:

Component Volume Final concentration
Backbones (15.3 ng/uL) 1 uL 0.006 pmol
PCR products (3.6
4 uL 0.016 pmol
ng/ulL)

2X ligation buffer 10 L 1X
20X T4 DNA ligase 1 uL 1Xx
DNase free water 4 uL N/A

The tube was gently mixed and briefly centrifuged in a micro-centrifuge. The
mixture was incubated at room temperature (25 °C) for 15 minutes and chill on

the ice afterward. The mixture was ready for E. coli transformation.

4.2.8 Competent E. coli transformation to amplify the reconstructed
plasmid through gene cloning.

4.2.8.1 LB medium and agar preparation for E. coli

8 g LB dry powder was dissolved in 320 mL distill water (DS water) in a 500-mL
bottle for the preparation of LB medium. 2.5 g LB powder and 1.5 g LB agar
powder were dissolved in 100 mL DS water in a 200-mL bottle to make LB agar
plates. Two bottles then were autoclaved in SX-700E at 121 °C, 15 psi
(~104kPa) for 30 minutes for sterilization. The two bottles were cooled down on

the bench at room temperature. 0.25 g Kanamycin powder was dissolved in 10
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mL Milli Q water to make a 500X stock solution (25 pg/mL). 1 mL of LB medium

was transferred to a stand-by 1.5-mL Eppendorf Tube A (without antibiotics)
when the temperature of the LB medium dropped to approximately 55 °C. Then
640 pL and 200 pL of 500X Kanamycin stock were added to LB medium and LB
agar solution respectively to reach a working concentration of 50 ug/mL. 15 ml
of LB medium was transferred to a stand-by 50-mL Falcon Tube B (with
antibiotics). The LB agar solution was carefully poured into 10 petri dish in a cell

culture hood and air dried to solid.

4.2.8.2 E. coli transformation with recombinant plasmid CMV-EGF-ETA
and microorganism culture for plasmid amplification.
50 uL of competent cells were thawed on ice until no crystal left in the tube. 2
pL of ligation mixture from Section 4.3.7 was mixed with cells suspension and
incubated on ice for 10 minutes. The plasmid-cells mixture was heat-shocked in
a water bath at 42 °C for 45 seconds. The mixture was immediately transferred
on ice and incubated for 5 minutes. 1 mL of LB medium without Kanamycin was
added to the mixture and the tube was incubated at 37 °C for 1 hour with
shaking at low speed. Then 100 pL of resulting culture was spread out on the
LB agar plates (with Kanamycin) and incubated at 37 °C for overnight. A single
colony of E. coli on the agar plate was transferred to the 15 mL LB medium
(with Kanamycin) using a sterilized loop and incubated at 37 °C for 8 hours with
constant shaking at low speed. After incubation, 5 mL bacteria culture was
transferred to 300 mL LB medium (with Kanamycin) and incubated at 37 °C with

constant shaking at low speed until the OD value of the culture reach 0.9.
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4.2.8.3 E. coli cells collection for harvesting CMV-EGF-ETA’ plasmids.

Two methods were applied to harvest the CMV-EGF-ETA plasmids. Miniprep kit
was used to obtain more purified plasmids for following experiments such as
mammalian cell transfection. The protocol provided with the kit was followed to

collect plasmids.

Alkaline Lysis method was utilized to obtain a large amount of plasmid but less

purified for storage. Alkaline lysis solution I, Il and Ill was prepared following the

recipe below:
Solution Ingredient
50mM Glucose
Alkaline lysis buffer | 25mM Tris-Cl (pH 8.0)

10mM EDTA (pH 8.0)

0.2N NaOH
Alkaline lysis buffer Il
1% (w/v) SDS

5M Potassium acetate
Alkaline lysis buffer Il
Glacial acetic acid (pure)

300 mL of E. coli culture was transferred to a high-speed centrifuge bottle and
centrifuged at 2700g for 15 minutes. The supernatant was carefully removed
from the bottle and the cell pellet was resuspended in 10 mL Alkaline lysis
buffer | and incubated on ice for 10 minutes. 20 mL freshly made Alkaline lysis
buffer Il was added into the bottle to lysis the cells with 10 seconds’ gentle
shaking and incubated on ice for 10 minutes. 15 mL ice-cold Alkaline lysis
buffer Ill was added into the tube and incubated on ice for 10 minutes. The

bottle was then centrifuged at 12000g for 30 minutes. The supernatant was
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gently transferred to another sterilized high-speed centrifuge bottle and a

volume of Isopropanol equivalent to 60% of the supernatant volume was added
to the bottle to recover the plasmids. The mixture was centrifuged at 120009 for
15 minutes and the supernatant was gently removed. The plasmids pellet at the
bottom of the bottle was risen and washed with 70% ethanol 3 times and
dissolved in 15 mL fresh-made TE buffer for storage at -20 °C or in 15 mL
DNase free water for near use. Both solvents contain 2 pyg/mL DNase-free

RNase A (pancreatic RNase).

4.3 Results.

4.3.1 Primer design for the EGF-ETA gene fragment.

The p425-EGF-ETA plasmid (6597bp) was formally designed and re-
constructed in Prof. Ming Wei's lab via Vector NT1, which contains two
important functional genes: Epidermal Growth Factor encoding EGF protein for
cancer cells targeting and Exotoxin An encoding toxin ETA for killing cancer
cells (Figure 4.1). The backbone of Vector NT1 lacks the promotor for
eukaryotic cells, therefore the plasmid cannot be expressed in mammalian cells.
The function group of EGF-ETA need to be taken out and sewn into a vector

backbone containing eukaryotic promotor.
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(6514) BlpI Dralll (245)
(6261) Alel | Psil (370)

(6043) BamHI
(5982) Mrel
(5935) MauBI

(5804) Sacll
(5788) Aatll ——
(5786) Zral
(5666) BmgBI
(5490) Sall
(5374) Aarl
(5358) Stul*
(5305) Sacl
(5303) Eco53kI
(5293) Notl
(5128) Ndel

Forward primer]

(5065) Ncol
(s026) Xbal
(4960) BglII

(4562) BstAPI

AsSiSI - Pvul (945)

TspMI - Xmal (1067)
_~—— Smal (1069)

BspDI - Clal (1248)
Nrul (1284)

p425-EGF-ETA
6597 bp

BssSal (1966)

Pcil (2139)

BspQI - Sapl (2256)
Tatl (2335)

BstZ171 (2372)
PFIFI - Tth111I (2397)

(4238) Mlul
(4224) Bcll*

(4056) BStEII

(3792) EcoRV
(3736) Hpal

(3397) Pshal Fspl - FspAl (3162)

Figure 4.1. The plasmid map of p425-EGF-ETA.

The pEGFP-C1 is a 4731bp plasmid contains the eukaryotic promoter of CMV,
which allow it to be expressed in mammalian cells (Figure 4.2). The function
fragment of the plasmid is the gene of green fluorescent protein (GFP), which is
a protein composed of 238 amino acid residues (26.9 kDa) that exhibit bright
green fluorescence when exposed to light in the blue to ultraviolet range. It is
widely used in gene transfection as a signal reporting gene [207-209]. Therefore,
the EGF gene was removed from the of pEGFP-C1 plasmid and the backbone
is a perfect candidate for carrying the target and toxin fragment of EGF-ETA into

cancer cells and induce apoptosis of the targeted cells.
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Figure 4.2. The plasmid map of pEGFP-C1.

Two REs Nhe | and Xho | was chosen to cut the pEGFP-C1 plasmid and the
GFP fragment was removed. However, the p425-EGF-ETA plasmid lacks the
same set of REs cutting sites near its function fragment, therefore 6bp
nucleotides containing the cutting sites of chosen REs must be taken into
account. The primers were designed via software primer 3 plus. The sequence
containing 24bp of nucleotides from sequence number 5132 to 5156 were
selected and its complementary sequence 5° AAT AGT GAC TCT GAA TGT
CCC CTG 3 was created (Figure 4.3 A). A starting codon ATG and a 6bp
sequence containing the Nhe | cutting site GCT AGC were added at the 5’ end
of the complementary sequence, as well as an extension of 6bp GCA TGA to
provide extra binding space for the Nhe | restriction enzyme. Therefore, the
forward primer EE-F for the EGF-ETA fragment was determined: 5 GCA TGA
GCT AGC ATG AAT AGT GAC TCT GAA TGT CCC CTG 3'. For the creation of

reversed primer, a sequence with 18bp of nucleotides from 6459 to 6479 was
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selected and its complementary sequence 5 GAA AAC CTG ATG TAT GGC

CAG 3’ was created (Figure 4.3 B). A stopping codon TTA and a 6bp sequence
containing the Xho | cutting site CTC GAG was added at the 5’ end. Likewise,
an extension sequence for Xho | was also inserted. Therefore, the sequence, 5’
GCA TGA CTC GAG TTA GAA AAC CTG ATG TAT GGC CAG 3, was

determined as the reverse primer EE-R for the EGF-ETA fragment.
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Figure 4.3. The sequence position of primers EE-F and EE-R in 425(scfv)-EGF-
ETA plasmids. A: the EE-F is located from sequence number 5132 to 5156,
which is in the Open Reading Frame (ORF) of the EGF gene; B: the EE-R is
located from sequence number 6459 to 6479, which is outside the ORF of the

ETA gene.

The forward primer EE-F was checked for Kozak consensus sequence. Kozak
consensus sequence is a sequence which is normally present in eukaryotic
MRNA and possesses the consensus RccAUGG sequence. It is believed that
the Kozak sequence plays a major role in the initiation of the translation process
[210]. In the EE-F primer, the sequence surrounding the starting codon is AGC

ATG A or AGC AUG A after transcription. 5 out of 7 nucleotides matched the
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Kozac sequence. Therefore, an “adequate” consensus to the Kozak sequence

was achieved in the EE-F primer.

NEB Tm Calculator was used to estimate the Tm value for both primers. The GC
content of the EE-F primer is 49% and the Tm value is 68 °C, whereas the GC
content of the EE-R primer is 47% and the Tm value is 66 °C. The estimated
annealing temperature to templates is 61 °C. The two primers were also
examined for cross-pairing and self-pairing via online tool DINAMelt. Figure 32
showed the cross-pairing status between the two primers. An external loop
containing 32 single stranded bases was detected and only one helix cross-
pairing occurred. 4 base pairs were involved in the cross-pairing and the Tm of
the dimer is 15.6 °C. Figure 33 showed the self-pairing status within the two
primers. Two hairpin loops including 13 single stranded bases and 2 closing
helices were revealed in the EE-F primer (Figure 4.4 A). Two dimers were
formed including 4 and 3 base pairs respectively. The Tm of the dimers in EE-F
primer is 49.5 °C. One external loop including 27 single stranded bases and 1
closing helix was detected in EE-R primer (Figure 4.4 B). The Tm of the dimer is
42.4 °C. Given that the annealing temperature was estimated at 61 °C, which is
much higher than the Tm value of any dimers formed between or within two
primers, suggesting that the secondary structures will be neutralized during the

PCR progress.
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Figure 32. The thermodynamic status between two primers. An external loop
containing 33 single stranded bases was detected and only one helix cross-

pairing was formed. The Tm of the dimer is 15.6 °C
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Figure 4.4. The thermodynamic status within A: the EE-F primer; B: the EE-R

primer.

4.3.2 Amplification of EGF-ETA fragment via Polymer Chain Reaction
(PCR) and purification of PCR product.

Two reaction systems were prepared and the PCR was run for 30 cycles. The

PCR products were examined by Gel electrophoresis (Figure 4.5).

.
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500bp -

Figure 4.5. The PCR products examined and isolated by Gel electrophoresis.
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Bright bands were observed in line 4, 5 and 6, which were slightly below the
1500bp band of the ladder in position. Given that the length of the sequence of
interest is 1365bp, it was implied that the bright bands in these three lines are

the EGF-ETA fragments. No clear bands of unspecific-binding were recognized
in these three lines. Bands were also shown in line 1, 2 and 3 in the similar
position, which was much weaker than those in the other 3 lines. Moreover,
weak unspecific-binding bands were observed at the similar position of the
500bp band in the ladder. These could be caused by the uneven heat during
the PCR process. The machine that performed PCR was relatively old and lack
of maintenance. The heating or cooling process for the PCR tube socket for
reaction system 1 could be compromised. The temperature in the tube couldn’t
be controlled precisely. The temperature for the annealing step might be lower
than 60 °C, resulting in unexpected primer dimers or unspecific-bindings.
Therefore, the PCR products from line 1, 2 and 3 were abandoned, the bright

bands from line 4, 5 and 6 were chosen for gel extraction in the following step.

Small gel pieces containing the three bands were quickly cut and collect from
the whole gel under UV light with sterilized tools to prevent damages to the
DNA fragments from long-term UV light exposure. Gel extraction was performed
using QIAquick Gel Extraction Kit. The concentration of the PCR products after

gel extraction was evaluated by Nanodrop, which was 13.7 ng/uL (260/280:

1.91).

4.3.3 The creation of CMV-EGF-ETA plasmid through REs treatment,

ligation, E. coli transformation and plasmid harvest.
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4.3.3.1 CMV-EGF-ETA transformed E. coli colonies obtained by REs

treatment, ligation, E. coli transformation.
The PCR products and pEGFP-C1 plasmids were firstly digested by two REs.
The digested PCR products and the backbone of pEGFP-C1 were extracted
from agarose gel and the concentration of both DNA fragments was evaluated
by Nanodrop, which is 3.6 ng/pL (260/280: 1.89) and 15.3 ng/uL (260/280: 1.93)
respectively, followed by the ligation performance (data not shown). E. coli was
transformed by the ligation products and cultured selective LB agar at 37 °C for
overnight. Colonies selected by Kanamycin were observed on the LB agars

(Figure 4.6).

4

Control group Colonies on selective LB agar Colonies on selective LB agar
plate 1 plate 2

Figure 4.6. Transformed and un-transformed competent E. coli cells cultured on

LB agar plate selected by Kanamycin.

In the control group, competent E. coli cells were not transformed by the ligation
products. Due to the lack of anti-Kanamycin gene, the growth of all the bacteria
was inhibited by the antibiotics. Therefore, there was no colonies growing on
the control group plate. However, colonies were observed on selective LB agar
plates 1 and 2, indicating that the DNA fragments yield from PCR process were
successfully linked with the pEGFP-C1 backbone and the newly generated

plasmids containing the anti-kanamycin gene on the pEGFP-C1 backbone can
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be expressed within the E. coli cells, facilitating them to survive the environment

with Kanamycin.

4.3.3.2 CMV-EGF-ETA plasmids amplification and confirmation by REs
treatment.

A single colony from selective LB agar plate 1 was chosen for sub-culture to

amplify the CMV-EGF-ETA plasmid. Two methods described in Section 4.3.8.3

were used to harvest the amplified plasmids. To examine the extracted

plasmids from E. coli cells, PCR using the EE-F and EE-R primers and REs

treatment was performed (Figure 4.7)
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Figure 4.7. PCR (A) and REs (B) treatment using the plasmids harvested from
E. coli.

As shown in the Figure 4.7 A, consistent PCR result in Section 4.4.2 was
observed. A clear band was observed at the position slightly lower than the
1500bp band in the ladder indicating the newly created plasmid contains the
EGF-ETA fragment, which is consistent with the PCR results in Section 4.4.2.
No bands of unspecific-binding were shown in the gel image. The plasmids
were also digested by the two REs (Figure 4.7 B), two clear bands near 4000bp
and 1500bp were observed. Given that the length of the backbone of pEGFP-
C1 and EGF-ETA fragments are 3900bp and 1365bp, it can be confirmed that
the new plasmids contains both DNA fragments and can be functioned in

Prokaryotic cells. The immunotoxin CMV-EGF-ETA was successfully designed
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and synthesized through gene cloning and ready for examining the ability to

induce apoptosis in cancer cells.

4.4 Discussion

In this Chapter, the aim is to design and synthesize the CMV-EGF-ETA plasmid
for the following tests in vitro. Two DNA fragments of EGF-ETA and the
backbone of pEGFP-C1 were removed from their original carrier and linked
together. The EGF-ETA fragments were amplified and isolated through Polymer
Chain Reaction and Gel extraction. The EE-F and EE-R primers for the EGF-
ETA fragments were designed via online tool Primer3Plus and examined their
thermodynamic status via DINAMelt and NEB Tm calculator. PCR was
performed by using 425-EGF-ETA as a template. PCR products were examined,
purified and extracted from agarose gel and digested by two restriction
enzymes Xho | and Nhe I, so were the pEGFP-C1 plasmid. The EGF-ETA and
the backbone of pEGFP-C1 fragments then were ligated and internalized into
competent E. coli by heat shock. The transformed E. coli cells containing anti-
biotics gene survived the Kanamycin selection and formed colonies on LB agar.
A single colony was chosen and sub-cultured for the CMV-EGF-ETA plasmids
amplification. The plasmids were harvested through two methods, more purified
plasmids collected from QIGEN kit were used for following experiments and
those yielded from Alkaline Lysis methods with relatively larger amount were

reserved in - 20°C freezer.

When designing primers, the sequences surrounding the starting codon ATG
should be consensus to the Kozac sequences, which is crucial for the plasmids
expressed in mammalian cells. Kozac sequence is believed to be a
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conservative sequence widely occurred in eukaryotic mRNAs. In DNA, the

Kozak sequence is 5 RCC ATG G 3’, where the ATG is the starting codon. R
represents A, T, G or C and the A of the “ATG” is referred as number 1 position
[211]. Mutagenesis studies and a survey of 699 vertebrate mRNAs claimed that,
to achieve a “strong” consensus, the nucleotides at +4 position must be G and -
3 position must be an or G. In the EE-F primer, the 7bp sequence containing
ATG is AGC ATG A, where the nucleotides at positon of +4 is A and -3 is A and
only one site matches. However, the nucleotide at the position of +4 with the
second highest occurrence rate is A [212,213]. Therefore, an “adequate”
consensus to the Kozak sequence was achieved insuring the expression of
CMV-EGF-ETA proteins in cancer cells in the following experiments. Therefore,
the examination of the consensus between the sequences near the starting
codon and Kozac sequences for successful plasmid expression in mammalian
cells is equally critical to that of the thermodynamic status of primers for

successful PCR performance.

The annealing temperature in the PCR process should be determined by the
gradient PCR experiment for several times, in which different annealing
temperature points for primers and templates were set as follow: 58°C, 59.2°C,
60.4°C, 61.6°C, 62.8°C, 64°C, 65.2°C, 66.4°C, 68.6°C, 69.8°C, 71°C and
71.2°C. The temperature range could be narrowing down until the best
annealing temperature for a specific set of primers and templates was revealed.
In this chapter, the gradient PCR experiments for deciding the best annealing
temperature of primer EE-F, EE-R and 425-EGF-ETA plasmid templates were
not performed. This is because that when the PCR first test run was performed

for examining the primers and the templates as well as the PCR machine, a
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standard protocol of routine PCR was followed and the annealing temperature

was set 60°C. Surprisingly, the PCR results showed in agarose gel turned out to
be good. Even though the bands of interest from the first reaction system were
weak and several unexpecting bands also showed in the gel image indicating
unspecific-binding, the bands from the second reaction system were strong and
clear enough for gel extraction. Given the aim of this experiment is to
successfully obtain the EGF-ETA fragments through PCR process rather than
achieving a perfect PCR performance, the bands from the second reaction
system were decided to be extracted from the gel and ligated with pEGFP-C1
backbone. Results in Chapter 5 also proved the integrity and function of the

EGF-ETA fragments in the CMV-EGF-ETA immunotoxins.

Initially, the ligation and E. coli transformation were not successful, given no
colonies were observed on the LB selective agar. Trouble shooting for the
experiments was carried out for months. Eventually, the problem revealed. Due
to the large volume of the ligation mixture added to the competent E. coli cells
for heat-shock, the transformation was inhibited. In the ligation system,
polyethylene glycol (PEG) with a concentration of 5%-15% was existed for
enhancing the ligation efficiency. However, the transformation efficiency could
be significantly reduced when the PEG concentration is over 5% in the
transformation system. After reducing the volume of ligation mixture added to
the competent cells tube to 2 uL, colonies were observed on the LB selective

agar indicating the ligation and E. coli transformation was successful.

4.5 Conclusion
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To summaries, the new immunotoxin CMV-EGF-ETA was firstly designed and

synthesized through gene cloning in the lab. The results during the procedure
clearly showed that the DNA fragments of interest from two different origins
were isolated and purified and eventually linked with each other to create the
plasmid. The newly generated immunotoxin was ready to evaluate the ability to

target cancer cells that overexpress EGFR and inducing their apoptosis.
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Chapter 5 LDH nanoparticles

Encapsulating the immunotoxin CMV-
EGF-ETA targets to A549 and MCF-7

cancer cells and induces cell death

5.1 Abstract

Previous studies have shown the capability of Layered Double Hydroxides
(LDHSs) in gene/drug delivery, which could be potentially developed into gene
therapies for cancer treatment. In this chater, we present an attempt of
employing Layered Double Hydroxide nanoparticles as gene carrier to deliver
immunotoxin into tumor cells that overexpress epidermal growth factor receptor
(EGFR) in order to control/suppress tumor growth. The reconstructed toxic
plasmid contains epidermal growth factor (EGF) gene and Exotoxin A (ETA)
gene. EGF is a known natural ligand of EGFR, which will function as a targeting
molecule leading the Plasmid/LDH complex to cancer cells. Exotoxin A is a
toxin produced by Pseudomonas aeruginosa that can cause damage to the host
by destroying cells or disrupting normal cellular metabolism. Cellular uptake
efficiency of Plasmid/LDH complex by Homo Sapiens Lung Carcinoma cell line
(A549) and Homo Sapiens Breast Adenocarcinoma cell line (MCF-7) was
evaluated in vitro. The cytotoxicity of the complexes to two tumor cells in culture
was examined as well. The result showed that the transfection efficiency using

LDH as drug carrier can achieve a similar level to that facilitated by Lipo2000.
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targets to A549 and MCF-7 cancer cells and induces cell death
Fluorescence microscope data also proved that the LDH nanopatrticles helped

the accumulation of the immunotoxin in both cell lines. Moreover, the
cytotoxicity of the EGF conjugated immunotoxin to tumor cells was correlated
with EGFR expression as well. In conclusion, active targeting immunotoxin into
EGFR-overexpressed tumors can further enhance their anti-tumor activity. LDH
nanoparticle, representing the inorganic material, can achieve high gene
delivery efficiency in vitro as gene carrier and great potential for clinical

application.

5.2 Introduction

In recent years, significant progress has been made in the development of gene
therapy for cancer. Classic and new therapy, such as suicide, DNA vaccination,
gene suppression/silencing et al aimed for more efficient and accurate strike to
known or novel targets with improved gene delivery and efficacy [214-217].
However, the metastasis of cancer, especially in its stage Ill or 1V, is still one of
the major obstacles to achieving systemic gene delivery. Most of the current
gene therapies are still suffering from poor selectivity and transfer efficiency,
loss of drug efficacy in clinical application. As a consequence, the majority of
current gene therapy trials for cancer treatment are at stage | and only a few
managed to enter stage Il/lll or even stage IV. Therefore, efforts need to be
made urgently to enhance the accuracy of tumor cell targeting, the safety of
gene transportation in the bloodstream and the accumulation of transgene

inside of targeted cells [218].
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targets to A549 and MCF-7 cancer cells and induces cell death
In this regard, nanotechnology has been employed for sustained, efficient gene

delivery to tumor cells. Layered Double Hydroxides (LDHs) is one of the
members of anionic clay materials family. Most of the LDH materials can be
described by a general formula [M"1xM"x(OH)2**(A™)wm-nH20] (x = 0.2-0.4; n =
0.5-1), where M'" represents a divalent metal cation, M'""" a trivalent metal cation
and A™” an anion [6,8,66]. Compared with old-fashioned drug delivery methods
which are suffering from problems such as drug degradation, poor bioavailability,
and low circulation stability, the promising inorganic matrices, are much simpler
to synthesize in the laboratory and offer a high drug transportation efficiency
and drug loading density, low toxicity to cells or organs and excellent protection
to loaded molecules from undesired enzymatic degradation [6]. A plethora of
bio-molecules has been reported to loaded to LDHs through co-precipitation or
anion-exchange reaction, including amino acid and peptides, ATPs, vitamins,
and even polysaccharides [9]. Particularly, as a drug carrier, LDHs has
performed remarkably in delivering nucleotides, including oligonucleotides
(20bp~200bp) and plasmids (1kb~5kb). Recent studies have demonstrated that
LDHs are efficient carriers to deliver siRNA into cortical neurons for gene
silencing [10] and pEGFP-N2 plasmid into Vero 3 (African Monkey Kidney) cells
for expression of the gene of interest [4]. The studies demonstrated that the
LDHs can deliver nucleotides into target cells safely and efficiently without

comprising their biological function.

Although employing LDH nanoparticles for the development of potential gene
therapy for cancer treatment has shown great promise, an ideal delivery system

that can not only achieve safe drug transportation and fast drug accumulation in
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cancer cells but also perform an accurate attack to targets would further

enhance cancer treatment efficacy. Due to the simplicity of the LDH
nanoparticles’ composition and structure, it is difficult to modify the LDHs with a
targeting molecule. Therefore, the epidermal growth factor (EGF) gene has
been introduced into a reconstructed plasmid in our work. The epidermal growth
factor receptor (EGFR) is a transmembrane glycoprotein that consists of one of
four members of the erbB family of tyrosine kinase receptor [198] and plays a
crucial role in regulating cellular proliferation, differentiation and survival [195]. It
is believed that the epidermal growth factor receptor (EGFR) is overexpressed
in a variety of tumor cell lines and EGF is the natural ligand of EGFR [198].
Therefore, the EGF could serve as a targeting molecule specifically aiming to
EGFR overexpressed tumor cells to avoid or minimize many of nonspecific

toxicities associated with gene therapies [196].

In this study, we present an attempt of employing Layered Double Hydroxide
nanoparticles as gene carrier to deliver reconstructed toxic plasmid containing
epidermal growth factor (EGF) gene into tumor cells that over-express
epidermal growth factor receptor (EGFR) to control/suppress tumor growth. It
was hypothesized that EGFR-targeted plasmid-Layered double hydroxide
complexes could show enhanced anti-tumor activity. The pEGFP-C1 plasmid
was firstly reconstructed by replacing the EGFP gene with EGF and Exotoxin A
(ETA) genes and the newly reconstructed plasmid is named CMV-EGF-ETA.
Then it was safely and efficiently delivered into EGFR-overexpressed tumor

cells and the EGF-ETA protein is expressed. One cell is dead and lysed, the
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targets to A549 and MCF-7 cancer cells and induces cell death
EGF-ETA protein will be released into the extracellular environment and led to

the EGFR-overexpressed tumor cells, inducing tumor cell apoptosis.

5.3 Materials and Methods

5.3.1 Materials and tools

Dulbecco’s modified Eagle’s Medium (DMEM, D5796), Fetal Bovine Serum
(FBS, F2442-500ML), Dimethyl sulfoxide (DMSQO) and Trypsin-EDTA solution
(0.25%, T4049-100ML) were purchased from Sigma-Aldrich (Australia).
SYBR™ Safe DNA gel stain (N0.1621159), 100X Penicillin-Streptomycin
solution, Opti-medium, Phosphate Buffer Saline tablets (FBS, 003002) and MTT
assay powder were bought from Invitrogen, life technology. DNase | (2 U/uL)
was bought from Thermo-fisher scientific. Standard Agarose gel powder (low
Electro-endosmosis) was purchased from PanReac-AppliChem (USA). T25 and
T75 cell culture flasks (vented cap, TC treated) were purchased from Corning
Inc. (USA). Human lung carcinoma cell line A549 (CCL-185) and Human breast
adenocarcinoma cell line MCF-7 (HTB-22) were purchased from the American
Type Culture Collection (ATCC). 6-well and 96-well plates were purchased from

Corning, Sigma-Aldrich.

5.3.2 Characterization of CMV-EGF-ETA and LDH Plasmid/LDH hybrids.

The CMV-EGF-ETA and LDH plasmid/LDH hybrids in total 10 ml were
synthesized via an ion-exchange mechanism with a mass ratio LDN: plasmid=
1.1 and incubated at 37°C with gentle shacking for 15 minutes. Then the
hybrids were centrifuged at 16000rpm for 30mins to remove free plasmids and

freeze-dried to yield a product with a constant weight. The hybrids powder was
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analyzed by Fourier transform infrared spectroscopy (FTIR) using a Nicolet

6700 FTIR instrument in ATR mode and powder X-ray diffraction (XRD) using
the X-ray diffractometer in order to verify chemical composition and crystal

structure of the nanoparticles, respectively

5.3.3 CMV-EGF-ETA and LDH interaction efficiency

5.3.3.1 Plasmid and LDH intercalation efficiency.

In order to determine the best mass ratio of LDH: plasmids, intercalation
between LDH and plasmids with different mass ratio was performed as below.
The mass of plasmids was fixed at 1 pg, whereas the mass of LDH varied in

different systems.

Mass ratio Component Amount
LDH 5 ug
5:1
Plasmid 1 g
LDH 2 ug
2:1
Plasmid 1 g
LDH 1 ug
1:1
Plasmid 1 Mg
LDH 0.5 ug
0.5:1
Plasmid 1 Mg
LDH 0.2 ug
0.2:1
Plasmid 1 Mg
LDH 0.1 ug
0.1:1
Plasmid 1 Mg
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1 ug of Plasmids were mixed with LDH with different mass in 6 Eppendorf tubes
and incubated at 37°C for 15 minutes with gentle shacking. Then the LDH and
plasmid intercalation efficiency were examined through Gel electrophoresis. The
LDH/Plasmids complexes were mixed with DNA loading dye and loaded onto 1%
agarose gel. Gel running was performed under 70 Volt for 50 minutes. Results

were imaged by Gel Doc.

5.3.3.2 LDH protection efficiency
6 LDH/Plasmids intercalation systems from Section 5.3.3.1 were treated with
DNase to examine the ability of LDH protecting plasmids from unexpected

degradation. Reaction systems were prepared as follow:

Mass ratio Component Amount DNase
LDH 5 ug
5:1 0.25 U/uL
Plasmid 1ug
LDH 2 ug
2:1 0.25 U/uL
Plasmid 1ug
LDH 1 ug
1:1 0.25 U/uL
Plasmid 1 Mg
LDH 0.5 ug
0.5:1 0.25 U/uL
Plasmid 1 Mg
LDH 0.2 ug
0.2:1 0.25 U/uL
Plasmid 1 Mg
LDH 0.1 ug
0.1:1 0.25 U/uL
Plasmid 1 ug
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The DNase | stock (2 U/uL) was diluted to 0.25 U/uL and added to each
reaction system to treat the LDH/plasmid complex at 37°C for 30 minutes. The
enzyme was inactivated at 75°C for 10 minutes and the LDH protection
efficiency was examined through Gel electrophoresis. The DNase | treated
LDH/Plasmids complexes were mixed with DNA loading dye and loaded onto 1%
agarose gel. Gel running was performed under 70 Volt for 50 minutes. Results

were imaged by Gel Doc.

5.3.3.3 Plasmid integrity examination after intercalation with LDH

LDH/plasmid complexes were synthesized at a mass ratio of 0.2:1 and
incubated at 37°C for 15 minutes with gentle shacking. 1 volume of 1X PBS was
added to the system to exchange the plasmids out of the LDH nanoparticles
and incubated at 37°C for 15 minutes with gentle shacking. A duplicated system
was also prepared and treated with DNase | at 37°C for 30 minutes after the
second incubation. The enzyme was inactivated at 75°C for 10 minutes and the
integrity of the plasmids after intercalation with LDH were examined through Gel
electrophoresis. The mixtures were mixed with DNA loading dye and loaded
onto 1% agarose gel. Gel running was performed under 70 Volt for 50 minutes.

Results were imaged by Gel Doc.

5.3.4 Cell culture for A549 and MCF-7 cancer cell lines
5.3.4.1 Cell culture medium preparation
500 mL fresh frozen FBS was transferred from -20°C to 4°C to thaw for

overnight. The liquid FBS was then heat-inactivated in a water bath at 56°C for
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30 minutes. The FBS bottle was swirled every 10 minutes to ensure uniform

heating of the serum. After 30 minutes, the bottle was immediately transferred
to an ice bath to cool down the serum. Then the whole bottle of the serum was
aliquoted into 10 sterilized falcon tubes (50 mL each) in a clean cell culture
hood. 1 stand-by tube was placed in the hood for the preparation of the
complete medium and the rest of the tubes were transferred to -20°C for

storage.

Complete medium for A549 lung cancer cell line and MCF-7 breast cancer cell

line was prepared as the following recipe:

DMEM medium (low FBS (heat-inactivated, 100X Penicillin-
glucose) aliquoted) Streptomycin solution
500 mL 50 mL 5mL

The bottle was gently swirled to ensure the ingredients were mixed well. 100 mL
of the complete medium was aliquoted to two sterilized falcon tubes (50 mL
each) for the use in experiments, the rest of the medium were stored at 4°C as

stocks.

5.3.4.2 A549 and MCF-7 cell line recovery from liquid nitrogen

Complete medium was warmed up at 37°C water bath for 30 minutes. The cell
stocks containing 1 mL of frozen cell medium from liquid nitrogen were quickly
transferred to the clean cell culture hood. 1 mL of the warm complete medium
was added to each tube and the thawed in hand until no crystal ice left in the

tubes. The melted cell suspension was quickly transferred to a sterilized 15 mL
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centrifuge tube and spin down at 800rpm, 4°C for 5 minutes to remove DMSO.

The supernatant was discarded and each of the cell pellets was re-suspended
in the 1 mL warm complete medium. The cell suspension was gently pippeted
up and down and transferred into the T25 cell culture flasks with the 5 mL
complete medium. The T25 flasks were placed in the cell culture incubator at
37°C, 5% CO:2 environment. After the cell recovered, they were transferred to

T75 flasks for sub-cultures.

5.3.4.3 Cell culture maintenance

Cells were split when the cell confluency reached 70-80%. Complete medium,
0.25% trypsin-EDTA and PBS were pre-warmed at 37°C water bath for 20
minutes. Cells were washed twice with PBS and detached from the flask bottom
by 2 mL trypsin-EDTA. The enzyme digestion was terminated by adding the
same volume of complete medium to the flask. The cell pellet was collected
after 1500rpm, 4°C centrifuge in 15 mL sterilized tube and re-suspended with
complete medium. The cell was seeded into new T75 flasks with 15 mL of
complete medium with a splitting ratio of 1:10 or 1:20. The T75 flasks were

placed in the cell culture incubator at 37°C, 5% CO2 environment.

5.3.4.4 Cryopreservation for liquid nitrogen cell stocks

Complete medium was placed at 4°C until use. Freezing medium was prepared
as complete growth medium supplemented with 5% DMSO (v/v) to a final
volume of 10 mL. Cells were collected following the protocol described in
Section 5.3.4.3 and cell counting was performed. 2x108 cells for A549 and

2.5%x108 cells for MCF-7 were re-suspended in 1 mL freezing medium and
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transferred into cryovials. Cells were frozen slowly by reducing the temperature

at approximately 1°C per minute using a controlled rate cryo-freezer in -20°C for
2 hours and -80°C for overnight. Cell stocks were transferred and stored in

liquid nitrogen on the second day.

5.3.5 A549 and MCF-7 cell line transfection with pEGFP-C1 plasmid
using LDH and Lipofectamine 2000

Cells were collected following the protocol described in Section 5.3.4.3 and
seeded at a density at 0.3x10° cells/well in a 6-well plate. Plates of A549 and

MCF-7 cells were incubated at 37°C with 5% COz2 for overnight.

PEGFP-C1 plasmids stock and fresh-made LDH were diluted to the
concentration of 1 pg/uL for use. The transfection agents using LDH and

Lipofectamine 2000 were prepared with the plasmids on ice as described below:

Transfection
Plasmids LDH Lipo 2000 | Opti-medium
system
LDH/Plasmids
(mass ratio: 2.5 ug/well 5 ug/well N/A 100 pL
2:1)
Lipo/Plasmids 2.5 ug/well N/A 7 uL/well 100 pL

LDH was mixed with the pEGFP-C1 plasmids with a mass ratio of 2:1 and
incubated at 37°C with gentle shacking. Then the mixture was added to 100 pL
Opti-medium for pre-incubation and transfection. Plasmids and Lipofectamine

2000 were pre-incubated with 50 yL Opti-medium respectively for 10 minutes
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and mixed with each other for 5 minutes on ice. Cells were washed with PBS

twice and the medium was changed to 2 mL Opti-medium. Two transfection
system were added to each well drop-wisely except the control groups. The
cells were then cultured at 37°C, 5% COz2 for 6 hours and topped up with the 2
mL complete medium. After another 18 hours’ incubation, the cells were

examined under Fluorescence microscope for imaging.

5.3.6 Cell Proliferation examination via MTT assay

5.3.6.1 Reagent prepared for MTT assay

12mM MTT reagent stock solution was prepared by dissolving 50 mg MTT
powder in 10 mL sterilized fresh-made PBS. The solution was sterilized by
filtration with 0.22 nm filter and stored at 4°C protected from light up to 4 weeks.
1 mL of the stock solution was diluted in 10 mL of complete medium to achieve
working concentration (reagent A) before use. Reagent B was prepared by
dissolving 1 mg SDS powder in 10 mL 0.01M HCI at 37°C with a gentle stir. 100

ML of reagent B was used for each well.

5.3.6.2 MTT assay for A549 and MCF-7 cells after transfection with CMV-
EGF-ETA immunotoxin facilitated by LDH.

Cultured cells from T75 flasks were collected following the protocol from Section

5.3.4.3 and seeded in the 96-well plates with a cell density of 5000 cells/well.

Then the cells were cultured overnight and transfected with CMV-EGF-ETA

immunotoxin following the protocol described in Section 5.3.5. After 24 hours’

transfection, the cells in the plates were gently centrifuged down and the

medium was replaced by 100 uL pre-mixed MTT reagent A. The cells with
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reagent A were incubated at 37°C for 4 hours and 100 pL reagent B was added

to each well and mixed gently. Then the cells were incubated at 37°C for
another 18 hours and the results were evaluated by POLARstar Omega plate

reader.

5.4 Results

5.4.1 Characterization of LDH/plasmid hybrids

5.4.1.1 Chemical composition of LDH-Plasmid complex

The CMV-EGF-ETA and LDH plasmid/LDH hybrids in total 10 ml were
synthesized via an ion-exchange mechanism with a mass ratio LDN: plasmid=
1:1 and incubated at 37°C with gentle shacking for 15 minutes. Then the
hybrids were centrifuged at 16000rpm for 30mins to remove free plasmids and
freeze-dried to yield a product with a constant weight. The pristine LDH

nanoparticles, CMV-EFG-ETA plasmids and the hybrids were analyzed by FTIR

(Figure 5.1)
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Figure 5.1. FTIR spectra for pristine LDH nanoparticles, CMV-EGF-ETA

plasmids and LDH/Plasmids complexes. Samples were frozen to powder and

placed on the FTIR plate.

The pristine LDH spectrum showed some peaks commonly appearing in Mg-Al
LDH spectra: (a) the intense broadband around 3400-3500 cm associated with
stretching vibration of O-H in the brucite-like layer and water molecules; (b) the
sharp band that appeared at 1352 cm™ represents the COs group which is an
unavoidable contamination during the LDH synthesis; (c) according to GuZi et al
[219], two peaks could be found at 500-600 cm™? and 400-500 cm™* which
attributed to M-O stretching vibrations and particularly characteristic of Mg2Al-
LDH materials respectively, yet these two peaks are not shown in this image
due to the narrow range of the” wavenumber” (abscissa). It could be observed
that after the fabrication, peaks that separately possessed by both pristine LDH
and plasmid all appeared in LDH-plasmid complex, indicating that all the
important groups still existed and none of them was degraded during the

complex synthesis.

5.4.1.2 Crystal structure analyses of LDH/Plasmids hybrids

The pristine LDH nanoparticles, CMV-EFG-ETA plasmids and the hybrids were

also analyzed by XRD (Figure 5.2).
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XRD pattern of LDH/plasmids hybrids
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Figure 5.2. Powder XRD patterns for pristine LDHs and plasmid-LDHs. The
pristine LDHs and plasmid-LDHs were freeze-dried to powder and then
analyzed by XRD.

The patterns of the LDHs are typical of lamellar materials, characterized by
basal reflections, associated harmonics at low 28 angles and weaker non-basal
reflections at higher angles [219]. The pristine LDH is well-crystallized as
reflected by the sharp (003) and (006) basal reflections. The (003) spacing of
LDH is 0.77nm. It could be clearly observed that after fabrication, the (003)
remained sharp yet slightly broader; indicating that the inner layer spacing did
not extend significantly. The result could suggest two possibilities: (a) there is
absolutely no interaction between the LDH and plasmid, the image just showed
that two compounds are simply mixed together; (b) the plasmids were more
attached to the LDH surface rather than intercalated into the layers, therefore
no significant spacing change was observed. To further prove that the plasmids

actually interacted with the LDHs, gel electrophoresis was performed.
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5.4.2 The interaction between CMV-EGF-ETA plasmids and LDH
examined by Gel electrophoresis.

5.4.2.1 CMV-EGF-ETA plasmids, LDH interaction efficiency.

LDH/plasmids hybrids at different mass ratios of 5:1, 2:1, 1:1, 0.5:1, 02:1, 0.1:1
were prepared following the protocol described in Section 5.3.3.1 with fresh
made LDHs and newly extracted plasmids. After incubation, the interaction
efficiency between plasmids and LDH nanoparticles were examined by Gel

electrophoresis (Figure 5.3).

Mass ratio (LDH:Plasmid)

Figure 5.3. The agarose gel image of LDH-plasmid interaction under different

mass ratio.

Under the LDH/plasmid mass ratio of 5:1-0.5:1, DNA bands were observed in
the wells and no clear bands were detected on the gel, indicating that the all the
plasmids were associated with LDHs and trapped in the well, no free plasmids
were dragged into the gel by the current. On the other hand, at mass ratio 0.2:1

and 0.1:1, due to the amount of LDHs was significantly low, uncaptured
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plasmids could mobile into the gel. Therefore, only weak bands were observed

in the two wells and free plasmids were detected in the gel, indicating that only
a small number of plasmids were combined with the LDH and the rest of the
plasmids managed to move, showing relatively stronger bands on the gel.
Plasmid DNA can exist in three conformations: supercoiled, open-circular (OC),
and linear. Supercoiled plasmids DNA is also referred to as covalently closed
circular DNA (CCC) [220]. In figure 39, the plasmids were not treated with a
single RE and linear plasmids cannot be formed. Therefore, the uncut plasmids
produced two bands on a gel, representing the OC and CCC conformations.
The small, compact supercoiled knot of CCC-DNA sustains less friction against
the agarose matrix than a large, floppy open circle of OC-DNA does. Therefore,
for the same over-all size, supercoiled DNA runs faster than open-circular DNA
(OC on the top, and CCC below). The ratio of the amounts of DNA in both

bands depends on the age and quality of the plasmids preparation [221].

5.4.2.2 LDH protection efficiency.

A sandwich-like structure can be formed when the LDHs were associated with
DNA, which is believed to provide a shelter for the DNA in the middle from
unexpected degradation [6]. The LDH protection efficiency to the plasmids was

examined and the result is shown below (Figure 5.4).
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Processed by DNase

Mass ratio (LDH:Plasmid) O

Figure 5.4. LDH protection efficiency under different LDH/plasmids mass ratio.

All the samples were treated with DNase | after incubation.

Samples from Section 5.4.2.1 were treated with DNase | and examined by Gel
electrophoresis. No bands were observed on the gel under any LDH/plasmids
mass ratio, indicating that free plasmids were completely digested by the DNase.
However, clear bands were detected in the LDH/plasmids hybrids wells. Due to
the association between the LDH and the plasmids, the DNase binding sites on
the plasmids were hidden by the layered structure of the LDH, therefore the
enzyme cannot approach and cut the plasmids into small fragments, allowing
the captured plasmids survived the critical environment. Interestingly, a small
amount of DNA was also detected in the last well, suggesting that the plasmids
or DNA fragments were somehow trapped in the well. After the DNase digestion
to the naked plasmids, no DNA fragments should be detected in the well or on

the gel. The issue will be discussed in the following Section.
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5.4.2.3 Plasmids integrity examination

To ensure the loaded plasmids were not damaged during the ion-exchange
process and can function normally in the following experiments, the integrity of
the plasmids after the association was examined. Samples were prepared at
LDH/plasmids mass ratio 1:5 following the protocol described in Section 5.3.3.1
and mixed with PBS to exchange the plasmids off the LDH after incubation. Due
to the unexpected issue occurred in the last Section, DNase | was also used to

examine the LDH protection efficiency (Figure 5.5)

Lane 1 2 3 4 5 6 7 8

Figure 5.5. Plasmids integrity examination after associated with LDH. PBS was
used to exchange the plasmids off the LDH and run it on the gel. LDH/plasmids

hybrids were also treated with DNase to test the LDH protection efficiency.

As shown in the image, the two bands in the gel in line 7 were relatively brighter
than those in line 5 and the band in the well in line 7 was weaker than that in

line 5, indicating that the plasmids were successfully exchanged out of the LDH
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structure because of the PBS. Moreover, the two bands in the gel (line 7) were

detected at the similar position with those in line 3 and no DNA fragments were
observed at other position in the gel in line 7, suggesting that no plasmids were
damaged and the integrity were conserved during the two ion-exchange
process. The results shown in line 4, 6 and 8 again demonstrated that the

plasmids were protected by the LDH and survived the DNase treatment.

5.4.2.4 LDH facilitated mammalian cell transfection

Mammalian cell transfection using LDH as drug carrier was performed to prove
that the LDH can facilitate the plasmids delivery into targeted cells. pEGFP-C1
plasmids were loaded to the LDH drug carrier and transported into cells
cytoplasm to express the reporting Green Fluorescent Protein and live cells

were stained with Hoechst (Figure 5.6).

A. A549 cells:

LDH LIPO2000

Hoechst

Fluorescence

Combination
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B. MCF7 cells:

LDH LIPO2000

Hoechst
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Figure 5.6. Mammalian cells cellular uptake efficiency facilitated by the LDH
nanoparticles. A): A549 cells transfected with pEGFP-c1 plasmids facilitated by
PBS, LDH and Lipo2000. B) MCF-7 cells transfected with pEGFP-c1 plasmids
facilitated by PBS, LDH and Lipo2000. Cells were exposed to the complexes
and incubated at 37 °C for 24 hours

Green fluorescence was detected in A549 and MCF-7 cells transfected by LDH
and Lipo2000, indicating that the plasmids were delivered and released into
both cells by the carrier LDH and the EGPs were successfully expressed.
Moreover, the pEGFP-C1 and the CMV-EGF-ETA are structurally identical, only
the functional gene is different. The GFP gene of the pEGFP-C1 was replaced
by the EGF-ETA gene fragment to generate the CMV-EGF-ETA. Therefore, the
successful transfection and the expression of the pEGFP-C1 plasmids in A549
and MCF-7 cells implied that the CMV-EGF-ETA plasmids can be transported

and expressed in both cells, resulting in cell death.
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5.2.4.5 In vitro cytotoxicity assay

A549 and MCF-7 cells were seeded in 96-well plates and were transfected with
CMV-EGF-ETA plasmids facilitated by PBS, LDH and Lipo2000. MTT assay

was performed to examine the cell viability. Results are shown in Figure 5.7.
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Figure 5.7. MTT assay of A549 and MCF-7 cells treated with reconstructed
CMV-EGF-ETA plasmid (2.5 ug/well). Cellular uptake was facilitated by PBS,
LDH and lipo2000. Cells were exposed to drugs for 12h. Left: A549 cells; right,
MCF-& cells

After 12h exposure to the drugs, approximately more than 80% of A549 cells
were killed by the CMV-EGF-ETA/lipo2000 complexes, whereas around 40% of
A549 cells lysis occurred when treated with the CMV-EGF-ETA/LDH hybrids.
On the other hand, the CMV-EGF-ETA/lipo2000 complexes induced the
apoptosis of approximately 60% MCF-7 cells, whereas about 60% of MCF-7
cells survived the CMV-EGF-ETA/LDH hybrids exposure. The MTT assay
clearly proved that the new designed CMV-EGF-ETA plasmids can be delivered
into cells by employing LDH as a drug carrier and the toxic protein EGF-ETA
was expressed in the mammalian cells, resulting in cell death. Moreover, it was
also shown that more cells death occurred in A549 than in MCF-7 when the
transfection was facilitated by Lipo2000. This could be simply explained by that,

A549 is an EGFR-positive cell line, whereas the MCF-7 is an EGFR-negative
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cell line [222,223]. The toxic protein EGF-ETA contains the EGF fragment,

which is the antigen of EGFR that highly expressed on A549 cells. Therefore,
the EGF protein was functioning as a targeting molecule allowing a “faster
association” with EGFR-positive cells, resulting in more cell death in A549.
However, the “faster association” seemed failed to happen when the cells were
transfected by CMV-EGF-ETA/LDH hybrids. This might because of the
sustained release of the immunotoxin managed by the LDH nanopatrticle. To
test the hypothesis, exposure time was extended from 12 hours to 24 hours.

The result is shown in Figure 5.8.
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Figure 5.8. MTT assay of A549 and MCF-7 cells treated with reconstructed
CMV-EGF-ETA plasmid (2.5 pg/well). Cellular uptake was facilitated by PBS,
LDH and lipo2000. Cells were exposed to drugs for 24h. Left: A549 cells; right,
MCF-& cells

As shown in the image, the longer incubation time led to the occurrence of the
“faster association” in the EGFR-positive cells transfected with CMV-EGF-
ETA/LDH hybrids. Approximately 15% more A549 cells were dead compared
with MCF-7 cells. Interestingly, the proportion of cell death reached a similar
level (about 90%) after the 24 hours’ incubation with CMV-EGF-ETA/Lipo2000
complexes, indicating that once the amount of the plasmids was fixed, the EGF
targeting molecule can only enhance the number of cell deaths per unit time but

cannot affect the total number of the cell death. In another word, between the
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EGF-positive and negative cells, how fast the cells were killed can be affected

by the presence of the EGF targeting proteins; how many cells were killed in
total can only be determined by the amount of toxic ETA proteins. Therefore,
when the cells were incubated with a fixed number of CMV-EGF-ETA plasmids
for long enough time, a similar amount of total cell death number will be
achieved in EGF-positive and negative cells regardless of the presence of the

EGF targeting proteins.

5.5 Discussion

In this chapter, the association efficiency between the CMV-EGF-ETA plasmids
and the LDH nanoparticles was evaluated and the antitumor efficacy of the
immunotoxin was examined in vitro. The plasmids were mixed with fresh-made
pristine LDH in different mass ratios, given 1:5, 1:2, 1:1, 1:0.5, 1:0.2, 1:0.1, and
gel electrophoresis was performed to test the LDH maximum loading capacity.
Plasmids can be trapped in the wells due to the presence of the LDH and no
free plasmids can be moved into the gel at the LDH/plasmids mass ratio
5:1~0.5:1. Uncaptured plasmids were detected in the gel at the LDH/plasmids
mass ratio 0.2:1 and 0.1:1. Therefore, the LDH maximum loading capacity was
achieved when the LDH/plasmids mass ratio was 0.5:1. The LDH/plasmids
hybrids were also treated with DNase | after incubation. The plasmids combined
with the LDH survived the critical environment but free plasmids were digested
by the enzyme, which proved that the LDH can provide a shelter for the
plasmids, protect them from unexpected degradation and potentially enhance
the survival ability of the plasmids in the complicated environment in the future

in vivo experiments. Moreover, the plasmids were not damaged during the ion-
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exchange process and the integrity of the plasmids was conserved when

exchanged off the LDH carrier by PBS, which ensured that the toxic protein can

be expressed in the mammalian cells and induce cell death.

Due to the structural similarity of the pEGFP-C1 and CMV-EGF-ETA, pEGFP-
C1 containing the reporting GFP gene was utilized to transfect the A549 lung
cancer cells and the MCF-7 breast cancer cells to. After 24 hours’ exposure to
the LDH/plasmids hybrids, strong and clear green fluorescence was detected in
cells under the fluorescence microscope, which proved the cell transfection can
be facilitated by LDH. The anti-tumor efficacy of the immunotoxin was evaluated
by MTT assay in vitro. It was proved that the immunotoxin could induce the
apoptosis of up to 90% of the cell death. When the transfection was facilitated
by the LDH, the sustained release of the plasmids in cells was achieved.
Moreover, the EGF protein acted as a targeting molecule and increased the rate
of the cell death, but the total number of the cell death was not affected by the

EGF protein in EGFR-positive and negative cells.

In Figure 5.4, the naked plasmids should be completely degraded and no DNA
can be detected in the well or gel after the DNase | digestion. However, DNA
fragments were detected in the last well. Possible reasons that cause the issue
are 1) unequal heating during the incubation resulting in incomplete digestion.
The mixture was incubated at 37°C for 30 minutes, which was the optimized
temperature for the DNase | to function at the highest digestion efficiency. The
tube contains the plasmids and DNase mixture was prepared at last and placed

at the edge of the heating equipment for incubation. Therefore, there might be a
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chance that the tube was not receiving an equal heating during the incubation

and the optimized temperature of the DNase was not achieved, resulting in
plasmids partial degradation; 2) LDH cross contamination. The tube only
contains LDH was the second last to prepare, faulty performance might cause
contamination to the preparation of the next tube which only contains the
plasmids, such as failed to change the pipette tips. In the contaminated sample,
LDH can interact with the plasmids and protect them from DNase digestion and
left the detectable trace in the last gel well; 3) the DNase digestion efficiency
was compromised by the unclean equipment. All the equipment was autoclaved
before using, but there is still a slight chance that the equipment could be
contaminated after the sterilization. Therefore, the integrity of the DNase might
be affected and some of the enzymes might be even degraded during the
incubation, resulting in the incomplete digestion. To confirm the LDH protection
efficiency, all the equipment was freshly sterilized and samples were prepared
again with care. In line 4 in Figure 5.5, no DNA trace was detected either in the
well or gel, which proved that the possible contamination was avoided and
complete digestion to the plasmids by the DNase was achieved. Consistent

results were observed in line 6 and 8.

Compared with the CMV-EGF-ETA/lipo2000 complexes, a relatively slower cell
response to the CMV-EGF-ETA/LDH hybrids was observed. This is because of
the complicated transfection process of the hybrids and the controlled drug
release by the LDH host. As described in Chapter 2, Section 2.1.2.1, the LDH
based drug carrier system enters the cells through the clathrin-mediated

endocytosis, which is an active transport and consumes ATPs. Then the drug
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loaded LDHs are gradually melted in the lysosome and the carried drugs are

released into the cell cytoplasm. Unlike the drug release from the
Lipofectamin2000, in which the drug directly enters the cytoplasm after the
neutral co-lipid mediating fusion of the liposome with the cell membrane [224],
the whole process of drugs carried by LDH entering cell cytoplasm is soft and
sustained, leading to the drug long retention in cells and the controlled release

into the cytoplasm.

The efficacy of the immunotoxins used in cancer therapy is violent, causing
severe side-effects to the patients, such as VLS. The first aim of Phase | clinical
trials is to find out the MTD of the newly developed immunotherapy to the
patients and the dose used in the trial is limited. Moreover, the dose limitation
might significantly compromise the efficacy of the immunotoxin resulting in
clinical trial failure. Therefore, finding a balancing point where the drug dose
could be decreased and drug efficacy could be reserved has always been the
priority for Phase | clinical trials. However, patients could benefit from the mild
LDH drug release mechanism. The LDH sustained drug release process acts
like a buffer zone, which could potentially increase the patients MTD to the

drugs without causing severe side-effects.

5.6 Conclusion

To summarize, the CMV-EGF-ETA plasmids can be associated with the LDH
nanoparticles via ion-exchange mechanism and the LDH host can protect the
loaded plasmids from unexpected degradation. Mammalian cells transfection

can be achieved by employing the LDH as drug carriers. The new immunotoxin
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targets to A549 and MCF-7 cancer cells and induces cell death
CMV-EGF-ETA showed significant anti-tumor effects against A549 and MCF-7.

The EGF protein functioning as a targeting molecule enhanced the rate of
apoptosis in EGFR-positive cells. The LDH sustained drug release mechanism

could potentially reduce side-effects and achieve long term treatment.
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Chapter 6 Conclusion and Future

Perspective

6.1 Conclusion

Lung cancer has been known as one of the major malignant neoplasms all
around the world [225]. Recent studies have reported that the lung cancer
incidence is increasing not only in the United States but also in China and other
countries [226,227]. NSCLC accounts for 85% of all lung cancer cases in the
United States, and most of the diagnosed patients with the NSCLC are not
suitable for surgery treatment [228]. Therefore, improvements of new methods
against the tumor in late stages are required. Triggering host immune response
by antibody-based therapy against tumors is a promising approach with positive
clinical documents [82,83]. It was proposed that the “magic Bullet” immunotoxin
targeting cancer antigens could be developed, killing tumor cells within the
human body without harming healthy cells [84]. Meanwhile, the inorganic
nanoparticles LDH with layered structure was also introduced into clinical
application as a potential drug carrier, which is easy to synthesize in lab, can
achieve high drug loading and cell transfection efficiency, increase the survival
ability of the loaded drugs, and most importantly, achieve long-term drug
efficacy by the controlled drug release [9,229,230]. In the presenting study,
newly designed immunotoxin CMV-EGF-ETA plasmids specifically targeting
EGFR-positive cancer cells (including NSCLC) was assembled with the ~100
nm LDH nanoparticles. The hybrids were then delivered to A549 and MCF-7

cancer cells for inducing cell apoptosis.
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The first aim was to establish the LDH drug delivery system in the lab and

create the newly designed CMV-EGF-ETA immunotoxin plasmids. The LDH
nanoparticles were synthesized by mixing MgClz and AIClIs solution with NaOH
solution and collected by high-speed centrifugation. After purification, the nano-
materials were characterized. Chemistry analysis proved the successful
synthesis of the homogeneous MgAI-Cl LDH with ~106 nm in size and 32.1 mV
in zeta potential followed by the TEM confirmation. The small particle size and
the positively charged surface of the LDH nanoparticles ensured the high
cellular uptake by the mammalian cell via the clathrin-endocytosis pathway. On
the other hand, the EGF-ETA fragments were amplified by PCR and fused with
the backbone of pEGFP-C1 plasmids. After amplification through E. coli
transformation, the products were examined by REs and proved the successful

synthesis of the CMV-EGF-ETA plasmids.

Secondly, it was proposed that the CMV-EGF-ETA plasmids could be loaded
into the LDH carrier with a high loading efficiency and an improvement of
loaded drug survival ability. To test the hypothesis, freshly made LDH
suspension was mixed with the fixed-amount plasmids at the different mass
ratio and the hybrids were examined by gel electrophoresis. Maximum loading
dose was achieved at LDH/plasmid mass ratio 0.5:1. In addition, the LDH nano-
carrier protected the loaded plasmids from the DNase | digestion, meanwhile,
the plasmids was not damaged during the process and the integrity was

conserved, ensuring the protein expression in mammalian cells.

The third hypothesis of the study was that the LDH/plasmids hybrids could

enhance the anti-tumor activity against EGFR-positive cancer cells. To test the
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hypothesis, pPEGFP-C1 with the GFP reporting gene was employed to prove the

LDH can facilitate the mammalian cell transfection with high efficiency and
CMV-EGD-ETA plasmids were delivered to A549 and MCF-7 cells to induce cell
death. High toxicity efficiency was achieved given 90% of the cells in both cell
line was killed. Cell death rate was higher in the EGFR-positive cells. Cells
showed a relatively slower response to the LDH/plasmids hybrids but with long-

term drug efficacy.

Limitations are acknowledged in this study. DNA sequencing should be utilized
to confirm the successful synthesis of the CMV-EGF-ETA plasmids. However,
due to limitation of the costs, the DNA sequencing test was replaced with REs
treatment and gel electrophoresis. Even though the REs digestion is relatively
less convincing, the in vitro experiments in Chapter 5 can also provide the
indirect proof of the successful synthesis of the CMV-EGF-ETA plasmids with
expected functions. Lack of in vivo experiments results could be the next
limitation of this study due to the costs and time. Even though this is only a
preliminary study of combining the recently emerged inorganic drug delivery
system with newly designed immunotoxin, the output from the experiments on
animal models could provide more significant evidence to support the in vitro

results and lead to a stronger conclusion.

6.2 Future perspective

The results presented in this study are promising for the treatment of cancer
with specific antigen receptors. The in vitro preliminary data in this study have
shown the significant potential of using novel drug delivery system to facilitate
immunotoxins to enhance the anti-tumor effects. However, the findings need to
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be confirmed in animal models and clinical trials. Future studies could focus on

several aspects. 1). experiments on animal models are required to further
evaluate the efficacy of the new LDH/plasmids hybrids in vivo. 2) the size of the
immunotoxin plasmids could also be reduced to achieve higher drug loading to
the carriers. 3) study have reported that the environment in the blood stream
could affect the integrity and the stability of the LDH nanoparticles [191].
Therefore, efforts need to be made to modify the drug carrier surface to adapt
the extracellular environment. 4) inorganic drug carrier candidates could also be
expanded. MOFs have drawn a lot of attention in delivering therapeutic drugs to
cells and organs because of the high drug loading density, controlled drug
release and biocompatibility [231-234]. 5) the co-drug delivery containing
immunotoxin and anti-cancer pharmaceuticals might also be an alternative

approach to achieve remarkable anti-cancer effects [81,235].
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