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Abstract

Re'®.liposome developed by Institute of Nuclear Enef@gsearch
(INER) had shown significant efficacy in subcutam&eoand lung
metastasis of colorectal cancer in animal model® demonstrate the
greatest potential of this new treatment, we caomtirsly explore the
potential indications of R&-liposome. Human epithelial cancers
account for approximately 50% of all cancer deatiss type of cancer
IS characterized by excessive activation and egesf the epidermal
growth factor receptor (EGFR). The EGFR pathwagritgcal for cancer
cell proliferation, survival, metastasis and angiogsis. The EGF-EGFR
signaling pathway has been validated as an impogaticancer drug
target. Increasing numbers of targeted therapiesnsigthis pathway
have been either approved or are currently undeeldpment. We are
improving Ré**-liposome by inserting epidermal growth factor (BGd-
a liposomal drug, LipoDox. The resultant EGF-LipoDdisplayed a
superior binding affinity for EGF receptor-overeggsing cancer cells.
Additionally, We adopted a prodrug system (Fcy-EZsFC) using
5-fluor°Cytosine (5-FC) and human EGF (hEGF) fuseith yeast
cytosine deaminase (Fcy) to target EGFR-overeximgssancer and
convert 5-FC to a 1000-fold more toxic chemodrugflubrouracil
(5-FU). We will continue exploring incorporate thiscy-EGF/5-FC
prodrug system with liposomal drug for treatmente@FR-expressing

cancers.

Key words. epidermal growth factor (EGF), epidermal growtictda
receptor (EGFR), cytosine deaminase, fusion prpteifluor°’Cytosine
(5-FC)
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Nanoscale liposomes as drug delivery systems contpi
chemotherapy drugs have been widely used for tezatof cancer [1,2].
As compared with conventional chemotherapy, citoutaof liposome
coupled chemodrugs could be prolonged. Moreoves, ltposome
coupled drugs could be redirected to relativel\kyetumor-ass°Ciated
blood vessels, leading to superior accumulation tumors [3,4].
Although liposomal doxorubicin displayed superidCalization of
doxorubicin in relatively leaky tumor microenviroent, killing of
tumor cells required release of this chemodrug t#wedcoupling to its
target, DNA. Institute of Nuclear Energy ReseardhNER) had
successfully developed a liposomal therapeutics,
188Re-BMEDA-labelled pegylated liposome (188Redipme), and
examined its biodistribution, pharmacokinetics andotoxic effects,
compared with unencapsulated 188Re-BMEDA control @
subcutaneous murine C26-colon tumor model[5]. Seok preclinical
efficacy and toxicity studies had shown encouragewylts and a phase
0 exploratory human clinical trial has been cuigenohderway with six
patients has been injected this therapeutics Aowémber of 2012.

The goal of this project is to generate an actiwgdting liposomal
drug specific for EGFR-expressing cancer cells. r Quevious
experiment had demonstrated significant cytotoxidfece of
EGF-LipoDox, which is 10-100 folds more potent thlaipoDox for
killing of EGFR-overexpressing tumor cells, suchA31, BT474, and
MDA-468, etc. EGF-LipoDox IS internalized into
EGFR-overexpressing BT474 to a much greater eg®ibmpared with



LipoDox in the absence of EGF-tag. Based on tlelimmary success
of EGF-LipoDox, we continue working on cloning, eagsion and
purification of various modified forms of EGF fortber coupling of

liposomal drug with enhanced affinity to EGFR.

The majority of human epithelial cancers are matkgéunctional
activation of growth factors and receptors of thelermal growth factor
receptor (EGFR) family. Signaling pathways governég the
EGF-EGFR axis play central roles in cancer cellifan@tion, survival,
metastasis and angiogenesis [6]. Several EGFRgamtis are
currently available for the treatment of four mé&éis epithelial cancers:
non-small-cell lung cancer, squamous-cell carcinarhdahe head and
neck, colorectal cancer, and pancreatic cancer [These types of

cancer account for more than 50% of all cancerhdeat

The overexpression of EGFR on these cancer cellsais
well-characterized drug target. Two classes of EH&FR inhibitors,
mon°Clonal antibodies and small-molecule tyrosimeage inhibitors,
have been successfully tested and are now in alinise. Anti-EGFR
mon°Clonal antibodies, such as cetuximab (erbituxyd to the
extracellular domain of EGFR and compete for remefinding by
°Ccluding the ligand-binding region, bl°Cking lighinduced EGFR
tyrosine kinase activation. Small-molecule EGFRo$yne kinase
inhibitors, such as erlotinib and gefitinib, compatith ATP for the
intracellular catalytic domain of the EGFR tyrosikimase, inhibiting
EGFR autophosphorylation and downstream signalGjg [Although
these inhibitors of the EGF-EGFR signaling pathweave achieved
significant success in treating variable epithekancers, resistance

°Ccurs in a significant proportion of patients thgb various



mechanisms, including mutation of the tyrosine &smadomain,

compensation by other oncogenic pathways, etc].[8,9

To design a novel therapeutic targeting the EGRERaipathway,
we constructed a fusion gene encoding human EGdedino a yeast
cytosine deaminase (CD), Fcy. This approach takksntage of the
enzymatic ability of cytosine deaminase to conwertelatively safe
molecule, 5-fluor°Cytosine (5-FC), into a very coomty administered
chemotherapeutic, 5-fluorouracil (5-FU), which @00-times more toxic
than 5-FC. 5-FC has been administered at a do4é@GP00 mg/kg for
the treatment of fungal infections with a favorabbdety profile [10].
Given that many EGFR-overexpressing cancers, ssi¢ctead and neck,
pancreatic, colon-rectal cancers, etc., were dfteated by 5-FU, this
EGFR targeting prodrug system could circumvent lingh systemic
cytotoxicity of 5-FU by concentrating the productiof 5-FU at the
EGFR-expressing tumor sites. 5-FU is a small mdée@apable of
diffusing in and out of cells, leading to a sigo#nt bystander effect

without the requirement of direct cell-to-cell caat.
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- ~ Cloning of DNA in the yeast expression vector.

The DNA sequence encoding Fcy was PCR amplifiedguai
cDNA library that was obtained from yeast as tengylavhereas
human EGF was PCR amplified using a cDNA libraryivek® from
a human cancer cell line, SKOV3-ipl. The resultf@R products
were cut with BamHI and EcoRlI, which were introddiaga PCR
primers, and ligated into the protein expressioatare pPICZeA,
which was cut with the same enzymes. Fcy and hE@&Few
individually cloned into this vector after the-secreting signal
peptide at the N-terminus, and the C-terminus & pPICZaA
vector has a c-myc and hexa-histidine (myg)hiag for convenient
protein recognition and purification. Another FcYCR product,
containing a BamHI cloning site engineered at kbt 5’ and 3’
ends, was digested with BamHI and cloned into the
pPICZ0oA-hEGF-myc-hig vector that was previously cut with
BamHI and treated with calf intestinal alkaline ppbatase (CIAP)
to prevent self-ligation of the vector.

= ~ Expression and protein purification.

Fcy-hEGF-myc-hig hEGF-myc-hig or Fcy-myc-his were
transformed into wild-type X-33 Pichia pastoris,ated on
Ze°Cin-containing (20Qug/mL) agar plates and incubated for 3-4
days until the appearance of colonies. Individualomies were
screened for high expression of the individual @rit, as detected

using an antibody against c-myc. For large-scalgression, 0.5



liters of BMD medium was in°Culated with the se&sticolony and
grown in shaker flasks to an @9 of 8-10. Protein expression was
induced with the daily addition of up to 1% methlarichree days
after induction, the protein-containing culture noga was collected
and subjected to filtering before being loaded oataickel-resin
column (Qiagenyalencia, CA) The column was washed with 10
column volumes of PBS buffer containing 5 mM imidkez and the
bound proteins were eluted with increasing conedioins of
imidazole, using an AKTAprime plus purification $gs GE.
Healthcare, Piscataway, NJ). The proteins were achamzed on
SDS-PAGE gels by staining with Coomassie-blue amsté/n blot
analysis using an antibody specific for c-myc.

= ~ Preparation of EGF-LipoDox.

The pr°Cess adopted for generation of EGF-LipoDoasw
previously described by Chen etl al. [11]. For thathesis of
hEGF-hig-PEG-DSPE molecule, hEGF-hisvas dissolved in
PBS—EDTA and mixed at 1:1.2 molar ratio with N-socuidyl
3-(2-pyridyldithio) propionate dissolved in DMSOZ]1 After 1 h in
room temperature, the mixture will be lyophilizeshd dissolved in
the solution containing tris(2-carboxyethyl) phosgh under
nitrogen to expose the —SH group. The thiolatedepmoor peptide
will be then added to the MAL-PEG2000-DSPE micsdRition at
5:1 molar ratio while maintaining mixing under ogen at 10 °C
overnight. HPLC analysis will be used to confirmatthmost of
MAL-PEG-DSPE molecules were conjugated with the REG6
after such reactions. Ligand-conjugated lipids viaé transferred

into preformed 188Re-Dox-liposome based on the euit@e



developed by Ishida et al. [13] with minor modificas.
hEGF-his6-PEG-DSPE solution will be added into pheformed
liposome solution at 9:100 molar ratio and incubae50 °C for 30
min. The solutions will be then dialyzed again&SPfor 4 h to
remove unconjugated hEGF-his6. Non-targeted lip@sonwere
prepared similarly by substituting hEGF-htonjugated lipid with
mPEG2000-DSPE.

2z ~ Detection of doxorubicin uptake by cancer cells.

EGFR-overexpressing MDA-MB-468 and EGFR low expeess
MDA-MB-231, cancer cells were plated in 6-well ga{5x10
cells/well) one day before experiment. The cellsravincubated
with 10mM of either LipoDox or EGF-LipoDox at 37 °for 30
minutes. The cells were later washed 3 times wigl Followed by
lysis. The amounts of doxorubicin were detected gndntified
using the intrinsic fluorescence of doxorubicin dié&tion

wavelength, 480 nm; emission wavelength, 580nm.

-

7 ~ Invitro binding of Fcy-nEGF, hEGF, and Fcy to purified
EGFR.

Purified EGFR R&D Systems, Minneapolis, MN) was diluted
in coating buffer (0.2 M sodium carbonate/bicarlienaH 9.4, 0.5
ug/ml) and immobilized on an ELISA plate by incubatiat 4°C
overnight. Various concentrations of Fcy-hEGF, hE@Rd Fcy
(0-50 nM) were incubated with immobilized EGFR aom
temperature for one hour, followed by washing tHdSA plate
three times with PBS buffer. The in vitro binding each
hiss-tagged proteins with EGFR was detected using aR-kigged,



anti-hig antibody and developed by the addition of the HRP
substrate (10Qu/well), 3,3',5,5'-tetramethylbenzidine (TMB). The
peroxidase reaction was stopped 30 min after tkéiad of 0.5 M
H,SO, (50 pl/well), and the absorbance was measured at 450 nm

with a multichannel microtiter plate reader.

~ ~ Invitro enzymatic activity of Fcy-hEGF and Fcy.

The enzymatic activities of FGyhEGF and Fcy were

determined by measuring the production of 5-FUhm presence of
5-FC. Ten picomoles of either F§eGF (0.28ug) or Fcy (0.2Qug)

was mixed with increasing concentrations of 5-FC0(03, 0.1, 0.3,
1, and 3 mM) in 1 ml PBS buffer to initiate the gersion of 5-FC
to 5-FU at room temperature. Two microliters of teaction was
collected every three minutes and the fluorescertsities of 5-FC
and 5-FU were measured wusing a NanoDrop 2000
spectrophotometer (Thermo Scientific, Wilmington,E)D The
absorbance at 255 and 290 nm was used to -calctiegte
concentrations of 5-FU and 5-FC, using a formulauded by
Senter et al., [14]: [5-FU] mM = 20 x (0.185 x A2550.049 x
A290); [5-FC] mM =20 x (0.119 x A290 - 0.025 x A5 The rates
of 5-FU production and 5-FC depletion under varioasditions of
either Fcy-hEGF or Fcy admixed with increasing @niations of
5-FC were used to calculate thg.yand K;,.

-~ Fcy-hEGF, hEGF, and Fcy binding to EGFR-expressing
cells.

The expression level of EGFR in A431, MDA-MB-468,
MDA-MB-231, and MCF-7 cells was analyzed with Flescence



Activated Cell Sorting (FACS). Cell surface EGFRswadetected
with an anti-EGFR antibody, cetuximab (erbitux), ievth was
subsequently bound by a FITC-tagged goat anti-hung@
antibody. To demonstrate the binding ability ofifpjed Fcy-hEGF,
hEGF, and Fcy to cell surface EGFR, A431, MCF-7,AMMB-468,
and MDA-MB-231 cells were incubated with the indexh
his6-tagged protein for 1 hour. A FITC-labeled bhatly specific for
his6-tag was later incubated with the cells, whare subjected to
FACS analysis. The fluorescent intensities repreen amount of
EGFR detected by erbitux or kitagged proteins on each cancer
cell line.

A~ MTT assaysfor the measurement of cell viability.

A431, MDA-MB-468, MDA-MB-231 and MCF-7 (5000
cells/well) cells were incubated with combinatioesntaining
different concentrations of 5-FC and Fcy-hEGF, EtyhEGF. Two
groups were tested at different incubation timeth e proteins.
One group was treated continuously with both 5-F@l d@he
indicated proteins, whereas the proteins were rechdvom the
other group after one hour of incubation by washuitty PBS three
times before the addition of 5-FC. Cells were mlaite a 96-well
plate and subjected to the MTT (3-(4,5-Dimethyldoia2-yl)
-2,5-diphenyltetrazolium bromide) assay three dafter the
addition of the indicated proteins and 5-FC. Twentg microliters
of MTT solution (5 mg/ml in PBS) was added to tledlsc After a
2-h incubation, MTT was removed and the cells weashed with
PBS, followed by addition of 0.1 ml of the extractibuffer (20%
sodium dodecyl sulfate in 50% dimethyl formamid&fer a 4-hour

10



incubation at 37°C, the optical densities were mesbat 570 nm,

and the extraction buffer alone served as a blank.

11
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(Fig. 1) Imaging of LipoDox distribution in MDA-MB&8 cells (by
Conf°Cal Fluorescence Microscopy). In the absaridcamor targeting
moiety, there is no significant amount of fluoresoe contributed by

doxorubicin.
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(Fig. 2) Imaging of C225-LipoDox (right panel) aB@&F-LipoDox (left
panel) distribution in MDA-MB468 cells (by Conf°C&lluorescence
Microscopy). These two EGFR-targeting LipoDox das@d significant

increase of fluorescence resulted from doxorubicin.
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EGF-LipoDox EGF-LipoDox blocking C225-LipoDox  C225-LipoDox blocking
(240 min) with C225(240 min) (240 min) with C225(240 min)
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Nuclei staining
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Merge imaging

(Fig. 3) C225 bl°Cks doxorubicin fluorescence uptdly MDA-MB468
cells treated with EGEipoDox and C228_ipodox.
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(Fig. 4) Schematic diagram and purification of proes. (A) The genes
encoding Fcy-hEGF, hEGF-myc-his6, and Fcy were edomto the

yeast vector, pPCIA, and digested with the restriction enzymes,
BamHI and EcoRIl. (B) Coomassie staining (left paaed Western
blot analysis (right panel) of purified Fcy (lang hEGF (lane 2) and
Fcy-hEGF (lane 3) proteins.
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(Fig. 5) Bioactivities of FC)hEGF. (A) In vitro binding of FChEGF,
hEGF and Fcy to purified EGFR immobilized on an &Alplate was
examined using an HRRgged anthis; antibody. The binding affinities
of Fcy-hEGF and hEGF for EGFR are 11 £ 2 and 13 = 3 nM,
respectively, whereas no discernible coupling betwEcy and EGFR
was noted. (B) The rates of 5-FU production by fbje of FcyhEGF

(0.28 png) and Fcy(0.20 pug) were determined in the presence of
increasing concentrations of 5-FC (0-3 mM). Thelbgfoduction rates
were plotted against the concentrations of 5-F@&hEsxperiment was

repeated in duplicate, in at least three experisient

17



A Unstained

control Erbitux hEGF Fcy Fcy-hEGF
Aa31 |7 P ‘ 3 f '
! A A A y
mce7 | s /‘ . r
£ /
’ N y N y . . F .
MDA-368 1| | : - ‘ M il I
v’rr’ e LS " -
'4 i \'
A- j B
moa-231 | A A ) A L

Y.

mean fluorescent intensity (MFI)

300001 » Erbitux: r2=0.93 _ 1004~
-+ hEGF: r?=0.99 =
— 20000 .
L 2 75
< 3
10000+ © -+ MDA-468
> = A431
= £ MDA-231
1~ — S 507.a MCF.7
0 2000 4000 6000 8000 10000 N
(Fcy-hEGF MFI) -0 90 -85 80 75 70
log[M] (Fcy-EGF)

(Fig. 6) Fcy-hEGF, hEGF, and Fbynd to cells with various EGFR
expression levels. (A) The expression level of EGF&s analyzed in
A431, MDA-MB-468, MDA-MB-231 and MCF-7 cells with ACS
using an anti-EGFR antibody, erbitux. The bindifd-oy-hEGF, hEGF,
and Fcy to cell surface EGFR was determined usmgarati-hig-tag
antibody labeled with FITC. (B) The mean fluorescetensity (MFI)
obtained from the binding of erbitux and hEGF wéstpd against that
of Fcy-hEGFbinding to individual cell lines. (C) Fcy-hEGF akn
exhibits suppressive effects on EGFR-overexpres$iigA-468 and
A431 cells compared with MDA-231 and MCF-7 cellstéisk indicates
p<0.05).
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(Fig. 7) Fcy-hEGF combined with 5-FC displays andgigant inhibitory
effect on EGF-overexpressing MDA-468 and A431 cell) In the
presence of 5-FC (1 mg/ml), we observed marked -dependent
inhibition by Fcy-hEGF in MDA-468 and A431 cellsitivICsq values of
2.1 and 1.0 nM, respectively. In contrast, the hitbry effect of
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Fcy-hEGF on MDA-231 and MCF-7 plateaued at 40% &8ébo cell
viability. (p value of MDA-468/A431 vs. MDA-231 anBllCF-7: <0.05
and <0.001, respectively). (B) No discernible diéfece was detected
with increasing concentrations of Fcy on the celed tested. (C&D)
Dose-response curves of 5-FC were obtained by raomisly treating
cells with either Fcy-hEGF (C) or Fcy ([3)s opposed to the Fcy-treated
group, significant differences were observed betweell lines that
expressed high (MDA-468 & A431) and low (MDA-231 MICF-7)
levels of EGFR (p<0.005 in Fcy-hEGi#eated group; triple asterisks).
(E&F) Similar experiments were conducted as in4@&D, except the
cells were incubated with either Fcy-hEGF (E) oy FE) for only one
hour before washing with PBS and the addition oFG- In the
Fcy-hnEGRreated group, 5-FC treatment resulted in a magaeifszant
suppressive effect on both MDA-468 and A431 cebtisnpared with
MDA-231 and MCF-7 cells (p<0.005, triple asterisk).
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