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Abstract

Active targeting strategies have been pursued to improve the efficacy and safety of cancer therapeutics
and theranostics. The significant benefit of tumor homing ligands conjugated to small molecules versus
nanoparticle delivery systems in enhancing drug delivery to the tumor is still a matter of debate in the
literature. The central hypothesis of this thesis was that ligand molecules specific to cancer cell-surface
biomarkers, can enhance homing and interaction of drugs as well as nano-drug delivery systems with
tumors leading to an increased therapeutic index for the incorporated drug. To test this hypothesis, in the
first research project of this thesis, the biodistribution of a breast cancer-specific engineered peptide
(C18.4DK) conjugated to Cy5.5 (C18.4DK-Cy5.5) was evaluated in mice carrying orthotopic breast MDA-
MB-231 tumors, where a preferential accumulation of conjugated Cy5.5 in the tumor was observed,
especially two hours after intravenous injection, with rapid clearance from all other organs except kidneys
and liver. Next, we examined the validity of P18.4 peptide conjugation on polymeric micellar
nanoplatforms, based on poly(ethylene oxide)-block-poly(e-caprolactone-grafted-polyamines) (PEO-b-
PCL-g-PA), for specific siRNA delivery to tumor versus normal cells. We also investigated the capacity of
GE11 modified polymeric micelles based on PEO-PCL and its derivative PEO-poly(a-benzyl carboxylate-e-
caprolactone) (PEO-PBCL) in targeting epidermal growth factor receptor (EGFR) overexpressing colorectal
cancer models making the comparison with plain or mock peptide modified micelles. For this purpose,
traceable micelles were generated using two strategies: by attaching the fluorophore Cy5.5 into the
PCL/PBCL block for near-infrared (NIR) imaging; or by incorporating a positron emission tomography (PET)
contrast agent, i.e., ®*Cu, into the micellar shell-forming portion. Both imaging studies indicated that the
EGFR-targeting peptide GE11 positively impacted nanoparticle accumulation into EGFR-expressing
colorectal cancer (CRC) subcutaneous or orthotopic xenografts in mice. GE11 modification also enhanced
the therapeutic activity of a novel inhibitor of DNA repair, denoted as A83B4C63, encapsulated in PEO-

PBCL micelles in reducing the tumor burden in a PTEN negative CRC orthotopic tumor model via synthetic



lethality. Finally, modification of polymeric micelles with full-length monoclonal antibody ligands targeting
EGFR (i.e., Panitumumab), or carcinoembryonic antigen-related cell adhesion molecule 6 (CEACAM®6) was
examined and shown to increase micellar association with both HCT116 colorectal cancer cellular
populations (i.e., monolayer and spheroid cultures), respectively, when compared to the non-modified
micellar counterparts. In conclusion, our results provided a consistent body of evidence showing that the
use of tumor-targeting peptide and antibody-based ligands to be an efficient approach for enhancing
specificity and delivery of therapeutic cargos (e.g., small molecules), or nanoparticles encapsulating small
molecule drugs or siRNA, into breast tumor and CRC models. Nevertheless, the choice of the tumor-
targeting ligand and cargo (nanoparticle, versus small molecule) affects the extent and kinetics of tumor

interaction and accumulation.
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in red, and autofluorescence from the cells in grey. (B): The mean fluorescence intensity (MFI) graph

summarizes the histograms and the data were obtained from three independent experiments + SD. .......

Figure 2.4. In vivo study after saline injection. The upper images show the luminescence signal from the
MDA-MB-231 luciferase positive cell line after luciferin injection. The bottom images show the absence of

fluorescence signal, as there was no Cy5.5-tagged C18.4DK peptide in the circulation..........cccccvvvviviiiinnnns

Figure 2.5. In vivo study after 0.5 h post-i.v. injection. The upper images show the luminescence signal
from the MDA-MB-231 luciferase positive cell line after luciferin injection. The bottom images show the
fluorescence signal from the Cy5.5-tagged C18.4DK peptide. .......uuuvviriiiririiiiiiiiiiirieiieeeeeserserreeereeeernnnen. 62
Figure 2.6. In vivo study after 2 h post-i.v. injection. The upper images show the luminescence signal from
the MDA-MB-231 luciferase positive cell line after luciferin injection. The bottom images show the
fluorescence signal from the Cy5.5-tagged C18.4DK peptide. .......uuvviiriiiriririieiiiiiiririeeieeeeeeeeeesereeeerrennnee. 63
Figure 2.7. In vivo study after 6 h post-i.v. injection. The upper images show the luminescence signal from
the MDA-MB-231 luciferase positive cell line after luciferin injection. The bottom images show the
fluorescence signal from the Cy5.5-tagged C18.4DK peplide. .......uuuviiriiirieriieeiieiiirieiieeeeeeeeeereeereeeeerennee. 63
Figure 2.8. In vivo study after 24 h post-i.v. injection. The upper images show the luminescence signal
from the MDA-MB-231 luciferase positive cell line after luciferin injection. The bottom images show the
fluorescence signal from the Cy5.5-tagged C18.4DK peptide. .......uuvviiiiieiiiiiiiiiiiiiirieiieiieeeeeeeeeserreeeereeneee. 64
Figure 2.9. Peptide accumulation in the tumor site at different time points after i.v. injection. (A): In vivo
fluorescence intensity at the tumor site according to the luminescence signal. (B): Ex vivo study using the
EXCISEA UM .ttt ettt e e ettt e e s bttt e e s ab et e e e aab bt e e s sab e e e e e abeeeesaabreeessnbeeeeeanrees 64
Figure 2.10. Ex vivo study after different timepoints. (A): Luminescence signal from the MDA-MB-231
luciferase positive cell line after luciferin injection. (B): Fluorescence signal from the Cy5.5-tagged C18.4DK
peptide followed by i.v. INJECION. ... 65
Figure 2.11. Biodistribution of the peptide C18.4DK among (A): kidneys, (B): spleen, (C): liver, (D): Lungs,

(E): Heart, and (F): brain, at different time points after i.v. injection. .......................
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Figure 2.S1. Proteolytic stability assessment of (A): C18.4DK-related, and (B): C18.4DK peptide sequences
(i.e., cWXEAAYQ.k.FL and cWXEAAYQ.K.FL, respectively) after incubation with human serum. Peptides
were incubated with serum for different time intervals at 37 °C, prior to the RP-HPLC analysis. Peptides
eluted around 30-31 min (control) or 27-28 min (C18.4DK) and most of the remaining peaks came from
ENE MEAIUM ..ttt e e e e e e bbbttt e e e e s saab bttt e e eeeessabbbbeeeeeeesaaasbraeaeaaeanns 68
Figure 3.1. Preparation of polyplex micelles formed by complexation between different block copolymers
AN STRNA. ettt et e e ettt et e e e e s sttt ettt e e e e s e a b bbb e et eeeeeea e abbbeeeeeeeeeaaabbbbeeeeeeeeaaaant 82
Figure 3.2. Complexation between siRNA and polymeric micelles composed of mPEO-b-P(CL-g-SP) were
tested with different polymer chain lengths. (A): The profile of siRNA binding was investigated using
increasing polymer:siRNA ratios (from 0:1 to 16:1). (B): siRNA release was determined with the
polymer:siRNA ratio of 16:1 varying heparin concentrations of 0, 0.1, 0.8, 1.5, 3.0, and 6.0 mg/mL. Mic-
SP-plex10, Mic-SP-plex15, and Mic-SP-plex20 were represented by green, red, and blue colors,
respectively (n=3). The representative raw gel retardation data used for this analysis is shown in Figure
B ettt b e e e bt e sa b et e ha e e e bt e e ea bt e e bt e e be e e ea b e e e be e e e be e e aabeeebbeesbeeenareeeanee 85
Figure 3.3. Assessment of siRNA binding, release, and protection against degradation by serum among
plain and P18.4 polyplex micelles. (A): Profile of complexation between siRNA and micelleplexes
composed of different polymer:siRNA ratios (from 0:1 to 16:1). (B): siRNA release from the polyplex
micelles with a polymer:siRNA ratio of 16:1 in the presence of increasing amounts of heparin (from 0 to
6.0 mg/mL). (C): siRNA protection against degradation through incubation with FBS (25%, w/v). Intensity
of bands on the gels indicated that the siRNA was successfully protected by non-targeted (grey color) and
P18.4-targeted (orange color) micelleplexes. The representative raw gel retardation data used for this
analysis is ShoOWN in Figure 3.5S. ... 87
Figure 3.4. Metabolic activity of MDA-MB-435 cells was evaluated after 48 h treatment with (A) Plain-Mix-
plex or (B) P18.4-Mix-plex. Their composition was scrambled siRNA, mPEO-b-P(CL-g-SP) and acPEO-b-
P(CL-g-DT) or P18.4-PEO-b-P(CL-g-DT). The polymer:siRNA ratio used was 16:1. Bars in the graphs
represent the mean £ SEM (n = 3). Differences were compared using one-way ANOVA followed by Tukey's
posthoc test (* p < 0.05; ** p<0.01; NS P> 0.05). cooeeiiiiiiiiiiii 88
Figure 3.5. Uptake of polyplex micelles containing FAM-siRNA by (A) HUVECs at 37 °C; and (B) MDA-MB-
435 cells at 4 and 37 °C. Bar graph shows the median fluorescence intensity (MFI). The outcomes
correspond only to signals from single cells after 3 h post-treatment. Bars are the mean + SEM (n = 3). ***

Significance after unpaired Student’s t-test (p < 0.001).....cccoeiiiiiiiiiiii 89
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Figure 3.6. Cellular uptake and distribution of FAM-siRNA, complexed into the micellar constructs, using
MDA-MB-435 cells. (A): Images represent FAM-siRNA (green), Hoechst (blue), LysoTracker (red), and their
merged images. (B): Graphic bars represent the mean = SEM (n = 3). * Significance after unpaired Student’s
L =K (o I 01 DO PP PPPPPPPPPPPPPPPPRt 90
Figure 3.7. Expression of MCL-1, at mRNA level, in MDA-MB-435 cells treated with different micelleplexes
for 48 h (polymer:siRNA ratio = 16:1). (A): Scrambled siRNA sequence was used as a negative control and
(B): MCL-1 siRNA as the test groups. Bars represent the mean + SEM (n = 3). ##: Significant difference
between scramble and MCL-1 siRNA complexed with the indicated nanoparticle types. ns: No significance
between Plain-Mix-plex and PL18.4-MixX-PpleX. .......cccuviiiiiiiiii 91
Figure 3.8. MCL-1 protein expression in MDA-MB-435 cells after 48 h treatment with different siRNA doses
(polymer:siRNA ratio = 16:1). (A): Panel shows the bands of MCL-1 and B-actin, indicating when scrambled
or MCL-1 siRNA sequences were used for each well. (B): Graphic representation of the western blot data.

Bar values were calculated from the density of bands for each treatment. ........cccoooiiiiiiiiiiiiiiiiiiiiiiccien,

Figure 3.51. 'H-NMR spectra of the synthesized block copolymers. (A): mPEQ114-b-PCCLyo (black line) and
MPEQ;14-b-P(CL-g-SP)10 (green line); (B): mPEO;14-b-PCCL;5 (black line) and mPEQ114-b-P(CL-g-SP)1s (red
line); (C): mMPEQO114-b-PCCLyo (black line) and mPEQ114-b-P(CL-g-SP),0 (blue line); (D): acPEO-b-P(CL-g-DT).
Middle panel contains the structure of the copolymer backbone indicating the main proton signal
assSigNMENts (PINK IETLEIS)...ccoi i 97
Figure 3.52. Representative HPLC chromatogram used for assessing the reaction of P18.4 peptide and
acPEO-b-P(CL-g-DT) copolymers. Conjugated peptides were determined by subtracting the amount of free
unreacted peptide after 24 h reaction (green line) from the initial peptide added at time zero (blue line).

Main panel shows the sample after 48 h dialysis against water to remove the unreacted peptides (black

Figure 3.53. Kinetic stability of micelles incubated with sodium dodecyl sulfate (SDS), a micellar
destabilizing agent. The count rates (Kcps) of polymeric micelles, composed of (A): mPEO-b-PCCL and (B):

mPEO-b-P(CL-g-SP) copolymers with no siRNA complexation, were measured at different timepoints. .....

Figure 3.54. Profile of siRNA binding was evaluated using polyplex micelles composed of (A) mPEO-b-P(CL-
g-SP)20, (B) mPEO-b-P(CL-g-SP)1s, and (C) mPEO-b-P(CL-g-SP)10 and with different polymer/siRNA ratios
(well#1: 0/1; well#2: 0.5/1; well#3: 1/1; well#4: 2/1; well#5: 4/1; well#6: 8/1; and well#7: 16/1). On the

right panels, siRNA release was analyzed using (D) Mic-SP-plexzo, (E) Mic-SP-plexis, and (F) Mic-SP-plexio.
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In this case, the polymer/siRNA ratio was fixed to 16:1, varying heparin concentration (well#1: 0 mg/mL;

well#2: 0.1 mg/mL; well#3: 0.8 mg/mL; well#4: 1.5 mg/mL; well#5: 3 mg/mL; and well#6: 6 mg/mL). .......

Figure 3.S5. The siRNA binding was investigated using Plain-Mix-plex (A) and P18.4-Mix-plex (B), and
increasing polymer/siRNA ratios (well#1: 0/1; well#2: 0.5/1; well#3: 1/1; well#4: 2/1; well#5: 4/1; well#6:
8/1; and well#7: 16/1) were tested. The siRNA release profile was assessed between Plain-Mix-plex (C)
and P18.4-Mix-plex (D) with a constant polymer/siRNA ratio (16/1) using different amounts of heparin
(well#1: 0 mg/mL; well#2: 0.1 mg/mL; well#3: 0.8 mg/mL; well#4: 1.5 mg/mL; well#5: 3 mg/mL; and
well#6: 6 mg/mL). The siRNA protection against degradation in serum (FBS, 25% w/v) was compared
between plain (E) and P18.4 (F) polyplex micelles formed in increasing polymer/siRNA ratios (well#1: 0/1;
well#2: 0.5/1; well#3: 1/1; well#4: 2/1; well#5: 4/1; well#6: 8/1; and well#7: 16/1). After 24 h incubation
6 mg/mL of heparin was used to release the protected payloads..........cccccveeeeiiiiieciiiieee e, 100
Figure 4.1. In vitro cell uptake studies. CRC SW620 and HCT116 cells were incubated with Cy5.5-tagged
PMNP for 3 h at 37 °C. MFI was collected by flow cytometry from ~ 10,000 single-cell events, using (A)
SW620 and (B) HCT116 cells. (C): Confocal microscopic images represent the PMNPs in red (Cy5.5), the
nucleus in blue (DAPI), and their combination (merged together)...............ccccc 113
Figure 4.2. Preparation of *Cu-labeled PMNPs. (Top panels): Predicted 3D conformation of (A) HW12 and
(D) GE11 peptides. The proposed folding for both peptidic sequences was obtained by using PEP-FOLD3
server. The simplified chemical structures, on the left side, emphasize the tyrosine (Y) residues in blue.
(Middle panels): Representation of (B) #*Cu- HW12-PMNPs and (E) *Cu-GE11-PMNPs conjugated through
and peptides, respectively. (Bottom panels): Particle size distribution of (C) HW12-PMNPs and (F) GE11-

PMNPs before (orange or red lines) and after (turquoise lines) ®*Cu-NOTA conjugation.........cccevveeveennenne

Figure 4.3. NP radiolabeling with ®*Cu, reagents and conditions: (a) [**Cu]CuCl,, 0.1M NH4OAc (pH 5.5), 15
min, 37 °C; (b) NaNOy, HCI, pH 1, 5 min, 4 °C; (c) GE11- or HW12-PMNPs, 0.1M borate buffered saline (pH
8-9), 15 min, 4 °C, 23% isolated decay-corrected radiochemical yield. ........................ 115
Figure 4.4. Representative PET images (MIP - maximum intensity projection) and selected organ uptake
and clearance profiles after injection of **Cu-NOTA-GE11-PMNPs into normal BALB/c mice at 2 h, 24 h,
and 48 h post injection (p.i.). Data are shown as mean standardized uptake values (SUVmeqn) and mean
ValUES frOM 2 @XPEIIMENTS. ..oeeiiiiiiiiiiiiiiiiiieeieeeeeeeeeeeeeeeeeeeeereeeeeesseseaesssassasssssssssssssssssssssssssssssssssssssssnnnnns 117
Figure 4.5. Top: Representative PET images (MIP — maximum intensity projections) of HCT116 tumor-

bearing NIH-lIl mice at 2 h, 24 h, and 48 h p.i. of ®*Cu-NOTA-HW12-PMNPs (left) or **Cu-NOTA-GE11-
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PMNPs (right). Bottom: Analysis of mean and maximum standardized uptake values (SUVmean - muscle and
tumor; SUV e - tumor only) for the selected time points post-injection. Comparison between %*Cu-NOTA-

HW12-PMNPs and ®*Cu-NOTA-GE11-PMNPs. Data are shown as mean + SEM from n experiments............

Figure 4.51. 'H-NMR spectra of the synthesized block copolymers used for forming the PMNPs. (A): mPEO-
b-PBCL; (B): acPEO-b-PBCL; (C): mPEO-b-PBCL-b-PPC. Selected proton signals and their integration are
highlighted IN red. e, 123
Figure 4.52. Radio-TLCs of (A) **Cu-NOTA, (B) reaction post-NP addition, and (C) isolated PMNPs. ............

Figure 4.53. In vivo PET images of (A) ®*Cu acetate and (B) ®*Cu chelated by NOTA-Bn-NH.. ................. 124
Figure 4.54. PET images of BALB/c mice over 48 h p.i. of (A) ®**Cu-NOTA-GE11-PMNPs versus the same
doped with 1.5 mg of non-targeted (peptide free) micelles. (B): The corresponding selected organ
ISTIIDULIONS. e et e s s e e st e e st e e e s e e e e saanreeeenans 125
Figure 5.1. The model for the preparation of GE11-modified mixed micelles either tagged with Cy5.5 or
physically loaded with A83B4C63 COMPOUN. .....ccceeiiiiiiiiiiiie e, 141
Figure 5.2. Micellar kinetic stability profile. (A): in water. (B): in presence of sodium dodecyl sulfate (SDS,
6 mg/mL). (C): Graph in shows the in vitro release of A83B4C63 as free drug and as plain and GE11 micellar
FOPMUIGTIONS. ..ttt ettt e e st e s et e e e sttt e e eabre e e e snreeeesannneeens 145
Figure 5.3. Molecular dynamic simulations using the crystal structure of human EGFR. (A): Prediction of
the binding site of EGF (in yellow) and GE11l (in red) with EGFR. (B): Identification of the main
intermolecular bindings between GE11 and EGFR. ... 146
Figure 5.4. In vitro uptake of Cy5.5-labelled mix micelles by colorectal cancer cell lines. Flow cytometry
data shows median fluorescence intensity (MFI) measured after 3 h treatment at 37 °C. (A): Effect of GE11
modification on PCL- and PBCL-based micelles. (B): Effect of PBCL-based micelles with different surface

peptide densities. * p < 0.05, ** p < 0.01, *** p < 0.001. Data are presented as mean £ SEM. ..................

Figure 5.5. In vivo imaging of Cy5.5-tagged mixed micelles after 2, 6, and 24 h intravenous administration.
(A): Each time-point contains one representative capture of luminescence (Tumor signal') and
fluorescence (Micelles?). (B): Graph shows fluorescence intensity coming from the Cy5.5-labeled
polymeric micelles at the region co-localized with luminescence signals..........................l 149
Figure 5.6. Ex vivo imaging of Cy5.5-tagged micelles 24 h after intravenous administration. (A): Images

show (clockwise from bottom right corner) tumor, spleen, liver, lungs, heart, brain, and kidneys. Each
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excised organ is representative of one individual mouse from a group of three mice. Tumor signal®:
Luminescence originated from the HCT116 luciferase positive cells; Micelles signal?: Fluorescence from
the Cy5.5 dye present inside of the micelles. (B): The bar graphs represent the micelle accumulation in the

organs after 24 h injection + SEM. Unpaired t-test, * p < 0.05, ** p < 0.01......ccoeeiiiiiiiiiiiiiiii,

Figure 5.7. In vitro therapeutic activity of nano-formulated A83B4C63 in HCT116-Luc2+ PTEN-/- cells. After
48 h treatment, MTT assay was carried out using (A) PCL-based and (D) PBCL-based micelles. Luciferase
activity was measured in parallel, through luminescence signal. (B and E): Data presented by bar graphs,
as well as by the images (C and F) of cell culture plates. The experiments were done in triplicate and is

expressed by mean + SEM. Unpaired t-test, * p < 0.05, ** p < 0.01, *** p<0.001. ......coeecrrrrrrreeeeencrrnnnen,

Figure 5.8. In vivo treatment with A83B4C63 loaded into PBCL-based micelles. NIH-IIl nude mice,
implanted with HCT116-Luc2+ PTEN-/- cells orthotopically, received 6 i.v. injections of 25 mg/Kg of the
PNKP inhibitor. (A): Luminescence images of the individual mouse from each group that had the highest
survival. (B): Survival curve for the three groups tested. (C): Mean percentage change in animal body
weight. (D): Tumor growth monitoring throughout the timeline of the study. The dotted line shows the
luminescence threshold, indicating the endpoint for each animal. (E): The highlight of important
timepoints in the treatment course. Values are the mean of maximum 3-4 mice + SEM (n = 3-4). Unpaired
t-test, ™ P> 0.05, ¥ P < 0.0 coiiiiiiiiiiiiiiiiiietieeeeeeeeeeeereerrr—ea————————————————————————————————————————————————————————————————. 154

Figure 5.51. 'H NMR spectra of block copolymers that formed the PCL-based micelles..........cc.cccveevrennenne

Figure 5.53. (A): Root Mean Square Deviation (RMSD) of the EGFR backbone in complex with GE11 (red
line) and EGF (blue line). (B): ligand positional RMSD of GE11 (red line) and EGF (blue line) in complex with
EGFR. (C): Root Mean Square Fluctuation of the EGFR side chain in complex with GE11 (red line) and EGF
(BIUE TINE). e 162
Figure 5.54. The uptake of Cy5.5-labelled mix micelles by HCT116 and SW620 colorectal cancer cell lines
after 3 h incubation at 37 °C. (A): Plain micelles; (B): GE11 modified micelles. Confocal microscopic images

represent nuclear stain DAPI (blue) alone, Cy5.5 (red) alone, and the merged dyes......................l. .
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Figure 5.5S5. Analysis of EGFR expression. The western blot data shows that the levels of EGFR expression
were not changed after the genetic modifications in the HCT116 cells......ccccoevvviviiiiiiiiiiieeiiiiiciieeeeeeees 163
Figure 6.1. (A): Schematic synthesis of maleimide-PEO-block-PBCL block copolymers, along with some
details about the polymerization reaction, such as temperature (120 °C), time (3 h), and catalyst (stannous
octoate). (B): *H NMR spectrum of mal-PEO114-b-PBCLyy block copolymer dissolved in deuterated
chloroform (CDCls), containing peak assignments (in red) and integration for selected proton signals
(DETWEEN VEITICAI DAIS)..uiiiiiiii i i ittt ettt e e e et e e e e e e e e et a e e e e e e e e s e ababaeeeeaeesesssnsessaeeaasesnnnnes 171
Figure 6.2. Electrophoretic profile of (well #1): free Panitumumab, (well #2): plain-micelles, and
Panitumumab-micelles formed with antibody:polymer ratio of (well #3) 1:50, (well #4) 1:100, and (well
H5) L1200, .eeieeiieeeie ettt ettt et e h e e e b et e s bt e ah bt e e bt e e ea b et e bttt e bb e e e b et e aabee e bt e e s beeenareeenreas 173
Figure 6.3. In vitro release profile of Cy5.5 among free and Cy.5.5-loaded polymeric micelles micellar
STIUCTUIES. ittt 174
Figure 6.4. Physicochemical characterization of polymeric micelles and Panitumumab-based immuno-
micelles. (A): Data indicating dispersity (D) in micelle size distribution. (B): Graph on particle size, in which
the data were also plotted as size distribution against micelle intensity for each sample, namely (C) plain-
micelles and Panitumumab-micelles formed using antibody:polymer ratios of (D) 1:200, (E): 1:100, and
(F)2 2250, ettt ettt ettt h et b e sa bt e e b b e e s bt e e sa bt e e bt e e e be e e e be e e sabeeebtee s beeesbeeenareeea 175
Figure 6.5. In vitro uptake of Cy5.5-containing Panitumumab-micelles by SW620 (top panels) and HCT116
(bottom panels) cells. (A and B): Histograms indicate the distribution of Cy5.5 fluorescence intensity
among different samples after measurement of 10,000 single cells. (C and D): Bar graphs show the median
fluorescence intensity (MFI) for each treatment. ..........eiviiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeee e 176
Figure 6.6. Cell uptake of CD66c-micelles using HCT116 (top panels) cells, as well as colon spheres isolated
from HCT116 (bottom panels) cells. (A and B): Histograms indicate the distribution of Cy5.5 fluorescence
intensity among test and control groups after analysis of 10,000 events. (C and D): Bar graphs show
median fluorescence intensity (MFI).......cooooiiiii i 177
Figure 7.1. Schematic representation of different tumor targeting systems. (A): Drug encapsulated in a
surface-plain nanocarrier. (B): Ligand-drug conjugate. (C): Drug encapsulated in a surface-decorated
nanocarrier. (D): Proposed strategy to encapsulate a ligand-drug conjugate. Major components are

identified with low-case letters (x = drug, y = ligand, z = nanocarrier). ..........ccccccceiii 188
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Chapter One

Introduction



1.1 Overview of tumor microenvironment

The word “tumor” is originated from Latin and means swelling;* however, solid tumors are more
than simply growing masses of proliferating cancer cells. Instead, they are complex tissues composed of
intricate three-dimensional architecture, containing multiple distinct cellular types that participate in
heterotypic interactions with one another. Besides cancer cells (i.e., parenchymal compartment), tumor
microenvironment (TME) is also composed of a stromal compartment that comprises endothelial-based
cellular structures, including arteries, veins, and capillaries, as well as endothelial-related cells, such as
lymphatics. Pericytes represent another example of non-cancerous cells in tumors, normally found
wrapping around endothelial tubing of blood vessels. Cancer-associated fibroblasts provide structural
support to epithelial tissues as well as myofibroblasts. Additionally, inflammatory immune cells, such as
natural killer (NK), mast, and myeloid dendritic cells, macrophages, T- and B-lymphocytes, neutrophils,
have been extensively reported within tumoral tissues. Though the profile of cell composition and/or
infiltration of those cells is highly variable.??

Tumor extracellular matrix (ECM) is made up of soluble components (e.g., growth factors and
metabolites) and by a network of fiber biopolymers, such as proteoglycans, glycoproteins, collagen,
elastin, fibronectin, and other elements. Stromal stiffness consists of a classic characteristic of tumors,
which can greatly influence the reprogramming of cancer cells. A lax and porous ECM has been correlated
with better prognosis and early stages in cancer development, whereas the increase in stromal rigidity
has been tightly associated with higher chances of cancer cell migration and poor response to therapies.
In very stiff tumor ECM, the interstitial pressure is majorly elevated, leading to frequent blood
extravasation, hemorrhage, and formation of hypoxic and necrotic areas. Moreover, significant
desmoplasia is observed in the latter scenario, especially due to the increase in the content of type |

collagen and glycoprotein, cross-linking of reticulin, and decrease in proteoglycans, resulting in very low



diffusion rates of chemotherapeutic agents into the tumor core in comparison with tumors containing
soft ECM.*?

The impact of TME in modulating tumor development and progression has been proved to be
pivotal for maintaining cellular malignancy. Bussard and Smith® have reported that non-metastatic (HTB-
132™ cells) and metastatic (HTB-26™ cells) breast cancer cells transplanted into a healthy mammary gland
microenvironment (CRL-4010™ cells) were redirected to behave without forming tumors and, at the same
time, contributing to the healthy tissue development. Cancer cell populations within tumor are known to
be quite heterogeneous, from a genetic point of view, and the presence of subpopulations of cancer stem-
like cells (CSC) confers even more diversity to this pathological condition. CSCs are extremely plastic, which
means that a single, genetically homogeneous population of cells within a tumor may be phenotypically
heterogeneous due to the presence of cells in distinct stages of differentiation. Some biomarkers for
identification of CSC subsets in a cell population, for example, are CD44, CD133, and CD66c. In the context
of chemotherapy resistance, CSCs are mainly responsible for cancer relapse, especially because of those
subpopulations in the sleep-like quiescent state, which are capable of restoring the tumor development
after a while. Therefore, given the complexity of cancers, success in curbing this disease cannot be
achieved by a straightforward avenue, so that diversified therapeutic and diagnostic strategies may be

one of the main keys for improving outcomes.>>’



1.2 Therapeutic and homing agents in oncology

1.2.1 Small molecules

In principle, small molecules can bind to proteins, nucleic acids, polysaccharides, and lipids, and
this binding has the potential to be used for interference into biological processes, blocking or activating
the function(s) in which the target is involved. However, the vast majority of successful drugs rely on the
binding into proteins, especially because of the difficulty to obtain potent compounds against the latter
nucleic acids, polysaccharides, and lipids. Prominent protein-based drug targets comprise enzymes,
receptors, and ion channels. To be clinically relevant, small-molecule drugs have to present high selectivity
and affinity to the proposed protein, with a constant of dissociation (Kp) in nanomolar range or lower.
There is a relationship between the energy of the interaction and the Kp, described as the following:

AG® = -RTIn(1/Kp)
Where AG? is the change in free energy due to the interaction, R is gas constant (1.99 cal/mol degree),
and T is the temperature in Kelvin.®*°

Many characteristics make these compounds advantageous, including their relatively simpler and
cheaper production when compared to biologics, and feasible generation of high-throughput chemical
libraries that allow the identification of more potent and selective drug candidates to known or new
molecular targets for cancer treatment. On the other hand, the main drawback of conventional drugs
consists of the fact that they are not equipped to receive any feedback from the body. Thus, they keep
acting into the patients regardless of the physiological condition of different organs and/or tissues. The
loading of small molecules into nano-sized delivery systems significantly improves this condition, since
the treatment is passively directed to the site of disease and distribution to healthy regions are restricted.
Tumors, inflamed sites, and liver are the most favorable locations for directing nanoparticle-based
treatments.>!! In the following sections, examples about how small molecule drugs, applied in cancer
treatment, can benefit macromolecular or nano-delivery systems will be briefly discussed.
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1.2.1.1 Agonists and partial agonists

Both classes of drugs are defined as compounds that stimulate the intrinsic activity of a specific
protein, which in most of the cases, corresponds to an enzymatic-based function. The use of this approach,
using small molecules, is not as common as the employment of antagonistic compounds that block their
targets, instead.'? For cancer treatment, agonists of toll-like receptors (TLR), especially TLR3, 4, 7/8, and
9, have been included in a list containing therapeutic agents with the highest potential to treat cancer, by
the US National Cancer Institute. Imiquimod, marketed in a cream formulation (imiquimod 5%, Aldara®),
is a synthetic imidazoquinoline that targets TLR7/8. Aldara® is especially indicated in cases of primary skin
malignancies (i.e., superficial basal cell carcinoma) and premalignant conditions (i.e., actinic keratosis). Its
antitumor effect is related to the inhibition of angiogenesis and natural killer cell-mediated cytotoxicity.
Local TLR7 activation by imiquimod can alter the tumor microenvironment and increase inflammatory
processes in the region, with promising cancer immunotherapeutic properties.

The activation of receptors specific for tumor necrosis factor (TNF)-related apoptosis-inducing
ligand (TRAIL) by employing small molecules has also been identified as a promising anticancer treatment.
Targeting the death receptors DR4 and DR5 (TRAIL-receptor 1 and 2, respectively) has shown to selectively
eliminate tumor cells while sparing normal ones since, although these two receptors are usually expressed
on a wide variety of normal and tumor cell types, a preferential induction on tumor cells have been
robustly detected. Bioymifi, A2C2, and ONC201 are examples of small compounds that are capable of

inducing apoptosis through the agonistic effect on DR5.14716

1.2.1.2 Antagonists

The use of therapeutic antagonists is much more common in cancer treatment than agonists.
Antagonists can be categorized based on their binding site on the target protein and its relation to the

protein’s natural ligand (e.g., competitive, non-competitive, antagonisms following Gaddum and Schild



equations), nature of the binding (e.g., reversible, irreversible), and function of the targeted protein (e.g.,
dehydrogenase, topoisomerase inhibitors). Despite their abundance, improvement in the safety and
efficacy of existing drugs and the discovery of new compounds is extremely difficult. Most inhibitors act
by binding to their targets at similar regions to endogenous ligands or substrates (i.e., at the catalytic
domain), in a competitive fashion; however, this is known to provide a limited approach for effective long-
term inhibition. In general, tumors rapidly develop resistance towards ATP competitive small molecules,
such as Erlotinib, a reversible inhibitor of epidermal growth factor receptor (EGFR), whereas treatment
with the EGFR inhibitor Afatinib prevents acquired resistance mechanisms due to its covalent bond with
the receptor. Drug development programs are established with specific targeted metabolic pathways
and/or individual enzymes for targeting and, as a rule, the higher the drug potency, the lower the dose

required to achieve efficacy and, consequently, the risk of side effects are reduced.*’*!

1.2.1.3 Small molecules with tumor-homing properties

One of the main hurdles of traditional cancer treatments involves the destruction of healthy
tissues with high replicating rates, such as gastrointestinal epithelia, hair follicles, and other non-
cancerous regions. Taking advantage of the affinity that some small molecules possess towards
overexpressed receptors on cancer cells, targeted therapies provide more selectivity to tumors, avoiding
off-targets. The specific role of tumor-homing molecules is to enhance receptor-mediated endocytosis of
cytotoxic agents, which are conjugated or loaded in delivery systems bearing these entities. Many
nutrients indispensable for cell survival, such as folate, cobalamin, and biotin have been extensively
employed for this purpose since their receptors are usually upregulated in different cancers.???
Moreover, some analogs of N-acetylaspartyl glutamate, which is a natural substrate of prostate-specific

membrane antigen (PSMA), have been used as homing ligands for tumor imaging and targeted

treatments.?



1.2.1.4 Phototherapeutic approaches

Organic small molecules constitute a major representative of photodynamic therapy agents, and
more recently, their photothermal therapeutic properties have also been explored. Both strategies are
sophisticated methods to locally and specifically eliminate tumors. The activation of photosensitizers by
a specific light source, with an appropriate wavelength and energy, triggers the generation of a harsh
environment in the tumor and tumor vicinities through either oxygen reactive species or hyperthermia.
In general, the use of compounds that excite at long-wavelength lights (> 700 nm), more specifically at
the near-infrared (NIR) region, are ideal for in vivo studies, especially because of their high capacity to
pass through tissues and reach deep cells and/or organs. Although Cy5.5 fluorophore does not present
any phototherapeutic activity, its property to be excited even in deep tissues has been widely explored
for biomedical imaging purposes, since it confers high-resolution measurements in small animal models
of labeled delivery systems for biodistribution investigations. Furthermore, several oncologic
photodynamic agents are already available in clinics, namely porphyrin-based compounds, aminolevulinic
acid, and phthalocyanines.”>” More recently, an organic based-molecule also gained approval for
photothermal therapy from the U.S. Food and Drug Administration (FDA). Indocyanine green, a cyanine
dye (Cy7) that absorbs at 700-900 nm, has been able to increase the temperature up to 48.5 °C at the
tumor site, by directed NIR light irradiation, leading human hepatocellular carcinoma xenografts in mice

to cell apoptosis.®

Small molecules represent a versatile class of therapeutics, as briefly presented in this section. In
the current era of biologics, led by antibody-based biopharmaceutical companies, the potential of this
class of molecules that were the first ones employed in cancer therapy is far from being saturated. With

the combined advances in computing simulation and high throughput screening methodologies for drug



discovery, together with the dynamic progress in cancer biology, encouraging outcomes can still be

expected for improving patient’s condition.?>3°

1.2.2 Peptides

Short sequences of amino acid residues have profoundly impacted our current modern
pharmaceutical industry, back in the first half of the 1900s. A good example is insulin (51-mer peptide)
that was considered a “miracle drug”, and widely contributed to advancements in the field of biologics.*
Peptides are considered great alternatives to be used for cancer therapy. They tend to bind stronger to
the protein target than small molecules, and at the same time, do not have issues regarding
immunogenicity and 3D-folding stability, that is observed for protein and antibody-based therapeutics.
Many antimicrobial peptides (AMPs) from naturally-occurring defense systems, as well as their synthetic
analogs, have been identified with anti-cancer activity, such as cathelicidin, pleurocidin, buforin, and
others. Their mechanism of cytotoxicity is related to the formation of pores in plasma and mitochondria
membranes of malignant cells.3*33

Linear peptides that contain 2—10 amino acid residues are known to be flexible structures in
solution, whereas once the length of linear peptides extends to 10-20, secondary structures begin to be
formed, such as a-helices, turns, and B-strands. The short in vivo half-life of peptides is one of the major
limitations among peptidic sequences applied for cancer therapy and diagnosis. Their clearance from the
bloodstream and enzymatic digestion in the blood, kidneys and/or liver can take place within minutes to
hours after intravenous administration. Some strategies have successfully been implemented to improve
the pharmacokinetic profile of some peptidic sequences, including pegylation, cyclization, and

introduction of D-amino acids.3*3¢



1.2.2.1 Engineered peptides

Synthetic and engineered peptidic sequences can be designed for mimicking naturally occurring
hormones, and additionally, for improving peptide stability and binding affinity. Somatostatin analogs
illustrate such strategies in a very interesting way. Somatostatin is a natural peptide, composed of 14
amino acid residues (AGCKNFFWKTFTSC), and has a very rapid half-life (~ 3 min). Its 8-mer analog
octreotide (fCFWKTCT-ol), available as Sandostatin®, possesses longer half-life than its precursor (up to 2
h), mainly because of the incorporation of two D-amino acid residues (lower-case letters), and the
replacement of a L-threonine in the C-terminus by a L-threninol residue (i.e., carboxylate end was
substituted by an aldehyde group), as depicted in Figure 1.1. Cysteine residues were also maintained for
the molecule cyclization via a disulfide bond, as well as the essential amino acids for specific binding to
somatostatin receptors. The cytostatic activity of octreotide has been observed against several cancers,
including gastroenteropancreatic- and neuro-endocrine ones, known to overexpress somatostatin
receptor subtype Il on their plasma membrane.?”*®

Analogs for gonadotropin-releasing hormone (GnRH, 10-mer) is another example of engineered
peptides, used in oncology, that were developed for enhancing stability against degradation. More
interestingly, in this case, the structural modifications were carried out to produce peptidic agonists
(leuprolide or Lupron®) and antagonists (Degarelix or Firmagon®). In the first sequence, the similarity with
the parental sequence (GnRH type |I) was maintained, while in the latter one, more amino acid residues
were modified, as described by Henninot, Collins, and Nuss.3! Both peptides are employed in clinical

practice for treating cancer, particularly against hormone-responsive prostate cancer.33*



Plasma

membrane

Cytosol

Octreotide (ti, =2 h)

Figure 1.1. Scheme representing structural similarities between Somatostatin (top left panel) and its
analog Octreotide (bottom left panel). Both peptides can interact with Somatostatin receptor (at the right)
through the highlighted amino acid residues (in black). The engineered peptidic sequence of Octreotide is
more stable in biological fluids, resulting in a higher half-life (tx) in blood circulation. (Adapted from

Reference 38).

1.2.2.2 Peptide Vaccines

Antitumor peptide vaccines are derived from tumor-associated antigens (TAAs), that are capable
of inducing tumor-specific cytotoxic T-cell (CTL)-mediated cytolysis. Additionally, the immune response to
these peptide vaccines stimulates the production of memory T cells, offering the promise of long-lasting
immune protection, which translates into disease-free survival (DFS) for patients. Accumulating evidence
has indicated that this novel therapeutic approach is capable of circumventing the poorly immunogenic
and highly immunosuppressive nature of most tumors, though some studies have also pointed out its
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limitations in providing clinical benefits for patients. One of the challenges in this area may be the
concomitant deactivation of tumor-derived immunosuppressive factors that allow success in disease
development. Some studies have shown that the tumor progression is promoted when tumors are
transplanted in immunocompetent animals, while tumor development seems to be much delayed or
lacking in immunodeficient hosts.3%*2

Recently, a phase I/lla trial, using a peptide vaccine derived from folate-binding protein (FBP), has
indicated to be effective in preventing recurrence in high-risk ovarian and endometrial cancer. The
elevated expression of FBP among malignant cells, but not in normal tissues, together with the fact that
FBP is highly immunogenic, makes this candidate an excellent target for immunotherapy. Patients
received the denoted E39 peptide vaccine, a 9-mer peptidic portion of FBP (EIWTHSYKYV, position 191-
199). Because of the concern regarding tolerance and possible reduction in immunologic memory over
time, an attenuated version (i.e., less immunogenic) of that peptide was also given, called E39’ or J65
(EIWTFSTKV). Interestingly, this study concluded that predefined groups of subjects need to be selected
for optimal effectiveness, since patients who completed therapy for primary disease (low FBP), presented

an impressive clinical outcome, with a high rate of DFS (90%). On the contrary, patients treated for

recurrent disease showed no benefit, even at higher doses.*°

1.2.2.3 Tumor-homing peptides

As previously mentioned for small molecules, the main characteristic of peptidic sequences with
affinity to cancer markers is not essential to activate or block the targeted receptor but enhance cell
uptake of therapeutics. The first generation of tumor-homing peptides was identified for targeting a,
integrins and aminopeptidase N receptors, via RGD and NGR motifs, respectively. Two basic strategies
have been used for selecting relevant sequences. The first one focuses on the screening of peptidic

sequences capable of binding to a given cell population, without targeting any specific receptor. The
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second one uses a purified protein target, which is known to be relevant and overexpressed on the desired

type of tumor.®

1.2.2.4 Cell-penetrating peptides

Functional cell membranes are complex structures basically composed of a bilayer of
phospholipids with associated proteins,** and are pivotal for selective diffusion of cargoes into the cell,
serving as a barrier for dangerous particles (e.g., pathogens) and allowing the internalization of beneficial
substances (e.g., nutrients). Cell-penetrating peptides (CPPs) possesses an impressive ability to pass
through cell membranes, and their transduction activity may have different mechanisms. According to the
transient-pore model, CPPs are considered to directly penetrate through the formation of either

I”

“toroidal” or “barrel-stave” pores. In the carpet-like model, the interaction between CPPs and plasma
membranes is based on their charges, leading to a transient increase in membrane fluidity. The inverted-
micelle mechanism relies on the formation of invaginations from the lipid bilayer, followed by the peptide
engulfment.*

CPPs are classified in cationic, amphipathic, and hydrophobic sequences. Cationic CPPs are
abundant in arginine and lysine amino acid residues, and present an excellent affinity to the plasma
membrane, as well as to negatively charged glycoproteins on the cell surface. A significant amount of
peptidic sequences belonging to this class are derived from the transactivator of transcription (TAT)
protein, discovered from human immunodeficiency virus (HIV). In 1997, the classical truncated version of
TAT (RKKRRQRRR) that enabled cell entry was identified.*®

Amphipathic CPPs, as the name describes, contain hydrophobic portions, which are usually
formed by the presence of valine, alanine, leucine, and isoleucine, and polar regions composed of cationic

or anionic amino acid residues. Several sequences in this class are an assembly of peptides, different in

nature, through covalent coupling (e.g., multiple antigen peptides). Amphipathic peptides in high
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concentrations near the membrane surface, tend to form transient secondary structures, which may favor
their cell uptake through different mechanisms.*”*®

Hydrophobic CPPs present a smaller number of identified sequences compared to cationic and
amphipathic peptides, and they are also less studied. Predominantly, they are formed by nonpolar amino

acids, so that their translocation across the cell membrane may be driven by an energy-independent

pathway.*®

In conclusion, some important classes of peptides have been presented here, highlighting a wide
variety of roles in cancer treatment and detection. This class of molecules is limited by its often poor
pharmacokinetic profile as well as larger molecular weight and lower conformational flexibility compared
to small molecules. Even so, therapeutic and diagnostic agents based on peptidic sequences are still very
attractive compounds because of their higher specificity towards the selected target. Studies on
peptidomimetics have offered a great alternative for the development of molecules that retain the
peptide specificity, and at the same time, possessing an improved capacity to cross cellular membranes,

which is the case for sequences rich in charged amino acid residues.***°

13



1.2.3 Nucleic acids

The specific base-pairing (bp) between purines and pyrimidines was first proposed by Watson
and Crick in 1953, who also reported the alpha-helix conformation of double-stranded nucleotides.®!
Alternatively, other non-canonical nucleotide structures have also been observed, such as the one
identified by Karst Hoogsteen, which allows the formation of triple-stranded molecules. Recently, Conde
et al.> have reported on a self-assembled RNA-triple-helix hydrogel scaffold for therapeutically regulating
the expression of proteins in the tumor microenvironment. Therapeutics based on nucleic acids for cancer
treatment have been enticing drug developers, especially because of the potency and versatility of such
molecules, the prospect of suppressing genes encoding proteins that are “undruggable” by classical small
molecules, and the possibility for making “programmable” therapeutics that can be re-targeted without
changing in vivo pharmacokinetics. However, one of the main obstacles for naked nucleotides (i.e.,
without the aid of delivery systems) to reach cellular cytosol and/or nucleus relies on their anionic charge,
conferred by the phosphate groups throughout their backbone, which makes the interaction with anionic
phospholipids on the plasma membrane very challenging. Therefore, advancements in this area have been

tightly associated with the development of efficient and safe biomaterials for this purpose.>>°

1.2.3.1 Messenger ribonucleic acid (mRNA)

This category of molecules (~ 1,000-15,000 bp) has been extensively characterized and is one of
the major players in the central dogma of molecular biology that states: DNA is transcribed into mRNA,
which is translated into protein.>® One of the first exogenous mRNA molecules to be successfully delivered
to cells was in 1978, through a nano-formulation based on large unilamellar liposomes.®” mRNA
therapeutics holds the potential to revolutionize protein replacement therapies and cancer vaccination.
In its most straightforward application, mRNA can be transfected to the cell target and, after reaching the

cytosol, induce the protein synthesis that its nucleotide sequence is encoded for. In comparison with
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protein therapeutics for protein replacement, mRNA can be more effective on a per molecule basis, since
one mMRNA molecule can generate many copies of the protein over hours or days. A most clinically
advanced application of mMRNA drugs is their potential to serve as an alternative to traditional vaccination
strategies. Many clinical studies have already demonstrated that transfection of mMRNAs, encoding tumor-
associated antigens (TAAs), to dendritic cells can efficiently elicit cytotoxic T cells in order to target and
eliminate cancers. The biopharmaceutical company BioNTech GmbH, for instance, has six different
formulations under clinical trials using mMRNA molecules encoding one or more TAAs to treat a variety of

cancers, including melanoma, breast, lung, bladder, and squamous carcinoma.>®>°

1.2.3.2 Non-coding RNAs

Post-transcriptional gene downregulation via RNA interference (RNAi) is an important
endogenous process for animals, plants, and microorganisms, being part of the regulatory machinery for
many biochemical, cellular pathways.®® MicroRNAs (miRNAs) are noncoding RNAs, ranging from 19-25 bp
in length. Endogenously, they are initially produced as a long and imperfect hairpin transcript, called
primary miRNA (~ 80 bp). Then, still in the nucleus, this single-stranded nucleotide is shortened by the
action of nucleases in a microprocessor complex, finally generating the miRNA that bears only one stem-
loop hairpin, and a 2-bp overhang at the 3’ end for its exportation to the cytosol. Subsequently, the
molecule is further processed by Dicer nuclease, producing double-stranded RNA. The dsRNA associated
with a protein complex containing dicer, argonaute, and transactivating response RNA-binding protein,
forming the RNA-induced silencing complex (RISC), which is responsible, ultimately, for cleaving the
targeted mRNA.5%2 Taking advantage of this naturally-occurring RNAi pathway, numerous synthetic RNA
therapeutics have been employed in clinical trials or as FDA-approved medicines, namely short
interference RNA (siRNA),%* miRNA (miR),®* and short hairpin RNA (shRNA).®® So far, none of these types

of therapies has reached the market for cancer treatment, though two siRNA-based medicines have
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recently been approved. Patisiran® (Alnylam Pharmaceuticals Inc.) is the first-ever therapeutics based on
RNAI being indicated to treat transthyretin (TTR) amyloidosis by reducing the levels of a mutated protein
that accumulates and impacts heart and nerve system. Subsequently, Givosiran® (Alnylam
Pharmaceuticals Inc.) also reached the market, indicated for acute hepatic porphyria, leading to
downregulation of delta-ALA synthase 1 and reduction of its neurotoxic metabolites.%¢¢’

Contrarily to RNAi function, small activating RNA (saRNA) is a type of double-stranded RNA that
induces gene expression. Similar in length to RNAi molecules (i.e., ~ 21 bp), saRNAs target specific
promoter regions in the DNA in order to stimulate transcription of the desired gene. Their canonical
mechanism of upregulation starts with the binding to argonaute 2 (AGO2) in the cytoplasm. Then, AGO2-
bound saRNA is translocated into the nucleus and binds either directly to DNA or chromatin-bound RNA.
A protein complex, called RNA-induced transcriptional activation (RITA), is formed for inducing
transcription. Since the identification of this novel concept, saRNAs have quickly emerged as a powerful
oligotherapeutic tool for cancer therapy.®® Currently, there is an ongoing clinical trial for hepatocellular
carcinoma treatment using saRNA targeting CCAAT enhancer-binding protein alpha (C/EBPa), which is a
known tumor suppressor player. Preclinical studies on a cirrhotic rat model with multifocal liver tumors
showed that the tumor burden decreased by 80% after the increase in C/EBPa levels by treatment with
saRNA, which was injected three times intravenously in a polyplex-based formulation.®7°

Furthermore, different families of non-coding small RNAs have been found in various organisms,
especially among D. melanogaster and C. elegans. Many of these molecules, such as repeat-associated
siRNAs (ra-siRNAs), tiny non-coding RNAs (tncRNAs), scan RNAs (scnRNAs), and others, were found to be
originated from transposons, viruses, and repetitive sequences. So far, none of them has been observed
in mammals, and there is a possibility that some of these novel RNAs may have a different mechanism of
action compared to the traditional microRNAs. Thus, new avenues for alternative targeting strategies can

be explored by further understanding their functions.”>’2 A successful example that confirms the potential
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of those poorly known RNAs is the clustered regularly interspaced short palindromic repeats (CRISPR)
technologies.

CRISPR/Cas9 type Il system was first identified as an adaptive immune mechanism from
Streptococcus pyogenes, and then successfully implemented in mammalian cells as a powerful gene-
editing tool, especially due to their relative simplicity compared to CRISPR/Cas types | and I11.”>7* CRISPR
associate nuclease 9 (Cas9) contains a CRISPR RNA (crRNA), that guides the recognition of the target site
for the site-specific double-stranded DNA break, subsequent gene insertion or deletion, and DNA repair.
However, crRNA needs to be activated in a process mediated by trans-acting crRNA (tracrRNA). More
recently, a novel and simpler type Il mechanism of genome editing was identified in Prevotella disiens and
Francisella novicida, denoted CRISPR/Cpf1 or CRISPR/Cas12a. In this case, Cas12a is only dependent on
the guidance of crRNA for the site-specific cleavage, not requiring the mediation of tracrRNA.”>7®
The first clinical trial that employed CRISPR/Cas9 was conducted by a team led by the oncologist

),’® aiming for the treatment of metastatic non-small-cell lung

Lu You at the Sichuan University (China
cancer. In that study, immune cells from the recipient’s blood were extracted, cultured, and the gene
encoding programmed cell death protein 1 (PD-1) was disabled. Then, they were re-introduced
intravenously to the patient. The outcome of this trial was overall considered successful regarding the
safety of the treatment, though some adverse effects such as acute fever and hepatic dysfunction were
reported.”” The axis PD-1/ PD-ligand 1 (PD-L1) has been considered the most promising target for
checkpoint inhibitor therapy, given its notorious clinical efficacy of monoclonal antibodies anti-PD-1 or
anti-PD-L1 in the treatment of advanced cancers. PD-1 is mainly expressed on the plasma membrane of T
cells, and upon the binding with PD-L1, usually overexpressed in malignant cells, PD-1 is phosphorylated,
and signaling mediated by this protein is inhibited, which would lead to T cells activation and subsequent
tumor elimination. Similar ex vivo gene-editing techniques using CRISPR/Cas9 on extracted immune cells

have been assessed in other clinical trials.”®7%7°
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1.2.3.3 Deoxyribonucleic acid (DNA)

Compared to the transient effect of the aforementioned therapeutic RNAs, DNA-based medicines
are remarkable in the capability of providing a more stable genetic modification in the transfected cells.
Both therapeutics based on DNA and mRNA molecules present a similar function, which consists of
changing the gene expression with comparable levels of efficiency. However, while DNA has the
disadvantageous requirement for nuclear localization, mRNA is a much more labile compound, and with
higher immunogenicity.®® Plasmid constructs inserted into the cellular nucleus start producing the
designed transcripts, which can be noncoding RNAs in the case of silencing strategies, or mRNA sequences
encoding a specific protein of interest. Among different cellular players to be targeted in cancer, there is
a trend for silencing anti-apoptotic proteins, and on the opposite direction, for increasing the expression
of pro-apoptotic ones. Apoptosis is a programmed cell death that can be mainly mediated by
mitochondria (i.e., intrinsic pathway) and by death-inducing receptors (i.e., extrinsic pathway). For
instance, many papers have shown that delivery of plasmids encoding shRNA against survivin (Figure 1.2),
also called baculoviral inhibitor of apoptosis repeat-containing 5 (BIRC5), effectively contribute for
treating cancers as monotherapy or in combination with drugs.t¥8> Hu et al.8' have shown interesting
preclinical data using this strategy on ovarian cancer. A polyplex system composed of B-cyclodextrin
covalently grafted along the backbone of polyethyleneimine was developed for co-delivery of paclitaxel
and plasmid encoding RNAi targeting BIRC5. Mice bearing SKOV-3 xenografts were treated with 4
injections, and the tumor volume among the groups that received the combination therapy was

significantly smaller than the control groups.
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Plasmid region:

5'..GATCC/GGACCACCGCATCTCTACATTCAAGACG TGTAGAGATGCGGTGGTCCTTTTTTGAATTCA -3’

1 Transcription

NN

mRNA:

Survivin

Figure 1.2. Nucleotide sequences employed for downregulating the expression of the anti-apoptotic
protein survivin. (Top panel): Portion in the plasmid DNA construct that transcribes into short-hairpin RNA,

leading to the downregulation of survivin (BIRC5). (Created based on Reference 82).

1.2.3.4 Aptamers

Aptamers are synthetic DNA or RNA ligands, ranging from 20 to 60 oligonucleotides, and are highly
capable of binding to target molecules, particularly proteins and receptors with affinity and specificity.
The interaction between aptamers and their selected target takes place through pi-stacking of aromatic
rings, electrostatic and van der Waals forces, and/or by the formation of hydrogen bonds.
Oligonucleotides specific for a given cell surface receptor are screened by a method called SELEX
(systematic evolution of ligands by exponential enrichment). In this process, the target of interest is
incubated with an initial pool, containing 10'-10% different combinations of nucleotidic sequences. Non-

binding candidates are removed, and the bound oligonucleotides are recovered, amplified, and used for
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the next selection cycle. After several rounds, the resultant sequences are identified by sequencing, and
individual aptamers are validated through further rounds of incubation with the targeted protein.®#’
Two major noteworthy concerns involving this class of ligand are aptamer degradation and cross-
specificity. Nuclease activity in biological fluids, particularly in blood, has the potential to cleave
oligonucleotides very rapidly. Some modifications in their structure can increase nuclease resistance,
minimally impacting their binding affinity. The most common and effective structural improvements
consist of modifying their 3’- and 5’-nucleotide ends. On the other hand, the obstacle regarding cross-
specificity can be addressed by applying stringent SELEX protocols, especially by introducing a SELEX

negative selection step, using off-target proteins that share similar structures and/or folding, compared

to the targeted protein.®®

To sum up this section, therapeutics based on nucleotides are still being fully consolidated in the
clinics, mainly because they are relatively novel compounds. Comparing with small molecules and
peptides, their efficiency is strictly dependent on nanocarriers for protection, permeation through the cell
membrane, and escape from the endosome. This perhaps consists of the main limitation of this type of
molecules, since although the effect of small molecules and peptides can be enhanced by using nano-

delivery systems, they do not present the same level of dependence as the nucleotides.

20



1.2.4 Antibodies

Organisms naturally produce antibody (Ab) molecules as part of the humoral immune response
against invaders. They are secreted by plasma cells, a differentiated B cell, after a sophisticated process
of production that includes foreign epitope recognition, random genetic recombination, and class
switching reorganization.® Therapeutic Ab consists of the largest class of medicines under clinical trials
nowadays, and the fastest-growing sector in the pharmaceutical industry. Because of their versatility and
efficiency for targeting different molecules, they have been successful for the treatment of a variety of
diseases, including rheumatoid arthritis, Crohn disease, respiratory syncytial virus infection, and most
importantly for the scope of this thesis, cancers.?°?

The first reports about human antibody production and purification start in the 1920s.% Basically,
the process included animal immunization using human antigens and blood extraction from challenged
animals. As those antibodies are a repertoire of different clones of plasma cells (i.e., polyclonal
antibodies), they recognize the given antigen through different epitopes. Then, because of heterogeneity
in their amino acid composition and sequence as well as the strength of their binding to antigens, this
type of biological could not be standardized and consequently could not be considered as a
biopharmaceutical product.?9! The breakthrough of this field started with hybridoma technology, which
made the production of monoclonal antibodies (mAb) possible. The importance of this achievement was
so expressive that the inventors were awarded the Nobel Prize of Medicine, and just ten years after the
discovery, the first biopharmaceutics came to the market. Orthoclone OKT3, a full mouse antibody
targeted at the CD3 receptor of T cells, was approved by the FDA in 1986 for treatment of acute

glucocorticoid-resistant rejection in organ transplantation.9%%*
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1.2.4.1 Whole antibody

Also called immunoglobulins (lg), antibodies are tetrameric multi-domain glycoproteins
containing two copies of heavy and two light chains. There are five classes of Ig’s (A, D, E, G, and M),
although the current mAb biopharmaceutics are only IgG molecules. Their heavy chains (~ 50 kDa) are
bound to each other by disulfide bonds, and each one has one light chain (~ 25 kDa) also connected
through S-S bonds (~ 150 kDa in total). The I1gG’s are further classified into four subclasses: 1gG1, 1gG2,
IgG3, and IgG4. Besides, the antibody molecules are classified based on the functions of their regions. The
antigen-binding fragment (Fab) is the portion where the antigen is recognized, called variable domain,
consisting of heavy and light domains (i.e., VH, VL, CH1, and CL). On the other hand, there is a constant
portion, called fragment crystallizable (Fc) region, which has only heavy chain segments (i.e., CH2 and
CH3).%> This part is responsible for interacting with Fc receptors from immune cells. The Fab and Fc
portions of 1gG isoforms are separated by a linker composed of polysaccharides, giving them more
flexibility, while some isoforms are more rigid structures (e.g., IgM and IgE) since they lack this hinge
region.*®

Each IgG molecule usually contains a total of 12 intra-chain disulfide bonds as well as 2 more inter-
chain bonds linking the heavy and light chains. Depending on the subclass, the antibody may contain 2-8
inter-chain S-S bonds connecting the two heavy chains. However, those classical disulfide bond structures
have been challenged, since recombinant and human monoclonal IgG antibodies must be extensively
analyzed for the development and standardization of biologics, using, non-expected disulfide bonds have
been revealed, especially among 1gG2 and IgG4 subclasses. Free sulfhydryl groups have been detected,
even though cysteine residues are more likely to be found in the disulfide-bonded state. Also, the
presence of structural disulfide variants, such as trisulfide bond formation or thioether linkages has been

observed.®’
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The antibody molecule stability is extremely important for developing this type of biological
formulation and is widely known that disulfide bonds play a crucial role in this regard. Degradation or
abnormality among disulfide bonds may cause changes in the proper protein folding, leading to loss of
stability and aggregation as well as worsening the binding activity and the pharmacokinetic parameters.
These bonds can be degraded through different mechanisms, including a- and B-elimination reaction, and
direct attack of the sulfur atom by hydroxyl anions. Free sulfhydryl groups may also react with
dehydroalanines, forming non-reducible cross-linked species as well as contributing to antibody hinge
region fragmentation.%’-°

Another important characteristic of monoclonal antibodies is the presence of certain types of N-
linked sugars. Several studies have shown that IgG glycoforms significantly impact stability and interaction
with Fc receptors. Human IgGs carry most of the N-linked glycans in the CH, domain, more specifically at
the conserved sequons Asnys7-Ser/Thr. Additional oligosaccharides might also be found in other regions,
usually associated with random appearances of similar repetitions in amino acid sequence, which is found
constitutively in the Fc region. A common pendant saccharide among recombinant mAb molecules seems
to be fucose. In the absence of this monosaccharide, a significant increase in antibody-dependent cellular

cytotoxicity (ADCC) is observed, since non-fucosylated immunoglobulins bind with better affinity to the

Fc receptor (type ll1a), which is highly desirable in the therapeutic context.10%10?

1.2.4.1.1 Chimeric, humanized, and human mAb

Because of the extreme high immunogenicity of murine mAbs and other non-human proteins, the
first approach adopted to circumvent this problem was the creation of chimeras by fusing murine VH and
VL domains, responsible for the binding activity, with human constant domains (i.e., CH1, CH2, CH3, and
CL), leading to the development of the first generation of humanized biologicals, called chimeric mAbs.

Erbitux® (cetuximab) and Rituxan® (rituximab) are examples of this class of molecules and are well-
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established medicines, targeting epidermal growth factor receptor (EGFR) and the cluster of
differentiation 20 (CD-20), respectively,102-104

In the second generation, the replacement of murine-derived regions (or other species) to human
amino acid sequences was enlarged compared to the chimeric antibodies. The only non-human region in
humanized mAbs is the antigen-binding site (i.e., paratope), which is usually composed of a set of six
complementarity-determining regions (CDRs), namely L1, L2, L3, H1, H2, and H3. Other humanization
techniques have been developed to generate humanized antibodies; however, the CDR grafting was
considered the gold standard approach in the production of these therapeutics.!%371%

The total elimination of murine protein sequences has further reduced the issue of
immunogenicity since human anti-humanized antibodies can still be verified among ~ 9% of humanized
mADbs clinically in used. In fact, fully human mAbs have proven to be a safer medicine, presenting a lower
frequency of related immune responses and hypersensitivity reactions. The anti-EGFR panitumumab
(Vectibix®) is a human mAb that is FDA-approved approved for the treatment of colorectal cancer.1931%
In the first clinical study that Vectibix® was tested as a monotherapy, an unselected population of mCRC
patients received the medication. The progression-free survival (PFS) was 8 weeks versus 7.3 weeks for
the best supportive care (BSC). However, after the identification that panitumumab efficacy correlates
with the KRAS exon 2 mutation (codon 12 and 13), another study restricting the treatment for patients

with KRAS WT tumors was conducted. Then, a clear improvement in overall survival was observed with

PFS = 12.3 weeks, while the PFS was 7.3 weeks in the BSC arm.%

1.2.4.2 Ig-derived ligands

Since immunoglobulins are modular entities, separation of mAb into specific domains has been
widely performed through biochemical or genetic methods. The antigen-binding fragment (Fab, ~ 50 KDa)

was the first class of Ab-derived biologics approved for clinical use. Removal of Fc portion significantly
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reduces potential off-targets observed by whole mAb, in a context of tumor-homing strategies, especially
because Fc gamma receptors (e.g., FcyR) are naturally expressed by several healthy cells throughout the
body, including vascular endothelium, monocytes, and macrophages, as well as by some cellular barrier
sites, such as intestinal epithelium, glomerular filter in the kidneys, and blood-brain barrier.12%7

The fragmentation process drastically influences the physiochemical features of these molecules.
Single-chain variable fragment (scFv) consists of the smallest functional fragment possibly derived from a
human immunoglobulin molecule (~ 25 KDa), and it is composed of one variable region from the heavy
(VH) and another one from the light (VL) chain. These two domains are joined together by a flexible
peptide linker, forming a fused construct.'%®'% However, the hydrophobic regions of VH and VL chains
often dissociate from one another, which can cause aggregation and poor solubility, since those exposed
hydrophobic faces are prone to associate with other hydrophobic surfaces.'*°

A further reduction in size of Ig-derived fragments was still possible to be accomplished due to
the existence of stable and soluble heavy chain-only antibodies (hcAb) in some species. The Fab portion
of hcAbs has naturally contracted in just one single domain, which is known to occur in camelid, such as
dromedary camels and Ilamas (variable heavy homodimers, VHH) or in cartilaginous fish, mainly among
sharks (variable new antigen receptor, VNAR). Antibody fragments obtained from hcAb, called
nanobodies, are advantageous due to their small size (~ 12 KDa) and great solubility and stability.109:111112
Interestingly, modified versions of full human nanobodies were developed through genetic engineering,
but issues regarding aggregation were observed, similarly to scFv. Replacement of some amino acid
residues in the hydrophobic interface (Figure 1.3), mimicking the camelid antibody structure, seems to be
a great alternative to improve water solubility and, at the same time, circumvent problems of
immunogenicity. This substitution process was coined camelization and is employed to generate

nanobody-based human VH or VL.11011
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Figure 1.3. Antibody structures (Ab) from different species, highlighting their complementarity-
determining regions (top portion of each molecule). (a): Regions containing high levels of hydrophobicity
in the humanized heavy chain-only antibodies (hcAb), which makes this type of molecule unstable in
aqueous solution and prone to form aggregates. (b): Partial replacement of hydrophobic amino acid
residues, conserved in human VH and VL, to more hydrophilic residues derived from camelids (blue dots),
aiming the increase in water solubility and, consequently, prolonging their half-life in blood circulation

(Created based on References 81,91, and 93).
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1.2.4.2.1 Bi-specific antibodies

The most straightforward way to obtain bi-specific heterodimeric antibody structures (bsAb) is to
assemble from two different 1gG molecules or Fab portions using biochemical techniques through
reduction/oxidation of disulfide bonds, followed by affinity chromatography. However, such approach
does not allow large-scale bsAb production. Ideally, the desired bi-specific IgG molecules should be
produced in one cell line. The main problem associated with bsAb development through cellular co-
expression of two different VH and VL variable domains is the possibility of non-desired recombinations,
commonly referred to as chain-association issue. Several genetic and cellular engineering strategies, such
as quadroma technology, knobs-into-holes, CrossMab, common heavy chain, and common light-chain
strategies, have been implemented to produce optimized bsAb structures. A biparatopic bsAb is a
molecule that instead of targeting two different proteins, is designed to simultaneously bind to two non-
overlapping epitopes on the same target, increasing the binding strength of the ligand.*'311

Blinatumomab (trade name Blincyto®, Amgen, Inc.) is a first-in-class bispecific T-cell engager
(BiTE) therapeutics, primarily indicated in relapsed/refractory acute lymphoblastic leukemia. BiTE
molecules are characterized by mediating the interaction between the cytotoxic T-cells and cancer cells.
In the case of Blinatumomab, which consists of two fused scFv portions, the bsAb construct has dual
specificity for CD19 and CD3. CD19 was selected as target antigen based on its frequent expression among
malignant B cells and its impact on proliferation and survival of B cells, whereas CD3 moities are abundant
on the surface of T-cells. The primary clinical study that was the basis for its indication against acute
lymphoblastic leukemia involved 185 evaluable adults in a single-arm trial. The complete remission (CR)
rate was 32%, and the median duration of response was 6.7 months. The standard of care for this

condition used to be intensive combination chemotherapy with disappointing outcomes.*61%
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1.2.4.3 Non Ig-derived ligands

Numerous non-antibody synthetic constructs have been identified as great binding-scaffolds,
since their reduced complexity in structure and folding, when compared to immunoglobulins. As reviewed
by Vazquez-Lombardi et al.,**® such molecules have been reported to be under pre- and clinical trials for
therapeutic and diagnostic purposes, majorly focusing on cancer and inflammatory diseases. An extensive
list of this broad class of ligands, but not comprehensive, is included here together with a brief description:
(i) Affibody: a non-cysteine three-helix bundle domain, derived from B-domain in the IgG-binding region
of staphylococcal protein A;*%!2 (ji) Affilin: a polypeptide sequence folded in a highly compact a/B
structure, derived from ubiquitin (~ 76-mer);* (iii) Anticalin: a protein fragment derived from lipocalin
protein family and dominated by a B-barrel folding;**? (iv) Adnectin: also called monobody, is based on
the fibronectin type Ill (FN3) domain, having an Ig-fold (i.e., two B-sheets packed against each other) and
no disulfide bonds.??® (v): Fynomer: a small protein (~ 7 KDa), derived from amino acids 83-156 of the
sarcoma-homology 3 (SH3) domain of FYN tyrosine kinase;'** (vi) Kunitz domain: its folding is formed by
two-stranded antiparallel B-sheet and two a-helices, being stabilized by three pairs of disulfide bonds;'*
(vii) Obody: derived from a bacterial aspartyl tRNA synthetase, has a unique binding site formed by a
combination of concave B-sheet and four loops;*?® (viii) Repebody: based on immune response of jawless
vertebrates, consists of highly-diverse leucine-rich repeats (each containing 20-29 aa) in a horseshoe-
shaped solenoid fold.?®

In a comparison study reported by Orlova et al., an affibody specific for anti-human epidermal
growth factor receptor 2 (HER-2) and Trastuzumab, a full-length monoclonal antibody anti-HER-2, were
evaluated as tracers for in vivo PET imaging. The biodistribution analysis of both '?*I-radiolabelled
molecules after i.v. injection into mice bearing NCI-N87 cells (gastric carcinoma) revealed that the affibody

provided a better contrast (i.e., tumor-to-organ ratio) in HER-2 imaging than Trastuzumab. However, the
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total uptake radioactivity was higher using the monoclonal antibody, confirming the prolonged blood

circulation of immunoglobulins and pointing out the rapid clearance of affibodies.?’

1.2.4.4 Cell expressing antibodies: CAR-T

Chimeric T-cell receptors were first denoted as “T-body” molecules by Eshhar et al.,**® who
contributed to the development of plasmid constructs encoding artificial antibody-like structures to be
expressed in T cells. The updated term for this approach is chimeric antigen receptor T-cells (CAR-T). As a
type of adoptive cell transfer, the preparation of CAR T-cells starts with the isolation and ex vivo expansion
of T-lymphocytes from the patient’s peripheral blood, followed by their genetic manipulation and re-
infusion back into the patient. In 2017, a significant milestone was achieved in the treatment of blood
cancers, due to the FDA-approval of the first two CAR T-cell therapies, Tisagenlecleucel (Kymriah®) and
Axicabtagene Ciloleucel (Yescarta®).12913°

Structurally, these chimeric antibody-like structures are composed of an antigen-binding
ectodomain, a transmembrane domain, and an endodomain that transmits T-cell activation signals. In
most of the cases, a scFv construct is included in the designed plasmid, since the Fab portion is more
challenging to be expressed, especially because Fab is the product of two genes. On the other side of the
molecule, the signaling moiety is derived from cytoplasmic regions of endogenous T-cell receptors, more
specifically, the T domain of CD3 complex. The most recent generations of CARs have additional
costimulatory domains, such as CD28, CD137, and others, to further enhance the activation of cytotoxic
function of effector T-cells against the targeted tumor cells. 131132

In one of the clinical studies used as the basis for the approval of Yescarta®, which is a CD19-
targeted CAR T-cell therapy, 111 patients with diffuse large B-cell lymphoma, primary mediastinal B-cell

lymphoma, or transformed follicular lymphoma were enrolled in the trial. Genetic modification of

autologous cells was successfully achieved in 110 patients (99%), and the re-introduction of modified T-
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cells was performed in 101 participants (91%). Impressively, the objective response rate was 82%, and the
complete response rate was 54%. With such positive clinical responses, many other studies in other types
of cancer were also conducted, especially to treat solid malignancies, since they represent the majority of
cancer-related morbidity and mortality. However, the overall outcomes so far have not paralleled the

success seen in liquid cancers, 139133

In conclusion, antibody molecules have been extensively used in cancer therapy and diagnosis,
and given their high levels of safety and efficacy on preclinical and clinical trials. They present an excellent
rate of translation from bench to bedside. A drawback of such therapies that is important to recognize
comes from their proper 3D folding and conformation. Aggregation, denaturation, and other
modifications on the antibody structure can seriously compromise their capacity to bind to the
therapeutic targets. In this field, the formulation aspect of view need to be carefully investigated, and

guidelines strictly followed in order to maintain molecule stability.%”-%8134
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1.2.5 Proteins, carbohydrates, and other molecules

Some well-recognized tumor-homing ligands have greatly impacted the development of targeted-

5

therapeutics. Transferrin, a glycosylated serum protein,’*> and hyaluronic acid, an anionic

136 35 well as other entities,*®” are examples of such molecules. Among

glycosaminoglycan polysaccharide,
few active-targeting drug nanocarriers that have reached clinical trials so far, transferrin has been the
selected ligand for at least two of them (as indicated in Table 1.1). This accounts for a large proportion,
given the plethora of ligands currently available for this purpose, and emphasizes that non-
immunogenicity, non-toxicity, and biodegradability are valuable properties in this field. Though the
prospect of having only one versatile platform that could simultaneously target a broad range of cancers,
which is the case for transferrin, also seems to be very appealing to clinicians and manufacturers.!3139

Another interesting class of molecules to be discussed include some surfactants, commonly
employed in drug delivery systems, such as poloxamers, tweens, spans, and vitamin E D-a-tocopheryl
polyethylene glycol succinate (TPGS). Besides their properties of improving drug solubility, stability,
permeability, and release profile, they also have been characterized with the ability to inhibit the activity
of P-glycoprotein (P-gp) or ATP-binding cassette transporter (ABCB1). P-gp is one of the primary causes of
multidrug resistance since this transporter can pump several chemotherapeutic agents out of the cell,
decreasing intracellular drug accumulation in tumors and, consequently, reducing cytotoxic effects of
cancer therapies.’* Lipid nanoparticles have already been successfully explored because of the dual
function of their amphiphilic molecules since they efficiently and specifically deliver the payload to the
tumor site and, at the same time, target and block P-gp for preventing the efflux of the drug from cancer
cells.**

Different studies have investigated the mechanism of P-gp inhibition by TPGS using Caco-2

monolayers to measure the transport pattern of Rhodamine dye through separate compartments. Several

lengths of PEG have been evaluated and molecular weights near 1,000-2,000 g/mol seem to have the best
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activity in this regard. Its mechanism of action still remains unclear, especially if P-gp ATPase inhibition
was achieved via direct interaction of TPGS, via an indirect allosteric modulation of the P-gp function, or
via steric blocking of substrate binding. Rigidification or fluidization of the P-gp membrane environment
produced by TPGS at P-gp active concentrations has also the capacity to rule out as the main cause for
inhibition. Similarly to lipid nanoparticles, these studies are quite interesting since they open novel
possibilities for pharmaceutical excipients, not only relying on their technological properties to
encapsulate and/or solubilize drugs but also targeting specific receptors that can enhance the activity of

drugs inside the cells.'#*143
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1.3 Nano- and small-sized targeted drug formulations in oncology

1.3.1 Passive targeting of nanoparticles

Although nanomedicine is regarded as a relatively novel therapeutic approach, some nano-scaled
products have been commercially available for over 100 years. This is the case, for instance, of colloidal
silver dispersions that have been used for multiple purposes, especially because of their antimicrobial and
wound healing properties.’** The boom in the applied nanotechnology for cancer therapy started in 1986,
with a Japanese report describing the phenomenon in which nanoparticles preferentially accumulate in
solid tumors.* The fundamental features of this effect, called enhanced permeation and retention (EPR),
consist of hyperpermeability of tumor vasculature and impairment of lymphatic drainage capacity.#¢7148
EPR effect concept has shaped modern drug delivery, since has been served as the rational basis for
numerous passively targeted drug nanocarriers, including some FDA-approved ones such as Doxil®,
Onivyde®, Abraxane®, Marqibo®, and DaunoXome® 148150

The side effects of small chemotherapeutic molecules are widely known to be devastating since
these compounds attack all parts of the body indiscriminately. In clinical practice, the expectations from
conventional chemotherapy are that cancer will recede before excessive harm is done to the patients.
Thus, there was an optimistic belief that the passive accumulation of nanoparticles, carrying those potent
cytotoxic drugs, would revolutionize the treatment of solid tumors. However, the EPR effect has shown
to be a non-straightforward answer to enhance therapy specificity, and despite a massive number of
positive pre-clinical data in this area, the translation into new clinical therapies has been more challenging
than initially thought.**”*> One of the main obstacles in the development of drug nanocarriers from
bench-to-bedside is the lack of more realistic tumor models. Ethical and financial restrictions significantly
limit the use of larger animal models (e.g., non-human primates), and the fast-growing xenografted
murine models, in which tumor volume can sometimes reach nearly 10% of the mouse’s body, do not
151-153

recapitulate the majority of solid tumors in humans.
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Some physicochemical properties of drug nanocarriers, namely size, shape, and surface properties
(i.e., charge, stealth coating), can greatly influence the pattern of their tumor accumulation.'® In the
literature, there is a controversial threshold (< 200 nm), more or less established, regarding hydrodynamic
particle diameter for suitable extravasation into solid tumors. However, fluorescent-labeled
nanoparticles, made up of poly(ethylene glycol)-poly(lactic acid) (PEG-PLA), with a size of ~ 110 nm
accumulated 50-fold more efficiently into tumors than the counterparts of ~ 160 nm. The later ones had
a visible higher signal intensity among organs of the reticuloendothelial system (RES), especially in the
liver that contains specialized macrophages in its sinusoidal walls (i.e., Kupffer cells), known to recognize
opsonins adsorbed on the nanoparticle surfaces, engulfing them.*® Another important parameter to be

considered in this matter is the shape of nanoparticles. Geng et al.**®

compared spherical and worm-like
micellar nanostructures, based on poly(ethylene oxide)-poly(e-caprolactone) (PEO-PCL), and their
observation was that the worm-like filomicelles persisted in the blood circulation of rats ten times longer
than their spherical-shaped micelles. Interestingly, long worm-like filomicelles were found to have a great
ability to escape in vitro phagocytosis compared to short worm-like and spherical micellar nanoparticles.

Incorporation of hydrophilic surface layer on passively targeted drug nanocarriers is an efficient
stealth coating strategy to avoid RES recognition, extend their circulation half-life and, consequently,
enhance the chance for tumor extravasation via EPR effect. There are many entities suitable for stealth
coatings, such as polysaccharides, polyglycerols, polyoxazolines, and polybetaines, but the most common
polymer used is PEG (or PEO, depending on the molecular weight). When the density of the PEG surface
layer is relatively low, the polymer is arranged in a mushroom-like coil structure, and as the PEG density
increases, a brush model is observed since the PEG chains tend to avoid overlapping with other PEG
molecules. Doxil®, a PEGylated doxorubicin liposomal formulation, was the first drug nanocarrier to obtain

FDA approval after only five years from its reported development. Nevertheless, some disadvantages of

pegylation have to be pondered, including the so-called “PEG dilemma”. Even though PEG coating is
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beneficial in some aspects, it also prevents cell interaction once nanoparticles reach the tumor site; and
once cell uptake occurs, the endosomal escape is compromised. In addition to that, the hand-foot
syndrome is a painful side effect associated with PEG, and repeated injections lead to induction of the IgM
response and subsequent complement system activation.*#1>®

Nanotechnology may not solve all the problems in cancer therapy; however, it is undoubtedly the
case that the improvements are encouraging.’ For example, mice bearing MCF-7 tumor xenografts were
treated (i.v. injections) with a polymeric nano-formulation containing paclitaxel (i.e., poly(beta-amino
ester) and poly(lactide-co-glycolide)), and around 0.6% of the dose reached the tumor site, whereas when
the free drug was administered, only 0.2% of the initial drug amount was able to be delivered into the
tumor.*®’ Similarly, a small improvement was sufficient for Vyxeos® FDA approval, a liposomal formulation
of daunorubicin and cytarabine. The overall survival of patients with poor-prognosis acute myeloid
leukemia treated with free form is ~ 5.9 months, and with Vyxeos® is ~ 9.6 months.'*® From the first
clinically approved nanomedicine in 1995 (Doxil®) to the latest one in 2018 (Apealea®), there are at least
15 drug nano-formulations on the market for cancer treatment, which reflects that the process of

optimization and improvement is slowly being conceived in this field.'*®

1.3.2 Active targeting of nanoparticles

The central mechanism behind active tumor-targeted drug nanocarriers relies on the binding of
molecules, present on nanoparticle’s surface, to specific epitopes from tumor-biomarkers exposed on
plasma membrane, in order to augment intracellular delivery of payloads into cancer cellular cytosol.'*
The structure repertoire of ligand entities varies significantly and includes small molecules (e.g., folate),

sugars (e.g., lactose), proteins, aptamers, peptides, and antibodies. Binding interaction between ligand

and cell receptor is known to be strongly dependant on a certain level of physical proximity from both

35



entities. Also, since the present strategy does not contribute to higher permeation into solid tumors, it
has been considered as a complementary step to the size-based passive diffusion.?3%15!

Surface-modified nanocarriers have robustly shown to contribute to enhancing the specificity of
chemotherapeutic agents, especially because these systems possess the distinguished ability to be
internalized by cancer cells at greater extents, in comparison with normal cells.’>® One of the major
problems related to passive tumor-targeting resides in the vast heterogeneity within and between tumor
microenvironments. Once plain surface nanoparticles extravasate into tumors, their cargo is delivered
indiscriminately to different cellular, including arteries, veins, capillaries, lymphatics, pericytes, cancer-
associated fibroblasts, myofibroblasts, adipocytes, natural killer (NK) and mast cells, macrophages (M1,
M2), T- and B-lymphocytes, neutrophils, myeloid dendritic cells, and others besides cancer cells.*?
Therefore, advancements in the understanding of tumor biology has led to an individualized, patient-
oriented selection of cancer markers, allowing drug nanocarriers to be highly specific to receptors
overexpressed by particular cancerous cell populations, avoiding those non-cancerous cells.?*13

Nonetheless, some factors related to the behavior of surface-decorated delivery systems in blood
circulation have been identified to affect their targeting efficiency. Protein corona coating, formed by
adsorption of serum proteins and opsonins, can drastically modify the design of such systems since it
prevents a proper interaction with cell receptors by covering the ligands decorated on the surface of
nanocarriers, which ultimately, can lead to the inability of such systems to target cancer cells at the tumor
site. This phenomenon is particularly more prejudicial to constructs based on active tumor-targeting when
compared to the ones based on passive-targeting since stealth-coating strategies do not entirely cover
the surface. Oh et al.,*®° have recently developed a corona shield strategy that remarkably reduced serum
protein coating and macrophage uptake by conjugating glutathione-S-transferase on mesoporous silica

nanoparticle, which was fused in an affibody structure specific for human epidermal growth factor

receptor 2 (HER2). Recognition by RES consists of a limiting factor against accumulation into solid tumors,
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and even though pegylation is usually applied, the exposed tumor-targeting ligands are prone to be
identified as antigens. The flow rate of nanomaterials has been characterized to be extremely slow in the
liver sinusoid for increasing the chance of interaction and uptake by hepatic Kupffer, endothelial, and B-
cells. Macrophage depletion in murine models using chemical treatments (e.g., clodronate and
propamidine), has shown to enhance tumor accumulation of nanoparticles by 150 times. 161162

So far, no active-targeted nanocarrier has been approved for clinical use. Few of them have
already reached clinical trials, as indicated in Table 1.1. Interestingly, from the total of 13 formulations
that were subjected to clinical trials phase |, positive outcomes were observed in 8, and patients are still
being recruited for testing 2 formulations (EGFR EDV-mit and EGFR EDV-dox). Only in 3 trials the study
was terminated due to a negative outcome: MM-310 was identified to have significant toxicity as a side
effect, Lipovaxin-MM was rejected because of low efficacy, and CALAA-01 was terminated by unclear
reasons since its administration was well tolerated in all doses tested. Clinical trials phase Il or llIl have
been conducted for 5 actively targeted nano-formulations, 2 studies were terminated since the efficacy
was low (MM-302 and BIND-014), and the status for 3 trials is still ongoing (SGT-53, MBP-426, and C225-
IL-dox). Therefore, even though there is no active cellular targeting nano-approaches in the market so far,
increase interest for developing more specific nanocarriers towards particular cancer cell subsets within

the tumor microenvironment can be clearly seen in the scientific community. 1637173
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Table 1.1. Background information on actively-targeted drug nanocarriers that have reached clinical trials.
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1.3.3 Active targeting of small drug conjugates

Side effects of small-molecule drug formulations intravenously administered are notorious and
deleterious for patients, due to their lack of specificity to cancers. In this class of tumor-targeted
treatments, cytotoxic chemotherapeutic agents are covalently conjugated with tumor-specific ligands.
This approach has shown to be extremely efficient in enhancing drug delivery to cancers, sparing normal
cells from the off-target effects, and at the same time solving some limitations encountered in most of
the small therapeutic molecules, namely water solubility, plasma instability, and fast renal clearance.*’#*">
One important characteristic of this class is the fact that, in this case, drug formulations are usually below
~10 nm'’® and, in consequence, they do not rely on EPR effect, being referred as non-EPR approaches.’®!

Antibody-drug conjugates (ADC) represent a relatively novel class of protein-based therapeutic
agents that are increasingly achieving clinical and regulatory success. Currently, more than 100 ADCs are
under clinical trials against cancers, and 4 FDA-approved ADCs are on the market for cancer therapy,
including Mylotarg® (i.e., humanized anti-CD33 mAb conjugated with the DNA-damaging agent
calicheamicin), Adcetris® (i.e., chimeric anti-CD30 mAb conjugated with the microtubule disrupting agent
MMAE), Kadcyla® (i.e., humanized anti-HER2 conjugated with the microtubule disrupting agent DM1), and
Besponsa® (i.e., humanized anti-CD22 mAb conjugated with the DNA-damaging agent calicheamicin).
Interestingly, the cytotoxic compounds conjugated into these systems, such as auristatins and
maytansinoids are ~ 1000-fold more potent than standard chemotherapeutic agents, displaying 1C50
values at sub-nanomolar (nM) range versus the latter ones that often display IC50 values at low
micromolar (uM) range.'’*'”> The research for developing these super potent cytotoxic agents has
sparked great interest, especially on DNA-damaging agents. For instance, Vadastuximab Talirine (SGN-
CD33A, Seattle genetics Inc.) was a CD33-targeted novel therapy against acute myeloid leukemia, in which

its cytotoxic payload was composed of pyrrolobenzodiazepine dimers, a molecule ~10-fold more potent

39



than auristatins and maytansinoids. However, despite its impressive activity in preclinical and early clinical trials,
the medication failed in phase Ill due to issues of safety.!”/178

Some limitations of ADCs, such as their large size, three-dimensional folding, and off-target issues
due to the affinity of Fc portion towards normal cells and tissues in the body, have encouraged the
development of other forms of therapeutic conjugates, especially the use of peptidic sequences, though
investigation in this area is recent and has been progressing in a slower pace.'’”® Moreover, numerous
other types of ligands have been employed for this drug conjugation strategy, including aptamers,
nanobodies, affibodies and other tumor-targeting entities. 897182

Peptide-drug conjugates (PDCs) share the same rationale of ADCs; however, their
pharmacokinetic profile is prominently distinct from one another. Their differences in size lead to rapid
renal clearance and a shorter plasma half-life of PDCs in comparison with ADCs, whereas high penetration
rates cannot be achieved in tight tissues by using the latter formulations. For instance, novel drug delivery
systems based on PDC have shown that chemotherapy agents’ translocation to the brain can be carried
out following systemic administration. Certain types of peptides, namely cell-penetrating peptides (CPP),
can greatly contribute to the crossing through the blood-brain barrier (BBB).1838 Lj et al.,'3 reported on
a formulation strategy for enhancing the delivery of placlitaxel into the brain by using an intracranial
model of U87 glioblastoma in nude mice. The drug was covalently attached to one peptide related to a
lipoprotein expressed in the brain as well as to a CPP sequence. A significant higher translocation of
paclitaxel into the brain was observed in comparison with the free cytotoxic agent.

The chemistry of drug conjugates should be carefully selected so that functional groups, nature,
and site of the coupling do not contribute to reducing drug potency and ligand affinity. The most common
conjugation strategies related to antibody-like molecules, as corroborated by the Table 1.1 (in the column
named “conjugation chemistry”), comprise reactions between primary amines with carboxylate groups

by amide bond formation using carbodiimide chemistry, as well as between maleimide groups with thiols.
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In this latter reaction, sulphydryls are commonly generated by reacting primary amines of lysine residues
from proteins or peptides with 2-iminothiolane (i.e., Traut's reagent). Linkers serve as the connector of
drug and ligand molecules. Non-cleavable linkers are advantageous for their binding stability since it
minimizes the risk of early drug release in the blood, which would cause an elevation in side effects. On
the other hand, the benefit of using cleavable linkers is their responsive drug release upon certain
conditions, such as pH modification, enzymatic or reducing agent activity, which can provide higher drug
concentration to the targeted region, especially if the antibody targets a non-internalized receptor, such
as CD20. In a preclinical study on an ADC composed of anti-HER2 mAb and DM1 drug, the reduceable
disulfide link chemistry was compared with the non-cleavable linker formed by thioether. The results
indicated that the non-reducible linker offered a better cytotoxic efficacy against the transplanted breast

tumor models, improved pharmacokinetics, and reduced toxicity over the disulfide cleavable strategy.'>~

187

41



1.4 Thesis Proposal

The central hypothesis of this thesis was that ligand molecules specific to cancer cell-surface
biomarkers, can enhance homing and interaction of drugs as well as nano-drug delivery systems with

tumors leading to an increased therapeutic index for the incorporated drug.

1.4.1 Rationale and significance

Targeting of drugs to tumor can be achieved by exploiting the physiological differences between
tumor and healthy tissues and/or cells by active or passive means. This encompasses the use of nano-
delivery systems of 10-200 nm in size that can take advantage of the physical barrier of continuous
vasculature at normal tissues versus the angiogenic vasculature at the tumor site, to preferentially
accumulate at the tumor and release the encapsulated cargo at the vicinity of tumor cells. This strategy;
however, does have its own limitations: i) it does not ensure proper internalization of drug within the
tumor cells; ii) it will not provide means for specific interaction of the drug with cancer cells within the
heterogeneous tumor microenvironment; iii) it may not achieve sufficient homing and retaining of the
drug with the tumor tissue; and/or iv) it may hinder deep penetration of the therapeutic molecule within
the tumor mass due to nanoscopic size. This approach is presented as option A in figure 1-4, where the
box represents the cargo and the trolley is the carrier.

Our research group and others have pursued the development of ligand modified drugs and drug
delivery systems, to account for the above shortcomings of tumor targeting by nano-delivery systems
(represented as option B and C in figure 1.4, respectively). The key represents the ligand, that takes
advantage of aberrant expression of their target receptors on the surface of cancer versus normal tissues
to achieve tumor-targeted drug delivery. The hypothesis of this thesis was that peptide/protein-based
ligands with specificity to cancer cell-surface biomarkers, can enhance the interaction of drugs as well as

nano-delivery systems of small molecules or siRNA with tumor over normal cells leading to an increased
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therapeutic index for the incorporated therapeutic agent.

In the first two research chapters of this thesis, two engineered analogs of P160 peptide, a peptide
originally developed by phage display and known to specifically target breast cancer and glioblastoma
cells, namely C18.4DK and P18.4, were used. Both peptidic sequences retain most of the amino acid
residues from their parent P160 peptide, but are engineered to show improved stability in biologic fluids.
These peptides, are found to target Keratin 1 (KRT1), an intermediate filament protein that contributes to
the formation of cellular cytoskeleton. In general, keratins are described as cytosolic frameworks,
arranged in pairs with equal amounts of type | and Il (e.g., K1/K10, K5/K14, and K8/K18). Interestingly,
KRT1 does not fully fall into this generalized description, since its occurrence without heterodimer pairing
is commonly observed, and also various studies have indicated that this protein can function as a cell-

surface receptor for different molecules, such as high molecular weight kininogen (HK)®

, mannose-
binding lectin (MBL),*®° and viral nucleoprotein.’® Its upregulation has been reported as a pattern in
several types of cancer, including breast cancer, melanoma, neuroblastoma, and nasopharyngeal
carcinoma. Moreover, KRT1 has been associated with resistance to chemotherapeutic agents, including

1.19%7193 |y chapter two of this thesis, the

platinum compounds, vincristine, docetaxel, and 5-fluorouraci
success of cancer-targeting peptide ligands in enhancing tumor delivery and retention of conjugated small
molecules was assessed (option B in Figure 1.4). In this context, we explored whether modification of a
model hydrophobic molecule, Cy5.5 fluorescent probe, with C18.4DK can enhance its tumor accumulation
and retention in an orthotopic tumor model of triple-negative breast cancer.

In chapter three, we explored the success of engineered peptide ligands based on P160 in
enhancing tumor versus normal cell specificity of nano-siRNA delivery systems. In this regard, another
engineered derivative of P160, known as P18.4, was pursued to enhance the specific delivery of a siRNA

cargo by polymeric micelles containing polyamine (PA) groups in their core, to cancer versus angiogenic

vessel cells (Option C, Figure 1.4). Previous reports have employed this peptidic sequence for enhancing
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tumor affinity of different systems, such as polymer- and lipid-based nanocarriers for the delivery of

194195 and plasmid.'%®

drugs

Targeting the epidermal growth factor receptor (EGFR) was the chosen approach in chapters 4, 5,
and 6 of this thesis. Two EGFR-specific ligands were employed for surface modifying our micellar
nanostructures: GE11 peptide (Chapter 4 and 5), which has been widely utilized in pre-clinical studies for
several cancer-related applications; and Panitumumab, which is an FDA-approved, fully human
monoclonal antibody (brand name Vectibix®) (Chapter 6). This receptor corresponds to a classical target
in oncology, given the deep understanding of its crucial roles in cancer development and progression,
though still unraveled functions of EGFR have been still recognized. The canonical activation starts with
the binding with its endogenous ligands that leads to receptor dimerization and induction of signaling
cascade pathways by activation of the cytosolic tyrosine kinase domain. At least three main EGFR-
dependent pathways provide support for malignant features, including the one via phosphatidylinositol
3-kinase (PI13K) triggering to Akt activation and suppression of apoptosis. Secondly, cell cycle progression
is promoted through growth factor receptor-bound protein 2 (GRB2) and son of sevenless homolog 1
(S0S1) that induce the activation of p21™. And the third pathway is via phosphorylation of phospholipase
C-g1 (PLC), leading to PIP,-related actin reorganization, which ultimately contributes to cell migration and
invasion.’®’71% |n Chapters 4 and 5, we explored the role of GE11 modification of polymeric micellar
surface in enhancing the homing and retention of these nano-delivery systems in either subcutaneous or
orthotopic CRC models by two PET or NIR imaging techniques, respectively. The benefit of this approach
in increasing the anticancer activity of a novel inhibitor of DNA repair in monotherapy of PTEN negative
CRC models was also explored (Option Cin Figure 1.4). In literature, there are many studies on drug nano-
formulations that use GE11 peptide to enhance tumor homing and therapeutic activity, including carriers
containing doxorubicin,?®® gemcitabine,?* and cisplatin.*?

In Chapter 6, the use of a clinical monoclonal antibody against EGFR, rather than a peptide ligand
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for the purpose of cancer-targeting, was pursued. Another monoclonal antibody was employed for
targeting carcinoembryonic antigen-related cell adhesion molecule 6 (CEACAMS), also called CD66c¢. This
protein is anchored to the plasma membrane and seems not to have transmembrane and intracellular
domains. Its overexpression has been associated with worse prognosis and high risk of relapse. Its
overexpression promotes migration and invasion as well as chemoresistance (e.g., gemcitabine).
Moreover, CEACAM6 has been identified to be involved in colorectal cancer (CRC) growth and in the
formation of CSC populations, being indicated as a potential target for cancer stem cell-directed

therapies.?9-205

a x , | x y
L = =

Figure 1.4. Schematic representation of different tumor-targeting strategies used in this thesis, pointing
out the major components that were modified among different delivery systems. (x = Payload): Cy5.5
(model drug), siRNA (against MCL-1), and A83B4C63 (PNKP inhibitor); (y = Ligand): Keratin-1-targeting
peptidic sequences (i.e., C18.4DK and P18.4), EGFR-targeting peptide (i.e., GE11l), EGFR-targeting
monoclonal antibody (Vectibix), and anti-CD66c monoclonal antibody; (z = nanocarrier): Polymeric
micelles based on PEO-b-PCL and PEO-b-PBCL as well as polyplex micelles composed of PEO-b-P(CL-g-SP)
and PEO-b-P(CL-g-DT).

45



1.4.2 Working hypotheses

1) Modifying the fluorophore-based model drug Cy5.5 with C18.4DK cyclic peptide will contribute to
increasing fluorescence signals from the small traceable molecule in MDA-MB-231 xenografts,
implanted orthotopically in mice.

2) Covalently conjugating P18.4 peptide to the shell of PEO-P(CL-PA) micelles will enhance the
delivery to MDA-MB-435 cancer cells over normal angiogenic HUVEC cells.

3) GE11 modification of polymeric micellar surface will allow preferred accumulation and retention
of nanocarrier in EGFR overexpressing subcutaneous or orthotopic CRC tumors.

4) GE11 modification of polymeric micellar surface can lead to enhanced anti-cancer activity of
encapsulated cargo in EGFR overexpressing CRC tumors.

5) Surface modification of polymeric micelles with monoclonal antibodies against EGFR or CD66c can
enhance specificity of the delivery system for its target cells, overexpressing the above cancer
biomarkers.

1.4.3 Specific objectives

1) To assess the biodistribution profile of Cy5.5 conjugated C18.4DK after systemic administration in
an orthotopic MDA-MB-231 mice model.

2) To assess the effect of P18.4 surface-modification of PEO-b-P(CL-g-polyamines) micelles on the
specificity and transfection efficiency of complexed siRNA in target cancer cells.

3) To assess the effect of ®*Cu labeled GE11 modification of polymeric micellar surfaces, formed by

PEO-b-PBCL copolymers, containing EGFR-targeting GE11 peptide or mock HW12 peptide, and
track their fate through PET imaging on ectopic biodistribution of polymeric micelles in

subcutaneous HCT116 colorectal mouse model by PET imaging.
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4)

5)

6)

To assess the effect of GE11l modification of Cy5.5 labeled polymeric micelles on the
biodistribution of polymeric micelles in the orthotopic HCT116 model by IVIS imaging.

To assess the effect of GE11 modification of polymeric micelles on anticancer activity of the
encapsulated novel inhibitor of DNA repair in an orthotopic HCT116 tumor model.

To develop mAb modified polymeric micelles and assess the role of mAb modification on

increasing the specificity of polymeric micelles for target cells overexpressing the target receptor.
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Chapter Two

Near-infrared optical imaging of proteolytically stable cyclic decapeptide for

tumor targeting using a breast cancer orthotopic mouse model

A version of this chapter has been published in
Journal of Medicinal Chemistry 2017, 60(12):4893-4903.

Copyright® 2017 American Chemical Society (Reference 206).
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2.1 Introduction

Selective delivery of chemotherapeutic drugs to cancer cells is needed to avoid toxic side effects
on the healthy cells and tissues. Among different strategies, the use of ligand molecules such as
antibodies, tumor homing peptides, and aptamers that target specific receptors on particular types of
cancer cells has been particularly effective for selective drug delivery.2°’2% These targeting ligands do not
often exhibit anti-cancer properties; however, their conjugation to anticancer drugs or drug carriers such
as micelles and liposomes enhances the efficacy and therapeutic index of the chemotherapeutics.?'2*2
Peptides as drug carriers are believed to be one of the effective approaches to deliver chemotherapeutic
agents to the tumor site.?!32?!* Despite lacking sufficient stability due to rapid renal clearance, peptides
have unique advantages as drug carriers.

Numerous peptides have been identified by phage display for targeting breast cancer cells and
have been reported to show promising outcome for targeted delivery of drugs to tumors.?**%'7 One such
peptide is the dodecapeptide P160, which was identified by random peptide phage display by Zhang et al.
in 2001 (Figure 2.1).2*8 Specifically, P160 was isolated via selection rounds of a phage library on the human
WAC 2 neuroblastoma cell line. The authors demonstrated a high affinity to MDA-MB-435 and WAC2 cells
and low binding to primary HUVEC cells. In another study, it was shown that when intravenously injected,
1311_|abeled P160 preferentially accumulated in tumors than in normal organs like heart, liver, spleen, lung,
kidney, muscle, and brain.?*® The stability studies for this peptidic sequence in human serum, however,
revealed complete degradation by serum proteases after 4 h.

In order to improve specific binding to breast cancer cells, analogs of peptide P160 were screened
using a peptide array-whole cell-binding assay.??° A library of 70 peptide sequences was synthesized on
cellulose membrane and screened against human breast cancer cell lines that led to the identification of
P18 (Figure 2.1), a decapeptide that showed better binding to breast cancer cells than its precursor. A

proteolytically stable analog of P18 peptide, namely peptide 18.4 (WxEAAYQrFL), was obtained by
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substituting two labile amino acid residues with D-amino acids.??! P18.4 was found to be safe, with
minimal cellular toxicity.}*#1%>?2! Besides, an analog to P18.4 with r8k substitution (WxEAAYQKFL) was
designed to facilitate side-chain attachment of doxorubicin (Dox) and synthesize peptide-Dox
conjugate.??? The conjugate functions as a breast cancer prodrug to selectively target and deliver
chemotherapeutic agents to breast tumors with reduced delivery to normal cells. Peptide-Dox
conjugates, developed by attaching doxorubicin via an ester linkage, enhanced drug selectivity 40 times
more in breast cancer cells than the noncancerous cells compared to the free doxorubicin.????? Recently,
we found that P160 and its derivatives bind to 67 kDa keratin 1 (KRT1) on the breast cancer cell surface.??
Affinity column chromatography followed by tandem mass spectrometry and proteomics was used to
identify the target receptor for P160 and P18.4, which is highly expressed on breast cancer cells. Surface
plasmon resonance was used to confirm the binding specificity of the peptide to a fragment of KRT1
(387-496 aa, Mw = 38 kDa), and the Kd values found were ~ 1.1 uM and 0.98 uM for P160 and P18.4,
respectively.??

Our research group has designed a cyclic analog of peptide P18.4 in order to enhance the affinity
and specificity toward breast cancer cell lines while maintaining the proteolytic stability. Also, the D-amino
acid residues have been eliminated from the peptidic sequence, and as hypothesized, the cyclization
imparted sufficient stability to the peptide structure. Therefore, this novel sequence, denoted by C18.4DK,
has shown to present excellent stability toward proteolytic degradation. The results show that the present
peptide analog display higher uptake by breast cancer cells when compared to the uptake data by
noncancerous cells. The focus of this chapter was to investigate the in vivo biodistribution of C18.4DK
conjugates with the near-infrared (NIR) fluorophore Cy5.5. Mice carrying orthotopic breast MDA-MB-231
tumors were intravenously injected with C18.4DK and monitored to follow the fate of these traceable

conjugates, which may be considered as a prototype of a tumor-targeted drug-peptide delivery system.
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2.2 Materials and Methods

2.2.1 Materials

Rink amide resin (RAM), O-(1H-6-chlorobenzotriazole-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HCTU), and the Fmoc-amino acids were purchased from NovaBiochem (San Diego,
CA, USA). Piperidine, N,N,-dimethylformamide (DMF), N-methylmorpholine (NMM), trifluoroacetic acid
(TFA), phenylsilane (PhSiH3), hydroxybenzotriazole (HOBt), benzotriazol-1-
yloxytris(dimethylamino)phosphonium hexafluorophosphate (BOC) and all other chemicals were
purchased from Sigma-Aldrich and were used as received unless otherwise stated. The peptide synthesis
was performed manually in small plastic columns with a frit at their base for solvent removal under suction
and a cap with septum at the top for the addition of reagents. Cy5.5-NHS ester and D-luciferin (potassium
salt) were obtained from Molecular Probes (Eugene, OR, USA). Matrigel basement membrane matrix was
purchased from BD Biosciences (Franklin Lakes, NJ, USA). Cell culture media, fetal bovine serum (FBS),
sodium pyruvate, L-glutamine, nonessential amino acids (NEAAs), penicillin-streptomycin, trypsin EDTA,
Dulbecco's phosphate-buffered saline (DPBS), and penicillin-streptomycin—fungizone were purchased

from Gibco/Life Technologies (Burlington, ON, Canada).

2.2.2 Cell culture

Cell lines (except HUVEC and luciferase-expressing MDA-MB-231) were purchased from ATCC and
cultured in a humidified incubator at 37 °C in 5% CO,. DMEM supplemented with 10% FBS, 100 IU/mL
penicillin, and 100 IU/mL streptomycin was used to culture MCF-7 and MDA-MB-231 cancer cell lines,
whereas MDA-MB-435 was cultured in RPMI-1640 media (10% FBS, 100 IU/mL penicillin, and 100 IU/mL
streptomycin). The noncancerous human MCF-10A cell line was cultured in mammary epithelial cell
medium (MEGM kit from Lonza, USA) supplemented with cytokines, bovine brain extract (BPE),

hydrocortisone, human epidermal growth factor (hEGF), insulin, fetal bovine serum (FBS), and
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gentamicin/amphotericin-B. Human umbilical vein endothelial cells (HUVEC), a kind gift from the
laboratory of Sandra Davidge, University of Alberta, were cultivated in endothelial cell growth media (EGM
kit from Lonza, USA) containing 20% FCS, 2 mmol/L glutamine, 100 IU/mL penicillin, 100 1U/mL
streptomycin, and 2 ng/mL basic fibroblast growth factor (Roche Diagnostics, Mannheim, Germany). The
luciferase-expressing human breast cancer cell line MDA-MB-231 (clone D3H2LN) was received as a gift
from the laboratory of Dr. Mary Hitt (University of Alberta). The MDA-MB-231- D3H2LN-luc+ cells were
grown in MEM medium supplemented with 10% FBS, 1 mM sodium pyruvate, 0.1 mM NEAAs, 2 mM L-
glutamine, 100 IU/mL penicillin, 100 pg/mL streptomycin, and 0.25 pg/mL Fungizone® at 37 °C in 5% CO>

atmosphere.

2.2.3 Peptide synthesis

The C18.4DK was assembled by solid-phase peptide synthesis (SPPS) method. The side chains of
the amino acids were protected as follows: tert-butyl (tBu) for tyrosine, trityl (Trt) for glutamine and 2-
acetyldimedone (Dde) for lysine. SSPS was carried out using Fmoc chemistry on RAM resin (substitution
0.79 mmol/g; scale 0.2 mmol), as described previously with some variations.??%??* Briefly, a solution of
orthogonally protected N-a-Fmoc-L-glutamic acid a-allyl ester (Fmoc-Glu-OAll, 3 equiv.), HCTU (3 equiv.),
and NMM (3 equiv.) in DMF was added to pre-swelled RAM resin, and the reaction was left for 2 h. The
Fmoc protecting group of the coupled amino acid was removed using 20% piperidine in DMF, and the
presence of free amino group was confirmed by Kaiser test.??> After coupling all the remaining amino
acids, deallylation was done with palladium (PPhs), (0.16 equiv.) and PhSiH3 (16 equiv.) in DCM for 2 h in
a gastight syringe with septum. The reaction mixture was washed with diethyldithiocarbamic acid sodium
salt followed by Fmoc group removal. Next, the on-resin cyclization was done using BOP (1.95 equiv.),
HOBt, (2 equiv.), and NMM (4.5 equiv.) in DMF for 2 h. Removal of Dde protecting group from the side

chain of lysine was achieved by treatment with hydrazine monohydrate in DMF (2:98) for 3 min. Cy5.5-
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NHS ester was coupled to the lysine side chain to give the labeled cyclic peptide. A mixture of the dye (0.3
mM) and DIPEA (0.15 mM) in anhydrous DMF (1 mL) was stirred for 48 h at room temperature in the dark.
After completion of the reaction, Cy5.5-labeled C18.4DK was washed three times with DMF and
isopropanol and dried completely. The peptide was fully deprotected and cleaved from the resin with
TFA-TIPS-H,0 (95:2.5:2.5) at room temperature for 2 h and washed with TFA-DCM (1:9). The acid
washings were precipitated by ice-cold diethyl ether. The precipitate was collected by centrifugation and
again washed with ice-cold dry diethyl ether. The crude peptide was dissolved in water and purified using
reversed-phase (RP) HPLC (Varian Prostar 210, USA), using a Vydac C18 semipreparative (1 cm x 25cm, 5
pum) column. The flow rate was 2 mL/min with a gradient of 15-55% ACN/water (0.1% TFA) in 35 minutes,
and detection was performed by UV absorbance at 214 nm. Mass spectra were recorded on a matrix-
assisted laser desorption ionization time-of-flight (MALDI-TOF) Voyager spectrometer (Applied

Biosystems, USA).

2.2.4 In vitro cellular uptake

Flow cytometry analysis was used to evaluate the uptake of fluorescent-labeled C18.4DK against
three human breast cancer cell lines (MCF-7, MDA-MB-231, and MDA-MB-435) and two noncancerous
cell lines (MCF-10A and HUVEC). Cell lines were grown in 75 cm? culture flasks until a confluence of ~ 80%
was achieved. The medium was then aspirated, and cells were washed with PBS (pH 7.4). The cells were
dislodged using 0.25% of trypsin—-EDTA solution and, if needed, kept at 37 °C for a few minutes to
trypsinize them completely. The trypsin was then deactivated using a small volume of FBS-containing
growth medium. The suspended cells were collected in a Falcon tube and centrifuged at 500g for 5 min.
The resultant pellet was resuspended in medium, and the cells were counted using a hemocytometer.
Based on the number of cells, an appropriate volume of medium was added, and cells were seeded in a

12-well tissue culture plate at a density of 1 x 10° in 1 mL of culture medium at 37 °C for 24 h in a
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humidified CO; incubator. After 24 h, the medium was aspirated, and the cells were washed twice with
PBS. Cells were incubated in serum-free medium containing the peptide at a concentration of 1 uM for 30
min at 37 °C. After 30 min of incubation, the cells were thoroughly washed three times with PBS to remove
unbound peptide. The cells were then detached, further washed in FACS solution (2% FBS in PBS) and
centrifuged at 500g for 5 min. Cell pellets were finally resuspended in FACS solution and analyzed using
BD LSR-Fortessa flow cytometer. The unlabeled cells were used as a control, and their autofluorescence
represents the cutoff point value, and thus, differentiates them from fluorescent-positive cells. The

experiment was performed in triplicates, and 10,000 events were recorded for each sample.

2.2.5 Orthotopic breast cancer mouse model

Female athymic NIH-Ill mice (4-6 weeks old) were purchased from Charles River (Wilmington,
MA, USA). The animal studies were conducted in accordance with the guidelines of the Canadian Council
on Animal Care (CCAC) with approval from the Animal Care and Use Committee (ACUC) of the University
of Alberta (Edmonton, AB, Canada). Mice were kept on the 2014S Teklad Global 14% protein rodent
maintenance diet, which is low on chlorophyll to improve optical imaging clarity. To establish the
orthotopic mammary fat pad tumor model, mice were injected with 2 x 10 MDA-MB-231-D3H2LN-luc+
cells in 50 pL solution of 50% Matrigel basement membrane matrix (BD Biosciences, Franklin Lakes, NJ,
USA), into the left abdominal mammary fat pad.??® The mice were used when the tumors reached a size

of 300 mm?3 (2 weeks after injection).

2.2.6 Tracking peptide in mice bearing breast MDA-MB-231 tumors

Saline or Cy5.5-labeled C18.4DK in a dose of 3.9 ug per mouse (equivalent to a concentration of
0.1 mg/kg of Cy5.5) 2% was injected to the mice via the tail vein. The animals were then scanned at
different time intervals (0.5, 2, 6, and 24 h) using IVIS Spectrum preclinical in vivo imaging system

(PerkinElmer, Waltham, MA, USA). Three mice per each group were used in all timepoints. For tracking
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the in vivo bioluminescence, luciferin solution in DPBS (150 mg/kg) was subcutaneously injected into the
back neck of each mouse 15 min prior to the imaging procedure. Animals were imaged for 0.5 s, 10 bin,
level B. For scanning the fluorescence from the Cy5.5-labeled peptide, mice were imaged for 0.5 s, 10 bin,
level B at an excitation and emission wavelength of 680 and 720 nm, respectively. Spectral unmixing was
used to analyze the images and perform the autofluorescence subtraction. At defined time intervals (1, 4,
and 24 h) following peptide injection, animals were euthanized (n = 3 for each time point); tumor, liver,
spleen, and kidneys were excised and soaked in a 12-well plate containing luciferin (300 pg/mL). The
organs were then imaged using the IVIS Spectrum imaging system. For ex vivo fluorescence imaging,
animals were imaged for 0.5 s, 10 bin, level B at an excitation and emission wavelength of 680 and 720
nm, respectively. For bioluminescence imaging, animals were imaged for 0.5 s, 10 bin, level B and the

radiant efficiency of the treated groups was subtracted by the signal obtained from the saline group.
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P18.4
|_ _WxEPAYQrFL
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C18.4DK + Cy5.5
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Figure 2.1. Chemical structure and important considerations about the Cy5.5-tagged C18.4DK. All the
precursors of this new peptidic analog are also displayed. The amino acid residues highlighted in green
were modified, and the NIR fluorophore Cy5.5 is shown in red. *D-amino acids are shown with lower case

letters, and “x” represents Nle (norleucine).
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2.3 Results and discussion

2.3.1 Preparation of the synthetic peptide

Peptide P18.4 is a positively charged (net charge of +1 in physiological pH) linear decapeptide with
two D-amino acids, which confers high stability in biological fluids (i.e., human serum and mouse liver
homogenate).??! Here, we have designed a cyclic analog of that peptide, denoted as C18.4DK (Figure 2.1).
The design strategy involved the replacement of D-norleucine (x) and D-arginine (r) to L-norleucine (X)
and D-lysine (k) amino acid residues, respectively. The cyclization of this peptidic sequence was proven to
be efficient for reducing proteolytic degradation (Figure 2.51) while maintaining the breast cancer cell
targeting properties.

C18.4DK was synthesized following stepwise solid-phase peptide synthesis on Rink amide resin as
the polymeric support. The first amino acid residue coupled into the resin was Fmoc-Glu-OAll through the
side chain of glutamic acid. That allyl-protected carboxylate served, after the peptide assembly, as the
linker for the peptide on-resin cyclization. Moreover, the Dde-protected amine group from the lysine side
chain was used by coupling the NIR-fluorophore Cy5.5 into the peptide. For the preparation of labeled
linear peptides, the N-terminal amino group of Trp residue was used to attach B-alanine and FITC. Peptidic
products were purified using RP-HPLC, and a yield of ~ 71% was obtained. The elution time was found to
be at ~ 28.1 min (Figure 2.2A), which is considerably longer than the P18.4 peptide (~ 25.9 min), suggesting
that a higher hydrophobicity than its precursor. Results from MALDI-TOF (Figure 2.2B) revealed that the

observed mass [M + H]** was 1250.5 (calculated [M + H]** = 1250.5).
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Figure 2.2. Analysis of C18.4DK. (A): HPLC chromatograms using 15-55% gradient of acetonitrile/water

with a flow rate of 2 mL/min. (B): MALDI-TOF mass spectra showing the [M+H]*! for the peptide mass.
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2.3.2 In vitro cell uptake studies

Cell binding and uptake of C18.4DK were investigated using flow cytometry assay. The peptide
internalization was poorly accomplished among the noncancerous cell lines HUVEC and MCF-10A so that
the fluorescence intensities were close to the untreated groups. On the contrary, the tumor-targeting
ability of C18.4DK (at 1 uM) was prominent (p < 0.05) among the breast cancer cell lines MDA-MB-435,
MDA-MB-231, and MCF-7, especially when the results are compared to the linearized version of this
amino acid sequence. Cyclization of the peptide may have led to an increase in hydrophobicity, due to the
head-to-tail peptide bond formation, and consequently, enhanced plasma membrane permeability and
cellular uptake of the peptidic sequence. Previous studies have shown that cyclization reduces the
hydrogen bonding and hydrodynamic radius in solution and increases peptide lipophilicity, thereby,
enhancing permeability through lipid-based membranes, which could ultimately result in high cell
uptake. 22822
Flow cytometry was also employed to determine the binding specificity of C18.4DK using a
competitive binding assay (data not shown).?°® The breast cancer cells MCF-7 or MDA-MB-231 were
treated in the presence or absence of unlabeled peptide in excess (50-fold). After 30 min, a decrease in %
(percent) of fluorescent-positive cells was observed when the cells were incubated with unlabeled
peptides. This finding suggested the conjecture that cell uptake of peptides can be reduced when the
putative receptor is preoccupied with an excess of ligand. Besides, we have previously shown that
conjugation of doxorubicin through the lysine side chain amino group, from the linearized peptidic
sequence of C18.4DK, has not impaired the binding specificity and cell uptake of the peptide-drug

conjugate in breast cancer cells.???
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Figure 2.3. C18.4DK uptake by breast cancer (MDA-MB-435, MDA-MB-231, and MCF-7) and non-
cancerous (HUVEC and MCF-10A) cell lines, measured by flow cytometry. The peptide concentration was
1 uM, and treated cells were incubated for 30 min at 37 °C. (A): Fluorescence signal from C18.4DK is shown
in red, and autofluorescence from the cells in grey. (B): The mean fluorescence intensity (MFI) graph

summarizes the histograms and the data were obtained from three independent experiments + SD.
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2.3.3 In vivo tracking of the Cy5.5-labeled C18.4DK in live mice

The luciferase-expressing MDA-MB-231 cell line was used in animal studies to be able to visualize
the presence of primary and potential metastatic tumors in the animals in this experiment.
Bioluminescence imaging of different organs yielded negative results, indicating the absence of noticeable
tumor metastasis in other organs (Figure 2.10A) under current experimental conditions.

The results of this imaging study in live animals showed the labeled C18.4DK to distribute to
several organs nonspecifically within 0.5 h but cleared very rapidly from these organs (within 2 h) as well.
At the 2 h time point, the peptide was mainly observed in the liver, kidney, spleen, and orthotopic breast
tumor location (Figure 2.6 and Figure 2.9-2.11). Ex vivo data following excision of the tumor confirmed
these results and showed the presence of the peptide in the tumor tissue at 2 h after injection (Figure
2.10B). At 6 h, the peptide was cleared from the tumor but was still observed in potential sites of its
elimination, i.e., kidneys and liver, up to 24 h after injection (Figure 2.7 and Figure 2.10B). The preferential
tumor accumulation of cyclic peptide 7 at 2 h after injection, in spite of its clearance from other organs,
may be attributed to the existence of specific interaction between this peptide and its receptors present
only in tumor tissue. A previous study has reported on the biodistribution of P160 peptide, where 1 h
following intravenous injection of 3!|-labeled P160 to mice carrying subcutaneous MDA-MB-435 tumors,
nonspecific distributions in lung, spleen, liver, kidney, and the tumor were seen.?’? In that study, following
perfusion of the mice with 0.9% NaCl, peptide uptake in all organs was reduced, but it stayed the same in
the tumor, pointing to better peptide interaction with the tumor tissue. We have seen the peptide to be
washed quickly (< 2 h after injection) off the nonspecific organs but stay in the tumor at the same time,
which is in line with what reported earlier for P160 peptide biodistribution. We plan to investigate the
tissue distribution of C18.4DK versus its linearized version in primary and metastatic breast tumor models

before and after perfusion of different tissues in future studies.
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Figure 2.4. In vivo study after saline injection. The upper images show the luminescence signal from the
MDA-MB-231 luciferase positive cell line after luciferin injection. The bottom images show the absence of

fluorescence signal, as there was no Cy5.5-tagged C18.4DK peptide in the circulation.

Figure 2.5. In vivo study after 0.5 h post-i.v. injection. The upper images show the luminescence signal
from the MDA-MB-231 luciferase positive cell line after luciferin injection. The bottom images show the

fluorescence signal from the Cy5.5-tagged C18.4DK peptide.

62



Figure 2.6. In vivo study after 2 h post-i.v. injection. The upper images show the luminescence signal from
the MDA-MB-231 luciferase positive cell line after luciferin injection. The bottom images show the

fluorescence signal from the Cy5.5-tagged C18.4DK peptide.

Figure 2.7. In vivo study after 6 h post-i.v. injection. The upper images show the luminescence signal from
the MDA-MB-231 luciferase positive cell line after luciferin injection. The bottom images show the

fluorescence signal from the Cy5.5-tagged C18.4DK peptide.
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Figure 2.8. In vivo study after 24 h post-i.v. injection. The upper images show the luminescence signal
from the MDA-MB-231 luciferase positive cell line after luciferin injection. The bottom images show the

fluorescence signal from the Cy5.5-tagged C18.4DK peptide.
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Figure 2.9. Peptide accumulation in the tumor site at different time points after i.v. injection. (A): In vivo
fluorescence intensity at the tumor site according to the luminescence signal. (B): Ex vivo study using the

excised tumor.
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Figure 2.10. Ex vivo study after different timepoints. (A): Luminescence signal from the MDA-MB-231
luciferase positive cell line after luciferin injection. (B): Fluorescence signal from the Cy5.5-tagged C18.4DK

peptide followed by i.v. injection.
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Figure 2.11. Biodistribution of the peptide C18.4DK among (A): kidneys, (B): spleen, (C): liver, (D): Lungs,

(E): Heart, and (F): brain, at different time points after i.v. injection.

66



2.5 Conclusions

The study highlights the design of a novel proteolytically stable cyclic peptide for breast cancer
targeting that can be conjugated to chemotherapeutic agents, drug nanocarriers and other systems, in
order to increase specificity and efficacy of cancer treatments. Cyclization seemed to have conferred
conformational restriction, higher hydrophobicity, and enhancement in the affinity and selectivity toward
the target breast cancer cells. In vivo biodistribution studies in mice carrying orthotopic breast MDA-MB-
231 tumors showed that, although C18.4DK accumulates rapidly and non-specifically throughout the
mouse body, its clearance from the tumor site was slower than the other organs, especially at 2 h after
injection. Liver and kidneys were the organs with the highest accumulation since they are the potential
elimination sites. These results are encouraging and support our conjecture that peptide-drug conjugate
could be delivered to the tumor site, followed by the release of the drug and quick removal of the peptide
from the body. In our previous study,??? the linearized version of C18.4DK conjugated with doxorubicin
displayed a short half-life of ~ 2 h, when incubated with human serum. New chemistries for conjugating
C18.4DK to doxorubicin are currently being investigated to impart better pharmacokinetic profile, which
would be useful for cell studies and therapeutic efficacy assessment using mice bearing breast cancer

xenografts.
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2.6 Supplementary information
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Figure 2.5S1. Proteolytic stability assessment of (A): C18.4DK-related, and (B): C18.4DK peptide sequences
(i.e., cWXEAAYQKFL and cWXEAAYQKFL, respectively) after incubation with human serum. Peptides were
incubated with serum for different time intervals at 37 °C, prior to the RP-HPLC analysis. Peptides eluted

around 30-31 min (control) or 27-28 min (C18.4DK) and most of the remaining peaks came from the

medium.
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Chapter Three

Towards development of nanocarriers for tumor cell-specific siRNA delivery

A version of this chapter will be submitted for publication.
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3.1 Introduction

During the past few decades, the understanding of the scientific community over the molecular
mediators of cancer etiology, pathology, and progression has robustly expanded.?>**° The rapid growth of
knowledge in this area is partly owed to the development of tools for post-translational silencing of
genetic mediators of cancer development, growth, and aggression, which acts by specific downregulating
proteins of interest, including RNAi technology.?®! The application of this powerful technology as a
therapeutic agent in cancer has met several roadblocks, however.

One of the major unmet needs in this context is the need for efficient and safe tools for the
systemic administration of RNAi therapeutics.?*?23* A recent review?*> has shown that in the majority
(61%) of all clinical trials involving RNA therapeutics (registered at ClinicalTrials.gov), local administration
was chosen over systemic methods, and within those studies, 64% employed naked RNA. Naked
nucleotides were also employed in almost half (43%) of the studies using intravenous infusion.?*>?3¢ RNA
molecules are well known to present several issues when injected without any carrier, namely rapid
degradation by nucleases (even if delivered directly to the target tissue), significant systemic clearance
through kidneys, and negligible cell internalization due to their anionic charge, resulting ultimately in a
poor activity. On the other hand, delivery systems of nucleic acids show nonspecific toxicity, restricted
interaction with receptors in the cell membrane, and limited access to intracellular and molecular targets
of nucleic acids of interest.>*?3! These drawbacks are perhaps reflected in the limited use of RNA carriers
in clinical trials of these agents.

Our research group has reported on a polymeric micellar nano-system for in vivo siRNA delivery
to tumors following systemic administration.?®’” Downregulation of myeloid cell leukemia-1 (MCL-1) in
MDA-MB-435 tumors has been targeted in that report. The anti-apoptotic Bcl-2 family member, MCL-1,
has been identified as an important molecular target for different cancers. Upregulation of this protein

has been associated with the promotion of cell survival, poor prognosis of cancer patients as well as
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resistance to drugs.?®2%° In fact, some reports have identified that the knockdown of MCL-1, as a
monotherapy, decreases cell proliferation.?*”%*° Moreover, its disruption has shown to sensitize cellular

243,244 otoposide,®* and

response to many chemotherapeutics, such as paclitaxel,2**?*2 doxorubicin,
osimertinib.?*® We have shown modification of the shell in micellar siRNA delivery systems by RGD4C
peptide, to lead to a significant enhancement in tumor accumulation and transfection efficiency of MCL-
1 siRNA in MDA-MB-435 cells, in vitro. Accordingly, following intravenous administration of RGD4C
modified micelles of MCL-1 siRNA, MCL-1 silencing in the MDA-MB-435 xenografts reached 40%, whereas
the downregulation was only 20%, on average, for the animals treated with plain polyplex micelles.?’
Accumulation into solid tumors by nano-sized delivery systems through enhanced permeation
and retention (EPR) effect can contribute to increasing the specificity of the loaded therapeutic agents for
tumor.?*” However, the high cellular heterogeneity within tumor microenvironment still makes these
nanocarriers incapable of specific interaction with cancer over normal cells within the tumor site. Surface
modification of nanomedicines with cancer-targeting ligands is particularly important to further enhance
the specificity of treatments, once they reach the tumor site through passive diffusion. The uptake of
nano-carriers of siRNA by non-cancerous cells, such as fibroblasts, pericytes, immune cells, endothelial
cells, present in the tumor tissue can be reduced through modification of nano-delivery systems with
cancer-specific ligands, thereby the intratumoral distribution of delivered siRNA towards cancer cells.?
Peptidic sequences are of particular interest as cancer-specific ligands for this purpose. This is especially
due to the ease of engineering of peptide sequences that can be employed to enhance their affinity to

the target and stability in biologic fluids.****?
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3.2 Methods

3.2.1 Materials

Spermine (SP), N,N-dimethyldipropylenetriamine (DT), methoxy polyethylene oxide (mPEQ, 5
KDa), N,N-dicylcohexyl carbodiimide (DCC), N-hydroxysuccinimide (NHS), N,N-diisopropylethylamine
(DIPEA), triisopropyl silane (TIPS), trifluoroacetic acid (TFA), tetrahydrofuran (THF), anhydrous
dimethylformamide (DMF), dichloromethane (DCM), deuterated chloroform (CDCls), and 3-(4,5-
Dimethylthiazol-2 yl)-2,5-diphenyltetrazolium bromide (MTT) were obtained from Sigma Aldrich (MO,
USA). Spectra/Por dialysis tubing (#3, molecular weight cut-off = 3.5 KDa) was provided by Spectrum
Laboratories Inc. (CA, USA). a-Benzyl carboxylate-e-caprolactone (BCL) monomer was synthesized by
Alberta Research Chemicals Inc. (AB, Canada). Stannous octoate was purchased from MP Biomedicals Inc.
(HE, Germany), which was further purified by azeotropic distillation under reduced pressure. All other
chemicals were reagent grade. Cell culture media RPMI 1640, penicillin/streptomycin, fetal bovine serum,
trypsin with ethylenediaminetetraacetic acid (trypsin/EDTA), and phosphate-buffered saline (PBS) were
purchased from GIBCO (NY, USA). Scrambled and myeloid cell leukemia-1 (MCL-1) siRNA sequences were
purchased from Qiagen (CA, USA). 5-carboxyfluorescein(FAM)-labeled siRNA was supplied from Ambion

(TX, USA).

3.2.2 Cell lines

The MDA-MB-435 cell line was obtained from Dr. Robert Clark’s lab (Georgetown University, USA),
and the medium used was RPMI 1640 supplemented with 10% FBS, 1% penicillin/streptomycin (P/S). For
HUVEC cells, obtained from Dr. Nadia Jahroudi’s lab (Faculty of Medicine, University of Alberta), cell
growth was carried out using gelatin (0.2%)-coated dishes. The medium was M199 supplemented with
20% FBS, 2% P/S, 2 mM L-glutamine, and 1% ECGS (endothelial cell growth supplement). Both cells were

incubated in 5% CO; at 37 °C until the desired confluence.
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3.2.3 Preparation of acetal-PEO homopolymer

The preparation of acetal-poly(ethylene oxide) (acPEQ), which contains two distinct terminal
functional groups (i.e., acetal in one end and hydroxyl in the other end), was accomplished according to a
method previously reported®® with some modifications. Briefly, potassium-naphthalene complex was
prepared right before the synthesis of the polymer by reacting naphthalene (12.9 mmol) and potassium
(14.7 mmol) in anhydrous THF, under argon, for 24 h at room temperature. For polymerization of ethylene
oxide, a specific amount of potassium-naphthalene (2 mmol) solution resulted from the reaction
mentioned above was added dropwise to a solution of 3,3-diethoxy propanol (2 mmol) in 40 mL dry THF,
under argon, for 10 minutes at room temperature. The reaction container was cooled to around zero, and
then ethylene oxide (228 mmol) was added into the solution under argon atmosphere. The reaction
container was left at room temperature for 24 h under Ar atmosphere. The polymerization reaction was
guenched by adding ~ 2 mL acidified ethanol. The polymer was recovered by precipitation in ethyl ether
and further purified with THF dissolution followed by re-precipitation in ethyl ether. Finally, acPEO was

vacuum dried and stored at -20 °C until use.

3.2.4 Synthesis of di-block copolymers with grafted polyamines

Acetal poly(ethylene oxide)-b-poly(a-carboxyl-e-caprolactone-g-dimethyldipropylenetriamine)
(acPEO-b-P(CL-g-DT)), and methoxy poly(ethylene oxide)-b-poly(a-carboxyl-e-caprolactone-g-spermine)
(mPEO-b-P(CL-g-SP)) were prepared according to previous reports.??”24 Briefly, in the first step,
poly(ethylene oxide)-b-poly(a-benzyl carboxylate-e-caprolactone) (mPEO-b-PBCL or acPEO-b-PBCL) were
prepared by bulk polymerization of a-benzyl carboxylate-e-caprolactone (BCL) with a macroinitiator such
as mPEO or acPEO at 140 °C for 4 h, using stannous octoate as the catalyst. In the second step, benzyl
groups were removed through reduction in the presence of pd on charcoal at a constant stream of

hydrogen gas, forming methoxy or acetal poly(ethylene oxide)-b-poly(a-carboxyl-e-caprolactone) (mPEO-
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b-PCCL or acPEO-b-PCCL, respectively). In the third step, the pendant carboxylic acid groups of PCCL were
activated using DCC/NHS in anhydrous THF and then conjugated to SP or DT under stirring in anhydrous
DMF at room temperature for 24h. The resulting product was dialyzed (MWCO = 3.5 KDa) against N,N-

dimethylacetamide (DMACc) for 24 h, then water for 7 h and freeze-dried and stored at -20 °C until use.

3.2.5 Peptide synthesis and conjugation into acPEO-b-P(CL-g-DT) copolymer

Synthesis of P18.4 peptide (WXEAAYQrFL) was carried out on 2-chlorotrityl-chloride resin (0.2
mmol, 1 mmol/g), as described by Soudy et al..?*! Briefly, the first Fmoc-amino acid, leucine, was coupled
to the solid phase using DIPEA for 6 hours. The other amino acid residues were added using an automated
peptide synthesizer (Tribute, Protein Technology, Inc., USA). After completion of the synthesis, peptides
were cleaved from the resin and all protecting groups were removed using cleavage mixture (90:9%
TFA/DCM, 1% TIPS) at room temperature for 90 minutes, followed by washing the resin twice with
cleavage reagent. The cleaved peptide combined with TFA washes was concentrated by rotary
evaporation. Cold diethyl ether (~ 40 mL) was added to precipitate the peptide and then centrifuged.
Crude peptides were dissolved in water and purified using reversed-phase HPLC (Varian Prostar 210, CA,
USA). MALDI-TOF mass characterization was carried out using a Voyager spectrometer (Applied
Biosystems, MA, USA).

The P18.4 peptide was conjugated into the acPEO-b-P(CL-g-DP) copolymer, as previously
reported.?*”2*0 |n short, micellization was performed by dissolving the copolymer in acetone, and in a
dropwise manner, the polymer solution was transferred into deionized distilled water under constant
stirring. After acetone evaporation, the micellar solution was acidified to pH 2 (using 0.5 M hydrochloric
acid) and stirred for 1 hour at room temperature to convert acetal aldehyde groups. The resulting solution
was neutralized with sodium hydroxide (0.5 M) and buffered with PBS. Then, the peptide with a molar

ratio of 1:3 of the peptide to the polymer was added to the solution and stirred for 2 h at room
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temperature. Sodium cyanoborohydride (NaBHsCN, 10 equiv.) was added into the reaction and stirred for
24 h. The conjugation efficiency of the peptide to polymeric micelles was determined by reversed-phase
HPLC method, using a Varian Prostar 210 System measuring the unreacted peptide concentration. The
stationary phase was the pBondapack C18 analytical column (10 um 3.9x 300 mm, Waters Corp., MA,
USA), while the mobile phase consisted of 0.1% TFA (aqueous, solution A) and acetonitrile (solution B),
using the following gradient flow (1 mL/min): (i) 100% A for 1 min, (ii) linear gradient from 100% A to 60%
A in 20 min, (iii) linear gradient from 60% A to 0% A in 4 min, (iv) 0% A for 2 min, (v) linear gradient from
0% A to 100% A in 4 min, and (vi) 100% A for 5 min. Detection was performed at 214 nm using a Varian
335 detector (Varian Inc., Australia). The concentration of unreacted peptide was quantified based on a
calibration curve with known concentrations of P18.4 peptide (0.5-1000 pg/mL). The amount of
conjugated peptide was calculated by subtracting the amount of unreacted peptide from the initial
amount of the peptide. The unreacted peptide was then removed through dialysis (MWCO = 3.5 KDa)

against deionized distilled water (48 hours) and lyophilized.

3.2.6 Polymer characterization

Proton nuclear magnetic resonance (*H NMR) was used to characterize the synthesized
copolymers. All samples, including the intermediate products, were dissolved in deuterated chloroform
(CDCI5) at a concentration of 5-10 mg/mL. Their spectra were recorded using the Bruker Avance Ill 600
MHz spectrometer (Bruker BioSpin Corporation, MA, USA). The data were processed using the Bruker
software TopSpin 3.5. Based on the integration of proton signals from the poly(ethylene oxide) and
poly(caprolactone) segments (-CH,CH,0-, § = 3.65 ppm and -OCH;-, & = 4.05 ppm, respectively), degree
of polymerization (DP) of PCL blocks was calculated, and they were used to determine the number average
molecular weight (Mn) of block copolymers. Moreover, the ratio of integration for the signals of the
selected methylene hydrogens of the polyamines (-NHCH,- § = 2.1-3.2) to the selected methylene
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hydrogens of the PCL segments (-OCH»-, & = 4.05 ppm) was used to estimate the polyamine substitution
levels.

Gel permeation chromatography (GPC) was used to determine the weight (Mw) and number (Mn)
average molecular weight, and the molar-mass dispersity (D, Mw/Mn). The measurements were
performed on a system equipped with a triple detector array (Viscotek Corp., TX, USA), connected to two
Waters columns (Strygel HR2 and Strygel HR4E). The mobile phase was 0.22 um filtered THF (HPLC grade)
at a flow rate of 0.8 mL/min. The injection volume was 20 pL at a polymer concentration of 5-10 mg/mL.
Molecular weights were calculated based on polystyrene standards (3.7, 5.0, 9.9, 13.0, and 76.0 KDa) using

the universal calibration.

3.2.7 Preparation of micelles, siRNA micelleplexes, and their characterization

Polymeric micelles were formed through self-assembly of block copolymers using dialysis
method.?*! To sum up, polymers or a mixture of polymers were dissolved in DMF, added dropwise into
deionized distilled water under constant stirring at room temperature for 2 h and then the organic solvent
was removed through dialysis (MWCO 3.5 KDa) against deionized distilled water. Polymeric micelles were
then centrifuged and filtered through a 0.22 um membrane to remove possible aggregates. For siRNA
complexation, mPEO-b-P(CL-g-SP) copolymers or the combination of mPEO-b-P(CL-g-SP)/acPEO-b-P(CL-g-
DT) or mPEO-b-P(CL-g-SP)/P18.4-PEO-b-P(CL-g-DT) in a molar ratio of 2:1, were used to prepare the
polyplex micelles. The formed polymeric micelles were incubated with siRNA solution at 37 °C for 30 min
in 0.1 M HEPES buffer (pH 6.5).

Polymeric micelles formed without siRNA complexation were denoted Mic-PCCL or Mic-SP, and
their composition was copolymers by themselves, either mPEO-b-PCCL or mPEO-b-P(CL-g-SP),

respectively. In contrast, micelleplexes were composed of mPEO-b-P(CL-g-SP)/siRNA, called Mic-SP-plex.
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The non-targeted and the targeted versions were coined as Plain-Mix-plex and P18.4-Mix-plex,
respectively, as described in Table 2 and S2.

The self-assembled structures were characterized for their hydrodynamic size, {-potential (ZP),
and critical micellar concentration (CMC), using Zeta-Sizer Nano (Malvern Instruments Ltd., Malvern, UK).

Dynamic light scattering (DLS) analyses were performed at a scattering angle of 173° at 25 °C.

3.2.8 Gel retardation assay

The binding between siRNA and the polymeric micelles was assessed by agarose gel
electrophoresis. Micelleplexes were prepared by mixing 8 uL of 0.1 M HEPES buffer (pH 6.5) with 4 uL of
scrambled siRNA (containing 2 pg siRNA) and 8 uL of serially-diluted concentrations of polymeric micelles
(containing polymer:siRNA ratios w/w ranging from 0:1 to 16:1). After 30 min of incubation at 37 °C, 4 uL
of 6x sample buffer (50% glycerol, 1% bromophenol blue, and 1% xylene cyanol in TBE buffer) was added,
and the samples were loaded into a 2% agarose gel containing RedSafeTM (1X) nucleic acid staining
solution (iNtRON Biotechnology Inc., Korea). Electrophoresis was performed at 70 mV for 15 min, and the
resulting gels were recorded under UV-illumination.

The polyplex micelles were also challenged regarding their ability to release siRNA in the presence
of the competing polyanionic heparin. For this purpose, only the polymer:siRNA ratio of 16:1 (w/w) was
used, and the micellar complexes were incubated with increasing concentrations of heparin sulfate (0.1,
0.8,1.5,3.0,and 6.0 mg/mL) at 37 °C for 1 h. Samples were resolved in agarose gel using the same method
described above.

The protective role of polyplex micelles (both Plain-Mix-plex and P18.4-Mix-plex) against siRNA
degradation in the presence of fetal bovine serum (FBS) was also evaluated. Different polymer:siRNA

ratios (from 0:1 to 16:1) were used, and the formed micelleplexes were incubated with 25% FBS at 37 °C
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for 24 h. After that, samples were incubated for 1 h with an excess of heparin (6.0 mg/mL). Intact free
siRNA percentage was estimated by resolving the samples through the agarose gel.

All the pictures captured under UV-illumination, after electrophoresis, were processed using the
ImageQuantTM TL software (GE Healthcare, Bucks, UK). The density of each band was determined, and
the percentage of bound and or released siRNA was calculated based on the controls. Experiments were

performed at least in triplicate.

3.2.9 Effect of micelles and micelleplexes on cellular metabolic activity

MDA-MB-435 cells were treated with mPEO-b-P(CL-g-SP)/siRNA micelleplexes at a polymer:siRNA
ratio of 16:1 (Mic-SP-plex’s), using a scrambled siRNA sequence and siRNA doses of 100, 200, and 300 nM,
or with micelles formed by mPEO-b-PCCL copolymers (Mic-PCCL’s), in a polymer concentration equivalent
to complexes containing 100, 200, and 300 nM siRNA. Similarly, treatments composed of non-targeted
(Plain-Mix-plex) and targeted (P18.4-Mix-plex) mixed micelle polyplexes were also assessed. The micellar
structures were incubated with MDA-MB-435 cells for 3 h. After that, an aliquot of 20 uL of MTT solution
(5 mg/mLin PBS) was added to each well and incubated at 37 °C for 2 h. Then, the medium was removed,
100 pL of DMSO was added, and the optical density was measured at 570 nm using a Synergy H1 Multi-
Mode microplate reader (BioTek Instruments, VT, USA). The % cell viability was calculated based on the
MTT absorbance in treated cells over that for the untreated cells. The presented data correspond to at

least three independent measurements.

3.2.10 Cell uptake assessment

Flow cytometry was used to compare the level of siRNA delivery to MDA-MB-435 and HUVEC cells
among polyplex micelles containing the peptide P18.4 (P18.4-Mix-plex) with their plain counterparts
(Plain-Mix-plex). The experiments were carried out using 5-carboxyfluorescein (FAM)-labeled scrambled

siRNA. Confluent cells (~ 70%) were treated in triplicate in 24-well plates with 50 nM siRNA at a
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polymer:siRNA ratio of 16:1 (w/w). After 24 h, cells were trypsinized, washed in PBS three times, fixed in
2% paraformaldehyde solution, and subjected to flow cytometry using a FACS CANTO Il flow cytometer
(Becton Dickinson, CA, USA). Single cells were properly gated, and the median fluorescence intensity (MFI)
from the FAM-siRNA was quantified after a minimum of 10,000 events. Moreover, another flow cytometry
technique was used to confirm siRNA delivery profiles. For this experiment, in addition to the FAM
fluorescence (green), nucleus and endosomes were also stained with Hoechst NucBlue® (Invitrogen, CA,
USA) and LysoTracker® Deep Red (Life Technologies, NY, USA), respectively. The data were acquired using
ImageStreamX® Mark Il imaging flow cytometer (Amnis/EMD Millipore, WA, USA) using 1,000 events. All

experiments were performed in triplicate.

3.2.11 Assessment of MCL-1 downregulation by RT-PCR

Cells were treated with P18.4-Mix-plex and Plain-Mix-plex, using 100, 200, and 300 nM of
scrambled or MCL-1 siRNA (polymer:siRNA ratio = 16:1, w/w), in a 6-well plate for 48 h. After that, the
total RNA was extracted using RNeasy and QlAshredder (Qiagen, Hilden, Germany) according to the
manufacturer’s recommendations. cDNA was synthesized according to Invitrogen’s protocol. Briefly, 200
ng/uL RNA was reacted with a first mix (containing Oligo dT, random primer, and dNTP) and then heated
to 65 °C for 5 min. After that, a second mix was added (containing 5 x buffer, DTT, and RNAout), and the
samples were heated at 37 °C for 2 min. Lastly, the reverse transcriptase M-MLV was added. A
thermocycling of 25 °C for 10 min, 37 °C for 50 min, and 70 °C for 15 min were then applied to the samples.
GAPDH was used as the endogenous housekeeping gene (forward sequence: 5'-CAC ATG GCC TCC AAG
GAG TAA-3’ and reverse sequence: 5-TGA GGG TCT CTC TCT TCC TCT TGT-3’). For MCL-1, the primers used
were the following: forward sequence: 5’- CCT TTG TGG CTA AAC ACT TGA AG-3’ and reverse sequence:
5’- CGA GAA CGT CTG TGA TAC TTT CTG-3'. The SYBR® Green qPCR Mastermix (Applied Biosystems, CA,

USA) and primers (3.2 uM per sample) were added together with the cDNA of each sample. Real-time PCR
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was performed on a RT-PCR (real-time polymerase chain reaction) StepOnePlus™ system (Applied
Biosystems, MA, USA). Lipofectamine 2000 (Life Technologies Corporation, CA, USA) was used as a
positive control (following the vendor’s protocols) and naked siRNA as a negative control. The experiments

were performed in triplicate.

3.2.12 Measuring MCL-1 downregulation by western blot

Confluent MDA-MB-435 cells (~ 70%), in 6-well plates, were treated with scrambled and MCL-1
siRNA using peptide-targeted (P18.4-Mix-plex) and non-targeted (Plain-Mix-plex) polyplex micelles in a
polymer:siRNA ratio of 16:1 (w/w). After 48 h treatment, total protein extraction was performed by cell
lysis with RIPA buffer (including 0.05% protease inhibitor and 0.05% phosphatase inhibitor, EMD
Millipore). Protein concentration was determined using the PierceTM BCA Protein Assay Kit (Thermo
Scientific, IL, USA). Cell lysates were then treated with SDS and 2-mercaptoethanol, and an equal protein
amount of each sample was resolved on SDS-PAGE, followed by the transferring to a nitrocellulose
membrane. The membrane was probed with anti-MCL-1 (1:1000, Santa Cruz, # 66026), and anti-B-actin
(1:1000, CST, #58169) diluted in 5% BSA in TBS-T buffer. These antibodies were probed with anti-mouse
IgG conjugated with horseradish peroxidase (1:1000, Cell Signaling, #7076). The membrane was washed
three times with TBS-T after secondary antibody treatment. The bands on the membrane were visualized
with PierceTM ECL western blotting substrate (Thermo Scientific, IL, USA) and then exposed to X-ray films
(Fuji Films, TY, Japan). Finally, the density of each band was calculated using the ImageQuant TL software.

Lipofectamine 2000 and naked siRNA were used as the controls.

3.2.13 Statistical analysis

Statistical analyses were carried out using Graphpad Prism 8.0 (Graphpad Software Inc., La Jolla,

CA, USA). Statistical analysis was performed using unpaired Student’s t-test or one-way analysis of
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variance (ANOVA) followed by Tukey’s posthoc test. Data were presented as mean + standard error of the

mean, and the level of significance was set at p < 0.05.

3.3 Results

3.3.1 Characterization of PEO-b-P(CL-g-PA)s

The structure of all synthesized copolymers was characterized by *H NMR and GPC, and the results
are reported in Table 3.1, Table 3.S1, and Figure 3.51. The degrees of polymerizations (DP) of the PCL
segments of the synthesized polymers were calculated by comparing integration values of the methylene
protons of (-CH,-CH,0-) corresponding to PEO (6 = 3.65 ppm) and the methylene protons (-CH,0-) of the
PCCL (6 = 4.05 ppm) segments. This calculation revealed that the DP of the three synthesized mPEO-b-
P(CL-g-SP) copolymers were around 10, 15, and 20, whereas the DP for acPEO-b-P(CL-g-DT) copolymer
was 12. Similarly, the percentage of SP or DT substitutions on the synthesized polymers were estimated
by comparing the ratios of the area under the peaks for protons of polyamines at 6 = 2.1-3.2 ppm to -
CH,0- of PCCL at 6 = 4.05 ppm segments. The estimated percentage of SP or DT substitutions were 27, 55,
and 50% for mPEO-b-P(CL-g-SP) copolymers with DP of 10, 15, and 20, respectively. This corresponded to
a number average molecular weight of 7.5, 8.4, and 10.0 KDa according to the *H-NMR analysis, which
was close to the Mn values obtained from the GPC analysis (8.9, 8.8, and 9.4 KDa). Regarding acPEO-b-
P(CL-g-DT) copolymer, 33% of polyamine substitution was observed, and its Mn determined by *H-NMR

and GPC were 6.0 and 6.5 KDa, respectively.
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Table 3.1. Characterization of copolymers used for preparing the polyplex micellar structures.

Polymers Mn SP/DT * conj. Mn Mw Mw/Mn?
(KDa)? (mol%)* (KDa)? (KDa)*
PEO114-b-P(CL-g-SP)10 7.500 27 8.900 9.900 1.12
PEO114-b-P(CL-g-SP)1s 8.400 55 8.800 10.100 1.15
PEO114-b-P(CL-g-SP)20 10.000 50 9.400 10.900 1.15
acPEO101-b-P(CL-g-DT)12 6.000 33 6.500 6.600 1.02

1 Based on *H-NMR;
2 Based on GPC;
* Molar % conjugation of SP and DT.

The reaction yield of P18.4 peptide synthesis was 63%. A highly pure P18.4 peptide (> 95%) was
obtained by the purification of the synthesized P18.4 peptide. MALDI-TOF analysis showed a [M + H]* at
m/z 1,367.9 (calculated 1,367.7). The conjugating reaction of P18.4 peptide with the acPEO-b-P(CL-g-DT)
block copolymer had an efficiency of 87%, quantified by HPLC (Figure 3.52). The molar percentage of
peptide conjugation was 29% (i.e., 29 moles peptide per 100 moles block copolymer).
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Figure 3.1. Preparation of polyplex micelles formed by complexation between different block copolymers

and siRNA.

82



3.3.2 Characterization of polymeric micelles and micelleplexes

The formation of micelles, using mPEO-b-P(CL-g-SP) (Mic-SP) alone without siRNA, or polyplex
micelles following incubation of siRNA with mPEO-b-P(CL-g-SP) (Mic-SP-plex) were confirmed by DLS and
ZP measurements (Table 3.2 and Table 3.S2). The micellar structures presented a polydispersity index
below 0.3, indicating a narrow size distribution, and their average diameters ranged from 64 to 147 nm.
For Mic-SP samples that do not contain siRNA, no correlation between the DP and particle size was
observed. In contrast, for Mic-SP-plex samples that contained siRNA, block copolymers with higher DP led
to the formation of smaller micelles. The ZP of polyplex micelles were slightly negative. This was in
contrast to Mic-SP structures, which had no siRNA complex, which showed positive ZP values. No
correlation between DP or SP substitution and ZP was found among Mic-SP samples. As there was no
significant difference in ZP between Mic-SP1p and Mic-SP1s as well as Mic-SP1o and Mic-SP,o, only the
difference in ZP between Mic-SP1s and Mic-SP,o was statistically significant. The ZP of Mic-SP-plexio, Mic-
SP-plexis, and Mic-SP-plex,o were also not statistically different.

For mixed polyplex micelles, plain-Mix-plex, and P18.4-Mix-plex, composed of siRNA and a
mixture of mPEO-b-P(CL-g-SP)/acPEO-b-P(CL-g-DT) or mPEO-b-P(CL-g-SP)/P18.4-PEO-b-P(CL-g-DT), were
found to have similar physico-chemical properties. As shown in Table 3.2, although their hydrodynamic
diameters were equivalent (i.e., ~ 77-80 nm), the peptide decoration seems to have reduced the ZP of
these micelleplexes, may be due to the unreacted acetal groups or differences in micellar rearrangement

that exposed some carboxylate groups closer to the surface.
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Table 3.2. Characterization of polymeric micelles and polyplex micelles with siRNA.

Micellar composition ID Size (nm)* PDI CMC (uM)* ZP (mV)*
MPEO-b-P(CL-g-SP)10 Mic-SP1o (33.6 £ 4.6) 0.53 - 19.9 + 0.74 WY
MPEO-b-P(CL-g-SP):s Mic-SPys (74.1+5.1) 0.45 - 18.2+0.39 %
MPEO-b-P(CL-g-SP)s0 Mic-SP2o (59.8 £3.7) 0.48 - 20.5+0.96"
MPEO-b-P(CL-g-SP)10/siRNA Mic-SP-plexio 146.7+3.3°2 0.32 15.25+0.07 2 -4.50+0.16®
MPEO-b-P(CL-g-SP)1s/siRNA Mic-SP-plexis 103.4+0.5° 0.27 13.01+£0.25°" -4.51+0.23°
MPEO-b-P(CL-g-SP),0/SiRNA Mic-SP-plexao 64.2+1.6¢ 0.22 4.01+0.03¢  -3.78+0.22°
Plain Mix Micelle/siRNA 1 Plain-Mix-plex 77.4+1.1¢ 0.25 7.61+0.37¢ -4.12+£0.11°
P18.4 Mix Micelle/siRNA ? P18.4-Mix-plex 80.2+0.5¢ 0.24 7.41+0.06¢ -1.38+0.43°

1 Polymer composition: mPEO;114-b-P(CL-g-SP)20 / acPEQ101-b-P(CL-g-DT)1, = molar ratio 2:1

2 Polymer composition: mPEO114-b-P(CL-g-SP)20 / P18.4-PEQ101-b-P(CL-g-DT)1, = molar ratio 2:1

() Values in brackets: Result quality of these DLS analyses indicate “refer to quality”.

* Letters superscripted in the columns indicate the results after one-way ANOVA and Tukey's posthoc test. Averages with the

same letters indicate no significant difference (P > 0.05), and different letters indicate statistical significance (P < 0.001).

The micellar thermodynamic stability, reflected by measured CMCs, was dependent on the DP of
copolymers that formed the Mic-SP-plex. Polyplex micelles composed of mPEO-b-P(CL-g-SP)10 had the
lowest stability (CMC ~ 15 uM), while mPEO-b-P(CL-g-SP),o presented the best outcome (CMC ~ 4 uM).
The CMC values for non-targeted (Plain-Mix-plex) and targeted (P18.4-Mix-plex) mixed micelleplexes
were similar (CMC ~ 7 uM). Formation of mixed micelles through the addition of the DT-containing
copolymer to Mic-SP-Plexzo, seemed to have increased the CMC of mixed micelles compared to Mic-SP-
plexzo. This may reflect the lower DP of the PCCL backbone in the P(CL-g-DT) copolymer used for the
formation of mixed micelleplexes (DP = 12).

Mic-SP micelles, without siRNA complexation, were found to be kinetically not stable as the

presence of a destabilizing agent, i.e., SDS, reduced their count rate rapidly over time, indicating rapid
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micellar disassembly (Figure 3.53). This can be attributed to the presence of highly positive charged

moieties in the micellar core in these structures.

3.3.3 The effect of micellar composition on siRNA binding, release, and protection against degradation

Gel retardation assay was used to understand the capacity of the prepared polyplex micelles in
interacting with scrambled 21-bp sequences of siRNA. Mic-SP-plex samples with higher DP of PCCL
segment were able to bind siRNA at a lower amount of polymer. Total siRNA binding (i.e., ~ 100%) was
achieved at polymer:siRNA ratios of 8:1, 4: 1, and 2:1 for Mic-SP-plexio, Mic-SP-plexis, and Mic-SP-plexao,
respectively (Figure 3.2A and Figure 3.54).

The siRNA release profile of Mic-SP-plex’s under low concentrations of heparin showed that the
group with the highest binding capacity (Mic-SP-plexo) was the one that required the highest amount of
heparin to achieve the siRNA decomplexation from the micelles. However, at the 3 mg/mL heparin, all

groups had nearly 100% siRNA released (Figure 3.2B and Figure 3.54).
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Figure 3.2. Complexation between siRNA and polymeric micelles composed of mPEO-b-P(CL-g-SP) were
tested with different polymer chain lengths. (A): The profile of siRNA binding was investigated using
increasing polymer:siRNA ratios (from 0:1 to 16:1). (B): siRNA release was determined with the

polymer:siRNA ratio of 16:1 varying heparin concentrations of 0, 0.1, 0.8, 1.5, 3.0, and 6.0 mg/mL. Mic-
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SP-plex10, Mic-SP-plex15, and Mic-SP-plex20 were represented by green, red, and blue colors,
respectively (n=3). The representative raw gel retardation data used for this analysis is shown in Figure
3.4S.

When comparing Plain-Mix-plex and P18.4-Mix-plex samples, the former showed a slightly
stronger complexation with siRNA. Even though the peptide surface modification seemed to have reduced
the binding capacity, both micellar constructs were able to reach ~ 100% siRNA binding at a polymer:siRNA
ratio of 4:1 (Figure 3.3A and Figure 3.S5). Similarly, the release profile between non-targeted and P18.4-
targeted micelleplexes reflected and confirmed the siRNA binding data. As seen in Figure 3B, at a heparin
concentration of < 1.5 mg/mL, Plain-Mix-plex required a higher heparin amount for achieving the same
siRNA partial release (Figure 3.55). However, at higher heparin concentration (= 3 mg/mL), 100% siRNA
release was achieved for both mixed polyplex micelles.

The serum is well known to be rich in nucleases that can degrade the siRNA molecules. In fact,
our data confirmed that free siRNA was not stable in 25% FBS, being completely degraded after 24 h
incubation, as seen by the absence of signals in the first well for both gels (Figure 3.3C and Figure 3.S5).
Mixed micelleplexes without or with peptides on their surface, showed similar protection capacity. In line
with the results of siRNA binding and release, the increase in polymer:siRNA ratio for both micellar

structures led to an enhancement in siRNA protection against degradation by serum.
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Figure 3.3. Assessment of siRNA binding, release, and protection against degradation by serum among
plain and P18.4 polyplex micelles. (A): Profile of complexation between siRNA and micelleplexes
composed of different polymer:siRNA ratios (from 0:1 to 16:1). (B): siRNA release from the polyplex
micelles with a polymer:siRNA ratio of 16:1 in the presence of increasing amounts of heparin (from 0 to
6.0 mg/mL). (C): siRNA protection against degradation through incubation with FBS (25%, w/v). The
intensity of bands on the gels indicated that the siRNA was successfully protected by non-targeted (grey
color) and P18.4-targeted (orange color) micelleplexes. The representative raw gel retardation data used

for this analysis is shown in Figure 3.5S.

3.3.4 The effect of micellar composition on cell metabolic activity

Mixed polyplex micelles (either Plain-Mix-plex or P18.4-Mix-plex) showed a positive and similar
dose-response in terms of cytotoxicity with increasing siRNA and polymer concentrations (Figure 3.4). In
comparison to mix-micelle/siRNA complexes, Mic-SP-plex, composed of only mPEO-b-P(CL-g-SP)

copolymers, showed higher cytotoxicity at similar siRNA doses (data not shown). This reflects higher
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cytotoxicity of SP compared to the DT substituent since the Mix-plex preparations were constituted of

mPEO-b-P(CL-g-SP) and acPEO-b-P(CL-g-DT) copolymers.
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Figure 3.4. Metabolic activity of MDA-MB-435 cells was evaluated after 48 h treatment with (A) Plain-Mix-
plex or (B) P18.4-Mix-plex. Their composition was scrambled siRNA, mPEO-b-P(CL-g-SP), and acPEO-b-
P(CL-g-DT) or P18.4-PEO-b-P(CL-g-DT). The polymer:siRNA ratio used was 16:1. Bars in the graphs

represent the mean £ SEM (n = 3). Differences were compared using one-way ANOVA followed by Tukey's

posthoc test (* p < 0.05; ** p < 0.01; ns p > 0.05).

3.3.5 Cell uptake

Our flow cytometry data suggest that the P18.4 peptide surface modification significantly
enhanced the association of siRNA with the MDA-MB-435 cells through an energy-dependent mechanism
over HUVEC cells (Figure 3.5A and Figure 3.5B). As seen in Figure 5B, when the incubation temperature
was 4°C, there was a negligible siRNA uptake by the cells, and this uptake did not change through the
incorporation of siRNA in plain or P18.4-modified micelles. When the incubation was conducted at 37°C,
plain micelleplexes, containing FAM-siRNA, showed an increase in the fluorescence of cells upon
incubation. A further enhancement in FAM-siRNA cell uptake by treating the cells with P18.4-targeted
polyplex micelles was achieved which was statistically higher than that of plain micelles at 37 °C (Figure

3.5B, p < 0.001; one-way ANOVA, Tukey's posthoc test). This was in contrast to HUVEC cells that did not
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show any significant difference upon incubation with P18.4 modified micelleplexes compared to plain
ones at the same time frame (Figure 3.5A). Free siRNA molecules were not taken up significantly by the

cells, irrespective of the incubation temperature, due to their negative charge.
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Figure 3.5. Uptake of polyplex micelles containing FAM-siRNA by (A) HUVECs at 37 °C; and (B) MDA-MB-
435 cells at 4 and 37 °C. Bar graphs show the median fluorescence intensity (MFI). The outcomes
correspond only to signals from single cells after 3 h post-treatment. Bars are the mean + SEM (n = 3). ***

Significance after unpaired Student’s t-test (p < 0.001).

Furthermore, imaging flow cytometry was used to investigate the cellular internalization of
polymer/siRNA micelleplexes in MDA-MB-435 cells (Figure 3.6). Similar to the results of flow cytometry,
an enhancement in siRNA cell uptake was observed for P18.4-targeted micelleplexes compared to plain

ones (p < 0.05; one-way ANOVA, Tukey's posthoc test), which confirms the effect of peptide surface

modification on enhancing siRNA internalization by MDA-MB-435 cells.
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Figure 3.6. Cellular uptake and distribution of FAM-siRNA, complexed into the micellar constructs, using
MDA-MB-435 cells. (A): Images represent FAM-siRNA (green), Hoechst (blue), LysoTracker (red), and their

merged images. (B): Graphic bars represent the mean = SEM (n = 3). * Significance after unpaired Student’s

t-test (p < 0.05).

3.3.6 MCL-1 down regulation through treatment with polyplex micelles

The delivery of MCL-1 siRNA was evaluated by measuring the expression of MCL-1 in MDA-MB-
435 cells at both mRNA and protein levels. Treatments using the scrambled siRNA sequence did not
change the MCL-1 expression, as expected (Figure 3.7A). When the actual MCL-1 siRNA sequence was
employed, a siRNA dose of 300 nM was required to observed reduction at the mRNA and protein MCL-1
levels after 48 h treatment (Figure 3.7B). Among the other groups that received lower siRNA doses,
lipofectamine was the only delivery system capable of bringing down MCL-1 mRNA (by ~ 60%). The

silencing effect of plain micelleplexes (300 nM siRNA, polymer:siRNA = 16:1) was ~ 75%, whereas for the
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P18.4-targeted micelleplexes (300 nM siRNA, polymer:siRNA = 16:1), the downregulation was around
80%. A trend towards better transfection efficiency at this siRNA dose was observed for P18.4 modified
micelles compared to plain ones, that did not reach statistical significance under current experimental

conditions (Figure 3.7).
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Figure 3.7. Expression of MCL-1, at mRNA level, in MDA-MB-435 cells treated with different micelleplexes
for 48 h (polymer:siRNA ratio = 16:1). (A): Scrambled siRNA sequence was used as a negative control and
(B): MCL-1 siRNA as the test groups. Bars represent the mean + SEM (n = 3). ##: Significant difference
between scramble and MCL-1 siRNA complexed with the indicated nanoparticle types. ns: No significance

between Plain-Mix-plex and P18.4-Mix-plex.

Western blot results corroborated the observation at the mRNA levels, mostly because of the

short half-life (~ 1 h) of MCL-1.2°2 Interestingly, this data indicated that at the siRNA dose of 200 nM, some
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silencing activity among groups treated with both polyplex micelles were observed, and the strong
reduction in MCL-1 expression was noticeably high at siRNA dose of 300 nM (Figure 3.8). Nevertheless,
no difference between transfection of MCL-1 siRNA between P18.4 modified and plain micelles were

observed at the protein level under the experimental conditions here.
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Figure 3.8. MCL-1 protein expression in MDA-MB-435 cells after 48 h treatment with different siRNA doses
(polymer:siRNA ratio = 16:1). (A): Panel shows the bands of MCL-1 and B-actin, indicating when scrambled
or MCL-1 siRNA sequences were used for each well. (B): Graphic representation of the western blot data.

Bar values were calculated from the density of bands for each treatment.
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3.4 Discussion

Nano-carriers based on polycaprolactone (PCL) have been the focus of much interest in drug
delivery; however, because of the absence of cationic charged entities, these poly(ester)s may not provide
adequate means for the accommodation of nucleic acid-based therapeutics. Thus, positively-charged
entities need to be attached to PEO-b-PCL copolymers in order to make them capable of complexation
with siRNA and similar structures. Several studies have reported on different chemical strategies for
solving this problem, including the introduction of polyarginine (PEO114-Dlink,-b-Poly(Arg)e-b-PCLy;),3
poly(2-aminoethyl ethylene phosphate) (PEOss-b-PCLgo-b-PPEEA10),>** and polyethyleneimine (PEOgo-b-
PEl46-b-PClyo),>>>?° as well as the formation of mixed polyplex micelles containing a combination of PEl4;-
PCLis with PEOss-PGAs; (polyglutamic acid),”® or PEQss-b-PClLig with DOTAP (1,2-dioleoyl-3-
trimethylammonium-propane).>®

In the present study, we report on the optimization of polymeric micelleplexes based on PEO-
poly(ester)s grafted with polyamines, for siRNA delivery, first. For this purpose, we synthesized polymers
with varied DP in the PCL backbone (i.e., DP of 20, 15, and 10). In these series of polymers, SP conjugation
was similar between PEO-b-P(CL-g-SP)s (~ 50-55%). The polyamine conjugation level was, however, lower
in polymers of DP 10 (~ 27%). Our data, showed longer PCCL backbones, to introduce enhanced stability
to the PEO-b-P(CL-g-SP) micelleplexes. This was despite a higher number of substituted SP on polymers
with DP 20 (approximately 10 SP molecules per polymer chain for polymers with DP 20 on average versus
8 SP molecules on average for polymers with DP 15). The observation may be a reflection of higher
hydrophobicity of the core in PEO-b-P(CL-g-SP) micelles of higher DP for PCL-g-SP. It may also be due to a
1:1 balance between the free COOH groups on the P(CL-g-SP) and free primary amine of SP substituent
leading to the stabilization of P(CL-g-SP) core upon complexation with siRNA.

Based on the above observation, PEO-b-P(CL-g-SP)s with DP of 20 were selected for further

studies involving P18.4 modification of micellar siRNA nano-delivery systems. Peptide modification of
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micellar complexes of siRNA was achieved through the formation of mixed micelles using a mixture of
PEO-b-P(CL-g-SP),0 with P18.4-PEQ-b-P(CL-g-DT) as reported previously by our group for RGD4C modified
micelle complexes of siRNA.?3” The PEO-b-P(CL-g-DT) copolymers were considered advantageous over
PEO-b-P(CL-g-SP) ones for peptide conjugation, owing to the possibility of side Schiff base reactions
between aldehyde functionalized and the free amine groups on the SP substituents.?°

Our research group has previously assessed the use of different grafted polyamines into the PCL
block copolymer for siRNA delivery. We found polyamines containing secondary and primary amine
groups (e.g., SP) to be more efficient in delivering siRNA into the cell cytosol, compared to the copolymers
grafted with polyamines with secondary and tertiary amine groups (e.g., DT).2** The molecular origin of
the proton sponge effect has been attributed to the differential ionization behavior of the tertiary and
secondary amine group relative to the primary amine, which tends to initiate first.?¢° In the current study,
P18.4 modification of micelles through mixing of P18.4-PEO-b-P(CL-g-DT), which does not have primary
amines in its structure, slightly affected the siRNA binding (Figure 3.3A), and release from the micellar-
siRNA complexes (Figure 3.3B). The effect was more noticeable on siRNA release, though. Nevertheless,
both structures (plain versus P18.4 modified ones) protected complexed siRNA to the same extent against
FBS degrading effects (Figure 3.3C). Both systems showed dose-dependent non-specific cytotoxicity
against MDA-MB-435 cells, which reached 65-70% cell viability at a siRNA dose of 300 nM and polymer to
siRNA w/w ratio of 16:1 following 48 h incubation (Figure 3.4).

Of note is the advantage of P18.4 as a targeting ligand on delivery systems because of its high
stability in biological fluids. Our data showed micellar surface modification with the tumor-targeting
peptide P18.4 to be a promising strategy to make siRNA delivery more specific for MDA-MB-435 cancer
cells as opposed to HUVEC cells (model for endothelial cells). This was evident from an increase in the
uptake of siRNA by MDA-MB-435 cells when treated by P18.4 modified siRNA micellar complexes over

plain ones (Figure 3.5B, and Figure 3.6). In contrast, the siRNA uptake did not significantly change in
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HUVEC cells by P18.4 modification of micelles (Figure 3.5A). The findings were in line with previous
findings for P18.4-modified PEO-PBCL and PEO-PCL micelles, which did not carry cationic segments in their
core structures.®® Here, the observation on the polyamine containing micelles points to the adequate
coverage of polyamine segments in the micellar core, by the micellar shell structures prepared in this
study and the role of P18.4 modification in shifting the cellular entry of micelleplexes towards receptor-
mediated endocytosis.

Despite the increase in cell uptake, P18.4 modification on the micellar surface did not significantly
affect the transfection efficiency of MCL-1 siRNA by its micellar complexes, at studied doses (Figure 7 and
Figure 8). This may reflect the similarity in the interaction of plain and P18.4 micellar siRNA complexes
with endosomal membrane, restricting siRNA access to the cytosol for both systems despite higher cell
uptake of P18.4 modified ones, or be simply an artifact of the current experimental conditions. Further
studies are required to clarify the reason behind this observation. Nevertheless, the increased specificity
of delivery systems to tumor versus endothelial cells is still envisioned to benefit the intra-tumoral
distribution and specificity of silencing activity of P18.4 modified siRNA micelleplexes for tumor cells, in
vivo. The validity of this hypothesis needs to be examined in future studies in 3D models containing tumor

epithelial and endothelial cells and/or in vivo models.
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3.5 Conclusion

In polymers under this study, those with longer PCL-SP backbone (DP = 20) were shown to be
more suitable for siRNA delivery due to the enhanced stability of micelleplexes. P18.4 modification of
polymeric micellar siRNA complexes based on PEO-b-P(CL-g-SP),o increased the specificity of delivered
siRNA to tumor versus endothelial cells. The increase in siRNA interaction with cancer cells, however, did
not affect the transfection efficiency of delivered siRNA against MCL-1 expression under current
experimental conditions. It needs to be determined if this change in specificity, can benefit siRNA

intratumoral distribution to epithelial tumor cells versus endothelial cells.

96



3.6 Supplementary Information
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Figure 3.51. 'H-NMR spectra of the synthesized block copolymers. (A): mPEQ114-b-PCCLyo (black line) and
MPEQ;14-b-P(CL-g-SP)10 (green line); (B): mPEO114-b-PCCL;s (black line) and mPEQ114-b-P(CL-g-SP)1s (red
line); (C): mPEO114-b-PCClLyo (black line) and mPEQ114-b-P(CL-g-SP),0 (blue line); (D): acPEO-b-P(CL-g-DT).
Middle panel contains the structure of the copolymer backbone indicating the main proton signal

assignments (pink letters).
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Figure 3.52. Representative HPLC chromatogram used for assessing the reaction of P18.4 peptide and
acPEO-b-P(CL-g-DT) copolymers. Conjugated peptides were determined by subtracting the amount of free
unreacted peptide after 24 h reaction (green line) from the initial peptide added at time zero (blue line).

The main panel shows the sample after 48 h dialysis against water to remove the unreacted peptides

(black line).

Table 3.S1. Characterization of PEO-PCCL copolymers used for preparing polyamine-grafted block

copolymers.

Polymers Mn (KDa)? Mn (KDa) 2 Mw (KDa) 2 Mw/Mn 2
MPEQ114-b-PCCLyo 7.200 8.400 9.700 1.15
MPEQ114-b-PCCLys 7.900 8.900 9.900 1.11
MPEQ114-b-PCCLyo 9.500 10.700 16.000 1.50

! Based on *H-NMR; 2 Based on GPC.

Table 3.52. Characterization of micelles composed of PEO-PCCL copolymers used for preparing

polyamine-grafted block copolymers.

Micellar composition ID Size (nm) PDI CMC (uM) ZP (mV)
mMPEO-b-PCCLio Mic-PCCLyy  70.22.6 0.48 8.95+0.11 -3.51+0.16
mPEO-b-PCCLys Mic-PCCLis 117.9+0.7 0.26 8.05+0.06 -3.81+0.05
mMPEO-b-PCCLyo Mic-PCCLy 134.6%3.1 0.21 4.44£0.03 -3.94+0.02
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Figure 3.53. Kinetic stability of micelles incubated with sodium dodecyl sulfate (SDS), a micellar
destabilizing agent. The count rates (Kcps) of polymeric micelles, composed of (A): mPEO-b-PCCL and (B):

mMPEO-b-P(CL-g-SP) copolymers with no siRNA complexation, were measured at different timepoints.

C F

Figure 3.54. Profile of siRNA binding was evaluated using polyplex micelles composed of (A) mPEO-b-P(CL-
g-SP)20, (B) mPEO-b-P(CL-g-SP)1s, and (C) mPEO-b-P(CL-g-SP)10 and with different polymer/siRNA ratios
(well#1: 0/1; well#2: 0.5/1; well#3: 1/1; well#4: 2/1; well#5: 4/1; well#6: 8/1; and well#7: 16/1). On the
right panels, siRNA release was analyzed using (D) Mic-SP-plexzo, (E) Mic-SP-plexis, and (F) Mic-SP-plexio.
In this case, the polymer/siRNA ratio was fixed to 16:1, varying heparin concentration (well#1: 0 mg/mL;

well#2: 0.1 mg/mL; well#3: 0.8 mg/mL; well#4: 1.5 mg/mL; well#5: 3 mg/mL; and well#6: 6 mg/mL).



F

Figure 3.S5. The siRNA binding was investigated using Plain-Mix-plex (A) and P18.4-Mix-plex (B), and
increasing polymer/siRNA ratios (well#1: 0/1; well#2: 0.5/1; well#3: 1/1; well#4: 2/1; well#5: 4/1; well#6:
8/1; and well#7: 16/1) were tested. The siRNA release profile was assessed between Plain-Mix-plex (C)
and P18.4-Mix-plex (D) with a constant polymer/siRNA ratio (16/1) using different amounts of heparin
(well#1: 0 mg/mL; well#2: 0.1 mg/mL; well#3: 0.8 mg/mL; well#4: 1.5 mg/mL; well#5: 3 mg/mL; and
well#6: 6 mg/mL). The siRNA protection against degradation in serum (FBS, 25% w/v) was compared
between plain (E) and P18.4 (F) polyplex micelles formed in increasing polymer/siRNA ratios (well#1: 0/1;
well#2: 0.5/1; well#3: 1/1; well#4: 2/1; well#5: 4/1; well#6: 8/1; and well#7: 16/1). After 24 h incubation

6 mg/mL of heparin was used to release the protected payloads.
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Chapter Four

Synthesis and analysis of ¢*Cu-labeled GE11-modified polymeric micellar

nanoparticles for EGFR-targeted molecular imaging in a colorectal cancer model

A version of this chapter has been accepted with revisions in

Molecular Pharmaceutics (submission ID: mp-2019-010434).
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4.1 Introduction

Nanoparticles (NPs) can be surface-modified to effectively serve as an in vivo biosensor or drug
delivery agent. Decoration of NPs with a broad variety of contrast agents, including fluorophores and
radionuclides, allow their use as imaging agents for magnetic resonance imaging, computed tomography,
ultrasound, optical imaging, single-photon computed tomography (SPECT) and positron emission
tomography (PET). The incorporation of radionuclides onto the surface of NPs can produce traceable
nanosystems with potential applications as targeted therapeutics and diagnostics in many different
diseases, including cancer. Depending on the type of the attached radionuclide, radiolabeled nanosystems
can be applied as non-invasive imaging probes for PET using positron emitters such as ®*Cu (ti2 ~ 12.7 h),
89Zr (t12~ 3.3 d) or %I (t12 ~ 4.8 d), or as therapeutic agents, e.g. for brachytherapy,?®* using therapeutic
radioisotopes e.g. I (ti2 ~ 60 d), %Ir (t12 ~ 74 h) or °Co (t12 ~ 5.26 y). In some cases, PET can be
combined with other imaging modalities based on the physical properties of the NP platform.?®? In
addition to the general passive targeting properties of NPs through the enhanced permeability and
retention (EPR) effect, the NPs surface can be decorated with various tumor-targeting vectors for directed
delivery to specific cancer biomarkers expressed on the surface of cancer cells. It is also possible to load
chemo-therapeutic drugs into the interior of the nanosystems allowing their delivery to cancer tissue, in
vivo. A NP containing a PET isotope on the surface and a therapeutic payload embedded in the NPs would
allow exact in vivo tracking of NPs by PET imaging to identify the optimal timeframe in which particles are
maximally concentrated in the desired target tissue, facilitating the delivery and controlled release of the
drug. The radioisotope ®*Cu (t12 ~ 12.7 h) has a half-life which is compatible with the typical long biological
half-life of NPs.2®3 %4Cu is readily available through the ®Ni(p,n)®*Cu nuclear reaction using small
biomedical cyclotrons, and 5*Cu emits low energy positrons as well as therapeutically relevant B particles.
Consequently, ®*Cu is well-suited for the radiolabeling of NPs to monitor their biodistribution, stability,

and clearance profile in vivo while also offering opportunities for potential therapeutic applications.
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Polymeric micellar NPs (PMNPs), formed through self-assembly of polyethylene oxide (PEO)-
block-poly(ester)s present a core/shell structure in which hydrophobic molecules, such as
chemotherapeutic, photodynamic and contrast agents, can be encapsulated as a payload to facilitate
cancer treatment and/or diagnosis. The main advantage of poly(ester)s, especially polycaprolactones
(PCL) lies in their high versatility. Pendant functional groups (e.g., carboxylates, alkynes, acrylates, or
halogens) have been successfully attached to the PCL backbone in order to improve crucial polymer
properties and/or to tailor for specific applications.?®*2%¢ In earlier studies, our research group has
reported on PEO-b-poly(a-benzyl carboxylate-e-caprolactone), PEO-b-PBCL, and demonstrated it to be
superior to its parental di-block copolymer PEO-poly(e-caprolactone), PEO-b-PCL, especially with regard
to micelle stability, in vivo.?*° Moreover, those PMNPs containing a PBCL core were found to have both a
higher capacity for encapsulating hydrophobic small molecules as well as more desirable release
properties.?®’

The EPR effect is a well-known mechanism by which nano-sized particles passively diffuse and
accumulate into the vicinity of solid tumors. Although this passive targeting phenomenon plays the most
significant role in NP tumor accumulation, only a small portion (~ 1 %) of the injected dose is actually
delivered into the tumor.'*® Because of the constant build-up of interstitial fluid, dysfunctional lymphatic
drainage, and consequent high intratumoral pressure, there may be a reverse gradient of NP permeation
over time. Furthermore, the tumor microenvironment is quite heterogeneous, characterized by the
presence of immune inflammatory cells, endothelial cells, fibroblasts, pericytes and others. Therefore,
surface modification of NPs using tumor-targeted ligands seems to be a promising strategy to circumvent
some of these obstacles.?**’

Overexpression of epidermal growth factor receptor (EGFR) represents an established and
extensively studied typical biomarker of rapidly proliferating and highly aggressive types of cancers,

including colorectal cancer (CRC).22%82%9 |n the past, investigators have used different molecular entities
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such as small molecules, nucleic acids, peptides, proteins, monoclonal antibodies and antibody fragments
to target EGFR, in vivo. Most of the targeting vectors bind to the extracellular domains of EGFR, competing

with endogenous ligands such as EGF, TGF-a, epiregulin, and others,*”°

and block downstream signaling
pathways and/or mark cancer cells for eradication by the immune system.2%2’1"277 EGER is overexpressed
in many types of cancers and several EGFR ligands, particularly 12-mer peptide GE11, have been used for
targeted cancer therapy,?°>?’87281 diagnosis,??”*%72% and/or both.?®”-2%° The peptide sequence of GE11
(YHWYGYTPQNVI) shows good binding affinity to EGFR (K4 = 22 nM) without triggering dimerization and
mitosis like its endogenous ligand, EGF.?”° Various DOTA- and NOTA-decorated GE11 peptides were
labeled with ®8Ga, ®*Cu, and !In for PET and SPECT imaging.282283285286.2%0 However, none of the
radiolabeled GE11 peptides were stable in vitro or in vivo, limiting their application as EGFR imaging
agents. 802!
To date, most studies with ®*Cu-labeled NP platforms were directed towards specific targeting of
various receptor proteins associated with tumor vasculature and angiogenesis, such as integrins,
membrane glycoprotein endoglin, or vascular endothelial growth factor (VEGF) receptor.?°*%¢ Few
studies have reported the use of ®*Cu-labeled NPs for EGFR targeting. Recently Yang et al. described the
preparation of gold/iron oxide nanoparticles decorated with an EGFR-targeting affibody, where EGFR-
directed molecular targeting was demonstrated though specific blocking studies in vivo.?*® Moreover,
current literature revealed that radiolabeling of NPs with ®Cu was mainly accomplished with various
NOTA- or DOTA-decorated NP platforms according to a post-labeling approach.3®

The goal of the present study was the synthesis and analysis of *Cu-labeled NPs prepared by a
pre-labeling approach to avoid the modification of the NP surface with a ®*Cu binding chelator. This was
accomplished by an in situ formed ®*Cu-NOTA complex containing a diazonium salt motif for subsequent

azo coupling to tyrosine residues of EGFR-targeting GE11 peptide or mock peptide HW12 present on the

surface of PEO-b-PBCL PMNPs. Recently we have successfully applied this labeling technique to other
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macromolecules.?°13%2 The present study describes the first application of this novel radiolabeling
approach to NPs. ®*Cu-labeled and GE11-decorated PMNPs were analyzed with PET in the EGFR-expressing

HCT116 colon cancer model, in vivo.

4.2 Methods

4.2.1 Materials

Methoxy-polyethylene oxide (mPEO, 5,000 Da), ethylene oxide (299.9%), 3,3-diethoxy propanol,
ascorbic acid, and fetal bovine serum (FBS) were purchased from Sigma (St. Louis, MO, USA). a-Benzyl
carboxylate-e-caprolactone and a-propargyl carboxylate-e-caprolactone were obtained from Alberta
Research Chemicals Inc. (Edmonton, AB, Canada). Stannous octoate was acquired from MP Biomedicals
Inc. (Tuttlingen, Germany) and further purified by vacuum distillation. Peptides GE11 (YHWYGYTPQNVI)
and HW12 (HYPYAHPTHPSW) were obtained after custom synthesis by Biomatik LLC (Wilmington, DE,
USA). [®*Cu]CuCl; was purchased from Washington University School of Medicine (St. Louis MO, USA).
Dialysis tubing (MWCO - 3.5 kDa) was purchased from Spectrum Laboratories (Rancho Dominguez, CA,
USA). 2-S-(4-Aminobenzyl)-1,4,7-triazacyclononane-1,4,7-triacetic acid was purchased from Macrocyclics,

Inc. (Plano, TX, USA). All other chemicals were reagent grade.

4.2.2 Cell lines

Colorectal cancer cell lines with different levels of EGFR expression, HCT116 (CCL-247™) and
SW620 (CCL-227™) cells (i.e., EGFR positive and negative, respectively), were obtained from American
Type Culture Collection (ATCC, Manassas, VA, USA). Cell growth was done in Dulbecco’s Modified Eagle
medium (DMEM) supplemented with 10% FBS, 100 u/mL penicillin, and 100 mg/mL streptomycin at 37 °C

and 5% CO..
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4.2.3 Peptide and fluorophore conjugation into the block copolymers

Di-block copolymers poly(ethylene oxide)-block-poly(a-benzyl carboxylate-e-caprolactone) (PEO-
b-PBCL), containing methoxy-PEO (mPEQ) or acetal-PEO (acPEQ), and tri-block copolymer poly(ethylene
oxide)-block-poly(a-benzyl carboxylate-g-caprolactone)-block-poly(a-propargyl carboxylate-g-
caprolactone) (PEO-b-PBCL-b-PPC) were synthesized as previously reported.?® Briefly, either mPEO or
acPEO was used as the initiator for ring-opening bulk polymerization. The reaction was performed under
vacuum at 140 °C for 4 h, using stannous octoate (4 drops) as the catalyst. Ring-opening solution
polymerization was done to add the third block under reflux with dry toluene for 30 h and with mPEO-b-
PBCL as macroinitiator.

GE11 and HW12 peptides were covalently attached to the di-block copolymers containing a
terminal acetal group from PEO. Polymeric micelles were prepared through co-solvent evaporation
method (5 mg/mL). The micellar solution was then acidified to pH 2 (0.5 M HCl) and stirred for 2 h at room
temperature. Solution pH was re-adjusted to pH 7 (0.5 M NaOH) and buffered (PBS, pH 7.4). Peptide
solution (1% DMSO) was added to the micelles in a peptide:polymer ratio of 1:5 (mol/mol), under constant
stirring, for 2 h. Then, NaBHsCN (10 eq.) was added to the reaction and incubated for 24 h. The resulting
micellar solution was dialyzed against water and lyophilized.

Copolymers conjugated with near-infrared (NIR) fluorophore Cy5.5 were prepared using azide-
alkyne click chemistry. The triblock copolymer PEO-b-PBCL-b-PPC (10 umol) was dissolved in degassed
DMSO under constant stirring. A solution of Cy5.5-azide (1 umol in DMSO) was added followed by ascorbic
acid (0.5 umol) and degassed with argon for30 s. Finally, the Cu-TBTA complex solution (10 mM) was
added followed by another argon purge for 30 s. The sealed stirring reaction mixture was incubated at
room temperature in the dark for 16 h. Then, the non-reacted dye was washed off by dialysis against

DMSO for 24 h. The DMSO was removed by dialysis against water for 24 h and lyophilized.
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4.2.4 Characterization of block copolymers

The number average molecular weight (M, o) of copolymers was determined by 600 MHz *H
NMR (Bruker Avance lll instrument, Billerica, MA, USA) in deuterated chloroform. The degree of
polymerization (DP) of PBCL segments was calculated from the peak intensity of methylene protons from
PEO block (-CH,CH,0-, & = 3.65 ppm) compared with protons of the methylene group from the PBCL
backbones (-OCH»-, 6 = 4.05 ppm). For triblock copolymers, containing propargyl grafts, the length of the
third block PPC was determined by comparing proton peak intensity from PEO (-CH,CH,0-, 6 = 3.65 ppm)
with methylene protons from PPC (-OCH,-, 6 = 4.75 ppm). GE11 and HW12 conjugation to acPEO-b-PBCL
was determined by reverse-phase UV-HPLC (Varian Prostar 210 System). A pBondapak (Waters Corp,
Billerica, MA, USA) C-18 analytical column (10 pm, 3.9x300 mm) was used with a gradient of
acetonitrile:water (10-70% for a 45 min run time) at a flow rate of 1 mL/min. Detection was performed
at 214 nm using a ProStar 335 PDA module (Agilent Technologies, Santa Clara, CA, USA). The grafting of
Cy5.5 into the triblock copolymers PEO-b-PBCL-b-PCC was measured by fluorescence using Synergy H1
multi-mode microplate reader (BioTek Instruments Inc., Winooski, VT, USA) with excitation/emission

wavelengths of 673 nm/707 nm.

4.2.5 Preparation of PMNPs

Micellization was carried out by co-solvent evaporation method.?*° Briefly, acetone was used to
dissolve the appropriate mix of mPEO-b-PBCL and GE11-PEO-b-PBCL or HW12-PEO-b-PBCL, resulting in
10% (mol/mol) peptide density of total polymer amount. Then the polymer mixtures were added
dropwise in double distilled water under stirring (aiming for 10 mg/mL polymer concentration) and
incubated overnight without a cap at room temperature with constant agitation. Cy5.5-tagged polymeric

micelles were prepared for the in vitro cell uptake studies through mixing of tri-block copolymer PEO-b-
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PBCL-b-P(PC-g-Cy5.5) with the other copolymers. The amount of Cy5.5 dye in the mixed micelles was 0.4

ug per mg polymer.

4.2.6 Nanoparticle characterization

The size distribution of PMNPs and {-potential were measured before and after radiolabeling by
dynamic light scattering (DLS) using the Zetasizer Instrument Nano-ZS (Malvern Instruments,
Worcestershire, UK). Measurements were made at 25 °C with a scattering angle of 173°. This equipment
was also used for determining the molecular weight of PMNPs (M, np), running a Static Light Scattering
(SLS) method. For SLS measurements, different concentrations of PMINP samples were studied applying
the Rayleigh equation. Pure toluene was chosen as a reference and the refractive index increment (dn/dc)
for the micellar solutions was estimated based on previous studies. The number of unimeric polymer
chains that forms one micelle (i.e., aggregation number) was determined by dividing the molecular weight
of PMNPs by the number average molecular weight of the synthesized block copolymers (M, rol),

obtained from NMR.

4.2.7 In vitro cellular uptake studies by colorectal cancer cells

For flow cytometry, HCT116 and SW620 cells were seeded into 12-well plates (1-1.2 x 10°
cells/well) and incubated at 37 °C for 24 h to reach 70% confluence. Cy5.5-tagged PMNPs were added in
a concentration equivalent to 0.2 pg/mL Cy5.5 (triplicate). For competition experiments, both cell lines
were pre-treated with excess free GE11 (1.5 mg/mL) for 30 min prior to the addition of GE11-PMNPs.
After incubation for 3 h at 37°C, cells were washed three times with PBS, detached from the plates with
trypsin, and fixed using 4% paraformaldehyde. The fluorescence signal was recorded using a LSR-Fortessa
X20 (BD Biosciences, Franklin Lakes, NJ) and cell-associated Cy5.5 median fluorescence intensity (MFI) was

used for PMNP uptake quantification.
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For confocal microscopy studies, cells were seeded into 24-well plates containing round cover
slips (0.2 mm thickness) at densities of 4-5 x 10* cells/well and incubated at 37 °C for 24 h, until 50%
confluence. Cy5.5-tagged PMNPs were added (see above). Fixed cells on cover-slips were prepared in
DAPI-containing mounting media. Slides were set in the dark for 24 h. Analysis of cell-associated Cy5.5
was carried out on a Zeiss LSM 710 confocal microscope (Carl Zeiss Microscope systems, Jena, Germany)
using blue (Ex: 405 nm; Em: 410-500 nm) and red (Ex: 633 nm; Em: 633-744 nm) filters with 40x
maghnification. Images were analyzed using Zen 2012 software (Carl Zeiss Microscope Systems, Jena,

Germany).

4.2.8 Radiolabeling

[**Cu]CuCl; (10-15 pL in 0.1 N HCl) was buffered by 50 puL 0.1 M NH4OAc (pH 5.5), transferred to a
microcentrifuge tube, then, 20 ug of chelator 2-S-(4-aminobenzyl)-1,4,7-triazacyclononane-1,4,7-triacetic
acid (NOTA-Bn-NH,) in 2 uL NH4OAc (0.1 M, pH 5.5) was added to the aqueous [**Cu]Cu(OAc); solution.
The mixture was shaken (thermoshaker; 750 rpm, 37 °C) for 15 min. Chelation of ®*Cu was monitored by
reverse phase thin layer chromatography (radio-TLC) using MeOH:1M NH4OAc (9:1) observing for R¢~ 0.3
for ®*Cu-NOTA-Bn-NH,. The chelation mixture was cooled to 0°C (ice bath), acidified (pH ~ 1) using 100 pL
of 1N HCI (trace metal grade), and 10 pL of sodium nitrite solution was added (aq., 2 M). The mixture was
held at 0 °C (occasional shaking for 5 min) to complete conversion of the amine group by acid-mediated
nitrosation-diazotization.

Radiolabeling of PMINPs started with the addition of 70 uL of a solution of GE11- or HW12-micelles
(10 mg/mL in 0.1 M borate buffered saline, pH 8.8) to the crude nitrosation-diazotization mixture,
followed by 80 uL of 1IN NaOH to correct to pH 8-9. The coupling reaction was maintained at 0°C
(occasional shaking for ~ 30 min) and was monitored by reverse phase radio-TLC (solvent system as above,

4Cu-NOTA-PMNP R; ~ 0). ®*Cu-labeled micelles were separated from labeling precursors by size exclusion
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chromatography (Bio-rad 10DG desalting column) pre-equilibrated and gravity eluted with 1X PBS.
Fractions (400 uL) were collected and measured for activity using an Atomlab 400 dose calibrator and

radiochemical purity by determined by radio-TLC.

4.2.9 In vivo PET experiments

All animal experiments were carried out in accordance with guidelines of the Canadian Council on
Animal Care (CCAC) and approved (AC 18235) by the local Animal Care Committee of the Cross Cancer
Institute. HCT116 cells (~ 1 x 10°) were subcutaneously injected into the upper left flank of female NIH-III
nude mice (Charles River, Saint-Constant, QC, Canada). After 3-4 weeks of tumor growth reaching an
average tumor size of ~ 300 — 500 mm?3, mice were injected intravenously with 5-8 MBq of radiolabeled
®4Cu-labeled GE11- or HW12-PMNPs in 130-180 pL sodium acetate. For initial in vivo experiments normal
BALB/c mice were used. Radioactivity present in the injection solution was determined using a dose
calibrator (Atomlab 300; Biodex Medical Systems, Upton, NY, USA). Static PET acquisitions of 30—60 min
duration were performed at 2 h, 24 h, and 48 h post-injection. Each mouse was anesthetized under
isoflurane in 100% O, and maintained at a constant temperature of 37 °C. Mice were immobilized in a
prone position, in the center of the field view of an INVEON® PET scanner (Siemens Preclinical Solutions,
Knoxville, TN, USA). No correction for partial volume effects was performed. Image files were
reconstructed using maximum a posteriori (MAP) reconstruction mode and further processed using the
Rover v.2.0.51 software (ABX, Radeberg, Germany). Masks defining 3D regions of interest (ROI) were set
and defined by 50% thresholding. Mean and maximum standardized uptake values SUVmean oOr
SUVmax = (activity / mL tissue) / (injected activity/body weight), in milliliters per kilogram were calculated

for each region of interest (ROI).
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4.2.10 Statistical analysis

All in vitro data are expressed as means £+ SEM from n experiments. Graphs were constructed
using GraphPad Prism® 5.04 (GraphPad Software, La Jolla, CA, USA). Statistical differences were tested by

Student’s t-test and were considered significant for p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***).

4.3 Results

4.3.1 Characterization of copolymers and PMNPs

The number average molecular weight (My, o) among the synthesized block copolymers mPEO-
b-PBCL, acPEO-b-PBCL, and mPEO-b-PBCL-b-PPC was 10,224; 12,280; and 11,060 g/mol, respectively
(Table 4.S1 and Figure 4.51). The degree of polymerization (DP) for mPEO-b-PBCL was 20.1, and for acPEO-
b-PBCL was 22.9. The DP of PBCL and PPC segments from the tri-block copolymer was 15.5 and 3.5, which
together formed the micellar core (DP = 19). In our previous study,?° high stability of polymeric micelles
formed by PEO-b-PBCL copolymers with DP ~ 20 was shown, and because of that, the aim in this work was
to achieve similar polymer lengths. Table 4.1 shows that the PMNPs had a narrow, low polydispersity

index (PDI ~ 0.3).

Table 4.1. Characterization of non-labeled and ®Cu-labeled PMNPs.

PMNP Size distribution PDI {-Potential M, np X 103 Aggregation
(nm) (mV) (g/mol) number
HW12-NP 49.92 + 0.32 0.27 8.65+1.48 1660 + 63.9 151
GE11-NP 45.30 + 0.07 0.19 -7.90+0.17 1720 £ 50.0 157
4Cu-HW12-NP 53.16 £ 0.76 0.36 1.36+£0.77 - -
®4Cu-GE11-NP 53.54 +0.31 0.16 -5.13+0.68 - -
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Before radiolabeling with ®*Cu, HW12-micelles were found to have a slightly larger particle size
(¥50 nm) than GE11-micelles (~45nm). After the radiolabeling, both PMNPs showed similar
hydrodynamic diameters, although an increase in PDI and micellar size was observed. ®*Cu labeling
minimally affected the micellar structures, as seen in the size distribution histogram (Figure 4.2C and
Figure 4.2F). Zeta-potential data revealed that the charge was positive for HW12-micelles but negative
for GE1l-micelles, and radio-coupling conditions reduced their charges. Both micelles presented
comparable molecular weights (Mw np), and aggregation number, in which the analysis indicated that one

single PMNP is composed of about 150 unimeric block copolymers.

4.3.2 In vitro cell uptake study

Flow cytometry indicated that Cy5.5-tagged HW12- and GE11-PMNPs were internalized by EGFR-
negative cell line SW620 at similar levels (Figure 4.1A), whereas their internalization profiles in EGFR-
positive HCT116 cell line were significantly different from one another (Figure 4.1B). Internalization of
HW12-PMNPs by HCT116 cells was comparable to that of control micelles lacking the peptide surface
decoration (data not shown), likely due to the fact that the HW12 peptide does not have binding specificity
for EGFR. In contrast, GE11-PMNPs were present inside HCT116 cells with a significantly higher
fluorescence signal (p < 0.001, one-way ANOVA, Tukey's posthoc test). Their median fluorescence
intensity (MFI) was 8,240 + 287 for HW12-PMNPs versus 15,690 + 385 for GE11-PMNPs, which
represented an increase of ~ 90% in internalization. The same pattern was observed qualitatively through
confocal microscopy experiments, as shown in Figure 4.1C.

Pre-treatment with GE11 (1 uM) reduced HCT116 cell uptake of GE11-PMNPs to similar levels to
those observed for HW12-PMNPs. This competitive blocking experiment represented further evidence

that the conjugation of GE11 to PMNPs enhanced EGRF-directed targeting, resulting in increased
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internalization into EGFR-expressing cell line HCT116. Moreover, competition with free GE11 did not

change the uptake of GE11-PMNPs in EGFR negative SW620 cells (Figure 4.1A and Figure 4.1B).
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Figure 4.1. In vitro cell uptake studies. CRC SW620 and HCT116 cells were incubated with Cy5.5-tagged
PMNP for 3 h at 37 °C. MFI was collected by flow cytometry from ~ 10,000 single-cell events, using (A)
SW620 and (B) HCT116 cells. (C): Confocal microscopic images represent the PMNPs in red (Cy5.5), the

nucleus in blue (DAPI), and their combination (merged together).
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4.3.3 Radiolabeling of polymeric micellar nanoparticles

Figure 4.2 summarizes the overall scheme for the synthesis of the ®*Cu-labeled GE11- and HW12-
peptide modified PMNPs, as well as their analysis through particle size distribution. Conjugation of
peptide-decorated PMNPs and pre-labeling of ®*Cu-NOTA-Bn-NH; was accomplished by nitrosation-
diazotization chemistry to form a reactive diazonium salt (#*Cu-NOTA-N,*) in situ, which enabled azo

coupling to tyrosine residues®® present in both the GE11 and HW12 peptide sequences (Scheme 4.1).
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Figure 4.2. Preparation of ®*Cu-labeled PMNPs. (Top panels): Predicted 3D conformation of (A) HW12 and
(D) GE11 peptides. The proposed folding for both peptidic sequences was obtained by using PEP-FOLD3
server. The simplified chemical structures, on the left side, emphasize the tyrosine (Y) residues in blue.
(Middle panels): Representation of (B) #*Cu- HW12-PMNPs and (E) #*Cu-GE11-PMNPs conjugated through
and peptides, respectively. (Bottom panels): Particle size distribution of (C) HW12-PMNPs and (F) GE11-

PMNPs before (orange or red lines) and after (turquoise lines) ®*Cu-NOTA conjugation.
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The nature and geometry of the coordination of %Cu in NOTA chelators are still not fully
understood. The illustration of the reaction sequence displayed in Scheme 4.1 reflects the proposed major
isomer for the *Cu-NOTA-Bn-NH; complex according to a recent publication by Schlesinger et al..3** Mild
reaction conditions (aqueous, 4 °C, pH 8-9, 30 min) were sufficient to achieve coupling, and purification
was done by size exclusion chromatography with an average decay-corrected radiochemical yield of 23%

and a radiochemical purity of >98 % as determined by radio-TLC.
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Figure 4.3. NP radiolabeling with ®*Cu, reagents and conditions: (a) [**Cu]CuCl,, 0.1M NH4OAc (pH 5.5), 15
min, 37 °C; (b) NaNOy, HCI, pH 1, 5 min, 4 °C; (c) GE11- or HW12-PMNPs, 0.1M borate buffered saline (pH

8-9), 15 min, 4 °C, 23% isolated decay-corrected radiochemical yield.

4.3.4 In vivo uptake and clearance profile of PMNPs in normal mice

The in vivo uptake and clearance profile of %*Cu-NOTA-GE11-PMNPs was first analyzed with PET
using normal BALB/c mice at three-time points over a time course of 48 hours. Figure 4.4 shows
representative PET images after 2 h, 24 h and 48 h post-injection as well as selected organ accumulation
and clearance of the radiolabeled micelles. The image and semi-quantitative data revealed that the ®*Cu-
NOTA-GE11-PMNPs showed somewhat delayed clearance from the blood pool as analyzed over the region
of the heart. It was also evident that the renal clearance was negligible, and the main clearance pathway

occurred through the hepatobiliary system with slow clearance from the liver and a steady accumulation
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in the spleen, which acts as a storage organ for larger particles such as PMNPs and delays their
hepatobiliary clearance.

In contrast to the typical biodistribution profile of radiolabeled NPs as presented in Scheme 3, we
also performed comparative biodistribution studies with small ®*Cu-labeled compounds [**Cu]Cu(OAc),
and %*Cu-NOTA-Bn-NH, demonstrating rapid elimination of [®*Cu]Cu(OAc), via the intestinal tract and an
exclusively renal clearance profile for #*Cu-NOTA-Bn-NH,, respectively (Figure 4.53). Both complexes are
characterized by fast blood clearance.

Concerns were recently raised in the literature about the stability of micelles administered below

> as would be the case for the present ®*Cu-labeled PMNP

their critical micellar concentration,
formulations. In light of these concerns and as a control experiment, we also assessed the biodistribution
profile of %*Cu-NOTA-GE11-PMNPs in the presence of non-targeted (peptide-free) PMNPs in a “doped”
formulation. Except for slightly higher liver retention, no notable differences in the organ distribution
profile was observed (Figure 4.54). Given this indirect evidence of PMNP stability at low concentrations,

further in vivo analysis of ®*Cu-NOTA-GE11- and ®*Cu-NOTA-HW12-PMNPs was continued without

“doping”.
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Figure 4.4. Representative PET images (MIP - maximum intensity projection) and selected organ uptake
and clearance profiles after injection of ®*Cu-NOTA-GE11-PMNPs into normal BALB/c mice at 2 h, 24 h,
and 48 h post injection (p.i.). Data are shown as mean standardized uptake values (SUVmeqn) and mean

values from 2 experiments.

4.3.5 In vivo analysis of PMNPs in EGFR expressing colorectal HCT116 cancer model

®4Cu-NOTA-GE11-PMNPs and, as a hon-EGFR-targeting control, **Cu-NOTA-HW12-PMNPs, were
analyzed in NIH Il nude mice bearing HCT116 tumors. The colorectal HCT116 cancer cell line has been
found to overexpress EGFR.%®’ Figure 4.5 depicts representative PET images after injection of either 84Cu-
NOTA-HW12-PMNPs or ®*Cu-NOTA-GE11-PMNPs at 2 h, 24 h, and 48 h post-injection. The PET data
indicated that both the EGFR-targeting and non-targeting micelles exhibited increasing tumor
accumulation reaching enhanced tumor-to-muscle ratios over time, likely based on the EPR effect. Tumor
uptake at 24 h and 48 h post-injection revealed a small enhancement in the tumor tissue for the targeting

4Cu-NOTA-GE11-PMNPs versus the non-targeting ®*Cu-NOTA-HW12-PMNPs. As the semi-quantitative
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SUV data analysis shows, the difference in uptake between the two types of micelles was most prominent
at the 24 h time point, resulting in 24 or 28% increase for the targeting micelles depending on the analysis
as SUVpmean Or SUVmax. The latter analysis revealed a statistical significance between 1.48 + 0.06 (n = 3) for
4Cu-NOTA-HW12-PMNPs and 1.90 + 0.09 (n = 4) for ®*Cu-NOTA-GE11-PMNPs (p < 0.05). However, at 48
h post-injection, only a trend in higher accumulation of EFGR-targeting NPs could be observed. Muscle
retention, an indicator of off-target accumulation, was very low and did not change over the time course
of 48 h. These PET data point towards specific EGFR-targeting in these HCT116 tumors when peptide GE11

is present on the surface of PMNPs.

2 hp.i. 24 h p.i. 48 h p.i.
84Cu-NOTA-HW12-PMNPs % Cu-NOTA-Ge11-PMNPs #4Cu-NOTA-HW12-PMNPs %Cu-NOTA-Ge11-PMNPs #Cu-NOTA-HW12-PMNPs ®Cu-NOTA-Ge11-PMNPs

/1 heart /
HCT 116 7 : "
HCT 116 liver HCT 116

-—

SR

HCT 116+
tumor

tumor
tumor tmor

Muscle Tumor Tumor
O ®Cu-NOTA-HWA2-PMNPs (3) [ #CuNOTAHWI2PNINPs (3) [ #CuNOTA-HWA2-PMNPs (3} A13%
251 O “CuNOTAGE11-PMNPs (4) 2.5 ll #CuNOTAGE11 -PMNPs (4) B %CuNOTAGE11-PMPNs (4) A 28%, 1S,
*
20 20
5 A24% il
g 15 >§ 1.5 i e ns. g 1,
35 3 5
a1 w10 L
" N -
: o | /|, .
2 hp.i. 24 hp.i. 48 h p.i. 2hpi. 24 h p.i. 48 hp.i. 2hpi. 24 hp.i. 48 h p.i.

Figure 4.5. Top: Representative PET images (MIP — maximum intensity projections) of HCT116 tumor-
bearing NIH-lll mice at 2 h, 24 h, and 48 h p.i. of ®*Cu-NOTA-HW12-PMNPs (left) or **Cu-NOTA-GE11-
PMNPs (right). Bottom: Analysis of mean and maximum standardized uptake values (SUV mean - muscle and
tumor; SUV ax - tumor only) for the selected time points post-injection. Comparison between %Cu-NOTA-

HW12-PMNPs and ®*Cu-NOTA-GE11-PMNPs. Data are shown as mean + SEM from n experiments.
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4.4 Discussion

The main results of the present study are that GE11-decorated PMNPs showed a significantly
higher internalization into EGFR expressing HCT116 cells as well as a significantly higher HCT116 tumor
uptake after 24 h post-injection as analyzed with the ®Cu-radiolabeled PMNPs. The in vitro and in vivo
uptake patterns for the HW12-conjugated PMNPs were significantly lower. This finding confirms the
concept of specific targeting of EGFR using modified nanoparticles to increase the delivery of therapeutic
payloads to EGFR expressing cancer cells for chemo- or radiotherapy. Our research group is focused on
the design and synthesis of new imidopiperidine compounds as inhibitors of DNA repair enzyme
polynucleotide kinase/phosphatase (PNKP) for treating colorectal cancer.?®” Recently, we have found that
micellar nanocarriers based on PEO-b-PBCL copolymers were superior at loading PNKP inhibitor
candidates than micellar systems alone formed by PEO-b-PCL copolymers. The physical entrapment of
those small-molecules was found to be more efficient in the micellar nanoparticle core, which may be due
to the abundance of benzyl groups in the micellar core, given their somewhat slower drug release
profile.?®”

In the present study, in order to investigate the in vivo fate of GE11-modified PMNPs composed
of PEO-b-PBCL copolymers, a novel pre-labeling strategy with ®*Cu was applied for both the GE11-PMNPs
as well as non-EGFR-targeting HW12-PMNPs. This radiolabeling technique allowed for A) labeling of (a not
further modified) peptide conjugated NP, which could also be loaded with a drug payload in its core in the
future; and B) semi-quantitatively analyze their in vivo profile regarding EGFR expressing colon tumor
uptake and clearance pattern over time.

Numerous studies have been reported in the literature regarding the use of GE11 peptide as a

200,201 278

surface modifier for different types of NPs to boost the delivery of drugs, photodynamic agents,
and genes?’®%8 into EGFR-overexpressing tumors while sparing normal tissues/organs. PEGylated self-

assembled micellar NPs have been surface modified with GE11 for in vivo delivery of doxorubicin,?®
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gemcitabine,?®® and chlorin e62’® into ovarian (SKOV3 cells), pancreatic (MIA PaCa-2 cells), or colorectal
(HCT116 cells) mouse cancer models. In these examples, all tumors showed therapeutic effects reducing
tumor volumes and resulting in longer survival in the GE11-containing treatment groups versus the non-
targeted controls.2%%2°%278 Moreover, the delivery of plasmid constructs, encoding for sodium iodide
symporter to HUH7 hepatocellular tumors, was significantly enhanced by GE11-NPs composed of PEG-
poly(ethylenimine). Sodium iodide symporter specific PET tracer **| was used to measure transfection,
and the surface-decorated polyplexes showed the best results.?872%

To the best of our knowledge, this study describes, for the first time the functional and semi-
guantitative analysis of radiolabeled GE11l-decorated NPs, in vivo. The present PET data revealed a
significantly higher accumulation of the ®‘Cu-labeled GE11-PMNPs into HCT116 tumor xenografts
compared to the non-targeting control, HW12-PMNPs. The analysis of the clearance pattern in vivo
revealed a delayed blood and liver clearance of the radiolabeled NPs, which leads to their continuous
delivery to the target site resulting in a more favorable delivery and release of payloads for therapeutic
applications. In contrast, rapid renal elimination was observed in tumor-bearing mice after injection of
125.GE11,%”° %Cu-NOTA-GE11,%%® and other GEll-based radiolabeled constructs not attached to a
nanocarrier.?#2% This observation can be attributed to the smaller size of the radiotracers in the

aforementioned studies, which are below the cut-off (~ 10 nm size) for renal clearance through the highly

size-selective glomerular filtration.3%
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4.5 Conclusions

We have demonstrated that azo coupling of **Cu-NOTA-N,* to tyrosine residues of GE11-tagged
PMNPs leads to radiolabeled nanocarriers that accumulate in subcutaneous colorectal tumors in mice.
Radiolabeled PMNPs were shown to exhibit a desirable longer residence period in the blood pool and a
significant uptake in EGFR-expressing tumor tissue. The nonspecific tumor targeting of radiolabeled
PMNPs, mediated by the EPR effect, was dominant as compared to the specific targeting, a common
observation for particles of this size (~ 50 nm).3%” Nevertheless, the incorporation of peptide GE11 into the
surface of PMNPs resulted in an increase of specific targeting to EGFR-expressing tumors. The difference
in maximum uptake values between GE11-tagged versus HW12-tagged (negative control) PMNPs at 24 h
was statistically significant.

Given our future intention to add a drug delivery component to this nanosystem, the targeting
vector (GE11) also seems to have a positive effect on tumor cell internalization of PMNPs, as suggested
by the fluorescence confocal microscopy data. This could provide an important advantage for future
therapeutic applications. As demonstrated with the successful radiolabeling of PMNPs with radiometal
®4Cu, the described azo coupling pre-labeling approach represents a highly versatile labeling tool to study
the uptake and metabolism of nanoscale carriers containing tyrosine residues with PET in vivo. Azo
coupling chemistry is a convergent labeling strategy in which stably-chelated ®*Cu can be incorporated
into a variety of tyrosine containing nanostructures under mild and aqueous conditions. The PMNPs used
in the present experiments, customized for immune system evasion and prolonged circulation, have the
capacity for encapsulating hydrophobic drugs and, therefore, are promising candidates for serving the
pharmaceutical role for combining chemo- and radiotherapies, including diagnostic monitoring of their
delivery. Radiolabeled PMNPs are also suitable drug delivery vectors as they can be used to assess the

most optimal time for maximal drug delivery and release to the target tissue. The simultaneous
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administration of drug-loaded PMNPs with radiolabeled NPs would allow for an image-guided therapy

strategy in vivo.

4.6 Supplementary Information

Table 4.51. Polymer characterization by 'H-NMR. Number average molecular weight (Mn) and degree of

polymerization (DP) per segment of block copolymers were determined.

Block copolymers M, rol (g/mol) DP per copolymer segments
PEO PBCL PPC
[MPEO]114-b-[PBCL] 0 10,200 114.0 20.1 -
[acPEO]161-b-[PBCL]13 12,300 161.5 22.9 -
[MPEO]114-b-[PBCL]16-b-[PPCl4 11,100 114.0 15.5 3.5
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Figure 4.51. 'H-NMR spectra of the synthesized block copolymers used for forming the PMNPs. (A): mPEO-
b-PBCL; (B): acPEO-b-PBCL; (C): mPEO-b-PBCL-b-PPC. Selected proton signals and their integration are
highlighted in red.
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Figure 4.52. Radio-TLCs of (A) **Cu-NOTA, (B) reaction post-NP addition, and (C) isolated PMNPs.
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Figure 4.53. In vivo PET images of (A) 8*Cu acetate and (B) ®*Cu chelated by NOTA-Bn-NH,.
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doped with 1.5 mg of non-targeted (peptide free) micelles. (B): The corresponding selected organ
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125



Chapter five

GEl11l-modified polymeric micelles for targeted delivery of novel inhibitors of

DNA repair to EGFR-expressing orthotopic colorectal cancer xenografts in mice

A version of this chapter will be submitted for publication.
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5.1 Introduction

Colorectal cancer (CRC) affects nearly 1.4 million people worldwide.3%®31 Surgical resection
remains the first line of treatment, which may be complemented by radiologic management and
assessment.3’* Nevertheless, over 60% of CRC patients will eventually relapse or develop de novo
metastatic disease. Then, different chemotherapy agents, including 5-fluorouracil (5-FU), irinotecan,
oxaliplatin, as well as their combinations, such as FOLFOX (leucovorin, 5-FU, and oxaliplatin), FOLFIRI
(leucovorin, 5-FU, and irinotecan), and XELOX regimen (oxaliplatin and capecitabine) have been
successfully implemented. More recently, therapeutic strategies have been majorly focussing on
inhibiting epidermal growth factor receptor (EGFR), either as a monotherapy or in combination with those
standard cytotoxic agents, due to the fact that EGFRis highly expressed among 60-80% of CRC patients.3!?
314 This highlights the need for the development of new treatments for CRC, especially for the aggressive
and metastatic form of the disease.

Long circulating nanoparticles are known to have a capacity for passive accumulation in solid
tumors through enhanced permeation and retention (EPR) effect. Modification of nanoparticles using
ligands specific for EGFR has been exploited mainly to enhance their homing and retention in the tumor
site and increase nanocarrier cell internalization in tumors that overexpress this receptor.3>3¥The
dodecapeptide GE11 (YHWYGYTPQNVI), is a peptide ligand specific for EGFR, which was originally
identified by screening a phage display library against the purified receptor, in 2005.27° Peptides are, in
general, considered advantageous over other targeting ligands for surface modification of nanoparticle,
because they can be easily synthesized and further engineered for target specificity and/or stability
against degradation in biological fluids. Peptide binding to the target protein/receptor usually does not
require the formation of tertiary structures, as observed with full-length antibody, single-chain variable
fragment, diabody, nanobody, and other derivatives.3'>319320 Also, the high immunogenicity of these large

molecular-weight ligands makes short peptides a very attractive alternative for targeting EGFR.3%
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Besides GE11, another short amino acid sequence (6-mer), denoted by D4, has been identified to
have high specificity to EGFR. Some studies have indicated that their binding site along the EGFR molecule
differs substantially; whereas D4 binds to a pocket far from the EGF pocket, GE11 binds near to this
region.?®1322 However, both peptidic sequences are known to have a weaker binding capacity when
compared to the physiological ligand EGF and some antibody-based molecules, which may lead the break
of the binding over time. However, since EGFR is an internalizing receptor, the micelle disconnection from
the receptor in the endosome may be advantageous for the delivery of payloads to other cell
compartments. Moreover, this weaker binding compared to EGF indicates that GE11 is unable to compete
323,324

with EGF, and thus its effect is not related to starving cells.

GE11 has been explored in several studies for enhancing nano-delivery of payloads, such as

279,325,326 d rugs 200,201,326 278
’

nucleic acids, and photodynamic agents®’® into EGFR-overexpressing tumor cells.
Interestingly, the great augmentation in cell uptake rates observed when employing this peptide seems
to be due to an EGFR-dependent actin-driven endocytic pathway. Interaction between GE11l-modified
nanoparticles and EGFR-expressing cells was shown to change the receptor level on the cell membrane
minimally and not to activate the receptor dimerization and signaling. The latter is paramount for cancer
therapy since a low mitogenic activity is desired in order to avoid cell proliferation by EGFR ligands.3?®

In the current research, we explored the use of GE11l-modified polymeric micelles based on
poly(ethylene oxide)-block-poly(e-caprolatone) (PEO-b-PCL) and poly(ethylene oxide)-block-poly(a-benzyl
carboxylate-e-caprolatone) (PEO-b-PBCL) for targeted drug delivery to EGFR expressing colorectal cancer
(CRC) cells, in vitro, and CRC orthotopic model, in vivo. We then evaluated the therapeutic activity of a
novel inhibitor of DNA repair enzyme, i.e., polynucleotide kinase/phosphatase (PNKP), delivered by plain
and GE11 polymeric micellar nanocarriers, in EGFR-overexpressing CRC cells harboring deficiency in the

expression of a tumor suppressor protein, phosphatase and tensin homolog (PTEN). Downregulation of

PTEN occurs in approximately one-third of colorectal cancers and is associated with more aggressive
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phenotypes.3?” Deficiency in PTEN concomitantly with downregulation of poly(ADP-ribose) polymerase
(PARP)3?® or PNKP,** is known to lead to cellular synthetic lethality. Thus, specific delivery of PNKP
inhibitors to CRC cells deficient of PTEN through the use of nanoparticles is expected to provide two
simultaneous strategies for targeting of these toxic compounds to aggressive cancer cells while keeping
normal cells safe.

A83B4C63 is a poorly soluble novel inhibitor of PNKP, developed by our research group. Our
earlier results have shown the success of polymeric micelles based on PEO-PCL and PEO-PBCL as
solubilizing agents for this lead compound, preserving its inhibitory activity against intracellular PNKP,
leading to specific cell death in PTEN negative CRC cells, both in vitro and in vivo in subcutaneous CRC
models.??”33% The current study explored the potential of PEO-PBCL micellar formulations of A83B4C63,
particularly those with GE11 surface modifications, in targeted intracellular drug delivery to EGFR

overexpressing CRCs harboring PTEN deficiency, in vitro and in orthotopic CRC models.

5.2 Methods

5.2.1 Cell Culture

Methoxy-poly(ethylene oxide) (PEO, 5,000 Da), ethylene oxide (299.9%), 3,3-diethoxy propanol,
ascorbic acid, fetal bovine serum (FBS), and phenylmethylsulfonyl fluoride (PMSF) were purchased from
Sigma (St. Louis, MO, USA). e-Caprolactone was acquired from Lancaster Synthesis (Lancashire, England)
and extra purified by vacuum distillation. The a-carbon modified-e-caprolactone monomers, i.e., a-benzyl
carboxylate-e-caprolactone and a-propargyl carboxylate-e-caprolactone, were obtained from Alberta
Research Chemicals Inc. (Edmonton, Canada). Stannous octoate was purchased from MP Biomedicals Inc.
(Tuttlingen, Germany) and distilled for further purification. Copper(Il)-TBTA complex and Cy5.5-azide were
acquired from Lumiprobe (Hallandale Beach, FL, USA). Cell culture media DMEM, DMEM:F12, sodium

pyruvate, L-glutamine, non-essential amino acids, and penicillin-streptomycin were purchased from
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GIBCO Life Technologies (Burlington, ON, Canada). Lipofectamine™ 2000 reagent was bought from
Invitrogen (Carlsbad, CA, USA). Protease and phosphatase Inhibitor Cocktails (#535140 and #524625,
respectively) were from Millipore (Burlington, MA, USA). Antibody against EGFR (#ab52894) was obtained
from Abcam Inc. (Toronto, ON, Canada), anti-B-actin (#cst-4970), and horseradish peroxidase-conjugated
anti-rabbit antibody was from Cell Signaling Technology (Danvers, MA, USA). Bicinchoninic acid (BCA)
protein assay kit and Pierce ECL Western Blotting Substrate (#32106) was purchased from
ThermoScientific (Rockford, IL, USA). The PNKP inhibitor, A83B4C63, was synthesized by Dr. Marco
Paladino (Faculty of Science — Chemistry Department, University of Alberta). Peptide GE11
(YHWYGYTPQNVI) was acquired from Biomatik LLC (Wilmington, DE, USA). Xenolight D-Luciferin
potassium salt bioluminescent substrate was purchased from PerkinElmer (Waltham, MA, USA). The
mouse food was the 2014S Teklad Global 14% Protein Rodent Maintenance Diet, from Harlan Labs
(Indianapolis, IN, USA). Dialysis tubing (MWCO - 3.5 kDa) was purchased from Spectrum Laboratories
(Rancho Dominguez, CA, USA). The toluene, from Caledon (Halton Hills, ON, Canada) was dried by

refluxing under H,SO,4 before use. All other chemicals were reagent grade.

5.2.2 Synthesis of heterobifunctional polyethylene oxide

Synthesis of acetal-polyethylene oxide (acPEO, Mn ~ 5,000) was performed based on the method
described by Nagasaki et al.?*® with some modifications. Briefly, potassium naphthalene, used as a
catalyst, was freshly prepared before the polymerization. Pure naphthalene (12.9 mmol) and potassium
(14.7 mmol) were added into 50 mL anhydrous THF. The reaction was protected under argon gas and kept
running for 24 hours. Then, 3,3-diethoxy propanol (2 mmol) was dissolved in 40 mL dry THF, and 7 mL of
the prepared catalyst (~ 2 mmol) was added dropwise into the reaction solution to activate the initiator.
The flask was purged with argon, and after 10 min of stirring, the flask was transferred into an ice water

bath. Ethylene oxide (228 mmol) was added to the reaction solution. After 48 hours, the polymerization
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was quenched by acidified ethanol. ac-PEO was recovered by precipitation in ethyl ether. The product was
further purified by precipitation in diethyl ether. The composition and the degree of polymerization were

confirmed by H-NMR (Bruker Advance Ill 600 MHz Spectrometer, Bruker Corporation, Billerica, MA).

5.2.3 Synthesis of peptide-conjugated polymers

The end hydroxyl group from synthesized acPEO was used to initiate the synthesis of the acPEO-
b-PCL and acPEO-b-PBCL, which was carried out by bulk ring-opening polymerization of e-caprolactone or
BCL, respectively.?®® For peptide conjugation, micelles were prepared, by co-solvent evaporation, at a
block copolymer concentration of 5 mg/mL. The pH was then adjusted to 2.0 using HCI (0.5 M solution).
Micelles were then incubated at room temperature under stirring. After 2 h, the pH was re-adjusted to
7.4 with NaOH, followed by buffering the micellar solution using PBS (10X, pH 7.4). An aqueous peptide
solution in 1% DMSO was prepared and added, under constant stirring, at a peptide:polymer ratio
(mol/mol) of 1:3. After 2 h reaction, NaBH:CN was added and the reaction was left for 24 h at room
temperature under constant stirring. The resulting micellar solution was extensively dialyzed against
distilled water and lyophilized. The molar conjugation percent of GE11 peptide into the copolymers was
determined by reverse-phase HPLC measuring unreacted peptide concentration (Varian Prostar 210

System, Microsorb-MV 5 pm €18-100 A column, a gradient of 0.1% trifluoroacetic acid/acetonitrile).?®

5.2.4 Synthesis of three-block copolymers for Cy5.5 conjugation

The diblock copolymers PEO-b-PCL and PEO-b-PBCL were used as the macroinitiator for the ring-
opening polymerization of a-propargyl carboxylate-e-caprolactone monomer as reported before.?®® The
copolymers were added together with PC in a 25 mL round bottom flask previously filled with 5 mL dry
toluene under constant stirring. Stannous octoate was added to the flask and refluxed for 30 h. The

reaction was stopped by cooling the system to room temperature. Both products, PEO-b-PCL-b-PPC or
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PEO-b-PBCL-b-PPC, were then precipitated in hexane, and the supernatant was discarded. Lastly, the
copolymers were dissolved in THF and further purified with ether followed by drying under vacuum.

The near-infrared (NIR) dye Cy5.5, having an azide group (Cy5.5-azide), was conjugated to both
triblock copolymers through azide-alkyne click chemistry.2*° Briefly, the pendant alkyne from PPC reacted
with Cy5.5-azide, using Cu(l) as the catalyst. The triblock copolymers were dissolved in degassed DMSO.
Also, Cy5.5-azide, ascorbic acid, and Cu(ll) TBTA complex were added to the mixture under constant
stirring. The reaction was performed at room temperature, under argon for 16 h in the dark. After
incubation, the mixture was separated from the non-reacted dye by dialysis against DMSO for 24 h
followed by dialysis against water for 24 h and lyophilization. The conjugation efficiency of Cy5.5-azide to
the copolymers was determined by fluorescence spectroscopy using a Synergy H1 Hybrid Multi-Mode

Microplate Reader (BioTek), measuring the excitation at 673 nm and emission at 707 nm.

5.2.5 Characterization of synthesized block copolymers

Number molecular weight (Mn) of diblock copolymers was determined by *H NMR by comparing
the integration from methylene hydrogen signals of PCL or PBCL segments (-OCH,-, 6 = 4.05 ppm) to the
ones from PEO segment (-CH,CH,0-, 6 = 3.65 ppm). In order to estimate the degree of polymerization of
PPC, the area under the curve from PPC (-OCH,-, 6 = 4.75 ppm) was compared to that of the methylene

hydrogens from PEO (-CH,CH,0-, § = 3.65 ppm).

5.2.6 Preparation and characterization of empty and drug-loaded polymeric micelles

Polymeric micelles (PCL- or PBCL-based ones) containing conjugated Cy5.5, were prepared by
mixing the synthesized block copolymers in the proportion described in Table 5.51. The concentration of
Cy5.5 dye in the mix micelles was 0.4 ug/mg of polymer, whereas the GE11 density was 5-20% mol/mol

of the polymer (depending on the peptide feed ratio).

132



The A83B4C63 was physically encapsulated into the polymeric micelles by dissolving it (3 mg)
together with the block copolymers (10 mg) in acetone. The ratio of unmodified and GE11 modified block
copolymers used in the micellar composition was the same as what reported in Table 5.51. Then, the
polymer/drug solution in acetone was transferred dropwise to double distilled water (10 mL) under
constant stirring and kept overnight. The obtained micellar solutions were centrifuged at 11,600 x g for 5
min and then filtered through 0.22 um membrane, in order to remove free un-encapsulated compounds
and/or possible polymeric aggregates.

Zeta-potential (ZP) of the prepared polymeric micelles was measured by Zetasizer Nano
(ZEN3600, Malvern Instruments, Worcestershire, UK). This equipment was also used for dynamic light
scattering (DLS) experiments, in which micellar particle size distribution, micellar thermodynamic stability,
and micellar kinetic stability in the presence of sodium dodecyl sulfate (SDS) were determined, as reported
before.®3332 For CMC measurements, polymeric micelles were prepared in different concentrations
(ranging from 0.49 to 500 pg/mL), and the count rate of scattered light was recorded. For the
determination of micellar kinetic stability, polymeric micelles were prepared to have a concentration of 2
mg/mL and incubated with the micellar destabilizing agent SDS at a concentration of 6.7 mg/mL. All DLS
analyses were made at 25.0 £ 0.1 °C with a 173° scattering angle on identical polymer mixtures described

in Figure 5.1 and Table 5.51 without Cy5.5 to avoid interference in the DLS readings.

5.2.7 In vitro release of the encapsulated A83B4C63

The in vitro release of A83B4C63 from the polymeric micelles was assessed through the
equilibrium dialysis method. Sets of dialysis tubing were prepared in triplicate, containing 2 mL of each
micellar formulation. The release study was carried out in 300 mL distilled water at 37 °C for 48 h and
shaking at 65 rpm in a water bath system (Julabo SW 22, Seelbach, Germany). At selected time points (O,

1, 2, 4,6, 8, 24, and 48 hours), aliquots of 200 uL were collected from inside the dialysis bags. The drug
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was quantified using reversed-phase chromatography (Varian Prostar 210 HPLC System) coupled with a
Microsorb-MV 5 pm C18-100 A column (4.6 x 250 mm). The sample injection was 20 pL, the mobile phase
was 0.1% trifluoroacetic acid and acetonitrile, and the flow rate was 0.7 mL/min at room temperature.

Detection was performed at 280 nm, using a Varian 335 Photodiode Array HPLC detector (Varian Inc.).

5.2.8 Molecular modeling of binding between EGFR and its ligands GE11 and EGF

The structure of the extracellular domain of human epidermal growth factor (EGF) was obtained
from the Protein Data Bank (PDB_ID: 1NQL) with a resolution of 2.8 A.33* The structure was refined and
repaired by adding missing side-chains and assigning partial charges using Chimera.*** Autoligand module
of Autodock was used to identify the possible binding site for GE11, by scanning the highest affinity
binding pockets on the surface of the protein.®*® The 3D structure of GE11 was built and prepared using
the DOCKPREP module of Chimera, in the framework of the AMBER99SB forcefield. The docking protocol
was performed using Autodock Vina by “boxing” the identified binding pocket into a grid of 100 x 100 x
100 A, with a spacing of 0.375 A.3*® To increase the accuracy of the docking, a total of 24 runs were
performed with exhaustiveness of 40.

Before performing the Molecular Dynamic (MD) Simulations, the structure of GE1l was
parameterized using AnteChamber PYthon Parser interfacE (ACPYPE).3¥ In order to predict the stability
of GE11 in the predicted binding site, and to calculate the binding free energy of the binding interactions,
we used the GROMACS 5.1.5 package to perform a series of 20 ns-long MD simulations for the structure
of (a) isolated GE11; (b) EGFR/GE11; and (c) EGFR/EGF complex.3*® The MD simulation of GE11 was carried
out to obtain the most stable conformation of the molecule for both docking and the subsequent MD
simulation. The simulation system was solvated in a box having 1 nm distance from each side, with TIP3P
water molecules. Then, the system was neutralized using NaCl to reach a theoretical concentration of 0.15

M. The energy of the system was initially minimized using the AMBER99SB-ILDN force field, followed by
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heating to 300° K, and equilibration (500 ps) using the Berendsen Thermostat. After that, a series of 20
ns-long production runs were performed for both complexes using periodic boundary conditions. Particle
Mesh Ewald (PME) algorithm was used to calculate long-range interactions. All visualizations were carried
out using the Schrodinger’s PyMOL package (Molecular Graphics System, Version ~1.8, 2015). Finally, the
molecular mechanics Poisson-Boltzmann surface area (MMPBSA) module of gromacs was used to
compute the free energy of GE11 binding interactions in the last 5 ns of each simulation.?*° All the graphs

were plotted using Grace and Prism version 7.00 for Mac, GraphPad Software, La Jolla California USA.

5.2.9 Cell lines

Colorectal cancer cell lines HCT116 and SW620 (wild type) were purchased from the American
Type Culture Collection (ATCC). The cells were grown in Dulbecco’s Modified Eagle Medium supplemented
with 10% FBS, 1% penicillin-streptomycin solution at 37°C in 5% CO, atmosphere. Two approaches were
used for genetically modifying the HCT116 cell line. For luciferase expression, cells were transfected with
PEGFPLuc2 vector (developed in Dr. Jirik lab, University of Calgary) using Lipofectamine™ 2000 reagent.
The clones producing the EGFP-Luc2 fusion protein were maintained in similar conditions as described
above, except for the growth medium (DMEM:F12) and the additional antibiotic (G418, 500 pg/ml).34° On
the other hand, for PTEN deletion, a Cre-LoxP system was used (developed in Dr. Waldman lab,
Georgetown University). Briefly, the linearized PTEN targeting vector was introduced into the cells using
the same transfection agent previously mentioned. Individual colonies were obtained, expanded, and the
G418-resistant clones were tested for the presence of a heterozygous knockout. After excision of the IRES-
neo® gene with adeno-cre, heterozygous knockout clones were then re-transfected with Aat ll-linearized
PTEN targeting vector to delete the remaining allele. Finally, G418-resistant clones were tested for the
presence of homozygous knockouts 341, For all the cells (i.e., wild-type and the modified ones), the EGFR

expression profile was assessed by western blot.
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5.2.10 In vitro cellular uptake studies

CRC cell lines HCT116 and SW620 were seeded into 12-well plates until reaching 70% confluence.
GE11 modified, and plain mixed micelles containing Cy5.5 covalently attached to the core-forming
segment were added in a concentration equivalent of 0.2 pg/mL of Cy5.5 in each well in triplicate and
incubated for 3 h at 37 °C. After the incubation time, cells were washed three times with cold PBS and
trypsinized. A 4% paraformaldehyde in PBS solution was added to fix the cells, and 10,000 events of single
cells were recorded using the LSR-Fortessa X20 (BD Biosciences, Franklin Lakes, NJ). The cell-associated
Cy5.5 was excited using a red-diode laser (635 nm), and the FL4 channel (675 nm) was used to detect the
cell-associated median fluorescence intensity.

For confocal microscopy studies, the above CRC cells were seeded into 24-well plates containing
round coverslips (0.2 mm thickness) at densities of 4-5 x 10* cells/well and incubated at 37 °C for 24 h
until they are 50% confluent. Cy5.5-labeled plain or GE11 modified PEO-PBCL micelles (0.2 pg/mL Cy5.5)
were added to the wells in triplicate and incubated for 3 h at 37 °C. After that, cells were washed three
times with cold PBS and fixed for 10 minutes using 4% paraformaldehyde. Then, the cover-slips were
removed and were inverted on a slide with a drop of mounting media containing DAPI. The slides were
allowed to cure in the dark for 24 h. The analysis of cell-associated Cy5.5 was carried out by an inverted
confocal microscope, Quorum WaveFX spinning disk confocal system (Quorum Technologies Inc., Guelph,
Canada). Images were acquired in an oil immersion lens with 40x objective. Fluorophores were excited at
405 nm (for DAPI) and 633 nm (for Cy5’s). The emitted fluorescence was detected through spectral
channels between 410-500 nm and 633-744 nm for blue and red fluorescence, respectively. The images

were acquired and analyzed using Volocity software (Perkin Elmer, Waltham, MA, USA).
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5.2.11 Western Blot

Expression of EGFR by SW620 and HCT116 cell lines as well as HCT116-luc2+PTEN+/+ and HCT116-
luc2+ PTEN-/- was evaluated at the protein level. Cells were seeded in 6-well plates, and once 70%
confluence was reached, they were washed with PBS and lysed (in RIPA buffer). The lysis buffer was
supplemented with phenylmethylsulfonyl fluoride (PMSF), protease and phosphatase inhibitor, and the
cell lysates were incubated for 30 min on ice, followed by centrifugation at 21,000 x g for 20 min. After
protein quantification, using a BCA protein assay kit, an equal amount of protein was resolved through gel
electrophoresis and transferred to a nitrocellulose membrane. Membranes were probed with rabbit
antibodies against EGFR and B-actin. Finally, protein revelation was done using peroxidase-conjugated

anti-rabbit IgG and detected by chemiluminescence.

5.2.12 Cell proliferation assays

In vitro viability of CRC cells following treatment with A83B4C63 and its encapsulated formin plain
and GE11 micelles was evaluated by measuring cellular metabolic activity and luminescence signal of
HCT116-luc2+ PTEN-/- cells. Cells were seeded in a 96-well plate, and once 70% confluence was reached,
cells were treated with increasing concentrations of A83B4C63 as part of different formulations. For 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay, 20 uL MTT solution (5 mg/mL)
was added to treated cells and incubated at 37°C for 2 h. The medium was then replaced by 100 uL DMSO,
and the absorbance was read at 570 nm (Synergy H1 Hybrid Reader, Biotek). For the second
measurement, cells were treated for 5 min with D-luciferin (20 mg/mL), and the luciferase activity was

recorded by luminescence using the IVIS Imaging System (Caliper Life Sciences; Alameda, CA).

5.2.13 Animal models

Athymic NIH-IIl mice were purchased from Charles River (Wilmington, MA). All animal studies

were conducted in accordance with the guidelines of the Canadian Council on Animal Care (CCAC) with
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approval from the Animal Care and Use Committee (ACUC) of the University of Alberta (Edmonton, AB,
Canada) and University of Calgary (Calgary, AB, Canada). Mice were fed using the 2014S Teklad Global
14% protein rodent maintenance diet in order to minimize fluorescence interference from chlorophyll.
The orthotopic CRC mouse model was developed similarly to the one described previously with some
modifications.3*? In summary, the intestine of each mouse was taken out by surgery, and 50 pL solution
containing 0.5 x 10° HCT116-luc2+ cells and 50% Matrigel Basement Membrane Matrix (BD Biosciences,
Franklin Lakes, NJ) was injected in their cecum wall. When the tumors become detectable by
luminescence measurement, the treatments were initiated. Animals were monitored daily for any sign of

abnormal behavior or weight loss.

5.2.14 In vivo imaging and tissue biodistribution study

Animals were injected through tail vein i.v. administration, with the following Cy5.5-tagged mix
micelles: PEO-PCL, GE11-PCL, PEO-PBCL, and GE11-PBCL (Table 5.51). The micellar concentration was 250
mg/kg of body weight (equivalent to 0.1 mg/kg of free Cy5.5), as described in our previous report.?° At
different time-points after injection (2, 6, and 24 h), fluorescence and luminescence signals were
measured using the Xenogen IVIS Imaging System instrument (Caliper Life Sciences; Alameda, CA). For
bioluminescence imaging, D-luciferin (150 mg/kg) was subcutaneously injected into the mice 5 minutes
prior to the measurements. Animal images and readings were analyzed with Living Image 3.0 software
(Caliper Life Sciences; Alameda, CA). Lastly, at 24 h post-injection, mice were euthanized for ex vivo
studies. Tumors and other organs (liver, kidneys, lung, intestine, spleen, heart, and brain) were excised,
incubated in D-luciferin solution (300 pg/mL) and imaged for fluorescence and bioluminescence using the

IVIS instrument.
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5.2.15 In vivo therapeutic activity of A83B4C63 loaded into micelles

Mice were treated (tail vein i.v. administration) with 25 mg/Kg of A83B4C63 physically loaded into
PEO-PBCL and GE11-PBCL micelles, six times every other day. The tumor growth was monitored every 3-
5 days through luminescence measurement, after 7 minutes of D-luciferin (150 mg/kg) subcutaneous
injection (Xenogen IVIS Imaging System instrument, Caliper Life Sciences). The measurement of tumor
volume using a caliper was not feasible since, in this orthotopic CRC mouse model, tumors got developed
deep. A threshold of 2 x 107 p/s/cm?/sr for luminescence by primary tumors was established as the
endpoint for the study. Images and intensities were processed using the Living Image 3.0 software (Caliper

Life Sciences; Alameda, CA).

5.2.16 Statistics

Data were presented as mean + standard error of the mean (SEM). When suitable, the data were
analyzed for statistical significance using unpaired student’s t-test or one-way analysis of variance

(ANOVA) followed by Tukey's posthoc test. The minimum level of significance was set for p < 0.05.
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5.3 Results
5.3.1 Characterization of synthesized block copolymers and associated micelles

The characteristics of block copolymers under study are summarized in Table 5.1. PEO-PCL and
PEO-PBCL block copolymers used in the study had a number average molecular weight (Mn) of 7,800 and
10,900 g/mol, respectively, based on *H NMR analysis (Figure S5.1). This corresponds approximately to
the calculated degree of polymerization (DP) of 25, initially designed for both PCL and PBCL segments. The
molar conjugation of peptide to polymer in GE11-PEO-PCL and GE11-PEO-PBCL was 79 and 70 % (i.e.,
there is around 79-70 mol of peptide per 100 mol block copolymers, respectively, as determined by HPLC
with UV detector. For PEO-PCL-P(CL-g-Cy5.5) and PEO-PBCL-P(CL-g-Cy5.5), fluorescent spectroscopy
confirmed the attachment of Cy5.5 into the PPC segments, and the quantification results showed the
Cy5.5 molar conjugation percentage to the polymer was 2.4% and 5.9%, respectively. The DP of PCL and
PBCL remained around 24-25 in GE11 or Cy5.5 modified block copolymers as determined by *H NMR
(Table 5.1).

For NIR imaging studies, as depicted in Figure 5.1, the Cy5.5-labelled polymeric micelles termed
as GE11-PCL micelles were prepared by mixing PEO-b-PCL (6.8 mg), GE11-PEO-b-PCL (1.2 mg), and PEO-b-
PCL-b-P(CL-g-Cy5.5) (2.0 mg). While GE11-PBCL micelles preparation was performed by combination of
PEO-b-PBCL (8.0 mg), GE11-PEO-b-PBCL (1.4 mg), and PEO-b-PBCL-b-P(CL-g-Cy5.5) (0.6 mg). Control
micelles, having no peptide decoration, were made up similarly, but without mixing the GE11-containing

block copolymers with their composition listed in Table 5.51.
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Figure 5.1. The model for the preparation of GE11-modified mixed micelles either tagged with Cy5.5 or
physically loaded with A83B4C63 compound.

For assessment of anti-cancer activity, GE11-modified mixed micelles were prepared through a
combination of PEO-b-PCL or PEO-b-PBCL and their corresponding GE11l-modified copolymer
counterparts, together with A83B4C63 compound, which were dissolved in acetone prior to the
micellization. Plain micelles carrying A83B4C63 were prepared using PEO-b-PCL or PEO-b-PBCL alone. The
composition of block copolymers for each micellar formulation is listed in Table 5.51. A co-solvent

evaporation method was used for the micellization process.
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Table 5.1. Polymer composition of the prepared mixed micelles.

Mn Degree of polymerization Cy5.5 conj. GE11 conj.
Block copolymers (g/mol) (DP) per segment (molar % +SD) (molar % + SD)
PEO P(B)CL  PPC
PEO-b-PCL 7,800 114 24.5 - - -
GE11-PEO-b-PCL 9,300 123 24.3 - - 78.7% + 2.5
PEO-b-PCL-b-P(CL-g-Cy5.5) 9,700 114 23.7 2.9 2.4+0.3 -
PEO-b-PBCL 10,900 114 23.6 - - -
GE11-PEO-b-PBCL 12,600 123 24.4 - - 70.2% + 2.2
PEO-b-PBCL-b-P(CL-g-Cy5.5) 13,200 114 25.3 2.7 59+1.1 -

The characteristics of prepared micellar formulations are summarized in Table 5.2. All polymeric
micelles used in this study showed a low polydispersity index (PDI < 0.3). The PBCL-based micelles (~ 41
nm) were statistically smaller in diameter than the PCL-based ones (~ 55 nm) (p < 0.05; unpaired t-test).
The incorporation of A83B4C63 into micellar structure did not affect particle size among PBCL-based
micelles (p > 0.05; one-way ANOVA, Tukey's posthoc test), though this measurement was significantly
affected by A83B4C63 incorporation in PCL-based ones (p < 0.05; one-way ANOVA, Tukey's posthoc test),
and that change did not follow a specific trend. The average diameter of plain micelles versus GE11
micelles showed that the peptide incorporation contributed to increasing the micellar particle size
independently on the absence or presence of the loaded drug.

Empty PEO-PCL and PEO-PBCL micelles showed a near neutral zeta potential. Zeta-potential of
particles increased by GE11 surface modification of both PCL- and PBCL- based micelles (p < 0.05; one-
way ANOVA, Tukey's posthoc test), which has also been observed among different types of polymeric
micelles.?’? This change in measurements further confirms the success of peptide conjugation. Drug

encapsulation in plain and GE11 modified micelles led to an increase in micellar ZP as well.
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Modification of micellar shells with GE11 did affect the CMC for both PCL and PBCL micelles (Table
5.2), leading to a significant decrease in micellar thermodynamic stability (p < 0.05; one-way ANOVA,
Tukey's posthoc test). Moreover, micelles containing benzyl groups in their core were identified having a
much lower CMC compared to the ones with PCL cores irrespective of peptide modification (p < 0.05; one-
way ANOVA, Tukey's posthoc test).

Incubation of plain- or GE11-modified PBCL based micelles with SDS did not affect the kinetic
stability of these structures, whereas a substantial decrease in the intensity of PCL-based micelles was

observed following incubation with SDS (Figure 5.2A-B).

Table 5.2. Characterization of polymeric micelles.

Mixed micelles Size (nm) PDI ZP (mV) CMC (nM) EE (%)
PEO-PCL 56.5+0.5° 0.24 -0.75+0.21° 368 +0.02° -
GE11-PCL 53.5+0.1° 0.23 -3.48 +£0.55 2P 419+0.05° -
PEO-PCL + A83 543+0.1° 0.20 -9.91+0.64°¢ - 74.0+2.8%°
GE11-PCL + A83 55.3+0.1¢ 0.22 -16.8 +1.48 ¢ - 72.1+3.5°
PEO-PBCL 39.9+0.3° 0.21 0.99+0.36° 95+0.02°¢ -
GE11-PBCL 41.5+0.2f 0.26 -5.16+0.78 ° 167 +0.01° -
PEO-PBCL + A83 40.1+0.2°¢ 0.18 -6.92 +1.98 P¢ - 79.5+1.4°¢
GE11-PBCL + A83 42.2+0.3f 0.16 -16.0 +£2.55 ¢ - 80.8+2.1°

* Letters superscripted in each column indicate the results after statistical analysis (one-way ANOVA, Tukey's
posthoc test). Values (n = 3) bearing the same letters are not significantly different from each other (p > 0.05), and
in the opposite case, their differences are significant (p < 0.05).

PEO-PCL and GE11-PCL micelles showed an average encapsulation efficiency of 74.0 and 72.1%
for A83B4C63, respectively. This value for PEO-PBCL and GE11-PBCL micelles was 79.5 and 80.8%,
respectively (Table 5.2). In general, PBCL-based micelles showed higher encapsulation of A83B4C63,

without or with peptide on their surfaces (p < 0.05; unpaired t-test). In both micellar core structures, no
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difference in the encapsulation of A83B4C63 between plain and GE11 modified ones was observed (p <
0.05, one-way ANOVA). Furthermore, > 70% of the drug was released from the PCL micellar cores within
8 h (72.6% for PEO-PCL micelles and 88.8% for GE11-PCL micelles), as shown in Figure 5.2C, whereas PBCL
micelles showed < 50% drug release at that same time point (42.7% for PEO-PBCL micelles, and 29.5% for
GE11-PCL micelles, on average). While drug release for PCL micelles was nearly 100% at 48 h, only 65.7%
and 68.9% of the A83B4C63 was released from PEO-PBCL and GE11-PBCL micelles, respectively, at that

same time point.
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Figure 5.2. Micellar kinetic stability profile. (A): in water. (B): in presence of sodium dodecyl sulfate (SDS,
6 mg/mL). (C): Graph in shows the in vitro release of A83B4C63 as free drug and as plain and GE11 micellar

formulations.
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5.3.2 Binding mode and binding free energy of GE11 versus EGF to EGFR

The predicted human EGFR binding site for the GE11 peptide was found to be different from that
of EGF (Figure 5.3). The free energy for binding interactions calculated for GE11/EGFR and EGF/EGFR
complexes were -163.43 Kj/Mol (-39.06 Kcal/Mol) and -621.68 (-148.58 Kcal/Mol), respectively (Table
5.3). This difference in binding free energies for these two ligands indicates that EGF binding is 3.8 times
more spontaneous, and is consistent with previous observations reported in the literature 2’°. Figure 5.53
shows the interacting side-chain amino acid residues involved in both complexes during the MD
simulations. The Root Mean Square Deviation (RMSD) of backbone, ligand positional RMSD, and Root
Mean Square Fluctuation (RMSF) of the EGFR side chain were also computed (Figure 5.S3A-C). The
backbone RMSD of GE11/EGFR and EGF/EGFR complex shows reasonable stability for the EGFR backbone
during the MD simulation of both complexes. However, we observed higher stability for the EGF

complexed with the EGFR in the ligand positional mode compared to that of GE11 (Figure 5.S3B).
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Figure 5.3. Molecular dynamics simulations using the crystal structure of human EGFR. (A): Prediction of
the binding site of EGF (in yellow) and GE11 (in red) with EGFR. (B): ldentification of the main

intermolecular bindings between GE11 and EGFR.
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Table 5.3. Calculated free energy of binding to EGFR for EGF and GE11 (MMPBSA). The free energy of
binding was calculated by summing the Van Der Waal, SASA, and Electrostatic energy and subtracting the

Polar solvation energy.

EGFR Van der Waal Electrostatic Polar solvation =~ SASA energy Binding energy
ligand energy (KJ/mol)  energy (KJ/mol)  energy (KJ/mol) (KJ/mol) (KJ/mol)

EGF  -558.426+33.4 -395.031+*116.3 392.68+ 60.5 -60.908 £3.6 -621.68+ 165.72
GE11l  -234.07+27.3 -192.73+£42.9 292.64+£66.2 -29.264+3.5 -163.43+33.08

5.3.3 GE11-containing micelles are highly internalized by EGFR-expressing cells

Fluorescent signals from Cy5.5-labelled polymeric micelles, quantified by flow cytometry analysis,
indicated that the overall micellar uptake by SW620 cells was lower compared to HCT116 cells (Figure
5.4). Despite this difference in endocytosis rate, PCL- and PBCL-based micelles, with and without GE11
surface modification, exhibited similar uptake by SW620 cells. On the contrary, GE11- modified micelles
showed enhanced uptake by HCT116 cells compared to the plain micelles (Figure 5.4A). The observation
was in line with the level of EGFR expression in these two cell lines as measured by western blot (Figure
5.S5).

The effect of peptide density on micellar shell on the uptake of particles by SW620 and HCT116
cells was also tested for PBCL based micelles. The results showed a similar level of micellar uptake,
irrespective of GE11 density, on SW620 cells. In contrast, increasing the levels of GE11 peptide on the
micellar surface contributed to an increase in cell-associated fluorescence in EGFR-positive HCT116 cells.
The exception was a non-significant difference between the uptake of micelles with 10 and 20 mol% of
GE11, suggesting saturation of cell surface EGFR at the 10 % level. The confocal microscopy data (Figure
5.54), confirmed the preferential internalization of GE11- micelles in HCT116 cells as compared to that of

plain micelles or uptake in SW620 (EGFR negative) cells.
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Figure 5.4. In vitro uptake of Cy5.5-labelled mix micelles by colorectal cancer cell lines. Flow cytometry
data shows median fluorescence intensity (MFI) measured after 3 h treatment at 37 °C. (A): Effect of GE11
modification on PCL- and PBCL-based micelles. (B): Effect of PBCL-based micelles with different surface
peptide densities. * p < 0.05, ** p < 0.01, *** p < 0.001. Data are presented as mean + SEM.

5.3.4 In vivo distribution of GE11 modified versus plain polymeric micelles in orthotopic HCT116 Luc+
xenograft model

Live images of plain or GE11-modified micellar biodistribution following intravenous injection in
orthotopic HCT116 Luc+ xenografted NIH Il mice is shown in Figure 5.5. The tumor location was identified
by luminescence imaging and used to estimate micellar accumulation in the tumor for different groups
under study. Using this method, in live animals, higher tumor accumulation of Cy5.5-labelled PCL-based
micelles (either plain or GE11- modified) was achieved at 2 h time point compared to the PBCL-based
micelles (p < 0.05, unpaired t-test). However, over time this pattern was shifted in a way that at 6 h post-
injections, the micellar fluorescence signals were comparable among all micelles under study. At 24 h time
point, the tumor accumulation of PEO-PBCL micelles was higher than that of their counterparts (i.e., PEO-

PCL micelles — p < 0.05; unpaired t-test).
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Figure 5.5. In vivo imaging of Cy5.5-tagged mixed micelles after 2, 6, and 24 h intravenous administration.
(A): Each time-point contains one representative capture of luminescence (Tumor signal') and
fluorescence (Micelles?). (B): Graph shows fluorescence intensity coming from the Cy5.5-labeled

polymeric micelles at the region co-localized with luminescence signals.

The above analysis in live animals provided an estimate over the distribution of different micellar
formulation in orthotropic tumors. However, depending on the distribution of particles among organs
that reside near the region where cecum is located, such as spleen and liver, an overestimation of micelle
accumulation in the orthotopic tumor model may have occurred. The analysis of the excised organs
contributed to a clearer insight about micellar biodistribution. This analysis was conducted at 24 h post-
injection (Figure 5.6). Except for kidneys that showed a comparable distribution among PCL and PBCL
micelles, all other examined main organs (i.e., liver, lungs, and heart) illustrated a considerably stronger
fluorescent signal for PBCL-based micelles. A trend towards higher accumulation of PBCL-based micelles
compared to PCL-based ones was also observed in the spleen, which was statistically not significant. The
results suggest that all the prepared polymeric micellar systems were not able to cross the brain-blood
barrier since no signal was detected in the brain.

149



A PEO-PCL Mic. GE11-PCL Mic. PEO-PBCL Mic. GE11-PBCL Mic.

24 h

Flu?

w

Tumor Spleen

12

@
o

-

—]

IS

[p/sicm?st)i(pW/cm?]
[p/sicm?sn)i(pWicm?]

Fluorescence x10°
Fluorescence x10°
[plslcmsn)i(pWicm?]
Fluorescence x10®

Kidneys

g g v v
8P & P
ng & P o

I

Fluorescence x10°
[p/sicm?/sr)i(pWicm?]
Fluorescence x10°
[p/slcm?sr)l(pWicm?]
Fluorescence x10%
[p/sicm?sr)i(uWicm?]

0

Figure 5.6. Ex vivo imaging of Cy5.5-tagged micelles 24 h after intravenous administration. (A): Images
show (clockwise from bottom right corner) tumor, spleen, liver, lungs, heart, brain, and kidneys. Each
excised organ is representative of one individual mouse from a group of three mice. Tumor signal®:
Luminescence originated from the HCT116 luciferase positive cells; Micelles signal?: Fluorescence from
the Cy5.5 dye present inside of the micelles. (B): The bar graphs represent the micelle accumulation in the

organs after 24 h injection £ SEM. Unpaired t-test, * p < 0.05, ** p < 0.01.

150



Analysis of the excised intestines from animals with tumor growth pointed to a trend in increased
accumulation of GE11-modified micelles compared to their plain (unmodified) counterparts, but the
difference was not statistically significant (data now shown). More rapid clearance of PCL-based micelles
within 24 h possibly through kidneys were observed. On the other hand, PBCL-based micelles appeared
to stay longer in the circulation, showed higher levels in normal organs, and were mainly cleared by the

liver since this organ presented the strongest fluorescence.

5.3.5 Therapeutic activity of A83B4C63 nano-formulations

We have conducted studies evaluating the anti-cancer activity of encapsulated A83B4C63 in plain
versus GE11 modified micelles, against HCT116-Luc2+ PTEN-/- tumors in vitro, and in vivo. As shown in
Figure 5.7, encapsulated A83B4C63 in PCL-based micelles appeared to be more effective in reducing cell
proliferation compared to PBCL-based formulations of this drug, particularly when MTT assay was used.
This observation was in line with a slower release of A83B4C63 from the PBCL based micelles. GE11
modification of the micellar surface contributed to enhancing the therapeutic activity of PBCL-based
micellar formulations of A83B4C63 at drug concentrations 2 12.5 uM (Figure 5.7D). The effect of GE11
modification of micellar formulation was not observed for GE11-PCL micelles at least up to 50 uM of

A83B4C63.
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Figure 5.7. In vitro therapeutic activity of nano-formulated A83B4C63 in HCT116-Luc2+ PTEN-/- cells. After
48 h treatment, MTT assay was carried out using (A) PCL-based and (D) PBCL-based micelles. Luciferase
activity was measured in parallel, through luminescence signal. (B and E): Data presented by bar graphs,
as well as by the images (C and F) of cell culture plates. The experiments were done in triplicate and are

expressed by mean + SEM. Unpaired t-test, * p < 0.05, ** p <0.01, *** p < 0.001.

PBCL-based micelles were able to provide a controlled release profile of the A83B4C63 compound
within 48 h (e.g., the release from GE11-PBCL was 2.2-fold slower than GE11-PCL), as well as a higher
tumor accumulation in vivo over the PCL-based ones at 24 h timepoint. Thus, because of these outcomes,
the evaluation of the drug activity was performed using only nano-formulations composed of PEO-PBCL
and GE11-PBCL micelles. The results of this study are summarized in Figure 5.8. The in vivo image of tumor
growth in the longest surviving mice in each group is shown in Figure 5.8A. As shown here, the longest
survival for mice receiving dextrose 5 % vehicle was 37 days, whereas this duration was elongated to 54
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and 72 days for the longest surviving mice treated with plain and GE11 modified PBCL based micelles of
A83B4C63, respectively. Figure 5.8B and C, the rate of tumor growth in the animal of different groups.
Mice receiving dextrose was the first group in which the luminescence signal, from the orthotopically
implanted CRC cells, reached the threshold level. This was followed by the group treated with plain PEO-
PBCL formulation of A83B4C63 and, later, by the group that received the A83B4C63 loaded into GE11-
PBCL micelles. The effect of GE11 modification on this formulation significantly contributed to lowering
tumor growth when compared with the dextrose group at 37 days following initial treatment. (Figure
5.8E). Animals treated with dextrose and PEO-PBCL formulations presented a small impairment in weight
gain (Figure 5.8D). The survival curve indicates that the A83B4C63 treatment using both formulations
were effective in prolonging the mouse lifetime when compared with the dextrose group, even though
the treatment was slightly more beneficial when the GE11-modified formulation was applied (Figure

5.8E).
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Figure 5.8. In vivo treatment with A83B4C63 loaded into PBCL-based micelles. NIH-Ill nude mice,
implanted with HCT116-Luc2+ PTEN-/- cells orthotopically received 6 i.v. injections of 25 mg/Kg of the
PNKP inhibitor. (A): Luminescence images of the individual mouse from each group that had the highest
survival. (B): Survival curve for the three groups tested. (C): Mean percentage change in animal body
weight. (D): Tumor growth monitoring throughout the timeline of the study. The dotted line shows the
luminescence threshold, indicating the endpoint for each animal. (E): The highlight of important

timepoints in the treatment course. Values are the mean of maximum 3-4 mice = SEM (n = 3-4). Unpaired

t-test, ™ p > 0.05, ** p < 0.01.
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5.4 Discussion

The main objective of the present study was to investigate the biodistribution of Cy5.5-labelled
polymeric micelles and the therapeutic activity of A83B4C63 nano-formulations using a relevant CRC
animal model. In cancer research, pre-clinical in vivo studies have a tremendous importance towards the
optimization of therapeutic and diagnostic approaches. Human CRC xenografts are usually developed in
immune-deficient mice by inoculating cells/tumor ectopically or orthotopically. In the first method, the
cancer implantation takes place in the subcutaneous flank of the animals and although it is the most
common strategy, this is not considered to be a realistic model and lacks clinical relevance. On the other
hand, orthotopic models are designed to display the CRC tumors in a more natural tumor
microenvironment (i.e., tumor located in the mouse intestine), and in consequence, more similarities in
cancer cell differentiation, angiogenesis, amount of stroma and metastasis have been identified when
compared to the actual patterns from patients. In line with other similar reports on this form of CRC mouse
model, we also found metastatic regions among the majority of the inoculated mice, highlighting spleen
and liver as well as lungs that are commonly reported as an organ for finding metastasis. The brain was
the only organ no mouse presented luminescence signal 3427344

Synthetized block copolymers were designed to have, in the polycaprolactone core-forming
segments, a degree of polymerization (DP) around 25. The polymeric micelles prepared in this study
showed better micellar characteristics, overall, in contrast to micelles previously prepared using similar
di-block copolymers, but with shorter length (DP ~ 10), especially regarding their critical micellar
concentration lower. In that previous report, their CMC values were respectively ~ 3.7 uM and ~ 0.8 uM
for PCL- and PBCL-based micelles, which were much higher than what we found here (~ 0.39 uM and ~
0.13 uM for PCL- and PBCL-based micelles, respectively), indicating that our polymeric micelles had a
superior thermodynamic stability.?>® Moreover, we have found that higher DP was crucial for improving

micellar core capacity to efficiently load and provide a sustained release for a couple of PNKP inhibitor
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candidates, that are currently being optimized and/or tested in our research group, for CRC treatment.?®’
The lack of benzyl groups among PCL-based nano-formulations may have contributed to this fast drug
release behavior. By observing the chemical structure of A83B4C63 molecule, previously described, many
aromatic rings can be found in its composition, which may have enhanced the interaction within the cores
from PBCL-based micelles through intermolecular bonds (i.e., m—m stacking),>* leading to more prolonged
drug retention inside those micellar formulations.

Micellar shells of both PCL- and PBCL-based micelles were modified by GE11, and our in vitro cell
uptake experiments confirmed the widely known affinity between this dodecapeptide and the EGF-
receptor. Only the EGFR-positive HCT116 cells showed enhancement in the uptake of GE11-containing
micelles, whereas among EGFR-negative SW620 cells, no difference was observed when compared to
micelles with unmodified shells. After GE11 discovery and characterization, little has been done regarding
peptide optimization, especially towards a lower proteolytic degradation in the presence of human
serum.?”®3% More recently, this peptidic sequence was reported to present poor stability against
proteolysis (ti2 ~ 1 h), which confirms the need for more investigation about its improvement in stability
against chemical degradation.3?° An interesting approach seems to be the peptide cyclization, which has
already been implemented with successful outcomes. This issue represents a special concern when the
peptide is attached to the surface of nanoparticles, given their longer in vivo circulation.2%3%¢

MD simulation analysis confirmed the lower affinity of GE11 towards human EGFR in contrast
with the physiological ligand by calculating the binding free energy for both interactions. This finding is in
agreement with different data reporting higher dissociation constants for GE11 (Kd ~ 4.59 x 10™ M)
relatively to EGF (Kd ~ 1.77 x 1077 M).?7932% We also corroborated another MD simulation pointing out for
the fact that the GE11 binding site is near EGF binding pocket,?®! but in our prediction, we further
identified that their binding site, actually, does not overlap. In that study, Ongarora et al.?®! highlighted

only two amino acid residues (one tyrosine and one isoleucine) belonging to GE11 as the main stabilizers
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of the interaction with EGFR. In contrast, our analysis suggested more amino acid residues (total of 7) for
the peptide-receptor binding.

Biodistribution of the injected polymeric micelles throughout the mice’s body was assessed by
imaging the rodents alive, under anesthesia, and by separately imaging their excised organs. Our micellar
nano-constructs were tracked through the near-infrared (NIR) fluorophore Cy5.5, which was covalently
grafted to a core-forming segment from the triblock copolymers. Ex vivo images of the organs revealed
that, after 24 h injections, the highest accumulation of PCL-based micelles (either unmodified or GE11
shell-modified ones) was found in the kidneys. The sieving coefficient of glomerular basement
membranes, from kidneys, has been previously characterized by using dextran and is generally known
that macromolecules above 10 nm are mostly retained in the blood circulation.3%63473% Taken together,
we can suggest that PCL-based micelles (particle size ~ 55 nm) may have undergone dissociation, which is
in accordance with their poor stability data foregoing, so that most of the fluorescence signal detected in
this organ may have come from the PEO-b-PCL-b-P(CL-g-Cy5.5) unimers, instead of the actual formulation.
The enhancement of micellar tumor accumulation was accomplished due to a combined effect of micellar
core and shell modifications. Benzyl grafts on the core-forming segment contributed to the formation of
micelles with a more compacted core, and consequently, more stable in the blood circulation, which is
reflected by the overall higher accumulation of PBCL-based micelles among the organs. On the other hand,
the attachment of GE11 peptide to the shell-forming segment increased cell internalization, given the
stronger interaction of surface-modified micelles with those cancer cells, highly expressing EGFR. Thus,
the combination of both micellar modifications seems the best strategy for enhancing their potential for
delivering payloads into tumors.

Our in vitro results showed that the encapsulated A83B4C63 into PCL-based micelles was overall
more cytotoxic for the cells than the compound loaded with PBCL-based micelles. One of the main reasons

for this observation may be the fast drug release among these micelles, allowing the free drug to act
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longer among the plated cells, which in an in vivo perspective, is not desirable due to the lack of tumor
specificity that the drug nanocarrier confers to the encapsulated small molecule. The role of the GE11
micellar surface modification on cytotoxicity of A83B4C63 was more prominent among PBCL-based
micelles, and the significance could be detected by both readouts (i.e., MTT assay and luminescence),
especially in the 25 uM concentration.

Mice were treated with A83B4C63 loaded into PBCL-based micelles since they were advantageous
over the PCL-based micelles in the biodistribution and in vitro cytotoxicity studies. The aggressiveness of
tumors in this present model, especially because of the absence of PTEN, was found to be very high. Mice
without any treatment or individuals from the other groups that had higher tumor growth at the beginning
of the injections experienced a very rapid tumor progression with metastasis in almost all the organs. Even
so, mice that received GE11-modified micelles were slightly more benefited than the ones treated with
plain micelles, and an improvement in drug efficacy was observed over the non-modified formulation,
which can be seen by a lower luminescence signal throughout the study course as well as by the prolonged

survival of mice from this group.
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5.5 Conclusion

The biodistribution and drug activity study of our prepared mix micelles was investigated in
conditions that are very close to an actual CRC scenario since human cancer cells were inoculated
orthotopically into the mice. PBCL-based micelles presented a superior half-life in blood circulation when
compared with PCL-based ones. Even though the micellar shell modification with GE11 contributed alone
for higher in vitro uptake by HCT116 cells, the outcomes in vivo did not follow the same pattern. Only
when micellar core- and shell-modification were taken into account together, an enhancement in tumor
accumulation was observed. Therefore, despite the differences in micellar structures that may occur after
loading a hydrophobic payload into the micellar core, our data demonstrated the real capacity of GE11-
PBCL micelles to enhance drug delivery into the CRC tumors, given their great tropism to tumors. In fact,
the therapeutic activity of A83B4C63 towards PTEN-negative CRC cells was slightly more pronounced in

the group that EGFR was targeted by using the GE11 peptide.
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5.7 Supplementary Information

Table 5.51. Polymer composition of the prepared mixed micelles.

Cy5.5-labelled micelles Micelles loaded with A83B4C63
Polymers / Drug PEO- GE1l- PEO- GE1l- PEO- GE11l- PEO- GE11-
PCL PCL PBCL PBCL  PCL PCL  PBCL  PBCL
PEO-b-PCL 8.0 6.8 - - 10 8.8 - -
GE11-PEO-b-PCL - 1.2 - - - 1.2 - -
PEO-b-PCL-b-P(CL-g-Cy5.5) 2.0 2.0 - - - - - -
PEO-b-PBCL - - 9.4 8.0 - - 10 8.6
GE11-PEO-b-PBCL - - - 1.4 - - - 1.4
PEO-b-PBCL-b-P(CL-g-Cy5.5) - - 0.6 0.6
A83B4C63 - - - - 3 3 3 3
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Figure 5.51. 'H NMR spectra of block copolymers that formed the PCL-based micelles.
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Figure 5.52. 'H NMR spectra of block copolymers that formed the PBCL-based micelles.
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Figure 5.53. (A): Root Mean Square Deviation (RMSD) of the EGFR backbone in complex with GE11 (red
line) and EGF (blue line). (B): ligand positional RMSD of GE11 (red line) and EGF (blue line) in complex with
EGFR. (C): Root Mean Square Fluctuation of the EGFR side chain in complex with GE11 (red line) and EGF

(blue line).
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Figure 5.54. The uptake of Cy5.5-labelled mix micelles by HCT116 and SW620 colorectal cancer cell lines

GE11-PBCL Mic.

after 3 hincubation at 37 °C. (A): Plain micelles; (B): GE11 modified micelles. Confocal microscopic images

represent nuclear stain DAPI (blue) alone, Cy5.5 (red) alone, and the merged dyes.
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Figure 5.S5. Analysis of EGFR expression. The western blot data shows that the levels of EGFR expression

were not changed after the genetic modifications in the HCT116 cells.
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Chapter Six

Surface modification of polymeric micelles with monoclonal antibodies for

targeting colorectal cancer cells
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6.1 Introduction

Human epidermal growth factor receptor 1 (HER1), also known as epidermal growth factor
receptor (EGFR), is a 170-kDa glycoprotein containing transmembrane, intra-, and extracellular domains.
Its external portion has an affinity for some endogenous ligands, such as epidermal growth factor (EGF),
transforming growth factor-alfa (TGF-a), amphiregulin, betacellulin, and epiregulin. The binding of these
ligands induces phosphorylation and formation of homo- or heterodimers with other members of the
growth factor receptor family (i.e., HER2, HER3, and HER4). Overexpression of EGFR is commonly observed
in tumors from epithelial origin, including colorectal, esophageal, gastric, prostate, renal, ovarian, and
breast cancer. Additionally, its expression is related to poor prognosis and high resistance to different
therapies, since this receptor plays a critical role in regulating cellular survival, proliferation, and
differentiation 333349

Different strategies for inhibiting EGFR have been tested in cancer treatment due to the high
relevance of this receptor for the cellular processes. For instance, small molecule-based inhibitors of
EGFR-tyrosine kinase activity, such as Gefitinib and Erlotinib, are FDA approved for pancreatic, lung, and
other cancers. The use of monoclonal antibodies (mAbs) against EGFR, is also a clinically relevant strategy
in the treatment of EGFR expressing tumors due to their high specificity to the target. Cetuximab,
Matuzumab, and Panitumumab are respectively chimeric, humanized, and human anti-EGFR mAbs,
commercially available in the market, and clinically used in the treatment of colorectal cancers (CRC),
either as monotherapy or in combination with other therapeutic agents. One relevant requirement for
the success of these therapies is the genetic profile of the patient’s tumor, especially regarding the
expression of EGFR as well as the mutation in K-ras protein. Tumors mainly composed of wild-type K-ras
are sensitive to the therapy, while mutated K-ras types are irresponsive.3°%3

In addition to the direct receptor blocking of anti-EGFR antibodies, which ultimately results in

inhibition of favorable pathways for cancer cell growth, especially suppression of apoptosis, cell cycle
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progression, and metastasis, those therapeutic antibodies also present another mechanism of action.'*®

The antibody-dependent cellular cytotoxicity (ADCC) has been vastly reported in contributing to the
elimination of tumors. Since panitumumab is an IgG2 molecule, a weaker ADCC activity would be expected
compared to the cetuximab, which is an IgG1. However, a recent study indicated that panitumumab is
quite effective in triggering ADCC by neutrophils and monocytes.3>?

Carcinoembryonic antigen-related cell adhesion molecule 6 (CEACAMS), also called CD66c, is a
single-chain glycoprotein (37 kDa), anchored to the plasma membrane without transmembrane or
intracellular domains. As its name indicates, its role relates to cell adhesion, being intimately associated
with integrin ayBs, fibronectin and vitronectin. Its overexpression in CRC has been associated with the
worse prognosis and high risk of relapse in patients.®*3*3% Recently, EGF/EGFR-dependent processes
associated with metastasis, such as cytoskeletal rearrangement, cell invasion, and migration, have been
shown to be mediated by CEACAM®6. Moreover, this receptor was found to enhance EGFR-activation upon
EGF binding, enhancing proliferation and cell growth.3*® In previous studies, CEACAM6 was also identified
abundantly on colon HCT116 spheres that were isolated from HCT116 monolayers and can be used as a
CRC stem cell marker, co-expressing with established cancer stem cell markers, such as the CD133.73%7

Because of the frequent demand for combining mAb treatment with chemotherapy, the
development of antibody-drug conjugates (ADCs) has been the focus of increasing attention by
pharmaceutical companies. The advantage is the simultaneous delivery of two therapeutic entities in one
formulation, to cancer cells.’3* The limitation of ADCs is the need for the internalization of antibody for
effective delivery of conjugated drug, the requirement for the presence of functional groups on the drug
molecule, restrictions in the number of drug molecules that can be attached to one antibody and the
question over drug activity following conjugation to the antibody of interest.}’* Therefore, the attachment

of mAbs to drug nanocarriers is considered a great alternative to solve these problems. Nano-sized

delivery systems have shown to be an effective approach to passively target tumors due to the enhanced
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permeation and retention (EPR) effect.?*® Antibody on the surface of these nanocarriers can enhance their
internalization to the tumor cells and/or increase carrier homing in the tumor tissue contributing to
enhanced drug specificity for cancer versus normal cells.

Several drug nano-formulation, including nanoparticles, liposomes, and polymeric micelles
bearing monoclonal antibodies against EGFR have been developed over the past years.?’#?75310 Sych
nanocarriers confer active drug targeting by preventing EGFR from forming dimers and losing the ability
to trigger its intracellular kinase domain and the subsequent downstream cellular signaling. The
inactivated-receptor is recognized by the cell and cleared from the plasma membrane, leading to its
internalization, along with the therapy.3!’

In the present study, polymeric micelles based on poly(ethylene oxide)-block-poly(a-benzyl
carboxylate-e-caprolactone), PEO-b-PBCL, containing mAb molecules on their surface, denoted here as
immuno-micelles, were developed for improving the delivery of payloads to CRC tumors. Monoclonal
antibodies against EGFR and CEACAMG6 were chosen for this purpose to target EGFR expressing colorectal
cancer cells and cancer stem cells. The near-infrared (NIR) Cy5.5 fluorophore was loaded into the
developed micellar systems for a dual purpose, which includes micelle traceability, allowing a quantitative
assessment of nanoparticle fate, as well as prediction of loading and release of hydrophobic drugs into

our immuno-micelles since this dye can be considered a model drug for early development stage.3°93¢°

6.2 Methods

6.2.1 Materials

Maleimide polyethylene oxide (mal-PEO, 5 KDa) was purchased from JenKem Technology Inc.
(Allen, TX, USA). a-Benzyl carboxylate-e-caprolactone (BCL monomer) was obtained from Alberta
Research Chemicals Inc. (Edmonton, AB, Canada). Stannous octoate (Tin-Il 2-ethyl hexanoate) was

acquired from Sigma Aldrich (St. Louis, MO, USA), and further purified by vacuum distillation. Cyanine 5.5
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(Cy 5.5) was purchased from LumiProbe LLC (Hallandale Beach, FL, USA). Vectibix® (Panitumumab, anti-
EGFR) was obtained from Cross Cancer Institute, and the anti-CD66¢ antibody was obtained from BD
Pharmingen (San Jose, CA, USA, #555749). Most of SDS-PAGE equipment and solutions were obtained

from (Biorad, USA). All other chemicals were reagent grade.

6.2.2 Polymer synthesis and micelle preparation

Di-block copolymers composed of mal-PEO-b-PBCL were synthesized by ring-opening
polymerization of BCL using mal-PEO as initiator, more specifically its hydroxyl end group, as well as
stannous octoate as the catalyst, according to previous reports.*®! Briefly, mal-PEO (0.5 g), BCL (0.8 g) and
purified stannous octoate (3 drops) were added to an ampoule and sealed under reduced pressure. The
polymerization reaction was processed at 120 °C for 3 h. Then, the mixture of polymers, unreacted
monomers, and catalyst, was dissolved in dichloromethane (DCM) followed by polymer precipitation in
hexane and impurity removal. Polymer structure was confirmed by *H nuclear magnetic resonance (‘*H-
NMR) using a 600-MHz Bruker spectrometer (Bruker Instruments, Inc., Billerica, MA, USA). Micelles were
formed by dissolving copolymer (9 mg) with and without Cy5.5 (0.1 mg) in acetone, adding dropwise in
water under constant stirring, and incubating overnight. Polymeric micelles (3 mg/mL polymer
concentration) were centrifuged (~ 10,000 x g) and filtered (0.22 um) to remove any suspended

aggregates.

6.2.3 Preparation of polymeric immuno-micelles

Anti-EGFR or anti-CD66c¢ antibodies (1.4 mg) were thiolated using 2-iminothiolane (0.025 mg) in
phosphate-buffered saline (PBS, pH 7.9) for 1 h at room temperature under gentle stirring. The solution
was dialyzed against PBS for 2 h to remove the unreacted 2-imidothiolane. The coupling of thiolated

antibodies into maleimide-containing micelles was carried out by mixing both solutions and incubation
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overnight under minimal agitation. Three different amounts of thiolated panitumumab were added to
micelles (2 mg polymer concentration) so that antibody/polymer molar ratios of 1:200, 1:100, and 1:50
(mol/mol) were tested. For anti-CD66¢c conjugation, the antibody/polymer ratio used was 1:100
(mol/mol). After that, remaining unreacted maleimide groups were inactivated with B-mercaptoethanol.
Finally, the immuno-micelles were eluted through a Sepharose chromatography column for purification
from unreacted antibodies. Micelles presenting no antibody on their surface (plain-micelles) were
prepared under similar conditions as a negative control. Qualitative assessment of antibody conjugation
was carried out using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and protein

bands were visualized upon staining with Bio-Safe Coomassie premixed solution (#1610786, Bio-Rad).

6.2.4 Release of Cy5.5 from micellar systems

Solutions containing Panitumumab immuno-micelles, plain-micelles, and free Cy5.5 were placed
into separate Spectra/Por dialysis bags (MWCO = 3.5 KDa). The dialysis bags were sealed with clips and
placed in a beaker with 300 mL double-distilled water and incubated at 37 °C in a shaker. After 0, 2, 8, and
24 h, a 150-puL sample was taken from inside the dialysis bag, then the volume was restored by adding 150
uL ddH;0. To maintain the sink conditions, outside media were discarded and replaced with fresh ddH,0
at each time point. Cy5.5 was quantified at 673/707 nm (excitation/emission) using a microplate

fluorescence reader (Synergy H1, BioTek Winooski, VT, USA).

6.2.5 CRC cells

Human colorectal cancer cells, HCT116, and SW620 cells were used for cell uptake studies. Both
cell lines were cultured using Dulbecco's modified eagle's medium (DMEM) supplemented with 10% fetal
bovine serum, 100 IU/mL penicillin, and 100 IU/mL streptomycin in a humidified atmosphere of 5% CO,
at 37 °C. Additionally, a stem-like cell population from HCT116 cells was isolated. Colon sphere cultures

were obtained by collecting the supernatant of confluent HCT116 cells and plating on ultralow attachment
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plates (Corning, Acton, MA, USA) using EpiCult-C Human Medium Kit from StemCell Technologies (GmbH,

Germany)

6.2.6 Cell uptake studies

Cells were seeded in 24-well plates (80,000-100,000 cells/well) and incubated for 24 h at 37 °C.
Then, cells were incubated with immuno-micelles containing either anti-EGFR or anti-CD66¢c antibodies
(prepared using antibody:polymer ratio of 1:100) and with plain-micelles. The final concentration of Cy5.5
of 0.2 ug/mL per well for 3 h at 37 °C. Competition experiment was carried using only Panitumumab (100
pg/mL) so that free antibodies were added to the culture media 2 h prior to the treatment with
Panitumumab-micelles. All the experiments were done in triplicate. After the incubation, both cells were
washed three times with PBS, fixed (4% paraformaldehyde for 15 minutes), and analyzed using a flow

cytometer (BD FACS Canto™ Il). 10,000 single cells were measured from each sample.

6.2.7 Statistical analysis

Data are reported as mean + standard error of mean (SEM). Statistical analysis was carried out
using one-way ANOVA followed by Tukey's multiple comparison test (GraphPad Prism, La Jolla, CA, USA).

Differences were considered statistically significant for p < 0.05(*), p < 0.01(**), and p < 0.001(***).
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Figure 6.1. (A): Schematic synthesis of maleimide-PEO-block-PBCL block copolymers, along with some
details about the polymerization reaction, such as temperature (120 °C), time (3 h), and catalyst (stannous
octoate). (B): 'H NMR spectrum of mal-PEO114-b-PBCLyo block copolymer dissolved in deuterated
chloroform (CDCls), containing peak assignments (in red) and integration for selected proton signals

(between vertical bars).
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6.3 Results and discussion

6.3.1 Polymer characterization

'H NMR spectra revealed that the polymerization reaction was successful, but the yield of the
reaction was only around 66%. The degree of polymerization for the PBCL segment was 19.9, as
determined by the comparison of methylene signals from PEO (-CH,CH,O-, 6 = 3.65 ppm) and PBCL (-
OCHz-, 6 =4.05 ppm) blocks (Figure 6.1). This was lower compared to the theoretical DP, calculated based
on the amount of PEO and BCL initially added (DP = 30), and maybe primarily due to the temperature used
for the reaction (120 °C). In our first attempts using PEG functionalized with maleimide, the usual
temperature of 140 °C showed a substantial degradation of maleimide groups. Thus, although the reaction
yield here was slightly compromised, polymerization at 120 °C led to a reduced maleimide loss (~ 30%).

Number average molecular weight (Mn) was found to be 9,900 g/mol (PEO114-block-PBCLyo), in
which hydrophilic and hydrophobic portions had similar Mn’s (PEO ~ 5,000 g/mol and PBCL ~ 5,000 g/mol,
respectively). According to our previous studies, such copolymers are known to form polymeric micelles
with suitable physicochemical properties. Different studies have indicated the benefits of having benzyl
groups in the micellar core-forming segments, especially for improving micelle stability, loading, and
release of model hydrophobic drugs.?*0267:345362 Conversely, our research group has indicated that for
suitable drug loading and release using micelles formed by PEO-b-poly(e-caprolactone), without benzyl
pendant groups, the length of hydrophobic segments must be increased for an optimum outcome, such

as PEO ~ 5,000 g/mol and PCL ~ 13,000.%¢3
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Figure 6.2. Electrophoretic profile of (well #1): free Panitumumab, (well #2): plain-micelles, and
Panitumumab-micelles formed with antibody:polymer ratio of (well #3) 1:50, (well #4) 1:100, and (well

#5) 1:200.

6.3.2 Cy5.5-loaded micelles and immune-micelles

An electrophoretic approach was selected for the qualitative assessment of antibody conjugation
since this technique relies on a separation step before protein staining. As shown in SDS-PAGE data (Figure
6.2), the protein band related to the free antibody was not observed in the other groups and, although
plain-micelles still got stained, a slightly stronger bands were visualized among immuno-micelles,
compared to the plain-micelles.

Encapsulation of Cy5.5 into plain micellar structures led to high levels of entrapment (> 90%).
Also, sustained rates of Cy5.5 was observed from both plain- and Panitumumab-modified micelles (Figure
6.3). Encapsulation efficiency was 97.6%, and Cy5.5 loading was 1.04% for plain-micelles. Moreover, at 24

h, only 26% and 31% of the dye was released from plain- and Panitumumab-micelles, respectively. 3>°
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Figure 6.3. In vitro release profile of Cy5.5 among free and Cy.5.5-loaded polymeric micelles micellar

structures.

Polymeric micelles showed a narrow size distribution (PDI < 0.3). Plain micelles and Panitumumab-
micelles (prepared using antibody/polymer molar ratios of 1:100) had PDI = 0.25 + 0.03 and PDI = 0.28 +
0.03, respectively (Figure 6.4A). The particle size of micelles was significantly increased by antibody
conjugation (p < 0.01, Anova followed by Tukey test). As presented in Figure 6.4B, plain-micelles were
characterized with a hydrodynamic diameter of 54.3 + 4.6 nm, whereas Panitumumab-micelles were
almost 2-fold larger: 99.3 £ 11.0 nm; 100.3 £ 3.5 nm; and 114.7 £ 14.6 nm, when antibody:polymer ratio

was 1:200; 1:100; and 1:50, respectively (Figures 6.4B).

174



0.4 150+ =

@
2 -I- T
> I
= £ 1004 I ==
f s Q
g_ N
2 @
2 @
b ]
I -—
= k=
o &
2 o
=
1:200 1:100 1:50 1:200 1:100 1:50
A Antibody:polymer molar ratio B Antibody:polymer molar ratio

Intensity (%)
Intensity (%)

E Size (d.nm)

Intensity (%)
Intensity (%)

.
01 1 10 100 1000 10000 0.1 1 10 100 1000 10000
D Size (d.nm) Size (d.nm)

Figure 6.4. Physicochemical characterization of polymeric micelles and Panitumumab-based immuno-
micelles. (A): Data indicating dispersity (D) in micelle size distribution. (B): Graph on particle size, in which
the data were also plotted as size distribution against micelle intensity for each sample, namely (C) plain-
micelles and Panitumumab-micelles formed using antibody:polymer ratios of (D) 1:200, (E): 1:100, and

(F): 1:50.

6.3.3 Cell uptake studies

In vitro uptake of Panitumumab-micelles was assessed using two CRC cells, one expressing EGFR
(HCT116 cells) and another without EGFR-expression (SW620 cells). Similarly, polymeric micelles
containing anti-CD66c antibody on their surface, denoted as CD66c-micelles, were incubated with HCT116

cells (lower CD66c expression) as well as with colon spheres isolated from HCT116 cells (higher CD66¢c
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expression). We then determined if those antibody surface modifications could significantly improve the

uptake of Cy5.5-labeled polymeric micelles by CRC cells having different levels of both targeted-receptors.
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Figure 6.5. In vitro uptake of Cy5.5-containing Panitumumab-micelles by SW620 (top panels) and HCT116
(bottom panels) cells. (A and B): Histograms indicate the distribution of Cy5.5 fluorescence intensity
among different samples after measurement of 10,000 single cells. (C and D): Bar graphs show the median

fluorescence intensity (MFI) for each treatment.

According to flow cytometry analyses, the endocytic activity among HCT116 cells seems to be
higher than the one among SW620 cells, since fluorescence signals from Cy5.5-labelled plain-micelles
were, overall, lower in the latter cell line. Comparing the uptake of plain- and Panitumumab-micelles by
SW620 cells, similar MFl values were noticed (Figure 6.5C). On the other hand, the uptake of plain-micelles

by HCT116 cells was found significantly lower (p < 0.001) compared to the EGFR-targeting immuno-
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micelles (MFI = 899 + 15.9 versus MFI = 1117 + 25.2), confirming the role of EGFR in boosting
Panitumumab-micelle internalization (Figure 6.5D). Additionally, a competition study revealed that pre-
treatment with free Panitumumab drastically reduced this enhancement, resulting in an uptake profile

similar to the group treated with plain-micelles.
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Figure 6.6. Cell uptake of CD66c-micelles using HCT116 (top panels) cells, as well as colon spheres isolated
from HCT116 (bottom panels) cells. (A and B): Histograms indicate the distribution of Cy5.5 fluorescence
intensity among test and control groups after analysis of 10,000 events. (C and D): Bar graphs show

median fluorescence intensity (MFI).

Surface-modification of polymeric micelles with anti-CD66¢ antibody contributed to increasing
micelle uptake in both cell populations of HCT116 cells. As indicated in Figure 6.6C, fluorescence intensity
for HCT116 cell line treated with plain micelles was 124 + 2.6, while treatment with CD66c-micelles led to

a fluorescence intensity shift to 289 + 23.4, which is 2.3 times higher (p < 0.05). Similarly, Figure 6.6D
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shows that the uptake of CD66c-micelles by stem-like HCT116 cells (MFI = 750 + 45.7) was 2.9-fold higher
(p < 0.01) than the uptake of plain-micelles (MFI = 261 + 13.7). The delivery of STAT3 inhibitors
encapsulated in PEO-PBCL micelles decorated with antibody anti-CD38 significantly improved therapeutic
efficiency against multiple myeloma in pre-clinical studies. Therefore, the preferential accumulation we
observed here among stem-like CRC cells has a great potential to impact drug delivery and chemotherapy
outcomes in a positive manner, especially because this cancer cell population has been robustly suggested

to contribute with higher drug resistance traits as well as with cancer relapse.3¢*

6.4 Conclusion

In summary, surface modification of polymeric micelles with anti-EGFR anti-CD66¢c was
successfully accomplished using maleimide-functionalized PEO and sulfhydryl groups anchored from
lysine residues (i.e., amines) on antibody molecules. Further studies are required to validate a method for
quantifying antibody density on the surface of our polymeric micelles. Panitumumab-micelles were
associated with EGFR-overexpressing CRC cells compared to plain micelles, and the uptake of CD66c-
micelles was significantly higher in whole HCT116 cell and its CD66 overexpressing sub-population when
compared to the plain-micelles. Therefore, developed immune-micellar constructs were considered
suitable candidates to deliver cytotoxic drugs to HCT116 xenografts and stem cell subpopulation,

respectively.
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Chapter Seven

General Discussion, Conclusion, and Future Directions
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7.1 General Discussion

Targeted drug delivery for cancer treatment has been yearning for a long time. Paul Ehrlich
dreamed, after his discovery of selective staining for gram-positive bacteriain 1882, that one day, a “magic
bullet” would be developed for selective elimination of cancers, leaving the surrounding healthy tissues
undamaged. Unfortunately, the advances in cancer biology have shown the immense complexity and
heterogeneity of this pathological condition, and the development of that dreamed, single, and specific
therapy to cure cancer turns out to be an elusive and unrealistic approach. The 1989 Nobel laureate in
physiology/medicine Dr. Harold Varmus referred to cancer as a “cell like Grendel [mythologic monster], a
distorted version of our own selves”. In fact, every feature of cancer cells is rooted in a corrupted process
available among normal cell populations, which makes the search for cancer-specific targets very
challenging. The central point of this thesis was to take advantage of the fact that some receptors are
upregulated in certain types of cancer so that ligands with affinity to those receptors can enhance
specificity of the drug formulation to tumors.**°

In the first research project (Chapter 2), the main objective was to assess whether or not the
proteolytically stable cyclic decapeptide C18.4DK (WXEAAYQKFL), conjugated with Cy5.5, could be used
as a targeted drug delivery platform to treat breast cancer cells. The sub-nanometer scale of this
formulation led to a distinct in vivo pharmacokinetic profile than the nano-delivery systems reported in
the other chapters. Rapid clearance through kidneys and liver was observed, which indicated a lack of
prolonged stability in the blood. Interestingly, this formulation was able to cross the blood-brain barrier,
reaching the brain (Figure 2.10B); and because of its capacity to overcome this barrier, which is known to
contain cells very tightly connected with one another, this model drug delivery system may be an
interesting alternative approach in cases of highly rigid tumors, with necrotic and hypoxic regions and low

diffusion rates.*>2%¢
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The target of C18.4DK peptide has been recently proposed by Soudy et al.??® to be keratin-1
(KRT1). In Chapter 3, this protein was also targeted by using the linear engineered P18.4 peptidic
sequence. Interestingly, one of the natural ligands for KRT1 is the high-molecular-weight kininogen
(HK),%%43%5 which is also endogenously specific for other two receptors: complement component 1q
receptor (gC1gR), and urokinase-type plasminogen activator receptor (uPAR).1°13%¢ Those receptors are
known for tumor-targeting purposes due to their often upregulation in specific types of cancer. Lyp-1
peptide and its analogs have been extensively reported for binding to gC1qR,%*’7° as well as AE105,
AE147, and others for uPAR-targeting systems.?”*3”® Similarly, the P18.4 peptide has been successfully

utilized by surface-modifying various nanocarriers, such as liposomes loaded with doxorubicin,**1%

traceable polymeric micelles,?*® and plasmid lipoplexes,'®® as well as for peptide-drug conjugation??>374
and breast cancer diagnosis.?”® Our results indicated, for the first time, that P18.4 peptide can also
contribute to enhancing internalization of siRNA into cancer cells (Figure 3.5 and 3.6), although we found
that the siRNA uptake enhancement did not lead to higher MCL-1 downregulation under current
experimental conditions. A possible reason for this finding maybe because of the high stability of the
polyamine/siRNA complex, leading to a limited siRNA dissociation. Another explanation could be due to
the saturation of the RNAi machinery, given the wide gap between 200 and 300 nM siRNA dose. Also,
there is a possibility of MCL-1 upregulation by other compensatory cell pathways in response to the
treatment.

The biodistribution in mice of polymeric micelles was investigated by varying the chemical
structure and/or the molecular weight of the core-forming segments of micellar structures. In line with
previous studies, the benzyl-caprolactone block with a degree of polymerization of 20 (i.e., PEO114-PBCLy0)
was selected in Chapter 4. The in vivo fate of micelles bearing the EGFR-targeting peptide GE11 or the

mock peptide HW12 was assessed by PET imaging.?'®?*° As showed in Figure 4.S2, the radiotracer %Cu

was successfully incorporated into the chelating agent NOTA, and significantly different behavior was
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observed in vivo if only ®*Cu-NOTA is injected (Figure 4.53). The analysis of accumulation into ectopic
HCT116 subcutaneous xenograft tumors (Figure 4.5) revealed that the surface-modification with GE11 led
to a higher PET signal only by taking into account the values of SUVmax (p < 0.05), but the p-number for
SUVmean Was higher than 0.05 (i.e., p = 0.08). This was quite interesting because the SUVmean is determined
by considering the entire tumor region, while SUVn.x is generated by focusing on the regions with the
highest PET intensities. Therefore, the data provided quantitative means to indicate that the GE11-
micelles were more highly accumulated in the tumor periphery, whereas the tumor core was not
significantly affected by the EGFR-targeting of nanocarriers, suggesting a poor diffusion of our micelles
inside the cancerous tissue.

In Chapter 5, the biodistribution and accumulation into orthotopic HCT116 xenograft tumors were
assessed through NIR imaging (Figure 5.5). Cy5.5-labeled micelles composed of PEO-b-PCL and PEO-b-
PBCL copolymers, with and without GE11 decoration, were concomitantly challenged so that by
comparing only PEO-PBCL micelles with GE11-PBCL counterparts, no significance in tumor accumulation
enhancement was observed, similar to the outcome from PET SUVmean Values. However, by analyzing the
effect of modifications on micellar surface and core in parallel, the tumor NIR fluorescence intensity was
significantly higher in the groups treated with PEO-PBCL and GE11-PBCL micelles when compared to the
one that received PEO-PCL micelles. This was in line with our previous observations on P18.4 modified
PEO-PBCL micelles that have shown a higher accumulation in orthotopic MDA-MB-231 tumors compared
to their PEO-PCL counterparts.?*® The higher tumor accumulation of PEO-PBCL is attributed to the higher
stability of these micelles leading to longer circulation times in blood for them in comparison to PEO-PCL
based micelles. Overall, the results of both studies show that the high circulation time of polymeric
micelles can enhance the chance for EPR effect of plain micelles, downplaying the effect of targeting

peptide in leading to a meaningful increase in micellar tumor accumulation. Whether peptide modification
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of nanoparticle surfaces can enhance the preferential interaction of nanocarriers with tumor cells over
normal cells within the tumor microenvironment is not known.

We then tried to investigate the effect of EGFR-targeting peptide modification of micellar
structures in increasing the therapeutic activity of drugs in colorectal cancer models. Our collaborators
from Chemistry Department (Dr. Dennis Hall Lab, University of Alberta) have designed a novel and potent
PNKP inhibitor denoted as A83B4C63. The drug was loaded into polymeric micelles composed of PEO112-
b-PBCL,s copolymers. The degree of polymerization of the PBCL segment was increased in comparison to
the one used for PET imaging. This modification was performed based on previous data on the
encapsulation of A83B4C63, aiming for a more controlled release profile of the compound. The disruption
of PNKP has been characterized to affect the viability of cancer cells by itself minimally but sensitizes
tumors to DNA-damaging therapies. Moreover, simultaneous disruption of PNKP with PTEN protein is
known to trigger cell death, through a phenomenon called synthetic lethality.?¢”-32933% |n 3 similar way, the
concomitant inhibition of many pairs of proteins that leads to cell death have already been identified in
several cancers, such as the down-regulation of PTEN and PARP.3?® Taking advantage of this mechanism,
mice bearing orthotopic HCT116 tumor xenografts, without PTEN expression (i.e., HCT116 PTEN -/-), were
treated with A83B4C63 drug, loaded into plain or GE11-micelles. The results pointed to a trend for a better
outcome (i.e., higher cell toxicity) among mice treated with EGFR-targeted nano-formulation (Figure 5.8).
Given the frequent PTEN down-regulation observed among CRC cells in patients, the delivery of PNKP
inhibitors has a great potential to bring unprecedented clinical success since two efficient strategies for
targeting cancer cells are being applied: synthetic lethality only within cancer cell population because of
their loss in PTEN expression while normal cells are left healthy since they are PTEN positive; and
enhancement in cell internalization of the drug in cancer cells by targeting EGFR, which are minimally
expressed in healthy cells. Individualized therapies that carefully consider specific traits of a given cell

population tends to be the answer for reaching highly efficient and safe therapies against cancer. In the
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case of our proposed nano-formulation, CRC patients would have to be checked for PTEN expression, and
the population presenting low levels of PTEN protein would be eligible for the treatment. Then, the
targeted delivery systems carrying PKNP inhibitors would possibly exert the role of that dreamed “magic
bullet”.

In the last research project (Chapter 6), our goal toward the development of active-tumor
targeting drug nanocarriers was pursued in a slightly different way from the other chapters. The ligand
molecules selected this time to enhance specificity to CRC cells were monoclonal antibodies, instead of
peptidic sequences. Two antibodies were used for micellar surface-modification, one was anti-EGFR and
the other anti-CD66c¢. Recently, our research group has reported on the anti-CD38 antibody conjugation
approach for targeting multiple myeloma (MM) cells.3*! CD38, also known as cyclic ADP ribose hydrolase,
is a highly expressed receptor in MM, and the monoclonal antibody Daratumumab is a FDA-approved
therapeutic indicated for this condition. One important difference between the goal of that study from
targeting CRC tumors is the formation of solid tumors, which is not the case in MM. The diffusion of
imunomicelles into the tumor core maybe even more significantly compromised when compared to
peptide-modified micelles, due to their much larger hydrodynamic particle size (Figure 6.4). Nevertheless,
the clinical application of anti-EGFR antibodies may be considered an advantage over the use of novel
non-FDA approved peptides in the drug development process for drug targeting to cancer.

Different chemistries were employed for coupling the tumor-targeting ligands to polymeric
micelles or drugs in this thesis. For peptide attachment, synthesized acetal PEO blocks were de-protected
to unmask aldehyde motifs, then imine conjugation with primary amines from peptidic sequences was
carried out, followed by reduction of the imine for linkage stabilization. For monoclonal antibody coupling,
functionalized PEO with maleimide groups were commercially obtained, and thiolation was chemically
performed using a reagent that binds to the exposed amines in the antibody molecule. The interesting

feature of these chemical modifications is their ease applicability to other circumstances so that new
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therapeutic cargos and/or ligands can be introduced according to the structure and nature of those
entities. Concerning the overall feasibility of coupling peptide and antibody molecules on the surface of
nanoparticles, peptides are advantageous over antibodies. The attachment of peptides on pegylated
liposomes, for instance, has been accomplished with success using pre- or post-insertion methods,
whereas antibodies are only inserted after the nanoparticle formation. This disadvantage of antibodies
relates to the fact that their proper 3D configuration is essential for maintaining their specificity to the

376-378

target, though their binding is usually tighter than peptides.

7.2 General conclusion

Characteristic features or hallmarks of cancer cells, such as angiogenesis, metabolic
reprogramming, cell survival/apoptosis, metastasis, therapy resistance, and others, are the result of
abnormal expressions of important players for cell biology, including cell-surface proteins. Ligand
molecules that have a high affinity to upregulated receptors on the cancer plasma membrane represent
an important avenue to improve the specificity of drug formulations towards tumor cells. However, it is
crucial to keep in mind that it may be rare to identify a truly cancer-specific receptor that is expressed
only by cancer cells and without any expression in non-cancerous ones. In all research projects of this
thesis, the ligand molecules were used to target cell-surface proteins overexpressed in the targeted cancer
cell population, namely KRT1, EGFR, and CD66c, but with some levels of expression among healthy cell
population.

The proteolytically stable, KRT1-targeting C18.4DK peptide can be conjugated with
chemotherapeutic agents due to the encouraging in vivo outcomes with the model drug Cy5.5. This
peptide-drug conjugate was characterized with a substantial affinity to breast cancer, marked by rapid
drug delivery and clearance from the body. New chemistries for C18.4DK conjugation with other

therapeutic small molecules can also be tested to improve pharmacokinetic profiles further.
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Polymeric micelles showed great versatility for carrying different types of payloads, including
siRNA, Cy5.5, and A83B4C63, depending on the chemical structure of the core that accommodates these
cargos. In this context, the use of chemically flexible PEO-PCL based nanocarriers with functional core
structures was of great advantage. Chemical modifications, through specific pendant group attachments,
allowed the proper loading of siRNA negatively-charged molecules, as well as highly hydrophobic small-
molecule entities (i.e., Cy5.5 and A83B4C63). In addition, the functionality of the PEO end provided
opportunities for the attachment of different peptide as well as monoclonal antibody ligands to the
polymeric nanocarriers.

Overall, our results indicate that the central hypothesis was answered positively, in vitro, since all
the ligands used in this study exerted some enhancement in the interaction with cancer cells over the
healthy ones. Though the benefit in vivo was not as clear as the in vitro results, as a limited benefit in the
increase of tumor homing by peptide modified polymeric micelles over plain ones was observed.
Nevertheless, peptide modification of nanocarriers appeared to enhance the therapeutic activity of an
incorporated drug, despite no significant effect in nanocarrier homing in primary tumors. This may be
attributed to better delivery of the drug to cancer cells in the tumor micro-environment of primary tumor
or towards the metastatic site. The targeted small molecules (e.g., peptide-drug conjugates) showed rapid
tumor accumulation and fast systemic clearance of these agents in the mouse model. Peptide-modified
polymeric micelles, on the other hand, showed an advantage in terms of accommodating higher payloads
of diverse chemicals, and enhanced interaction with the target cells, in vitro. These nanocarriers did not
show significant benefit in enhancing accumulation of nanocarrier in solid tumors, in vivo since the effect
of ligands on their accumulation into tumors may have been mostly overshadowed by passive targeting
of the nanocarrier structures by the EPR effect, as well as by a possible higher retention in the liver due
to the surface decoration with ligands that may have caused a higher recognition by Kupffer cells, as vastly

discussed in the literature.’’? Nevertheless, the EGFR targeted nanocarriers showed an improved
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therapeutic outcome for the loaded inhibitor of PNKP, A83B4C63, in PTEN negative CRC in orthotopic CRC
models, possibly by changing the intratumoral distribution of loaded drug towards cancer over normal

cells within the tumor microenvironment.

7.3 Limitations

Regarding the biodistribution study of C18.4DK conjugated with Cy5.5, an important control group
could have been used, which is a mock peptide with no affinity to MDA-MB-231 cells conjugated with the
fluorophore. Although different studies show the in vivo biodistribution of free Cy5.5, this dye conjugated
to a similar cyclic peptidic sequence would be of great importance, especially in terms of tumor
accumulation and clearance.

In chapter three, the reported P18.4-modified siRNA delivery system was tested with only one
cancer cell line in the experiment of siRNA activity. Perhaps, using a wider variety of cancer cells, the role
of the peptide surface modification would have been more meaningful for other cell types. Our
preliminary study using the plain siRNA delivery system indicated that the ratio and dose may vary
depending on the cell type for achieving substantial downregulation.

The biodistribution study of our polymeric micelles that relied on the PET imaging was performed
using ectopic CRC mouse model, whereas the one employing NIR optical imaging used orthotopic CRC
mouse model. The comparison between techniques would have been more accurate if in both cases CRC
cells could have been injected orthotopically, but the lack of a platform that could take the PET imaging,
and at the same time, detecting the exact location of the tumors (e.g., luminescence or another approach)
made the experiment non-feasible for our purpose.

In the investigation on the therapeutic activity of A83B4C63 drug on PTEN-negative CRC cells, the

EGFR-targeting formulation would possibly have led to a statistical significance over the plain micellar
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form if the number of mice was higher. The surgery for the development of orthotopic CRC cells in mice
is very delicate and extensive so that only a few animals were injected in a couple of days of the procedure.

Chapter 6 is aninitial study on the development of antibody-modified polymeric micelles to target
EGFR. One of the main limitations of this study was the physical encapsulation of Cy5.5 for investigating
the cell uptake study. A similar approach reported on the previous chapter needs to be pursued, aiming
for a covalent attachment of the fluorophore to the polymer. Otherwise, the released Cy5.5 from the

micelles may significantly interfere in the accuracy of measurements.

7.4 Future Directions

In this thesis, we looked at the effect of nanoparticle drug delivery by passive targeting
(represented in figure 7.1.A) versus ligand modification of small molecules (represented in Figure 7.1.B)
and nanocarriers (represented in Figure 7.1.C) in increasing the specific interaction of contrast/imaging

agents or drugs with cancer over normal cells/tissues.

T T Elg D

Figure 7.1. Schematic representation of different tumor targeting systems. (A): Drug encapsulated in a
surface-plain nanocarrier. (B): Ligand-drug conjugate. (C): Drug encapsulated in a surface-decorated
nanocarrier. (D): Proposed strategy to encapsulate a ligand-drug conjugate. Major components are

identified with low-case letters (x = drug, y = ligand, z = nanocarrier).

The non-EPR approach, through use of peptide-model drug conjugates, was shown to be effective

in targeting of solid tumors for a short period of time following i.v. administration (~ 2h). Future
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investigations in this regard should focus on assessing the effect of this approach on the targeting and
therapeutic index of actual drugs for cancer therapy. Similar to antibody-drug conjugates, peptide drug
conjugates can be designed for this purpose. The drug mertansine (also called DM1), which is 25- to 500-
fold more potent than paclitaxel, could be evaluated after conjugation with C18.4DK peptide, aiming to
reduce the serious side effects of this compound in its free form.3 Additionally, in light of the fast
clearance of the peptide-Cy5.5 conjugate from the systemic circulation, the approach may be deemed
useful for cancer cell detection and imaging. So the potential application of the developed system in
guided therapy may be investigated.

Regarding investigation on biodistribution studies of polymeric micelles in cancer mouse models,
we provided here a foundation for combining NIR and PET imaging concomitantly in the same
experimental design. Different chemical modifications on micellar core and/or shell can be more
powerfully evaluated by relying on both techniques, especially in more complex animal models, such as
in metastatic ones. Functional NIR fluorophores operating in the second near-infrared window (1000—
1700 nm) should be validated to improve imaging resolution, though some challenges still need to be
addressed. One issue observed for longer wavelength cyanine fluorophores is a significant quenching
caused by solvatochromism in biological fluids and other polar solvents.

Modulation of gene expression by different nucleic acid structures requires the use of efficient
delivery systems. Here, an optimized strategy to transfect MDA-MB-435 cells with siRNA molecules was
reported, we might look at using this transfection agent to evaluate its capacity to deliver more than one
nucleic acid entity, not necessarily being siRNA. The co-delivery of multiple types of nucleic acids in a single
system can serve as a powerful tool for more-effective complementary therapeutics. Some studies using
PEl-based polyplexes have shown both in vitro and in vivo that the codelivery of DNA and siRNA to breast
MDA-MB-231 cell line resulted in 20-fold higher plasmid transfection and 2-fold higher siRNA transfection,

as compared to the respective single-nucleotide delivery.381382
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Since PNKP is an enzyme involved in the DNA repair machinery, the therapy combining A83B4C63
drug with radiotherapy or some DNA-damaging agents, such as irinotecan, melphalan, and others, could
be a promising approach to treat cancer cells with a normal PTEN expression. Furthermore, new small
molecules are being investigated for further improving PNKP inhibition, as well as for targeting another
enzyme also involved in DNA repair, called ERCC1-XPF. Because those novel compounds may have
substantial chemical differences, they would have to be assessed regarding encapsulation efficiency and
release profile using polymeric micelles formed by PEO-PBCL and, perhaps, other types of copolymers.
Then, in vitro and in vivo studies need to be performed.

We showed that our immunomicelles, formed by surface modification using full-length antibody
molecules, were preferentially internalized by the cell populations expressing their receptor-based
antigen at in vitro level. However, because of the potential off-targets relate to the Fc portion, as well as
due to their larger size, other related molecules would be more suitable for the in vivo experiments.

Finally, future strategies can look at the delivery of ligand modified small molecules by nano-drug
delivery systems as an alternative strategy in drug targeting. An example of potential could be the
encapsulation of folate-drug conjugates. Many studies have reported on the conjugation of folate and

38338 and parallelly, different investigations are showing the feasibility of folate

cytotoxic agents,
encapsulation in nanocarriers.3¢3% As represented in Figure 7.1.D, the combination of both approaches

could greatly direct the delivery of such therapeutics into cancer cells.
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Appendix

Experiments for siRNA delivery optimization aiming the down regulating of luciferase protein
expression into MDA-MB-231-Luc+ (A) and HCT116-Luc+ (B) cancer cells. Block copolymers with
different degree of polymerization (DP) for the caprolactone segments were tested >> DP=10, DP=15,

and DP=20. Moreover, two siRNA:polymer ratios were also tested >> 1:16 and 1:32).
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Experiments for siRNA delivery optimization aiming the down regulating of PNKP protein expression
into HCT116 CRC cell line. Block copolymers with DP=10, DP=15, and DP=20 for the caprolactone

segments were tested. The siRNA:polymer ratio was 1:32.
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Experiments for siRNA delivery aiming the down regulating of PNKP protein expression into HCT116
CRC cell line. Testing different commercially available transfecting agents. (Available online at the

following address: https://www.rjhbiosciences.com/transfecting-colon-cancer-hct-116-cells-with-rjh-

reagents-to-silence-polynucleotide-kinase-3-phosphatase-pnkp-expression).

W

Testimonial:

Transfecting Colon Cancer HCT-116 Cells with RJH Reagents to silence Polynucleotide Kinase 3'-
Phosphatase (PNKP) Expression

Methodology

Colon cancer HCT-116 cells (ATCC) were seeded and grown in 6-well plates overnight before transfection with siRNA complexes. A specific siRNA against
Polynucleotide Kinase 3'-Phosphatase (PNKP; obtained from IDT) was formulated with LipofectamineTM 2000 and the RJH transfection reagents, as
recommended by the respective manufacturers (see below for speci?c siRNA:transfection reagent ratios used). As a control, a scrambled siRNA was also
formulated with the same reagents and used in cell treatments. The cells were transfected in complete tissue culture medium (DMEM + 10% FBS, 1%
Pen/Strep) at siRNA concentration of 50 nM, and allowed to incubate with the formulated siRNAs for additional 2 days. The cells were harvested and
processed for western blot analysis according to the established procedures. The blots were stained with an in-house generated polyclonal antibody and
visualized using chemoluminescence.

Figure 1

The indicated lanes in the western blot correspond to the following

treatments:

1) untreated cells

2) cells exposed to scrambled siRNA/Lipo-2000 (1:2)
1 2 3 456 7 8 9 10 11 3) cells exposed to PNKP siRNA/Lipo-2000 (1:2)
B l i'l““ 4) cells exposed to scrambled siRNA/Lipo-2000 (1:4)

m‘ 5) cells exposed to PNKP siRNA/Lipo-2000 (1:4)

6) cells exposed to PNKP siRNA/ALL-Fect (1:6)

7) cells exposed to PNKP siRNA/293-Fect (1:6)

8) cells exposed to PNKP siRNA/Prime-Fect (1:6)

9) cells exposed to scrambled siRNA/ALL-Fect (1:6)

10) cells exposed to siRNA/293-Fect (1:6)
11) cells exposed to scrambled siRNA/Prime-Fect (1:6)
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