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Abstract

Cancer metastasis is the main cause for the high mortality in breast cancer patients. In this work
we developed a polymer POEG-stPmor for targeted co-delivery of IL-36-y expression plasmid
and doxorubicin (Dox) to lung metastasis of breast cancer. The polymer readily formed micelles
that were effective in loading Dox and simultaneously forming complexes with IL-36y plasmid.
Interestingly, particles co-loaded with Dox and plasmid was significantly smaller and more stable
than the particles loaded with Dox only. Gene transfection in both lungs and s.c. tumors was
significantly higher with our polymer compared to PEI. In addition, the Dox+IL-36y/POEG-st-
Pmor could not only bring improved anti-metastatic effect but synergistically enhance the type |
immune response by increasing the IFN-y positive CD4* and CD8" T cells and simultaneously
decreasing the immunosuppressive myeloid-derived suppressor cells in the lung. POEG-stPmor
may represent a simple and effective delivery system for an optimal chemo-gene combination
therapy.
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Background

Cancer metastasis, which refers to the spread of cancer cells from the primary tumor site to
distant tissues or organs, is the main cause of breast cancer-related deaths[1, 2]. Lung, liver,
bone and brain are major organs for breast cancer metastases and more than 60% of breast
cancer patients show metastasis in lungs at late stages[3, 4]. Although surgery may be
effective in treating the primary tumor, chemotherapy is necessary for advanced lung
metastases [5, 6]. Despite recent advancements in chemotherapy, the five-year survival rate
of metastatic breast cancer remains low (~20%) with serious side effects, mainly due to off-
target toxicity[7]. Therefore, the development of therapies to achieve efficient targeting of
metastasis is highly demanded, which will likely achieve enhanced therapeutic efficacy and
reduced systemic toxicities.

Current lung metastasis targeted delivery largely relies on the size-driven systems such as
nanoparticles, micelles and liposomes [8-10]. Although these nanoscale carriers show
promising results, drawbacks such as poor stability, complex formulation strategy and
potential toxicity remain unresolved[11]. Most current nanocarriers can improve therapeutic
effect through enhancement of permeation and retention (EPR) effect in primary tumors
with vasculature pore sizes over 100 mm?3 [12]. However, small metastatic tumors are
usually less vascularized, which limits the access of nanoparticles to these lesions[13]. Thus,
drug delivery systems with well-defined carrier structures, sufficient /n vivo stability and
high targeting efficiency are urgently needed to overcome the current problems. It has been
reported that small ligands such as linear tertiary amines on the carriers may benefit lung
targeted drug delivery since the lung is proven to be a site for accumulation of numerous
basic amines [14, 15]. These studies have inspired us to explore the potential of tertiary
amine-derived carriers as targeting systems for treatment of lung metastasis.

We herein developed a multifunctional delivery system that is based on an amphiphilic
polymer with morpholine attached to the pendant side chains (POEG-stPmor) for
codelivery of small molecule chemotherapy drugs and plasmid DNA. The hydrophobic
anticancer drugs are expected to be incorporated into the hydrophobic core through
hydrophobic-hydrophobic interaction and m-t stacking[16]. Morpholine is incorporated into
the polymer to introduce positives charges to form complexes with nucleic acids[17]. The
positively charged morpholine groups in the polymers can also facilitate the accumulation of
the carrier in the lung due to the interaction of positively charged tertiary amine with
negatively charged cell membrane in the lung[18, 19]. Doxorubicin (Dox) and IL-36y
plasmid were selected as the model drug and DNA for the combination therapy. Dox is a
first-line chemotherapeutic drug in the treatment of a broad range of cancers including
breast, ovary, bladder, and lung cancers, and breast cancer metastasis[20, 21]. Cytokines are
reported to have a synergistic antitumor effect in combination with conventional antitumor
treatments such as chemotherapy[22, 23]. Interleukin 36 (a, 8, ') belongs to IL-1 family of
cytokines and the three isoforms share the same receptor complex[24]. IL-36 is reported to
promote the differentiation of type 1 effector lymphocytes, including CD8*, NK, and y8T
cells in vitro[24, 25]. The tumoral expression of IL-36+ exerts strong antitumor immune
responses /n vivo and transforms the tumor microenvironment in favor of tumor
eradication[24]. We hypothesized that codelivery of Dox and I1L-36+y plasmid via our
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multifunctional carrier represents a simple and effective approach for the treatment of lung
metastasis. We first examined the biophysical properties of the nanocarrier co-loaded with
Dox and IL-36+y plasmid. The efficiency of delivery and transfection was then examined
both /n vitroand in vivo. Finally, the antitumor effect of Dox* IL-36+y plasmid/polymer as
well as the underlying mechanism was investigated.

Materials and Reagents

Doxorubicin (>99%) was purchased from LC Laboratories (MA, USA).
Dicyclohexylcarbodiimide (DCC) was purchased from Alfa Aesar (MA, USA). 4-
(Dimethylamino) pyridine (DMAP) was purchased from Calbiochem-Novabiochem
Corporation (CA, USA). Vinylbenzyl chloride, 4-Cyano-4-
(phenylcarbonothioylthio)pentanoic acid, oligo(ethylene glycol) methacry-late OEGMA
(average Mn = 500), 2,2-Azobis(isobutyronitrile) (AIBN), trypsin-EDTA solution, 3-(4,5-
dimethylthiazol-2-yl)-2,5-di phenyl tetrazolium bromide (MTT) and Dulbecco’s Modified
Eagle’s Medium (DMEM) were all purchased from Sigma-Aldrich (MO, U.S.A.). Opti-
MEM medium was purchased from Invitrogen (Carlsbad, USA). AIBN was purified by
recrystallization in anhydrous ethanol. Fetal bovine serum (FBS) and penicillin-streptomycin
solution were purchased from Invitrogen (NY, U.S.A.).

Synthesis of VBMor monomer

Vinylbenzyl chloride (167.2 mg, 1.1 mM), morpholine (95.8 mg, 1.1 mM) and K,CO3 (0.69
g, 5 mM) were dissolved in 6 mL DMF and stirred at 50°C for 6 h. After cooling down to
room temperature, 20 mL water was added to the mixture, followed by three times
extraction with 50 mL CH,Cl,. After evaporation of CH,Cl,, the crude product was purified
by column chromatography with petroleum ether/ethyl acetate (v/v, 4/1~2/1) as the elution
liquid. VBMor monomer was obtained with a 71% yield.

Synthesis of POEG-st-Pmor polymer

VBMor monomer (228.8 mg, 1.13 mmol), OEG500 (100 mg, 0.20 mmol), AIBN (1 mg,
0.0062 mmol), 4-Cyano-4-(phenylcarbonothioylthio)pentanoic acid (4 mg, 0.014 mmol),
and 1 mL of dried tetrahydrofuran were added into a Schlenk tube, and deoxygenated by
free-pump-thawing for three times. Then the mixture was filled with N, and immersed into
an oil bath thermostated at 80 °C to start the polymerization. After 24 h, the reaction was
quenched by immersing the tube into liquid nitrogen and the mixture was precipitated in
hexane for 3 times. The product POEG-stPmor was obtained after vacuum drying.

Preparation and characterization of IL-36y Plasmid/Dox-co-formulated micelles

Dox-loaded POEG-st-Pmor micelles were prepared by the dialysis method[26]. Briefly, 10
mg of polymer was dissolved in 5 mL of DMSO and mixed with 100 uL of Dox DMSO
solution (10 mg/ml). To remove free Dox from the Dox-incorporated micelles, the solution
was dialyzed against PBS using dialysis membrane with a MW cutoff of 3,500. The solution
was lyophilized and resolubilized in ImL PBS. Drug-free micelles were similarly prepared.
For plasmid DNA complexation, polymeric micelles were diluted to different concentrations
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in water and mixed with plasmid DNA solution to obtain the desired N/P ratios. This
mixture was allowed to incubate at RT for 20 min prior to further characterization.

In vitro characterization of polymer

The structure and molecular weight of POEG-st-Pmor polymer was characterized byH
NMR and gel permeation chromatography (GPC) similarly conducted as previously
reported[27]. The particle size and zeta potential of POEG-s-Pmaor polymer were
determined by dynamic light scattering (Nano-ZS 90, Malvern Instruments, Malvern, UK).
The morphology of POEG-stPmor polymers was observed under a transmission electron
microscope (TEM). The micelles were placed on a copper grid covered with nitrocellulose.
The samples were negatively stained with phosphotungstic acid and dried at room
temperature before measurement.

Drug loading capacity (DLC) and drug loading efficiency (DLE) were determined as
described before[28, 29]. The amount of Dox loaded in the micelles was determined by high
performance liquid chromatography (HPLC, Shimadzu LC-20AD, Japan). The DLC of Dox/
micelles was calculated using the equation : DLC=Drug incorporated/(input polymer+Drug)
x100%

Critical micelle concentration

The critical micellar concentration (CMC) was determined using Nile Red as a fluorescence
probe[28]. Micelles of various concentrations (0.0001 to 1 mg/mL) were first prepared. Two
microliter of a Nile Red solution in acetone (0.97 mg/mL) were then added to each sample
and acetone was evaporated prior to fluorescence measurements using a microplate reader.
Fluorescence from emission wavelength ranging from 560 to 750nm was recorded with an
excitation wavelength of 550 nm.

In vitro drug release study

The in vitro Dox release kinetics for the POEG-stPmor micelles was determined by a
dialysis method. Briefly, 0.5ml of Dox-loaded micelles and micelles co-loaded with Dox and
IL-367 plasmid at a Dox concentration of 0.5 mg/mL were placed into a dialysis bag (MW
cutoff 3,500), respectively. The dialysis bag was incubated in 100 mL PBS with gentle
shaking at 37 °C. Two ml of PBS solution outside of the dialysis bag was collected at
different time points and equal amount of fresh PBS was added back. The concentrations of
released Dox were determined by HPLC [30].

Gel retardation assay

Plasmid/polymer complexes were prepared at different N/P ratios, ranging from 0.1 to 20
(plasmid DNA concentration was fixed at 5 mg/ml). The resulting complexes were then
electrophoresed on a 1% agarose gel in TAE buffer at 120 mV for 30 min, and visualized
using a UV illuminator with ethidium bromide staining[31]. Free plasmid DNA was used as
a control.
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Cell culture and animals

The murine breast cancer cell line 4T1.2 was cultured in DMEM medium supplemented
with 10% FBS and 1% penicillin/streptomycin at 37 °C in 5% CO, atmosphere. Female
BALB/c mice (4-6 weeks, Charles River, Davis, CA) were housed under pathogen-free
conditions according to AAALAC guidelines. The mice related experiments were performed
following institutional guidelines and approved by the Animal Use and Care Administrative
Advisory Committee at the University of Pittsburgh.

In vitro cytotoxicity

The cytotoxicity of Dox-formulated POEG-sPmor micelles, IL-36y plasmid-complexed
micelles and Dox+IL-36y plasmid-co-loaded micelles were assessed in 4T1.2 breast cancer
cells and compared to free Dox. Briefly, 4T1.2 cells (2,000 cells/well) were seeded in 96-
well plates for overnight and were treated with various concentrations of Dox formulations
for 72h. MTT solution was added to each well and MTT formazan was solubilized by
DMSO after 2h of incubation. The absorbance in each well was measured by a microplate
reader at a wavelength of 570 nm[32]. Cell viability was calculated as [(ODyreat —
ODpjank)/(ODc¢ontrol = ODpjank) % 100%]. The cytotoxicity of POEG-stPmor micelles alone
was similarly tested in 4T1.2 cells as described above.

Stability of the micelles in BSA

BSA was used to simulate the blood physiological environment to investigate the stability of
POEG-st-Pmor micelle complexes under the mimicked physiological conditions. Plasmid
DNA/micelle complexes and plasmid DNA+Dox/micelle complexes were prepared as
described above and incubated with BSA (30 mg/ml). pDNA/PEI complexes were used as a
control. Sizes of complexes were followed at different time points as an indication of
stability.

In vitro plasmid transfection

4T1.2 cells were seeded in a 96-well plate and incubated for 24 h until cells were 80%
confluent. Cells were then transfected with EGFP plasmid/POEG-stPmor complexes (N/
P=20) and EGFP plasmid/PEI (N/P=20) complexes in serum-free opti-DMEM medium.
After 4 h incubation, transfection medium was removed and 100 uL of fresh complete
medium were added to each well. PBS group was used as a control. After 48h, the
transfected cells were observed under a fluorescence microscope (OLYMPUS America,
Melville, NY).

In vivo fluorescence imaging

Female Balb/C mice bearing 4T1.2 tumor (~400 mm3) in the mammary fat pad were used to
investigate the biodistribution and /n vivo transfection efficiency of our micellar carriers.

The in vivo transfection efficiency of POEG-s-Pmor micellar carriers was evaluated with
EGFP plasmid as a reporter gene. Linear PEI was used to as control. Various formulations
were i.v. injected into tumor-bearing mice at a dose of 50 g plasmid per mouse. One day
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later, mice were injected with 1 ug of Hoechst and sacrificed one hour later. The
fluorescence signal of EGFP in the cryosections was examined under a confocal microscope.

Mouse model of breast cancer lung metastasis

Female Balb/c mice were injected with 2x10° 4T1.2 cells through the tail vein. Five days
after tumor cell injection, mice were randomly divided into 6 groups. POEG-stPmor was
chosen as a representative carrier system for codelivery of IL-36y plasmid and Dox.
Animals were treated intravenously with free POEG-sPmor micelles, IL-36y plasmid/
POEG-st-Pmor micelles, Dox+control plasmid/POEG-st:Pmor micelles and Dox+IL-36y
plasmid/POEG-stPmor micelles every three days for three times. The PBS treatment group
was used as control. Dox dosage was 5 mg/kg and plasmid dosage was 50ug per mouse.
Lung tissues were harvested and weighted 11 days after the first injection. Pulmonary
metastases were enumerated by intra-tracheal injection of India ink solution. India ink-
injected lungs were washed in Feket’s solution (300 ml 70% EtOH, 30 ml 37%
formaldehyde and 5 ml glacial acetic acid) and white tumor nodules against a dark blue lung
background were counted.

Histopathological analysis

The lung tissues were harvested and fixed in 10% formalin after the above treatments. The
fixed samples were then embedded in paraffin and the tissue sections were stained with
hematoxylin/eosin and analyzed for the presence of metastases under microscope. The total
number of metastases per lung section was counted in different treatment groups.

Analysis of tumor-infiltrating lymphocytes and myeloid-derived suppressor cells

Results

Lung tissues were collected in serum free RPMI medium and cut mechanically with
scissors. Liberase TL (0.3mg/ml) and DNase | (0.3 mg/ml) were used to digest the lung
tissues and tumor nodules. Tissues were further grinded and filtered through a 40-mm cell
strainer. TILs and MDSC cells were further purified and stained with fluorescence-labeled
antibody for flow cytometry analysis using a FACS flow cytometer.

Synthesis of POEG-st-Pmor polymer

The synthesis scheme for POEG-s£Pmor polymer was shown in Figure 1A. First, VBMor
monomer was synthesized by reacting vinylbenzyl chloride with morpholine. The structure
of VBMor monomer was confirmed by IH NMR as shown in Figure S1 of the Supporting
Information. Then, POEG-s-Pmor copolymer was prepared via reversible addition-
fragmentation chain-transfer (RAFT) polymerization of OEG500 monomer and VBMor
monomer. The structures and molecular weight of POEG-s&-Pmor polymer were
characterized by 1H NMR and gel permeation chromatography (GPC). The average degree
of polymerization (DP) of the OEG500 monomer was calculated to be 10 according to the
conversion of OEG500 monomer at the end of the polymerization (conversation: 70%). The
DP of the VBMor monomer was determined to be 60 by comparing the intensities of /, and
I (Figure S2 of the Supporting Information). The average molecular weight M, of POEG-
st-Pmor polymer determined by GPC is 9260, and the polydispersity is 1.13 (Figure S3),
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which indicated the successful synthesis of POEG-stPmor copolymer with well-defined
structure.

Characterization of micellar nanoparticles

POEG-st-Pmor micelles were prepared via a dialysis method [26]. As shown in Figure 1B,
POEG-st-Pmor micelles had sizes around 200 nm as tested with a zetasizer. Spherical
structure was observed by TEM. The size tested by TEM is smaller than that by DLS,
probably due to the different principles of analysis and the shrinkage of dried micellar
nanoparticles during TEM measurement [33—-36]. The critical micelle concentration (CMC)
of the polymer was determined using nile red as a fluorescence probe. POEG-stPmor has a
low CMC around 0.04 mg/ml (Figure S4).

The Dox-loaded POEG-s-Pmor micelles were similarly prepared as blank micelles. POEG-
st-Pmor carrier could load Dox at a carrier/drug mass ratio starting from 10:1 with sizes
ranging from 160 to 190 nm (Figure 1, Table 1) and the formulation could remain stable for
two weeks at room temperature. Then we tested whether the POEG-stPmor could form
stable complexes with plasmid DNA. A gel retardation assay was performed to assess the
pDNA binding ability of the pMor-based polymer. Plasmid DNA/carrier complexes were
fabricated at various N/P ratios from 0.1:1 to 30:1. As shown in Figure 2A, complete
complexation of plasmid DNA by POEG-s&Pmor polymer was achieved at an N/P ratio of
5/1 or greater. In order to further study the interaction between DNA and carrier, a
competitive binding gel-shift assay with dextran sulfate was performed. As shown in Figure
2B, substantial amounts of DNA were released from control PEI/DNA complexes at an S/P
ratio (molar ratio between the sulfur from dextran sulfate and the phosphate from pDNA) as
low as 15/1. In contrast, no obvious release of DNA was observed for POEG-s:Pmor/DNA
complexes at an S/P ratio as high as 40/1.

The surface zeta potential of the POEG-s#Pmor blank micelles was 26.4 mV before the
addition of IL-367 plasmid (Figure 3A&B and Table 1). At the N/P ratios of below 1, the
complexes were negatively charged and the particle sizes were similar to the sizes of the
micelles alone. There was a significant increase in the sizes of the complexes at an N/P ratio
of 3. At this ratio, the particle charges were close to neutral. Interestingly, further increases
in the N/P ratios led to a significant decrease in the particle sizes and the particles became
more positively charged with continuous increases in the N/P ratios. Specifically, when the
micelles were mixed with IL-36-y plasmid at an N/P ratio of 20:1, the average size of the
complexes decreased to 70-80 nm (Table 1, Figure 3A). Nonetheless, DNA/micelle
complexes were less positively charged compared to free micelles with a surface zeta
potential of 10.3 mV (Table 1).

We then went on to further explore the possibility of co-delivery of pPDNA and Dox by
POEG-st-Pmor micelles. As shown in Figure 1B and Table 1, the size distribution and zeta-
potential were not significantly affected when Dox was loaded into the pDNA/polymer
complexes at a drug concentration of 1 mg/mL and a carrier/drug ratio of 20/1 (m/m).
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Stability of the complexes in BSA

The colloidal stability of micelle/DNA complexes was tested in BSA solution (30mg/mL).
PEI/DNA complexes were used as a control (N/P=20, zeta potential=18.3 mV). As shown in
Figure 3C, exposure of PEI/DNA complexes to BSA led to a rapid increase in the particle
sizes. At 5 h post-incubation, the sizes of PEI/DNA complexes increased from 149 to 261
nm. It is also apparent that POEG-s-Pmor/DNA complexes were resistant to BSA-induced
aggregation and showed minimal changes in sizes throughout the entire 18 h of observation.

In Vitro Dox Release

The profile of Dox release from the Dox-loaded micelles was examined by a dialysis method
with Dox. HCI solution as a control (Figure 3D). Free Dox was rapidly diffused out of the
dialysis tubing with 80% of DOX found in the dialysate in the first 4 hours. However, Dox
formulated in POEG-sPmor micelles showed a slow kinetics of release with less than 25%
of Dox released outside of dialysis bag at the first 4 hours, and only 35% of Dox released at
24h. The micelles co-loaded with Dox and plasmid exhibited an even slower Dox release
profile compared to micelles loaded with Dox alone at later time points. The polymer
concentration inside the dialysis bag was far above the CMC value and the micelles were
stable throughout the entire course of release study.

In vitro cytotoxicity of blank micelles and Dox+IL36y plasmid/micelle complexes

The Jn vitro cytotoxicity of Dox+I1L36+y plasmid/micelle complexes was evaluated with
4T1.2 breast cancer cells via MTT assay. Cells received various treatments for 72 h and the
final concentrations of Dox ranged from 4 to 1000 ng/mL (Figure 4A). The free Dox and the
Dox-loaded micelles showed a dose-dependent cell killing profile. The Dox/POEG-stPmor
micelles had lower 1C50s (60ng/ml) compared to free Dox (130ng/ml) (Figure 4A).
Incorporation of IL36y plasmid into Dox-loaded micelles led to slightly increased
cytotoxicity on 4T1.2 cells. POEG-stPmor alone showed minimal cytotoxicity to 4T1.2
cells at the polymer concentration as high as 20ug/mL (Figure 4B).

Cellular internalization of nanomicelles

The cellular uptake of Dox-loaded POEG-stPmor micelles was investigated by confocal
laser scanning microscopy with free Dox as a control. As shown in Figure 4C, at 2 h of
incubation, Dox-loaded POEG-st-Pmor micelles showed more Dox cellular uptake
compared to free Dox at the same Dox concentration. The signals for free Dox were largely
found in nucleus while the signals for the micellar Dox were mainly located outside the
nucleus. This might be due to the different cellular uptake routes of free Dox and Dox
micelles.

In vitro and in vivo EGFP transfection

Using EGFP as a reporter gene, we investigated if POEG-s&Pmor carrier could effectively
deliver EGFP plasmid into 4T1.2 cultured cells and tumor tissues, leading to expression of
biologically active protein. Figure 5 shows that 4T1.2 tumor cells were effectively
transfected with EGFP plasmid complexed with POEG-stPmor micelles. 4T1.2 cells were
also effectively transfected with branched PEI, a control carrier.
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Figure 6 shows the in vivo EGFP expression in tumor, lung and liver tissues. There were
significantly more EGFP signals in tumors with POEG-s#Pmor formulation compared to
linear PEI (Figure 6A). In agreement with previous reports, lungs could be effectively
transfected by linear PEI (Figure 6B). However, more and stronger signals of EGFP were
observed in lungs transfected with POEG-s-Pmor formulation (Figure 6B). Liver was
hardly transfected with either our formulation or control linear PEI (Figure 6C). These
results suggest that POEG-sPmor polymer is suitable for in vivo gene delivery to both
lungs and distant solid tumors.

Anti-tumor activity of micelles co-loaded with Dox and IL-36y plasmid

Immune cell

A mouse model of breast cancer lung metastasis (4T1.2) was generated in female Balb/c
mice and various treatments were given to each group of mice via tail vein injection (Figure
7A). As shown in Figure 7B, the carrier alone did not show therapeutic activity compared to
control group. Free Dox showed a significant inhibition of lung metastasis and the antitumor
activity was further enhanced for micelles co-loaded with Dox and 1L-36y plasmid
compared to free Dox, Dox+control plasmid/micelles and IL-36y plasmid/micelles. The
H&E staining of lung tissues showed clear tumor cell infiltration in all of the groups except
the co-delivery group (Figure 7C). The group with more tumor nodules had more lung
weights (Figure 7D&E). Body weights were also monitored during the treatment period. No
significant decrease of body weight was observed, indicating the safety of the formulation
(Figure 7F).

infiltration profile in tumor-bearing lungs

Following demonstration of the significant antitumor activity of Dox+IL-36y plasmid/
POEG-st-Pmor, we examined the immune cell infiltration in the tumor-bearing lungs to
elucidate a role of immune response in the overall antitumor activity. As shown in Figure
8A&C, there was a significant increase of cytotoxic CD8* T cells in the lung tissues treated
with free Dox, I1L-36y plasmid/POEG-s+-Pmor or the combination of both compared to
untreated control group. Although there was no significant difference in the total number of
T cells between Dox+IL-36y plasmid/POEG-stPmor and Dox+control plasmid/POEG- st
Pmor, the numbers of IFN-y* CD4* and IFN-y* CD8* T cells were significantly increased
in the combination treatment group compared to either of the other treatment groups (Figure
8D-G). We also examined the CD11*Gr-1* immunosuppressive myeloid-derived suppressor
cells (MDSCs) in lung tissues. The numbers of MDSCs were significantly decreased in all
treatment groups except the carrier alone group (Figure 8H-I). Surprisingly, there was a
significant increase in the number of Foxp3* CD4* T cells (regulatory T cells (Treg)) in the
mice treated with 1L-36+ plasmid, alone or in combination with Dox (Figure 8J-K).

Discussion

Most delivery systems developed so far are designed for delivery of either small molecule
drugs or nucleic acid-based therapeutics[37, 38]. In this study, we have developed a simple
micellar system that is highly effective in codelivery of small molecules and plasmid DNA.
Various mechanisms are likely to be involved in the formation of free micelles and drug- or
drug/gene-loaded micelles. While the hydrophobic interaction and m-m stacking drive the
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formation of a compact particle, the positive charge-mediated repulsion may impose a
negative force on the formation of such particle. Loading of DOX into the micelles led to a
small decrease in particle sizes (180 vs 160 nm): this is likely due to formation of a more
compacted particle, which is facilitated by the carrier-DOX interactions. Interestingly, the
particle size was more dramatically reduced following the complexation of the micelles with
plasmid DNA in the presence or absence of DOX: the size decreased from 180 nm to about
100 nm. The interaction of large-sized plasmid DNA with the positively charged micelles
shall result in a non-covalent cross-linking of micelles. In addition, charge neutralization of
DNA is known to induce DNA condensation [39, 40]. Together, these events shall drive the
formation of a more compact hydrophobic core and thus significantly decreased particle
size. The significantly increased particle size at an N/P ratio of 3/1 is likely due to a status of
neutral surface, which drives the aggregation of the nanomicelles. On the other hand, the
excess surface positive charges at N/P ratios of above 3/1 help to maintain the colloidal
stability of the “condensed” nanomicelles through charge-mediated repulsion. It is
interesting to note that one of the issues with nanomicellar formulation is its intrinsic
instability [41]. Micelles are formed through the self-assembly of amphiphilic monomers,
which is a reversible and dynamic process[42]. Micelles tend to fall apart when they are
diluted in the blood upon systemic administration[43, 44]. This can be further aggravated by
the lipid exchange as a result of interactions with lipoproteins in the blood[45, 46]. A
number of strategies have been reported to cross-link the monomers to stabilize the
micelles[47-49]. In our system, the multivalent charge-charge interactions between the
cationic polymer and plasmid DNA serve as a simple approach to cross-link the micelles. As
a result, micelles that are co-loaded with small molecules and plasmid DNA are likely to be
more stable than free micelles or the micelles that are loaded with small molecule alone.
This is supported by the data from Dox release study: Dox formulated in the co-loaded
nanoparticles exhibited a slower Kinetics of release compared to the formulation that is
loaded with Dox only (Figure 3d). More studies will be conducted in the future to further
address the stability of the co-loaded nanomicelles in vivo.

The complexes of DNA with POEG-stPmor polymer were significantly more stable than
PEI/DNA complexes following exposure to BSA (30 mg/mL). This is likely due to the
dynamic shielding of the complexes by PEG despite the fact that both complexes remain
positively charged[50]. The improved stability of the complexes in the presence of serum
proteins may contribute to the efficient delivery of DNA to distant s.c. tumors (Figure 6). A
more effective accumulation in the lung is likely due to the interaction of tertiary amine
moiety with negatively charged cell membrane in the lung[51, 52]. Amine-containing basic
compounds have been reported to be predominantly accumulated in the lung due to the
specific binding to acidic phospholipids on the cell membrane, which is abundantly
distributed in lung tissue[53, 54]. Therefore our carriers are suitable for codelivery of nucleic
acid therapeutics and small molecule drugs to both distant solid tumors and lung metastatic
lesions.

POEG-st-Pmor was more effective than PEI in transfecting either lungs or distant s.c. tumor
tissues /n vivo (Figure 6). The higher /n vivo transfection efficiency of POEG-s-Pmor
polymer might be due to the enhanced stability of DNA/POEG-s&-Pmor complexes in blood
circulation due to the PEG shielding. It is also possible that POEG-stPmor form more stable
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complexes with DNA compared to PEI. It has been reported that single or double-strand
DNA could bind to nanoparticles through electrostatic, r-m stacking and hydrophobic
interactions or even central cavity insertion[55-57]. In addition to charge-charge interaction,
the hydrophobic backbone of our polymers and the pendant benzene rings can further
interact with the base rt-systems of nucleic acids through m-r stacking and hydrophobic
interactions[58]. This was supported by the result from competitive binding gel-shift assay
that the pDNA could hardly be released from POEG-stPmor micelles by dextran sulfate at
an S/P ratio as high as 60 (Figure 2B). In contrast, substantial amounts of DNA were
released from DNA/PEI complexes by dextran sulfate at an S/P ratio as low as 15/1 (Figure
2B).

POEG-st-Pmor alone was not active in the 4T1.2 lung metastasis model. Free Dox or
delivery of I1L-36y alone via POEG-st-Pmor polymer showed a significant activity in
inhibiting the lung metastasis. Combination of the two led to a further improvement in
antitumor activity as shown by both smallest number of tumor nodules in the lung and the
lowest weights of the tumor-bearing lungs (Figure 7B, D&E). DOX is known to induce
immunogenic cell death of tumor cells and enhance the recruitment of T cells, which was
consistent with our flow study (Figure 8A—C). On the other hand, IL-367 is effective in
promoting the function of T cells through enhancing the production of IFN-y as shown in
Figure 8D-G. The synergistic effect between DOX and IL-36y (Figure 8D-G) likely plays
an important role in the overall antitumor activity (Figure 7).

Interestingly, the Tyeq cells were also increased following treatment with IL-367 plasmid,
alone or in combination with Dox (Figure 8J-K). This may be due to high amounts of IFN-y
accumulated locally, which may trigger the induction of Foxp3 expression in T cells[59].
Combination of IL-36y plasmid/Dox codelivery with other therapies that can block the
conversion of CD4*CD25™ T cells to CD4* Tregs may help to further enhance the outcome
of treatment.

In summary, we developed and systematically evaluated the potential of POEG-s-Pmor
nanocarrier for codelivery of Dox and 1L36y plasmid. Stable and nanosized micelles co-
loaded with plasmid and Dox could be readily prepared and were highly effective in delivery
to lungs as well as distant s.c. tumors. Significantly improved antitumor activity was
demonstrated with codelivery of Dox and IL36+y plasmid in comparison with other control
groups in a 4T1.2 lung metastasis model. POEG-s#Pmor may represent a simple and
effective deliver system for an optimal chemo-gene combination therapy.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Synthesis scheme of POEG-s&Pmor polymer by RAFT co-polymerization of VBMor

monomer and OEG500 monomer; (B) Particle size distribution and (C) TEM images of
blank micelles, Dox-loaded micelles, IL-36y plasmid complexed micelles and micelles co-
loaded with IL-36y plasmid and DOX. Scale bars: 100 nm.
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Figure 2.
Gel retardation assay of 1L-36-y plasmid/polymer complexes at different N/P ratios. Samples

were incubated for 20 min at room temperature before being loaded onto a 1% (w/v) agarose
gel (100 V, 30 min). Representative gel images of plasmid/POEG-stPmor polymer (A) are
shown from three independent experiments. (B) Dextran sulfate competitive binding gel
electrophoresis assay for vector/plasmid complexes (N/P = 20) at various S/P ratios.

Nanomedicine. Author manuscript; available in PMC 2020 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Chenetal. Page 18

>
=

450 - 50 -
400 - - < 10
> 40 A
350 -
= e m IL36//POEGstPmor £ u IL-36y/POEG-st-Pmor |
= s 30 1
— 250 B
O c i
& 200 2 20
150 =10 A
100 @
N (0 A1
50 =
o 10 00R505 1 3 6 12 24 48
00251 3 6 12 24 48 20 -
N/P ratio E N/P ratio
C =+ |L-36y/PEI D ~
350 ;= IL-36y/POEG-st-Pmor = 100
=t |L-36y+DOX/POEG-st-Pmor ?; 90 -
300 T g 80 -
—_— Q
E 250 1 e 707
R=A i » 60 -
g 200 8 s0 4
”n 150 9 2 a0 1
NN T T —— { S 30 1
£ 20 -+ DOX
50 1 a3 10 - DOX/POEG-st-Pmor
O 0 «m= DOX+IL-36 y plasmid/POEG-st-Pmor
0 2 4 6 8 1012141618 20 0 20 40 60
Time (hour) Time (hour)
Figure 3.

Particle sizes (A) and zeta potentials (B) of IL-36-y plasmid/POEG-st:Pmor complexes
formed at different N/P ratios. Data are expressed as means + s.e.m. (n=3). (C) The stability
of DOX+IL-367y plasmid/POEG-st-Pmor was examined by incubating complexes (1 mg
DOX/mL in PBS, pH 7.4) with bovine serum albumin (BSA, 30mg/mL) at 37°C. Changes in
sizes of the complexes over incubation time were followed by DLS. (D) /n vitrodrug release
profiles of DOX from free DOX, DOX/POEG-st-Pmor, and DOX+IL-36y plasmid/POEG-
st-Pmor in PBS at 37°C. Data are mean % s.e.m. (n=3).
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(A) /n vitro cytotoxicity of DOX+IL-36y plasmid/POEG-st-Pmor in 4T1.2 cells. (B) /n vitro
cytotoxicity of drug-free micelles. Cells were treated for 72 h, and cytotoxicity was
determined by MTT assay. Values were reported as means + s.e.m. from triplicate samples.
(C) Cellular uptake of free DOX and DOX-loaded POEG-stPmor micelles in 4T1.2 cancer
cells at 2 h of incubation. Cell nuclei were stained with Hoechst 33342.
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Figure 5.

Expression of EGFP 48 h following transfection of 4T1.2 cells with pEGFP-C1 plasmid
complexed with PEI or POEG-st-Pmor.
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Merged

In vivo EGFP expression in liver, lung and tumor tissues. Balb/c mice bearing 4T1.2 tumor

were i.v. injected with EGFP plasmid/PEI and EGFP plasmid/POEG-stPmor. EGFP
expression in (A) tumor, (B) lung, and (C) liver was examined 24 h later.
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Synergistic antitumor activity of IL36-y plasmid and DOX codelivered by POEG-stPmor
micelles in a mouse model of breast cancer (4T1.2) lung metastasis. (A) experimental
scheme for the establishment of lung metastasis and treatment. (B) representative gross
images of lungs collected from mice receiving various treatments. (C) H&E staining of lung
tissues. (D) Quantification of tumor nodules. (E) Mouse lung weights (n = 5). (F) Changes
in mouse body weights during the treatment period. Data are presented as the means + SEM.

*p < 0.05 versus control.
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Flow analysis of infiltration of immune cells in tumor-bearing lungs following various
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treatments. Balb/c mice were injected with 2x10° 4T1.2 cells via tail vein. Five days later,
mice were treated with POEG-s&Pmor carrier, free Dox, IL-36yplasmid/POEG-st-Pmor,
Dox+control plasmid/POEG-stPmor and Dox+IL-36yplasmid/POEG-stPmor, respectively
for three times. (A-C) T lymphocyte subsets isolated from lung tissues with 4T1.2 metastasis
were analyzed by flow cytometry. The percentage of CD4* and CD8* T cells in the lung
tissues with various treatments was determined by flow cytometry analysis. (D-G) IL-367y
plasmid/micelles increased the IFNy* CD4* and IFNy* CD8* T cells in tumor-bearing
lungs. (H-1) MDSCs were stained with CD11b and Gr-1 antibody and determined by flow
cytometry. (J-K) flow analysis of Foxp3* T regulatory cells in mouse lungs. The results are
shown as the means + SEM of 3 mice in each group. *P<0.05.

Nanomedicine. Author manuscript; available in PMC 2020 January 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Chenetal.

Biophysical characteristics of blank micelles and the micelles co-loaded with 1L-36+y plasmid and DOX

Table 1.

Micelles Mass ratio (mg: mg) N/Pratio Size (nm) Zeta potential (mV) Stability
POEG-st-Pmor - - 184+3.5 26.4+1.1 -
1L-36y/POEG-stPmor - 20 95.0£1.8 10.3+0.1 -
10:1 -- 178+ 2.1 27.1+0.7 2 weeks
DOX/POEG-st-Pmor 20:1 - 174+1.5 24709 4 weeks
30:1 -- 162+4.1 26.0+0.7 1 month
DOX+IL-36y/POEG-st-Pmor 20:1 20 84.4+1.7 10.4+0.2 1 month

*
The colloidal stability was followed at room temperature by measuring the size and observing precipitates.
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