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1. Introduction

The receptor tyrosine kinase ErbB2 (also known as Her2/Neu) is overexpressed in 20-25 %
of breast cancer patients [1-5]. Oncogenic ErbB2 signaling results in hyperproliferation of
the cells, increases cell survival and promotes invasion and metastasis [6, 7]. The anti-ErbB2
monoclonal antibody, Trastuzumab (Herceptin™)[8], in combination with chemotherapy is
currently used for treatment of ErbB2-overexpressing breast cancers, following surgical
removal of the primary tumor [5, 8, 9]. However, many patients either do not respond to
Trastuzumab-based therapies or relapse during the course of the treatment, necessitating the
development of newer therapeutics [8]. ErbB2 depends on heat shock protein 90 (HSP90)
association for stability and, among client proteins of the chaperone, ErbB2 is perhaps the
most sensitive to HSP90 inhibition [10]. HSP90 inhibitors (such as the ansamycin antibiotic,
Geldanamycin and related molecules like 17-AAG) have shown significant promise in pre-
clinical models of ErbB2-driven breast cancer as well as initial phase I/11 clinical trials [11-
13]. The mechanism involves attenuation of oncogenic signaling via degradation of ErbB2
as well as other critical downstream signaling mediators in the pathway, which include
phospho-Akt and c-Raf. In a cancer cell, these signaling molecules are strongly dependent
on HSP90 to maintain their stability [14—-16]. Since numerous oncoproteins have been

© 2015 Published by Elsevier B.V.

"Correspondence to: SMR (srikumar.raja@northwestern.edu; Ph: 630-674-0103); HB (hband@unmc.edu; Ph: 402-559-8572); TKB
&tbronich@unmc.edu_; Ph: 402-559-9351).

These authors contributed equally to this work.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Desale et al.

Page 2

identified as HSP9O0 clients, inhibition of Hsp90 functions affects multiple oncogenic
substrates simultaneously and represents an appealing molecular target for combination drug
therapy [17]. In a recently completed phase Il study of 17-AAG and trastuzumab, an overall
clinical benefit (including stable disease) was seen in 57% of the patients with ErbB2-
positive metastatic breast cancer progressing on trastuzumab [13]. It has also been reported
that inhibition of Hsp90 with 17-AAG sensitizes different cancer cell lines to DNA damage
response mediated cellular senescence [18]. It was shown that the 17AAG pre-treatment
followed by doxorubicin (Dox) treatment exhibited senescence-like characteristics such as
increased nucleus to cytoplasm ratio and cell cycle arrest in the pre-clinical evaluation [18—
20]. These data suggest that combination chemotherapy using co-administration of 17-AAG
with a Dox-based regimen can be a potential therapy for cancer especially ErbB2-positive
breast cancer [18].

Combining drugs in one delivery carrier is a well-suited strategy for controlling the
pharmacokinetics and co-delivery of the desired drug ratio in vivo [21, 22]. The drug
loading and structure of such carriers can be tuned to control the drug release rates,
maximize the therapeutic potency and minimize drug-associated toxicities. However, co-
incorporation of drug molecules with different physicochemical properties, such as
hydrophilic Dox and hydrophobic 17-AAG, has been challenging. We have recently
described biodegradable polymeric nanogels (NGs) based on poly(ethylene glycol)-b-
poly(L-glutamic acid) (PEG-b-PGA) with pendant phenylalnine functionalities [23]. Such
NGs have multiple hydrophobic domains formed by phenylalanine moieties within the
cross-linked PGA polyion cores surrounded by a hydrophilic PEG shell. Herein, we
explored these novel NGs for co-encapsulation of 17-AAG and Dox. The potency of this co-
delivery system was evaluated in a panel of human breast cancer lines and in an ErbB2-
driven orthotopic xenograft model. We demonstrate that NGs-based co-delivery of
synergistic combination of 17-AAG and Dox exhibited superior antitumor efficacy
compared to a combination of free drugs. The implications of our results may support a new
platform for delivery of combinations of HSP90 inhibitors with cytotoxic agents for
treatment of various types of cancers.

2. Materials and Methods

Materials

Poly(ethylene glycol)-b-poly(L-glutamic acid) (PEG-b-PGA) diblock copolymer (M,/M,, =
1.38, MW 27,500) was purchased from Alamanda Polymers, Inc (Madison, AL, USA). The
block lengths were 114 and 150 repeating units for PEG and PGA, respectively. L-
phenylalanine methyl ester (PME), calcium chloride, cystamine, 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) and
ethylenediaminetetraacetic acid (EDTA) were obtained from Sigma-Aldrich (St Louis, MO).
Doxorubicin hydrochloride was kindly provided by Dong-A Pharmaceutical Company,
South Korea. Fetal bovine serum (FBS) (both dialyzed and heat inactivated), DMEM and
RPMI 1640 media and Lysotracker™ (green) were purchased from Invitrogen Inc
(Carlsbad, CA). Bovine serum albumin (BSA) and NUNC™ chambered glass coverslips for
live cell imaging were purchased from Fisher Scientific (Waltham, MA). MTT reagent (3-
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(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was purchased from Research
Products International (Prospect, IL). All other chemicals were of reagent grade and used
without further purification. The following primary antibodies were used in this study: anti-
human-ErbB2 mouse monoclonal (ErbB2) raised against the C-terminal amino acid residues
(1242-1255), used for Western blotting studies, were purchased from BD Pharmingen™
(San Diego, CA); for flow cytometry and immunofluorescence studies, the goat anti-human-
ErbB2 polyclonal antibody (AF1129) was from R&D Systems (Minneapolis, MN); the
mouse monoclonal anti-phosphotyrosine (anti-pY; 4G10) was kindly provided by Dr. Brian
Druker (Oregon Health & Science University, Portland, OR); the mouse monoclonal anti-
Hsc70 antibody was from Santa Cruz Biotechnology Inc. (Santa Cruz, CA).

Synthesis of nanogels

The hydrophobic phenylalanine functionalities were introduced in PEG-b-PGA copolymer
by polymer-analogous modification of the PGA segment with PME using carbodiimide
chemistry as we previously described [23]. The degree of PME grafting in resulting PEG-b-
PPGA copolymer was 30% as determined by 1H-NMR analysis. Nanogels were prepared as
described earlier [23] by using block ionomer complex PEG-b-PPGA/Ca?* at a molar ratio
of [Ca2*]/[COO™] = 1.5 with further cross-linking by cystamine and EDC ([EDC]/
[cystamine] = 2; [COOH]/[EDC] = 5) at r.t., overnight. Byproducts of the cross-linking
reaction and metal ions were removed by exhaustive dialysis of the reaction mixtures, first
against 0.5% aqueous ammonia with EDTA and then against distilled water.

Drug loading

Dox-encapsulated nanogels (Dox/NG) were prepared by adding Dox to an aqueous
dispersion of NGs at the feeding ratio of R= [Dox]/[COO™] = 0.25, for 24h at pH 7.0.
Unbound Dox was separated by centrifugal filtration on drug-pretreated Amicon YM-30
filters. 17-AAG was solubilized into the hydrophobic domains of NGs using an extraction
method [24]. According to this method, a thin film of 17-AAG (prepared by evaporation of a
methanol solution of 17-AAG) was incubated with aqueous dispersion of NGs or Dox/NG
(24 h, r.t.). Unincorporated 17-AAG was removed by filtration. Dox was assayed by UV
spectrophotometry (e4gg = 11,500 M~ cm™1 in water) [25]. The amount of 17-AAG
incorporated into NGs was quantified via reverse-phase HPLC using an Agilent Eclipse
XDB C18 5 pm column (250 mm x 4.6mm) and Agilent 1200 HPLC system. Mobile phase
was composed of 10 mM ammonium acetate containing 0.1% (v/v) acetic acid (pH 4.8) and
50% acetonitrile and was applied at a flow rate of 1 mL/min. Detection wavelength was 334
nm. Drug loading capacity was calculated as percent ratio of mass of incorporated drug to
total mass of drug-loaded NGs without water.

Physicochemical characterization of the nanogels

The effective hydrodynamic diameter (D) and C-potential of NGs were determined using a
Malvern Zetasizer (Malvern Instruments Ltd., Malvern, UK). All measurements were
performed in automatic mode at 25°C. Software provided by the manufacturer was used to
calculate size, polydispersity indices and {-potential of NGs. All measurements were
performed at least in triplicate to calculate the mean values + SD.
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Drug release studies

Cell culture

Drug release from NGs was examined in PBS (pH 7.4, 0.14M NacCl) by dialysis method
using a membrane with 3500 Da cutoff. The concentrations of 17-AAG and Dox released
were determined by HPLC and UV spectrophotometry, respectively, and expressed as a
percentage of the total 17-AAG or Dox available vs. time.

The ErbB2-overexpressing cell lines used in this study were 21MT-1 and BT-474. MCF-7
cells were used as a representative ErbB2-low cell line for comparison. The ErbB2-
overexpressing breast cancer cell line 21MT-1 was established by Band et al [26] and has
been previously described. BT-474 and MCF-7 cell lines were obtained from the American
Type Culture Collection (ATCC). All cell lines were maintained as previously described
[27, 28].

Confocal microscopy on live cells

Cellular uptake and localization studies of (Dox+17-AAG)/NG were conducted using live
cell confocal microscope (Carl Zeiss LSM 510 Meta, Peabody, MA). 21MT-1 human breast
cancer cells (1x10%chamber) were grown in live cell chambers (Fischer Scientific,
Waltham, MA) for two days (37°C, 5% CO») and exposed to (Dox+17-AAG)/NG for 30
min followed by incubation with Lysotracker Green for 5 min. After exposure cells were
washed with PBS and kept in complete media prior to visualization by live cell confocal
imaging (Carl Zeiss LSM 510 Meta, Peabody, MA).

ErbB2 degradation

ErbB2-overexpressing cells plated in 6-well plates were treated with free 17-AAG or the
drug-loaded NG formulations, following which the samples were lysed using RIPA lysis
buffer, supplemented with protease and phosphatase inhibitors. Analysis of the kinetics and
dose-response of ErbB2 degradation induced by free 17-AAG or 17-AAG/NG formulations
were done using SDS-PAGE/WB [27, 28].

In vitro cytotoxicity studies

Cytotoxicity of drug-loaded NGs was assessed in 21MT-1, BT-474, and MCF-7 cells by a
standard MTT assay [29]. Briefly, cells were seeded in 96-well plates (5,000 cells/well) and
allowed to adhere for 24 h prior to the assay. Cells were exposed to various concentrations
of free drugs (0 — 10 pg/mL Dox or 0 — 17.2 uM 17-AAG), drug-loaded NGs for 48 h at 37
°C. Cells were then washed with PBS and MTT indicator dye (25 pL, 5 mg/mL) was added
to each well and the cells were incubated for 2 h at 37°C in the dark. A solution of 50%
DMF-20% SDS (100 pL) was added to each well and kept overnight at 37 °C. Absorbance
was read at 570 nm using a plate reader (SpectraMax M5, Molecular Devices Co., USA).
Cell survival rates were calculated as normalized to control untreated wells. All
measurements were taken eight times. Based on the results of the test, the 1Csq values and
synergic effects of Dox and 17-AAG in these cells were calculated by using CampuSyn
Software (Combosyn, USA). Combination index (CI) values less than 1 indicate synergism
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while CI values equal or more than 1 represent additive and antagonistic effects of drug
combination, respectively.

Animal Studies

All animal studies were conducted in accordance with an approved protocol by the
University of Nebraska Medical Center Institutional Animal Care and Use Committee
(IACUC). 107 BT-474 cells (an ErbB2 overexpressing human breast cancer cell line)
reconstituted in 50% Matrigel (BD Biosciences, California) in media were injected directly
into the mammary fat pad of 4-6 week old female Athymic NCr-nu/nu mice (NCI, Fredrick
National Lab, Fredrick, MD). 17-p-Estradiol pellets (0.72mg/pellet; 60 day release;
Innovative Research of America, Sarasota, FI) were implanted subcutaneously on the lateral
side of the neck of the mice three days prior to the injection of the tumor cells. The mice
were randomized when the average tumor size reached 100-200 mm3 (14 days after tumor
inoculation) into treatment groups (n = 10), and treated with Dox/NG or 17-AAG/NG or
(Dox + 17-AAG)/NG or combination of free Dox and 17-AAG in the same ratio as in (Dox
+ 17-AAG)/NG at an equivalent dose of 6 mg/kg Dox, or 1 mg/kg 17-AAG or (6 mg/kg
Dox + 1 mg/kg 17-AAG) or 5% dextrose solution. 17-AAG was formulated in Chemophor-
EL : propylene glycol : ethanol (2:3:5 by volume) mixture for injections as a component of
the free drug combination. Treatments were administered via tail vein injections at 4-day
intervals. Animal body weight and tumor volume were monitored every second day. Tumor
volume (V = 0.5 x L x W2) was estimated by measuring two orthogonal diameters (longer
dimension: L, and smaller dimension: W) of the tumor using electronic calipers. The T/C
values were determined from changes in average tumor volumes of drug-treated groups
relative to control group. Animals were sacrificed when tumor volume exceeded 3000 mms3,
greatest tumor dimension exceeded 20 mm, tumor became necrotic, or animal exhibited a
body weight loss of more than 20%. All other animals were sacrificed by day 23.

Cell proliferation assay

Tumors from mice that received different treatments were excised at day 14 (3 mice per
group). The tumors were dissected and fixed in 10% neutral buffered formalin. Then, the
tissues were processed routinely into paraffin, sectioned at a thickness of 4 um. Proliferation
was detected using an antibody against Ki-67 (Biocare medical, CA) followed by
visualization by incubation with DAB+ (brown, for Ki-67) for 2 min. After rinsing with
distilled water, the sections were counterstained with hematoxylin. For quantification of
Ki-67 expression, the number of Ki-67 positive cells was determined (Image J) in 5 random
high power fields (20x magnification) and divided by the total number of cells for each field
of slice.

Histopathology analysis

Specific tissues (liver, spleen, heart kidney and lung) were fixed in buffered formalin and
were sectioned, inserted into tissue cassettes, dehydrated in 70% ethanol overnight, and
paraffin embedded (UNMC Tissue Sciences Facility, Omaha, NE). Serial 5 pm sections
were stained with hematoxylin and eosin (H&E). For histopathological diagnosis, H&E-
stained slides were examined by light microscopy.
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Statistical analysis

3. Results

Statistical comparisons for in vitro studies were carried out using Student t-test. For the
antitumor study and toxicity studies, group means for tumor volume and body weights were
evaluated using repeated measures analysis of variance. Survival was estimated using
Kaplan—Meier analysis and compared using log-rank test. P values less than 0.05 were
considered significant. Analysis of variance and Kaplan—Meier analysis with log-rank test
were performed using GraphPad Prism 5 (GraphPad Software, Inc.).

and Discussion

Preparation and characterization of nanogels co-encapsulating 17-AAG and Dox

PEG-b-PGA diblock copolymer, in which about 30% of GA units were modified with
hydrophobic phenylalanine moieties, were utilized for the synthesis of biodegradable NGs.
NGs were prepared as previously described by template-assisted method involving
condensation of these hydrophobically modified block copolymers by Ca2* ions into
polyion complex micelles, followed by chemical cross-linking of the polyion chains in their
cores [23]. A cleavable diamine crosslinker, cystamine, was used for synthesis of the NGs
with targeted density of cross-links of 20% (based on the molar ratio of cross-linker to
carboxylic acid groups of the GA residues). The resulting core-shell NGs displayed an
effective diameter of about 80 nm (-potential = —45 mV) and were uniform (monomodal,
narrow size distribution) as determined by dynamic light scattering (DLS). We have
previously shown that water-soluble anticancer drugs such as Dox or cisplatin can be
encapsulated with high loading efficiency into NGs ionic cores through electrostatic or
coordination interactions [23, 30]. In addition, it was demonstrated that hydrophobic
domains formed by phenylalanine moieties within the ionic cores of NGs could solubilize
hydrophobic molecules and, therefore, such hybrid NGs provide unique opportunities for
combinational drug delivery especially for the drugs that possess different solubility.

It has been reported that HSP90 inhibitors including 17-AAG show additive or synergistic
activities with agents commonly used to treat advanced malignancies [31-35]. Particularly,
it was demonstrated that 17-AAG synergistically enhances the antiproliferative effect of
Dox chemotherapy. The mechanism of synergy is thought to involve 17-AAG-mediated
degradation of many of the proteins required for DNAdamage response (such as ATM/ATR
or Chk1 kinase), the activities of which are dependent on HSP90 chaperoning function [36].
Additionally, in the case of ErbB2-driven cancers, given the ability of 17-AAG to attenuate
hyperactive ErbB2 signaling (which is known to be involved in transcriptional upregulation
of genes encoding DNA-damage repair enzymes) [37], it can potentially enhance the
cytotoxic effect of Dox-induced DNA damage. Based on these considerations, we attempted
to encapsulate both hydrophilic Dox and hydrophobic 17-AAG into NGs with
hydrophobically modified ionic cores. At first, Dox was incubated with aqueous dispersion
of NGs for 24 h at pH 7.0. As expected, the net negative charge and particle size of Dox-
loaded NGs (Dox/NG) decreased upon Dox loading due to progressive neutralization and
condensation of the PGA segments upon Dox binding to carboxylate groups (Table 1).
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Under these conditions Dox loading capacity of NGs was about 18% w/w as measured by
UV-Vis spectroscopy. Binary drug formulation, (Dox+17-AAG)/NG, was prepared by
solubilization of 17-AAG into Dox/NG using an extraction method. A similar procedure was
used to prepare single 17-AAG/NG formulations. 17-AAG content was determined by
HPLC. Comparable loading capacity values for 17-AAG were achieved for NGs with binary
drug combination (3.1%) and for single 17-AAG/NG (2.7%). A total loading capacity of
NGs for the binary drug combination was about 21% w/w and corresponds to 6:1 Dox/17-
AAG molar ratio. The physicochemical characteristics of drug-loaded NGs are presented in
Table 1. The size and {-potential of the (Dox+17-AAG)/NG were comparable to those of
Dox/NG indicating that an inclusion of 17-AAG into the NG cores did not affect the
macroscopic characteristics of Dox-loaded NGs. Importantly, single and binary drug
formulations exhibited excellent stability in aqueous dispersions: no changes in sizes and
loading capacities were observed for at least two months.

The release profile of the encapsulated drug from the nanocarrier is crucial for the synergy
of the drugs [20]. Profound synergistic effects were observed when 17-AAG was
administered prior to Dox while the sequence of Dox before 17-AAG had less cytotoxic
activity in vitro [20, 34]. Figure 1 shows the cumulative release profiles of Dox and 17-AAG
from the NGs at physiological pH and temperature.

As seen from these data, sustained but temporally distinct release of Dox and 17-AAG was
observed. For example, during 12 hrs (Dox+17-AAG)/NG released ~ 90% of loaded 17-
AAG and only ~ 17% of loaded Dox. Notably, 17-AAG release was much faster than that of
Dox, which is expected since 17-AAG is physically entrapped into the hydrophobic domains
in the cores of NGs. In contrast, Dox binds with PGA chains through electrostatic and van
der Waals interactions and its release usually proceeds via ion exchange reactions, thus
delaying its liberation from the NGs. Furthermore, intermolecular interactions between the
anthraquinone moiety of Dox and phenylalanine hydrophobic domains of NGs in
combination with more compact cross-linked core [23] could account for the delayed and
controlled release of Dox from the NGs. It is also interesting that the individual drug release
rates practically did not change for binary drug formulations compared to the single drug-
loaded NGs (Fig. 1).

uptake of drug-loaded NGs

NG-based drug-carriers (made of biodegradable materials) are designed to be internalized by
cancer cells via the endocytic pathway and disintegrate under lysosomal pH and reducing
environment, to release the anticancer drugs into the cytosol. It was important to confirm
that the (Dox+17-AAG)/NG uptake into the cells was indeed a result of internalization of
intact drug-loaded NGs and subsequent drug release. We therefore compared the kinetics of
uptake of free Dox or Dox/NG into 21MT-1 cells, monitoring the intrinsic fluorescence of
Dox, using a fluorescence microscope. Images were taken using a 10x and a 20x
microscope lens.

As shown in Fig. 2, the free Dox, which rapidly partitions across the plasma membrane, was
found within the nuclei of cells as early as 15 min. On the other hand, the fluorescence of
Dox followed by treatments with Dox/NG (at the same concentration of Dox) at early time
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points (15 and 30 min) was very weak and diffused throughout the cytoplasm; nuclear
localization of Dox could only be seen at longer time points (120 min, Fig. 2). Confocal
microscopy tracking the Dox uptake in live cells confirmed that the Dox/NG accumulated in
Transferrin positive early endosomes within 15 min (seen as co-localized yellow punctate
structures in Fig. 3A, merged panel) and trafficked into lysosomes within 30 min (as seen by
colocalization with Lysotracker dye in Fig. 3B, merged panel).

As seen in the low-resolution microscopy images shown in Fig. 3, after 30 min incubation
most of the fluorescence from Dox was within the cytosol and not the nucleus. However, by
60 min, the Dox fluorescence was found in the nucleus, confirming diffusion of Dox from
the lysosomes. Lysosomal trapping of drug-loaded NGs is expected to modulate the release
of the drug as well as control the degradation of the carrier. We have previously shown that
Dox release rate from NGs is higher at the acidic pH, which is likely due to protonation of
carboxylic groups of PGA and abating the drug and micelle electrostatic coupling. Since
intracellular endocytotic vesicles are acidic (pH~4.0 to 6.0), the transport of the NGs in
these compartments can potentially trigger a release of a bolus of drug from the carrier.
Degradation of the PGA-based NGs in the presence of lysosomal proteases such as
cathepsin B or cleavage of reductively labile disulfide bonds in the NGs ionic cores can
further facilitate the Dox release.

While the intrinsic fluorescence of Dox served as a method to follow the uptake of drug-
loaded NGs and Dox-release, we followed ErbB2 degradation using a Western blot
technique as a means to assess the release of 17-AAG and its ability to inhibit intracellular
HSP90. The data shown in Fig. 4 clearly demonstrate that the encapsulated 17-AAG is
released into the cytosol and can inhibit HSP90 leading to ErbB2-degradation.

As seen in Fig. 4A, 17AAG/NG or (Dox+17AAG)/NG induced ErbB2 degradation at the
same level as the treatment with free 17-AAG in a dose-dependent manner. Notably, the
kinetics of ErbB2 degradation were also comparable for NG-formulations and free 17-AAG
(Fig. 4B).

Previous studies from our laboratory has shown that NGs with cross-linked ionic cores can
be selectively endocytosed into cancer cells, which lack epithelial cell tight junctions, in
contrast to normal epithelial cells that form tight junctions [38]. The internalization route
appeared to be predominantly via the caveolar pathway. While the current studies report the
ability of untargeted NGs to be internalized into ErbB2-overexpressing breast cancer cells,
we anticipate that integration of targeting anti-ErbB2 antibody on to the surface of NGs
could further facilitate selective delivery of their payload specifically into ErbB2-
overexpressing breast cancer cells. In conjunction with passive targeting, ErbB2-targeted
drug delivery should further reduce side effects of the chemotherapeutics. In contrast to the
untargeted NGs, the ErbB2-specific uptake of the targeted NGs will be dictated by the
ErbB2 endocytic pathway. However, one anticipated caveat is that the rate of Trastuzumab-
induced ErbB2 internalization is very slow [28, 39]. Immunogold labeled electron
microscopy has revealed that gold-labeled Trastuzumab can be detected within microvili-
like protrusions and clathrin-coated pits at the cell surface as well as within recycling
endosomes [39, 40]. We have shown that HSP90-inhibition induces ErbB2-ubiquitinylation,
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resulting in accelerated internalization, ubiquitin-dependent sorting into multivesicular
bodies and subsequent lysosomal-degradation [28]. Accordingly, we hypothesize that the
uptake of the chemotherapeutic payload being delivered via ErbB2-targeted NGs can be
significantly enhanced by concomitant treatment with HSP90-inhibitors, which can
accelerate the internalization of the ErbB2-bound targeted drug cargo and routing them to
the lysosomes leading to efficient drug-release and induction of cytotoxicity. These studies
are ongoing in our laboratories and will be reported elsewhere.

In Vitro Cytotoxicity of Dox, 17-AAG or drug combination against ErbB2-high and ErbB2-
low breast cancer cell lines

Dox is among the most active cytotoxic agents for the treatment of breast cancer. Dox
induces DNA damage, and many DNA-repair components are HSP90 client proteins [41].
To test a hypothesis that 17-AAG contentment leads to sensitization of cancer cells to
cytotoxic effects of Dox, we determined the cytotoxicity of various drug formulations in a
panel of breast cancer cell lines with differential ErbB2 expression using MTT cell
cytotoxicity assay (Supplementary Fig. 1-3). Calculated ICsq values (the concentration that
inhibited cell growth by 50%) are summarized in Table 2.

We first confirmed that the Dox and 17-AAG combination at a 6:1 molar ratio
(corresponding to the drug content encapsulated into NGs) was indeed synergistic in its
cytotoxicity against high-level ErbB2-expressing BT-474 and 21MT-1 cell lines after
concomitant treatment for 48 h. An approximately 6- and 18-fold reduction in the 1Cgq for
Dox was seen in BT-474 and 21MT-1 cells, respectively, after treatment with drug
combination. Chou-Talalay analysis of the data clearly indicated a combination index below
1 (such as 0.055 for BT-474 and 0.043 for 21MT-1) confirming strong pharmacological
synergy. Similarly, we found that (Dox+17-AAG)/NG combination was significantly more
effective in killing ErbB2-overexpressing cells than single Dox/NG formulation and
displayed very pronounced synergistic cytotoxicity. The corresponding CI values of (Dox
+17-AAG)/NG combination at ICgy were 0.043 and 0.06 for BT-474 and 21MT-1cells,
respectively. On the other hand, no appreciable differences between the combination
treatment and Dox alone (either free or loaded in NGs) were detected in similar experiments
conducted on the ErbB2-low MCF-7 cells (Table 2), suggesting that 17-AAG plus Dox
combination can induce synergistic anti-proliferative effects selectively in ErbB2-
overexpressing breast cancer cells.

Anti-tumor activity of (Dox+17-AAG)/NG in ErbB2-driven xenograft model

Motivated by the enhanced in vitro efficacy of (Dox+17-AAG)/NG formulation, we
evaluated its antitumor efficacy in vivo in ErbB2-driven xenograft model. Intravenous
administrations of each formulation were given 4 times at 4-day intervals at an equivalent
dose of 6 mg-Dox/kg. Animals injected with (Dox+17-AAG)/NG or free drug combination
received 6mg/kg Dox and 1 mg/kg 17-AAG equivalents per dose. The changes in the
relative tumor volume, body weight and animal lifespan are shown in Fig. 5A, 5B and 5C,
respectively.
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Tumor growth inhibition ratio between treated versus control groups (T/C value) was
calculated on day 14 after treatment initiation according to the formula; T/C =
(Vt=Vo)treated tumor! (Vi=Vo)control tumor, Where Vi and V,, represent the mean tumor volume
on the evaluation day and at the start of the experiment, respectively. Consistent with the in
vitro findings, combination treatment with (Dox+17-AAG)/NG formulation resulted in a
more significant tumor volume reduction (T/C = 0.13), which translated into increased
overall survival of the animals compared to the animal groups treated with a combination of
free drugs (Dox+17-AAG) at equivalent drug concentrations (P<0.05, Fig. 5A & 5C).
Although not as prominent as (Dox+17-AAG)/NG formulation, tumor burden was also
decreased by treatments with Dox alone (T/C = 0.54) or combination of free drugs (Dox
+17-AAG, T/C = 0.47) or Dox/NG (T/C = 0.39) compared to control (Fig. 5A). Notably,
survival of the animals treated with Dox/NG was higher than in animals treated with the
combination of free drugs or Dox alone, which could be attributed to the pronounced
systemic toxicity of (Dox+17-AAG) and Dox treatments (Fig. 5C). Figure 5B shows that
animals treated with either single or binary drug-loaded NGs only lost ~5% body weight
during the 2-week study period compared to control group while the same dose of Dox or
the free drug combination (Dox+17-AAG) produced a considerable body weight loss
(>15%, P < 0.05). These results indicate that Dox-loaded NGs have a much-improved
therapeutic index when compared with free Dox. Notably, treatment with 17-AAG/NG did
not have any substantial effect on the tumor growth (T/C = 0.87) and only minor increase in
survival was observed over controls. To further corroborate the superior antitumor efficacy
of binary drug combination in NGs, the tumors were excised post-treatment (on 10t day
after last injection) and processed for staining of Ki-67 to examine the effect of treatment on
cell proliferation.

The number of Ki-67 positive cells were significantly lower in tumors from mice that
received (Dox+17-AAG)/NG compared to tumors in control (P<0.001) or Dox+17-AAG
(P<0.01) or Dox/NG (P<0.05) (Fig. 6A), which reflected the decrease in the size of the
excised tumors (Fig. 6B). Light microscopic examination of H&E-stained tissue (liver,
spleen, heart kidney and lung) sections from sacrificed animals (day 22) did not show any
evidence of toxicity (data not shown). Collectively, these data provide in vivo evidence that
biodegradable PEG-polypeptide NGs carrying Dox and 17-AAG drug combination exerted
superior antitumor efficacy, both in terms of tumor inhibition and survival, which could be
attributed to the preferential simultaneous accumulation, and increased potency.

4. Conclusions

Using an ErbB2-driven breast cancer model, we demonstrated the potential of PEG-
polypeptide nanogels as novel nanocarriers for the delivery of synergistic combinations of
chemotherapeutics with the HSP90 inhibitor, 17-AAG. Importantly, the binary drug
combination of 17-AAG and Dox simultaneously delivered using NGs exhibited superior
antitumor efficacy compared to a combination of free drugs and single drug NGs analogues.
Inhibition of HSP90, which leads to degradation and down-regulation of several oncogenic
client proteins, is a strategy being extensively explored as treatment for various types of
cancers. HSP90 inhibitors, such as 17-AAG, which can synergize with various currently
used anticancer agents has shown significant potential in initial phase Il clinical trials,
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including in ErbB2-driven breast cancers. We have previously demonstrated the potential of
17-AAG to synergize with Trastuzumab and induce cytotoxicity in ErbB2-driven breast
cancer models. Our studies with biodegradable and biocompatible polymeric NGs provide
an alternative to the formulation issues that have impeded the development of 17-AAG.
Moreover, these nanocarriers provide an opportunity to encapsulate multiple drugs with
various physicochemical properties and modes of action. While doxorubicin was chosen as a
model chemotherapeutic in this study, we anticipate that the multidrug loaded NGs represent
an attractive platform for the development of potent combinations of HSP90 inhibitors with
cytotoxic agents and, thus, further investigations of these NGs are warranted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Drug release profiles from single drug-loaded NGs (solid line) and binary drug
combination-loaded NGs (dotted line) for Dox (@) and 17-AAG (m) in PBS buffer, pH 7.4

The loading amount of Dox for each sample is 200 pg. The data represent averaged values
and standard deviations calculated based on three independent experiments.
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Fig. 2. Comparison of kinetics of cellular Dox distribution in ErbB2 overexpressing 21MT-1 cells
after treatment with Free Dox or Dox/NG
Cells, grown on glass coverslips, were exposed to free Dox or Dox/NG (10 pg/mL Dox

equivalents) for the indicated time periods following which the cells were washed 3X in
PBS and fixed using 4% PFA for 20 min. The cells on the coverslips were then imaged
using a regular fluorescence microscope, using a 20x objective. Shown here is a comparison
of the distribution of Dox-fluorescence (red) within the cells, as a function of time, when
added in the free form vs the NG-formulation.
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Fig. 3. Confocal immunofluorescence analysis of cellular distribution of Dox/NG
21MT-1 cells grown on coverslips were loaded with 10 pg/ml Alexa488-labeled transferrin

(early endosomal marker) or Lysotracker Green (lysosomal marker; 100nM) for 10 min at
37°C. Dox/NG (10 pg/mL Dox equivalents) was then added and the uptake and intracellular
distribution of Dox/NG (red) within Transferrin- or Lysotacker green-positive
compartments, was followed using live cell imaging. Shown here the distribution of Dox
fluorescence (red) within transferrin-positive (panel A) early endosomes after 15 min, and in
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lysosomal compartment (lysotracker green positive) after 30 min (panel B). Clear nuclear
localization is seen after 60 min of incubation.
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Fig. 4. 17-AAG-loaded NGs can induce ErbB2-degradation in 21MT-1 cell lines as efficiently as
free 17 AAG

Cells were treated with the indicated concentrations of free 17-AAG or the NG-formulations
for 8h (Dose response experiment; panel A) or with fixed concentration (1 pM) of free 17-
AAG or the NG-formulations for the indicated time periods (kinetics; panel B). Samples
were lysed in Triton X-100 lysis buffer and 25 g aliquot of total protein was analyzed by
SDS-PAGE/WB. Shown here are changes in ErbB2-levels as a result of HSP90-inhibition.
Hsc70 is shown as loading control.
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Fig. 5. In vivo antitumor efficacy of (Dox + 17-AAG)/NG in ErbB2+ - BT-474 breast cancer mice
model

Relative changes in (A) tumor volume and (B) body weight were measured following
intravenous administration of (Dox + 17-AAG)/NG (A) or Dox/NG (@) or Dox + 17-AAG
(#) or Free Dox (@) or 17-AAG/NG (m) or 5% dextrose (V). Drug formulations were
injected in 100 pL at a dose of 6 mg Dox or 1mg 17-AAG equivalents/kg body weight 4
times at 4-day intervals as indicated by the arrows. Values indicated are means = SEM (n =
10). (C) Kaplan—Meier analysis of overall survival in (Dox + 17-AAG)/NG group (1) or
Dox/NG group (2) or Dox + 17-AAG group (3) or Dox alone (4) or 17-AAG/NG group (5)
or control group (6). Tumor volume and body weight are normalized with respect to tumor
volume or body weight at day 0. * P<0.05, ** P<0.01.
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Fig. 6. Ki-67-caspase-3 apoptosis assay of excised tumors from mice treated with free drugs or
NG-formulations

Panel A - Quantification of Ki-67 positive cells in tumor tissue from mice from various
groups. Data are presented as mean + SD (n = 5 random microscopic fields for each tumor
slice). * P<0.05, *** P<0.001. Panel B shows a comparison of the tumor size for each
treatment condition.
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Comparison of 1Csq values for drug-loaded NGs and free drugs against various breast cancer cell lines as

determined by the MTT assay.

Table 2

1Csp (UM) [with respect to Dox]

Formulation
BT-474 21-MT1 MCF-7
Free Dox 0.60 + 0.08 0.13+0.17 0.65+0.13
Free 17-AAG 0.011 £ 0.003 0.005 + 0.002 0.09 £ 0.04

Free Dox + 17-AAG2&

0.09 % 0.03 (CIP = 0.055)

0.007 £0.002 (Cl = 0.043)

0.63+0.17 (CI = 0.85)

Dox/NG

2.40+£0.22

0.47 £0.20

1.05+0.02

17-AAG/NG

0.022 +0.002

0.009 + 0.003

0.14£0.04

(Dox+17-AAG)/ING&

0.13 + 0.05 (CI = 0.043)

0.08 + 0.03* (ClI = 0.060)

0.81+0.18 (Cl = 0.93)

aThe molar ratio of DOX :17-AAG of 6:1 was used for the drug combination studies.

b
Cl values were calculated at IC5.
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