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Abstract

Drug resistance is one of the significant clinical burden in renal cell carcinoma (RCC). The
development of drug resistance is attributed to many factors, including impairment of apoptosis,
elevation of carbonic anhydrase IX (CA X, a marker of tumor hypoxia), and infiltration of
tumorigenic immune cells. To alleviate the drug resistance, we have used Sorafenib (Sor) in
combination with tumor hypoxia directed nanoparticle (NP) loaded with a new class of apoptosis
inducer, CFM 4.16 (C4.16), namely CA 1X-C4.16. The NP is designed to selectively deliver the
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payload to the hypoxic tumor (core), provoke superior cell death in parental (WT) and
Everolimus-resistant (Evr-res) RCC and selectively downmodulate tumorigenic M2-macrophage.
Copper-free “click’ chemistry was utilized for conjugating SMA-TPGS with Acetazolamide (ATZ,
a CA IX-specific targeting ligand). The NP was further tagged with a clinically approved NIR dye
(S0456) for evaluating hypoxic tumor core penetration and organ distribution. Imaging of tumor
spheroid treated with NIR dye-labeled CA IX-SMA-TPGS revealed remarkable tumor core
penetration that was modulated by CA IX-mediated targeting in hypoxic-A498 RCC cells. The
significant cell Killing effect with synergistic combination index (CI) of CA 1X-C4.16 and Sor
treatment suggests efficient reversal of Evr-resistance in A498 cells. The CA IX directed
nanoplatform in combination with Sor has shown multiple benefits in overcoming drug resistance
through (i) inhibition of p-AKT, (ii) upregulation of tumoricidal M1 macrophages resulting in
induction of caspase 3/7 mediated apoptosis of Evr-res A498 cells in macrophage-RCC co-
culturing condition, (iii) significant in vitro and in vivo Evr-res A498 tumor growth inhibition as
compared to individual therapy, and (iv) untraceable liver and kidney toxicity in mice. Near-
infrared (NIR) imaging of CA IX-SMA-TPGS-S0456 in Evr-res A498 RCC model exhibited
significant accumulation of CAIX-oligomer in tumor core with >3-fold higher tumor uptake as
compared to control. In conclusion, this proof-of-concept study demonstrates versatile tumor
hypoxia directed nanoplatform that can work in synergy with existing drugs for reversing drug-
resistance in RCC accompanied with re-education of tumor-associated macrophages, that could be
applied universally for several hypoxic tumors.
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1. Introduction

Renal Cell Carcinoma (RCC) contributes to >90% of the most common form of kidney
cancer and remains one of the ten leading causes of cancer deaths. It has been estimated that
each year around 60,000 new patients are diagnosed with, and about 13,500 succumb to
RCC [1]. Thus, RCC represents one of the most lethal malignant urological tumor [2]. The
common form of RCC (more than 95%) is clear cell renal cell carcinoma (ccRCC) [3]. The
mutation and inactivation of tumor suppressor Von Hippel-Lindau (VHL) gene is frequently
observed in this malignancy that leads to a higher intracellular level of hypoxia-inducible
factors 1a and 2a. (HIF1a and HIF2a). The increased level of HIF-1a in RCC effectively
regulates the tumorigenesis by upmodulating the function of AKT and VEGFR kinases that
play an essential role in cellular metabolism, apoptosis inhibition, and hypoxia induction [4].
All these factors promote RCC to develop resistance to radiotherapy and conventional
chemotherapy [5,6]. Several receptor tyrosine kinase inhibitors (TKIs), mammalian target of
rapamycin inhibitors (mTOR) and serine-threonine kinase (STK) inhibitors are clinically
approved for the treatment of RCC [7], although the benefit of overall progression-free
survival remains poor (5-year survival rate of <10%). Thus, there is an urgent unmet need
for targeted combination therapies with novel cell killing mechanisms [8,9]. Although, TKIs
and mTOR inhibitors have increased therapeutic possibilities for treating RCC, a substantial

Biomaterials. Author manuscript; available in PMC 2019 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Alsaab et al.

Page 3

proportion of patients do not respond adequately, and therapy resistance almost inevitably
occurs. Recently, new strategies have also emerged that include immunotherapy such as
PD-1 inhibitor (Nivolumab) [10] and the combination of chemo-immune therapy [11]. These
developments suggest that combination treatments aimed at different, non-related pathways
could be advantageous [12-14]. In addition, due to the increase in vascular nature and high
level of vascular permeability factor, ccRCC patients have benefited from anti-VEGFR
cancer therapy. Over a period of time, the majority of the RCC patients ultimately develop a
refractory response to anti-VEGFR treatment that is due to poor vascularization at the tumor
core associated with tumor hypoxia[15]. In this regard, delivery of the therapeutic payload to
the tumor hypoxic (core) is a rational approach for improving the current therapy.
Additionally, development of novel synergistic therapeutic strategies, such as the
resurrection of apoptosis, inhibition of AKT, and suppression of tumorigenic macrophages
are desirable to tackle the current clinical challenges of drug-resistant and highly aggressive
RCC [16]. We have developed Evr-res RCC cell model to evaluate the reversal of drug
resistance using nano-combination therapy. We pursued different combination regimens,
including drugs Evr (mTOR inhibitor) and Sorafenib (VEGFR and BRAF inhibitor).

The hypoxic tumor environment, highly prevalent in poorly vascularized and necrotic tumor
core is well known to stimulate expression of VEGF and CA IX. CA IX is a membrane-
bound protein that is overexpressed on the surface of many cancer cells in a hypoxic
environment [17]. CA IX tightly controls the acid-base balance in the kidney [17], whereas
during malignancy CA IX is involved in tumor cell survival and metastasis, and its increased
expression correlates with poor clinical outcome. More than 7-clinical trials are underway to
target CA 1X in RCC and other solid tumors [NCT00059735, NCT00884520] that fortifies
CA IX as an excellent biomarker for selective hypoxia mediated payload delivery. Numerous
studies have investigated the CA IX distribution in normal tissues and malignancies [18-23].
Over-expression of CA 1X has been documented in 93-97% of ccRCCs with rather low to
limited expression in normal tissues/organs making it a selective biomarker for RCC [24].
Indeed, CA IX is almost homogeneously over-expressed in the ccRCC subtype [18-
23,25,26]. Given the favorable tissue distribution, the potential of CA IX targeting of RCC
for diagnosis or therapy has also been studied [27,28]. Due to the unique molecular attribute
of RCC, CA IXis regarded as an excellent target for diagnosis and possibly for targeted
therapy [20- 22,25,29]. Clinical trials have unambiguously demonstrated that CA 1X can be
targeted to RCC tissues with minimal damage to normal tissues, further highlighting suitable
toxicity profiles of CA IX targeting [30,31]. However, there are no currently approved
therapies against CA 1X [32]. Monoclonal antibodies have been used to target CA 1X, but
their large molecular weight limits penetration through the poorly vascularized tumor and
their slow blood clearance minimize their utilization as tumor imaging agents or
radiotherapeutics because of high background and toxicity [31]. Finally, some recent studies
have investigated whether small molecule CA IX-inhibitors can be used in serum assays or
as an imaging target to monitor therapy responses [21-23]. Importantly, there is a critical
need to develop safe and effective delivery vehicles that can carry the payload to the desired
target tissue and cells [16,33-37].

Toward this end, we developed a simple and efficient multistage nanoplatform for
systematically targeted polypharmacy payload delivery to induce the combination of
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chemotherapeutic and immunotherapeutic effect in RCC. The oligomer we developed
comprised of Vitamin-E- a-D-Tocopherol (TPGS) and styrene maleic anhydride (SMA)
ligated with Acetazolamide (ATZ), namely CA IX-SMA-TPGS. The CA IX-SMA-TPGS
oligomer was further encapsulated with C4.16 to obtain highly potent therapeutic payload
containing nanoparticle CA 1X-C4.16 respectively. The CA 1X-C4.16 NPs have
homogenous nanoparticle nature with narrow polydispersity index that is suitable for in vivo
delivery. For ease of chemical synthesis of oligomers, we utilized copper free ‘click’
chemistry. We have discovered and demonstrated CCAR1/CARP-1 protein as an inducer of
apoptosis in RCC and other types of cancer. Upregulation of CARP-1 activates “apoptosis
hallmarks”, such as caspase mediated PARP cleavage, the downregulation of PISK/AKT
signaling and the loss of cyclin B1 in RCC[16]. To identify the potent activators of CARP-1,
we developed a library of small molecule CARP-1 functional mimetic (CFM) compounds
among them CFM4.16, namely C4.16, is highly efficient in RCC cell killing as obtained
from NCI-60 screen [16]. Our data revealed that C4.16 is a superior inhibitor of both WT
and Evr-resistant RCC cells with 4-5-fold improvement in IC50 value as compared to FDA
approved Evr or Sor. In 2007, Sorafenib (Sor), a potent multi-kinase inhibitor of tumor-cell
proliferation and angiogenesis, was clinically approved for oral treatment of advanced RCC
with the median progression-free survival of 5.5 months [38]. Along with this encouraging
clinical outcome, there are few reports on durable responses of Sor or the other VEGF
pathway blockers. However, the majority of patients develop resistance to Sor within a
median of 5-9 months [39]. Thus, more efficient and divergent combination therapy for
inhibiting multiple tumorigenic pathways in RCC is required. Toward this, we found the
combination of Sor and CA 1X-C4.16 showed remarkable synergy in killing WT and Evr-res
RCC cells. This combination treatment caused a complete wipeout of activated AKT (P-
AKT) level, upregulated apoptosis hallmarks, such as caspase 3/7 and annexin V. The CA
IX-C4.16+Sor is promising in upmodulating tumoricidal function of M-1 macrophage, while
downmodulating tumorigenic M-2 macrophage associated biomarkers, such as CD206,
arginase-1. Further, NIR imaging of CA IX-SMA-TPGS-S0456 confirmed the selective
tumor accumulation of the vehicle with ~3-fold higher tumor as compared to control. The
high intensity of NIR-dye in tumor core indicates selectivity of CA IX-SMA-TPGSS0456 in
tumor hypoxia targeting. Finally, the significant tumor growth inhibition by CA IX-
C4.16+Sor in Evr-res A498 model underscores the rationale of using Sor in combination
nanotherapy as a promising platform in reversing drug resistance with untraceable liver and
kidney toxicity (Scheme 1).

2. Materials and methods

2.1. Cell culture, reagents, and chemicals

Structure and synthesis of the C4.16 compound have been previously described [16,40]. A
stock solution of 50 mM of C4.16 was solubilized in dimethyl sulfoxide (DMSO) and stored
at —20°C for further use. Sor was obtained from LC Laboratories, Woburn, MA, and a 10
mM stock solution was prepared in DMSO and stored at —20°C. Everolimus (Evr) was
obtained from selleckchem, Boston, MA, and a 10 mM stock solution were prepared in
DMSO and stored at —20°C. Acetazolamide (ATZ), ‘click’ chemistry reagents, Styrene
maleic anhydride (SMA, MW 1600), D-alpha-tocopheryl polyethylene glycol succinate

Biomaterials. Author manuscript; available in PMC 2019 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Alsaab et al.

Page 5

(Vitamin E-TPGS), and 3-[4, 5-Dimethylthiazol-2-yl]-2, 5 diphenyltetrazolium bromide
(MTT) were purchased from Sigma-Aldrich (St Louis, MO). NIR dye, S0456 was obtained
from FEW Chemicals GmbH, Germany. We obtained all other analytical grade reagents
from Fisher Scientific (Hampton, NH) and Sigma-Aldrich (St Louis, MO) and used them
without further purification. DMEM, RPMI medium and antibiotics (penicillin and
streptomyecin) utilized in this work were purchased from Invitrogen Co. (Carlsbad, CA).
Fetal bovine serum (FBS) and DMSO were purchased from Fisher Scientific (Fair Lawn,
NJ). The Protein Assay Kit was obtained from Bio-Rad Laboratories (Hercules, CA). The
rabbit monoclonal antibodies for p—actin was acquired from Sigma-Aldrich (St. Louis, MO).
We purchased rabbit monoclonal antibodies to phospho- and total AKT, and Carbonic
Anhydrase-I1X (CA IX) from Cell Signaling Technology (Beverly, MA).,

2.2. Cell lines development and culturing condition

The human RCC A498 cells were from ATCC and kindly provided by Dr. Rajvir Dahiya
(UCSF). All the cells were regularly maintained following procedures published before
[41,42]. The cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with
GlutaMAX that was supplemented with 10% FBS, 100 units/ml of penicillin, and 100 pg/ml
of streptomycin, and the cells were cultured at 37°C and 5% CO2. For cell viability and
MTT studies, the cells were cultured in fresh media supplemented with 10% FBS before
their treatments with various agents [43,44]. Resistant RCC cell-lines, including Evr-res
A498, have been already established and validated in our previous work [16]. For inducing
hypoxia, cells were treated with 200 UM Cobalt Chloride (CoCly) in standard growth media
for 72 hrs before experiment [45,46]. RCC 3D-spheroid cell lines were grown in low density
with 2% FBS containing culture media and before treatment they were induced with the
hypoxic condition.

2.3. Preparation and Characterization of C4.16-loaded NP

After “click’ reaction, we obtained CA IX-SMA-TPGS (CA IX-targeted oligomer), and in
parallel, we generated SMA-TPGS (non-targeted oligomer). Both, (SMA-TPGS and CA
IXSMA-TPGS-C4.16) NPs were developed using our previously reported methods with
slight modification [16]. In brief, 100 mg of conjugated polymer was dissolved in 100 mL of
deionized (DI) water under stirring. Then C4.16 (30 mg) was dissolved in 1 mL of DMSO
and mixed with the polymer solution. Subsequently, 40 mg of EDC was added dropwise into
solution and pH was kept at 5.0 to stir for 30 min. Then, the pH was raised to 11 and kept for
other 30 min. Finally, pH was adjusted to 7.8 — 8.0 and the free drug C4.16 were removed by
dialysis for 4-5 hrs in a bag with a cut-off of MW 2 kDa. Then, the products obtained were
lyophilized to obtain the final powder and stored in the freezer until further use.
Subsequently, the particle size and surface charge (zeta potential) measurements were
performed using a Beckman Coulter Delsa Nano-C-DLS Particle analyzer (Miami, FL)
equipped with a 658 nm He-Ne laser. For particle size, we suspended the NPs in DI water
and detected the scattered light at 165° angle. We then obtained the peak average histograms
of intensity, volume and number from 70 scans to calculate the average diameter of the
particles. The zeta potentials were evaluated by measuring the electrophoretic mobility of
the charged particles under an applied electric field. For Morphology, Transmission Electron
Microscopy (TEM) of the NP was evaluated using JEOL-JEM-1000 instrument (JEOL Ltd,

Biomaterials. Author manuscript; available in PMC 2019 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Alsaab et al.

Page 6

Tokyo, Japan). We also characterized oligomer by proton nuclear magnetic resonance
spectroscopy (*H NMR) and Fourier transform infrared spectroscopy (FTIR). The structure
of the synthesized SMA-TPGS and CA IX-SMA-TPGS copolymer was detected by 1H
NMR in D,0 as previously described [16][37]. The proper synthesis of the SMATPGS and
CA IX-SMA-TPGS oligomer was also confirmed by the MALDI/MS and was found not to
be a physical mixture of TPGS with SMA as all measurements indicated the absence of any
free crystalline particles before NPs preparation.

2.4. The Drug loading (DLC) and encapsulation efficiency (EE) of C4.16 loaded-
nanoparticles

We evaluated the C4.16 loading content percentage and the encapsulation efficiency (EE %)
in NPs by High-Performance Liquid Chromatography (HPLC, Waters, Milford, MA).
Samples of the C4.16 NPs preparations were taken, and the unentrapped C4.16 was
quantified using our previously published HPLC method [16]. The loading efficiency of
micelles was calculated by dissolving a known quantity of NPs directly in DMSO and
further dilution of drugs with the mobile phase followed by determination of the absorbance
at 309 nm (A nax) With respect to the standard curve. Free drug (unentrapped C4.16 in the
SMA-TPGS or CA IX-SMA-TPGS) was separated by ultrafiltration centrifugation
technique. Briefly, 1 mL of CA IX-SMA-TPGS-C4.16 (targeted CA 1X-C4.16 NPs) and
SMA-TPGS-C4.16 (non-targeted) colloidal solutions were placed in the upper chamber of a
centrifuge tube matched with an ultrafilter and centrifuged for 15 min at 4000 rpm. The total
drug content in C4.16 NPs was determined as follows. Aliquots of 1 mL formulation
dispersion were diluted accordingly by ethanol to dissolve the ingredient, and the resulting
suspension was then filtrated through 0.454m membrane filters. The filtered solution was
analyzed by Waters® Alliance 2695 HPLC using Symmetry® C18 column (250mm x
4.6mm, 5um). The mobile phase was a mixture of Acetonitrile, Methanol, 10 mM KH5PO,4
buffer (65:20:15 v/v) with pH adjusted to 2, and the flow rate was maintained at 1.0 mL/min.
All the samples were analyzed using empower PDA software. We then calculated the
encapsulation efficiency (EE) and drug loading content (DLC) by the following equations:

The weight of C—4.16

encapsulated in micelles
Total weight of C—4.16

loaded in micelles

Drug loading content (DLC) = x 100  Equation (1)
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Encapsulation Effeciency (EE) =  Equation (2)

Mass of C—4.16

encapsulated in micelles
Total mass of C—4.16

initially loaded in micelles

x 100

2.5 Drug release kinetic study:

Drug release study was performed based on our previously published report[47]. Briefly,
200 pl of CAIX-C4.16 or C4.16 in Kolliphor in PBS pH 7.4 was placed in Thermo
Scientific™ Slide-A-Lyzer™ 3.5K MWCO MINI Dialysis Devices with gentle agitation at
370C. The PBS solution outside the dialysis solution was collected at designated time and an
equivalent volume of fresh PBS was compensated. The collected CDF contained was
analyzed by HPLC and data was ploted as % cumulative drug release.

2.6 Expression of CA IX by A498 RCC cells and A498 RCC tumor models

The expression of CA 1X on the surface of A498 and Evr-A498 cells was investigated under
a normoxic or hypoxic condition by exposing cells to normoxia (no treatment) or hypoxia
(cobalt chloride, CoCl; treatment) for 72 h, followed by CA IX detection using
immunofluorescence analysis or western blot. Proteins from tumor tissues were extracted
using RIPA buffer with the Halt Protease and Phosphatase Inhibitor Cocktail. A498 cells or
tumors were fixed with 4% cold paraformaldehyde for 15 min after incubation for 24 h
under normoxic or hypoxic condition. Cells were washed three times with DPBS and
blocked with 10% bovine serum albumin for 1 h at room temperature, then incubated with
primary rabbit monoclonal anti-CA 1X antibody (20 pg/mL) overnight at 4°C. Cells were
subsequently washed three times followed by incubation with FITC-conjugated rabbit anti-
mouse secondary antibody for 1 h at room temperature. A498 cells under the normoxic or
hypoxic condition, only treated with FITC-conjugated goat antimouse secondary antibody
served as controls to avoid interference of cell auto-fluorescence. Cells were observed using
a Confocal Laser Scanning Microscope (CLSM). For tumor tissues, mice were implanted
with A498 cells using the technique previously reported [16]. Briefly, A498 cell suspensions
were prepared in PBS and mice were injected with 1 x 106 cells subcutaneously by syringes
with 29-gauge needles. On day 14 after tumor cell implantation, mice were sacrificed, and
RCC tumor tissue was collected for histology performed by Biobank core facility.

2.7 Hypoxic core penetration of CA IX-SMA-TPGS oligomer in hypoxic A498 3D tumor

spheroid

Cancer cell specific uptake of CA IX-SMA-TPGS oligomer was performed in tumor
spheroids by immunofluorescence. Cells were cultured with ~70-80% confluence. We
cultured Evr-res A498 cells to form 3D spheroid structure based on previously published
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methods [16,40]. Briefly, the cells were washed twice in 1 x PBS, trypsinized and pelleted
the cells with 200 xg centrifugation at room temperature. It was re-suspended in 5 mL of
sphere media (DMEM/F12 supplemented with 2 mM L-glutamine, 100 U/mL penicillin, 100
U/mL streptomycin, 1 x B27 supplement, 20ng/mL recombinant human epidermal growth
factor (EGF; Sigma), and 10ng/mL recombinant human basic fibroblast growth factor
(bFGF; R&D Systems). Cells were seeded approximately 5000 cells per mL on an ultra-low
adherent 60mm plate and incubated at normal cell culturing conditions for two weeks
without disturbing the plates. Seventy-two h prior to treatment, media was replaced with the
hypoxic condition. Once the sphere was formed, spheres were treated with 1 pM Rhodamine
B conjugated CA I1X-SMA-TPGS oligomer (CA IX-RhodB) for 4 h or kept untreated at
37°C and 5% CO,. At the end of the incubation period, the spheroids were washed with cold
DPBS and scanned beginning from the top of the equatorial plane to obtain the Z-stack
images by CLSM for the spheres of untreated and treated plates as described as reported
before [48].

2.8 In vitro cytotoxicity assay

MTT assay was used to evaluate the anti-cancer effects of targeted CA 1X-C4.16 NP and
free anticancer drugs (C4.16, Evr, and Sor) in CA IX-positive (A498 RCC cells). First, the
cells were seeded in a 96-well plate at a density of 5x103 cells per well and allowed to grow
in fresh culture media overnight. Cells were subjected to parallel treatments under hypoxic
and normoxic conditions as described above. After 20 h, the medium was removed, and the
cells were washed twice with PBS. Cells were then treated with various concentrations of
respective agents for the noted dose and time. Control cells were treated with 0.1% DMSO
in the culture medium[49-51]. After treatment, cell viabilities were measured by the MTT
assay. Briefly, 20 ul of Img/ml of MTT was added to each well and cells were incubated for
2-4 h at 37 °C. MTT was removed, and the resulting formazan products were dissolved by
adding 50 ul DMSO/well followed by colorimetric analysis at 595 nm using a multi-label
plate reader (Victor3; PerkinElmer, Wellesley, MA).

2.9 Western Blot analysis

The RCC cells were treated with DMSO/Vehicle (Control) or indicated dose and time of the
noted compound. Cells were harvested and lysed in RIPA buffer (50 mM Tris-HCI, pH 8.0,
150 mM sodium chloride, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl
sulphate (SDS), and 0.1% of protease inhibitor cocktail) for 20 min at 4°C. The lysates were
then centrifuged at 14,000 rpm at 4 °C for 15 min to get rid of debris. We then determined
the protein concentrations of whole cell lysates using the Bradford Protein Assay Kit.
Supernatant proteins, 50ug from each sample, were separated by SDS-10% polyacrylamide
gel electrophoresis (SDSPAGE) and transferred to polyvinylidene difluoride (PVDF)
membrane (Bio-Rad, Hercules, CA) by standard procedures. The membranes were
hybridized with primary antibodies followed by incubation with appropriate secondary
antibodies. The antibody-bound proteins were visualized by treatment with the
chemiluminescence detection reagent (Amersham Biosciences) according to the
manufacturer’s instructions, followed by exposure to X-ray film (Kodak X-Omat). The same
membranes were then re-probed with the anti-p actin antibody, which was used as an
internal control for protein loading.
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2.10 Apoptosis analysis by flow cytometry and Caspase 3/7 Glo assay

We determined apoptosis induction in A498 RCC cells that were treated with free C.4.16 or
CA 1X-C4.16 NP by flow cytometry with Annexin V/7-AAD dual staining. The percentage
of Annexin V7/7-AAD ~ (R5), Annexin V*/7-AAD ~ (R6) and Annexin V/7-AAD * (R4)
and Annexin V=/7-AAD * (R3) cells were obtained to determine the number of live, as well
as early and late apoptotic, and necrotic cells. To evaluate caspase-3/7 activities, cells were
cultured and treated with DMEM medium (Free oligomer or control), C4.16, Sor, or
C4.16+Sor for 24 h and were tested by Caspase-Glo 3/7 Assay (Promega) according to the
manufacturer’s recommendations.

2.11 Reprogramming macrophages with (CA IX-C4.16+Sor)

Transwell inserts 0.4 pM Corning, Falcon®, catalog number: 353493 and Corning® 6 well
cell culture plates were used. Figure 6 A shows a diagram representing a brief outline of the
steps of the protocol and a timeline indicating the order of events that were all carried out
under sterile conditions following protocol published by Smith ef a/. Briefly, Raw264.7 cells
were placed into the Transwell inserts. Raw-264.7 cells were first polarized to M1-
macrophage using IFN-y and LPS, and to M2-macrophage using IL-4 recombinant protein.
Then, A498 RCC cell lines were cocultured with activated macrophages followed by
treatment of Sor, C4.16, and CA 1XC4.16+Sor for 24 h. Caspase 3/7 assay was performed in
Evr-res A498 cells treated with Sor, C4.16, and CA 1X-C4.16+Sor while co-culturing with
Raw-264.7 macrophage to demonstrate whether combination treatment can reeducate
macrophage to induce apoptosis mediated A498 cell death.

2.12 Antitumor therapy study in highly aggressive Evr-res A498 tumor in nu/nu xenograft

model

The generation of RCC cell-derived subcutaneous tumor was done according to our
previously published protocols approved by the Institutional Laboratory Animal Care & Use
Committee (IACUC) at the Wayne State University [16,40]. Female, 5-6 weeks old nu/nu
mice were obtained from Jackson Laboratory, Bar Harbor, ME. For therapy studies, after an
appropriate period of acclimation, a suspension of 1 x 10 Evr-res A498 cells in 150 pl PBS
was subcutaneously implanted in flanks of each animal using a 27-gauge needle. Tumors
were allowed to grow for 10 days. When tumors became palpable (200 mm3), the mice were
randomly assigned for treatment or control groups of five animals each. Mice were treated
with Vehicle (Control), CA IX-C4.16 NP (24 mg/kg/day), Sor (10 mg/kg/day) via
intravenous (i.v) administration. Sor was formulated with 10% Kolliphor EL in PBS with
DMSO concentration is <5%. In case of CA 1X-C4.16 and Sor combination, only two doses
were administered where the first dose was on day 1 was followed by the second dose on the
third day. The tumor volume was measured, and mice were monitored for body weight
changes. Antitumor activity was measured by using NIH formula, tumor volume (mm3) =
1/2(length x width2). The tumor volume of the last day of therapy study was represented to
demonstrate the endpoint outcome of combination therapy as described before [16]. The
animals were sacrificed, and tumor tissues were collected. Representative tumor samples
were stored at —80°C for subsequent analysis. The histology of normal organs (Kidney and
Liver) was performed by Biobank core facility.
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2.13 NIR imaging and bio-distribution of CA IX-SMA-TPGS-S0456 oligomer

A CA IX-targeted oligomer was conjugated with Near-infrared (NIR) dye CA IX-SMA-
TPGSS0456, namely CA 1X-S0456 (CA 1X-oligomer) and administered via i.v route to 5-6
weeks old nu/nu mice, and the bio-distribution of NIR dye was monitored after 24 h of the
single dose with 10 nmole NIR dye per mouse. Fluorescence images were collected in
Bruker Carestream Xtreme in vivo imaging system at excitation (750 nm) and emission (830
nm) wavelength. The bio-distribution and tumor-targeting properties of CA 1X-S0456 was
evaluated after euthanizing the mice after 24 h post i.v injection. The instrument has dual
fluorescence and X-ray imaging modalities with light source: 400 W Xenon illuminator.
Both fluorescence and X-ray images of the mouse were merged to demonstrate the
localization of NIR dye.

2.14 Statistical analysis

The statistical analyses were performed using Prism 7.0 software (Graph Pad Software Inc.,
San Dieg, CA). The data were expressed as mean + SEM and analyzed using a two-tailed
Student t-test or one-way ANOVA followed by a post hoc test unless specified otherwise. A
p value of <0.05 was considered statistically significant.

3. Results and discussion

3.1. General procedure for synthesis of compound SMA-TPGS and ATZ-SMA-TPGS by
Copper-free ‘click’ chemistry

The current work aims to synthesize and formulate nanosystems targeting hypoxia in
tumors. CA I1X enzyme on the surface of kidney cancer cells was targeted by ATZ-
containing oligomers using a modular copper-free ‘click’ chemistry-based approach. As
illustrated in Scheme 1 of Figure 1, we first synthesized acetazolamide-amine (ATZ-NH,)
from acetazolamide (ATZ) by acid hydrolysis as previously described [52]. Subsequently,
ATZ-NH, was reacted with DBCONHS-ester to arrive at ATZ-DBCO (compound a) which
functions as a CA IX targeting ligand. Second, in Scheme 2 of Figure 1, we synthesized
SMA-TPGS oligomer (SMA-TPGS-Cys) by adding known amounts of TPGS and Cysteine
in dichloromethane at pH 8 with fixed amounts of anhydrous SMA to permit its anhydride
ring opening reaction with the alcohol group of TPGS and amine group of cystine. Then, we
conjugated the SMA-TPGS-Cys with azido (N3) group of (NH,-PEGg-N3) compound by
acid-amine coupling (EDC/NHS) reaction to finally get (compound b). Finally, the Copper-
free “click’ reaction was carried out by reacting compound “‘a’ with compound ‘b’ to form
triazole ring, compound ‘c’. All unconjugated reactants were removed by dialysis prior to
lyophilization. The compound ‘¢’ was reacted with Rhodamine B NCS to obtain “CA 1X-
Rhod” for in vitro 3D spheroid uptake study [53] and reacted with S0456 to get “CA IX-
S0456” for in vivo tumor imaging [54]. S0456 is a near-infrared (NIR) fluorescent dye used
in phase 11 clinical trials for image guided tumor surgery [55]. The final compounds were
characterized by MALDI-MS, H-NMR (Supplementary, S1 A-C) to assure chemical
identity. 1H-NMR results confirmed the triazole ring formation in CA IX-SMA-TPGS
(Supplementary, S1 A, C) as the characteristic peaks were found for the -NH group of-
triazole ring around &7.9 ppm, O-CHj> of triazole ring around 5.2, and CH,-N3 peak around
4.2 respectively. The molecules were analyzed by MALDI-MS spectroscopy to confirm the
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chemical conjugation. This work expands upon our previous success in the design, synthesis,
and development of SMA-TPGS-C4.16 and SMA-C4.16 nanomicellar formulation [16].

Preparation and characterization of CA IX targeting NP

The oligomers (SMA-TPGS and CA IX-SMA-TPGS) conjugate was purified by
ultrafiltration (Millipore TFF, Milford, MA) and then lyophilized. The NPs were prepared
with different methods, such as solvent evaporation, and oil-in-water emulsion method to
formulate spherical micelles with SMA-TPGS and CA IX-SMA-TPGS. Both, CA IX
targeted NP and non-targeted NP were loaded with water-insoluble C4.16 to produce CA
IX-C4.16 NPs and SMA-TPGS-C4.16. The NPs were characterized for size, charge and
drug loading and these parameters are presented in Table 1. The particle size of non-targeted
C4.16 loaded NPs were ~105.2 nm with a Polydispersity index (PD1=0.165) (Figure 2A).
Morphology of the NP was also assessed using Transmission Electron Microscopy (TEM)
instrument (Figure 2 B) and the particle size resembled with DLS data and a favorable
negative surface charge of NPs was noted (Figure 2C). After incorporation of targeting
ligand (ATZ) to NPs, the particle size slightly increased compared to that of the non-targeted
NPs suggesting the presence of ATZ on the surface of NPs. These results indicate that both
the size and surface properties are optimal and safe for intravenous injection as well as ideal
for tumor delivery. The Figure 2 C show histograms of comparative analyses of the particle
size and zeta potential of the NPs. Figure 2 D indicates the results of MALDI-MS analysis
of CA IX-SMA-TPGS and SMA-TPGS. The increment of molecular weight in CA 1X-
SMA-TPGS (m/z 3126) compared to SMA-TPGS (m/z 2399) and their corresponding
fragmented peaks indicates the successful conjugation of ATZ to the SMATPGS polymers.
Also, The C4.16 loading content and encapsulation efficiency in both NPs were evaluated by
High-Performance Liquid Chromatography (HPLC). First, a method for analyzing drug
content was developed and validated according to ICH guidelines [56]. We found that
critical micellar concentration (CMC) of SMA-TPGS-C4.16 and SMA-C4.16 is 0.010 and
0.021 mg/ml respectively. The lower CMC value of SMA-TPGS-C4.16 could be attributed
to the presence of TPGS[57], resulting in highly stable micelle formation(Figure 2E). This
observation is consistent with our previously published work[47]. The sustained C4.16
release of CAIXSMA-TPGS-C4.16 indicates the efficient in vivo outcome. The CAIX-
C4.16 micelles has shown good shelf life stability (Supplementarty Fig S3)[58]. The loading
efficiency of micelles was then calculated by dissolving known quantity of NPs directly in
DMSO followed by determination of the absorbance at 309 nm with respect to the standard
curve performed by HPLC method. The encapsulation efficiency was 85 % and 75.5 % for
SMA-TPGS NPs and CA IX-C-4.16 NPs, respectively.

Rationale for choosing CA IX protein for RCC therapy

In this study, we have shown that CA IX was overexpressed in A498 and Evr-res A498 RCC
cells and tumor. In Figure 3A, immunohistochemistry of CA 1X-positive A498 RCC tumor
xenografts collected from tumor tissue section is shown. The intense bright green
fluorescence indicates the presence of CA I1X. In Figure 3B, Western blot data show levels of
CA IX protein in A498 and Evr-res A498 RCC cells that were cultured under normoxic (no
cobalt chloride treatment) or hypoxic conditions (treated with cobalt chloride for 72h).
Together with immunohistological localization of CA IX in RCC tumor, the up-regulation of

Biomaterials. Author manuscript; available in PMC 2019 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Alsaab et al.

Page 12

CA IX expression in hypoxic WT and Evr-res A498 RCC cells in comparison to their
respective, normoxic counterparts provides a rational strategy for delivering the payload into
the hypoxic core of RCC tumor. Moreover, CA IX has been shown to be specifically
overexpressed in 93 to 97% of both ccRCC and some papillary RCCs, with limited
expression in normal tissues [59]. CA IX is also an important biomarker for RCC, and it
plays a pivotal role in tumor progression, acidification, metastasis, and the intra-tumoral
hypoxic condition. CA 1X expression on the cell surface is associated with induction of
tumor hypoxia through regulation of HIF1a. The clinicopathological analysis have
supported the fact that overexpression of CA IX in RCC is linked to poor disease prognosis
and resistance to chemo and immunotherapy. Many clinical trials are evaluating CA IX
linked inhibitors or antibodies for monotherapy or diagnostic imaging. Recently, a small
molecule, acetazolamide (ATZ), with high affinity (Kd~ 8.3 nM) to CA 1X [60] has been
reported to deliver the payload into the inner core (more than the periphery) of a tumor
[52,54]. These results signify that CA 1X is an excellent target for site-specific delivery of
therapeutic payloads to renal tumors [61,62]. Along these lines, we developed ATZ-
conjugated NPs for selective delivery of drug cocktail to the hypoxic region including the
tumor core of therapy resistant RCC. It is well established that the hypoxic tumor core
harbors aggressive and drug-resistant stem-like cells can persist after initial drug therapy,
which can invade normal tissues and metastasize to distant sites forming secondary tumors.
Targeting the hypoxic core using CA IX is thus a highly innovative approach needing
immediate attention.

3.4. Selective uptake and tumor spheroid core penetration of CA IX oligomers to RCC.

The 3 D spheroid cell culture model is an in vivo mimetic study for testing NPs deep tumor
core penetration ability. Thus, culturing A498 RCC cell lines with a spheroid model in
hypoxic condition could be predictive of the tumor permeability of CA IX targeted NPs. In
Figure 3C, we found that the rhodamine-conjugated ATZ oligomer (CA IX-Rhod) has deep
tumor matrix penetration and superior uptake in hypoxic Evr-res A498 spheroid model. The
cell uptake study of CA 1X targeted NPs was performed using Evr- res A498 spheroid model
followed by imaging of spheroid using confocal microscopy. Interestingly, Z-stacking from
10, 40, 60, and 100 um in confocal microscopy of CA IX targeted oligomer-treated cells
indicate that rhodamine-signal is significantly higher in the core of the spheroid than the
periphery (Figure 3. C-D). Figure S4 A-B shows the confocal microscopy of non-targeted
SMA-TPGS-Rhod-B. The figure indicates that the non-targeted formulation has low cellular
uptake as compared to CAIX-Rhod-B. This data supports the need of CAIX targeting ligand
in oligomer for improving the hypoxic tumor core penetration. This also is a strong
indication that CA IX targeted oligomer can penetrate deep into the tumor spheroid and
likely reached the hypoxic regions very efficiently. The highest fluorescence intensity at the
center (as indicated by arrow) of 3D- plot (Figure 3 C) suggests that CA IX targeted
oligomer efficiently reached the core of tumor spheroid. Also, in Figure 3 C, with the lower
range of Z-stacking from 40-60 pm section (which is the core) has more fluorescence
intensity than the periphery. Z-stacking of the spheroid at different sections from 10-100um
with CA IX targeted formulations also shows superior fluorescence intensity from 4060 um
sections representing organoid core. Figure 3 E showed the overall merged view of CA 1X-
Rhod-B oligomer with bright field and compared with untreated control. Figure 3 F shows
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the overall shape of the spheroid from along the three dimensions (x, y, and z) as another
way of representation to demonstrate spheroid core penetration.

3.5 (C4.16 anti-cancer effect and Hypoxia targeting ability of CA IX NP

RCC is very difficult to treat as the cells are mostly resistant to many current therapies.
Therefore, newer treatments including better ways of drug delivery are urgently needed to
fight this malignant disease efficiently. Our previous work has demonstrated generation and
characterization of RCC cells that are resistant to Evr, a frontline mTOR-targeted therapy,
and revealed that a class of CARP-1 functional mimetic (CFM) compounds especially
C-4.16 inhibited parental (WT) and Evr-res RCCs[16]. In this study, we utilized C-4.16 and
current clinical anti-RCC therapeutics Sor and Evr. First, we determined cytotoxicity of
individual drugs C4.16, Sor, and Evr in both A498 as shown in Figure 4. Our results from
Figure 4 A, B indicated that C4.16 was more effective in inhibiting growth of WT and Evr-
res A498 compared with Sor. Evr, however, did not inhibit growth of Evr-res A498 RCC
cells as previously published [14]. In order to understand the safety of combination therapy,
we performed the hemolysis assay using CAIX-C4.16 and combination of CAIX-
C4.16+Sor. The data from Supplementary S5A-B indicate concentraions as high as 45.5 mM
of C4.16 and combination of (45.5 uM C4.16 +17.4 uM Sor) have no significant effect in
blood hemolysis[63]. We then clarified whether a combination of C4.16 and Sor were more
effective when compared with individual treatment. In vitro cytotoxicity assay of C4.16 and
Sor on Figure 4 A, B indicates C4.16 was more potent than FDA approved drug (Sor) and
combining both drugs showed significantly lower the IC50 value. All the results indicate
C4.16 and Sor inhibited viabilities of WT and Evr-res RCC cells, and C4.16 when combined
with sor was more effective than C4.16 or Sor alone. However, C4.16’s poor water solubility
limits it’s in vivo testing and clinical translation. We addressed the solubility and delivery
concerns of C4.16 by utilizing a nanotechnology-based approach. Thus, encapsulation of
C4.16 in NP and conjugating them with CA 1X targeting oligomer was considered as a
functional approach for resolving the challenges to deliver the compounds selectively to
resistant RCC. The results as noted in Figure 4 C show that CA 1X-C4.16 was more effective
in inhibiting growth of A498 (WT and Evr-res) compared to Sor and Evr and supported that
CA 1X-C4.16 nano-formulation was more potent compared to FDA approved drugs. The
table in Figure 4 D summarizes 1Cgq values for all drugs with the WT and Evr-res RCC cell
lines. The data in Figure 4 C, D showed that CA 1X-C4.16 was more effective in inhibiting
growth of A498 (WT and Evr-res) compared to Sor and Evr and collectively indicate that
CA 1X-C4.16 was more potent compared to other drug options. Furthermore, to confirm the
synergism, we utilized CompoSyn® software to evaluate the combination index (CI) value
of C4.16 and Sor. As shown in Figure 4 E, C4.16 and Sor had CI value (less than 1) of 0.531
for A498 WT and 0.654 for Evr-Res, which indicated synergism between the two
compounds. Figure 4F also demonstrated a combination of CA 1X-C4.16 with Sor is
synergistic in RCC cell killing as obtained from isobologram analysis. Thus, low dose of CA
IX-C4.16 NP could potentially sensitize RCC cells for inhibition by Sor. Moreover, as
shown in Figure S.6, a combination of 500 nM dose of CA 1X-C4.16 with various doses of
Sor further support their synergistic inhibition of RCC cells. A 500 nM dose of CA IX-
C4.16 caused greater inhibition of RCC cell growth when combined with low doses of Sor
(100, 200, 500 nM).
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3.6 Mechanism of C4.16 for overcoming drug resistance

In this study, we determined how induction of apoptosis and inhibition of oncogenic survival
signaling would reinforce the synergistic cell killing and reversal of drug resistance in WT
and Evr-res A498 cells when treated with CA 1X C4.16+Sor. As shown in Figure 5 A, we
observed inhibition of AKT activation as indicated by downregulation of pAKT in C4.16
and Sor treatment compared to untreated control. We found that Evr-res RCC cells that were
treated with C4.16 or Sor had a greater loss of AKT activities when compared with their WT
cells treated with respective agents. Interestingly though, a combination of C4.16 and Sor
completely abolished AKT activity (pAKT) in both the WT and resistant cells. Therefore, it
is likely that superior RCC growth inhibition by C4.16 and Sor is in part due to suppression
of oncogenic AKT activity. Moreover, C4.16 cytotoxicity was mediated by apoptosis
induction (Figure 5 A) supporting our prior studies that have shown activation of apoptosis
in C4.16 treated cells. Although, C4.16 or Sor induced caspase-3/7 activation, a significant
upregulation of caspase-3/7 activity was noted in RCC cells treated with C4.16+Sor as
compared to control (Figure 5 B). This finding was further supported by an increment of
early and late apoptotic events in both WT and Evr-res A498 cells treated with CA 1X-
C4.16+Sor as compared to untreated control or CA 1X-C4.16 (Figure 5 C). The fraction of
cells that stained with Annexin V (+ve) or Annexin V (+ve) and 7-AAD (+ve) was higher in
combination treatment than singular treatments as shown in Figure 5 D. In all the cases;
combination always worked better than individual drugs in inhibiting RCC cells growth.

As shown previously, C4.16-dependent loss of RCC cell viability was due in part to reduced
cyclin B1 levels, activation of pro-apoptotic, stress-activated protein kinases (SAPKs), and
apoptosis [16]. Importantly, we also demonstrated that CARP-1 was a key player in inducing
apoptosis and cell cycle arrest in the breast, lung and renal cancer cells [64,65]. The up-
regulation of CARP-1 promotes activation of “apoptosis hallmarks,” such as caspase-
mediated PARP cleavage, downregulation of PI3K/AKT signaling and loss of cyclin B1 in
RCC [16]. To identify potent activators of CARP-1, a library of small molecules, namely
CARP-1 functional mimetic (CFM) compounds were developed. An NCI-60 screening, as
well as high throughput screening using various cancer cell lines, including WT and drug-
resistant Evr-res RCC, resulted in the identification of several potent analogs. Our current
results suggest that C4.16 is a superior inhibitor of both WT and drug-resistant RCC even in
comparison to the FDA approved drugs, such as Ever and Sor. As RCC is highly
vascularized, the use of drugs to inhibit RTK, such as VEGFR or HGF signaling is used as
first-line therapies. Alongside, mTOR inhibitors, such as Evr were approved as second-line
single agent therapy. All these kinase inhibitors are approved for single agent therapy.
However, tumors eventually become resistant to therapy including RKT/mTOR inhibitors.
Our findings suggest that the NPs formulations of the CARP-1 inducer (C4.16) will be a
worthwhile strategy to provide multiple benefits such as(i) amenable for i.v. injection of
CAIX-C4.16 leading to lowering of drug dose for in vivo therapy; (ii) higher stability and
bioavailability of CAIX-C4.16; (iii) sustain drug release of CAIX-C4.16 as shown in Figure
2E, and reduced toxicity of CAIX-C4.16+Sor.

Literature reports and clinical experience have revealed that inhibiting RCC proliferation
with drugs combination specific to different targets is superior to monotherapy approaches

Biomaterials. Author manuscript; available in PMC 2019 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Alsaab et al.

Page 15

[66]. However, such approaches tend to produce severe on-target and off-target toxicities
[67]. To achieve the maximum therapeutic benefits and reduce the toxicity, we encapsulated
anticancer drugs in CA 1X-C4.16 NPs. This i.v. administrable NPs in combination with
currently approved drugs is an excellent approach to precisely target the convergent
pathways of RCC activity with resistant and tumor stroma features [68].

3.7 Reprogramming macrophages to modulate combination treatment:

To overcome the critical problem of current RCC treatment, we developed a tumor-
penetrating nano-sized NP of spherical shape that can localize and penetrate tumor tissues
efficiently and target tumor hypoxia to deliver the combination drug cocktail to shut down
vital tumorigenic signaling while simultaneously reprogramming macrophages for better
therapeutic efficacy. Several studies have identified the key players that are responsible for
drug resistance and immune evasion leading to the poor prognosis of RCC. These players
are categorized based on their specific roles that include (i) RTK-mTOR that regulates
critical tumorigenic signaling for tumor survival, immune suppression, and stroma formation
[11], (ii) impairment of intrinsic and extrinsic apoptotic signaling is an essential player of
drug resistance [12]. Induction of CARP-1 protein has been well documented to induce
apoptosis in cancer cells under the conditions of serum withdrawal or therapy stress [10, 13].
(iii) CA IX is a tumor hypoxia marker for the maintenance of extracellular acidosis and
cancer stemness, thus facilitating tumor growth and metastases. More than seven clinical
trials are underway to target CA 1X in RCC and other solid tumors [NCT00059735,
NCT00884520] [14]. The delivery system we have engineered here will be a promising
addition to clinical translation for better RCC treatment. Figure 6A shows a schematic
diagram as Raw264.7 cells were placed into the insert. Then, cells were polarized to M1-
macrophage using IFN-y and LPS, and to M2-macrophage using IL-4 recombinant protein.
The change of morphology of Raw264.7 as shown in Figure 6 B supports the M1/M2
polarization of naive Raw264.7 cells[69] followed by treatment with C4.16 and CA
IXC4.16+Sor for 24 h. The data in Figure 6 C clearly demonstrate the up-modulation of the
tumoricidal M1-macrophage marker (CD86, iNOS) and down-modulation of the
tumorigenic M2-macrophage marker (CD206, Arginase 1) compared to untreated (UT)
control and C4.16. The macrophage reprogramming ability of CA IX-targeting NP builds a
rational of using (CA IX-C4.16+Sor) as a potent antitumor immune-stimulatory agent of
RCC. The treatment of CA IX+Sor to Evr-res A498 cells co-cultured with M1-macrophage
resulted in the growth inhibition and change of morphology that could be due to tumoricidal
M-1 macrophage mediated cell death of RCC cells as shown in Figure 6 D. Further to
evaluate the macrophage induced RCC cell death, we analyzed up-modulation of caspase 3/7
in Evr-res A498 cell co-cultured with Raw 264.7 cell and treated with CA 1X-C4.16+Sor or
other treatments. The data from Figure 6E clearly confirmed combination is significantly
better in inducing apoptosis as compared to control or individual treatments. The mechanism
of immune-modulaiton of CAIXC4.16+Sor can be attributed to inhibition of tumorigenic
kinases, such as p-AKT[70] and resurrection of apoptosis. As CAIX-C4.16+Sor treatment is
very effective in inhibiting PAKT (Figure 5A), the treatment of (CAIX-C4.16+Sor) in Evr-
res A498 and M1/M2 macrophage co-culture condition is down-modulating the secretion of
inflammatory cytokines, resulting in down-modulation of tumorigenic M2 macrophage
function and up-modulation of M1 macrophage function. Another, possible explanation of
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immunomodulatory effect of (CAIX-C4.16+Sor) could be suppression PD-1/PDL-1 cross
talk. Prior literature has indicated that macrophages have elevated expression of PD-1
receptor that interact with PDL-1 of cancer cells[71]. Thus, CAIX-C4.16+Sor treatment can
be inhibiting the PD-1/PDL-1 interaction, resulting in immune resurrection in co-culture
condition as seen in Fig 6. All these results demonstrate hypoxia targeting NP in
combination with Sor is not only inducing chemotherapeutic effect but also reeducating
macrophages to function as a tumoricidal agent, which could prove excellent for a
combination of chemo-immune therapy to inhibit Evr-res RCC.

3.8 Superior tumor core penetration and high tumor uptake of CA IX oligomers in
xenograft RCC model.

After optimizing the anticancer effect of CA 1X-C4.16 at the cellular level, we performed
NIR imaging in animals inoculated with RCC tumor model following administration of CA
IX-S0456. The idea of performing NIR-imaging with CA 1X-oligomer will provide several
advantages including its use as (i) agent for tumor image guided RCC surgery in the clinic,
as well as (ii) meaningful insights into the therapeutic outcome and safety of
nanoformulation in RCC model. It is well known that clinically small molecule NIR imaging
agents have excellent ability to distinguish the tumor lesion from healthy tissue in imaging-
guided surgery as noted in NCT02317705 and NCT01778933 [72]. The results show CA IX-
S0456 selectively home to the orthotopic subcutaneous Evr-res A498 tumor as compared to
control (Figure 7 A and C). The bio-distribution (Bio-D) study in Figure 7 B validates the
prominent tumor selectivity of CA 1XS0456.. The tumor selectivity of CA 1X-S0456 in drug
resistant RCC model builds a foundation for widespread applicability of CA 1X-S0456 in
Evr-res RCC tumor model that builds a rational platform for further investigation towards
clinical translation of this technology. Herein, the reasons of using CAIX-S0456 oligomer
compared to oligomicelles for tumor imaging is due to the fact that (i) small molecular
weight oligomer, will help achieve deep tumor stroma penetration, (ii) hydrophilic nature of
oligomer will assist faster clearance/excretion via the kidneys and healthy organs, while
being selectively retained in the hypoxic tumor[73]. In Figure 3, 3D spheroid uptake study
of CA IX-rhodamine showed high localization of rhodamine in the core of the hypoxic Evr-
res A498 spheroid. To ascertain core penetrating ability of CA 1X-S0456 in a drug resistant
tumor model, we performed 3 transverse sectioning of the isolated tumor after the bio-D
study. Figure 7D confirmed that CA 1X-S0446 is very efficient in penetrating the core of
tumor that predominantly harbors hypoxia and drug resistant features. As shown in Figure
7E, more than 3-fold tumor ROI in CA 1X-oligomer compared to control demonstrates the
feasibility of CA 1X-S0456 in clinical translation as an image-guided surgery tool. The
findings in Figure 7F suggest the ROl is >2 fold in CA 1X-S0456 treated tumor core as
compared to tumor periphery. These results support a high binding affinity and specific
tumor uptake, faster normal tissue clearance, and low non-specific organ uptake of CA 1X-
oligomer.

3.9 Tumor growth inhibition and excellent safety of CA IX-C4.16+Sor in Evr-res tumor.

After confirming the in vitro anticancer activity, we finally examined the antitumor effect of
CA 1X-C4.16 NP in combination with Sor, to demonstrate the efficacy of combination
regimen in reversing Evr-resistance in RCC. The CA 1X-C4.16 NPs formulation inhibited
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the viability of WT and Evr-res A498 cells in vitro by stimulating various tumoricidal
pathways including induction of apoptosis, downregulation of pAKT and up-modulation and
education of M1macrophages. As shown in Figure 7G, CA 1X-C4.16 significantly inhibited
highly aggressive Evr-res A498 tumor in combination with Sor. The greater tumor growth
inhibitory effect of CA 1X-C4.16+Sor compared to control and individual treatments thus
opens an avenue that CA 1XC4.16 nano-therapy can resurrect Sor as a more efficient
anticancer therapeutic agent. Importantly, CA 1X-C4.16+Sor did not cause any necrosis or
morphological changes in tissue architecture of normal organs such as kidneys and liver
(Figure 7 J). The superior tumor penetration of CAIX-oligomer and efficient antitumor
effect of CA 1X-C4.16+Sor in different RCC tumor model underscore a viable strategy for
developing a smart therapy against drug resistant tumors with high safety profile. The
rational of choosing the combination of C4.16 and Sor is to target the divergent pathway of
RCC. C4.15 works through upregulation of CARP-1 protein, which is an inducer of
apoptosis[16]. Whereas, Sor is a multikinase inhibitor. Thus, treatment of C4.16 resurrects
the apoptosis pathway and Sor inhibits the tumor survival kinase signaling, resulting in the
synergistic induction of anticancer effect and reversal of drug resistance of RCC. The current
findings can support the claim that CA 1X-NPs loaded with anticancer payload can play a
universal role in overcoming drug resistance and repurposing current drugs in a more
efficient way.

4. Conclusions

In this study, we have demonstrated elevated expression of CA 1X in RCC that qualifies its
use as an excellent biomarker for targeted therapy and imaging. The combination of C4.16
and Sor have a superior synergistic cell killing in Evr-res RCC, which is due in part to
activation of caspase 3/7 protein and complete eradication of oncogenic AKT activation.
Combination of CA IX-C4.16 with Sor showed targeted delivery of payload in hypoxic
tumor resulting in induction of multimodal anticancer effects including, the resurrection of
apoptosis, reversal of drug resistance, and reprogramming of malfunction macrophages. This
NP could have a direct impact on developing newer therapies for treating RCC. We found
that CA 1X-C4.16 NP is suitable for intravenous administration with superior tumor
accumulation of CA IX-oligomer as compared to liver and demonstrated effective antitumor
response in Evr-res A498 tumor. Due to small molecular size and ease of chemical
functionalization, CA IX-oligomer can potentially be further explored for selective CA 1X
tumor targeting for the diagnostic use and RCC image-guided surgery in the clinical setting.
The tumor spheroid uptake study has clearly demonstrated excellent tumor core penetrating
ability of CA IX-targeting oligomer, which is a critical indicator of tumor stromal disruption
leading to better therapy response and immune modulation. In conclusion, the synergistic
therapeutic potential of CA IX-C4.16 and Sor combination and selective NIR imaging of the
CA IX anchored oligomer portend their promising potential towards developing better
therapeutics and diagnostic tools for clinical translation against deadliest drug resistant
RCC.
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Chemical synthesis of CA IX targeting oligomer
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Figure 1:

The general procedure for acetazolamide-oligomer (CA IX-SMA-TPGS) synthesis is shown.
The final ‘click’ reaction product, compound c has been used to encapsulate C4.16 or to
conjugate with S0456 or Rhodamine dye with -SH functional group to obtain CA IX-
oligomer.
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Figure 2. Nanoparticle formulation and characterization.
(A) Hydrodynamic size of targeted non-targeted SMA-TPGS-C4.16 and hypoxia targeting

CA IX-SMA-TPGSCA4.16 NP are shown. (B) The transmission electron micrographs shows
the morphology of non-targeted and targeted NP. (C) The zeta potential or surface charge on
the NPs by Dynamic Light Scattering (DLS) is shown. (Representative histogram of
hydrodynamic particle size and zeta potential (n=3). (D) MALDI/MS analysis of CA
IXSMA-TPGS and SMA-TPGS are shown. The increment of molecular weight in CA
IXSMA-TPGS (m/z 3126) compared to SMA-TPGS (m/z 2399), and their corresponding
fragmented peaks indicates the successful conjugation of ATZ to the SMA-TPGS polymer.
(E) In vitro drug release kinetics of CAIX-SMA-TPGS-C4.16 in PBS indicates that the
sustained release of C4.16 from the CAIX-SMA-TPGS-C4.16 NP as compared to free C4.16
with excipient, such as Kolliphor in PBS is shown.
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Figure 3. Hypoxia induced CA IX-overexpression in A498 cells and tumors to enable tumor core
penetration of CA IX oligomer.

(A) Immunohistochemistry of CA 1X-positive A498 RCC tumor xenografts collected from
tumor tissue section is shown. The intense bright green fluorescence indicates the rationale
for choosing CA IX as an excellent biomarker for RCC specific payload delivery. (B)
Western blot detection of CA 1X protein in A498 and EV-A498 RCC cells lysates after
normoxia and hypoxia (treated with cobalt chloride for 72 h) are shown. The fold up-
regulation of CA X expression in hypoxic WT and EV-res A498 RCC cells compared to
normoxia provides a solid foundation for delivering the payload into oxygen-deprived
regions and the hypoxic core of RCC tumor. (C) 3D spheroid uptake studies of hypoxia
targeted-oligomer (CA IX Rhod-B). Confocal microscope images of CA 1X Rhod-B treated
hypoxic A498 spheroid indicates tumor matrix penetration of CA 1X-oligomer. The
untreated and treated spheres were then photographed as noted in the methods section. Z-
stacking of the spheroid clearly indicates that fluorescence intensity is superior in 40-60 pum
section (core) as compared to 10 or 100 um (periphery). The highest fluorescence intensity
at the center (as indicated by arrow) of 3D- plot suggests that CA 1X-Rhod oligomer is
highly efficient to reach deep into the core of the tumor spheroid. (D) Z-stacking of the
spheroid at different sections from 10-100pum with CA 1X targeted formulations also reveals
similar findings as noted for the 40-60 um that had superior fluorescence intensity. Figure
(E) shows the untreated control experiments in comparison with CA IXRhod oligomer and
Figure (F) shows the overall shape and morphology of the spheroid along the three
dimensional (x, y, and z) axis.
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Figure 4. C4.16 and CA 1X-C4.16 are more efficient in inhibiting the growth of WT and Evr-res
A498 cells.

In vitro cytotoxicity assay of C4.16 and Sor on (A) WT and (B) Evr-res A498 indicates
C4.16 was more potent than the FDA approved drug, Sor and combining both drugs
C4.16+Sor demonstrated significantly lower cell viability. (C) The results also showed that
CA 1X-C4.16 is more effective in inhibiting the growth of A498 (WT and Evr-res) RCC cell
lines compared to Sor and Evr and support the notion that C4.16 is more potent than FDA
approved drugs in the RCC model. (D) Summary of ICgq value for all the tested drugs with
the tested RCC cell lines are shown in a tabular fashion. The data in the 1C5q columns
represent the mean of three independent experiments. Indicated A498 WT and their
respective Evr-res A498 cells were either untreated (control) or treated with a noted dose of
C4.16, Sor, Evr, and CA IX-C4.16 for 48 h. (E) High synergistic CI value of C4.16 in
combination with Sor supports the hypothesis of selecting the combination to treat RCC for
reversing the drug resistance. This data builds a rationale for using hypoxic core penetrating
CA 1X-C4.16+Sor to sensitize the drug resistant RCC. (F) Isobologram of CA 1X-
C4.16+Sor suggests high synergism combination treatment in RCC cells.
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Figure 5. (A) Molecular mechanism of cell death and resurrection of apoptosis:
Western blot analysis clearly indicates that C4.16+Sor combination completely wiped out P-

AKT level both in WT and Evr-res A498 cells. Cell were either kept untreated (control, C)
or treated with Evr, Sor, C4.16 or C4.16+Sor. (B) Up-regulation of caspase 7/9 with
(C4.16+Sor) treatment in Evr-res A498 cells indicates effective induction of apoptosis to
drug resistant cells as compared to control or individual treatment. The results support the
notion that (C4.16+Sor) combination is more effective in resurrecting apoptosis mediated
cell death. Data represent mean + SD, n=3 per group, ****p<0.01 vs. control. (C) Apoptosis
analysis of WT and Evr-res A498 cell by FACS using dual Annexin-V and 7-AAD staining.
The data indicates CA 1X-C4.16+Sor is superior in inducing apoptosis as compared to
control; CA 1X-C4.16 NP treated cells. (D) Histogram columns of both viable cells and
apoptotic cells indicates that CA 1X-C4.16 + Sor has more % apoptotic cell compared to CA
1X-C4.16 alone which support our hypothesis of the synergism in RCC cell killing.
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Figure 6. Reprogramming macrophages with CA 1X-C4.16+Sorafenib treatment.
(A) Schematic representation of the procol is shown. Raw-264.7 cells were placed into the

insert. Then, cells were polarized to M1-macrophage using IFN-y and LPS, and to M2-
macrophage using IL-4 recombinant protein. The scheme was modified from the original
protocol by Smith ef al. (B) Change of morphology of M1 and M2 macrophages supports
the polarization of Raw-264.7. (C) RT-PCR data clearly demonstrates the upmodulation of
the tumoricidal M1-macrophage marker (CD86, iNOS) and downmodulation of the
tumorigenic M2-macrophage marker (CD206, Arginase 1) in CA 1XC4.16+Sor as compared
to control and C4.16. The macrophage reprogramming ability of CA 1X-targeting NP builds
a rational of using (CA IX-C-4.16+Sor) as a potent antitumor immune-stimulatory agent for
RCC. (D) Change of morphology and reduction of Evr-res A498 density in M1-macrophage
and Evr-res A498 co-cultured condition, treated with CA XI+Sor suggests activated M1-
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macrophage mediated RCC cell death. (E) Treatment of CA IX+Sor educate the Raw-264.7
in inducing caspase 3/7 mediated apoptosis of Evr-res A498.
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Figure 7: Superior tumor specificity of CA IX-oligomer and combination antitumor efficacy

study in Evr-res A498 xenograft RCC model.

(A and C) Superior tumor accumulation of CAIX oligomer (CA 1X-S0456) as compared to
control (S0456) in Evrres A498 tumor xenograft model is shown. (B) Biodistribution (Bio-
D) study of CA 1XS0456 showed superior tumor specificity and low non-specific liver
uptake in Evr-res A498 tumor bearing mice. The control, S0456 showed poor tumor
accumulation with high off-target activity. (D) Further to demonstrate the tumor core
penetration of NIR dye, the isolated Evr-res A498 tumor was transversely sectioned into 3
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parts; the brightest fluorescence intensity at the middle (core) section confirmed the
excellent hypoxic tumor core penetration ability of CA 1X-S0456 compared with non
targeted control. (E) Significantly high tumor accumulation (more than 3-fold) of CA IX-
oligomer compared to control suggests the high tumor specificity of the oligomer. (F)
Quantification of fluorescent ROI indicates CA 1X-oligomer had significantly high tumor
core penetration and accumulation as compared to its periphery. The results suggest the
importance of CA IX-oligomer in selective RCC tumor targeting ability. (G) CA
IXC4.16+Sor showed significant tumor growth inhibition compared to vehicle(control), Sor,
and CA 1X-C4.16 in Evr-res A498 xenograft tumor. The remarkable tumor growth
suppression of combination therapy supports the rationale of using CA IX targeting nano-
formulation as the delivery vehicle of potent drugs such as C4.16. The data is represented as
average values from four animals in the respective group, bars, SE, significant where
*p<0.05 vs. Control. (H) Histopathologic (H&E staining) examination was done to
determine the toxicity of therapeutic drugs on livers and kidneys at the end of the
experiments. The images indicate that there is no significant sign of necrosis or loss of tissue
architectural in vehicle control and CA 1X-C4.16+Sor treated tissues indicating safety of the
formulations.

Biomaterials. Author manuscript; available in PMC 2019 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Alsaab et al. Page 33

Step 1: CA IX-SMA-TPGS NPs formation N Step 2: L.V. injection of CA IX-SMA-TPGS NPs
e y ——F for CA IX high expression cancer cells as RCC

Hypoxia ?
CAIX Expression?
Near Infra Red Dye

O NN

e L N
SMA-TPGS copolymer d /T’;'Id Targ?t
¢ homing NP.

Step 3: CA IX NPs deep

Hydrophobic Drug (C4.16) RCC tumor penetration

A AAA

CAIX Homing Ligand Step 4: CA 1X-C4.16+Sor

synergistic effect

Step 5: Cancer cell death

Scheme 1:
Summary of tumor hypoxia directed nanotherapy in combination with Sorafenib for

achieving multiple benefits against cancer, such as reversing drug resistance, inducing
apoptosis and reprogramming macrophages.
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Table 1
Characterization of Nanoparticles.
Sample CMC Hydrodynamic size (nm) | PDI Zeta potential (mV) | EE (%)
(mg/ml)
CA IX-SMA-TPGS- | 0.021 159.5+20nm 0.094+0.05 | -10.21+4 75.5%12
C4.16 (Targeted)
SMA-TPGS-C4.16 0.010 105.2+31nm 0.165+0.07 | -7.86+4 85+9.8

(non-targeted)

Page 34

Abbreviations: C4.16, CARP-1 Functional Mimetics; SMA, styrene maleic acid; TPGS, d-a-tocopheryl polyethylene glycol succinate; ATZ,
Acetazolamide; CMC, critical micelle concentration; PDI, polydispersity index; EE, encapsulation efficiency.
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