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Abstract

Upregulation of NADPH oxidases (NOXs) in cancer cells leads to chronic increase in intracellular
reactive oxygen species (ROS) and adaptation to a high ROS level for cell survival and, thereby,
low sensitivity to radiotherapy. To overcome resistance to radiotherapy, we have developed a
bioactive and CD44 targeted hyaluronic acid nanoparticle encapsulated with an NOX inhibitor,
GKT831 (HANP/GKT831). We found that HANP/GKT831 had stronger inhibitory effects on
ROS generation and cell proliferation than that of GKT831 alone in cancer cells. Systemic
delivery of HANP/GKT831 led to the targeted accumulation in breast cancer patient derived
xenograft (PDX) tumors in nude mice. Importantly, the combination of systemic delivery of
HANP/GKT831 with a low dose of local radiotherapy significantly enhanced tumor growth
inhibition in breast cancer PDX models. Our results showed that HANP/GKT831 primed tumor
cells to radiation-induced DNA damage and cell death by downregulation of DNA repair function
and oncogenic signal pathways.
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About 50% of cancer patients with solid tumors received radiotherapy alone or in
combination.! Radiotherapy induces DNA damage in cancer cells directly by high-

energy X-ray-induced DNA double-strand breaks and indirectly through ionizing water
molecules to produce reactive oxygen species (ROS).23 Extensive DNA damage activates
the DNA damage response, cell cycle checkpoint, and apoptotic cell death.34 During
tumorigenesis, genetic mutations, alternations in signal pathways, and changes in the
tumor microenvironment confer resistance to radiation therapy in human cancers.14
Clinical significance of effective cancer therapeutic approaches for overcoming resistance
to radiotherapy has attracted extensive investigations into tumor responses to radiotherapy,
resistant mechanisms, and radiosensitizing agents.” Increasing evidence showed that tumor
hypoxia, increased DNA repair, and upregulation of a survival pathway contribute to a poor
response to radiotherapy.#-6.8-11

Inorganic nanoparticles synthesized from high atomic number materials produce secondary
electrons after absorbing X-ray energy and directly cause DNA damage.12-15 Nanoparticle-
induced production of ROS and oxidative stress in tumor cells further enhance the response
to radiation. The radiosensitizing effect of gold nanoparticles has been demonstrated in
mouse tumor models.12:13 Nanodroplets carrying oxygen and gold nanoparticles enhanced
ROS production and DNA damage and improved the efficacy of radiotherapy in a mouse
mammary tumor model.16 Currently, hafnium oxide (NBTXR3) and gadolinium (AGulX)
nanoparticles have been approved for clinical trials in cancer patients to enhance the

effect of radiation therapy.141° Several chemotherapeutic drugs sensitize tumor cells

to radiotherapy by induction of DNA damage, inhibition of DNA repair, and ROS
production.817 PEGylated (PEG = poly(ethylene glycol)) liposomes carrying doxorubicin
and cisplatin enhanced the therapeutic effect in head and neck cancer xenografts.18 A
combination of nanoparticle—camptothecin conjugates with radiation produced a strong
chemoradiotherapy effect by inhibiting DNA repair.1® Nanometal-Organic frameworks
incorporated with a mitochondria targeting agent, ruthenium, that generated high levels of
hydroxyl radicals and singlet oxygen upon radiation, enhanced the effect of radiodynamic
therapy in mouse colon cancer models.20

Redox status in normal cells is tightly controlled to keep a balance between the production
and neutralization of ROS. A significant increase in intracellular ROS can activate cell
death.21.22 Radiotherapy induces cell death by ROS and DNA damage-induced stress
response.2122 Current approaches for enhancing the effect of radiotherapy mostly rely

on increasing ROS, enhancing DNA damage, and reducing DNA repair,4-6:9-16,18-20,23,24
However, tumor cells have increased cell stress response and ROS production.4-6.9-11
Chronic oxidative stress and upregulation of intracellular ROS induce a redox imbalance
in tumor cells that alters signal pathways that regulate cell proliferation, survival, and

ACS Nano. Author manuscript; available in PMC 2023 November 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhu et al.

Page 4

metabolism, enabling tumor cells to adapt to a high level of oxidative stress for cell survival
that is insensitive to ROS-induced cell death.21:22:25.26

The presence of a hypoxic tumor microenvironment limits ROS production for induction

of cell death.1! Thus, those tumor cells are resistant to therapeutic agents with their effects
mediated by ROS induction. Furthermore, tumor cells developed resistant mechanisms in
DNA repairing, ROS scavenging, tumor metabolism, and cell death/survival pathways.1:24.9
Therefore, the development of cancer therapeutics that act upon ROS-dependent survival
signals, enhance DNA damage, and downregulate DNA repair in cancer cells hold great
promise for overcoming radioresistance in human cancer.

NADPH oxidases (NOXs) and mitochondrial respiration are the major sources of
intracellular ROS.27 NOXs catalyze the transfer of electrons from molecular oxygen across
biological membranes.2”28 Among the NOX family members, NOX1 is responsible for

an elevated ROS level in 80% of human breast cancers.2® Additionally, overexpression

of NOX4 in normal breast epithelial cells potentiated tumorigenic transformation, and

its overexpression in breast cancer cells further increased tumorigenicity.3%:31 However,
inhibition of NOX1 or NOX4 could reduce cancer cell proliferation and suppress tumor
growth in vivo.32 The antitumor effect was mediated by inhibition of ROS and modulation
of tumor metabolism.33 Moreover, NOX1 and NOX4 are critical mediators involved

in the hypoxia-induced chemo- and radio-resistance via activation of hypoxia-inducible
transcription factor alpha (HIF-a).34 Previous reports showed that upregulation of NOX1
and/or NOX4 enabled tumor cells to better cope with the redox stress by activation of
MAPK, PI3K, NF-xB, and JAK/Stat pathways and by metabolic reprogramming, leading

to low sensitivity to chemotherapeutics and radiation.28:32-34 |ncreasing evidence supports a
paradoxical approach for overcoming radioresistance by inhibiting the ROS signal that plays
an important role in tumor cell survival and stress responses.?1:22:26.28,32,33 The potential for
inhibition of NOX signal pathways in overcoming radioresistance is supported by study
results from cancer cells and animal tumor models.141625.28.32.33,35 Antitumor effects

of small-molecule NOX inhibitors have been demonstrated in animal tumor models.32:35
Setanaxib or GKT831 is a dual NOX1 and NOX4 inhibitor3® with a minimal effect on NOX
2, 3, or 5.32:36 Upregulation of NOX4 is also the major driver of inflammation-induced
fibrosis and tumor-associated fibroblasts.3>-37 The effect of GKT831 on the inhibition

of inflammatory fibrosis has been demonstrated in mouse models and human patients.
Currently, GKT831 is the only Food and Drug Administration (FDA) approved NOX
inhibitor in phase 11/111 clinical trials for pulmonary and kidney fibrosis and primary

biliary cholangitis.36:37 It has been shown that upregulation of NOX4 in tumor-associated
fibroblasts of human cancer tissues is associated with poor survival.3®> Downregulation of
NOX4 using siRNA or GKT831 inhibited tumor growth in a mouse lung cancer model.3°

In this study, we developed a hyaluronic acid nanoparticle (HANP) encapsulated with
GKT831 (HANP/GKT831) and evaluated its effect on tumor cells in vitro and breast cancer
patient derived xenograft (PDX) models in vivo. Hyaluronic acid (HA) is a polysaccharide
synthesized by cells as a high molecular weight form (HMW-HA, 1000-8000 kDa) and then
degraded into low molecular weight fragments (LMW-HA, 20-250 kDa) by hyaluronidase
I1 (Hyal 2) on the cell membrane. LMW-HA then interacts with CD44 receptor on the
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cell surface to be internalized into endosomes for degradation by hyaluronidase | (Hyal
1).38:39 Conjugation of a hydrophobic molecule, such as 54-cholanic acid (58-CA), to
LMW-HAs induces self-assembling into a reel of thread-like nanoparticles (HANPS), with

a hydrophilic surface and hydrophobic caves within for drug encapsulation.*%:41 Results of
our study showed that HANP-encapsulated GKT831 had a stronger inhibitory effect on ROS
generation and cell growth in human cancer cell lines than that of GKT831 alone. In breast
cancer PDX models, systemic administrations of HANP/GKT831 significantly enhanced the
therapeutic effect of radiation on the PDX tumors.

Levels of NOX1 and NOX4 Were Upregulated in Human Breast Cancer Tissues.

To determine whether targeting the redox imbalance in tumor cells by inhibiting NOX
pathway is a valid approach for the development of a cancer therapeutic agent, we examined
the levels of NOX1 and NOX4 in representative human breast cancer and normal tissues.
We found a low level of NOX1 expression in the normal breast ducts, but the expression
level increased 1.9-2.1-fold in triple negative breast cancer (TNBC) and estrogen receptor
positive (ER+) tumors (Figure 1A). Normal breast ducts had a very low level of NOX4.
However, the level of NOX4 upregulated 3.6-5.2-fold in TNBC and ER+ primary and
metastatic tumors compared to the normal breast ductal epithelial cells (Figure 1A).

Radiation Increased the Level of NOX4 in Breast PDX Tumors and Cancer Cells.

To assess the effect of radiation on the levels of NOX1 and NOX4 expression, we analyzed
residual tumors of the breast VII PDX model after radiotherapy. We found that radiotherapy-
resistant tumors had a slightly increased level of NOX1. However, the level of NOX4 in the
resistant tumors was 2.34-fold higher than that in the control tumor (Figure 1B). Results of
a western blot analysis also showed a twofold increase in the level of NOX4 protein in cell
lysates of MCF-7 human breast cancer cells 4 h after 5 Gy of radiation (Figure 1B). Thus,
inhibition of the level and function of NOX1 and NOX4 offers an opportunity to modulate
the elevated ROS and enhance the effect of radiotherapy on resistant cancer cells.

Characterization of Biophysical and Biological Activities of HANP/GKT831 In Vitro.

To develop an effective therapeutic agent inhibiting the NOX-ROS pathway, we produced
a bioactive and biocompatible HANP encapsulated with GKT831, a dual NOX1/NOX4
inhibitor,32:36 using an established protocol2 (Figure 2A). The hydrophobic GKT831
molecules were loaded into HANPs with a drug loading efficiency of 90.07 + 3.15%, and
a high load capacity of 18% of the nanoparticle weight, determined by a high-performance
liquid chromatography (HPLC) analysis. A dynamic light scattering analysis determined
the hydrodynamic size of HANP at 187 + 18 nm and HANP/GKT831 at 204 + 15 nm in
diameter (Figure 2B), which are consistent with transmission electron microscopy (TEM)
images (Figure 2B inset and Figure S1). The stability of HANP/GKT831 in different buffers
was evaluated by monitoring nanoparticle sizes for two weeks. As shown in Figure S2, we
did not find apparent changes in the dispersion and diameters of HANP/GKT831 during
the study. There were no obvious morphology changes after storage of HANP or HANP/
GKT831 at 4 °C for one month (Figure S1).
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Next, the uptake of near-infrared (NIR) 830 dye-labeled HANP/GKT831 in tumor cells

was determined in the Breast VII PDX-derived tumor and breast cancer MCF7 cell lines.
Following 4 h of incubation of NIR 830-HANP-GKT831 with tumor cells, high levels of
NIR fluorescence signals were observed in both cancer cells (Figure S3A). To determine
whether the HANP carrier increases the efficacy of drug delivery, the amount of GKT831

in MCF7 cells was quantified using HPLC. HANP/GKT831-treated cells had 3.6 times
higher level of GKT831 than that in cells treated with free GKT831 (Figure S3B,C). Then,
we examined the effect of HANP/GKT831 on the level of ROS production in cancer cells
using a diacetyldichlorofluorescein (DCFH-DA) ROS assay*3 to measure intracellular H,0,,
which was generated directly from NOX4 activity and indirectly from NOXZ1-induced O2-~
that was converted to H,0, by superoxide dismutase.2”-28 Twenty-four hours following
HANP/GKT831 treatment, the level of ROS was significantly reduced in MCF-7 cells
(Figure 2C). In comparison with the no-treatment control, there was a 50% inhibition of
ROS in cells treated with 1 ¢M of GKT831 equiv HANP/GKT831. Higher concentrations
(8-16 1M) of HANP/GKT831 resulted in 73-75% ROS inhibition. However, without an
HANP formulation, 1-16 M of GKT831 led to 21-27% ROS inhibition (Figure 2C). These
results indicated that the HANP formulation of GKT831 is critical for its effect on inhibition
of ROS production in cancer cells.

Next, we determined the release profile of GKT831 from HANP/GKT831 in vitro (Figure
2D). The cumulative release of GKT831 from the HANP/GKT831 complex under an acidic
condition (pH = 5.0) was calculated as 68.6 £ 10.9% (w/w) in the presence of native
hyaluronidase, and 56.0 £+ 7.4% (w/w) of GKT831 was found without hyaluronidase in
the first 6 h. 82.4 + 7.1% of GKT831 was released from HANP/GKT831 in the presence
of hyaluronidase after 20 h of incubation, which is about 1.7-fold higher than that of
GKTB831 in the absence of hyaluronidase, suggesting this GKT831 release is enhanced

by hyaluronidase. Because native hyaluronidase is active under acidic conditions in the
endosomes/lysosomes in cells, CD44 targeted internalization into tumor cells ensures the
release of GKT831 in tumor cells but not in the blood circulation and normal organs and,
thereby, reduces systemic side effects in vivo.

HANP/GKT831 Inhibited the Growth of Cancer Cells but Not Normal Fibroblasts.

We investigated the effect of HANP/GKT831 on the proliferation/cytotoxicity of
representative human cancer cell lines, including ER+ breast cancer MCF-7 and Breast VII
PDX-derived tumor cell lines, and pancreatic cancer PANC 11 PDX-derived tumor cell line.
A normal human dermal fibroblast cell line (HDF) was used as a control. A dose-dependent
inhibition of tumor cell growth was observed in all three tumor cell lines following HANP/
GKT831 treatment using GKT equivalent doses from 0.125 to 16 M (Figure 2E-G). The
half-maximal inhibitory concentration (ICsp) of HANP/GKT831 was 0.45 M in Breast
VII PDX tumor cells and 2.0 zM in MCF-7 cells. The inhibitory effect of HANP/GKT831
was also detected in the PANC Il PDX tumor cells with a low I1Csq of 0.38 ¢M (Figure

S4). However, conventional GKT831 had a weak activity on tumor cells. The ICgq of
GKT831 was 9- and 13-fold higher than that of HANP/GKT831 in PANC Il and Breast VI
tumor cells, respectively. MCF-7 cells had a relatively lower sensitivity to HANP/GKT831.
GKT831 failed to reach the 1Cs value even at a high concentration of 16 M. One of the
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differences among these three cell lines is that the MCF-7 cell line has a wild type p53,44
but the breast and pancreatic PDX tumors have a high percentage of tumor cells with mutant
p53 proteins. Furthermore, neither GKT831 nor HANP/GKT831 showed a significant effect
on the proliferation of normal HDF cells.

To determine whether HANP/GKT831 induced tumor cell death is mediated by apoptosis,
the Breast VII PDX tumor cells were treated with HANP, free GKT831, and HANP/
GKTB831 for 72 h, and the apoptotic cells were quantified by using an Annexin V/7AAD
apoptosis assay and flow cytometry. As shown in Figure S5, the HANP/GKT831 treatment
induced 27.4% of apoptotic cells. Including the late-stage apoptosis/necratic cells resulted
in a total of 44.6% of tumor cells death. However, a free GKT treatment led to 9.1%

of the apoptotic cell death. HANP carrier-treated cells had 12% of the apoptotic cells.
Collectively, our results suggest that HANP/GKT831 has the potential for the development
of an NOX-ROS targeted cancer therapeutic agent that inhibits proliferation and induces
apoptosis in tumor cells.

HANP/GKT831 Efficiently Accumulated in Breast PDX Tumors Following Systemic
Administration.

The efficiency of targeted delivery and the intratumoral and systemic distribution of HANP/
GKT831 were examined in representative breast cancer PDX models. We found that
both primary cancer and PDX tumor tissues expressed a high level of CD44 and had a
large number of fibroblast active protein positive (FAP+) cells (Figure 3A). Most FAP+
stromal fibroblasts also expressed an intermediate level of CD44 (Figure 3A). Following
an intravenous (i.v.) injection of NIR 830 dye-labeled HANP/GKT831 into nude mice
bearing orthotopic Breast VII PDX tumors for 24 h, whole-body fluorescent imaging
detected a strong signal in tumors (Figure 3B). Ex vivo imaging of collected tumors and
normal organs showed NIR signal in tumors. Most normal organs had a very low signal,
except the liver (Figures 3B and S6). Since HAs are cleared out from the blood through
hyaluronan receptor-mediated endocytosis by the liver sinusoidal endothelial cells and
Kupffer cells,38:39 detection of a high level of signal in the liver is likely due to uptake
and clearance of HANPs in the liver.

Examinations of intratumoral distribution of HANPs by immunofluorescence labeling and
fluorescence microscopy revealed a high level of NIR 830-HANP/GKT831 in tumor tissues.
An intermediate level of NIR 830-HANPs was detected in the stroma near tumor vessels
(CD31+) (Figure 3C). Strong NIR signals were detected in the tumor cell nests and even

in the avascular tumor area and necrotic center (Figure 3C). Importantly, colocalization

of HANPs with CD44+ and CK18+ tumor cells was detected (Figure 3D). Although
nonspecific uptake by intratumoral macrophages was commonly found in many types of
nanoparticles, the majority of the NIR 830-HANP positive cells were not colocalized with
CD68+ macrophages, suggesting that HANPs had a low level of nonspecific uptake by
tumor-associated macrophages (Figure 3D). Furthermore, an intermediate level of NIR 830-
HANP/GKT831 signal was detected in the liver (Figure 3E). However, most of the scattered
HANP-containing cells were not colocalized with CD68+ and CD163+ Kupffer cells, which
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is consistent with the clearance of the majority of HAs by the liver sinusoidal endothelial
cells (Figures 3E and S6B).

Systemic Delivery of HANP/GKT831 Significantly Enhanced Therapeutic Responses of
Therapy-Resistant Breast Cancers to a Low-Dose Radiation Therapy.

Breast VIl and 1X PDX tumors were derived from ER+ tumor tissues that were resistant

to multiple chemotherapy drugs. Breast PDX tumors were implanted in the right and left
mammary fat pads of each mouse (Figure 4A). Twenty-four hours following i.v. delivery

of HANP/GKT831, 2 Gy of radiation was applied to one side of the PDX tumors (Figure
4A). The above procedure was repeated weekly for five treatments for a total of 10 Gy of
radiation. Although the treatment started when Breast VII PDX tumor sizes were large
(~200 mm3), the combination of HANP/GKT831 with radiation significantly inhibited
tumor growth, which led to 18% of tumor regression compared to the starting tumor volume.
However, the tumor volume in the no-treatment control group increased 261% compared to
its initial tumor size, which represented a 3.19-fold increase in the tumor volume compared
to the HANP/GKT831+radiotherapy (RT) treated tumors (Figure 4B). There was 68.7% of
tumor growth inhibition in the HANP/GKT831+RT group compared to the no-treatment
control. In contrast, the PDX tumors showed a poor response to single therapies using
GKT831, HANP/GKT831, radiation, or GKT831+RT. RT alone results in 19.9% of tumor
growth inhibition, while GKT 831 or HANP/GKT831 inhibited tumor growth for 7.5%

or 8.8% compared to the no-treatment control. The GKT831+RT treatment had 13.4% of
tumor growth inhibition, which was not statistically significant (o= 0.55). Furthermore,
HANP/GKT831+RT treated mice had 60.9% or 63.8% of tumor growth inhibition compared
with the mice treated with radiation alone or GKT831+RT (Figure 4B upper).

Breast IX PDX tumors had a modest response to 10 Gy of radiation that led to a

31% reduction in tumor growth compared to the no-treatment control. However, HANP/
GKT831+ RT inhibited tumor growth for 73.9% or 81.9% compared to radiation alone or
the no-treatment control (Figure 4B lower). GKT831 alone only slowed the tumor growth
inhibition by 3.7%. HANP/GKT831 alone showed 40% of tumor growth inhibition, but
the antitumor effect is not statistically significant compared with the control. In this PDX
tumor, the GKT831+RT treatment also resulted in a significant tumor growth inhibition of
44.2% (Figure 4B, lower). The result of our study showed that HANP/GKT831 or HANP/
GKT831+RT treatment at the current therapeutic dose did not have apparent systemic
toxicity, since there was no body weight change in mice of all experimental groups during
the treatment (Figure 4C).

Evaluation of Therapeutic Responses in Tumor Tissues Using Histological and
Immunofluorescence Analyses.

Breast PDX tumors collected 5 d after the last treatment were analyzed for Ki67+
proliferating cells. Breast VII PDX tumor was an aggressive tumor with 83.2 £ 10.1%

of proliferating cells. Following five weekly combination therapies of HANP/GKT831+RT,
Ki67+ proliferating cells significantly decreased to 20.0 £ 3.4% (Figure 5A). Although the
tumor volumes in mice treated with GTK831, RT, or GKT+RT only reduce slightly, the
treatments had inhibited cell proliferation with 51.9 + 6.5%, 53.7 £ 9.0%, and 40.5 + 6.7%
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of Ki67+ proliferating cells, respectively (Figure 5A). HANP/GKT831 alone reduced Ki67+
cells to 34.0 + 4.4% (Figure 5A). Furthermore, using an antiactive caspase-3 antibody,

we found the highest level of the apoptotic cells in HANP/GKT831+RT-treated tumors
(52.3 £ 13.8%), while significantly lower levels of apoptotic cells were detected in the
control groups, including the nontreated control (3.8 + 3.3%), GKT831 alone (3.3 £ 2.2%),
GKT831+RT (15.9 + 4.0%), HANP/GKT831 (4.9 £ 3.6%), and radiation alone (8.2 +
3.8%). The tumor suppressor gene, p53, plays an important role in DNA repair, cell cycle,
and apoptosis. 23 Since wild type p53 protein has a short half-life, detection of the p53
protein in tumor tissue sections has been considered as an indication of the accumulation of
mutant p53 proteins.#> Immunofluorescence labeling showed 60% of p53+ cells in Breast
VIl PDX tumor tissues without treatment (Figure 5C). Radiation, GKT831, or GKT831+RT
treatments slightly increased p53+ cells. However, HANP/GKT831 or HANP/GKT831+RT
treatment significantly reduced the percentage of p53+ cells in tumors to 17 and 21%,
respectively, suggesting that tumor cells with a mutant p53 were more sensitive to HANP/
GKT831 (Figure 5C). Breast cancer cells expressing a high level of CD44 and a low level
of CD24 (CD44*+*/CD247*) have been defined as cancer stem-like cells.#6 The biological
significance of cancer stem-like cells in tumor progression and therapy resistance has been
demonstrated in many types of human cancers.” We found that Breast VIl PDX tumors had
a high level of CD44+++/CD24~"* cancer stem-like cells. HANP/GKT831 treatment alone
slightly reduced CD44***/CD247 cells and switched to mostly CD44***/CD24*2 tumor
cells. Radiation or GTK831+RT treatment also reduced the percentage of CD44*** cancer
cells, but residual tumor cells retained a CD44***/CD24~/* stem-like phenotype (Figure
5D). However, HANP/GKT831+RT markedly reduced the level of CD44*** tumor cells,
and residual tumor cells expressed a high level of CD24, a noncancer stem cell population
(Figure 5D).

HANP/GKT831 Induced DNA Damage and Increased the Level of yH2AX in Tumors.

Detection of yH,AX in cells has been used as a specific and sensitive molecular marker

for double-strand DNA damage.*® Radiation alone in the Breast VIl PDX tumors slightly
increased the level of yH,AX by 1.6-fold in tumor cells. GKT831, GKT831+RT, or HANP/
GKTB831 treatment further increased the levels of yH,AX in tumors to 2.0-, 2.4-, or 2.6-
fold, respectively (Figure 6A). Furthermore, the highest level of yH,AX was detected in
tumors treated with HANP/GKT831+RT, and there was a 4.3-fold increase compared to the
no-treatment control (Figure 6A). The effect of HANP/GKT831+RT treatment on increasing
the level of yH,AX was further confirmed by a western blot analysis of cell lysates obtained
from treated MCF-7 cancer cells (Figure 6B). Radiation or HANP/GKT831 increased the
protein level of yH,AX by 1.5-fold. HANP/GKT831+RT showed 2.4- to 3-fold increases in
the level of yH>AX in tumor cells (Figure 6B).

To elucidate the mechanism by which HANP/GKT831 enhanced the response to radiation in
tumor cells, gene expression profiles of MCF-7 cells were analyzed by Nanostring. Results
showed that all genes in the DNA repair pathway were downregulated dramatically for 2- to
over 32-fold after an HANP/GTK831 or HANP/GKT831+RT treatment (Figure 6C). HANP/
GTK831, without or with in combination with radiation, had a similar level of inhibition

of DNA repair genes, suggesting that HANP/GTK831 played a major role in blocking
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DNA repair function. Radiation had a minimal effect on the expression of those genes.
Additionally, HANP/GKT831 decreased the level of p53 gene expression in MCF-7 cells
that have a wild type p53 gene. Next, the levels of gene expression profiles of the Breast
VII PDX tumors collected 5 d after five weekly treatments were examined by RNA-seq
analysis. Consistent with the result observed in breast cancer cells in vitro 4 h after RT,

the level of yH,AX gene expression increased in HANP/GKT831 or HANP/GKT831+RT-
treated tumors (Figure 6C). The levels of many DNA repair genes were decreased mostly
in HANP/GKT831- or HANP/GKT831+RT-treated tumors (Figure 6C). Since the DNA
damage response occurs early after radiation, the levels of downregulation of DNA repair
genes in tumors 5 d after the last HANP/GKT831 treatment were not as strong as that in
the treated MCF-7 cells. However, radiation slightly increased the levels of expression of
some DNA repair genes in the tumor (Figure 6C). Therefore, results of this study suggest
that HANP/GKT831 treatment inhibited DNA repair function in tumor cells, which primed
sensitivity of tumor cells to DNA damaging agents, such as radiation.

HANP/GKT831 Treatment Modulated Tumor Stromal Fibroblasts and Macrophages.

The NOX4-ROS signal plays an important role in activation and proliferation of tumor-
associated fibroblasts.3® We found that GKT831 treatment significantly reduced the level of
FAP+ and alpha-smooth muscle actin (a-SMA) + fibroblasts in tumor tissues, suggesting
that GKT831 was able to enter the tumor stroma to reach a concentration that inhibited
fibroblasts, especially FAP + fibroblasts (Figure 7A). HANP/GKT831 had a similar
inhibitory effect on FAP+ and a-SMA + fibroblasts in tumors. However, a marked inhibition
of active fibroblasts by GKT831 or HANP/GKT831 did not have a significant effect on the
tumor growth in the Breast VII PDX model. Although radiation therapy modestly increased
the levels of both FAP+ and a-SMA+ fibroblasts in tumor tissues, the combination of RT
with GKT831 or HANP/GKT831 could significantly inhibit the levels of both types of
fibroblasts (Figure 7A).

Tumor-associated macrophages are involved in aggressive biology, tumor invasion, and
metastasis and are resistant to therapy.4° Our results showed that GKT831+RT-, HANP/
GKT831-, or HANP/GKT831+RT-treated tumors had significantly reduced levels of
CD68+ macrophages in tumors (Figure 7B). Importantly, the numbers of CD163+ M»-like
macrophages#9-50 were significantly decreased following treatment with HANP/GKT831 or
HANP/GKT831+RT (Figure 7B). Radiation also inhibited CD163+ macrophages in tumors
(Figure 7B).

Bioactive HANP/GKT831 Sensitized Tumor Cells to Radiation by Inhibition of Oncogenic
Signaling Pathways.

We further investigated molecular mechanisms of HANP/GKT831 enhanced responses

to radiotherapy by an analysis of gene expression profiles of breast cancer cells in

vitro and PDX tumors following different treatments. Following treatment of MCF-7

cells with a cytotoxic dose (4 pM of GKT831 equiv) of HANP/GKT831 for 24 h, and

then RT for 4 h, RNAs were isolated from cells for a gene expression analysis using
Nanostring. We found that HANP/GKT831 or HANP/GKT831+RT treatment significantly
downregulated the levels of many genes in the oncogenic pathways that are associated
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with cell proliferation/cycle, apoptosis, survival, and resistance to chemo- and radiotherapy
samples (Figure 8). For example, the levels of signal molecule genes that are associated with
resistance to radiation, such as KRAS, EGFR, IGF-1R, PI3K/AKT/mTOR, MAPK, Notch,
TGF-p, and STAT,*57:51 were markedly decreased in the treated tumor cells (Figure 8A-
D,F,H). Overexpression of TTK protein kinase that regulates cell division has been shown
to correlate with early tumor recurrence after radiotherapy. Inhibition of TTK impaired
homologous recombination of DNA, and it radiosensitizes breast cancer to radiotherapy.>?
Interestingly, HANP/GKT831 treatment decreased the level of TTK gene expression by
30-fold (Figure 8C). On the other hand, there was a fourfold increase in the level of the
suppressor of cytokine signaling (SOCS1) gene, which inhibits STAT3 to enhance radiation-
induced DNA damage and improve response to radiotherapy®3 (Figure 8H). HANP/GKT831
or HANP/GKT831+RT induced fourfold increases in the expression level of TNF, an
apoptosis-inducing gene.>#5% Furthermore, the expression levels of cell cycle regulating
genes, including cyclins (CCNA, B, D, E), CDC25 (A, B, C), CDK (4, 6), and CHEK

(1, 2), were significantly inhibited (Figure 8C). However, the level of the growth arrest

and DNA-damage-inducible protein (GADD45A/G) that is associated with an increased
response to radiotherapy in human cancers®® was elevated 8- to 16-fold in HANP/GKT831
or HANP/GKT831+RT treated tumor cells compared to the no-treatment control (Figure
8C). Additionally, the ability of targeted delivery in CD44 expressing tumor cells resulted

in downregulation of cancer stemness signals in the WNT pathway (Figure 8E). HANP/
GKT831 and HANP/GKT831+RT also decreased the expression levels of genes controlling
epigenetic regulation of gene transcription that are associated with an aggressive tumor
biology, such as the DNA methyl transferases (DNMTSs) and histone deacetylases (HDACS)
(Figure 8G). Interestingly, many genes regulating stromal fibroblasts and extracellular
matrix proteins were downregulated in HANP/GKT831- or HANP/GKT831+RT-treated
cells (Figure 81). Results of the above gene expression analysis in tumor cells in vitro
revealed HANP/GKT831 or RT-induced signal changes at the early stage of the treatment.

To determine changes in the regulation of gene expression in residual breast PDX tumors

5 d after we completed five weekly treatments, RNAs isolated from the PDX tumors were
analyzed by RNaseqg. In the PDX tumors that showed a good response, the residual tumors
were small and had increased tumor stroma. Results of gene expression profiles were
different from those detected in culture tumor cells 24 h after HANP/GKT831 and 4 h
following RT treatment. We found that the levels of expression of many genes that promote
tumor growth and therapy resistance were downregulated in tumors treated with HANP/
GKT831+RT. The expression levels of several representative genes that promote tumor cell
proliferation and survival, such as EGFR, PI3K (PIK3R3), MAPK3, STAT1, high mobility
group A2 (HMGAZ2), lysophosphatidic Acid Receptor (LPAR1), and cyclin D (CCND?2),
were decreased in tumors treated with HANP/GKT831+RT>728 (Figure 9A,B). HANP/
GKT831+RT treatment increased levels of cyclin-dependent kinase inhibitors (CDKN1A,
2A, 2B) that inhibit cell proliferation, but GKT831 decreased the expression levels of

those genes (Figure 9B). Importantly, HANP/GKT831+RT treatment downregulated the
expression of genes associated with cancer stem cells and drug and radiation resistance, such
as WNT, CD44, TWIST2,59 and ABCA2 (Figure 9C). Additionally, the combination therapy
of either GKT831+RT or HANP/GKT831+RT showed a strong inhibitory effect on the
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expression of genes that regulate tumor stromal fibroblasts and extracellular matrix, such as
FGF, FGFR, hyaluronan and proteoglycan link protein 3 (HAPLN3),%0 and laminin subunit
a S (LAMADB) (Figure 9D). The above treatments also decreased the levels of expression
of the Chitinase 3-like 1 (CHI3L1) gene, which is associated with tumor metastasis and
immune suppression in the tumor stromab? (Figure 9D). Furthermore, the combination
therapy significantly downregulated the expression levels of proinflammatory and tumor-
promoting genes, such as COX2, S100 (AB, A9), and TGFBI (Figure 9D). Although

in vivo efficacy studies were conducted in immunodeficient nude mice bearing PDX
tumors, the combination therapy of GKT831+RT or HANP/GKT831+RT downregulated
the levels of proinflammatory, tumor promoting, and immunosuppressive cytokines, such
as CXCL1, CXCL2, CXCL3, and IL1A, or cytokine receptors (IL1R, IL22R, IL6R and
CSF3R). The lysyl oxidase (LOX) family of proteins modify stromal collagen and elastin to
enhance tumor cell invasion.52 HANP/GKT831 and in combination with RT decreased the
level of LOX gene expression (Figure 9E). HANP/GKT831+RT or GKT831+RT treatment
increased the levels of cytokines and toll-like receptors (TLRs) that increase immune cell
infiltration and activity and activation of tumor immune response, including CXCL10,
CXCL14, IL23A, TRAF3IP3, TLR1, and TLR6 (Figure 9E).63.64 Although the effect of
immunoactivating cytokines and molecules did not have a significant contribution to the
antitumor effect in breast PDX tumors, it is likely that the ability of the activation of an
immune response should enhance the overall therapeutic response in immune-competent
animal tumor models and in cancer patients. Therefore, the results of a gene expression
analysis support the effect of HANP/GKT831 on simultaneous downregulation of multiple
cell-signal pathways that are associated with resistance to radiation therapy.

Discussion.

The development of cancer therapeutics that target the altered signal pathways in human
cancer cells offers an opportunity for improvement of therapeutic efficacy. Extensive efforts
have been devoted to the development of therapeutic agents, including nanoparticle-based
radiosensitizers, with the ability to induce ROS, which leads to DNA damage, oxidation

of cellular proteins and lipids, or redox stress-induced cell death.10.12-16.20.24 Ajthough
such approaches could enhance therapeutic responses in some tumor cells, there is a

need to develop approaches to improve therapeutic efficacy in tumor cells that have

adapted to survive under a high level of intracellular ROS (redox imbalance) developed
during tumorigenesis or after chemo- and radiotherapy. Furthermore, tumor hypoxia limits
the therapeutic effect of ROS-inducing agents. Thus, therapeutic agents that effectively
downregulate the level of intracellular ROS can block the critical survival signal for tumor
cells with a redox imbalance and convert radiosensitivity in hypoxic tumor cells. Since
many human cancers have a higher level of intracellular ROS than normal tissues,?1:22.65
inhibition of ROS by targeting signal molecules that regulate ROS production in tumor cells
should have a significant impact on survival signals in tumor cells but not on normal cells.
In human tumor cells, mitochondria and NOX are the major contributors of intracellular
ROS.21:22.25.66 The |evels of NOX1 and/or NOX4 are upregulated in many types of human
cancers.27:28,30.33-3567 Qyr results showed breast cancer tissues obtained from drug-resistant
tumor tissues have high levels of NOX1 and/or NOX4 expression, including both primary
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and metastatic tumor lesions, but not in normal breast ducts. The level of NOX4 was

further upregulated in radiotherapy-resistant tumors. Those results validated the significance
of inhibition of the NOX-ROS signal for the development of radiosensitizers and cancer
therapeutic agents. In this study, we have developed a CD44 targeted nanoparticle carrying a
dual NOX1/NOX4 inhibitor (HANP/GKT831) for overcoming resistance to radiotherapy

in human cancer (Figure 10). Using two breast cancer PDX models with different

responses to radiation, we demonstrated that systemic delivery of HANP/GKT831 led to

the accumulation of the nanoparticles in tumors and resulted in a significant enhancement of
therapeutic responses to low-dose radiotherapy in both PDX tumor models that showed an
intermediate response or resistance to radiation therapy.

Biocompatible and biodegradable HANPs have biophysical properties that are favorable for
drug delivery carriers.38-41 The structure of an HA polysaccharide chain has hydrophobic
patches that prevent nonspecific interactions with proteins and cells.68:69 The antifouling,
viscoelastic, and elasticity features of HAs offer advantages of nanodrug carriers with
reduced protein corona and improved intratumoral penetration and distribution.38:39.69
Although a liposome is a commonly used nanodrug carrier, nontargeted liposome enters
tumors via the enhanced permeability retention (EPR) effect. The majority of liposomes/
drugs accumulate in the tumor stroma areas and release the payload drug in the stroma.”®
However, HANPs can bind to CD44 receptor expressing cells, leading to the internalization
into tumor cells to be degraded by Hyall and release drug molecules in tumor cells.
Although Hyal 2 on the extracellular cell membrane can hydrolyze HAs, it is likely that
HANPs produced from 200 kDa HAs have a good stability in the extracellular space or cell
surface, since Hyal 2 only degrades high molecular weight HAs (>1000 kDa). Furthermore,
degraded HA fragments have additional biological activities on tumor cells and the tumor
stroma to enhance therapeutic response.38:39

Although nanoparticles with smaller sizes have been considered more suitable for
intratumoral delivery and penetration, unlike many other metallic and polymeric
nanoparticles,3841.68.69 HANPs have good elasticity and intermediate intrinsic stiffness
between flexible and semiflexible polymers. More importantly, the biological activity of
HAs depends on their molecular weights (MWSs). HANPs produced from hyaluronic acids
with a MW around 200 kDa have biological properties that resemble native hyaluronic acids
in the modulation of tumor stroma cells and migration inside the tumor stroma to move away
from the tumor vessels and to reach the tumor center that contains necrotic and hypoxic
tumor areas. Although HANPs produced from 200 kDa HAs are relatively large (~200 nm),
multiple binding sites of HANPs to CD44 and RHAMM receptors on the tumor endothelial
cells enhance delivery of HANP/drugs into tumors. Our results demonstrated intratumoral
delivery of 200 nm HANPs in breast PDX tumors with dense tumor stroma and large
avascular tumor areas following a systemic delivery. As shown in Figure 3C,D, HANPs
delivered into CK18+ and CD44+ tumor cells in the avascular tumor areas and many of the
HANP positive cells did not colocalize with CD68+ macrophages.

In addition to tumor, we recognized that systemic delivery of HANP/GKT831 also leads
to accumulation in the liver. This could be attributed to the internalization of HANP/
GKT831 by sinusoidal endothelial and Kupffer cells in the liver. Results of clinical trials
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demonstrated that oral doses of GKT831 at 800-1600 mg daily for 24 weeks (an equivalent
oral dose of 164-328 mg/kg of GKT831 in mice) are safe and well-tolerated in patients
with lung, kidney, and liver fibrosis. It has been shown that GKT831 treatment improved the
liver function by reducing fibrosis and inflammation.” Results of our preclinical studies in
mice also showed that HANP/GKT831 at 5 mg/kg once per week did not induce apparent
systemic toxicity. For future clinical translation, we expect that therapeutic dose of i.v.
delivered HANPS/GKT831 will be lower than that of the blood GKT831 concentration of
800-1600 mg oral daily doses that have been used in clinical trials. However, extensive
preclinical evaluations and future clinical trials will further determine the systemic effect of
HANP/GKT831, especially on the liver function.

The nanotherapeutic agent developed in this study, HANP/GKT831, showed a strong
inhibitory effect on ROS production and cell proliferation in human tumor cells in

vitro. Results of in vivo efficacy studies in two ER+ breast cancer PDX models further
supported the effect of HANP/GKT831 on the significant enhancement of the therapeutic
response to radiotherapy in resistant tumors. Breast VII PDX tumors showed a poor
response to radiotherapy, GKT831 or HANP/GKT831 alone, or GKT831+RT treatment.
Only the combination of HANP/GKT831 with radiation overcame the therapy resistance
and resulted in tumor regression in this highly resistant tumor model. Although Breast 1X
PDX tumor was derived from a doxorubicin, cyclophosphamide, and taxol-resistant residual
tumor, it had intermediate responses to radiotherapy. Conventional GKT831 treatment was
able to enhance the response to radiation. Because HANP/GKT831 induced reduction of
intracellular ROS and redox stress, resulting in significant inhibition of oncogenic, cell
proliferation, and survival signal pathways in tumor cells, our result showed that HANP/
GKTB831 treatment alone could inhibit the growth of Breast IX PDX tumors that were not
highly resistant to therapies. However, HANP/GKT831-induced downregulation of DNA
repair function could further enhance the therapeutic response to radiation therapy in this
PDX model. Therefore, our results support the importance of HANP-formulated GKT831 in
overcoming radioresistance in human tumor cells.

At present, molecular mechanisms by which HANP/GKT831 induces a stronger
radiosensitization in resistant tumors than GKT831 have yet to be fully elucidated. It is
likely that multiple mechanisms lead to overcoming radioresistance in tumor cells, including
increased GKT831 delivery into tumor cells and efficient inhibition of intracellular ROS by
HANP/GKT831, which results in a redox-stress in tumor cells with a redox imbalance,
dependence on a high level of ROS to survive, and defective DNA repair function.
CD44-mediated internalization of HANP/GKT831 into the endosomes and Hyal I-triggered
drug release intracellularly may contribute to effective inhibition of NOX1 and NOX4
signals located in endosomes, endoplasmic reticulum, and mitochondrial membrane.30:33
Furthermore, biomaterial HAS, especially small molecular HAs, have biological activities
that modulate signal pathways to potentiate the effect of GKT831 on tumor cells.38:3941

A marked advantage of HANP-mediated delivery of GKT831 is selectively entering into
CD447 cells in tumors, including angiogenic endothelial, active stromal, and tumor cells.
Following systemic delivery, HANPs enter tumors by both the EPR effect through the
leaky vascular structures and active targeting of CD44 and RHAMM receptor expressing
endothelial cells.2%:41.72 |n tumor tissues, HANP/GKT831 binds to CD44-expressing tumor
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cells, stromal fibroblasts, and tumor-associated macrophages. Interaction of HANPs with
stromal fibroblasts and macrophages enhances retention of the nanoparticle/drug in tumors
as well as modulates NOX-ROS signals in stromal cells. We observed a decrease in

the levels of FAP+ and a-SMA + fibroblasts in the PDX tumors treated with GKT831

and HANP/GKT831, GKT831+RT, or HANP/GKT831+RT. In the tumor stroma, HANP/
GKTB831 also interacts with tumor-associated macrophages by actively targeting CD44.

It is likely that inhibition of NOX1 and NOX4 activities by HANP/GKT831 does not
significantly affect macrophage function, since NOX2 activity is involved in phagocytosis
function.”3 A recent study showed that inhibition of NOX4 in macrophages could upregulate
NOX2 to enhance the pro-inflammatory effect of macrophages.” Our results showed that
HANP/GKT831 or HANP/GKT831+RT treatment significantly reduced the level of M-like
macrophages in tumors.

Therapy approaches that inhibit DNA repair could bypass radioresistant mechanisms in
tumor cells due to tumor hypoxia and adaptation to a redox imbalance. Our results showed
that HANP/GKT831 markedly inhibited the expression levels of DNA repair genes and
induced accumulation of DNA damage. Combination therapy of HANP/GKT831 with
radiation further enhanced radiation-induced DNA damage. Notably, the total radiation dose
used in tumor-bearing mice was 10 Gy, which is a lower dose and less-intensive schedule
compared to the standard radiotherapy in breast cancer using the dose of 2 Gy daily for a
total dose of 45-60 Gy.’® Additionally, DNA damage activates the ATM-p53 signal pathway
that promotes cell cycle arrest and DNA repair.”8 Tumors with p53 mutations have a higher
sensitivity to radiation therapy than the wild-type tumors.”” Breast VII PDX tumors contain
a high percentage of mutant p53-expressing tumor cells. Following five weekly treatments,
most tumor cells in HANP/GKT831+RT-treated residual tumors lacked detectable mutant
p53 protein, suggesting that tumor cells with mutant p53 genes are more sensitive to the
treatment.

Results of a gene expression analysis of breast cancer cells further delineated the effect

of HANP/GKT831, without or with radiation, on cell signal pathways. HANP/GKT831
significantly downregulated oncogenic signals that are associated with resistance to radiation
therapy, such as KRAS, EGFR, PI3K/AKT, MAPK, WNT, Stat, Notch, and TGF-4.7:5

The levels of gene expression regulating the DNA damage responses, such as DNA repair
and cell cycle, were also inhibited.#>? Inhibition of the growth factor receptor signals

using antibodies or small-molecule drugs sensitizes tumor cells to radiotherapy in animal
tumor models and in clinical trials in cancer patients.l:” Most radiosensitization approaches
targeting cell signals act upon one molecular target.” Recently, therapeutic agents that target
the DNA repair pathway, such ATM or ATR inhibitors, have attracted great attention.

Those DNA repair inhibitors are in clinical trials and have shown enhanced therapeutic
responses to radiation and chemotherapy drugs.’ Results of our study showed that HANP/
GKTB831 treatment inhibited the level of expression not only of ATM and ATR genes but
also of many other DNA repair genes. Thus, such an approach should have advantages

over single-agent inhibition using a small-molecule drug. Additionally, increasing evidence
supports the effect of radiation-induced tumor stroma and immunological changes on
promoting radioresistance.”® Targeting the tumor stromal environment has been shown to
be a promising approach for enhancing a response to radiotherapy. It is likely that strong
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inhibitory effects of HANP/GKT831 on tumor-associated fibroblasts, M, macrophages,
inflammatory molecules, and protumor cytokines also contribute to the radiosensitization
effect on breast PDX tumors.

The HANP/GKT831 nanoradiosensitizer developed in this study inhibited multiple signal
pathways to effectively induce apoptotic cell death in tumor cells in vitro. Since our in vivo
study used breast PDX models derived from multidrug-resistant tumors, the PDX tumors
showed poor to modest responses to radiotherapy or HANP/GKT83 alone. However, HANP/
GKTB831 in combination with radiation further enhanced DNA damage and downregulated
survival signals to overcome resistance to radiotherapy in those tumor cells. Currently, the
downstream events of ROS inhibition by HANP/GKT831 that lead to the inhibition of the
DNA repair and oncogenic signal pathways are under investigation. A recent in vitro study
using human embryonic kidney 293 cells stably transfected with different NOX isoforms
suggested that the effect of GKT831 on ROS inhibition might not be mediated by direct
inhibition of the NOX4 activity.”® Therefore, further studies are required to determine
whether HANP/GKT831 has different mechanisms of action in regulating ROS and cell-
signal pathways compared with GKT831. Nevertheless, demonstration of a strong inhibitory
effect of HANP/GKT831 on important cell-signal pathways that lead to increased DNA
damage and sensitizing tumor cells to radiotherapy in this study should provide us with an
effective therapeutic approach for overcoming radioresistance in human cancer.

CONCLUSIONS

In summary, we have developed a tumor-targeted and bioactive NOX nanoinhibitor by
encapsulation of GKT831 into HANPs. Systemic delivery of HANP/GKT831 leads to
significantly enhanced therapeutic responses to radiotherapy in resistant breast PDX tumors.
The effect of HANP/GKT831 is likely mediated by downregulating DNA repair that

primes tumor cells to radiation-induced DNA damage in tumor cells. The combination

of HANP/GKT831 with radiation increased DNA damage and inhibited oncogenic and
survival signals, which sensitize tumor cells to radiotherapy. Therefore, HANP/GKT831 is
a promising nanotherapeutic agent for the development of combination therapies for the
treatment of resistant human cancers.

METHODS/EXPERIMENTAL
Preparation of Hyaluronic Acid Nanoparticle Carrying GKT831 (HANP/GKT831).

HANP/GKT831 nanocomplexes were produced according to our established protocol with
minor modifications#2 (Figure 2A). Sodium hyaluronic acid (HA, 234 kDa) was purchased
from Lifecore Biomedical Company. HA was first converted to the tetrabutylammonium
(TBA) salt of HA according to previously reported methods. The HA-TBA was

then chemically modified with 58-cholanic acid (CA) in the presence of 1-ethyl-3(3-
(dimethylamino) propyl)carbodiimide (EDC) and N-hydroxysuccinimide (NHS) at 60 °C
in dimethyl sulfoxide (DMSO) (Sigma-Aldrich) to produce HA-CA. After dialysis against
methanol/ultrapure water (1:1, v/v) and then ultrapure water for 4-12 h, HA-CA was
lyophilized and stored at 4 °C in the dark until further use. Next, 80 mg of HA-CA
conjugates were dissolved in 14 mL of distilled water and subjected to a high-pressure
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homogenizer (D-3L, PhD Technology) for 5 min to form HA nanoparticles (HANPS).
Hydrophobic GKT 831 was loaded to HANP via a high-pressure homogenizer at a ratio

of 10 mg GKT831/40 mg of HANP. Thirty milligrams of GKT831 (MedKoo Biosciences
#522357) dissolved in 1 mL of DMSO was added dropwise into the solution containing
120 mg of HANP and then circulated for an additional 5 min in the homogenizer. HANP/
GKTB831 nanocomplex was then dialyzed for 8 h in distilled water to remove free drugs and
organic solvents. Finally, HANP/GKT831 was lyophilized into white powder and kept at 4
°C.

In Vitro Characterization of HANP/GKT831.

Freeze-dried HANP and HANP/GKT831 samples were dissolved in H,O and homogenized
in the high-pressure homogenizer. Nanoparticle sizes of HANP and HANP/GKT831 were
determined using a dynamic light scattering (DLS) analysis (DelsaMax PRO, Beckman
Coulter Life Sciences). The amount of GKT831 loading in HANP/GKT831 was determined
by a reversed-phase high-performance liquid chromatography system (RP-HPLC, Dionex,
Thermo Fisher Scientific) using a C18 column in a 10-65% linear gradient of an
acetonitrile/water mixture (containing 0.1% trifluoroacetic acid) for 30 min at a flow rate

of 1 mL/min. Absorption intensity at a wavelength of 254 nm was obtained. The loading
content of GKT831 in HANP/GKT831 was calculated using the following equation: loading
content (%) = WGKTs31 loaded! WekTs31 input X 100.

Determination of Drug Release In Vitro.

GKTB831 release from HANP/GKT831 was examined under a physiological temperature of
37 °C, in the presence of 10 mM hyaluronidase (Hyase, Sigma) at pH 5.0 using a dialysis
bag (molecular weight cutoff (MWCO) 10 kDa, Spectrum Laboratories). 200 zL of solution
in the dialysis system was harvested at different time points. The level of GKT831 in the
solution was analyzed by an analytical HPLC (Thermo Fisher Scientific) using a reverse-
phase C18 column. Amount of GKT831 released from HANP/GKT831 was calculated using
a standard GKT831 curve (= 2156.65x— 1.05, 2 = 0.9999). Experiments for all samples
were performed three times at each pH value.

Cytotoxicity Assay.

The effect of HANP/GKT831 on human cancer cells was determined using Sulforhodamine
B (SRB) Cell Proliferation assay (MP Biomedicals, LLC). The MCF-7 human breast cancer
cell line (ATCC) is a representative estrogen receptor positive (ER+) breast cancer cell

line that has a wild-type p53 gene.#4 Breast PDX tumor-derived cell line (Breast V1) and
pancreatic PDX tumor-derived cell line (PANC 1) were established in our research lab from
PDX tumors with a high percentage of tumor cells containing a mutant p53 gene, which was
determined by RNA-seq of the PDX tumors and by immunofluorescence labeling of p53
protein in tumor tissues. Normal human dermal fibroblast cell line (HDF) was obtained from
ATCC. Cells were cultured in 96-well plates for 24 h. A serial dilution of HANP/GKT831
and free GKT831 was then added to the culture wells for 72 h. Following an SRB assay,

the optical density (OD) at a wavelength of 510 nm was measured using the Synergy H1
microplate reader (BioTek instruments).
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Determination of ROS Production in Cells.

The level of ROS in viable cells was quantified using a Cellular ROS Assay Kit that contains
2’7’ -dichlorodihydrofluorescindiacetate (DCFH-DA, Thermo Fisher Scientific). DCFH-DA
is cell-permeable probe that is hydrolyzed intracellularly to the DCFH carboxylate anion and
then oxidized by ROS (H,0,) to a fluorescent DCF.#3 Following treatment with GKT831
and HANP/GKT831 for 24 h, 1 M DCFHDA was added into each culture well for 1 h.

The fluorescence intensity was measured using a Synergy H1 microplate spectrometer and
excitation/emission wavelengths (Ex 488/Em 525 nm).

Establishment of Orthotopic Human Breast Patient Derived Xenograft (PDX) Tumor Models
in Nude Mice.

Breast cancer PDX models (Breast VII and Breast 1X) were established in our lab from
surgically resected breast cancer tissues following an approved Institutional Review Board
protocol of Emory University. Selected tumor tissues were collected from the breast cancer
patients treated with neoadjuvant chemotherapy and had large resistant residual tumors. The
Breast VII patient had an ER+ invasive ductal carcinoma and disease progression during the
combination chemotherapy of taxotere and cyclophosphosphamide. The Breast IX patient
had an ER+ invasive ductal carcinoma that was resistant to the neoadjuvant chemotherapy of
doxorubicin, cyclophosphamide, and taxol and then a 50 Gy radiotherapy. Small fragments
(1-2 mm) of fresh cancer tissues were implanted into the mammary fat pad of athymic nude
mice (8-10 weeks old, female) using a surgical procedure. Orthotopic PDX tumors grew to
10 to 15 mm in diameter in about 10 to 15 weeks. PDX tumors were removed after the mice
were sacrificed. Fresh tumor fragments were then implanted into the mammary fat pad of
nude mice for large-scale studies.

In Vivo Fluorescent Imaging of Targeted Delivery in PDX Tumors in Nude Mice.

Nude mice bearing orthotopic PDX tumors at a size of ~80 mm? received an intravenous
(i.v.) injection of NIR 830 dye-labeled HANPs by covalent conjugation via ethylenediamine.
Whole body optical imaging was performed 24 h after the injection using the IVIS Spectrum
In Vivo Imaging System (Ex/Em: 745/800 nm, PerkinElmer). After whole body imaging,
breast PDX tumors and normal organs were collected for the acquisition of fluorescence
signals. Fluorescence intensities from whole body and ex vivo images were analyzed and
quantified using the software of the IVIS Spectrum In Vivo Imaging System.

In Vivo Antitumor Efficacy.

Nude mice bearing orthotopic Breast VII or Breast 1X PDX tumors (in vivo passage 2) were
randomized into experimental groups. Each nude mouse had two tumors implanted into the
right and left mammary fat pads (Figure 4A). When the tumor reached sizes of ~250 mm?3
(Breast V1) or ~120 mm3 (Breast 1X), tumor-bearing mice received tail vein injections of
conventional GKT831 or HANP/GKT831 at a GKT831 equiv dose of 5 mg/kg body weight
once per week for a total of five treatments. Conventional GKT831 was first dissolved in
DMSO and then mixed with kolliphor EL (Sigma-Aldrich). The mixture was further diluted
in H,0 before injection at a concentration of 1 mg/mL GKT831. The ratio of DMSO,
kolliphor EL, and H,O was controlled as 1:2:7 (v/v). Twenty-four hours following the
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nanodrug injection, radiation therapy (X-RAD 320, Precision X-ray) at 2 Gy each treatment
was applied on the right-side tumor once per week for five weeks, while the left side was
shielded from the irradiation using a lead blocker. A total irradiation dose was 10 Gy. During
the treatment, tumor size and mouse body weight were monitored once per week. Five days
after the final treatment, mice were sacrificed, and tumors were collected for histological and
molecular analysis.

Western Blot Analysis.

MCEF-7 breast cancer cells were treated with HANP/GKT831 (0.5 and 1 M of equivalent
dose of GKT831) for 24 h and then received 5 Gy of irradiation. Cells were collected

4 h after irradiation and lysed in an immunoprecipitation assay buffer (Cell Signaling
Technology). Protein extracts of cells were separated using sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and then blotted onto poly(vinylidene
difluoride) membranes. Blots were incubated with rabbit antihuman yH,AX antibody
(sc-10790, Santa Cruz Biotechnology) and then horseradish peroxidase (HRP) conjugated
goat antirabbit 1gG antibody (Santa Cruz Biotechnology). Positive protein bands were
detected using the G:BOX Systems Imaging System (Syngene).

Nanostring or RNA-seq Analysis of the Levels of Gene Expression in Tumor Cells and PDX

Tumors.

Human breast cancer MCF-7 cells were treated with 4 zM GKT831 or HANP/GKT831 for
24 h and then 5 Gy of irradiation. Cells were collected 4 h after irradiation, an early time
point allowing accurate detection of changes in the expression of DNA repair genes. RNA
samples of cells were isolated using the SV Total RNA Isolation kit (Promega). The levels of
gene expression were analyzed by NanoString and the nCounter Pan-cancer pathway panel
(NanosString).

Gene expression profiling of Breast VI PDX tumors after treatment was examined by RNA-
seq analysis. PDX tumors were collected from in vivo studies after five weekly treatments
of 5 mg/kg of GKT831, HANP/GKT831, without or with in combination with 2 Gy of
radiation (IR). Tumors were collected 5 d after the last therapy. RNAs were isolated from
frozen tissue samples and analyzed by RNA-seq (Illumina HiSeq platform, GENEWIZ).

Immunofluorescence Labeling.

Frozen tissue sections (10 tm) of tumor and normal tissues were used for single or double
immunofluorescence labeling. Anti-NOX1 (MBS9609001) and anti-NOX4 (MBS820230)
antibodies were from MYBioSource. Goat antimouse CD44, rabbit antimouse CD24, rabbit
antimouse Ki67 antibody, and goat antihuman fibroblast active protein (FAP) antibodies
were purchased from Santa Cruz Biotechnology (sc7051, sc11406, sc15402, and sc71094,
respectively). A rat antimouse CD31 antibody (ThermoFisher) was used to identify tumor
blood vessels. A mouse monoclonal anti-CK18 antibody was from Sigma-Aldrich. A

rabbit antihuman yH,AX antibody and a rabbit antihuman p53 antibody were from Cell
Signaling. A rat antimouse CD68 antibody (Bio-Rad, MCA1957) and a rat antimouse
CD163 antibody (155302, BioLegend) were used to identify macrophages. Alexa Fluor 488
dye or Alexa Fluor 555 dye-labeled secondary antibodies against corresponding species of
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primary antibodies (Thermo Fisher Scientific) were used to detect biomarker-positive cells
following incubation with single or dual primary antibodies. Fluorescent images were taken
using an inverted fluorescence microscope (BZ-X710 All-in-one, Keyence). To determine
cell types containing NIR-830 dye labeled HANPs, NIR signals were also captured from
tissue sections at the same imaging field using an NIR filter set (Ex/Em: 780/800 nm) in the
fluorescence microscope. Fluorescence images were analyzed and quantified using the NIH
ImageJ software.

Statistical Analysis.

All experimental results were presented as the mean + standard deviation from more than
three repeat samples. Statistical analysis was performed using a two-tailed student’s #test. A
statistically significant difference was defined as a p-value less than or equal to 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Levels of NOX1 and NOX4 expression are upregulated in human breast cancer tissues, and
radiation further increased NOX4 expression. Normal breast tissues were obtained from the
adjacent normal tissue areas from surgically resected breast. Breast I, I, and VI tumors were
triple negative breast cancer (TNBC), Breast VII (P), and (LM) were ER+ breast cancer
tissues obtained from surgically resected primary (P) and lymph node metastases (LM).
Breast IX was ER+ breast cancer. Frozen tissue sections were used for immunofluorescence
labeling of anti-NOX1 and NOX4 antibodies. (A) Detection of the levels of NOX1 and
NOX4 in breast normal and cancer tissues. The mean fluorescence intensity was quantified
from 4 to 10 images using the NIH ImageJ. (B) Effect of radiation on NOX1 and NOX4
expression. Frozen tissue sections of a residual tumor of Breast VII PDX model following
10 Gy radiation were examined. Western blot used cell lysates from MCF-7 cells following
4 h of 5 Gy irradiation. The mean relative level of NOX4 over g-actin from three blots is
shown.

Mean fluorescence intensity

NOX1 NOX4
u No treatment RT

Relative level of NOX4/ B-actin
e
>

Control Radiation

ACS Nano. Author manuscript; available in PMC 2023 November 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zhu et al. Page 27

Hyaluronic acid

%&E«M Wi
| ctsﬁ““ e

%
...: Hyaluronic acid- 55 Cholanicacid GKT831

+ "7
S e
M
0=¢ =

3 HANP/GKT831

—e— HANP/GKT831

= == HANP/GKTS831 mmm GKT831
401— HANP .
L0
>
&
@ 20
S
10
10 100
~ [} 2 4 8 16
Diameter (nm) Concentration of GKT831 (uM)
D. 100 E. 120, BreastVII PDX tumor cell line
= g
% 80 @ 100
e =
S o S 80
] -1 0.45 uM 6uM
8 ;
2w S 60 Y ‘V
k] s
H - —=—HANP/GKT831 w/ HAase 2 91 . Hane
3 ——HANP/GKT831 w/o HAase £ ,0] —e—GkT831
3 8 —— HANP/GKT831
o4 s !
0 10 20 30 40 50 L 01 1 10
Time (h) Concentration (uM)
F. MCF-7 cell line G. HDF (Normal human dermal fibroblast)
_120 __ 120
g E3 T S G T T S
2 100 ——u | | " 2 100
3 38
80 80
2 28pM 2
8 | 8
S 60 Y S 60
s s —=—GKT831
& §’ a0 —e— HANP/GKT831
$ 20| —=—GKT831 $ 20
8 3
5 s
a &

01 1 10 0.1 1 10
Concentration (uM) Concentration (uM)

Figure 2.

Pr?:)duction and characterization of HANP/GKT831. (A) 200 kDa HA (1) was conjugated
with 55-cholanic acid to form HA-CA (2). GKT831 was encapsulated into HA-CA by self-
assembling, resulting in HANP/GKT831 (3). (B) Hydrodynamic size of HANP (180 nm)
and HANP/GKT831 (204 nm). (inset) TEM image of a HANP/GKT831. (C) Quantification
of the level of intracellular ROS by DCFDA assay. Breast cancer MCF-7 cells treated

with various concentrations of HANP/GKT831 or GKT831. DCFDA assay was performed
24 h following treatment. Fluorescence intensity (FI, a.u.) of treated cells represents the
level of ROS, mostly H,0,. The mean fluorescence intensity of four repeat samples is
shown. (D) GKT831 release profile from HANP/GKT83L1 in the absence and presence

of hyaluronidase (HAase). (E, F) SRB cell proliferation assay. ICsq of HANP/GKT831.:
Breast VII PDX-derived cell line (ICsg = 0.45 M), MCF-7 cell line (IC5q = 2 ¢M). 1Cg
of GKT831: Breast VIl PDX tumor cell line (6 M) and MCF-7 cell line (>16 /M, not
reached). Neither HANP/GKT831 nor GKT83L1 inhibited proliferation of normal HDF (G).
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A. Breast VIl
Patient tumor PDX tumor

Optical imaging

cD31/

D. Localization to CD44+ and CK18+ tumor cells

Figure 3.
Targeted delivery of HANPs in orthotopic Breast VII PDX tumors following a systemic

administration. (A) Dual immunofluorescence labeling. A high level of CD44 was detected
in Breast VII patient cancer tissues and PDX tumors (green, yellow arrows). Tumor-
associated fibroblasts identified by an anti-FAP antibody (red) also express CD44 (white
arrows). (B) NIR optical imaging of targeted delivery. NIR 830 dye-labeled HANP (0.1
mg) was injected via the tail vein into nude mice bearing orthotopic PDX tumors for 24

h. A high level of NIR signal was detected in the tumor (pink arrow). Ex vivo imaging
showed the accumulation of NIR 830-HANPs in the tumor (pink arrow) and liver (blue
arrow). (C) NIR fluorescence microscopy of intratumoral distribution of NIR 830-HANPS
(red) and immunofluorescence labeling of CD31+ tumor endothelial cells (green). A high
level of HANPs was detected in the necrotic and avascular tumor center (white arrows).
(D) NIR 830-HANPs were colocalized with CD44+ and CK18+ tumor cells. Many of NIR
830-HANPs were not detected in CD68+ macrophages (white arrows). (E) Distribution of
HANP/GKT831 in the liver and their location in relationship to CD68+ Kupffer cells.
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Figure 4.

Dgtermination of therapeutic efficacy of HANP/GKT831 without or with in combination
with radiation therapy in orthotopic breast PDX tumor models. (A) Treatment protocol.
Nude mice bearing two orthotopic breast PDX tumors on the right and left mammary fat
pads received 5 mg/kg of GKT831 equiv dose of HANP/GKT831 via the tail vein injections
once per week for five weeks. 2 Gy of radiation was given to the right-side tumor 24 h

after each HANP/GKT831 injection, while the left-side tumors were shielded. (B) (left)
Relative tumor growth curves following different treatments in Breast VIl and Breast IX
PDX tumor models in nude mice. (right) PDX-tumor images of treatment groups. Student’s
Etest: *p < 0.05, **p < 0.01, ***p < 0.005. Breast VIl PDX: No-treatment control vs
HANP/GKT831+RT: p=0.002; HANP/GKT831+RT vs RT: p=0.004 or vs GKT831+RT:
p=0.047. Breast IX PDX: No treatment control vs RT: p=0.39; HANP/GKT831+RT vs
no treatment: p=0.0085 or vs RT: p=0.015. No-treatment control vs HANP/GKT831: p=
0.07, or vs GKT831+RT: p=0.03. n="5 mice/group. (C) Determination of systemic toxicity
by monitoring body weights.
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Figure5.

Higstological analysis of the effect of HANP/GKT831 and HANP/GKT831+RT on Breast
PDX tumors. Frozen tissue sections of Breast VII PDX tumors collected 5 d after the last
treatment were examined by immunofluorescence labeling. (A) Ki67+ proliferating cells.
The bar figure showed the percentage of Ki67+ cells of Hoechst 33342 nuclear staining
cells. (B) Induction of apoptotic cell death, shown as an increased level of active caspase-3
(green). (C) Inhibition of the percentage of mutant p53 tumor cells in tumors. (D) Effect of
treatments on the levels of CD44 and CD24 expression in tumors. Since the levels of CD44
or CD24 expression in tumor cells, rather than the number of CD44 or CD24 positive cells,
reflect the stem-like property of tumor cells, the mean fluorescence intensity of CD44 or
CD24 of 6-8 images is shown. Upper images: dual CD44 (green) and CD24 (red) labeling.
Lower images: CD24 labeling only. NIH ImageJ was used to quantify all images obtained
under a 20x lens. The mean percentage of positive cells per image field from 4 to 6 images
is shown for each group in (A-C). Student’s £test: experimental groups vs No-treatment
control, *p< 0.05; ** p< 0.01, ***p < 0.005.
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HANP/GKT831 treatment downregulated the expression levels of DNA repair genes and
enhanced radiation-induced DNA damage. (A) Levels of yH,AX in Breast VII PDX tumors
detected by immunofluorescence labeling. The mean fluorescence intensity of 5-10 images
from each treatment is shown. (B) Western blot analysis of the levels of yH2AX protein in
breast cancer MCF-7 cells treated with RT alone, 0.5 or 1 z/M of HANP/GKT831, without or
with 5 Gy RT. The mean relative level of yH,AX protein is shown as the ratio of intensity
of yH,AX vs B-actin from four repeat blots. (C) (left) Levels of expression of DNA repair

genes in MCF-7 cells after HANP/GKT831 treatment for 24 h and RT for 4 h. (right)

RNA-seq analysis of Breast VII PDX tumors obtained 5 d after the last treatment. The levels
of expression of DNA repair genes are shown as Log2 decrease or increase compared to
the no-treatment control. The mean value obtained from two PDX tumors in each group is

shown.
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Figure7.
Effect of HANP/GKT831 treatment on tumor stromal cells. Frozen tissue sections of

Breast VII PDX tumors after different treatments were examined for the changes in tumor
stromal fibroblasts and macrophages using immunofluorescence labeling. (A) FAP+ and
a-SMA+ stromal fibroblasts. The mean of the total FAP+ or a-SMA+ fluorescent signal

of four images per treatment is shown. (B) Tumor-associated macrophages. CD68 is a pan—
macrophage biomarker. CD163+ is a biomarker for M,-like macrophages. The number of
CD68+ or CD163+ macrophages in each fluorescence image was quantified to determine
changes in the macrophage populations after treatment. The mean number of positive cells
per image field under a 20x lens of 5-6 images are shown. * p< 0.05, **p < 0.01, *** p<
0.005.
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Gene expression profiles of breast cancer MCF-7 cells after treatment in vitro. RNA samples
isolated from MCF-7 cells after treatment with HANP/GKT831 for 24 h and 5 Gy of RT for
4 h were analyzed by Nanostring using the nCounter PanCancer Pathways Panel. Changes

in the levels of representative genes in key signal pathways are shown as log2 increase
or decrease compared to the values of the no-treatment control. (A) Oncogenic genes.

(B) PI3K/AKT/MAPK. (C) Cell cycle/proliferation. (D) TGF-. (E) WNT. (F) Notch. (G)
Transcription regulation. (H) JAK/State. (1) Stroma/matrix. (*) Upregulation is associated
with tumor growth inhibition.
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Gene expression profiling of Breast VII PDX tumors after treatment. RNAs isolated from
Breast VII PDX tumors collected from in vivo studies 5 d after completing a five weekly
treatment schedule were analyzed by RNA-seq. The mean expression value of two PDX
tumors in each group is shown as log2 increase or decrease compared to the no-treatment
control. (A) Tumor-promoting genes. (B) Cell proliferation/apoptosis. (C) Stem cell and

drug resistance. (D) Stroma and inflammation. (E) Cytokines and immune regulatory

molecules. (*) Upregulation is associated with tumor growth inhibition. Cyan boxed: tumor-
promoting and immune-suppressive cytokines and genes. Pink boxed: cytokines and genes

with antitumor and immunoactivating effects.
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Figure 10.
Mechanisms of the effect of HANP/GKT831 on inhibition of NOX-ROS and oncogenic

signal pathways and enhancement of response to radiation therapy. The levels of NOX1 and
NOX4 are upregulated in human cancer cells that are resistant to chemo- and radiotherapy.
NOX1 on the plasma membrane and endosome generates superoxide anion (O,¢7), and
NOX4 locates in the mitochondria and nuclear and endoplasmic reticulum membrane to
generate intracellular hydrogen peroxide (H205). Chronic upregulation of intracellular ROS
in tumor cells alters signal pathways that regulate cell proliferation, survival, invasion, and
inflammation, which contribute to aggressive tumor biology and adaptation to a high level
of ROS. This redox imbalance reduces sensitivity of tumor cells to ROS-activated cell death
and a poor response to radiotherapy. Systemic administrations of HANP/GKT831 lead to
targeted delivery into tumors and CD44 receptor-mediated internalization into endosomes/
lysosomes of tumor cells for intracellular GKT831 release. GKT831 inhibits activity of
NOX1 and NOX4 and reduces the ROS generation. The redox stress in tumor cells results
in downregulation of DNA repair genes that primes tumor cells to radiation-induced DNA
damage. Significant inhibition of oncogenic and survival signals, including oncogenes,
growth factor receptors, PI3K/AKT, WNT, and cell cycle genes as well as TGF-g and JAK/
Stat genes, further sensitizes tumor cells to cell death and improves the response to radiation.
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