UC Davis
UC Davis Previously Published Works

Title

A highly integrated precision nanomedicine strategy to target esophageal squamous cell
cancer molecularly and physically

Permalink
https://escholarship.org/uc/item/13w4g42b
Journal

Nanomedicine Nanotechnology Biology and Medicine, 14(7)

ISSN
1549-9634

Authors

Wang, Xin-Shuai
Ding, Xue-Zhen
Li, Xiao-Cen

Publication Date
2018-10-01

DOI
10.1016/j.nan0.2018.06.008

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/13w4g42b
https://escholarship.org/uc/item/13w4g42b#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Nanomedicine. Author manuscript; available in PMC 2019 October 01.

-, HHS Public Access
«

Published in final edited form as:
Nanomedicine. 2018 October ; 14(7): 2103-2114. doi:10.1016/j.nan0.2018.06.008.
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?Department of Biochemistry & Molecular Medicine,

3Department of Internal Medicine, UC Davis Comprehensive Cancer Center, University of
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Abstract

The prognosis of esophageal squamous cell carcinoma is very poor. We firstly identified PI3K
overexpression in patient samples and its relation to poor patient survival. With our highly
versatile disulfide cross-linked micelle (DCM) based tumor-targeted drug delivery platform, we
were able to load a potent but toxic docetaxel (DTX) and another clinical stage PI13K inhibitor
(AZD8186) with favorable physical properties, including small size and high loading efficiency.
The combination of the DTX-DCM and AZD8186-DCM showed a highly efficacious and
synergistic anti-tumor effect and decreased hematotoxicity. A pro-apoptotic protein, Bax was
significantly upregulated in ESCC cells treated with combination therapy compared to that with
monotherapy. In conclusion, this study utilized a highly integrated precision nano-medicine
strategy that combines the identification of cancer molecular target from human patients, precision
drug delivery and effective combination therapy for the development of better ESCC treatment.

Keywords

Precision nanomedicine; PI3K inhibitor; Docetaxel; esophageal squamous cell carcinoma;
nanoparticle

Introduction

Esophageal squamous cell carcinoma (ESCC) remains significant health challenges around
the world, with an estimated 482,300 newly diagnosed cases and 406,800 ESCC related
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deaths each year [1]. The incidence of ESCC is increasing, while the prognosis is extremely
poor [2]. The 5-year survival rate of patients with esophageal cancer rarely exceeds 40% [3].
Local recurrence after initial treatment is the major cause of treatment failure in the
patients[4, 5]. Treatment with curative intent involves either resection with or without
neoadjuvant therapy, or definitive chemoradiotherapy with or without salvage resection [6].
The major limitation of chemotherapy includes a lack of specificity that results in low
concentrations of chemotherapeutic drugs/agents at tumor sites, along with severe off-target
toxic effects [7]. Therefore, there is an urgent critical need for new therapies and more
effective strategies to enhance the curative effect and reduce the toxicities.

Molecularly targeted therapy has been an emerging trend for practicing precision medicine.
Dysregulation of PI3K has been identified in several solid tumors, such as breast cancer,
prostate cancer, including esophageal cancer[8-11]. However, the understanding of the role
of PI3K in ESCC is limited. Basic molecular biologists revealed that the suppression of
esophageal tumor growth and chemoresistance could be achieved by targeting the
PIBK/AKT pathway[12-14]. AZD8186, a novel small-molecule inhibitor of PI3Kp and
P13KS5 inhibits the growth of tumor cells, regulating signaling through the PI3K/AKT
signaling pathway[15]. AZD8186 is currently in the phase | clinical trial and already showed
its promising anti-cancer activity as monotherapy or in combination with docetaxel (DTX)
or androgen therapy against prostate cancer, breast cancer, T-cell acute lymphoblastic
leukemia[16-18] DTX, a second-generation taxoid, is considered one of the most potent
chemotherapeutic agents in the clinical setting[®] that is broadly indicated for the treatment
of non-small cell lung cancer, breast cancer, ovary cancer, prostate cancer, stomach cancer,
head and neck cancer and esophageal cancer [20, 21]. However, similar to other lipophilic
chemotherapy agents, it has major limitations including a lack of specificity that results in
low concentrations of chemotherapeutic drugs/agents at tumor sites, along with severe off-
target toxic effects [7]. Recently, to overcome these problems and improve anticancer
effects, much attention has been focused on the design of nanometer drug delivery platform.

Nanotechnology-based drug delivery platforms offer several distinct advantages for cancer
therapy[22—24], such as improved drug solubility, minimal drug leakage during transit to the
target, prevention of degradation and premature clearance of the drug, prolonged /n vivo
circulation time and preferential accumulation at tumor site via the enhanced permeability
and retention effect, biocompatibility and biodegradability of nanoplatforms. Our group had
developed the reversible disulfide cross-linked micelles (DCMs) [25] that could minimize
the premature release of drugs from carriers during circulation in the bloodstream and
control the release rate of the entrapped drugs at the tumor sites [26]. We already
demonstrated that DCM could greatly enhance chemotherapeutic drug efficacy and
safety[26]. In this study, we introduced a highly integrated precision nanomedicine strategy
that was able target ESCC at both molecluar and physical level. We firstly identified the
correlation between PI3K expression levels and ESCC patient survival. We then employed
DCMs as a tumor-specific targeting strategy to deliver the molecular target inhibitor
(AZD8186) and potent DTX to tumors in mouse model. Our study firstly demonstrated the
synergistic effects /n vitroand in vivo of AZD8186 and DT X within nano-formulations
against ESCC and greatly reduced hematotoxicity.

Nanomedicine. Author manuscript; available in PMC 2019 October 01.
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DTX and AZD8186 was purchased from AK Scientific Inc. (Mountain View, CA, USA).
11,1’-Dioctadecyl-3,3,3",3’-etramethylindotricarbocyanineiodide(DiD), a near-infrared dye,
was purchased from Biotium (Invitrogen, USA). Annexin V and propidium iodide (PI) were
obtained from (Pharmingen, San Diego, CA, USA). Esophageal cancer cell line KYSE70
was obtained from the American Type Culture Collection (ATCC, Manassas, VA).
Antibodies for PI3Kfor IHC, pPI3KpAKT(T308), p53(D0O-1), Bcl2, Bax (2D2) and p-actin
were purchased from Millipore (Massachusetts, USA). Cholic acid, MTS [3-(4, 5-
dimethyldiazol-2-yl)-2,5 diphenyl tetrazolium bromide] and all other chemicals were
purchased from Sigma-Aldrich (St. Louis, USA) and used as received.

Immunohistochemistry

Expression of PI3K was examined using tumor samples (T) and para-tumor tissue (N)
obtained from 60 patients who were diagnosed to have esophageal cancer and treated in the
Department of surgical oncology, The First Affiliated Hospital of Henan University of
Science and Technology between February 2012 and March 2014. The median age of the
patients was 61 years, with a range of 4279 years. The clinical characteristic of the patients
is shown in Table 1.

A standard immunohistochemistry on PI13K staining was performed using a \entana
BenchMark XT immunostainer (Ventana Medical Systems, Tucson, USA) All slides were
examined independently and blindly by two senior pathologists. Every tumor was assessed
by a score according to the predominant intensity of the cytoplasmic staining (no staining =
0, weak staining = 1, moderate staining = 2, strong staining = 3) and the extent of stained
cells (0% =0, 1-30% = 1, 30-60% = 2, 60-100% = 3). The scores ranged from 0 to 6. The
score was 0-1, 2-3 and 4-6 indicating negative expression, middle expression, and positive
expression, respectively.

Western blot and quantitative real-time PCR (qRT-PCR)

Protein samples were collected from tumor tissue and paired adjacent normal tissue of
postoperative specimens from the 60 esophageal cancer patients. Western blot analysis was
used to detect the expression of PI3K in esophageal cancer tissues and adjacent tissues,
using antibodies against PI3K and pB-actin. Western blot analysis was performed in
triplicates and representative blots are depicted.

Total RNA was isolated from tumor tissue and paired adjacent normal tissue of postoperative
specimens from the 60 esophageal cancer patients. Then, RNA was reversely transcribed
into cDNA. qRT-PCR was used for quantitative cDNA level to detect the expression level of
PI3K. In the esophageal cancer tissues, the cut off value of PI3K expression level defined as
5, (the high expression:> 5, the low expression: <5).

Nanomedicine. Author manuscript; available in PMC 2019 October 01.
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Synthesis and Characterizations of AZD8186-DCMs and DTX-DCMs

The PEGsy-Cyss-Lg-CAg telodendrimer, the building block for DCMs was synthesized
according to the previous studies [27] by the liquid phase condensation reaction MeO-PEG-
NH, utilizing stepwise peptide chemistry according to previous published methods [28].
AZD8186-DCMs (1 mg drug in 20 mg PEGsy-Cysa-Lg-CAg telodendrimer) were prepared
by the solvent evaporation method as reported previously[29]. The micelle solution was also
filtered through a 0.22-um filter to sterilize the sample.

The size of AZD8186-DCMs and DTX-DCMs (drug-DCMs) were measured by dynamic
light scattering (DLS). Transmission electron microscope (TEM, Philips CM-120,
Amsterdam, Netherland) was used to observe the morphology of drug-DCMs The amount of
drug loaded in the micelles was analyzed by an HPLC system (Waters). The drug-loading
efficiency was calculated according to the calibration curve between the HPLC area values
and concentrations of the drug standard sample.

Confocal imaging study

The esophageal cancer cell line KYSE70 was cultured in RPMI-1640 medium containing
10% fetal bovine serum (FBS) and penicillin-streptomycin. For cell uptake study, KYSE70
cells were seeded in eight-well tissue culture chamber slides (BD Biosciences, Bedford,
MA, USA) and were incubated with 50 pg/ml DID, DID-DCMs, DID-AZD8186-DCMs or
DID-DTX-DCMs for 4 hours. Confocal imaging was acquired by LSM 800 (Zeiss, Jena,
Germany).

Flow cytometry for cell apoptosis and cell cycle evaluation

Annexin V and propidium iodide (P1) double staining (Pharmingen, San Diego, CA, USA)
were used to evaluate the KYSE70 cell apoptosis treated with free DTX, AZD8186, DTX-
DCMs, and AZD8186-DCMs. In short, 1 x 108 KYSET70 cells were seeded into two 6-well
plates overnight. Cells were treated with various concentrations (3pg/ml, 30pug/ml) of free
DTX, free AZD8186, DTX-DCMs, and AZD8186-DCMs for 24h respectively. Cells were
harvested and stained with 10ug/ml AnnexinV-FITC and propidium iodide (PI). Similarly,
for cell cycle analysis, cells with the same treatment settings were harvested and fixed with
70% cold ethanol at 24h post drug treatment. Cells were stained with 50ug/ml Pl and
100ug/ml RNase A (Sigma-Aldrich) and were protected from light. Both samples were
evaluated by flow cytometer (Becton—Dickinson, Mansfield, MA, USA), and results were
analysed by Flow Jo v7.6.1 software (Tree Star Inc., San Carlos, CA)

Cell viability assay

Cells were plated in 96-well plates (5 x 103/well) overnight and treated with various
concentrations of drugs as indicated for another 72h. MTS working solutions were added in
each well and incubated for another 4 hours before the plate reading(SpectraMax M2,
Molecular Devices, USA). The results are shown as the average cell viability [(retreat
—ODyjank)/(ODcontrol—ODplank)*100%] of triplicate wells.

Nanomedicine. Author manuscript; available in PMC 2019 October 01.
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Western blot

After treatments by free AZD8186, free DTX, AZD8186-DCMs and DTX-DCMs, equal
amounts of cell lysate proteins (25ug) were subjected to standard western blot analysis. The
transferred membranes were incubated with the appropriate primary antibodies including
pPI3K, pAkt, p53, Bcl2, Bax, and B-actin (Millipore Sigma) at 4°C overnight followed by
secondary antibody. The level of proteins was quantified using Quantity One software
(BioRad, USA)

Near-infrared fluorescence imaging study in ESCC xenograft-bearing mouse

Animals were acclimatized in the holding facility prior to the study. All animal procedures
were approved by the Animal Use and Care Administrative Advisory Committee at the
University of California, Davis. Xenograft model was established by injecting 7x10%
KYSE70 esophageal cancer cells in a 100uL of a mixture of PBS and Matrigel (1:1 v/v)
subcutaneously into the left flank of nude mice (Harland). When the tumor volume reached
approximately 8~10 mm diameter, they were subjected to /n vivo NIRF optical imaging. At
different time points post-injection of DiD-AZD8186- DCMs (DiD 50 mg/kg; AZD8186 10
mg/kg), The mice were then scanned with Kodak multimodal imaging system 1S2000MM
with an excitation bandpass filter at 625nm and an emission at 700nm. Twenty-four hours
after administration, mice were humanely euthanized and major organs and tumors were
collected for ex vivo imaging.

Efficacy study in xenograft mouse model

KYSE70 esophageal cancer cells xenograft-bearing nude mice were used to evaluate the
therapeutic efficacy. After the tumor volume reached about 100 mm3, mice were randomized
into 6 groups (n=8 per group): free DTX (5mg/kg), DTX-DCMs (5mg/kg), free
AZD8186(10mg/kg), AZD8186-DCMs (10mg/kg), and AZD8186-DTX-DCMs (DTX
5mg/kg and AZD8186 10mg/kg), respectively every three days. All treatments were given
viatail vein except free AZD 8186 was given via gavage every day for a total of 21 days.
The tumor volumes were measured every three days to assess the antitumor activities of the
treatments, and the body weights were examined to monitor potential toxicity. Tumor
volume was calculated by the formula (LxW2)/2, where L is the longest and W is the
shortest in tumor diameters (mm). All animals were sacrificed on day 21, and all tumors
were collected for photo imaging and weighing. Blood samples were obtained 1day after the
first dose for measurement of complete blood count (CBC) and analysis of serum
biochemistry. Statistical analysis

Data were expressed as the mean * standard error (SEM) unless otherwise noted Statistical
analysis was performed by Student’s t-test for two groups, and one-way ANOVA for
multiple groups. A p-value of less than 0.05 was considered statistically significant. Kaplan-
Meier is used for survival analysis.

Nanomedicine. Author manuscript; available in PMC 2019 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

WANG et al. Page 6

Results

Correlation of PI3Kexpression level with esophageal cancer patient survival

To examine the possible roles of PI3K expression in ESCC patients, tumor samples
surgically resected from 60 esophageal cancer patients were examined for the expression of
these molecules using gRT-PCR(Fig 1A), IHC (Fig 1B), and western blot (Fig 1C). The
mean age of the 63 patients was 62 years, 15 patients were positive for lymph nodes and 45
patients were negative, 44 patients were in clinical stageI-II, and 16 were in stageIll.
Quantitative Real-time PCR analysis was performed to determine the cDNA level to detect
the expression level of PI3K in 60 pairs of esophageal cancer tissue and adjacent tissue
specimens. We found that the expression of PI3K in tumor tissues was conspicuously higher
than that of the adjacent tissues (P < 0.05, Fig 1A). We further performed the IHC analysis
on those patient sample tissue sections and revealed that PI3K had a cytoplasmic staining
pattern. Among 60 patients, 28 patients (account for 46.7%) were considered as high
expression and 20 patients (33.3%) as low expression (Fig 1B) based on our scoring system
based on PI3K staining intensity. Consistent with the gqRT-PCR results, the expression of
PI3K in esophageal cancer tissues was significantly higher than that in adjacent tissues (Fig
1C).

Patients with clinical follow-up were evaluated with respect to the association of
immunostaining scores tooverall survival (OS). OS was defined as the date of diagnosis to
death of any cause or to the date of the last visit. The Kaplan-Meier survival analysis showed
that there was significant statistically difference in 30 months OS between the patients with
PI3K low expression and PI3K high expression (HR=2.192, 95% CI 1.07 to 4.49, P =
0.0319) (Fig 1D), revealing that the expression of PI3K is a significant predictive factor for
OS in patients with esophageal cancer treated with surgery.

Synthesis and Characterization of AZD8186-DCMs and DTX-DCMs

There are many challenges in co-delivery of molecularly targeted drugs and
chemotherapeutic drugs to the target tumor sites, such as the determination of drug ratio,
treatment regimen (concurrence or sequential, and frequency), and potential for various
combinations. Therefore, we decided to provide more flexibility by loading two drugs
separately for our study. As previously described [30], we successfully loaded AZD8186 and
DTX in disulfide cross-linked micelles (DCMs) to prepare AZD8186-DCMs and DT X-
DCMs. The average particle size of AZD8186-DCMs and DTX-DCMs were 20+ 6 nm and
21+ 7 nm, respectively (Fig 2A). Both micelles were spherical in shape with a size that was
consistent with the result obtained from the DLS particle sizer (Fig 2A). The drug loading
efficiency of AZD8186 and DTX was 85.2% and 82.4%, respectively, based the HPLC
measurements.

To investigate intracellular uptake behavior of AZD8186-DCMs and DTX-DCMs, we
further co-loaded DiD as a fluorescence marker and incubated with ESCC cell line,
KYSE?70. Figure 2C demonstrated that DiD-AZD8186-DCMs and DiD-DTX-DCMs were
both successfully internalize into KYSE70 cells with a cytoplasmic pattern only after 2h of
incubation (Fig 2B).

Nanomedicine. Author manuscript; available in PMC 2019 October 01.
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In vitro anti-cancer efficacy studies in KYSE70 cell line

After confirmation of the cellular uptake of nanopartilces, we further researched their anti-
cancer efficacy in ESCC cell line. Cells were treated with both free and DCM formulated
drugs, and cell viability, cell apoptosis, and cell cycle distribution were evaluated. Both free
and DCM-AZD8186 effectively caused a dose-dependent loss in cell viability due to
induction of cell apoptosis (including increases of early (Annexin+/PI-) and late (Annexin
+/P1+) apoptosis) and G1 arrest (increased G1 % compared to control) (Fig 3 A,B,C & Fig
S1). In contrast, KYSE70 cells were more resistant to DTX and DTX-DCMs treatments,
comparing to AZD8186, evidenced by increased ICsg and a lesser degree of apoptosis (Fig
3A,B,D, & E). As expected, a significant G2 arrest was observed after DTX treatments (Fig
3 F & Fig S2), as DTX suppressed the dynamics of microtubules resulting in failure in
mitosis[31]. Combining with the finding in Fig 2B, these results indicated that AZD8186-
DCMs and DTX-DCMs could be uptake by the cells and released to function as anti-cancer
agents comparable with their free formulations.

Synergistic effects of AZD8186-DCMs and DTX-DCMs in esophageal cancer

Upon confirming both formulations still kept their pharmacological activity, we next
examined the combination effects of various drug ratios, concentrations, and treatment
regimens. Given the high PIK3CA gene amplification and PI3K protein expression,
KYSE70 cells were selected for our study for targeted therapy[33]. When combing 12.5 or
25 mg/ml of DTX-DCM with various concentrations of AZD8186-DCM, there was a
significant synergistic anti-ESCC cancer effect especially at the lower AZD8186
concentrations (Combination Index, Cl =0.2 — 0.9, Cl < 1 indicated synergism) (Fig 4A).
Similarly, when treating cells with 1.56, 3.125, and 6.25 mg/ml of AZD8186-DCM with
various concentrations of DTX-DCM, a slight synergistic effect also only occurred at the
lower DTX-DCM concentrations (Cl = 0.7-0.9) (Fig S3). Later, we took a different
approach to further confirm the synergistic effects using fixed-dose strategy. As shown in the
Fig 4B, we utilized different fixed ratios of AZD8186-DCM and DTX-DCM with different
concentrations. We demonstrated that AZD8186-DCM and DTX-DCM showed a better
synergistic effect at the 1:1 and 2:1 ratios. The ratios of 1:2, 1:5, and 5:1 only had slight
synergistic effects. Based on this study, the synergistic effects of AZD8186-DCMs and
DTX-DCMs in esophageal cancers were demonstrated.

Several studies demonstrated that the sequence for giving molecular targeting drugs and
chemotherapeutic drugs may achieve dramatic different efficacy[34, 35]. Therefore, we
intended to study the potential effects of the drug treatment sequence on the anti-ESCC
functions. KYSE70 cells were treated with different concentrations of DTX-DCM and
AZD8186-DCM concurrently, or in different sequences (DTX-DCM first followed by
AZD8186-DCM or in the reverse order). Fig 4C demonstrated that concurrent and
sequential treatments (either order) exhibited synergistic effects, while concurrent treatment
was significantly more effective than sequential therapy (p<0.05). Consequently, we decided
to employ the concurrent treatment regimen in the following animal studies.

Nanomedicine. Author manuscript; available in PMC 2019 October 01.
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Combination therapy with AZD8186-DCM and DTX-DCM effectively inhibited ESCC growth
with decreased toxicity

Our previous study already confirmed the superior tumor targeting efficacy of our precision
drug delivery platforms in several tumor types, such as prostate cancer, bladder cancer, and
ovarian cancer[27, 29]. The present study was our first time to assess the drug delivery
specificity and efficiency of DCM platform in ESCC xenograft mouse model. We evaluated
the nanoparticle distribution tracking the fluorescence signals from the co-loaded near-
infrared dye DiD. KYSE70 cell xenograft-bearing mice were injected with DiD-AZD8186-
DCMs and the whole body NIRF imaging was acquired at different time points upon
administration. DiD signals were found to gradually accumulate into tumor site and reached
the peak at 24h (Fig 5A). All organs and tumors were harvested for ex vivo imaging which
then showed that DiD-AZD8186-DCMs preferentially accumulated at the tumor sites.
However, there were also moderate degrees of the DiD signals identified in the lung, spleen,
and liver. Nevertheless, accordingly to our experiences, the DiD signals tend to retain longer
in the tumor sites, while declined rapidly in other major organs.

For the /in vivo antitumor efficacy studies, KYSE70 xenograft-bearing nude mice were
treated with PBS, free AZD8186, AZD8186-DCMs, free DTX, DTX-DCMs, or AZD8186-
DCMs + DTX-DCMs. The therapeutic effect was evaluated by the changes in tumor size.
Compared to PBS control, free DTX and AZD8186 displayed mild inhibition effects on
tumor growth, while AZD8186-DCMs and DTX-DCMs showed moderate inhibition effects
(Fig 5B&C). DCM formulation treatment groups had significantly lighter tumors compared
to free formulation treatment groups (Fig 5C). Moreover, the combination of AZD8186-
DCMs and DTX-DCMs demonstrated the most potency in inhibition of ESCC tumor growth
than mono-therapy in both formulations (Fig 5B and C). Collectively, this study
demonstrated that AZD8186 in combination with docetaxel may result in tumor regression
or stasis in esophageal cancer.

General toxicity was assessed by the body weight changes during treatment, and there was
no significant difference between treatment groups (Fig 5D). These results supported that
nano-formulations itself did not cause or enhance drug-related toxicity. Blood was also
collected on the day 2 after the treatment for complete blood count and biochemistry
(hepatic and renal function panel) evaluations. Hepatotoxicity and hematologic toxicity are
two major side effects of traditional chemotherapy that often lead to early termination of
chemotherapy[32, 36, 37]. Compared to PBS control group, there was a significant decrease
in the white blood cell count upon free DTX treatment, but not DTX-DCMs or the
combination treatment (Table 2). Significant decreases in red blood cell count and
hemoglobin concentrations were also identified in the free DTX treated mice comparing to
DTX-DCMs and the combination treated groups (Table 2). This result strongly suggested
that DCM could significantly decrease bone marrow suppression (inhibition of both RBC
and WBC) induced by DTX. This was most likely because DCM could prevent premature
drug release during circulation and specifically deliver a higher dose of the
chemotherapeutic drug to the tumor sites resulting decreased toxicity. Additionally, there
was no obvious liver and renal toxicity evidenced by no significant changes in the serum
plasma aspartate aminotransferase (AST), alanine aminotransferase (ALT) levels (both

Nanomedicine. Author manuscript; available in PMC 2019 October 01.
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reflect liver function) and creatinine/urea levels (both reflect kidney function) compared
with the control group, and all the parameters were within the normal ranges (Table 3).

Molecular mechanism study

We further elucidated the molecular mechanism for the synergistic anti-tumor efficacy of
DTX-DCM and AZD8186-DCM in ESCC cells. AZD8186 is an isoform-specific small-
molecule PI3K inhibitor and could block PI3K/Akt signaling pathway [15]. As expected,
both free AZD8186 and AZD8186-DCM significantly diminished phosphorylation of both
PI3K and Akt (p<0.05). Interestingly, p53, a key tumor suppressor gene associated with cell
apoptosis was greatly increased. Since phosphorylated Akt could further activate Hdm2
which then shuttles p53 into nucleus resulting in p53 degradation, inhibition of p-Akt may
contribute to the upregulation of p53[38, 39]. Upregulation of Bax and decrease of Bcl-2
expression, along with increase p53 resulted in cell apoptosis (Fig 3 and 6) upon AZD8186
and AZD8186-DCM treatments. In contrast, although DTX and DTX-DCM treatment failed
to alter the phosphorylation status, they upregulated p53 and Bax expression and decreased
Bcl-2 level resulting in cell apoptosis (Fig 3 and 6) in ESCC cells. Many studies have
reported that the cell apoptosis induced by DTX is closely related to the level of p53, Bcl2,
and Bax [40]. The combination therapy also induced comparable inhibition in pPI3K, pAkt,
and Bcl-2 expression and upregulation of p53 as monotherapy. Particularly, the combination
therapy significantly elevated Bax expression which could explain the superior synergistic
effects of DTX-DCM and AZD8186-DCM.

Discussion

This study presented a highly integrated and clinically relevant precision nanomedicine
strategy to target ESCC at both molecular level (PI3K pathway) and physical level (tumor-
targeted drug accumulation). We first identified the strong correlation between PI3K
expression levels and ESCC patients overall survival and believed this would be a promising
target given the established role of PI3K in cancer biology. Taking advantage of a newly
developed PI3K inhibitor, AZD8186, we intended to treat alone or combine with a potent
chemotherapeutic drug, DTX to achieve a curative result. Considering the poor water
solubilities of both drugs and extreme toxicity induced by DTX, we employed the novel
nanotechnology platform for precision drug delivery toward the tumor sites, which brings
the precision medicine into a next level to precision nanomedicine. Our study successfully
demonstrated the combination of AZD8186-DCM and DTX-DCM could synergistically
eliminate ESCC in vitroand in vivo. This synergistic effect was not only contributed by the
inhibition of the essential PI3K/Akt signaling but also further enhancement in cancer cell
apoptosis pathways. Most importantly, the DTX associated hematotoxicity was also resolved
with DCM formulation. Our results demonstrated that PI3K is a validated target for ESCC
treatment, while DCM formulation of PI3K/AZD8186 combination could be a promising
and safe treatment regimen which could potentially greatly enhance ESCC survival time and
quality of life.

Our study demonstrated that high expression of PI3K of the esophageal cancer cells might
be associated with tumor progression, and high expression of PI3K predicted poorer survival
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of esophageal cancer patients (Fig 1). This result is consistent with the finding based on the
Cancer Genome Atlas (TCGA) database analysis[42]. They identified PI3Ks and PI3CB that
had the highest mMRNA expression in esophageal cancers compared to normal adjacent tissue
and served as a highly relevant prognostic indicator for ESCC patients [42]. Additionally,
PI3K/AKT signaling pathway was also reported to associate with the metastasis and
chemoresistance of esophageal squamous cell carcinoma[11, 43]. For example, UNBS5162,
C-X-C motif chemokine ligand antagonist, was found to inhibited ESCC cell proliferation,
invasion, and migration via the PI3K/Akt pathway [44]. Since fluorouracil (5-FU)-resistant
esophageal cancer cells overexpressed pAkt, inhibition of PI3K/Akt pathway could reverse
the chemoresistance resulting in more cell death [11].

This is the first study showed the combination of AZD8186 and DTX could effectively
control ESCC growth in a mouse xenograft model (Fig 5). KYSE70 xenograft appeared to
be resistant to the free AZD8186 and DTX treatment alone. Nevertheless, with the aid of
targeted delivery technology, DCM formulated AZD8186 and DTX could significantly
control the tumor growth, and this is presumably due to the effects of more drugs had been
delivered to the cancer sites based on the biodistribution results (Fig 5A). In our /n vitro
study, we discovered that concurrent treatment was better than sequential treatment (Fig 4C)
and thus we choose to co-treat ESCC bearing mice with two drugs together. In contrast, Urs
Hancox et al showed that five days exposure of AZD8186 or continuous dosing in
combination with DTX was more effective than 2 days or intermittent dosing [16]. They also
used 3 times higher dose DTX (single dose) resulting in stable disease and tumor growth
inhibition. Therefore, we may need to explore different in vivo regimen for the best
combination and dosing regimen. The main challenge of drug combination with
nanoformulation is to determine the optimal drug ratio and treatment regimen. Therefore, we
believe co-delivery of drugs may not be the best design for oncology nanomedicine,
especially for a combination of chemotherapeutic drugs and small molecular drugs. The
former one gave much less frequent than the later one. Moreover, the regimen of combining
different drugs according to the molecular sequencing results may be adjusted at different
stages of disease progression so that it can be most beneficial for patients. Several other
potentially effective combinations with PI3K inhibitors had been explored for other cancer
types, such as Bcl-2 antagonists, PKR-like ER kinase inhibitor, and mTORC1/2 inhibitor
[42].

The mechanism of cell apoptosis induced by AZD8186 and DTX was widely studied, while
DCM formulation did not alter their anti-cancer mechanisms. Our findings are in
concordance with other reports that AZD8186 inhibits PI3K-dependent activation of AKT
and induces tumor suppressor gene p53 up-regulation in KYSE70 cells leading to tumor cell
apoptosis (Fig 6). Consistent with other studies, DTX/DTX-DCM treatment also enhanced
p53 and bax expression and decreased bcl-2 expression casuing cell apoptosis (Fig 6) [40].
The combination of AZD8186-DCMs and DTX-DCMs only significantly enhanced Bax
expression comparing to monotherapy and was considered as one of the major mechanisms
contributing to superior anti-cancer effects (Fig 6).
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In summary, we reported an integrated precision nanomedicine strategy to target ESCC at
molecular level through the identification of PI3K pathway in patients and at physical level
via nanotechnology-based precision drug delivery to enhance the drug accumulation at

tumor sites. The synergistic combination treatment with nanoformulations of the novel PI3K

inhibitor AZD8186 and the potent chemotherapeutic drug DTX was demonstrated to be
highly efficacious at both /n vitro and in vivo level with decreased systemic toxicity. This
strategy showed the great promise to be translated into clinical settings to improve the

treatment efficacy of human patients with ESCC. It can be applied to other types of cancers

as well.
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Figure 1. PI3K overexpression in esophageal squamous cell carcinoma (ESCC).
(A) gRT-PCR analysis of PI3K expression from 60 patients with esophageal cancer tissues

and adjacent tissues. In the ESCC tissues, the cutoff value of PI3K expression level defined
as 5, (high expression: > 5, low expression: < 5). *p<0.05 (B) Representative images of
immunochemistry PI3K staining (high, middle and low expression) in ESCC patient
samples. (C) Western blot analysis on the expression level of PI3K in paried patient ESCC
(T) and adjacent normal (N) tissues (upper panel). The western blot resulted were quantified
(lower panel) and the expression of PI3K in esophageal cancer tissues was significantly
higher than that in adjacent normal tissues, P< 0.05. (D) Thirty-month overall survival
curves for 60 patients with esophageal cancer according to the expression level of PI3K
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based on the qRT-PCR analysis. The PI3K low expression group showed significantly longer
3-year OS than PI3K high expression group (P <0.05).
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Figure 2. Characterization of AZD8186-DCM and DTX-DCM.
(A) The size distribution and morphology of AZD8186-DCM and DTX-DCM were

analyzed by DLS and TEM, respectively. Scale bar: 50 nm. (B) Cell uptake of DiD-DCM,
DiD-DTX-DCM, and DiD-AZD8186-DCM by KYSE70 esophageal cancer cell line at 2h
post-incubation. Hoechst 33342 was used for nuclear staining.
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Figure 3. Cytotoxicity of AZD8186-DCM (A, B, &C) and DTX-DCM (D, E, &F) in KYSE70

cels.

(A, D) The cell viability was evaluated with standard MTS assay at 72 hours post-drug
treatment. Free drug formulation was used as a control. There was a dose-dependent
decrease in cell viability. (B, E) Cell apoptosis assays were performed at 24 hours after drug
treatment using annexin V-FITC/PI double staining. Annexin V+/PI- cells were considered
as early apoptosis, while AnnexinVV+/P1+ cells were considered as late apoptosis. There was
a dose-dependent manner of cell apoptosis in both treatments, but no significant difference
between free and DCM formulations. (D & F) Cell cycle analysis at 24 hours post-drug
treatment was conducted in KYSE 70 cells. AZD8186 formulations caused G1 arrest, while

DTX formulations induced G2 arrest.
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Figure 4. Synergistic effects of AZD8186-DCM and DTX-DCM.
KYSE 70 cells were treated with (A) different fixed concentrations of DTX-DCM and

serious concentrations of AZD8186-DCM for 72 hours. Cell viability was assessed by MTS
assay. The combination index (CI) v.s. fraction affected (Fa) affected plot was calculated by
Compusyn and depicted the combination effects. (B) Cells were co-treated with different
fixed ratios (5:1, 2:1, 1:1, 1:2, and 1:5) of AZD8186-DCM and DTX-DCM for 72 hours.
The CI v.s. Fa plot was also calculated and generated by Compusyn software. (C) KYSE 70
cells were treated with DTX-DCM or AZD8186-DCM alone or in combination or in
sequences (AZD8186-DCM first for 6 hours followed by DTX-DCM or DTX-DCM first for
6 hours followed by AZD8186-DCM). The CI v.s. Fa plot was also provided. (Cl<1 indicate
synergism; C=1 indicates additive effect; C > 1 indicates antagonism).
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Figure 5. The efficacy studies of AZD8186-DCM and DT X-DCM combination in KY SE 70
bearing xenograft mice model.

(A) /n vivoand ex vivoimaging study in the evaluation of biodistribution of DiD-AZD8186-
DCM in the KYSE 70 xenograft mouse model. Whole body NIRF imaging was acquired at
different time points as indicated. After the last time point (24 hours), organs and tumors
were harvested for ex vivoimaging. (T: KYSE70 tumor, H: heart, I: intestine; K: kidney, Sp:
spleen, m: muscle). (B) Tumor volume change curves for esophageal cancer xenograft-
bearing mice after treated with PBS, free DTX (5mg/kg), DTX-DCMs (5mg/kg), AZD8186-
DCMs (10mg/kg), and AZD8186-DTX-DCMs (DTX 5mg/kg and AZD8186 10mg/Kkg),
respectively every three days. All treatments were given via tail vein except free AZD 8186
was given via gavage every day for a total of 21 days. (C) Mice were terminated on day 21,
and tumors were harvested and weighted for more accurate evaluations. The combination
treated groups had significantly low tumor weight compared to single treatment. (D) Body
weight changes during the efficacy studies. There was no significant difference between
treatment groups.
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Figure 6. Molecular mechanism studiesin K'Y SE 70 cells after treatment of different
formulations of DT X and AZD8186 and the combination.

(A) Representative western blot analysis was presented to evaluate the level changes of
PPI3K, pAKT, p53, Bcl-2, and Bax after 24 hours of treatment as indicated. Beta-actin was
served as the loading control. (B) The quantitative analysis based on the western blot results
was summarized. *p<0.05
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Table. 1

The characteristics of patients and the PI3K expression level in esophageal cancer tissue.

PI3K expression (IHC)

Characteristics case (%) high  middle Low
Gender

male 33 (55) 16 11 6

female 27 (45) 12 9 6
age(years)

Median age 62

260 32 (53) 17 10 5

< 60 28 (47) 11 10 7
Lymphatic invasion

yes 15 (25) 8 4 3

no 45 (75) 20 16 9
clinical stage

-1 44 (73) 21 16 7

11 16 (27) 7 4 5
Smoking status

Non-smoker 36 (60) 18 14 4

Smoker 24 (40) 10 6 8

Alcohol consumption

Non-drinker 52 (87) 27 18 7

Drinker 8 (13) 1 2 5

1duosnuey Joyiny
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Table. 2
The count of blood cells (CBC) profile of ESCC bearing-xenogr aft mice after treatments.

Blood was collected at the one day after the first dose of treatment.

PBS FREEDTX DTX-DCMs FREEAZD8186 AZD8186-DCMs DTX-DCMs+AZD8186-DCMs
WBC(k/ul) 7.1+18  5140g*  58tl2 74217 8.42.9 5.7+15
RBC(m/ul) 84%29  57+11 7.9+11 7.8+0.3 8.0£0.6 8.2+0.4
Hb(gdl)  104+25 9.2+19 119417 12501 13.0£05 12.741.0

*
p<0.05 different than all other treatment groups.
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Table. 3

Page 24

Theliver and kidney panel of ESCC bearing-xenogr aft mice after treatments.

Blood was collected at the 2 days after the first dose of treatment.

ALT(U/L)
AST(U/L)

BUN (mg/dL)
Creatinine(mg/dL)
t-Bilirubin (mg/dL)

PBS FREEDTX DTX-DCMs FREEAZD8186 AZD8186-DCMs
59+10.9 34+7.4 31+6.5 5349.1 40.4+4.1
109+43.1  124+56.4 106+55.7 80+13.1 102+29.2

19+2.0 20+2.7 24+0.6 25+1.5 29+0.3

0.1+0.02  0.1+0.03 0.1+0.02 0.15+0.03 0.14+0.02
0.1+0.02  0.1+0.02 0.1+0.01 0.1+0.02 0.04+0

DTX-DCMs+ AZD8186-DCMs
40+25.5

145+30.5

26+0.8

0.11+0.03

0.05+0.01
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