
Augmentation of nab-paclitaxel chemotherapy response by 
mechanistically diverse antiangiogenic agents in preclinical 
gastric cancer models

Niranjan Awasthi1,3, Margaret A. Schwarz2,3, Changhua Zhang4,*, and Roderich E. 
Schwarz1,5

1Department of Surgery, Indiana University School of Medicine, South Bend, IN 46617

2Department of Pediatrics, Indiana University School of Medicine, South Bend, IN 46617

3Harper Cancer Research Institute, University of Notre Dame, Notre Dame, IN 46617

4Department of Gastrointestinal Surgery, The First Affiliated Hospital of Sun Yat-sen University, 
Guangzhou, Guangdong, China 510080

5Goshen Center for Cancer Care, Goshen, IN 46526

Abstract

Gastric adenocarcinoma (GAC) remains the third most common cause of cancer deaths 

worldwide. Systemic chemotherapy is commonly recommended as a fundamental treatment for 

metastatic GAC, however, standard treatment has not been established yet. Angiogenesis plays a 

crucial role in the progression and metastasis of GAC. We evaluated therapeutic benefits of 

mechanistically diverse antiangiogenic agents in combination with nab-paclitaxel, a next-

generation taxane, in preclinical models of GAC. Murine survival studies were performed in 

peritoneal dissemination models, while tumor growth studies were performed in subcutaneous 

GAC cell-derived or patient-derived xenografts. The mechanistic evaluation involved IHC and 

Immunoblot analysis in tumor samples. Nab-paclitaxel increased animal survival that was further 

improved by the addition of antiangiogenic agents ramucirumab (or its murine version DC101), 

cabozantinib and nintedanib. Nab-paclitaxel combination with nintedanib was most effective in 

improving animal survival, always greater than 300% over control. In cell-derived subcutaneous 

xenografts, nab-paclitaxel reduced tumor growth while all three antiangiogenic agents enhanced 

this effect, with nintedanib demonstrating the greatest inhibition. Furthermore, in GAC patient-

derived xenografts the combination of nab-paclitaxel and nintedanib reduced tumor growth over 

single agents alone. Tumor tissue analysis revealed that ramucirumab and cabozantinib only 

reduced tumor vasculature, while nintedanib in addition significantly reduced tumor cell 

proliferation and increased apoptosis. Effects of nab-paclitaxel, a promising chemotherapeutic 

agent for GAC, can be enhanced by new-generation antiangiogenic agents, especially nintedanib. 
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The data suggest that nab-paclitaxel combinations with multitargeted antiangiogenic agents carry 

promising potential for improving clinical GAC therapy.
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Introduction:

Gastric adenocarcinoma (GAC) remains the fifth most frequent malignant tumor and the 

third leading cause of cancer-associated death in the world, despite its incidence and 

mortality having declined in the past few decades (1). The prognosis of metastatic GAC 

patients is generally very poor, mostly due to the limited efficacy of available treatment 

options. Surgical resection provides the best chance for long-term survival of locoregional 

disease stages, however, many GAC patients with resectable disease at the time of diagnosis 

have micrometastatic disease. Noncurative chemotherapy is commonly recommended as a 

treatment for advanced GAC that usually leads to a modest improvement, resulting in a 

median survival of 6 to 11 months. The chemotherapy regimen of epirubicin, cisplatin, and 

5-fluorouracil (5-FU) or its modifications by substituting cisplatin and 5-FU with oxaliplatin 

and capecitabine, have been widely used as the standard treatment for GAC patients (2,3). 

Further, docetaxel, a semisynthetic taxane, based chemotherapy regimen including cisplatin 

and 5-FU (DCF) has shown promising clinical benefits in treating advanced and metastatic 

GAC (4). Recently, the docetaxel-based triplet chemotherapy regimen FLOT (5-FU/

leucovorin, oxaliplatin and docetaxel) became standard therapy for gastric cancer patients 

based on its clinical benefits in a phase 2/3 trial (5). Although systemic chemotherapy 

treatment improves survival and quality of life in the treatment of GAC, the standard 

regimen remains to be established. Furthermore, these conventional chemotherapy regimens 

show a clinical response in not more than 50% of patients suggesting that a relatively large 

proportion of patients do not benefit from these intensive treatments (6). In addition, 

development of chemoresistance is a common clinical phenomenon even in patients who 

initially respond to these therapies (7). Therefore, novel and effective therapeutic approaches 

are desperately needed to improve clinical outcome for GAC patients.

Nanoparticle albumin-bound paclitaxel (nab-paclitaxel, NPT) is a next-generation taxane 

with an antimitotic activity that has shown greater antitumor efficacy than solvent-based 

paclitaxel in several preclinical and clinical studies. Up to now, nab-paclitaxel is an FDA-

approved treatment for three indications, breast cancer, non-small cell lung cancer (NSCLC) 

and pancreatic cancer (8). We have previously demonstrated that nab-paclitaxel has higher 

anti-tumor efficacy than other commonly used chemotherapy drugs in preclinical models of 

GAC (9). Platinum-based chemotherapy has been widely used for advanced GAC treatment 

(10,11). We used oxaliplatin (Oxa), a third-generation platinum compound, as a reference 

agent to compare its antitumor response with nab-paclitaxel as single-agent chemotherapy.

Inhibiting tumor angiogenesis is a well-established anticancer strategy for the treatment of 

several solid tumors including GAC. Vascular endothelial growth factor (VEGF) and its 
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receptor VEGFR2 mediated angiogenesis is believed to play a crucial role in the 

pathogenesis of GAC, and higher circulating and intratumoral VEGF levels have been 

shown to associate with increased tumor aggressiveness and poor survival (12). Several 

clinical trials evaluated two categories of VEGF pathway inhibitors in GAC patients, 

antibodies or small molecule tyrosine kinase inhibitors (TKIs) (13–15). Ramucirumab 

(Ram), a human monoclonal antibody against VEGFR2, has shown significant clinical 

response as monotherapy and in combination with paclitaxel in advanced GAC patients who 

progressed after first-line therapy (13,14). DC101 is a murine version of ramucirumab and 

binds specifically to mouse VEGFR2. Hepatocyte growth factor (HGF) and its receptor 

HGFR (c-Met) signaling is implicated in cell proliferation, survival, metastasis, and 

angiogenesis. Activation of this pathway has been reported in 10–50% of GAC patients 

(16,17). Cabozantinib (Cab) is a potent, small molecule TKI that mainly targets c-Met, 

VEGFR2, Axl, Ret, and Kit signaling. Cabozantinib is an FDA-approved treatment of 

patients with medullary thyroid cancer and renal cell carcinoma (18,19). Other than VEGF 

and HGF, several growth factors and their receptors are overexpressed and have all been 

correlated with poor prognosis in GAC, including PDGFR, FGFR and IGFR (20). In 

addition, aberrant signaling of these growth factors has been implicated in resistance and 

escape mechanisms from anti-VEGF therapy (21). These findings provide a strong rationale 

for exploiting the therapeutic potential of multitarget antiangiogenic agent combinations 

together with effective cytotoxic regimens in GAC. Nintedanib (Nin) is a potent triple 

angiokinase inhibitor for VEGF receptor 1–3, FGF receptor 1–3 and PDGF receptor α/β. 

Nintedanib also inhibits the Src family kinases, RET, and FLT-3. Nintedanib is a next-

generation TKI with high specificity towards its therapeutic targets and favorable toxicity 

profile (22). Nintedanib demonstrated significant antitumor activity in preclinical models of 

several tumor types (23). In the EU, nintedanib combination with docetaxel is an approved 

treatment of patients with advanced and metastatic NSCLC (24).

In this report, we aimed to evaluate the antitumor response of nab-paclitaxel, in combination 

with the mechanistically diverse antiangiogenic agents ramucirumab, cabozantinib or 

nintedanib, in several different preclinical models of GAC.

Materials and Methods:

Reagents

Nab-paclitaxel was obtained from Celgene Corporation (Summit, NJ). Ramucirumab (Eli 

Lilly, Indianapolis, IN) was obtained from the pharmacy at the Goshen Center for Cancer 

Care (Goshen, IN). Oxaliplatin, cabozantinib and nintedanib were purchased from LC 

Laboratories (Woburn, MA). Cell proliferation reagent WST-1 was purchased from Roche 

Diagnostic Corporation (Indianapolis, IN).

Cell culture

The human GAC cell lines AGS, SNU-1, SNU-5, SNU-16, and KATO-III were purchased 

from the American Type Culture Collection (ATCC, Rockville, MD). Human GAC cell line 

MKN-45 was purchased from Creative Bioarray (Shirley, NY). The characteristics of these 

GAC cell lines are presented in Supplementary Table S1 indicating that MKN-45 cells 
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express c-met and E-cadherin oncogenes, while KATO-III cells express c-met and uniquely 

overexpress FGFR2 oncogenes. The human umbilical vein endothelial cells HUVEC, and 

the human fibroblast cell line WI-38 were also purchased from ATCC. All these cell lines 

were tested and authenticated by ATCC. All GAC cells were grown in RPMI 1640 medium 

(Sigma Chemical Co., St. Louis, MO) containing 10% or 20% FBS and maintained at 37°C 

in a humidified incubator with 5% CO2 and 95% air. HUVECs were grown in EndoGRO-LS 

medium containing endothelial cell growth supplements (Millipore Corp., Billerica, MA). 

WI-38 cells were grown in DMEM supplemented with 10% FBS.

Cell viability assay

Cell viability experiments were performed using the colorimetric WST-1 reagent. Briefly, 

4000–5000 cells were plated in each well of a 96-well plate in the regular growth medium. 

The medium was replaced after 16 hours with 2% FBS containing medium and the cells 

were treated with nab-paclitaxel, ramucirumab, cabozantinib or nintedanib. WST-1 reagent 

(10 μl) was added to each well after 72-hour incubation followed by additional incubation 

for 2 hours. The absorbance was measured at 450 nm using a microplate reader.

Western blot analysis

Cell monolayers were treated with nab-paclitaxel, ramucirumab, cabozantinib or nintedanib, 

incubated for 16 hours and whole cell lysates were prepared. Tumor tissue lysates were 

prepared as previously described (25). Briefly, tumor tissues from subcutaneous cell-derived 

and patient-derived xenografts were snap-frozen in liquid nitrogen and stored at −80°C. 

These tumor tissues were suspended in lysis buffer and homogenized using the Bullet 

Blender Homogenizer (Next Generation, Averill Park, NY), and extracts were sonicated. 

Proteins in supernatants were separated by SDS-PAGE and transferred to PVDF membranes 

(Bio-Rad, Hercules, CA). Membranes were incubated overnight at 4°C with the following 

antibodies: total ERK1/2, phospho-ERK1/2 (Thr202/Tyr204), phospho-stathmin, total 

stathmin, cleaved caspase-3 (Cell Signaling Technology, Beverly, MA), β-actin and GAPDH 

(both from Sigma). The membranes were then incubated with the corresponding HRP-

conjugated secondary antibodies (Pierce Biotechnologies, Santa Cruz, CA) for 1 to 2 hours. 

Specific bands were visualized using the enhanced chemiluminescence reagent (ECL, Cell 

Signaling) in an Image360 system and quantitated by densitometry.

In vivo studies

Animal experiments were performed in accordance with the Institutional Animal Care and 

Use Committee (IACUC) at the Indiana University School of Medicine (South Bend, IN). 

Animals were housed in a pathogen-free facility with access to food and water ad libitum. 

Female nonobese diabetic/severe combined immunodeficient (NOD/SCID) mice (4 to 6 

weeks old) were purchased from Charles River Laboratories (Wilmington, MA).

Cell-derived subcutaneous xenograft model: Human GAC cells MKN-45 (7.5 × 106) or 

SNU-5 (10 × 106) were implanted subcutaneously into the right flank region of NOD/SCID 

mice. Ten days after tumor cell injection, when all mice had a measurable tumor, mice were 

randomized (n=5) to receive PBS (control), nab-paclitaxel (10 mg/kg, twice a week), 

oxaliplatin (5 mg/kg, twice a week), ramucirumab (2 mg/kg, twice a week), cabozantinib (30 
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mg/kg, 5 times a week) or nintedanib (25 mg/kg, 5 times a week) via intraperitoneal 

injection for 2 weeks. The tumor size was measured twice weekly, and tumor volume (V) 

was calculated using the formula V = ½ (Length × Width2). After the completion of the 

experiment, mice were euthanized; tumors dissected and processed for histological, 

immunohistochemical and Western blot analysis.

Patient-derived subcutaneous xenograft (PDX) model: Gastric cancer patient-originating 

tumor tissue, derived from a poorly differentiated diffuse-type GAC, was purchased from 

Celprogen (Torrance, CA). Tumor samples were sectioned into small pieces (1 cm × 1 cm) 

and subcutaneously implanted into the right flanks of NOD/SCID mice under anesthesia 

with isoflurane. Tumor growth was monitored twice weekly using a caliper. At about 1000 

mm3, tumors were extracted for serial transplantation into NOD/SCID mice and used for the 

experiment when tumor volume reached about 100–200 mm3. PDX-bearing mice were 

randomized and divided into groups to receive PBS (control), nab-paclitaxel (10 mg/kg, 

twice a week) and nintedanib (25 mg/kg, 5 times a week) via intraperitoneal injection for 2 

weeks. The tumor size was measured twice weekly, and tumor volume (V) was calculated 

using the formula V = ½ (Length × Width2). After the completion of the experiment, mice 

were euthanized, followed by tumor dissection and processing for histological, 

immunohistochemical and Western blot analyses.

Immunohistochemical analysis

Subcutaneous xenograft tumors were fixed in 4% paraformaldehyde, embedded in paraffin 

and sectioned. Tumor sections (5 μm) were deparaffinized and rehydrated followed by heat-

mediated antigen retrieval in citrate buffer. The tumor sections were then incubated with 

CAS blocking buffer for 20 minutes. Tumor cell proliferation was measured by overnight 

incubation with anti-Ki67 antibody (Abcam, Cambridge, MA) at 4°C and 40 minutes 

incubation at room temperature with Cy3 secondary antibody. Slides were mounted with a 

mounting medium containing DAPI (Invitrogen, Carlsbad, CA) and imaged using a 

fluorescence microscope. Proliferative activity was evaluated by calculating Ki67-positive 

cells from five different high-power fields (HPF) in a blinded manner. Tumor cell apoptosis 

was determined by TUNEL assay using “Apoptag Apoptosis Detection Kit” according to the 

manufacturer’s (Millipore) instructions. Microvessel density (MVD) was evaluated by 

overnight incubation with anti-endomucin antibody (Millipore; MAB2624) at 4°C followed 

by Cy3 secondary antibody incubation at room temperature for 40 minutes. Tissues were 

then washed, mounted using a medium containing DAPI and imaged using a fluorescence 

microscope. Endomucin positive vessels were calculated within a microscopic HPF in a 

blinded manner. Fluorescence microscopy was performed using IX81 Olympus microscope 

and images were captured with a Hamamatsu Orca digital camera (Hamamatsu Corporation, 

Bridgewater, NJ) with a DSU spinning confocal unit using cellSens Dimension software 

(Olympus, Center Valley, PA).

Animal survival analysis

Animal survival studies were performed in a peritoneal dissemination xenograft model using 

4–6-week-old female NOD/SCID mice. Gastric cancer cells MKN-45 (10×106) or KATO-III 

(10×106) were injected into the abdominal cavity of mice. Ten days after tumor cell 
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injection, mice were randomized (6–8 mice per group) to receive PBS (control), nab-

paclitaxel and antiangiogenic agents for 2 weeks as described in the subcutaneous model 

experiment. Mice were euthanized when moribund according to predefined criteria, 

including rapid weight loss or gain (>15%), tumor size, lethargy, inability to remain upright 

and lack of strength. Animal survival was evaluated from the first day of treatment until 

death (26).

Statistical analysis

In vitro cell proliferation data are expressed as the mean ± standard deviation. Statistical 

significance was analyzed by the two-tailed Student’s t-test using GraphPad Prism 6.0 

Software (GraphPad Software, San Diego, CA) for the individual group comparison. 

Statistical analysis for in vivo tumor growth studies was performed by one-way ANOVA for 

multiple group comparisons and Student’s t-test for the individual group comparisons. 

Survival study statistics included nonparametric testing with log-rank group comparisons 

(GraphPad Prism 6.0). Values of p<0.05 were considered to represent statistically significant 

group differences.

Results:

Antiangiogenic agents improve animal survival benefits of nab-paclitaxel

In a peritoneal dissemination model using MKN-45 GAC cells, median survival in the 

control group mice (PBS treated) was 21 days after the start of therapy. At the time of death, 

control mice carried tumor in all parts of the stomach including gastro-esophageal junction 

and post-pyloric duodenum, and metastases were found in liver, spleen and gallbladder. In 

comparison with control animals, there was no increase in median survival in the oxaliplatin 

(21 days), ramucirumab (21 days) or cabozantinib (21 days) therapy groups, but survival 

was significantly longer in the nintedanib group (26 days, a 24% increase). Animal survival 

was markedly increased by single-agent nab-paclitaxel treatment (40 days, a 90% increase), 

and was further increased by addition of antiangiogenic agents: NPT+Ram (48 days, a 129% 

increase), NPT+Cab (69 days, a 229% increase) and NPT+Nin (100 days, a 376% increase) 

(Figure 1A).

In another peritoneal dissemination model of gastric cancer using KATO-III cells, the 

median survival of mice in the control group (PBS treated) was 19 days after the start of 

therapy. Similar to the MKN-45 xenograft study, there was no significant change in median 

survival in animals receiving oxaliplatin or ramucirumab monotherapy. However, this model 

showed stronger effects of single-agent treatment with nab-paclitaxel (178 days), 

cabozantinib (40 days) or nintedanib (246 days). Again, animal survival was further 

increased by the addition of antiangiogenic agents to nab-paclitaxel (Figure 1B).

Antiangiogenic agents augment tumor growth inhibition response of nab-paclitaxel

In MKN-45 GAC cell-derived subcutaneous xenografts, PBS treated control mice displayed 

rapid tumor growth. Ramucirumab and oxaliplatin monotherapy resulted in a small 

inhibition in tumor growth (<39%), while a greater reduction was observed with nab-

paclitaxel, cabozantinib and nintedanib monotherapy (range 67–85%). Combinations of nab-
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paclitaxel with these antiangiogenic agents demonstrated an additive effect on tumor growth 

inhibition (>89%), with NPT+Nin being the most effective group showing a regression in 

tumor size (Figure 2A, 2B). Tumor weight, measured at the end of the experiment, 

correlated with the tumor volume data in different therapy groups and corroborated the 

antitumor benefits of nab-paclitaxel combination with antiangiogenic agents (Figure 2C).

In another GAC subcutaneous xenograft experiment using mutationally different SNU-5 

cells, ramucirumab and oxaliplatin monotherapy showed no significant effect on tumor 

growth, while a marked reduction in tumor growth was observed with nab-paclitaxel, 

cabozantinib or nintedanib monotherapy (range 65–93%). Tumor growth inhibition response 

in NPT+Cab or NPT+Nin was significantly higher than monotherapy groups showing a 

regression in tumor size (Figure 2D, 2E). Again, harvested tumor weights in different 

therapy group mice at the end of the experiment demonstrated a good correlation with the 

tumor volume data (Figure 2F). There was no considerable change in mouse body weight in 

different therapy groups during the 2-week therapy period in both of these subcutaneous 

xenograft studies (Supplementary Figure S1).

DC101 enhances nab-paclitaxel antitumor activity

Determination of antitumor effects of DC101, a murine version of ramucirumab, in MKN-45 

GAC cell-derived xenografts, revealed that DC101 and its combination with nab-paclitaxel 

significantly reduced the tumor growth (Figure 3A). In subcutaneous tumors, the net 

increase in tumor size was 851 mm3 in controls, 116 mm3 after NPT, 181 mm3 after DC101 

and −84 mm3 (tumor regression) after NPT+DC101 (Figure 3B). Tumor weight at the end of 

the experiment corresponded with the tumor volume data (Figure 3C). In peritoneal 

dissemination xenografts, animal survival in the control group was 18 days and after DC101 

monotherapy 19 days. The nab-paclitaxel monotherapy effect (39 days) was enhanced by the 

addition of DC101 (62 days) (Figure 3D). Again, there was no significant change in mouse 

body weight in different therapy groups during the 2-week therapy period (Supplementary 

Figure S2 A).

Nintedanib enhances nab-paclitaxel antitumor activity in PDX model

In GAC patient-derived xenografts, nab-paclitaxel, nintedanib or their combination also 

delayed tumor growth (Figure 3E). The net increase in tumor size was 599 mm3 in controls, 

204 mm3 in NPT, 211 mm3 in Nin and −24 mm3 (tumor regression) in NPT+Nin (Figure 

3F). Consistent with prior experiments, therapies appeared to be well tolerated as reflected 

by weight stability (Supplementary Figure S2 B).

Antiangiogenic agents and nab-paclitaxel: effects on tumor cell proliferation and 
apoptosis

Examination of tumor cell proliferation within tumor tissues obtained from MKN-45 cell-

derived subcutaneous xenografts demonstrated that nab-paclitaxel was most effective in 

reducing intratumoral proliferation (by 64.5%) followed by oxaliplatin (40.5%), nintedanib 

(32.8%), and cabozantinib (21.7%). Ramucirumab had no significant effect on intratumoral 

proliferation in this setting. Combinations of nab-paclitaxel with cabozantinib (75% 

Awasthi et al. Page 7

Mol Cancer Ther. Author manuscript; available in PMC 2019 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



reduction) or nintedanib (82% reduction) were more effective than single-agent therapies 

(Figure 4A).

Evaluation of tumor cell apoptosis in tumor tissues obtained from MKN-45 cell-derived 

subcutaneous xenografts revealed that compared with control (apoptosis index: 0.02), nab-

paclitaxel (0.11) was more effective in inducing apoptosis followed by nintedanib (0.06) and 

oxaliplatin (0.04) monotherapy. Combinations of nab-paclitaxel with ramucirumab and 

cabozantinib were not significantly different than nab-paclitaxel alone, in contrast to NPT

+Nin (0.15) (Figure 4B).

Antiangiogenic agents and nab-paclitaxel: effects on microvessel density and marker 
proteins

Nab-paclitaxel and oxaliplatin had no specific effect on tumor vasculature in MKN-45 cell-

derived subcutaneous xenografts (<8%), in contrast to ramucirumab (22.6%), cabozantinib 

(79.8%) or nintedanib (64.4%). Reduction in microvessel counts in combinations of nab-

paclitaxel with antiangiogenic agents was not different than antiangiogenic monotherapy 

groups (Figure 5A).

Nab-paclitaxel increased phospho-stathmin and cleaved caspase-3 expression in MKN-45 

cells but had no significant effect on α-tubulin and phospho-ERK expression. Cabozantinib 

and nintedanib had no effect on α-tubulin, minimal effect on phospho-stathmin and 

phospho-ERK but significant increase in cleaved caspase-3 expression. Ramucirumab 

treatment had no effect on phospho-stathmin, α-tubulin, or cleaved caspase-3 protein 

expression in MKN-45 GAC cells (Figure 5B).

Antiangiogenic agents and nab-paclitaxel: effects on in vitro cell proliferation

Single-agent nab-paclitaxel had a dose-dependent in vitro growth inhibitory effect on several 

GAC cell lines tested. Inhibition in cell proliferation at 100 nM and 10 μM concentrations 

were 79.5% and 86.2% (AGS); 56.3% and 70.5% (SNU-1); 84.3% and 88.3% (SNU-5); 

94% and 97% (SNU-16); 59.6% and 80.9% (KATO III); 28% and 63% (MKN-45) (Figure 

6). As a single agent, all three antiangiogenic agents had very limited effects at low doses 

but led to a significant inhibition in cell viability at the higher dose level (Figure 6). 

Combination of nab-paclitaxel with anti-angiogenic agents demonstrated additive effects in 

higher dose combination groups (Figure 6). Nab-paclitaxel and all three antiangiogenic 

agents had similar effects on representative endothelial cells HUVECs and fibroblasts WI-38 

cells (Supplementary Figure S3).

Discussion:

Combination chemotherapy is currently the standard approach for treating most patients 

with advanced GAC as it can prolong median patient survival by approximately 10 months. 

Advanced disease burden, tumor heterogeneity and aggressiveness, as well as innate and 

acquired drug resistance are the major factors responsible for the dismal response of GAC to 

chemotherapy treatment. The search for more effective combination cytotoxic regimens is 

ongoing, as all approved regimens have limited survival benefits and carry risks for clinical 

toxicity (2–5). More recently, targeted therapy approaches, either alone or in combination 

Awasthi et al. Page 8

Mol Cancer Ther. Author manuscript; available in PMC 2019 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with chemotherapy, have started to impact GAC care, primarily through biologic agents 

directed against vascular mechanisms (13–15,27). Tumor-induced angiogenesis is a well-

established mediator of GAC growth, progression, and metastasis. GAC angiogenesis is 

multifactorial, and several growth factors have been shown to play a crucial role in this 

process including VEGF, FGF, PDGF, HGF, and EGF (12,20). Given these insights into 

susceptibility of GAC to various mechanisms of systemic therapies, it seems sensible to 

explore combination approaches of promising cytotoxic and antiangiogenic components to 

achieve greater disease control benefits. In the present study, the therapeutic efficacy of the 

next-generation chemotherapy agent nab-paclitaxel was evaluated in combination with the 

new class of antiangiogenic agents in several preclinical GAC models for this reason, and to 

examine if antiangiogenic mechanisms are capable of enhancing antitumor effects of a 

nanoparticle-formulated cytotoxic agent.

Peritoneal dissemination is one of the most frequent characteristics of extra-regional 

metastatic progression of GAC and is a decisive factor in its poor prognosis (28). In this 

study, nab-paclitaxel displayed marked survival advantage in the two GAC peritoneal 

dissemination animal survival models that closely resemble the clinical progression pattern 

of the disease. Despite generating a comparable survival in untreated animals, KATO-III 

xenografts were more sensitive to nab-paclitaxel therapy than MKN-45 xenografts probably 

due to the differences in their molecular characteristics, genetic and epigenetic alterations, 

and growth factor expression (29). Additionally, nab-paclitaxel also demonstrated significant 

antitumor activity in other models tested including subcutaneous cell-derived xenografts and 

patient-derived xenografts. Some advantages of nab-paclitaxel over other cytotoxic agents, 

as highlighted in the current study for oxaliplatin, have been reported before (9,30,31), and 

can likely be attributed to its drug distribution, tumor penetration and higher retention 

leading to enhanced anti-mitotic responses in epithelial tumor cells and stroma (32,33). 

Combining nab-paclitaxel with other biologic targeting agents has so far been feasible but 

not highly effective (34). However, the combination with antiangiogenic agents was of 

particular interested and relevance in this context as mentioned above.

Antiangiogenic treatment remains a highly promising cancer-therapeutic avenue, as this 

process is critical for the local and metastatic progression of solid tumors. Overall, the 

clinical benefits of single-agent antiangiogenic therapy are limited, favoring a combination 

therapy approach, e.g. combining antiangiogenic agents with standard chemotherapy 

regimens (35). In our studies, antiangiogenic agent monotherapy did not show much survival 

benefit except in case of nintedanib. Significantly higher animal survival benefit by 

nintedanib in KATO-III xenografts can be attributed to the fact that KATO-III cells carry 

FGFR2 gene amplification (36) rendering it susceptible to nintedanib’s unique targeting 

profile that includes the FGF-FGFR signaling axis (23). These findings indicate that 

nintedanib would be specifically promising for the well-known but small subset of GAC 

with FGFR amplification (37,38). Aside from this specific characteristic, the general 

observation is that in all tested models, the addition of antiangiogenic agents noticeably 

improved nab-paclitaxel response. A higher additive response of cabozantinib or nintedanib 

with nab-paclitaxel indicates the advantages of multitargeting approach compared with 

single-target VEGFR-2 inhibition by ramucirumab. Among the three-antiangiogenic agents 

tested, our studies repeatedly demonstrated a discernible advantage of nintedanib, either 
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alone or in combination with nab-paclitaxel. These findings are consistent with some clinical 

studies in ovarian or lung cancer showing that nintedanib combinations with chemotherapy 

exhibited promising antitumor activity where other antiangiogenic agents failed to show a 

response (39,40). The significant advantage of nintedanib can be accredited to its 

simultaneous inhibition of three prominent proangiogenic pathways with a high degree of 

specificity including VRGFR1/2/3 (IC50 13–34 nmol/L), FGFR1/2/3 (IC50 37–108 nmol/L), 

and PDGFRα/β (IC50 59–65 nmol/L) (23). Furthermore, the observed antitumor response of 

nintedanib as monotherapy and in combination with nab-paclitaxel suggests that its direct 

antitumor effects extend beyond single target VEGF antibody effects. While targeting the 

VEGF signaling pathway in these systems appears to work, a possible reason for the limited 

effects of ramucirumab in a xenograft setting is that it is a humanized antibody and therefore 

would only block VEGFR2 produced from transplanted human xenografts; it would not 

block VEGFR2 produced from murine host tumor microenvironment cells. We confirmed 

this by examining the antitumor activity of DC101, a murine version of ramucirumab, and 

observed marked antitumor benefits of DC101 alone or in combination with nab-paclitaxel. 

These findings indicate a significant role of VEGF production and signaling in murine host 

tumor microenvironment cells, beyond those expected to reside within the epithelial GAC 

cells themselves. Previous studies have shown that VEGF production is not limited to 

endothelial cells in tumor microenvironment but it is also produced in epithelial tumor cells 

(41) as well as in many cell types in murine tumor microenvironment including endothelial 

cells, fibroblasts, myofibroblasts, macrophages and immune cells (42). Also, there are 

reports suggesting the existence of both autocrine and paracrine VEGF loops within the 

tumor microenvironment (43). Therefore, due to the differences in the expression of VEGF 

and other angiogenic factors in epithelial and stromal tumor cells, anti-VEGF therapies with 

distinct target specificities may have differential effects in different cellular compartments 

within the tumor microenvironment.

It is likely that specific mechanisms of action of the different therapeutic agents used in this 

study determine the ability to generate combination benefits. Known anti-stromal and anti-

mitotic effects of nab-paclitaxel can primarily be correlated with a reduction in tumor cell 

proliferation and induction in apoptosis (44,45). All three antiangiogenic agents significantly 

reduced tumor vasculature but had differential effects on tumor cell proliferation. Notably, 

induction in tumor cell apoptosis was distinctly correlated with nintedanib, hence supporting 

its superior efficacy. While the precise mechanisms for the augmentation of nab-paclitaxel 

antitumor activity by the addition of antiangiogenic agents remains unclear, some likely 

mechanisms that qualify include normalization of tumor vasculature, decreased interstitial 

pressure causing enhanced delivery of the chemotherapeutic drug into the tumor 

microenvironment, reduced density of desmoplastic stroma, and possibly direct 

augmentation of nab-paclitaxel cytotoxic effects (46,47). The differential antitumor activity 

of the three antiangiogenic agents in this study is thus most certainly related to their 

spectrum of target specificity, ability to block escape mechanisms of tumor progression and 

potential to exert direct antiepithelial effects.

In vitro analysis of mutationally disparate GAC cells revealed that nab-paclitaxel 

significantly but differentially decreased cell viability. Antiangiogenic agents have small or 

no effect at low drug concentrations but induced some effects at high concentration; the 
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differential sensitivity of GAC cell lines to these drugs is likely related to their differences in 

the expression of angiogenic growth factors (48,49). The main target receptors such as 

VEGFR1/2/3, FGFR1/2/3, PDGFRα/β and HGFR (c-met) are differentially expressed in 

GAC cell lines and have been detected at mRNA level (29,49). Low protein expression of 

these target receptors limits their detection at the protein level and makes it difficult to 

determine specific changes by antiangiogenic agents. However, the observed in vitro effects 

and measurable impact on the expression of downstream members from critical pathways 

including PI3K, MAPK and apoptosis still support an impact on “angiogenic” molecular 

targets within epithelial GAC cells.

Multiple mechanisms are involved in GAC growth and progression including an increase in 

tumor cell proliferation, differentiation, invasion, migration, angiogenesis and epithelial-to-

mesenchymal transition. Therefore, a more effective therapeutic regimen would likely 

impact on most of these protumorigenic mechanisms with manageable toxicity. The fact that 

antiangiogenic treatments have shown significant clinical activity in advanced GAC but in 

very few other solid tumors suggests that gastric epithelial neoplasms have additional 

angiogenic signaling that can be targeted therapeutically (50). New generation multitarget 

antiangiogenic agents with more precise targeting and better toxicity profiles as used in this 

study have compelling potential to improve treatment strategies of advanced GAC. The 

present study indicates that nab-paclitaxel is an effective chemotherapy for advanced GAC 

and its response can be significantly improved by new-generation multitarget antiangiogenic 

agents, thereby providing a direction for options to improve clinical GAC therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Antiangiogenic agents improve animal survival benefits of nab-paclitaxel.
A. Animal survival study in the MKN-45 GAC cell-derived peritoneal dissemination model. 

B. Animal survival study in the KATO-III GAC cell-derived peritoneal dissemination model. 

Ten days after tumor cell injection in NOD/SCID mice, treatment was started with nab-

paclitaxel, ramucirumab, cabozantinib and nintedanib for 2 weeks. The curve represents the 

animal survival time from the beginning of therapy. Statistical group differences in survival 

time were calculated using log-rank testing.

Awasthi et al. Page 15

Mol Cancer Ther. Author manuscript; available in PMC 2019 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2: Antiangiogenic agents enhance nab-paclitaxel antitumor effects in GAC cell-derived 
xenografts.
Tumor growth inhibition in MKN-45 GAC cell-derived subcutaneous xenografts (A, B, C) 

or in SNU-5 GAC cell-derived subcutaneous xenografts (D, E, F). Ten days after tumor cell 

injection when all mice had a measurable tumor, mice were treated with nab-paclitaxel, 

ramucirumab, cabozantinib and nintedanib for 2 weeks. A, D. Tumor size was measured 

twice a week using calipers and plotted. B, E. Net growth in tumor size was calculated by 

subtracting tumor volume on the first treatment day from that on the final day. C, F. Mean 
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tumor weight was calculated from final day tumor weights in each group and presented as a 

Box plot. Data are representative of mean values ± standard deviation from 5 mice per 

group. Statistical analysis was performed by one-way ANOVA for multiple group 

comparison and Student’s t-test for the individual group comparison.

Awasthi et al. Page 17

Mol Cancer Ther. Author manuscript; available in PMC 2019 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3: Antiangiogenic agents and nab-paclitaxel: Antitumor effects in MKN-45 cell-derived 
xenografts and in patient-derived xenografts.
Tumor-bearing NOD/SCID mice were treated with DC101 and nab-paclitaxel in MKN-45 

GAC cell-derived subcutaneous xenografts, n=5 (A, B, C, D) or with nintedanib and nab-

paclitaxel in GAC patient-derived xenografts, n=3 (E, F). When all mice had a measurable 

tumor, they were treated for 2 weeks. A, E. Tumor size was measured twice a week using 

calipers and plotted. B, F. Net growth in tumor size was calculated by subtracting tumor 

volume on the first treatment day from that on the final day. Data are representative of mean 
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values ± standard deviation. C. Mean tumor weight was calculated from final day tumor 

weights in each group and presented as a Box plot. D. The curve represents the animal 

survival time from the beginning of therapy. Statistical group differences in survival time 

were calculated using log-rank testing.
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Figure 4: Antiangiogenic agents and nab-paclitaxel: effects on tumor cell proliferation and 
apoptosis.
Tumor tissue sections obtained from the MKN-45 subcutaneous xenograft study after 2-

week treatment with nab-paclitaxel, ramucirumab, cabozantinib, and nintedanib, were used 

for the IHC analysis. A. Tissue sections were immunostained with Ki67 antibody to 

determine tumor cell proliferation. Ki67-positive cells were counted in five different high-

power fields. B. Tumor cell apoptosis was measured by staining tumor tissue section with 

TUNEL procedure. TUNEL-positive apoptotic cells were counted in five different high-

power fields. For both immunostaining experiments, slides were photographed under a 

fluorescent microscope and the data are expressed as the mean ± standard deviation.
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Figure 5: Antiangiogenic agents and nab-paclitaxel: effects on microvessel density and marker 
proteins. A.
Tumor tissue sections obtained from the MKN-45 subcutaneous xenograft study after 2-

week treatment were used for evaluating intratumoral microvessel density. Tumor sections 

were incubated with anti-endomucin antibody and slides were photographed under a 

fluorescent microscope. Endomucin positive vessels were calculated within a microscopic 

HPF in a blinded manner and the data are expressed as the mean ± standard deviation. B. 
MKN-45 GAC cell monolayers were treatment with nab-paclitaxel, ramucirumab, 

cabozantinib or nintedanib, cell lysates were prepared after 16 hours incubation and 

analyzed by immunoblotting. The intensity of bands was quantitated by densitometry and is 

represented in the bar graph after normalizing values with corresponding total protein 

expression or GAPDH expression.
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Figure 6: Antiangiogenic agents and nab-paclitaxel: In vitro GAC cell proliferation.
GAC cells (AGS, SNU-1, SNU-5, SNU-16, MKN-45, and KATO-III) were plated on 96-

well plates and treated with nab-paclitaxel, ramucirumab, cabozantinib or nintedanib. 

WST-1 reagent (10 μl) was added to each well after 72-hour incubation followed by 

additional incubation for 2 hours. The absorbance at 450 nm was measured using a 

microplate reader. The resulting number of viable cells was calculated by measuring the 

absorbance of color produced in each well. Data are the mean ± SD of triplicate 

determinations.
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