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ABSTRACT
◥

Gastric adenocarcinoma (GAC) is the third most common cause
of cancer-related deaths worldwide. Combination chemotherapy
remains the standard treatment for advanced GAC. Liposomal
irinotecan (nal-IRI) has improved pharmacokinetics (PK) and drug
biodistribution compared with irinotecan (IRI, CPT-11). Angio-
genesis plays a crucial role in the progression and metastasis of
GAC. We evaluated the antitumor efficacy of nal-IRI in combina-
tion with novel antiangiogenic agents in GAC mouse models.
Animal survival studies were performed in peritoneal dissemination
xenografts. Tumor growth and PK studies were performed in
subcutaneous xenografts. Compared with controls, extension in
animal survival by nal-IRI and IRI was >156% and >94%, respec-
tively. The addition of nintedanib or DC101 extended nal-IRI
response by 13% and 15%, and IRI response by 37% and 31%

(MKN-45 xenografts); nal-IRI response by 11% and 3%, and IRI
response by 16% and 40% (KATO-III xenografts). Retardation of
tumor growth was greater with nal-IRI (92%) than IRI (71%).
Nintedanib and DC101 addition tend to augment nal-IRI or IRI
response in this model. The addition of antiangiogenic agents
enhanced tumor cell proliferation inhibition effects of nal-IRI or
IRI. The tumor vasculature was decreased by nintedanib (65%) and
DC101 (58%), while nal-IRI and IRI alone showed no effect. PK
characterization in GAC xenografts demonstrated that compared
with IRI, nal-IRI treatment groups had higher retention, circulation
time, and tumor levels of CPT-11 and its active metabolite SN-38.
These findings indicate that nal-IRI, alone and in combination with
antiangiogenic agents, has the potential for improving clinical GAC
therapy.

Introduction
Gastric adenocarcinoma (GAC) remains the third leading cause

of cancer mortality worldwide (1). Combination chemotherapy
regimens are the standard treatment for patients with GAC and
lead to a modest improvement in survival, but median survival time
remains less than a year (2–4). A triple chemotherapy regimen with
docetaxel, oxaliplatin and 5-FU (FLOT) demonstrated superior
clinical efficacy and became the standard perioperative treatment
for patients with gastric cancer (5). For second-line therapy, cyto-
toxic agents such as irinotecan and taxanes are known to improve
the prognosis for patients with GAC. In addition, some molecular
targeted agents such as trastuzumab, a HER2 antibody, and ramu-
cirumab, a VEGFR2 antibody, are also approved for advanced GAC

therapy as monotherapy or in combination with chemotherapy (6).
On the basis of the low response rates of these intensive therapies
and the development of chemoresistance and relapse (7), there is an
urgent need for novel therapeutic strategies that can improve
clinical GAC therapy.

Irinotecan (IRI, CPT-11) and its active metabolite SN-38 bind
reversibly to the topoisomerase I-DNA complex, thus preventing
religation of single-strand DNA breaks and inducing cancer cell
death (8). Previous studies reported the effectiveness of irinotecan
against advanced GAC as monotherapy (9) and in combination with
other chemotherapy drugs (10, 11). Several phase II studies demon-
strated the second-line activity of irinotecan with or without fluor-
opyrimidines in patients with advanced GAC (12–14). The clinical
activity of irinotecan has been limited by some of its chemical,
pharmacokinetic (PK), and tolerability properties such as the conver-
sion of its active lactone form to inactive carboxylate form at phys-
iological pH (15, 16), rapid elimination of the drug (17, 18), and drug-
induced diarrhea (19). Liposomal irinotecan (nal-IRI) is an intrave-
nous liposomal formulation that encapsulates the topoisomerase I
inhibitor irinotecan in a lipid bilayer vesicle (long-circulating lipo-
somes). Liposomal encapsulation of irinotecan has shown improved
circulating PK properties and increased tumor residence of both CPT-
11 and SN-38 as compared with IRI (20, 21). Nal-IRI demonstrated
promising antitumor efficacy and improved safety profile in preclinical
studies (20–23). Nal-IRI also showed encouraging response as second-
line therapy in several phase II studies including patients with gemci-
tabine-refractory advanced pancreatic cancer, patients with gemcita-
bine plus cisplatin-refractory metastatic biliary tract cancer, and
patients with advanced esophago-gastric cancer who had failed one
prior chemotherapy (24–26). On the basis of the positive results of a
phase III trial, nal-IRI combination with 5-FU and leucovorin received
FDA approval for the treatment of gemcitabine-refractory metastatic
pancreatic cancer (27).
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Tumor angiogenesis plays an integral role in GAC progression and
metastasis indicating the potential of antiangiogenic therapy for
patients with GAC (28). VEGF and VEGF receptor 2 (VEGFR2)-
mediated angiogenesis seem to have an important role in the path-
ogenesis of GAC, and higher circulating and intratumoral VEGF
concentration correlate with tumor aggressiveness and poor surviv-
al (29, 30). Ramucirumab, a fully humanmonoclonal antibody against
VEGFR2, received FDA approval as second-line therapy for patients
with advanced GAC based on 1.4 months of improvement in median
survival compared with placebo (5.2 vs. 3.8 months, HR ¼ 0.776;
ref. 31). In another phase III trial with patients with advanced GAC
who progressed after first-line chemotherapy with platinum and
fluoropyrimidine, ramucirumab plus paclitaxel received FDA approv-
al after exhibiting median survival of 9.6 months compared with
7.4 months with placebo plus paclitaxel (HR ¼ 0.807; ref. 32). DC101
is a murine version of ramucirumab. Cabozantinib, an approved
therapy for the treatment of metastatic medullary thyroid cancer,
renal cell carcinoma and hepatocellular carcinoma, is a potent small-
molecule inhibitor of VEGFR2 that also inhibits c-MET, RET, KIT,
and AXL (33). Cabozantinib has been shown to reduce tumor angio-
genesis and metastasis in several cancers with dysregulated MET and
VEGFR signaling (34). In addition to VEGF, several growth factors
and their receptors including PDGF/PDGFR, FGF/FGFR and HGF/
HGFR are overexpressed and have all been correlated with poor
prognosis in human GAC. Nintedanib (Nin) is a potent triple angio-
kinase inhibitor of VEGFR1/2/3, FGFR1/2/3 and PDGFRa/b with
additional activity against FLT3, Lck, Lyn, and Src (35).Nintedanib has
shown antitumor activity in several animal studies and is currently an
approved treatment in combination with docetaxel for non–small cell
lung cancer in Europe. Nintedanib is currently under clinical inves-
tigation in several solid tumors.

The antiangiogenic drugs have limited efficacy as monotherapy and
evidence suggests that these drugs enhance the activity of chemother-
apy by vascular remodeling, lowering interstitial pressure, increasing
blood flow, and possibly by directly impacting tumor cells (36).
Because topoisomerase I inhibitor irinotecan has shown activity in
gastric cancer, we determined the combination treatment benefits of
irinotecan with mechanistically different antiangiogenic drugs. A
previous study demonstrated that the combination of bevacizumab,
an anti-VEGF antibody, with irinotecan and 5-FU has significant
antitumor activity in metastatic colorectal cancer (37). Recently, a
phase II trial of ramucirumab plus irinotecan has shown encouraging
results as second-line therapy in gastric cancer (38).

In this preclinical study, we tested the hypothesis that nal-IRI has
greater antitumor efficacy in mouse models of GAC in comparison
with IRI, and the antitumor benefits of nal-IRI can be further improved
by the addition of mechanistically different antiangiogenic agents
including ramucirumab (or its murine version DC101), cabozantinib
or nintedanib.

Materials and Methods
Cell culture and reagents

The human GAC cell lines KATO-III and SNU-5 were purchased
from ATCC. The human GAC cell line MKN-45 was purchased from
Creative Bioarray. Cells were cultured in RPMI1640 medium (Sigma
Chemical Co.) containing 10% or 20% FBS and maintained at 37�C in
a humidified incubator with 5% CO2 and 95% air. Cell lines were
authenticated by ATCC (KATO-III, SNU-5) or Creative Bioarray
(MKN-45) and were routinely screened to ensure the absence of
Mycoplasma contamination (InvivoGen). The characteristics of these

GAC cell lines are presented in Supplementary Fig. S1. Nal-IRI was
obtained from Merrimack Pharmaceuticals. Irinotecan and ramucir-
umab were purchased from the Goshen Center for Cancer Care
pharmacy. DC101 was purchased from BioXcell. Cabozantinib and
nintedanib were purchased from LC Labs. SN-38 was purchased from
Sigma-Aldrich. The main molecular targets of antiangiogenic agents
used in the study are represented in Supplementary Table 1.

Cell proliferation assay
In vitro cell proliferation assays were performed using the color-

imetric WST-1 reagent (Sigma). Briefly, 4,000 GAC cells were plated
per well in a 96-well plate in the regular growth medium. After
16 hours, the medium was replaced with 2% FBS-containing medium
and the cells were treated with SN-38, ramucirumab or nintedanib.
After 72 hours incubation, 10 mL WST-1 reagent was added in each
well followed by additional incubation for 2 hours. The absorbancewas
measured at 450 nm using a microplate reader.

Animal studies
All animal studies and procedures were conducted in accordance

with the Institutional Animal Care and Use Committee (IACUC)
guidelines of the Indiana University School of Medicine (South
Bend, IN).

For animal survival studies, 6- to 8-week-old female NOD/SCID
mice were purchased from Charles River Laboratories and allowed to
acclimate for 1 week before the start of the experiment. Survival studies
were performed in a peritoneal dissemination model as previously
described (39). Briefly, mice were intraperitoneally injected with 1 �
107 MKN-45 or KATO-III cells. Ten days after tumor cell injection,
mice were randomized (n ¼ 6–8) into different groups to receive PBS
(control), nal-IRI (10 mg/kg, 1�/week), IRI (50 mg/kg, 1�/week),
DC101 (40 mg/kg, 2�/week), cabozantinib (30 mg/kg, 5�/week), and
nintedanib (25 mg/kg, 5�/week), either as monotherapy or as a
combination of nal-IRI or IRI plus antiangiogenic agent, via intra-
peritoneal injection for 15 days. The doses of nal-IRI, IRI, and
antiangiogenic agents were selected on the basis of their clinically
equivalent, safe and effective dose range described in the
literature (21, 35, 40–42). The experimental procedure of animal
survival studies has been presented in Supplementary Fig. S2.
Animals were monitored daily and euthanized when moribund
according to predefined criteria, including sudden weight gain or
loss (>15%), lethargy, inability to remain upright, and lack of
strength. Survival was evaluated from the first day of therapy until
death as described previously.

For tumor growth studies, MKN-45 cells (7.5�106) were subcuta-
neously implanted into the right flank region of NOD/SCIDmice. Ten
days after tumor cell injection, mice were randomized (n ¼ 5–6)
into different groups to receive PBS (control), nal-IRI (10 mg/kg,
1�/week), IRI (50 mg/kg, 1�/week), DC101 (40 mg/kg, 2�/week),
or nintedanib (25 mg/kg, 5�/week), either as monotherapy or as a
combination of nal-IRI or IRI plus antiangiogenic agent, via intra-
peritoneal injection for 2 weeks. The tumor size was measured twice
weekly, and tumor volume (V) was calculated as V ¼ 1/2 (Length �
Width2). Mice were euthanized after completion of therapy, and
tumors were dissected and processed for histologic, IHC, and
Western blot analysis.

IHC and immunofluorescence
Tumor tissues obtained from subcutaneous xenografts were fixed in

4% paraformaldehyde, dehydrated in a graded series of ethanol,
embedded in paraffin, and sectioned. The tumor sections (5 mm) were
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deparaffinized with xylene and rehydrated through graded ethanol
followed by heat-mediated antigen retrieval using citrate buffer. The
tumor sections were incubated for 20 minutes in CAS blocking
buffer followed by overnight incubation at 4�C with 1:200 dilution
of primary antibodies against Ki67 (Abcam catalog no. ab15580,
RRID:AB_443209) or endomucin (rat monoclonal; Millipore Sig-
ma, MAB2624). The tumor sections were washed with PBS and
incubated with 1:200 dilution of secondary antibody conjugated
with Cy3 (Jackson ImmunoResearch Laboratories) or Alexa Fluor
488 (Life Technologies) at room temperature for 40 minutes to
visualize the antigen. Tissues were then washed and mounted with a
solution containing 40,6-diamidino-2-phenylindole (DAPI; Invitro-
gen) to visualize nuclei. Fluorescence microscopy was used to detect
fluorescent signals in five representative high-power field (HPF) per
sample using IX81 Olympus microscope and images were captured
with a Hamamatsu Orca digital camera (Hamamatsu Corporation)
with a DSU spinning confocal unit using CellSens Dimension
software (Olympus).

PK evaluation of nal-IRI and IRI
HumanGACMKN-45 cells (6� 106) were subcutaneously injected

into NOD/SCID mice. Ten days after tumor cell injection, animals
with measurable tumor were randomized (n ¼ 20/group) and treated
with nal-IRI or IRI alone or in combination with DC101 or nintedanib
as previously described. The experimental procedure of PK evaluation
has been presented in Supplementary Fig. S3. After the first dose of nal-
IRI or IRI, the first collections were performed after 1, 8, and 24 hours
for blood and after 24 hours for tumor, labeled as cohort 1 (C1; 5mice/
group). Second tumor and blood collections were performed at the end
of the 3-week therapy (cohort 2, C2; trough level without any addi-
tional dosing; 5 mice/group). After the 3-week therapy, an additional
PK dose of nal-IRI and IRI was given to the remaining 10 mice of each
group, and mouse blood samples were collected at 0.5, 1, 4, 24, 48, and
72 hours after drug treatments using the facial vein technique. Blood
sampling was appropriately staggered between the two respective
tumor harvest cohorts [5 mice in each group were used for serial
blood collection at 0.5, 4, 24 hours and tumor harvest at 24 hours
(cohort 3, C3); the remaining mice in each group were used for serial
blood collection at 1, 48, 72 hours and tumor harvest at 72 hours
(cohort 4, C4)]. Plasma was separated from blood samples, stored at
�80�C until analysis for CPT-11 and SN-38 quantification. For tumor
analysis, mice were euthanized and perfused with 10 mL PBS, and
tumors were harvested, snap-frozen, stored at�80�C until analysis for
CPT-11 and SN-38 quantification.

Plasma and tumor levels for CPT-11 and SN-38 were determined
using an exploratory LC-triple quadrupole mass spectrometry
method. Protein precipitation with a mixture of 25 mL of acetic acid
(5% w/v) and 150 mL of methanol containing internal standard
(Octreotide) was used for plasma sample pretreatment. Tumor sam-
ples were homogenized in methanol using a tissue homogenizer,
centrifuged and supernatants were precipitated with methanol
containing IS and centrifuged. Finally, the resulting supernatants were
placed in a deep well plate containing 20 mmol/L ammonium acetate
and 5mL of each sample, standards, and quality controls for both CPT-
11 and SN-38 were injected into the UPLC-MS/MS system (Nexera 2,
Shimadzu/API4000, SCIEX) for chromatographic separation on C18
reversed-phase column (2.1�100 mm 1.7 mm Synergi, Phenomenex)
and detection in the positive ion electrospray ionization mode. The
peak area of the m/z 587.3 to >124.2 and 587.2 to >167.2 transitions of
CPT-11, of the m/z 393.2 to >348.7 transition of SN-38 and that of the
m/z 510.4 to >120.1 transition of the IS were measured with lower and

upper limits of quantification ranging from 0.5 to 5 ng/mL and from
1,000 to 5,000 ng/mL, respectively. For some measurements, an
alternative HPLC method described in ref. 22 was employed.

Statistical analysis
Survival study statistics were performed by nonparametric testing

with log-rank group comparisons using GraphPad Prism (GraphPad
Prism, RRID:SCR_002798). Statistical analysis for in vivo tumor
growth studies was performed by one-way ANOVA for multiple
group comparisons and Student t test for the individual group
comparisons. Statistical analyses of PK studies were performed using
t-test orWilcoxon–Mann–Whitney test. In vitro cell proliferation data
are expressed as the mean � SD; differences were analyzed by two-
tailed Student t test for the individual group comparison. P values of
<0.05 were considered to represent statistically significant group
differences.

Data availability statement
The data generated in this study are available within the article and

its Supplementary Data files.

Results
Nal-IRI increased animal survival more than IRI, combinations
with antiangiogenic agents extended survival benefits

In the MKN-45 cell-derived peritoneal dissemination model, the
median survival of mice in the control group (PBS treated) was
18 days. At the time of death, control mice had tumors around
parts of the stomach including the gastroesophageal junction
and at the small bowel, and metastasis was found at the liver,
peritoneum, lungs and spleen. Compared with controls, animal
survival was increased with antiangiogenic monotherapy: DC101
(21 days, a 17% increase, ns), cabozantinib (24 days, a 33% increase,
P ¼ 0.0009), and nintedanib (27 days, a 50% increase, P ¼ 0.0004).
Animal survival was significantly increased by IRI (35 days,
a 94% increase, P ¼ 0.0002) that was further increased by the
addition of antiangiogenic agents: IRI plus DC101 (46 days, a 156%
increase, P ¼ 0.0002), IRI plus cabozantinib (43 days, a 139%
increase, P ¼ 0.0002) and IRIþNin (48 days, a 167% increase,
P ¼ 0.0002). Importantly, nal-IRI, at one-fifth of the active agent
dose compared with IRI, led to a significant improvement in animal
survival (46 days, a 156% increase, P ¼ 0.0002) that was 31%
longer than IRI. Combination of antiangiogenic agents further extend-
ed nal-IRI survival benefits: nal-IRI plus DC101 (53 days, a 194%
increase, P ¼ 0.0002), nal-IRI plus cabozantinib (50 days, a 178%
increase, P ¼ 0.0002) and nal-IRI plus Nin (52 days, a 189% increase,
P ¼ 0.0002; Fig. 1A).

In KATO-III cell–derived peritoneal dissemination xenografts
that carry FGFR2 gene amplification, the median survival of mice in
the control group (PBS treated) was 34 days. Compared with
controls, animal survival was notably enhanced by single-agent
nal-IRI (259 days, a 662% increase, P ¼ 0.002), IRI (199 days, a
485% increase, P ¼ 0.002), DC101 (84 days, a 147% increase, P ¼
0.002), and nintedanib (140 days, a 312% increase, P ¼ 0.002).
Despite the long follow up after a 15-day treatment, a trend of
further increase in median survival was observed by the addition of
antiangiogenic agents to nal-IRI or IRI therapy groups: nal-IRI plus
DC101 (268 days, a 688% increase, P ¼ 0.002), nal-IRI plus
nintedanib (288 days, a 747% increase, P ¼ 0.002), IRI plus DC101
(280 days, a 724% increase, P ¼ 0.002), and IRI plus nintedanib
(230 days, a 576% increase, P ¼ 0.002; Fig. 1B).
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Liposomal irinotecan reduced tumor growth more than IRI, and
antiangiogenic agents tend to improve this response, although
not statistically significant

In MKN-45 cell–derived subcutaneous xenografts, antiangiogenic
monotherapy or chemotherapy (nal-IRI and IRI) resulted in marked
tumor growth inhibition, while combinations of nal-IRI or IRI with
antiangiogenic agents displayed a trend of additive responses
(Fig. 2A). The net increase in tumor growth in the control group
was 600 mm3 and compared to controls, tumor growth inhibition was
more profound after nal-IRI (92%) than IRI (71%). Tumor growth
inhibition was 55% by single-agent DC101 and 71% by single-agent
nintedanib. The addition of DC101 or nintedanib enhanced tumor
growth inhibition effects to >99% for nal-IRI and >90% for IRI but
these additive benefits were not significantly different than their
corresponding single-agent chemotherapies (Fig. 2A). Final tumor
weight data at the end of the treatment period corresponded with
tumor growth inhibition data. The mean tumor weight in the control
group was 0.81 g. Although the mean tumor weight after nal-IRI
therapy (0.23 g) was 39% lower than IRI (0.38 g), this difference was
not statistically significant. Again, the addition of antiangiogenic
agents DC101 or nintedanib demonstrated a trend of further decrease
in tumor weight but these differences were not statistically significant
from their corresponding chemotherapy treatments (Fig. 2B). During
the 2-week treatment phase, there was no apparent treatment-related
toxicity and no significant change in mouse body weight in all
treatment groups (Supplementary Fig. S4).

Impact of nal-IRI, IRI, and antiangiogenic agents on tumor cell
proliferation and vasculature

Examination of tumor cell proliferation by Ki67 immunostaining
within tumor tissues obtained from MKN-45 cell-derived subcutane-

ous xenografts demonstrated that compared with controls (prolifer-
ative index 0.81), nal-IRI monotherapy was most effective in reducing
intratumoral proliferation (by 58%), followed by IRI (39%), nintedanib
(33%), and DC101 (25%). Combinations of nal-IRI with DC101 (61%
reduction) or nintedanib (78% reduction) were more effective than
single-agent therapies (Fig. 3). Combinations of IRI with DC101 (58%
reduction) and nintedanib (69% reduction) also had an additive effect
in reducing tumor cell proliferation (Fig. 3).

Evaluation of microvessel density (MVD) by endomucin immu-
nostaining (43) in tumor tissues obtained from MKN-45 cell–derived
subcutaneous xenografts revealed that compared with controls, nal-
IRI and IRI had no significant impact on tumor vasculature and the
reduction in mean MVD was less than 15%. Compared with controls,
meanMVDwas significantly reduced byDC101 (57.7%) or nintedanib
(65.4%). Microvessel counts in combinations of nal-IRI or IRI with
antiangiogenic agents were not different than after antiangiogenic
monotherapy (Fig. 4).

PK analysis in MKN-45 tumors
PK analysis in MKN-45 cell–derived xenografts after 3 weeks of

treatment and one additional PK dose demonstrated that intraperi-
toneal delivery of nal-IRI resulted in prolonged exposure for both
CPT-11 and SN-38 in both plasma and tumor compared with IRI.
Plasma levels of SN-38 remained higher for a longer time compared
with IRI treatment groups; SN-38 levels were not detected after 4 hours
in the IRI treatment groups (Fig. 5A andB). The addition of DC101 to
the nal-IRI treatment did not affect the plasma levelsmeasured for SN-
38 and CPT-11 at 4 and 24 hours, however, plasma levels of CPT-11
were lower in the presence of nintedanib and consequently affected
SN-38 levels as well (Fig. 5A and B). Furthermore, after 3 weeks of
treatment and before additional PK dose (trough level, C3 predose),

Figure 1.

Animal survival benefits of nal-IRI and improvement
in its response by the addition of antiangiogenic
agents. Animal survival analysis in (A) MKN-45
(n ¼ 7) and (B) KATO-III (n ¼ 5) cell-derived perito-
neal dissemination xenografts. Ten days after tumor
cell injection, mice were treated with nal-IRI, IRI,
DC101, cabozantinib (only in A) or nintedanib for
2 weeks. The curve represents the animal survival
time from the start of therapy. Statistical group
differences in survival time were calculated using
log-rank test.

Awasthi et al.

Mol Cancer Ther; 21(7) July 2022 MOLECULAR CANCER THERAPEUTICS1152



SN-38 and CPT-11 were undetectable in plasma. However, 24 hours
after the additional PKdose, significantlymore circulatingCPT-11was
detected in nal-IRI compared with IRI treatment groups; CPT-11
plasma level was unchanged after nal-IRI plus DC101, while it
decreased after nal-IRI plus nintedanib treatment both at 24 hours
after the initial dose and the additional PK dose (Fig. 5C). After
3 weeks of IRI treatment and one additional PK dose, some circulating
CPT-11 was detected in combination with DC101 and nintedanib
24 hours after dosing (Fig. 5D).

Higher intratumoral levels of SN-38 and CPT-11 were detected
24 hours after the additional PK dose (C3) in nal-IRI compared with
IRI treatment groups. In this setting, the addition of DC101 to nal-IRI
resulted in comparable CPT-11 levels, but nintedanib in combination

demonstrated, as observed in plasma, slightly diminished levels. This
was not observed with IRI combination (Fig. 5E and F). SN-38 levels
were almost 100-fold higher in nal-IRI and nal-IRI þ DC101 at
24 hours after the additional PK dose (C3) compared with 24 hours
after the initial dose (C1; Fig. 5E). Conversely, for combination with
nintedanib, intratumoral SN-38 levels at 24 hours were elevated with
both nal-IRI and IRI and similar after the initial dose and the
additional PK dose (Fig. 5F). After 3 weeks of treatment and one
additional PK dose, increased levels of SN-38 and CPT-11 were
detected within tumor tissue 24 and 72 hours after nal-IRI treatment
compared with IRI treatment groups, and both DC101 and nintedanib
combinations led to decreased levels of SN-38 and CPT-11 after
72 hours compared with nal-IRI (Fig. 5G and H). In addition,

Figure 2.

Reduction in tumor growth by nal-IRI
and impact of the addition of antian-
giogenic agents. In MKN-45 cell-
derived subcutaneous xenografts, ten
days after tumor cell injection,
mice were treated with nal-IRI, IRI,
DC101 and nintedanib for 2 weeks.
A, Tumor size was measured twice
a week during the therapy period
using calipers and plotted. Net
growth in tumor size was calculated
by subtracting tumor volume on the
first treatment day from that on the
final day. B, On the final therapy
day, tumors were excised, weighed,
and mean tumor weight was calcu-
lated in each group and presented as
a Box plot. � , P < 0.05; �� , P < 0.01; ��� ,
P < 0.001; ���� , P < 0.0001 by t test.
Data are representative of mean
values � SD from at least 5 mice per
group. Statistical analysis was per-
formed by one-way ANOVA for mul-
tiple group comparison and Student t
test for the individual group
comparison.
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noticeable predose levels for CPT-11 were observed with either
formulation (Fig. 5H).

SN-38, IRI, and antiangiogenic agents: effects on in vitro GAC
cell proliferation

SN-38, the active metabolite of liposomal irinotecan, demonstrated
a dose-dependent cell proliferation inhibitory effect on all three cell
lines tested. Inhibition of cell proliferation by SN-38 at 100 nmol/L and
10 mmol/L concentrations was 43.3% and 83.4% for MKN-45, 31.7%
and 65.6% for KATO-III, and 51.1% versus 84.8% for SNU-5 cells,
respectively (Fig. 6). Compared with SN-38, the effects of irinotecan,
whose conversion is dependent on cellular carboxylesterase activity,
were less pronounced onGAC cell lines. Cell proliferationwas reduced
by IRI at 100 nmol/L and 10 mmol/L concentrations by 0.5% and 8.4%
(MKN-45), 14.1% and 26.8% (KATO-III), or 8.5% and 44.1% (SNU-
5; Fig. 6). Antiangiogenic agents ramucirumab and nintedanib had
limited effects at low doses but led to a significant inhibition in cell
viability at the higher dose level. A combination of SN-38 or IRI with
antiangiogenic agents demonstrated further increased inhibition of
GAC cell proliferation (Fig. 6).

Discussion
Limited clinical response, high toxicity, and swift development of

chemoresistance are common phenomena with currently used stan-
dard combination chemotherapy regimens for GAC. Therefore, the
search for novel therapeutic strategies with improved clinical efficacy
and safety profile is ongoing for this disease. Long-circulating lipo-
somal and nanoparticle formulations of conventional chemotherapy

drugs, after intravenous delivery, have several possible advantages
including higher permeability, retention, tumor penetration and
intratumoral drug concentration levels with the potential for a better
safety profile. On the basis of the antitumor efficacy of IRI in GAC and
the disadvantages associated with its clinical use, we explored the
effects andmechanism of liposomal formulation of irinotecan in GAC
preclinical models.

Liposomal irinotecan was developed to overcome the pharmaco-
logical and clinical limitations of conventional irinotecan. In this
study, we confirmed the PK advantage of nal-IRI resulting in extended
plasma and tumor exposure compared with IRI. We observed signif-
icantly higher antitumor activity of nal-IRI compared with IRI in
several preclinical models of GAC in settings of peritoneal dissemi-
nation survival and subcutaneous tumor growth inhibition models.
The superior activity of nal-IRI in the peritoneal dissemination
xenograft models that bear a close resemblance with the clinical GAC
progression pattern is very compelling as peritoneal dissemination is
one of themain characteristics of extra-regionalmetastatic progression
of GAC leading to poor prognosis (44). Among the two peritoneal
dissemination survival models using human GAC MKN-45 and
KATO-III cells, KATO-III xenografts displayed greater chemosensi-
tivity and susceptibility to antiangiogenic treatments, although in the
more resistant MKN-45 xenografts the response to nal-IRI was more
pronounced relative to IRI. InMKN-45 xenografts, animal survival by
nal-IRI was significantly higher than IRI and combinations of nal-IRI
with antiangiogenic agents exhibited significant extension in animal
survival compared with single-agent therapy. In KATO-III xenografts,
nal-IRI showed higher animal survival benefit compared with IRI. The
addition of antiangiogenic agents displayed a trend of increase in

Figure 3.

Effect of nal-IRI and its combinationwith antiangiogenic agents on tumor cell proliferation. Tumor sections obtained from theMKN-45 subcutaneous xenograft study
after 2-week treatment with nal-IRI, IRI, DC101, and nintedanib, were used for the IHC analysis. Tissue sections were immunostained with Ki67 antibody and
photographed under a fluorescent microscope. Ki67-positive cells were counted in five different high-power fields. The left panels demonstrate merged images of
cell nuclei stainedwith Ki67 (red) andDAPI (blue) illustrated at 20�magnification. �� , P < 0.01; ��� , P <0.001; ���� , P <0.0001 by t test. The data are expressed as the
mean � SD.
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animal survival, although not significant probably due to extended
survival time beyond completion of therapy and small animal number
per group (n ¼ 5) in this experiment. The difference in chemosensi-
tivity between MKN-45 and KATO-III xenografts can likely be
attributed to differences in oncogenic driver mutations such as c-met,
p53, FGFR2/K-sam, the expression pattern of oncogenic proteins such
as FGFR2, and the differential expression of EMT- and stromalmarker
proteins in the associated tumor microenvironment (45–47). How-
ever, the relative enhancement of nal-IRI effects in the more chal-
lenging survival model appears particularly promising for clinical
application benefits where extended control is rarely accomplished
after conventional cytotoxic agent therapy.

PK measurements indicated that compared with IRI, corrobo-
rating with its higher antitumor efficacy, nal-IRI increased the
residence time and tumor levels of CPT-11 and its active metabolite
SN-38 even after intraperitoneal delivery. These findings were
consistent with a previous report in pediatric solid tumor xenografts
where nal-IRI treatment demonstrated higher plasma and tumor
concentrations of CPT-11 and SN-38 compared with IRI treat-
ment (48). Higher tumor concentrations, as well as longer residence
time of CPT-11 and SN-38 after nal-IRI treatment, may be in part
accredited to the preferential deposition of liposomes in the tumor
lesion due to the EPR effect, followed by liposomal uptake by
macrophages in the tumor microenvironment, payload release and
concomitant conversion to SN-38 (21, 49). Tumor levels of CPT-11
and SN-38 observed in our PK study after dosing with liposomal
irinotecan were within clinically achievable range. Ramanathan and
colleagues reported levels of irinotecan and SN-38 averaging 3.73

mcg/g (0.13–12.75 mcg/g) and 14.67 ng/g (1.2–64.0 ng/g), respec-
tively, at 72 hours in patient tumor biopsies (50).

Recent advancement in the molecular profiling of GAC has indi-
cated several actionable oncogenic target mechanisms includingHER2
amplification, mesenchymal-to-epithelial transition, high microsatel-
lite instability, and angiogenesis (51). Tumor angiogenesis plays a
critical role in GAC growth, invasion and metastatic dissemination,
and several growth factors, their receptors as well as cytokines have
been identified to contribute to this process (28). The approval of the
HER-2 inhibitor trastuzumab and the VEGFR2 inhibitor ramuciru-
mab further established the potential of growth-inhibitory and anti-
angiogenic mediators for advancing GAC therapy. In subcutaneous
xenografts, DC101, a single target VEGFR2 inhibitor, and nintedanib,
a triple angiokinase inhibitor, both exhibited antitumor response in
terms of inhibiting tumor growth inhibition, tumor cell proliferation,
andMVD. Nal-IRI and IRI had no effect onMVD, and the addition of
DC101 or nintedanib to nal-IRI or IRI had no additive benefit onMVD
inhibition. In terms of overall tumor growth and tumor cell prolifer-
ation, the combination of antiangiogenic agents with nal-IRI or IRI
showed a trend to additive inhibitory response, but differences were
not statistically significant compared with single-agent therapies. This
is probably due to the significantly greater activity of single-agent nal-
IRI treatment and changes in the tumor microenvironment by nal-IRI
in these settings. Furthermore, among the antiangiogenic agents
tested, nintedanib with nal-IRI tend to be more effective in improving
animal survival and tumor growth inhibition response based on its
higher impact on reducing tumor vasculature and tumor cell prolif-
eration. Greater antitumor activity of nintedanib compared with

Figure 4.

Effect of nal-IRI and its combination with antiangiogenic agents on microvessel density. Tumor sections obtained from the MKN-45 subcutaneous xenograft study
after 2-week treatment were used for evaluating intratumoral microvessel density. Tumor sections were stained with anti-endomucin antibody and slides were
photographed under a fluorescentmicroscope. Endomucin-positive vessels were counted within five different HPF in a blindedmanner. The left panels demonstrate
merged imagesof endomucin-positivemicrovessel (red) and cell nuclei (DAPI, blue) illustrated at 20�magnification. ��� ,P<0.001; ���� ,P<0.0001 by t test. Thedata
are expressed as the mean � SD.
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DC101 may also be related to multikinase inhibitory action of ninte-
danib blocking multiple angiogenic signaling pathways including
VEGF/VEGFR, FGF/FGFR and PDGF/PDGFR, in addition to other
off-target effects, rather than the single-target murine VEGFR2 sig-
naling inhibition ofDC101. Thus, the differential antitumor benefits of
antiangiogenic drugs in this study can likely be in part accredited to
their target specificity, and a resulting capability of nintedanib to
directly impact both (human) tumor epithelial and (murine) stromal
and endothelial compartments (52, 53).

Vessel normalization by antiangiogenic drugs is thought to improve
the availability of small-molecule drugs in tumor lesions. However, for
larger particles such as liposomal formulation the deliverymay depend
on their size and other lesion characteristics (54–56). In this study, the
addition of nintedanib or DC101 to IRI therapies led to increased
antitumor responses over the cytotoxic agents alone. However, when
comparing drug levels across treatment cycles or for combinations
against the monotherapy, no strong differences were observed for
DC101 for either the IRI or nal-IRI formulations, although a trend
toward lower average deposition was suggested for the liposomal
formulation (Fig. 5F). Cytotoxic treatment alone with or without
DC101 irrespective of the formulation consistently, but minimally,
increased CPT-11 levels after the third dosing cycle compared to the

first dosing cycle. It also appeared to increase local conversion to or
reduced clearance of SN-38 at the later timepoint suggesting dynamic
changes due to anti-tumor efficacy alone. In contrast, the addition
of nintedanib to nal-IRI therapy affected the systemic availability of
the liposome resulting in lower tumoral drug levels at both initial
and late dosing cycles (Fig. 5E and F) although elevated trough
levels for both CPT-11 and SN-38 prior to the additional PK dose
were surprisingly maintained (Fig. 5G and H). It is not clear if this
is due to the modus of intraperitoneal delivery and any impact of
nintedanib on lymphatic drainage or other effects on tissue distri-
bution. Furthermore, elevated tumoral levels of SN-38 in the
presence of nintedanib even after the initial treatment dose seen
for both IRI and nal-IRI are reminiscent of effects of TKIs such as
lapatinib on ATP binding cassette transporter systems that reduce
SN-38 efflux from tumoral cells (57). Thus, any effects of a
normalized tumor vasculature on tumoral drug distribution are
blurred by direct antitumor treatment effects as well as, possibly,
dynamic changes in transporter characteristics, metabolic repro-
gramming or altered macrophage activity (58–60). Overall, in the
present model, it seems that antitumor mechanisms of the anti-
angiogenic agents affecting vessel functionality and leading to
decreased vessel density as well as direct antitumor cytotoxic

Figure 5.

PK analysis in MKN-45 tumors after nal-IRI, IRI and antiangiogenic therapy. Mice bearing MKN-45 cell–derived xenografts were treated for 3 weeks with nal-IRI, IRI,
DC101, and nintedanib. After the first dose of nal-IRI or IRI, the first collections were performed after 1, 8, and 24 hours for plasma and 24 hours for tumor (C1).
Additional tumor and plasma collections were performed at the end of the 3-week therapy (C2). After 3-week therapy, a PK dose of nal-IRI and IRI was given
to the remaining 10 mice of each group, and mice blood samples were collected at 30 minutes, 1, 4, 24 hours (C3), 48, and 72 hours (C4). A and B, SN-38 and
CPT-11 levels in plasma after a PK dose. C and D, Comparison of SN-38 and CPT-11 levels 24 hours after the initial dose of nal-IRI and IRI, and 24 hours after the
PK dose. For tumor PK analysis, at 0-, 24- (C3), and 72-hour (C4) time points, tumors harvested, and CPT-11 and SN-38 levels were analyzed. E and F, SN-38
and CPT-11 levels in tumors 24 hours after the initial dose (C1) and PK dose (C3). G and H, Comparison of SN-38 and CPT-11 levels in tumors 24 (C3) and
72 hours (C4) after PK dose.
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activity outweigh their possible protumorigenic effects as a result of,
potentially, changes in drug deposition or cytotoxic drug clearance
characteristics.

On the basis of highly heterogeneous nature of human cancers, there
are limitations of cell line-based animal models due to their clonal
nature and adaptations to defined culture media. The clinical devel-
opment of nal-IRI as monotherapy or in combination with 5-FU
containing regimens and other combinations is ongoing with multiple
clinical signals being continuously reported across indications. The
reported findings continue to build support for a better therapeutic
index of the nal-IRI formulation. The present study provides addi-

tional insights into tumor deposition characteristics of nal-IRI in the
presence of antiangiogenic drugs, how the combination of nal-IRI with
antiangiogenic drugs affects the efficacy of nanotherapeutics, and the
intraperitoneal accessibility of tumor models to nal-IRI–mediated
treatment benefits. This study supports the therapeutic potential of
liposomal irinotecan in GAC based on its significantly higher antitu-
mor efficacy compared with irinotecan. Although the observed com-
bination treatment benefits were small, based on the multifactorial
angiogenic mechanisms observed in GAC, this study also supports a
clinical potential of a combined antiangiogenic approach with nal-IRI,
in particular for the triple angiokinase inhibitor nintedanib or other

Figure 6.

In vitro cell proliferation inhibition by
SN-38 and IRI: impact of the addition
of antiangiogenic agents. GAC cells
(MKN-45, KATO-III, and SNU-5) were
plated on 96-well plates and treated
with SN-38, irinotecan, ramucirumab,
or nintedanib. After 72-hour incuba-
tion, WST-1 reagent (10 mL) was
added to each well followed by addi-
tional incubation for 2 hours. The
absorbance at 450 nm was mea-
sured using a microplate reader. The
resulting number of viable cells was
calculated by measuring the absor-
bance of color produced in each
well. Data are the mean � SD of
triplicate determinations.
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multitarget TKIs. The therapeutic efficacy of liposomal irinotecan and
an improvement in its response by nintedanib as observed may open
additional avenues for improved clinical GAC therapy.
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