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Coadministration of Vascular Disrupting Agents and
Nanomedicines to Eradicate Tumors from Peripheral

and Central Regions

Wantong Song, Zhaohui Tang,* Dawei Zhang, Haiyang Yu, and Xuesi Chen*

Nanosized anticancer drug delivery systems hold great
promise for safe, simple, and effective therapies against
malignant solid tumors.['*] Nanoparticles accumulate in solid
tumors by virtue of size and longevity in blood circulation due
to the enhanced permeability and retention (EPR) effect.[0]
This phenomenon was reported by Maeda and Matsumura
in the mid-1980s and has since been confirmed by a flood of
preclinical studies of drug-loaded nanoparticles.[®! Currently,
more than ten nanocarrier-based drugs have been marketed
for the treatment of cancer since the mid-1990s.1%1 How-
ever, these nanocarrier-based drugs have only offered modest
overall clinical benefits. In particular, drugs delivered by
nanocarrier systems generally fail to provide superior efficacy
to free drug systems in clinical trials. For example, pegylated
liposomal doxorubicin (Doxil) is a typical nanocarrier-based
drug that did not show improved efficacy in the treatment of
solid tumors when compared to standard therapies, although
it did enhance accumulation of doxorubicin within the tumor.
This may be explained by the presence of permeability bar-
riers within the central region of solid tumors, which results
in a low contact probability for the drug-loaded nanoparticles
to reach a majority of the targeted cells.!'1%]

The penetration of nanoparticles is poor in solid tumor tis-
sues.'6171 Studies have indicated that most stealth liposomes
are located within 30 pm of the tumor vessel wall at about
one week following tail vein injection.['! Furthermore, the
traveling distance of block copolymer micelles in a solid
tumor is extremely limited (42 pm) even when the size of the
micelles is relatively small (25 nm).""] Liang and co-workers
reported that gold-coated nanoparticles with a diameter
of 100 nm were primarily localized in the periphery of the
tumor spheroid and around blood vessels, hindering deep
penetration into the tumors.?”! Although the tumor accu-
mulation and distribution of nanoparticles can be mediated
by virtue of size or surface chemistry, most injected nano-
particles are still distributed in the perivascular regions of
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solid tumors.[%21] As such, drug-loaded nanoparticles are gen-
erally able to reach the cancer cells in the tumor periphery,
but leave most tumor cells in the central regions unaffected
due to the decreased vascularization of the central region
compared to the periphery.?224 This, in turn, limits the effi-
cacy of drug-loaded nanoparticles against solid tumor can-
cers. Therefore, in order to improve the therapeutic efficacy
of nanocarrier-based drugs, a strategy that can eradicate
tumor cells in both the central and peripheral regions of a
solid tumor is highly desired.

Recently, small-molecule vascular disrupting agents
(VDASs) have been shown to cause a pronounced shutdown
in blood flow to solid tumors, resulting in extensive necrosis
selectively in the tumor center. Furthermore, the blood flow
in normal tissues is left relatively intact following treat-
ment.[>3% Therefore, small-molecule VDAs have great
potential to overcome the failure of nanocarrier-based drugs
to kill the cells within the central regions of solid tumors.
VDAs have been extensively studied in combination therapy
of cancer treatment.?'34 In particular, Sengupta et al.[’’]
reported a nanoscale codelivery system of combretastatin A4
(CA4) and doxorubicin for tumor therapy. The system ena-
bled focal sequential release of CA4 and doxorubicin within
a solid tumor, and resulted in improved therapeutic index
with reduced toxicity. This revealed the advantage of focal
sequential release of VDAs and chemotherapeutic agents
for solid tumor therapy. However, to the best of our knowl-
edge, free small-molecule VDAs have never been reported to
make up the shortcoming of nanocarrier-based drugs for the
treatment of tumor cells in the central regions.

As a typical small-molecule VDA, combretastatin A4
disodium phosphate (CA4P) is a prodrug of CA4, and is cur-
rently in phase I/II clinical trials for the treatment of solid
tumors.2%371 After administration, CA4 is released from
CA4P and binds to tubulin, which destabilizes the tubulin
polymers of the cytoskeleton. This, in turn, leads to rapid
morphological changes of the endothelial cells and increased
vascular permeability.’839 Clearly, if rapid changes in
endothelial cell morphology and detachment occur in vivo,
exposure of the basement membrane and a physical nar-
rowing of the vessel lumen will contribute to the reduction
in capillary blood flow, increasing vascular resistance as well
as inducing hemorrhage, coagulation, and vessel occlusion.!]
Thus, all downstream cells supplied by those vessels are
killed. Free CA4P typically produces massive necrosis within
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Figure 1.

Killing tumor cells in
the central regions

Schematic representation of the mechanism of coadministration of CDDP-NPs plus CA4P. CDDP-NPs mainly act on the tumor periphery,

while leaving the central regions unaffected. CA4P eradicates tumor cells in the central regions of a solid tumor. In contrast, the coadministration

of CDDP-NPs plus CA4P results in the eradication of the entire tumor.

a tumor center; however, peripheral cells around the tumor
survive as they are able to receive sufficient oxygen and
nutrients to maintain viability through diffusion from vessels
in the surrounding normal tissues.[*! Therefore, the coadmin-
istration of free CA4P and nanocarrier-based drugs may pro-
vide a complementary effect that is absent when either drug
is administered alone. In particular, free CA4P has the poten-
tial to overcome the failure of nanocarrier-based drugs to kill
the cancer cells within the tumor centers.

Studies have shown that free CA4P selectively targets
endothelial cells by disrupting their cell-to-cell interactions
that are mediated by the vascular endothelial cadherin/f-
catenin complex. The disruption of this adhesive interaction
is inhibited by the presence of smooth muscle cells, which
are typically present in normal tissue vasculature.*!l Conse-
quently, the tumor specificity of CA4P is believed to be due
to its targeting of recently formed endothelial cells in imma-
ture or abnormal vessels which lack a full complement of
smooth muscle cells or pericyte support.[*] In addition, the
tumor specificity of CA4P may be due to other characteris-
tics of the tumor microcirculation, such as high interstitial
fluid pressure, procoagulant status, vessel tortuosity, and het-
erogeneous blood flow distribution.#243!

Previously, we reported cis-diamminedichloroplatinum
(CDDP) loaded nanoparticles (CDDP-NPs) prepared
from CDDP and poly(l-glutamic  acid)-g-methoxy
poly(ethylene glycol) (PLG-g-mPEG) (Figure S1, Supporting
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Information).[*l The CDDP-NPs have significantly longer
blood retention time and improved tumor accumulation,
along with lower systemic toxicity when compared with free
CDDP.* However, the treatment with CDDP-NPs does not
result in improved antitumor efficacy when compared to free
CDDP. In this study, we demonstrated that the coadministra-
tion of free CA4P plus CDDP-NPs would make up for the
low efficacy of CDDP-NPs by eradicating tumor cells in both
the central and peripheral regions (Figure 1).

We first investigated the intratumor distribution of
CDDP-NPs. Multispectral optoacoustic tomography (MSOT),
which can give whole-body visualization of molecular
markers in small animals, was applied.*>#l CDDP-NPs were
labeled with IR830, a near-infrared dye with maximal absorp-
tion at 815 nm in water (Scheme S1, Figure S2A, Supporting
Information), and injected into Balb/C nude mice bearing
MDA-MB-435 tumors. As shown in Figure 2A, IR830-labeled
CDDP-NPs mainly localized in the tumor periphery, but were
rare in the tumor central regions. The hemoglobin/oxyhemo-
globin (Hb/HbO,) images from MSOT reflect the location of
blood vessels inside the tumor (Figure S3, Supporting Infor-
mation), and one can see that the periphery of the MDA-MB-
435 tumor is well vascularized, while the central regions are
less vascularized. These results suggest that the distribution
of CDDP-NPs is vascular-dependent and further explains
the low penetration observed in the tumor tissue; injected
nanoparticles are restricted to areas near the blood vessels in
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Orthogonal views of MSOT images of MDA-MB-435 tumor—bearing mice at 4 h after injection of IR830-labeled CDDP-NPs A) without or

B) with CA4P (100 mg kg™?). The 3D coordinate system defines the orientations and positions of the orthogonal views. The regions circled with
dashed yellow and white lines are bladder and tumor regions, respectively.

the tumor periphery. CA4P induces obvious hemorrhage to
MDA-MB-435 tumors at dosage over 100 mg kg™! (Figure S4,
Supporting Information). When IR830-labeled CDDP-NPs
were coadministrated with free CA4P at 100 mg kg™, sim-
ilar results were obtained, that is, the nanoparticles were
primarily dispersed at the tumor periphery with abundant
vessels (Figure 2B and Figure S5, Supporting Information).
These indicated that CDDP-NPs could only kill the tumor
cells near blood vessels in the tumor periphery, but leave
many tumor cells in the central regions survival.

CDDP-NPs are primarily localized in the tumor
periphery, which was further confirmed by histopathological
analysis. Rhodamine B-labeled CDDP-loaded nanoparticles
(RhoB-labeled CDDP-NPs, Scheme S2, Figure S2B, Sup-
porting Information) were administered into Balb/C mice
bearing murine colon C26 tumors. Mice were sacrificed
4 and 24 h postadministration and tumors were collected,
frozen, sectioned, and stained with fluorescein isothiocyanate
(FITC)-labeled goat anti-rabbit immunoglobulin G (IgG)
CD31 antibody for visualization of the tumor vasculature.
4’ 6-diamidino-2-phenylindole (DAPI) was used to show
the cell nuclei. As shown in Figure 3, RhoB fluorescence for
the RhoB-labeled CDDP-NPs treated group was primarily
colocalized with the FITC fluorescence at both 4 and 24 h,
indicating that RhoB-labeled CDDP-NPs were primarily
localized in the vicinity of blood vessels. Moreover, both
FITC and RhoB signals at the tumor periphery were much
stronger than those at the central regions, suggesting that
blood vessels and nanoparticles were mainly distributed at
the peripheral regions of the treated tumors. These results
suggest that CDDP-NPs alone do not efficiently kill cancer
cells within the tumor center. Similar results were observed
in the case of RhoB-labeled CDDP-NPs + CA4P (Figure S6,
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Supporting Information) though the injection of 100 mg kg!
CA4P caused macroscopical hemorrhage to C26 tumors
(Figure S7, Supporting Information). These are consistent
with those observed by MSOT.

Next, we compared the effects of CA4P, CDDP-NPs,
and CDDP-NPs + CA4P on tumor necrosis after a single
intravenous injection by hematoxylin and eosin staining
(H&E stain). As shown in Figure 4A, CDDP-NPs only
caused partial necrosis in the tumors, leaving large regions
of the tumor unaffected. This is consistent with our previous
observation that CDDP-NPs can only reach the peripheral
regions of the tumor containing a good blood supply. In con-
trast, CA4P selectively induced significant tumor necrosis in
the central region of a treated tumor (Figure 4B), which is
consistent with literature reports.[>*7] It is noteworthy that
CDDP-NPs + CA4P eradicated tumor cells in both the cen-
tral and peripheral regions of the MDA-MB-435 tumors
(Figure 4C), confirming that coadministration of free CA4P
plus CDDP-NPs has the potential to eradicate the entire
solid tumor, both in the peripheral and central regions. The
necrosis rate was 15.0% * 3.7%, 62.2% =+ 8.2%, and 92.8%
+ 3.0% for the CDDP-NPs, CA4P, and CDDP-NPs + CA4P
group, respectively (Figure 4D), which further demonstrated
the advantage of the coadministration of CDDP-NPs plus
free CA4P.

Finally, the in vivo anticancer efficacy of CDDP, CDDP-
NPs, CA4P, and CDDP-NPs + CA4P was investigated
in C26 tumor-bearing Balb/C mice and MDA-MB-435
tumor-bearing Balb/C nude mice. Mice were randomly
divided into five groups and then treated with saline, CDDP
(4 mg kg™'), CDDP-NPs (4 mg CDDP equivalent kg!),
CAA4P (100 mg kg™), and CDDP-NPs (4 mg CDDP equiva-
lent kg™!) + CA4P (100 mg kg™!) by intravenous injection. The
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Figure 3. Histopathological analyses of C26 tumors at 4 and 24 h after injection. The tumor center and periphery are shown separately (scale

bars =100 pm).

treatments for C26 tumors were carried out at day 1, 3, and
8, and the tumor volumes and body weights were recorded
for 12 d. As shown in Figure 5A,B, the tumor suppression
rate (TSR) of CDDP, CDDP-NPs, CA4P, and CDDP-NPs +
CAA4P groups was 76.3%, 68.2%, 54.7%, and 87.5%, respec-
tively. The CDDP group exhibited significant tumor growth
suppression; however, this was concurrent with a severe loss
of body weight. In comparison, CDDP-NPs are relatively safe
compared to free CDDP at the same dosage, however the
tumor therapeutic efficacy is modest and lower than CDDP
alone. Similarly, the use of free CA4P as a single therapeutic
agent is not a very effective treatment method, due to the
limited inhibition on tumor volume growth. It is noteworthy
that the coadministration of CDDP-NPs plus free CA4P
showed the highest tumor inhibition effect without significant
body weight loss of all the treatments studied. Tumor growth
rate was significantly reduced from 1 to 10 d after coadmin-
istration of free CA4P and CDDP-NPs, though rapid tumor
regrowth inevitably happened at the later stage. Similar
results were obtained in the MDA-MB-435 xenograft model
(Figure 5C,D), which clearly demonstrated that the coad-
ministration of CDDP-NPs plus free CA4P had enhanced

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

antitumor efficacy with reduced toxicity, as compared with
free CDDP alone.

In summary, we developed a strategy for coadminis-
tering CDDP-NPs plus free small-molecule VDAs in order
to improve treatment efficacy within the central region of
solid tumors. By utilizing MSOT imaging and histopatho-
logical analysis, we demonstrate that the distribution of
CDDP-NPs in tumors is highly vascular-dependent, and the
CDDP-NPs can only access the peripheral region of the
tumors. H&E staining confirms that the coadministration
of CDDP-NPs plus free CA4P improves the treatment effi-
cacy in both the central and peripheral regions of a treated
solid tumor. Specifically, CDDP-NPs + CA4P results in
significantly higher anticancer efficacy in comparison with
CDDP-NPs or CA4P alone as shown in in vivo experiments
using mouse xenograft models bearing C26 and MDA-MB-
435 tumors. These results confirm that coadministration of
CDDP-NPs plus free CA4P presents a promising strategy
for overcoming the inability of CDDP-NPs to access the
central regions of a treated solid tumor. Our work supports
the notion that coadministration of nanocarrier-based drugs
plus free small-molecule VDAs will serve as a promising
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Figure 4. H&E analyses of MDA-MB-435 tumors at 72 h after a single intravenous injection with A) CDDP-NPs (4 mg CDDP equivalent kg~1), B) CA4P
(100 mg kg™), or ) CDDP-NPs (4 mg CDDP equivalent kg™) + CA4P (100 mg kg™1). The necrotic regions are defined as sections with light color and
less cells. The dashed white line indicates the necrotic regions. The red aggregates (labeled with white arrows) in the CA4P group are coagulation
regions. D) The necrosis rate is defined as the percentage of necrotic area in given tumor sections (n = 5, ***p < 0.001).
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Figure 5. Tumortherapy effect of saline, CDDP (4 mg kg™?), CDDP-NPs (4 mg CDDP equivalent kg™), CA4P (100 mg kg™?), and CDDP-NPs (4 mg CDDP
equivalent kg™1) + CA4P (100 mg kg™) on A,B) C26 tumor—bearing Balb/C mice and C,D) MDA-MB-435 tumor—bearing Balb/C nude mice. For C26
tumors, the injections were carried out at day 1, 3, and 8. For MDA-MB-435 tumors, injections were carried out at day 1, 3, 8, 10, 15, and 17 except
CDDP. Because of severe systemic toxicity, CODP was only administered at day 1, 3, and 17 (n =6, *p < 0.05, **p < 0.01, ***p < 0.001).
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strategy for the treatment of solid tumors with high efficacy
and low side effects.

Experimental Section

CDDP-NPs: CDDP-NPs were prepared by complexation of PLG-
g-mPEG [M,(GPC) 37.3 x 103 g mol™%, PDI(GPC) 1.91, using poly-
ethylene glycol as the standard] with CDDP as a procedure that is
reported elsewhere.l*4l The CDDP loading content, hydrodynamic
radius (R,), and zeta potential were 19.5 wt%, 12.1 + 0.9 nm,
and —8.5 + 1.3 mV, respectively. IR830-labeled CDDP-NPs (R, =
15.1 + 2.1 nm, zeta potential = -8.1 £ 1.1 mV) or RhoB-labeled
CDDP-NPs (R, = 14.4 = 1.7 nm, zeta potential = -10.2 + 0.7 mV)
were prepared by a similar procedure to CDDP-NPs using IR830-
or RhoB-labeled PLG-g-mPEG instead of PLG-g-mPEG (Supporting
Information).

Animal Use: All the animal experiments were conducted in
accordance with the guidelines of the Laboratory Protocol of Animal
Care and Use Committee, Jilin University. Balb/C and Balb/C nude
mice (5-6 weeks) were bought from Beijing Huafukang Biological
Technology Co. Ltd. (HFK Bioscience, Beijing). Murine C26 and
human MDA-MB-435 cancer cell lines were bought from Shanghai
Bogoo Biotechnology Co. Ltd., China. The C26 xenograft tumor
model was prepared by inoculating the right flank of Balb/C mice
with 2.0 x 108 C26 cells, which were maintained by i.p. passage
in Balb/C mice. The MDA-MB-435 xenograft tumor model was pre-
pared by subcutaneous injection of MDA-MB-435 cells (2.0 x 109)
diluted in matrigel (1:1, BD Biosciences) into the mammary fat
pads of Balb/C nude mice.

MSOT Testing: Optoacoustic imaging was performed on a
MSOT scanner equipped with 128 ultrasound transducer elements
(MSQOT inVision 128, iThera Medical GmbH, Munich, Germany).
Balb/C nude mice bearing MDA-MB-435 tumors (300-400 mm?3)
were injected with IR830-labeled CDDP-NPs with or without CA4P
(dosage: 100 mg kg™1). After 4 h, the mice were anaesthetized with
2% isoflurane and placed into the MSOT system. Multispectral pro-
cess scanning (MSP) was performed at 680, 715, 730, 760, 815,
850, and 900 nm. The results were reconstructed in a linear model,
and linear regression was used for the multispectral processing.

Immunohistochemical Staining of the Tumor Tissue: Balb/C
mice bearing C26 tumors (300-400 mm?3) were injected with RhoB-
labeled CDDP-NPs with or without CA4P (dosage: 100 mg kg™?).
After 4 and 24 h, the mice were anesthetized and the chests
opened. Phosphate buffered saline (PBS) and paraformaldehyde
(4% in PBS) were perfused from the left atrium and tumors were
collected and embedded in Tissue-Tek OCT embedding medium.
Cryogenic slides (5 pm in thickness) were prepared with a freezing
microtome (Leica CM 1900) and placed on polylysine-coated glass
slides (Wuhan Boster AR1065).

Immunohistochemical staining was carried out following the
immunocytochemistry (ICC) protocol developed by Abcam. Specifi-
cally, sections were fixed in 4% paraformaldehyde at room temper-
ature for 15 min, washed three times with PBS, and incubated with
1% BSA in phosphate buffered saline Tween-20 (PBST) for 30 min
to block unspecific binding of antibodies. Then, the sections were
incubated with antibody CD31 (1:50 diluted in 1% BSA in PBST)
in a humidified chamber for 1 h at 37 °C, followed by incubation
with a secondary antibody (FITC-labeled goat anti-rabbit 1gG) in 1%
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BSA for 1 h at 37 °Cin the dark. After extensive washing with PBS,
the sections were counterstained with DAPI for 1 min, and then
observed under a confocal laser scanning microscope (CLSM, Carl
Zeiss LSM 780).

H&E Staining: Balb/C nude mice bearing an MDA-MB-435
tumor (300-400 mm?3) were injected with CDDP-NPs (4 mg CDDP
equivalent kg™1), CA4P (100 mg kg™1), or CDDP-NPs (4 mg CDDP
equivalent kg!) + CA4P (100 mg kg™1). The mice were sacrificed
at 72 h. After the mice were sacrificed, tumors were collected,
embedded with paraffin, and stained with H&E. The histological
alterations were observed by microscopy (Nikon TI-S/L100).

Anticancer Efficacy Studies: The anticancer efficacy was
evaluated on C26 tumor—bearing Balb/C mice and MDA-MB-435
tumor-bearing Balb/C nude mice following coadministration
of CA4P and CDDP-NPs, respectively. The mice were randomly
divided into five groups (n = 6) when the tumor volume reached
=50-70 mm?3, then treated with saline, CDDP (4 mg kg™,
CDDP-NPs (4 mg CDDP equivalent kg1), CA4P (100 mg kg™, or
CDDP-NPs (4 mg CDDP equivalent kg™ + CA4P (100 mg kg™?) by
intravenous injection. For C26 tumor—bearing mice, the injection
was administered at day 1, 3, and 8, and the tumor volume and
body weight were recorded for 12 d. For MDA-MB-435 tumor—
bearing mice, CDDP was administered at day 1, 3, and 17 due
to severe systemic toxicity, while injection for the other groups
was administered at day 1, 3, 8, 10, 15, and 17. Tumor volumes
and body weights were recorded for 33 d. The estimated volume
of tumors and tumor suppression rates were calculated based
on the following equation: Tumor volume = a x b?/2; Tumor sup-
pression rate (TSR,%) = [(V. — V})/V,] X 100%, where a and b are
the major and minor axes of the tumors measured by caliper. The
control group is represented by c, while x represents the treat-
ment group.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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