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P-selectin is a nanotherapeutic delivery target in the
tumor microenvironment
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Disseminated tumors are poorly accessible to nanoscale drug delivery systems because of the vascular barrier, which
attenuates extravasation at the tumor site. We investigated P-selectin, amolecule expressed on activated vasculature
that facilitates metastasis by arresting tumor cells at the endothelium, for its potential to target metastases by
arresting nanomedicines at the tumor endothelium. We found that P-selectin is expressed on cancer cells in many
human tumors. To develop a targeted drug delivery platform, we used a fucosylated polysaccharide with nanomolar
affinity to P-selectin. The nanoparticles targeted the tumor microenvironment to localize chemotherapeutics and a
targeted MEK (mitogen-activated protein kinase kinase) inhibitor at tumor sites in both primary and metastatic
models, resulting in superior antitumor efficacy. In tumors devoid of P-selectin, we found that ionizing radiation
guided the nanoparticles to the disease site by inducing P-selectin expression. Radiation concomitantly produced
an abscopal-like phenomenonwherein P-selectin appeared in unirradiated tumor vasculature, suggesting a potential
strategy to target disparate drug classes to almost any tumor.
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INTRODUCTION

The clinical potential of nanomedicines has not yet been fulfilled (1, 2),
in part because of the endothelial barrier, which limits extravasation of
nanoparticles at the sites of solid tumors (3–5). Passive targeting mecha-
nisms, such as the enhanced permeability and retention (EPR) effect (6),
show some promise, but they have not yet demonstrated notable benefit
in disseminated tumors (7) or in patients (4). Tumor vasculature, which
is composed of smooth muscle cells, pericytes, extracellular matrix, and
endothelial cells (ECs), is necessary for the growth and support of tumors.
The EC component of tumor neovasculature is a promising target for anti-
tumor therapy because of its genetic stability, exposure to the circulation,
and direct access from the intravascular space (8). Nanoparticle drug car-
riers targeting the neovasculature are currently under clinical development
(9); however, targeted delivery of therapeutic agents to micrometastases
or tumors lacking neovasculature remains a persistent challenge (10).

P-selectin, an inflammatory cell adhesion molecule responsible for
leukocyte recruitment and platelet binding (11–14), is expressed con-
stitutively in ECs, where it is stored in intracellular granules known as
Weibel-Palade bodies. Upon endothelial activation with endogenous
cytokines (15) or exogenous stimuli such as ionizing radiation (16–19),
P-selectin translocates to the cell membrane and into the lumen of blood
vessels. Elevated P-selectin expression has been found in the vasculature
of human lung (20), breast (21), and kidney cancers (22). Moreover,
P-selectin facilitates the process of metastasis by promoting the adhesion
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of circulating cancer cells to activated platelets and endothelium in distant
organs (12, 13). These associations with tumors and micrometastases, as
well its induction with radiation, suggest P-selectin as a possible target for
cancer drug delivery and radiation-guided drug delivery (23).

We investigated P-selectin as a target for localized drug delivery to tu-
mor sites, including metastases. We found that many human tumors ex-
press P-selectin on tumor cells and in tumor vasculature, whereas normal
tissues exhibit little expression. To target drugs to P-selectin–expressing
tumors, we synthesized a nanoparticle carrier for chemotherapeutic
drugs and targeted therapeutics using the algae-derived polysaccharide
fucoidan, which exhibits nanomolar affinity for P-selectin (24–29). These
fucoidan-based nanoparticles targeted activated endothelium, demon-
strated penetration of endothelial barriers in vitro, and exhibited a ther-
apeutic advantage over untargeted chemotherapeutic drugs or passively
targeted nanoparticles in P-selectin–expressing tumors and metastases
in vivo. The encapsulation of MEK162, a reversible MEK [mitogen-
activated protein kinase (MAPK) kinase] inhibitor, conferred a thera-
peutic benefit in P-selectin–expressing tumors, including an increase in
phosphorylated extracellular signal–regulated kinase (pERK) inhibition
and tumor cell apoptosis as compared to the free drug without suppres-
sion of pERK in the skin, suggesting the potential for the amelioration of
a major MEK inhibitor toxicity and increased therapeutic index. Upon
exposure to ionizing radiation, which induced expression of P-selectin,
nanoparticles localized in the irradiated tumor site and conferred sub-
stantial inhibition in tumors that did not spontaneously express the tar-
get. In addition, inmice bearing bilateral tumors, delivery of radiation to
one tumor resulted in nanoparticle localization in the contralateral, un-
irradiated tumor, an effect reminiscent of the abscopal effect, wherein
localized radiotherapy causes distant tumors to respond.
RESULTS

Expression of P-selectin in human cancers
To determine the prevalence of P-selectin protein expression in cancer
tissues, we assessed 420 clinical samples by immunohistochemistry
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(IHC). We found that P-selectin is expressed within multiple tumor
types, including lung (19%), ovarian (68%), lymphoma (78%), and breast
(49%) (Fig. 1, A and B, and fig. S1A). As expected, we found abundant
expression of P-selectin in the vasculature surrounding the tumor cells
but not in adjacent normal tissue. In a subset of cancers, P-selectin expres-
sion was also observed on tumor cells and/or stroma (Fig. 1A). To corrob-
www.Scie
orate this finding, we interrogated The Cancer Genome Atlas (TCGA) for
P-selectin (SELP) staining, RNA expression, and common SELP genomic
alterations in tumor tissues. The TCGA database revealed elevated RNA
expression in multiple tumors (Fig. 1C) and amplifications in several hu-
man cancers such as melanoma (15.5%), liver cancer (15%), bladder
urothelial carcinoma (13.4%), and lung adenocarcinoma (12.2%) (fig. S1B).
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Fig. 1. P-selectin expression in human cancers, preparation of targeted
nanoparticles, and binding studies to reconstituted protein. (A) Human

the highest expression of the lowest expressing cancer. ALL, acute lympho-
blastic leukemia; SCC, squamous cell carcinoma. (D) Synthesis schemes of
cancer tissues stained with P-selectin antibody. Lymphoma stroma: non-
Hodgkin’s B cell lymphoma (lymph node); cancer cells: brain metastases of
non-Hodgkin’s B cell lymphoma. Ovarian stroma: lymph node metastases of
serous papillary adenocarcinoma; cancer cells: endometrioid carcinoma.
Breast cancer ECs: infiltrating ductal carcinoma; cancer cells: advanced infiltrat-
ing ductal carcinoma. Lung cancer stroma: lung squamous cell carcinoma;
cancer cells: small cell undifferentiated carcinoma. (B) Percentage of positively
stained samples from tumor microarrays. (C) SELP RNA expression (RNASeq
Version 2) in patients from TCGA. A threshold for high expression was set at
P-selectin–targeted nanoparticles. Top: Preparation of fucoidan-encapsulated
paclitaxel and MEK162 nanoparticles (FiPAX and FiMEK) and dextran sulfate–
encapsulated controls by nanoprecipitation. Bottom: Preparation of fucoidan-
encapsulated doxorubicin nanoparticles (FiDOX) and dextran sulfate–encapsulated
control (DexDOX) via layer-by-layer assembly. Right: Scanning electron mi-
croscopy (SEM) images of FiPAX and FiDOX nanoparticles. Scale bars, 100 nm.
(E) Binding assay of FiPAX to immobilized recombinant proteins. Error bars are
± SDof themean (n=4); from left to right,P=0.0062, 0.0028, 0.0022. *P<0.05,
**P < 0.01. a.u., arbitrary units.
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A P-selectin–targeted nanoparticle drug carrier
To design a P-selectin–targeted drug delivery system, we prepared nano-
particles composed of fucoidan (Fi) to encapsulate three different
drugs. Fucoidan-encapsulated paclitaxel (PAX) nanoparticles (FiPAX)
were synthesized by coencapsulating paclitaxel and a near-infrared (NIR)
fluorophore (IR-783), to facilitate imaging, via nanoprecipitation (Fig. 1D,
top). A specific inhibitor of MEK, MEK162, was similarly encapsulated
in fucoidan nanoparticles (FiMEK) by the same method. Fucoidan-
encapsulated doxorubicin (DOX) nanoparticles (FiDOX) were synthesized
via layer-by-layer assembly of a cationic doxorubicin-polymer conjugate
[DOX-PEG-DOX (DPD)] and the anionic fucoidan (Fig. 1D, bottom).
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The DPD conjugate was synthesized with
pH-cleavable hydrazone linkages to pro-
mote drug release within the acidic tumor
microenvironment or within acidic orga-
nelles upon endocytosis. The FiPAX, Fi-
MEK, and FiDOX nanoparticles measured
105 ± 4.2, 85 ± 3.6, and 150 ± 8.1 nm in
diameter, respectively, and they exhib-
ited about −55 mV z potential (surface
charge) (fig. S2, A and B). Electron mi-
croscopy showed relatively uniform
spherical morphologies (fig. S2C). The
nanoparticles exhibited good serum sta-
bility over 5 days and pH-dependent drug
release rates (fig. S2, D to G), and they
could be reconstituted after lyophilization.

Nanoparticle binding to P-selectin
To assess the targeting selectivity to P-
selectin, we synthesized a drug-loaded
nanoparticle lacking the fucoidan com-
ponent, as a control for targeting studies.
Dextran sulfate–based nanoparticles with
comparable physical properties to those
of FiPAX nanoparticles were assembled
by the same methods as used above (Fig.
1D, fig. S2, and table S1). We assessed the
binding of fucoidan-based (FiPAX) and
control (DexPAX) nanoparticles to immo-
bilized human recombinant P-selectin,
L-selectin, E-selectin, and bovine serum
albumin (BSA). The experiment demon-
strated selective dose-dependent binding
of fucoidan-based nanoparticles to P-selectin
and almost no binding to L-selectin, E-selectin,
or BSA (Fig. 1E).

To assess the binding of fucoidan-
based nanoparticles to P-selectin–expressing
tissues, we used a murine cell line, SK-136
(30), which formed multicellular tumor
spheroids and constitutively expresses
P-selectin (Fig. 2A). Penetration of the
nanoparticles into the tumor spheres was
quantified by fluorescence microscopy.
Upon incubation with the spheroids for
20 min, the FiPAX nanoparticle fluores-
cence was five times greater, as com-
www.Scie
pared to the DexPAX nanoparticle control (Fig. 2, B and C; P =
0.0042).

The binding of nanoparticles to a monolayer of ECs was measured
under simulated inflammatory conditions to induce P-selectin expres-
sion (31). Upon activation with tumor necrosis factor–a (TNFa) or ioniz-
ing radiation (6 Gy), FiPAX nanoparticles bound to EA.hy926 cells, as
evinced by a large increase in fluorescence signal from the cells (Fig. 2D).
All controls, including the TNFa-negative condition and DexPAX
nanoparticles, exhibited virtually no signal. Cells treated with short
hairpin RNA to knock down P-selectin expression exhibited a marked
decrease in particle binding, further validating the P-selectin–mediated
G
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Fig. 2. In vitro studies ofnanoparticle penetrationof endotheliumand tumor. (A) Liver tumor spheroid
model, SK-136, which constitutively expresses P-selectin at the surface. Top: Bright-field microscopy and

SEM. Bottom: Hematoxylin and eosin (H&E) and IHC staining with a P-selectin antibody. Scale bars, 10 mm.
(B) Fluorescence microscopy of NIR dye emission from nanoparticles in the tumor spheroids. Red, NIR fluo-
rescence; blue, 4′,6-diamidino-2-phenylindole (DAPI) nuclear staining. Scale bar, 20 mm. (C) Quantification of
nanoparticle emission in tumor spheres. Bars show means ± SD of n = 6 spheres; P = 0.0042. (D) Fluo-
rescence images of humanendothelialmonolayer (EA.hy926) treatedwith TNFa and ionizing radiation (6Gy)
to induce P-selectin. Red, NIR dye in FiPAX or control DexPAX nanoparticles; green, CellMask membrane
stain; blue, DAPI nuclear stain. Scale bar, 5 mm. (E) Nanoparticle-mediated cytotoxicity of bEnd.3 cells acti-
vated by TNFa or 6 Gy, asmeasured byMTT (4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
cell viability assay. (F) Diagram of assay to test penetration of nanoparticles into an activated endothelial
monolayer barrier and infiltration into non–P-selectin–expressing tumor spheroids, LX33, composed of
primary human small cell lung cancer (SCLC) cells. (G) Targeted (FiPAX) and control (DexPAX) nanoparticle
emission in the upper and lower chambers of a Transwell system. Plots show means ± SD (n = 4).
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targeting properties of the fucoidan-based nanoparticles (fig. S3, A and
B). The nanoparticle-mediated cytotoxicity was evaluated under similar
conditions of endothelial activation (Fig. 2E). The median inhibitory
 on July 5, 2016
http://stm

.sciencem
ag.org/

D
ow

nloaded from
 

concentration (IC50) of FiPAX was much
lower, as compared to DexPAX, further
confirming the selectivity of the fucoidan-
based nanoparticles to P-selectin (Fig. 2E).

In vitro assessment of
nanoparticle penetration
through endothelial barriers
The ability of fucoidan nanoparticles to
penetrate through activated endothelium
and into tumor tissue was assessed using
a modified Transwell assay. Murine brain
endothelial (bEnd.3) cells (32, 33) were
grown on the membrane of the upper
chambers. Tumor spheroids derived from
P-selectin–expressing SK-136 cells (fig. S3C)
were grown in the bottom chambers (Fig.
2F). The penetration of the nanoparticles
through the bEnd.3 monolayers was
measured under inflammatory conditions
using TNFa activation, which induces
P-selectin expression (31). One hour af-
ter the addition of FiPAX nanoparticles
to the top chambers, the quantity of
FiPAX nanoparticles recovered from
the bottom chamber increased by about
30% (Fig. 2G) in the presence of TNFa,
and recovery of DexPAX nanoparticles
increased by 15% relative to nonactivated
conditions. Penetration of the nanoparti-
cles into the tumor spheres in the bottom
well of the assay plates was quantified by
fluorescence microscopy. The FiPAX na-
noparticles exhibited a three times higher
signal in the tumor spheroids in the pres-
ence of TNFa, as well as greater penetra-
tion into the spheres, as compared to the
controls (fig. S3, D to F). These observa-
tions suggest that endothelial activation
mediated increased transport of P-selectin–
targeted nanoparticles across the endo-
thelial barrier, which resulted in greater
penetration into solid tumor tissue. En-
couraged by these findings, we explored
the penetration and antitumor activity of
FiPAX in P-selectin–expressing tumors
in vivo.

In vivo targeting and antitumor
efficacy mediated by P-selectin
To determine the efficacy of P-selectin tar-
geting compared to passive mechanisms
of drug delivery in vivo, the patient-
derived xenograft (PDX)model of SCLC,
JHU-LX33 (34), was used. The xenograft
www.Scie
expressed P-selectin in the tumor endothelium and moderately in the
cancer cells, as observed by IHC (Fig. 3A, top). When tumors reached
70 mm3, mice were randomized into four treatment arms: vehicle
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Fig. 3. Nanoparticle treatment of P-selectin–expressing and nonexpressing tumors in vivo. (A) Top:
Tissue section of SCLC PDX stained with an antibody against P-selectin. Scale bar, 50 mm. Bottom: Targeted

(FiPAX) and control (DexPAX) nanoparticle fluorescence in the PDX tumors, imaged in vivo 24 and 72 hours
after injection. Bars showmeans ± SDof total fluorescence intensity from tumor region of interest (ROI);n=4
per group; P = 0.0091. TFE, total fluorescence efficiency. (B) Tumor growth inhibition of PDX model after
administration of a single dose of indicated treatments on day 12. Plot showsmeans ± SD (n= 10 per group).
(C) Immunofluorescencemeasurements of 3LL tumors extracted frommice after radiation treatment. Green,
P-selectin; blue, DAPI nuclear stain. Scale bar, 50 mm. (D) Percentage of blood vessels stained positive for
P-selectin in the irradiated tissue at 4, 24, and 48 hours (respective P values are 0.058, 0.0041, and 0.0076).
Blood vessels were stained with a CD31 antibody. (E) Targeted (FiPAX) and control (DexPAX) nanoparticle
fluorescence from the right (irradiated) flank of 3LL-inoculatedmice. Plot showsmeans ± SD; n = 5; P = 0.0096.
(F) Tumor growth inhibition after irradiation and single-dose administration of drug treatments. All treatments
were given on day 10 after tumor inoculation. The color key lists nanoparticle concentrations in terms of the
amount of encapsulated drug. FiPAX (20 mg/kg) + 6 Gy refers to the tumors on the irradiated (right) flanks of
the mice, and (FiPAX, 20 mg/kg) + 0 Gy refers to the tumors on the unirradiated (left) flanks of the same
irradiated mice. The other groups refer to the tumors on separate animals receiving no treatment (NT), nano-
particles only (FiPAX, 20mg/kg), or radiationonly (6Gy). P=0.0016;n=5miceper group. Plots showmeans±SD.
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[phosphate-buffered saline (PBS)], FiPAX, DexPAX, and free paclitaxel
(PAX). At 24 hours after injection, the average fluorescence intensity
of FiPAX nanoparticles in the tumor, as measured by in vivo fluo-
rescence imaging, reached 2.5-fold higher than that of passively
targeted DexPAX nanoparticles. The signal difference increased to
4.1-fold at 72 hours after injection (Fig. 3A, bottom, and fig. S3, G
and H). The biodistribution, measured by fluorescence, showed
substantial selective accumulation of FiPAX nanoparticles in the
tumor over healthy organs, yielding a signal 3.6-fold higher in
the tumor than the combined signal from all organs (fig. S3H).
The same calculation made for DexPAX nanoparticles was only
1.3-fold, suggesting superior tumor targeting mediated by P-selectin
with an improvement of 2.8-fold over passive targeting mechanisms.
Improved tumor inhibition was observed upon administration of a
single dose of FiPAX nanoparticles, as compared to free paclitaxel or
DexPAX nanoparticles, all administered with equal drug concentra-
tions (Fig. 3B).

Radiation-guided drug delivery mediated by P-selectin
To study the effect of tumor irradiation on P-selectin targeting in vivo,
we used the Lewis lung carcinoma model, a mouse tumor model that
does not spontaneously express P-selectin. We inoculated immuno-
competent, hairless SKH-1 mice in both flanks with Lewis lung carci-
noma (3LL) cells. The resulting tumor did not endogenously express
P-selectin, as demonstrated by tissue staining (Fig. 3C). We irradiated
the right flank tumor of each mouse with an x-ray dose of 6 Gy, and
the left flank tumor was left unirradiated. The appearance of P-selectin
in the irradiated tumor was apparent by 4 hours, and the amount
increased substantially by 24 hours (Fig. 3D). Costaining for P-selectin
and CD31 shows that P-selectin was localized mainly to the endothe-
lium after radiation treatment (fig. S4). P-selectin staining was also
seen around vessels in smaller, scattered punctate patches, suggesting
the presence of activated platelets (14).

We also detected the presence of P-selectin in the unirradiated left
flank tumors 24 hours after irradiation of the right flank tumors, sug-
gesting immune activation of distant sites—a phenomenon reminis-
cent of the abscopal effect (35). This phenomenon was accompanied
by a substantial increase of soluble P-selectin (sP-selectin) in the blood
(fig. S5A).

We studied whether radiation could selectively guide P-selectin–
targeted drug carrier nanoparticles to the tumor site and result in a
therapeutic benefit. The right flank tumors of the bilateral 3LL xeno-
grafted mice were irradiated with 6 Gy before injecting nanoparticles
intravenously 4 hours later. To distinguish the effects of radiation-
induced P-selectin targeting from EPR-mediated accumulation or
the targeting of non–radiation-induced P-selectin, we included exper-
imental arms using DexPAX nanoparticles and nonirradiated mouse
controls. At 24 hours after treatment, the fluorescence signal in the
FiPAX-treated tumors was 3.8-fold higher in the irradiated tumors
over nonirradiated tumors, but there was no difference in the DexPAX-
treated mice (Fig. 3E and fig. S5B). Growth was inhibited in tumors
receiving both radiation and FiPAX nanoparticles, resulting in complete
and durable tumor regression (Fig. 3F). In mice treated with irradiation
and FiPAX nanoparticles, significant (P = 0.0031) tumor growth
inhibition was observed also in the unirradiated left flank tumors
(Fig. 3F). Immunofluorescence microscopy of tumor slices 24 hours
after treatment revealed substantial apoptosis in both tumor and ECs
in the irradiated tumors treated with FiPAX, as measured by TUNEL
www.Scie
(terminal deoxynucleotidyl transferase–mediated deoxyuridine tri-
phosphate nick end labeling) staining (fig. S5C).

P-selectin–mediated antitumor efficacy in a metastatic model
We assessed the antitumor efficacy of P-selectin–targeted drug carrier
nanoparticles against two aggressive experimental metastasis models of
melanoma and breast cancer (36, 37). The intravenous injection of 105

firefly luciferase–expressing B16F10 melanoma or firefly luciferase–
expressing MDA-MB-231 cells resulted in lung metastases positive
for P-selectin expression in the associated vasculature (Fig. 4, A and B).

Because melanoma shows little sensitivity to paclitaxel, we compared
the antitumor effects of fucoidan-encapsulated doxorubicin (FiDOX)
nanoparticles to the passively targeted DexDOX nanoparticle control
and drug-polymer conjugate, DPD, at equivalent doxorubicin doses
of 8 mg/kg in the B16F10 model. The mean survival of the FiDOX
group was significantly higher (68.8 days) with 40% complete and du-
rable responses, compared to DexDOX (40.2 days) with no complete
responses, DPD (39.2 days), or untreated controls (32.4 days) (Fig. 4C;
log-rank test z = 3.11, P = 0.00184).

To investigate whether FiDOX nanoparticles exhibited an im-
proved therapeutic index over free doxorubicin, we administered three
different doses of FiDOX nanoparticles in the B16F10 model. Mice
bearing lung metastases were treated with a single dose of free doxo-
rubicin (6 mg/kg), fucoidan (30 mg/kg) as a vehicle control, or FiDOX
nanoparticles with several different doses of encapsulated doxorubicin
(1, 5, and 30 mg/kg). The dose range explored the potential for both
dose reduction due to improved tumor exposure and dose escalation
due to reduced systemic exposure. All three FiDOX treatment arms
resulted in decreased tumor burden and prolonged survival after a
single injection, whereas an equivalent amount of free doxorubicin
at its maximum tolerated dose did not have a significant effect, demon-
strating the superiority of FiDOX over free doxorubicin (Fig. 4D). The
fucoidan-only controls showed no survival benefit. Moreover, tumor
bioluminescence 7 days after treatment with FiDOX showed a clear
reduction in median photon count in the medium- and high-dose
groups (Fig. 4, E and F, and fig. S6A). Similar results were observed
in an MDA-MB-231 breast cancer lung metastasis model, which
showed a marked reduction of tumor bioluminescence and prolonged
survival in FiDOX-treated mice (Fig. 4, G and H, and fig. S6B).

Organ biodistribution studies confirmed that FiDOX nanoparticles
accumulated within areas of lung metastases, whereas DexDOX
showed less accumulation in these regions (fig. S7A). Immuno-
fluorescence microscopy of tumor tissue, resected 24 hours after treat-
ment, revealed substantial increases in both tumor and EC apoptosis
in FiDOX-treated mice (fig. S7B). We did not observe any notable
signs of toxicity, as measured by weight loss, compared to the group
receiving free doxorubicin (fig. S7C). Complete blood count showed
no deviations from the normal range (table S2). A cytokine profile
showed a slight increase 5 hours after FiDOX administration, and it
reverted to baseline by 24 hours (fig. S8).

P-selectin–targeted delivery of MEK/ERK inhibitors
We investigated whether P-selectin–targeted delivery could improve
the therapeutic efficacy of kinase inhibitors. The MAPK/ERK pathway
is frequently hyperactive in several cancer types including melanoma,
colorectal, and lung cancers (38). Several reversible MEK/ERK inhibi-
tors are in clinical trials for RAS- and BRAF-mutated cancers; howev-
er, they have dose-limiting toxicities, including severe rash and chronic
nceTranslationalMedicine.org 29 June 2016 Vol 8 Issue 345 345ra87 5

http://stm.sciencemag.org/


R E S EARCH ART I C L E

 on July 5, 2016
http://stm

.sciencem
ag.org/

D
ow

nloaded from
 

serous retinopathy (39). Chronic administration is needed because of
the temporary nature of the target inhibition (40). We hypothesized
that delivery of a MEK inhibitor to the tumor microenvironment
using P-selectin–targeted nanoparticles might increase drug exposure
to tumor cells and prolong the duration of local inhibition while re-
ducing systemic toxicities. We thus encapsulated the MEK inhibitor
MEK162 (41) in fucoidan-based nanoparticles (FiMEK) (as shown
in Fig. 1D) to test this hypothesis. In vitro, the FiMEK nanoparticles
exhibited almost identical biochemical and antitumor activities as free
MEK162 against BRAF-mutated melanoma (A375) and KRAS G12S
homozygous mutant lung (A549) cancer cells (Fig. 5A).
www.Scie
In vivo, FiMEK nanoparticles and free MEK162 were administered
to mice bearing HCT116 and SW620 tumors, which express P-selectin
in the vasculature (fig. S9A). We observed that the nanoparticles ac-
cumulated in tumors (fig. S9B) and that weekly FiMEK treatment re-
sulted in enhanced efficacy as compared to a weekly dose of free
MEK162 and comparable efficacy to daily administration of the free
drug (Fig. 5B and fig. S9C). These results were further validated in vivo
using two additional models, LOVO and HCT116, both colorectal xe-
nografts (fig. S9D).

ERK phosphorylation, measured to benchmark MEK activity,
was inhibited similarly by both treatments after 2 hours, but significant
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Fig. 4. P-selectin–targeted nanoparticle treatment of metastatic
cancer models. (A) Representative images of P-selectin and vasculature

ministration of the indicated treatments. (F) Median bioluminescence
photon count from experiment shown in (D). (G) In vivo bioluminescence
(CD31) staining in a B16F10 melanoma experimental lung metastasis
model 14 days after inoculation. Scale bar, 50 mm. (B) Representative
images of P-selectin and CD31 staining in an MDA-MB-231 breast cancer
experimental lung metastasis model 18 days after inoculation. Scale bar,
50 mm. (C and D) Survival data from two experiments using the B16F10
model treated 7 days after tumor inoculation with a single intravenous
administration of the indicated treatments. (E) In vivo luciferase bio-
luminescence of the B16F10 model acquired 7 days after a single ad-
images acquired 21 days after a single administration of the indicated
treatments to the luciferase-expressing MDA-MB-231 lung metastasis
model. (H) Survival data from the MDA-MB-231 model treated on day
7 after inoculation with a single intravenous injection of the indicated
treatments. The color key in each figure lists concentrations of nanoparticles
and drug-polymer conjugates in terms of the amount of drug. Arrows
denote day of administration for all treatments. n = 5 per group for all
survival experiments.
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Fig. 5. P-selectin–targeted delivery of an inhibitor of the MEK/ERK
pathway. (A) Top: Proliferation of cell lines measured after 4 days of

blot) of pERK and PARP cleavage in xenografts of A375 tumors treated
for 2 or 16 hours with MEK162 or FiMEK. P = 0.0089 and 0.0053, respec-
treatment with MEK162 or FiMEK as indicated. Bottom: Biochemical
analysis of A375 and A549 cell lines treated for 4 hours with MEK162
or FiMEK. (B) Growth of tumor xenografts after a single dose of vehicle,
MEK162, and FiMEK or a daily dose of MEK162. x axis represents days
after first treatment; n = 6 per group. P(A375) = 0.0048, P(SW620,FiMEK) =
0.0071, P(SW620,MEK) = 0.0055. (C) Biochemical quantification (Western
www.Scie
tively. (D) IHC of cleaved caspase 3 in HCT116 xenografts treated with
MEK162 or FiMEK. Scale bar, 50 mm. (E) IHC of pERK in skin and tumors
of HCT116 xenografts treated with MEK162 (30 and 300 mg/kg) or FiMEK
(30 mg/kg) after 24 hours. Scale bar, 100 mm. Nanoparticle concentrations
are listed in terms of the equivalent amount of encapsulated drug. Plots
show means ± SD.
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(P = 0.0089) inhibition was maintained at the 16-hour time point only
in mice treated with FiMEK (Fig. 5C). Apoptosis was assessed by IHC
staining for cleaved PARP [poly(adenosine diphosphate–ribose) poly-
merase] and TUNEL in HCT116 xenografts treated with MEK162
and FiMEK. PARP and caspase 3 cleavage (Fig. 5, C and D) as well
as TUNEL staining (fig. S9E) at 16 hours after treatment were signifi-
cantly higher (P = 0.0053 for PARP cleavage) in the tumors treated with
FiMEK.

Because the primary dose-limiting side effect of systemic MEK
inhibition in humans is severe skin rash, we assessed MEK inhibi-
tion in both tumors and skin (42). To benchmark MEK inhibition,
we measured the phosphorylation status of the downstream effector
ERK at several time points. Administration of MEK162 inhibited
ERK phosphorylation in the skin and tumor at 4 hours, but phospho-
rylation returned in both tissues after 24 hours. The FiMEK nanoparticles
elicited prolonged pERK inhibition in the tumor after 24 hours but
minimal inhibition in the skin at either time point (fig. S10). To inves-
tigate these findings further, we compared the standard 30 mg/kg dose
of MEK162 with 300 mg/kg. We found pERK inhibition in both tumor
and skin using the 300 mg/kg dose of free drug at 24 hours, whereas ad-
ministration of FiMEK at 1/10 of the MEK162 dose induced superior in-
hibition in the tumor with minimal inhibition in the skin (Fig. 5E).
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DISCUSSION

This study explored the role of P-selectin as a target for cancer drug
delivery. We found that P-selectin is expressed on cancer cells of many
human tumors and on the tumor-associated vasculature. Although
other endothelial-specific adhesion molecules, such as ICAM-1,
VCAM-1, CD31/PECAM-1, and VE-cadherin, were previously re-
ported to be expressed on tumor cells of various cancer types and
are often associated with increased metastasis and poor patient prog-
nosis (43–45), we found only one previous report describing P-selectin
expression on cancer cells—in a metastatic pancreatic tumor cell line
(46). Because of the high prevalence of P-selectin in the microenvi-
ronments of human tumors and metastases, as evinced by IHC stain-
ing, we surmised that targeting P-selectin may improve drug delivery
to this environment.

The EPR effect is known to facilitate nanoparticle accumulation in
tumor sites of many cancer models (4, 6). The vast majority of tumor
models, including the 3LL model and others used herein (47, 48), ex-
hibit EPR-mediated (passive) accumulation, which complicates efforts
to assess the additional effects of targeting strategies. To discern the
accumulation of nanoparticles by P-selectin targeting versus the EPR
effect, we chose to target P-selectin with the polysaccharide fucoidan
by using it as both a scaffold for drug encapsulation and a targeting
agent. Fucoidan was used successfully in previous studies for imaging
P-selectin in mouse models of inflammation (24–29). Control nano-
particles were synthesized identically, except that dextran sulfate was
used as the scaffold instead of fucoidan. The resulting nanoparticles
were of the same size, surface charge, and drug content as the targeted
nanoparticles, but they did not exhibit affinity to P-selectin. This con-
trol was also used for multiple antitumor efficacy studies. In all cases,
the targeting of P-selectin mediated tumor-specific localization and
improved efficacy over passively targeted nanoparticles. However, stu-
dies in models that do not exhibit EPR are needed to accurately quan-
tify the net benefit of targeting strategies.
www.Scie
Using a Transwell assay, we conducted in vitro experiments to
mimic the biological barriers in the tumor microenvironment. The
nanoparticles exhibited an increase in transport through the endothelial
monolayer when activated by TNFa. It is known that TNFa induces
EC activation, apoptosis, and dysfunction (49). A potential explana-
tion may be increased paracellular diffusion through the endothelial
layer (50). However, the increased transport of fucoidan-based versus
dextran-based nanoparticles warrants further examination.

Biodistribution studies of the fucoidan-based nanoparticles in mice
bearing P-selectin–expressing tumors found selective tumor accumu-
lation within 24 hours after injection. Apart from the tumors, the
organs exhibiting nanoparticle accumulation were the lungs and the
liver, with virtually no uptake in the spleen. Although nanoparticles
often accumulate in the liver and spleen, often before hepatobiliary
clearance, it was previously found that the use of endothelial targets
can modulate nanoparticle biodistribution to the lungs, likely due to
the large endothelial component in this organ (51).

Radiation-based guidance of nanoparticles is an appealing strategy
to target tumors given the ubiquitous use of radiotherapy in cancer
treatment protocols (19). Radiation can be accurately delivered selec-
tively to tumors while sparing surrounding nonmalignant tissues (52, 53).
When used at low doses for short periods of time, radiation therapy is
associated with relatively mild adverse effects (54). Because the endoge-
nous overexpression of P-selectin appears to vary substantially among tu-
mor types and patients, we investigated the use of ionizing radiation to
induce P-selectin expression as a strategy to present the target in a desired
location within the body. In a tumor model that does not express
P-selectin, we demonstrated that radiation increases endothelial P-selectin
expression and particle accumulation, resulting in antitumor efficacy.

The initial observation of P-selectin translocation/induction by
radiation was first reported by Hallahan and Virudachalam (16),
Hallahan et al. (17), Corso et al. (18), and Wang and Tepper (19),
whose studies suggested the involvement of microtubulin. This work
was later followed by reports showing the targeting of a P-selectin
antibody to irradiated lung cancer tumors (16, 17). Those findings
agree with our nanoparticle data in the same tumor model. Our ad-
ditional finding of P-selectin expression in the nonirradiated tumor
within an irradiated mouse prompts questions of how this phenomenon
occurs and whether it is important for treatment strategies. An apparently
similar phenomenon, radiotherapy-induced distant immune activa-
tion, known as the abscopal effect, has not been studied in the con-
text of P-selectin (35, 55).

One of the most important goals for nanoparticle carriers is the
treatment of metastatic disease. From our studies on B16F10 melanoma
and MDA-MB-231 metastatic models, it is apparent that P-selectin tar-
geting improved local drug delivery to multiple metastatic sites within
the lungs. We identified a clear therapeutic benefit of drug-encapsulated
P-selectin–targeted particles, compared to passively targeted drug car-
riers or a fucoidan polymer control. However, further in-depth studies
are needed to measure the differential drug localization within tumor
versus nontumor tissues.

Inhibitors of the MEK/ERK pathway, like other drugs targeted to
tumor signaling pathways, are promising for their selectivity. Chal-
lenges with these forms of therapy include the transient inhibition
of their targets, side effects of target inhibition in nontumor tissues,
and additional toxicities when administered in combination with oth-
er therapeutic agents (42). Such problems may be addressed by the use
of a targeted drug carrier to improve the tumor localization of these
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agents (56). By delivering a MEK inhibitor in a P-selectin–targeted
nanoparticle, we found improved efficacy over the free drug with a
similar dosing schedule, without apparent MEK inhibition in the
skin—a common target organ of clinical side effects. By comparing
efficacy of nanoparticles to high doses of free drug, we conclude that
the mechanism of prolonged tumor inhibition is the elevation of drug
concentration in the tumor resulting from nanoparticle-mediated de-
livery. In addition, the finding of pERK inhibition in the tumor sug-
gests that the nanoparticle reached not just the ECs in the tumor
microenvironment but the cancer cells as well.

It is not yet known whether P-selectin associated with the ECs or
tumor cells may be most important for effecting a clinical benefit.
Here, we predominantly studied endothelial P-selectin because of
the wide availability of models with endothelial expression and the
ability to modulate endothelial expression by ionizing radiation. The
importance of P-selectin expression on tumor cells for drug delivery
purposes would depend on accessibility of the target to the delivery ve-
hicle (mediated by vehicle size), permeability of the endothelium, and
the morphology of the tumor microenvironment. Further investigations
of this issue are warranted.

In conclusion, we identified P-selectin as a target for tumor-selective
drug delivery. The high affinity of fucoidan for P-selectin was exploited
to deliver locally therapeutically effective doses of these compounds,
avoiding potentially toxic systemic drug exposure. This approach was
generalizable across a wide range of tumor types and pharmacophores.
We also envision that this platform could be applied to other conditions
including vascular and autoimmune diseases.
 on July 5, 2016
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MATERIALS AND METHODS

Study design
The purpose of this study was to assess P-selectin as a drug delivery
target for nanoparticle therapeutics. P-selectin expression in human
and animal tissues was measured by IHC. Experiments with cells in
culture, tumor spheroids, and murine xenograft models were conducted
in a controlled and nonblinded manner. Quantitative measurements of
drug carrier targeting were compared to an untargeted control nanopar-
ticle. Antitumor efficacy and side effects of targeted nanoparticles con-
taining several drugs, including paclitaxel, doxorubicin, and MEK162,
were compared to untargeted, drug-loaded nanoparticles and the un-
encapsulated compounds. The number of animals in each group was
determined on the basis of previous studies (56). Host mice carrying
xenografts were randomly and equally assigned to either control or treat-
ment groups. Analysis of drug function in tumors was conducted by mea-
surements of pERK inhibition and apoptosis via Western blot and IHC.

Staining of tissue microarrays
Normal and tumor tissue microarrays (TMAs) were obtained from US
Biomax Inc. Sections were denoted as follows: BR1002 (breast),
LYM1502 (lymphoma), BC041115 (lung), OVC96211 (ovarian), and
MT801023 (metastases). The TMAs were deparaffinized with EZ Prep
buffer (Ventana Medical Systems). Antigen retrieval was performed
with CC1 buffer (Ventana Medical Systems), and sections were
blocked for 30 min with Background Buster solution (Innovex) or
10% normal rabbit serum in PBS (for P-selectin staining). Slides were
incubated with antibodies against P-selectin (R&D Systems, cat. #AF737,
5 mg/ml) for 5 hours, followed by 60 min of incubation with biotinylated
www.Scie
rabbit anti-goat immunoglobulin G (IgG) (Vector, cat. #BA-5000) at
1:200 dilution.

Preparation of DPD polymer
Ten milligrams of homobifunctional hydrazide–PEG–hydrazide
(NH2NH-PEG-NHNH2) polymer (molecular weight, 3400 g/mol;
Nanocs) and 10 mg of doxorubicin were dissolved in 3 ml of meth-
anol containing 100 ml of glacial acetic acid. The mixture was stirred in
the dark for 24 hours and slowly precipitated in cold acetone/ether
(2:1), centrifuged (15,000g, 20 min), and dried with vacuum. The
product, DPD, was purified with a Sephadex G-25 PD-10 desalting
column with water as eluent and lyophilized.

Preparation of FiDOX and DexDOX nanoparticles
Fucoidan from Fucus vesiculosus (20 to 300 kD; Sigma) and DPD were
dissolved in double-distilled water and mixed at a weight ratio of 1:1,
forming gel aggregates. The aggregates were collected after centrif-
ugation (15,000g, 10 min) and resuspended in PBS containing ex-
cess fucoidan (5:1). The mixture was sonicated with a probe tip
ultrasonicator (Sonics & Materials) at 40% intensity for 10 s until a
clear dark red solution appeared. The material was pelleted by centrif-
ugation (30,000g, 30 min), resuspended in PBS, and sonicated in a
bath sonicator for 10 min. Encapsulation efficiency was quantified
by UV-Vis spectrophotometer (Jasco, V-670) measurement of the
supernatant.

Preparation of FiPAX and DexPAX nanoparticles
Paclitaxel (0.1 ml) dissolved in dimethyl sulfoxide (DMSO) (10 mg/ml)
was added drop-wise (20 ml per 15 s) to a 0.6-ml aqueous poly-
saccharide solution (15 mg/ml) containing IR-783 (1 mg/ml) and
0.05 mM sodium bicarbonate. The solution was centrifuged twice
(20,000g, 30 min) and resuspended in 1 ml of sterile PBS. The suspen-
sion was sonicated for 10 s with a probe tip ultrasonicator at 40% in-
tensity. The nanoparticles were lyophilized in a 5% saline/sucrose
solution. Encapsulation efficiency was quantified by UV-Vis spectro-
photometer measurement of the supernatant.

Nanoparticle characterization
Dynamic light scattering (DLS) and z potential measurements were
conducted in PBS using a Zetasizer Nano ZS (Malvern). SEM was con-
ducted using a Zeiss Supra 25 field emission scanning electron micro-
scope. Samples were prepared by gold sputtering and critical point drying.

Drug release measurements
Nanoparticles were incubated in PBS at pH 5.5 or 7.4 at 37°C with a
concentration equivalent to 1 mM of the drug. The amount of released
drug was determined by extracting into ethanol and measuring ab-
sorbance at 260 or 492 nm using a UV-Vis spectrophotometer or plate
reader (Tecan, Infinite M1000). All experiments were carried out in
duplicate.

Binding studies of nanoparticles to immobilized P-selectin
Human recombinant P-selectin, E-selectin, or L-selectin (50 ng in 50 ml)
was added to high hydrophobicity 96-well enzyme-linked immuno-
sorbent assay (ELISA) plates and incubated at 4°C overnight. The wells
were washed with PBS and incubated with BSA (3%, 0.2 ml) and with
FiPAX or DexPAX in Hank’s balanced salt solution (HBSS) for 15 min.
The wells were gently washed three times with HBSS. Fluorescence was
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measured with a plate reader (Tecan, Infinite M1000) by averaging
16 reads per well (excitation, 780 nm/emission, 820 nm).

Binding of nanoparticles to P-selectin–expressing ECs
bEnd.3 EC monolayers in 24-well plates were preincubated with TNFa
(50 ng/ml) for 20 min before adding nanoparticles. Control cells were
left untreated. The cells were then incubated with nanoparticles (20 mg/ml)
for 45 min and for another 15 min with CellMask Green (Life
Technologies) for membrane staining and with Hoechst 33342 (Life
Technologies) for nuclear staining. The cells were rinsed twice with
PBS. A similar method was used for the binding of nanoparticles to
irradiated cells. Irradiation of cultured cells was carried out in Shep-
herd Mark I irradiator containing a 137Cs source at a rate of 2.08 Gy/min.
Images were acquired with an inverted Olympus IX51 fluorescence mi-
croscope equipped with XM10IR Olympus camera and Excite Xenon
lamp. Similar exposure times and excitation intensities were applied
throughout all experiments. Filter sets: cell membrane (excitation,
488 nm/emission, 525 nm), nucleus (excitation, 350 nm/emission,
460 nm), IR-783 dye in particles (excitation, 780 nm/emission, 820 nm).
Images were processed with ImageJ software.

Development of tumor spheroids
To generate P-selectin–expressing multicellular tumor spheroids, we de-
veloped a murine cell line, SK-136, derived from an autochthonous
model of liver cancer. To generate liver tumors, we performed hydro-
dynamic transfection as described previously (57). Specifically, 10 mg of
pT3-EF1a-c-myc, 10 mg of pT3-EF1a-b-cateninT41A-IRES-GFP, and
CMV-SB13 Sleeping Beauty transposase were mixed in sterile saline so-
lution. A total volume of plasmid-saline solution mix corresponding to
10% of the body weight was injected into the lateral tail vein of 6- to
8-week-old female FVB/N mice (Jackson Laboratory) within 5 to 7 s
(57). The harvested cells were plated on two ultra-low attachment 96-well
plates (Corning) and incubated for 3 days. The wells were examined with
an inverted light microscope to identify the formation of multicellular
tumor spheroids. The wells containing tumor spheres were centrifuged,
trypsinized, and seeded in 75-cm cell culture–treated flasks with Dulbec-
co’s modified Eagle’s medium (DMEM). This process was repeated three
times to generate a subclone of spheroid-forming cells. To identify P-
selectin expression in 7-day-old tumor spheroids, they were collected
at the bottom of an Eppendorf tube, suspended in paraformaldehyde
(PFA), and embedded in paraffin. Ten-micrometer slices were stained
with anti-mouse P-selectin antibody (R&D Systems). A second tumor
spheroid, derived from a PDX of SCLC (designated JHU-LX33), was
generated as described previously and grown with complete DMEM
supplemented with 10% fetal bovine serum (FBS) with 1% penicillin/
streptomycin and 2 mM L-glutamine (34).

Characterization of tumor spheroids
SK-136 cells were grown in ultra-low attachment flasks (Corning)
for 5 days. Once the spheres were formed, the medium containing
tumor spheres was removed and placed in 1-ml Eppendorf tube. The
spheres were allowed to settle by gravity for 2 min, and the medium
was replaced with fresh medium. The spheroids were placed on
poly-L-lysine–coated plastic coverslips (Thermonex). For SEM imag-
ing, the spheroids were fixed in 2.5% PFA in 0.075 M cacodylate
buffer for 1 hour, rinsed in cacodylate buffer, and dehydrated in a
graded series of alcohols: 50, 75, 95, and 100%. The samples were
then dried in a JCP-1 critical point dryer (Denton). The coverslips
www.Scien
were attached to SEM stubs and sputter-coated with gold/palladium
using a Desk IV sputter system (Denton Vacuum). The images
were obtained in a Zeiss Supra 25 field emission scanning electron
microscope. For IHC measurements, the spheroids were embedded,
sectioned, and processed for H&E and P-selectin staining as de-
scribed below.

Binding of nanoparticles to P-selectin–expressing
tumor spheroids
SK-136 cells (104) were seeded in 25-cm2 ultra-low attachment flasks
(Corning) and grown for 7 days in DMEM with medium replacement
every 3 days. When spheres reached a diameter of about 250 mm, 0.2 ml
of growth suspension was plated in normal adhesion 96-well plates,
yielding three to five spheres per well. After 30 min, spheres adhered
to the bottom of the wells. Nanoparticles were added at a concentration
of 50 mg/ml and incubated for 20 to 40 min. The wells were washed
three times with HBSS buffer and imaged with an inverted Olympus
IX51 fluorescence microscope equipped with an XM10 Olympus
charge-coupled device camera. The fluorescence intensity was analyzed
using ImageJ software.

Evaluation of penetration through endothelial and
epithelial barriers
We used a modified Transwell assay (Life Technologies) to test the pen-
etration of nanoparticles through a monolayer of ECs. bEnd.3 cells (5 ×
104 in 0.5 ml) were grown on Transwell inserts in 24-well plates for
7 days. The medium was replaced every other day. The confluence of
the monolayer was ensured by imaging the cell membrane with
CellMask Green. Experiments were conducted in the absence of gaps
in cell junctions. After activation with TNFa as described above, the
cells were incubated with nanoparticles (20 mg/ml) for 1 hour. Samples
of medium from the upper chamber (50 ml) were collected and
measured with a fluorescence plate reader (Tecan, Infinite M1000)
(excitation, 780 nm/emission, 820 nm). To visualize nanoparticles in
the ECs on the insert component of the chamber, the cells were
washed twice with PBS and then incubated in HBSS. Images were
acquired and processed as described above.

Cell viability assay
bEnd.3 cells (5 × 104) were seeded in a 96-well plate. Cells were activated
with TNFa for 30min.Nanoparticles were added at equivalent drug con-
centrations for each well and incubated for 1 hour at 37°C. Cells not acti-
vated with TNFa were treated similarly. The drug solutions were then
removed and replaced with fresh medium, followed by 72 hours of incu-
bation at 37°C. Cell survival was assayed by discarding the medium and
adding 100 ml of freshmedium and 25 ml of MTT solution (5mg/ml) in
PBS to each well. After 90 min, the solution was removed and 200 ml of
DMSO was added. Cell viability was evaluated by measuring the ab-
sorbance of each well at 570 nm relative to control wells.

Radiation treatment studies in bilateral model of 3LL
Murine Lewis lung carcinoma (3LL) cells were maintained in DMEM
supplemented with 10% FBS, 1 mM Na pyruvate, and penicillin/
streptomycin (50 mg/ml). Tumor cells were subcutaneously implanted
(1 × 106 cells per injection) in both hindlimbs of 8-week-old immu-
nocompetent, hairless SKH-1 mice. The tumor models were used for
biodistribution and tumor growth studies when the tumor size reached
0.5 cm in diameter. Irradiation of the tumors was conducted by giving
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6-Gy doses using an X-RAD 225 CxMicro-Irradiator (Precision X-Ray)
with a 50-cm source-to-skin distance. Mice were lightly sedated with
ketamine (0.1 mg/g) and xylazine (0.02 mg/g). Only tumor, surround-
ing skin, and subcutaneous tissues were exposed using a specialized lead
jig. All of the animal studies were conducted according to the protocols
approved by the Memorial Sloan Kettering Cancer Center (MSKCC)
Institutional Animal Care and Use Committee.

In vivo imaging for radiotherapy studies
Four hours after irradiation (as described above), 200 ml (1 mg/ml) of
the nanoparticles labeled with IR-783 was injected via the tail vein.
Images were taken with an IVIS imaging system (Xenogen Corp.). Ra-
diance (photons/s per cm2) was calculated for the tumor ROI using Liv-
ing Image V4.2 software.

Detection of sP-selectin in plasma
A sandwich ELISA kit (R&D Systems) was used to quantify sP-selectin in
human and mouse serum according to the manufacturer’s instructions.

B16F10 melanoma lung metastasis studies
C57BL/6 mice were inoculated intravenously with 105 B16F10 cells
expressing luciferase. Tumors were allowed to grow until day 7. In
the first experiment, mice were divided randomly into groups and
injected intravenously with FiDOX nanoparticles and controls. After
treatment, mice were monitored for up to 8 or 17 weeks, depending on
the treatment received. Bioluminescence imaging was conducted using
an IVIS imager after luciferin injection (50 mg/ml). Mice that lost more
than 15% of their body weight were sacrificed using CO2.

Tumor xenograft studies in nude mice
Six-week-old female athymic NU/NU nude mice purchased from
Charles River Laboratories were injected subcutaneously with 5 × 105

of A375, SW620, LOVO, or HCT116 cells in 100-ml culture medium/
Matrigel (BD Biosciences) at a ratio of 1:5. Animals were randomized at
a tumor volume of 70 to 120 mm3 into four to six groups, with n = 8 to
10 tumors per group. Animals were treated orally daily with MEK162
[10 or 30 mg/kg in 0.5% carboxymethylcellulose sodium salt (Sigma)].
Tumor size was measured with a digital caliper, and tumor volumes
were calculated using the following formula: (length × width2) ×
(p/6). Animals were euthanized using CO2 inhalation. Mice were
housed in air-filtered laminar flow cabinets with a 12-hour light/dark
cycle and food and water ad libitum. Mice were maintained and treated
in accordance with the institutional guidelines of MSKCC. Animal
experiments were approved by MSKCC.

Immunohistochemistry
For xenograft samples, dissected tissues were fixed immediately after
removal in a 10% buffered formalin solution for a maximum of
24 hours at room temperature before being dehydrated and paraffin-
embedded under vacuum. The tissue sections were deparaffinized with
EZ Prep buffer (Ventana Medical Systems). Antigen retrieval was per-
formed with CC1 buffer (VentanaMedical Systems), and sections were
blocked for 30 min with Background Buster solution (Innovex).

The IHC detection was performed at the Molecular Cytology Core
Facility of MSKCC using DISCOVERY XT processor (Ventana Medical
Systems). All the tissues were harvested frommice and were fixed in 4%
PFA overnight. Fixed tissues were dehydrated and embedded in paraffin
before 5-mm sections were put on slides. The tissue sections were de-
www.Scien
paraffinized with EZ Prep buffer (Ventana Medical Systems); antigen
retrieval was performed with CC1 buffer (Ventana Medical Systems);
and sections were blocked for 30 min with Background Buster solu-
tion (Innovex) or 10% normal rabbit serum in PBS (for P-selectin stain-
ing). P-selectin sections were incubatedwith antibodies against P-selectin
(R&D Systems, cat. #AF737, 5 mg/ml) for 5 hours, followed by 60 min of
incubationwith biotinylated rabbit anti-goat IgG (Vector, cat. #BA-5000)
at 1:200 dilution. pMAPK sections were blocked with avidin/biotin
block for 12 min, followed by incubation with pMAPK antibodies (Cell
Signaling, cat. #4370, 1 mg/ml) for 5 hours, followed by 60 min of incu-
bation with biotinylated goat anti-rabbit IgG (Vector, cat. #PK6101) at
1:200 dilution. Ki67 sections were incubated with Ki67 antibodies
(Vector, cat. #VP-K451, 0.4 mg/ml) for 5 hours, followed by 60 min of
incubation with biotinylated goat anti-rabbit IgG (Vector, cat. #PK6101)
at 1:200 dilution. CD31 sections were incubated with CD31 antibodies
(Dianova, cat. #DIA-310, 1 mg/ml) for 5 hours, followed by 60min of in-
cubation with biotinylated rabbit anti-rat IgG (Vector, cat. #PK-4004) at
1:200 dilution. Detection was performed with a DAB detection kit (Ven-
tana Medical Systems) according to the manufacturer’s instructions, fol-
lowed by counterstaining with hematoxylin (Ventana Medical Systems)
and coverslipping with Permount (Fisher Scientific).

Statistics
Statistical analysis for in vitro and in vivo experiments was performed
using GraphPad Prism (GraphPad Software). A two-tailed Student’s
unpaired t test was performed to compare control versus treated groups.
The significance level was set at P < 0.05. Independent experiments
were conducted with a minimum of two biological replicates per con-
dition to allow for statistical comparison. Error bars represent the SEM,
and P values are indicated. All cellular experiments were repeated at
least two times. Survival plots of experimental metastasis models were
analyzed using the Mantel-Cox log-rank test.
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Editor's Summary

 
 
 
range of tumor types that can be targeted by fucoidan nanoparticle treatment.

thestimulates expression of P-selectin in tumors that do not normally express it, successfully expanding 
chemotherapeutic drugs to tumors. In addition, the authors demonstrated that radiation treatment
polysaccharide that specifically binds to P-selectin, and demonstrated that these can deliver a variety of 

 designed nanoparticles containing fucoidan, aet al.advantage of this observation, Shamay 
P-selectin is a molecule expressed on active blood vessels, such as those found in tumors. To take
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