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Abstract

Pancreatic cancer is a highly fatal disease characterized by a dominant stroma formation.
Exploring new biological targets, specifically those overexpressed in stroma cells, holds
significant potential for the design of specific nanocarriers to attain homing of therapeutic and
imaging agents to the tumor. In clinical specimens of pancreatic cancer, we found increased
expression of CD59 in tumor associated endothelial cells as well as infiltrating cells in the stroma
as compared to uninvolved pancreas. We explored this dual targeting effect using orthotopic
human pancreatic cancer in nude mice. By immunofluorescence analysis, we confirmed the
increased expression of Ly6C, mouse homolog of CD59, in tumor associated endothelial cells as
well as in macrophages within the stroma. We decorated the surface of porous silicon nanocarriers
with Ly6C antibody. Targeted nanocarriers injected intravenously accumulated to tumor
associated endothelial cells within 15 minutes. At 4 hours after administration, 9.8+2.3% of
injected dose/g tumor of the Ly6C targeting nanocarriers accumulated in the pancreatic tumors as
opposed to 0.5+1.8% with non-targeted nanocarriers. These results suggest that Ly6C (or CD59)
can serve as a novel dual target to deliver therapeutic agents to the stroma of pancreatic tumors.
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1. Introduction

Pancreatic cancer is one of the most aggressive malignancies in humans. It is the fourth
leading cause of cancer death in the United States with more than 43,000 new cases
diagnosed and 37,000 deaths annually [1; 2]. The difficulty in detecting pancreatic cancer at
an early stage, the aggressive nature of the disease, and the lack of effective therapy are all
responsible for the high mortality from this disease, with a 1-year survival rate of 18%, and
a 5-year survival rate of less than 3% [3]. Systemic therapy with gemcitabine, most
frequently used against pancreatic cancer, has not increased the median survival of patients
beyond 6 months and often leads to resistance [4; 5]. The discouraging situation has
remained unchanged over the past 20 years [6]. Although, molecular components and
signaling pathways involved in pancreatic carcinogenesis have been targeted with
therapeutic intent, erlotinib, an EGFR tyrosine kinase inhibitor, is the only agent that has
shown a very limited extension of overall survival (2 weeks) in the clinic. Clearly, there is
an urgent need to develop novel therapeutic strategies for the devastating disease.
Nevertheless, the main body of the research in the field has neglected the fact that transport
and retention of anticancer agents in the tumor can be a major roadblock responsible for
clinical failure.

Stroma, which occupies 70-90% of the tumor volume, is a typical histological finding in
pancreatic cancer and is considered to be one of the main factors preventing efficient
therapy [7]. Recent studies suggest that the stroma is blocking drug penetration and
contributing to tumor invasion, survival and metastasis [8]. As such, cellular stroma
elements, including tumor associated macrophages, endothelial cells, fibroblasts,
lymphocytes and neutrophils represent potential targets for novel cancer therapies. Specific
markers for the stroma cells can be explored to concentrate therapeutic carriers with
nanoscale features (nanocarriers) in the tumor site. Unlike passive accumulation strategies,
collectively termed Enhanced Permeation and Retention (EPR) effect [9], which take
advantage of the increased permeability of blood vessels in solid malignancies, a promising
approach to achieve the selective delivery of nanocarriers, is the active targeting of tumor
specific antigens, employing biomolecule recognition. Various forms of active targeting of
nanocarriers to tumor cells and microenvironment have been considered in the past [10]. In
pancreatic tumors, the proposed strategies focused mainly on targeting tumor cells. As an
example, Khan et al. recently published a study about targeting gold nanoparticles to
epidermal growth factor receptor expressed on pancreatic cells. In this study, the authors
have demonstrated 1.2-2 times higher accumulation of the targeted nanoparticles as
compared to untargeted nanoparticles in the tumor model lacking stroma [11]. In another
work, Weissleder et al. screened a library comprising 146 nanoparticles decorated with
different synthetic small molecules and found that in ectopic pancreatic tumors (grown in
the flank of mice) there was an accumulation of the nanoparticles targeted specifically to
pancreatic cancer cells possessing low binding to macrophages and endothelial cells [12].

Specific markers on cells in the tumor microenvironment, e.g. tumor associated endothelial
cells, are particularly suitable for enhanced delivery of nanocarriers, since they are readily
accessible to the systems injected intravenously [13]. However, in the case of pancreatic
tumors, targeting only tumor associated endothelial cells may not be a good strategy for
efficient active delivery, due to a general hypovascularization of the lesion [4; 5; 6]. Other
cell elements that are present in the stroma of the pancreatic tumors are tumor associated
macrophages which have a high potential to engulf foreign materials [14]. Finding
molecular signatures expressed by several cell populations in the stroma should increase
specific delivery of the nanocarreirs.
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Here we propose a new targeting strategy to enable accumulation of drug carriers in the
tumor stroma. Previous studies have shown increased gene expression of CD59, GPI-linked
cell surface glycoprotein, in some inflammatory conditions and malignancies [15; 16; 17].
Our data show that CD59, and its murine analogue Ly6C are overexpressed by tumor
associated stroma cells in clinical specimens and /n vivo orthotopic models of human
pancreatic cancer, respectively. The markers are present on various subpopulations of
stroma cells, including tumor associated macrophages and endothelial cells. The
nanocarriers employed in this work are comprised of biodegradable and biocompatible
nanoporous silicon material[18] and we demonstrate the efficiency of using Ly6C for
delivery of nanocarriers to the stroma in the orthotopic pancreatic tumors in mice.

2. Materials and Methods

2.1. Evaluation of CD59 expression in clinical specimens of pancreatic cancer

Human pancreatic cancer specimens (n=6) were obtained by informed consent from patients
at the University of Texas M. D. Anderson Cancer Center, Houston, TX. Paraffin embedded
sections of the specimen were immunostained using CD59 antibody (Sigma, St. Louis, MO)
(Ab) followed by corresponding secondary Ab (Jackson ImmunoResearch, West Grove,
PA). Positive reaction was detected by exposure to stable 3,3'-diaminobenzidine (Phoenix
Biotechnologies, Huntsville, AL). Immunostaining with CD34-Ab (Biogenex Laboratories,
San Ramon, CA) was used for identification of endothelial cells. For double staining of the
sections, CD34 was stained in red using Streptavidin AP with chromagen Vulcan fast Red
(Biocare Medical, Concord, CA), whereas CD59 was stained in blue using chromagen
Ferangi Blue (Biocare Medical).

2.2. Cell lines

Human pancreatic cancer cell lines L3.6pl [19] (originated in Dr. I.J. Fidler’s laboratory)
and MPanc96 (kindly provided by Dr Craig Logsdon, MD Anderson Cancer Center,
Houston, TX) were validated by short tandem repeat (STR) DNA fingerprinting using the
AmpFESTR Identifiler kit (Applied Biosystems, Carlsbad, CA) [20]. L3.6pl and MPanc96
were maintained in minimal essential medium supplemented with 10% fetal bovine serum
(FBS), sodium pyruvate, nonessential amino acids, L-glutamine, a two-fold vitamin solution
(Life Technologies, Inc., Grand Island, NY), and a penicillin-streptomycin mixture (Flow
Laboratories, Rockville, MD), as described previously [21].

Murine skin endothelial cells were established from female H-2K?-tsA58 mice (Charles
River Laboratories, Wilmington, MA) as described previously [22].

2.3. Evaluation of Ly6C expression by endothelial cells in vitro

Murine skin endothelial cells were incubated for 12 hours in the culture medium with or
without 1 ng/ml of recombinant mouse IFN-y (R&D Systems, Minneapolis, MN). Following
the trypsinization, the cells were stained with fluorescein isothiocyanate (FITC)-labeled
Ly6C-Ab or control 1gG (Santa Cruz Biotechnology, Inc., Santa Cruz, CA). Ly6C
expression was analyzed by flow cytometry on a FACScan flow cytometer (Becton
Dickinson, Heidelberg, Germany) and the data were analyzed by FlowJo software (Tree
Star, Inc., Ashland, OR)[23].

2.4. A model of orthotopic pancreatic tumors in mice

All animal procedures were performed in accordance with the regulations of the M.D.
Anderson Cancer center for the Care and Use of Laboratory Animals based on the protocols
approved by the IACUC committee. Male athymic nude mice (8-12 weeks, NCI-nu,
Bethesda, USA) were maintained in the VAF-barrier facility at M.D. Anderson Cancer
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center with a regular light-dark cycle. The animals were anesthetized by isoflurane
inhalation and, following a small abdominal incision, the pancreas was exposed for tumor
implantation. The two orthotopic models investigated in this study were established by
injection of either 5x10% L3.6pl or MPanc96 pancreatic tumor cells to produce slow growing
tumors as opposed to regular injection of 1x108 cells to establish rapid growing tumors as
previously described[20]. This model of slow tumor growth enables formation of increased
volume of stroma, mimicking clinical situation. The tumors are formed twelve weeks after
the injection.

2.5. Immunofluorescenct analysis of the orthotopic tumors

Twelve weeks after the injection of tumor cells, the mice were anesthetized and euthanized
by cervical dislocation. Tumors were harvested and embedded in optimum cutting
temperature compound (Miles, Inc., Elkhart, IN), rapidly frozen in liquid nitrogen, and
stored at —80°C. Frozen sections were mounted on slides and fixed by cold acetone (5
minutes), acetone/chloroform (1:1 v/v, 5 minutes), and acetone (5 minutes). The sections
were treated with protein block solution. Immunofluorescence staining of frozen tissues
using phycoerythrin (PE)-labeled CD31 (AbD Serotec, Oxford, UK), FITC-labeled anti-
mouse Ly6C antibody (Santa Cruz Biotechnology) and Alexa-647 labeled antibody to
CD204 and CD68 (AbD Serotec) was performed. The images were captured by confocal
microscope (Carl Zeiss Microlmaging Inc., Thornwood, NY) and analyzed by the associated
image analysis software [21].

2.6. Identification of Dividing Cells by BrdU Staining in Vivo

To identify dividing cells in vivo, we injected mice intraperitoneally with 0.2 ml of saline
containing 200 ug of BrdU (BD Biosciences, San Jose, CA). The mice were sacrificed 24
hours after the injection, and tumor samples were harvested and frozen as described above.
After fixation with acetone, the sections were treated with 1% Triton X-100 in PBS for 8
minutes and incubated for 15 minutes with 2N HCI in PBS at 37°C. Sections were next
treated overnight at 4°C with protein blocking solution and primary biotinylated anti-BrdU
antibody (Abcam, Inc., Cambridge, MA) and then treated for 1 hour at room temperature
with streptavidin-Cy2 (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA).
Dividing endothelial cells exhibited green nuclei.

2.7. Targeted nanocarriers fabrication and surface modification

Nanocarriers, silicon mesoporous particles (SIMP), were fabricated by semiconductor
processing and electrochemical etching in the Microelectronics Research Center at The
University of Texas at Austin as previously described [24; 25; 26]. Briefly, hemispherical
particles with radius of 0.8um and 20-50 nm pores were formed by selective electrochemical
etch of a SiN masked array of 1um cylindrical trenches in the silicon in a mixture of
hydrofluoric acid (49% HF) and ethanol (3:7 v/v). The hydroxyl groups on the SIMP
surface were introduced through oxidation in a piranha solution (1:2 H,O5: concentrated
H,SO4 (v/v), Sigma) at 100-110 °C for 2 h. To enable Ly6C-Ab conjugation, SIMP were
modified with 3-Aminopropyltriethoxysilane (APTES, Sigma) [25; 26; 27]. APTES
modified SIMP were reacted for one hour with 10uM Ly6C-Ab, or control 1gG (Santa Cruz
Biotechnology) to produce Ly6C-Ab-S1MP or IgG-S1MP, respectively. For in vitro and
vivo imaging, NHS-ester Dylight 488 or Dylight 649 (Thermo Fisher Scientific Inc.,
Rockford, IL) was further conjugated either to the APTES modified surface of SIMP or to
Ly6C-Ab or control 1gG prior to the chemical conjugation. The particles were then washed
(by centrifugation at 4200rpm x 15min) in deionized water 4-6 times to remove any
unreacted molecules.

Cancer Lett. Author manuscript; available in PMC 2014 July 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yokoi et al. Page 5

2.8. Targeted nanocarriers characterization

Volumetric particle size, size distribution and count were obtained using a Z2 Coulter®
Particle Counter and Size Analyzer (Beckman Coulter, Fullerton, CA) as previously
described [25; 26]. The zeta potential of the silicon particles was analyzed using a Zetasizer
nano ZS (Malvern Instruments Ltd., Southborough, MA). For the analysis, 2 pL particle
suspension containing at least 2x10° particles to give a stable zeta potential values were
injected into a sample cell countering filed with phosphate buffer (PB, 1.4 mL, pH 7.3). The
analysis was conducted at room temperature (23°C) in triplicates.

Scanning Electron Microscopy (SEM) was applied to examine the structure and morphology
of SIMP. Samples were sputter-coated with gold for 2 min at 20nm using a CrC-150
Sputtering System (Torr International, New Windsor, NY) and observed under a FEI Quanta
400 field emission scanning electron microscope (FEI Company, Hillsboro, OR) at an
accelerating voltage of 20 kV, chamber pressure of 0.45 Torr and spot size 5.0.

2.9. Evaluation of in vitro binding of the nanocarriers to murine endothelial cells

The endothelial cells cultured in 96 well plates or chamber slides with or without IFN-y
were incubated for 30 minutes with Dylight 649 fluorescently labeled nanocarriers at a
concentration of 2 SIMP: 1 cell. The following systems were examined: Ly6C-Ab-S1IMP,
IgG-S1MP and S1IMP (n=3/each). At the end of the incubation, the supernatant was
removed and the cells were washed twice with PBS and fixed. The number of the
nanocarreirs attached to the endothelial cells was visualized by confocal microscope (Carl
Zeiss Microlmaging) excitation/emission=652/670nm, through Cy 5channel and quantified
by measuring fluorescent intensities using microplate reader (BioTek, Winooski, VT).

2.10. Evaluation of biodistribution of the nanocarriers

Fluorescently labeled Ly6C-Ab-S1MP, 1gG-S1MP or S1IMP, were injected to normal mice
or L3.6pl tumor bearing mice. The injection volume was 0.1 mL, the particles (5E7) were
suspended in sterile PBS and injected via tail-vein of the mice. Fifteen minutes or four hours
after the injection, the mice (n=3/each) were euthanized and tumor as well as major organs,
such as, brain, lung, heart, liver, spleen, kidneys, thigh bone and pancreas were harvested.
Fluorescent images of the organs were captured by 1VI1S200 imaging system (Caliper Life
Sciences, Hopkinton, MA) [27; 28]. For quantification of the accumulation of injected
nanocarriers, parts of the organs were weighted and further processed for the elemental
silicon analysis by Inductive Couples Plasma Atomic Emission Spectroscopy (ICP-AES) as
previously described[27], Briefly, the organs were homogenized in 20% EtOH in 1N NaOH,
left for 48 hours at room temperature for extraction of Si, centrifuged (4200rpm x 10min),
diluted and analyzed for Si contents. The Si contents is then recalculated to the total silicon
in each sample (100%) which is analyzed in the original nanocarriers suspensions, and also
normalized to percentage of total silicon resulting from the number of particles injected, or
to the individual organ weight. Other parts of the organs were frozen for
immunofluorescence analysis as described above.

2.11. Statistical Analysis

Statistical analysis of the expression of Ly6C by endothelial cells /in vitro, the fluorescence
intensities of the particles in 96 well plates, the amount of silicon per gram tissue in mouse
was performed by the Mann-Whitney U'test with a cutoff value of 0.05.
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3. Results

3.1. CD59 expression in clinical specimens of pancreatic cancer

Exploring new biological targets that are overexpressed in pancreatic cancer holds an
important therapeutic potential. Based on the involvement of CD59 in inflammatory
conditions and colon cancer, reported in the literature [15; 16; 17], we examined the
expression of this marker in clinical specimens of pancreatic cancer. Hematoxilin and eosin
(H&E) staining confirmed the presence of dense stroma surrounding cancer epithelial cells
(Figure 1A). Immunohistochemical analysis of the specimens using antibodies to CD34,
revealed endothelial cells in the capillaries of both uninvolved pancreas and the pancreatic
tumors. In contrast, CD59 staining showed an overexpression of the marker only in the
tumor. A double staining of the tissue using two antibodies (CD34/CD59, Figure 1B)
showed that CD59 (blue) is expressed by CD34 positive endothelial cells (red) in capillaries
(black arrows) as well as in infiltrating stroma cells (red arrows). Cancer cells also expressed
high level of CD59 (Fig 1S, Supportive information).

3.2. Expression of Ly6C, murine homolog of CD59, in stroma of orthotopic human
pancreatic cancer in mice

In order to enable /n vivo CD59-based targeting of the pancreatic tumors in nude mice, we
further evaluated the expression of Ly6C, the murine homolog of CD59, in the stroma of
two orthotopic human pancreatic cancer models in mice. Based on our previous data [20],
slow growing pancreatic tumor model was used to enable a formation of the extensive
stroma, which is a characteristic finding in patients with pancreatic cancer. Histological
analysis of orthotopic L3.6pl and MPanc96 tumor showed intensive stroma formation
surrounding cancer cells, similarly to clinical specimens (Figure 2, H&E).
Immunofluorescent analysis of the tumors and normal pancreas pointed towards increased
expression of Ly6C on CD31 positive tumor associated endothelial cells (Ly6C/CD31
superimposition emits yellow fluorescence) in capillaries as compared to those in normal
pancreas. Ly6C can be expressed by angiogenic vessels. Supportive information 2S shows
an example of a large vessel and a sprouting capillary (arrows) both expressing CD31.
Endothelial cells in a sprouting capillary are known to divide actively. Thus, double
immunofluorescent staining with Ly6C antibody revealed that only the endothelial cells in
the sprouting capillary strongly expressed Ly6C. Infiltrated CD68 positive tumor associated
macrophages also expressed Ly6C, indicating infiltration of activated monocytes/
macrophages into tumor stroma (Figure 2). These numerous number of Ly6C positive cells
also expressed CD204, the surface marker of so-called M2 macrophage, in the stroma of
L3.6pl tumors (Fig 3S, Supportive information). In contrast, the number of CD204 and/or
Ly6C positive macrophages was obviously less in normal pancreas. The proliferation of the
CD204 positive cells in the stroma of the L3.6pl tumor was rare, evaluated by
immunefluoresent staining of BrdU positive cells.

3.3. Conjugation of Ly6C to S1IMP surface and Ly6C-Ab-S1MP characterization

Hemispherical SIMP were microfabricated following our previously described protocols
[24; 26] (Figure 3). Analysis of hundreds of SIMP visualized by SEM confirmed the
reproducibility of the process. The analysis showed 1.6um diameter (Figure 3A) and 0.6 pm
thickness quasi-hemispherical SIMP originated from 1 pm diameter trenches in the Si [24].
Analysis of physical stability of the particles stored in distilled water or isopropyl alcohol
performed by ICP-AES has shown no degradation of the particles in one-year storage period
(Fig. 4S-A, Supportive information). Microfabricated SIMP originally have a hydrophobic
surface. A multi-step process is used to conjugate an antibody to the particle surface, starting
from an oxidation of the nanocarriers in strong acidic. The {-potential is the electro-kinetic
potential directly related to the net surface electrical charge of each particle formulation.
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Hydroxyl groups on the surface of SIMP impart negative {-potential of SIMP (mV, Figure
3B) and can serve as a background moieties for silane-chemistry based reactions. Positively
charged APTES molecules are coupled to the surface reversing the net surface charge of the
particles to +5.7mV. The amine groups of APTES served as a linker for Ab conjugation.
The conjugation of the Ab on the particle neutralized the APTES positive charges resulting
in a slightly negative zeta potential (Figure 3B). In addition, to validate the zeta potential,
the FTIR spectra showed that upon modification with APTES, new peaks appeared in the
range of 1500 — 1700. These peaks can be attributed to the bending bands of NH, and of
protonated amines (-NH3z*) [29]. The elemental analysis has shown a significant increase in
the normalized values of carbon and nitrogen following the conjugation of isotype and Ly6C
antibodies to the SIMP surface. When microfabricated, silicon particles do not include
carbon and nitrogen in their structure, thus the increase in these values points toward a
successful conjugation of the antibody as also can be evidenced from the confocal
microscopy images, showing a stable fluorescent signal from all particles used in this study
(Figure 3C-D). When S1IMP conjugated to any antibody are used, the antibody was first
conjugated to the NHS fluorescent dye and then to the surface of the nanocarrier. In this
study we optimized the system based on the binding of fluorescently labeled antibody
(FITC-IgG) to the particles surface (Fig 4S-B — Supportive information). Concentration of
FITC-1gG in the range of 1.88-45 uM were tested for conjugation to the surface of APTES
modified SIMP. The data shows that at 10 uM of FITC-IgG there is a saturation of the
amount of the antibody on the surface and further increase in the FITC-IgG concentration in
the reaction medium is not reflected in additional molecules bound to the surface. Based on
these results, we further used 10 uM for our study.

3.4. In vitro targeting of the nanocarriers to endothelial cells

Next, we tested the /n vitro association of the nanocarriers with the endothelial cells. The
basal expression of Ly6C on murine skin endothelial cells was low, but, as for other reported
cell populations [15], incubation of cells with IFN-y increased the expression of the
glycoprotein (Figure 4A). Further, the binding of the nanocarriers with different surface
modification to the endothelial cells either stimulated with IFN-y or unstimulated was
evaluated. The tested systems included fluorescently labeled Ly6C-Ab-S1MP, 1gG-S1MP
and S1MP nanocarriers. Quantified data showed that among the tested systems, Ly6C-Ab-
S1MP bound most efficiently to the endothelial cells and the binding efficiency
corresponded well to the levels of Ly6C expression. The expression of Ly6C did not affect
binding of both SIMP and 1gG-S1MP to the endothelial cells, which showed 3-6 times
lower fluorescent intensity values in comparison to cells incubated with Ly6C-Ab-S1MP
(Figure 4B). Confocal microscopy data confirmed the binding of Ly6C-Ab-S1MP to the
stimulated endothelial cells (Figure 4C).

3.5. Biodistribution of the nanocarriers in normal mice and mice with orthotopic L3.6pl
human pancreatic cancer

Following the establishment of the pancreatic tumors with significant stroma formation,
fluorescent Ly6C-Ab-S1MP and control nanocarriers, IgG-S1MP and S1IMP were
administered into the tail vein. Healthy (normal) mice receiving similar dose of the
nanocarriers served as control. The biodistribution of the systems was examined by a
number of techniques, including ex vivo fluorescent imaging of the excised whole organs
(IV1S), immunofluorescent staining of tumor sections and quantitative analysis of elemental
Si by ICP-AES.

After only 15 minutes, a specific accumulation of the Ly6C-Ab-S1MP nanocarriers in the

pancreatic tumors as compared to other organs of the tumor-bearing mice was observed by
ex vivo fluorescent imaging (Figure 5A). The highest fluorescent intensity associated with
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the untargeted control nanocarriers, SIMP and IgG-S1MP, in L3.6pl mice and Ly6C-Ab-
S1MP in healthy mice was seen in the lungs of the animals. Low accumulation of the
untargeted control 1gG-S1MP in the pancreatic tumors and no accumulation of the Ly6C-
Ab-S1MP into the healthy pancreas was detected.

Immunofluorescence analysis of resected L3.6pl tumor in the mouse injected with the
targeted to Ly6C systems (Ly6C-Ab-S1MP) revealed that the nanocarriers successfully
attached to endothelial cells in capillaries (CD31 positive) which also expressed Ly6C (as
evidenced by yellow fluorescence), 15 minutes after i.v. injection (Figure 5B). At the later
timepoint (4 hours after the injection), the carriers were engulfed by tumor associated
macrophages, which also expressed both CD68 and Ly6C (Figure 5C). Lower magnification
of the images showed wide distribution of the nanocarriers in the tumor stroma (Fig 5S,
Supportive information).

Quantification of the SIMP in the tissues by ICP-AES revealed high levels of the
nanocarriers in L3.6pl tumor (Figure 5D). At 4 hours after administration, 9.8+2.3% of
injected dose/g tumor of the Ly6C-Ab-S1MP accumulated in the pancreatic tumors as
opposed to 0.5+1.8% with IgG-S1MP. In normal pancreas, accumulation of SIMP was low,
regardless of the surface modification, which can be explained by low expression of Ly6C in
normal pancreas. There is also a significant fraction of the particles which accumulates to
liver. We have previously shown that SIMP concentrated in the liver do not produce
inflammatory responses and changes in the organ biochemistry in healthy animals [30]. As
regarding to clinical consequences, since the main site of metastasis of pancreatic tumors is
the liver, we anticipate that the concentration of the particles not only to the primary site
(pancreas) but also into the liver could be beneficial for the patients.

4. Discussion

The inability to deliver therapeutically relevant levels of drugs to cancer cells in the tumor
microenvironment partially accounts for the lack of efficient therapies for pancreatic cancer
[31; 32; 33]. Published reports clearly show that drugs reach their desired lesion targets only
in one part per 10,000-100,000 molecules [34; 35]. This unfavorable biodistribution
generally decreases the effect of therapeutics at the tumor sites and induces side effects at
the other organs. Stroma, occupying up to 90% of the tumor mass, is a typical histological
finding in adenocarcinoma of the pancreas. It consists of various cellular elements, including
tumor associated endothelial cells, macrophages, fibroblasts, lymphocytes, neutrophils and
components of extracellular matrix [36; 37; 38]. The identification of specific markers for
stroma cells in pancreatic cancer may allow superior delivery of therapeutic and/or imaging
molecules by means of targeted nanocarriers injected intravenously. Moreover, since stroma
builds tumor microenviroment favoring cancer cells proliferation, invasion and metastasis, it
was shown in the clinic that anti-stroma therapy of various tumors can provide a significant
survival benefit to cancer patients [14].

Endothelium comprises the first cell layer to which a substance administered to systemic
circulation is exposed, therefore, using this layer as a target to therapeutic nanovectors
through molecular signatures overexpressed on tumor-associated vascular cells is an
appealing strategy to improve delivery of drugs to tumor tissue [13]. While the vast majority
of tumors are hypervascularized, pancreatic tumors are known to be hypovascularized as
compared to the surrounding tissue, making targeting only endothelial cells a less efficient
strategy for achieve higher concentrations in the disease loci and other targets in the tumor
microenvironment should be considered. CD59 is a GPl-anchored membrane protein and
originally identified to protect cells against complement attack [15]. CD59 is expressed by
peripheral blood lymphocytes, monocytes as well as tissue macrophages and endothelial
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cells in inflammatory lesion such as atherosclerotic vessels [16]. In malignant disease,
increased gene expression of CD59 in colon cancer specimen as compared to corresponding
normal tissue has been reported [17]. Overexpression of CD59 on tumors can protect them
from direct complement lysis. Moreover, CD59 has been shown to promote tumor growth
and decrease survival in vivo [39]. In this study, we identified that CD59 expression is
increased in tumor associated endothelial cells as well as infiltrating cells into the tumor
stroma in the patients with pancreatic cancer as compared to uninvolved pancreas. Since
stroma cells belong to the host and we were aiming to initially conduct a preclinical work,
we further evaluated the expression of CD59 murine analogue, Ly6C in orthotopic human
pancreatic tumors in mice. Indeed, similarly to its clinical counterpart, increased expression
of Ly6C is identified in both tumor associated endothelial cells as well as macrophages.
Endothelial cells and macrophages both belong to reticuloendothelial system and, therefore,
would share phenotype including protein expression [40; 41; 42].

Here we investigated targeting of silicon mesoporous particles (SIMP) to pancreatic tumors,
utilizing their conjugation to Ly6C (or CD59) as a dual targeting of tumor associated
endothelial cells and macrophages. Nanoporous silicon is biodegradable and biocompatible
as we and others previously reported [26; 43]. The specific non-spherical shape of SIMP is
enabled by precise microfabrication through photolithography and electrochemical etching
[24; 25]. In general, it allows for better margination in the blood stream and receptor specific
adhesion with consequent targeting of tumor vasculature [44; 45; 46]. SIMP constitute the
first stage of the multistage nanocarriers developed for delivery of therapeutics to tumors
[18; 25]. SIMP carriers can further be functionalized on their surface with targeting ligands
[47] and load nanoparticles in their porous structure producing Multi-Stage Nanonovector
system [18; 25]. While SIMP is rationally designed to enable targeting tumor
microenvironment, the smaller particles which are hosted inside the pores of SIMP and so
called second stage nanoparticles (S2NP) are further released to specifically affect cancer
cells. Our previous studies have shown that a variety of S2NP or nanoparticle ‘cocktails’ can
be loaded into the pores of mesoporous SIMP and efficiently delivered to the disease site
enabling simultaneous functions for multiple applications[18; 25; 48]. From the therapeutic
point of view, we have shown that administration of a single dose of MSV loaded with
neutral nanoliposomes containing small interfering RNA (SiRNA) targeted against the
EphA2 oncoprotein, resulted in an extremely prolonged gene silencing for at least 21 days
associated with significantly reduced tumor burden in orthotopic models of ovarian cancer
[48]. Another study has demonstrated that upon loading gold-nanoshells into SIMP and
following intratumoral injection to breast cancer xenografts, the efficiency of thermal
ablation of the tumor by near-infrared ablation is significantly higher than when compared to
the injection of nanoshells alone at the same dose[49].

Ly6C positive ‘inflammatory’ monocytes are recruited from bone marrow to the
inflammatory lesions including tumor. Most of these monocytes are thought to differentiate
into tumor associated macrophages [50]. Various signals from tumor microenvironment
selectively polarize macrophages into specific phenotype which facilitate tumor progression
by inducing angiogenesis, remodeling extracellular matrix and promoting tumor cell motility
[51]. Therefore these macrophages can be a novel target for cancer therapy, especially for
pancreatic cancer due to of high abundance of stroma cells/macrophages in tumors. These
macrophages are so-called M2 macrophages and characterized by high expression of both
the macrophage scavenger receptor (CD204) and the mannose receptor [52]. In our study,
numerous number of Ly6C positive cell also expressed CD204 in the stroma of L3.6pl
tumor. On the other hand, the number of CD204 and Ly6C positive macrophages was
minimal in normal pancreas. Proliferation of CD204 positive macrophages in the tumor
stroma was rare evaluated by BrdU staining and these data indicate the CD204/Ly6C
positive tumor associated macrophages are originated by recruitment of Ly6C positive
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inflammatory monocytes rather than originated by proliferation of resident macrophages in
normal pancreas. In the present work, SIMPs were conjugated to antibody against Ly6C or
control IgG. The conjugation of the antibody was confirmed by several techniques,
including elemental analysis, changes in the net {-potential and confocal microscopy.
Silicon nanocarriers conjugated with Ly6C antibody but not control IgG or unconjugated
nanocarriers showed high affinity to the cells expressing Ly6C /n vitro. Further, the
nanocarriers injected intravenously to mice with orthotopic human pancreatic cancer showed
a high degree of accumulation within a short timeframe (15 minutes-4 hours) into the tumor
tissue, as was obvious from macroscopic evaluation of fluorescent intensity in pancreas as
compared to various organs using IVIS apparatus and elemental analysis of silicon (which
constitutes SIMP) in the tissues. Untargeted control nanocarriers in the tumor bearing mice
and Ly6C targeted SIMP in normal mice were observed in the lung tissue within 15
minutes, indicating that these systems are still highly present in the circulation. After
targeted delivery of Ly6C-Ab-S1MP to the tumor associated endothelial cells which express
Ly6C, MSV extravasated through endothelial cell layer and were engulfed by tumor
associated macrophages which expressed Ly6C, confirmed by immunofluorescent stainings.
Tumor vessels are well known to be leaky and have large pore sizes, which for some tumor
types can be as large as a few micrometers in size [53; 54; 55]. Whether pore size of tumor
associated vessels in the pancreatic tumors in patients are also large or not is needed to be
determined.

EPR effect on nanoformaultions, discussed earlier in this manuscript, was generally tested
using spherical particles. In our recent study, we observed a five-time higher accumulation
of non-spherical (discoidal) particulates into the tumor tissue [56]. The particles were
associated with endothelial cells, macrophages and other cells in the tumor stroma. Further,
in our intravital microscopy studies (data not shown) we have not observed significant
uptake of SIMP by blood monocytes. While our in vitro work shows a possibility for SIMP
to be internalized by endothelial cells, the transcytosis was not observed with SIMP, but
with nanoparticles encapsulated in the porous structure of SIMP [57]

We are further considering to explore this efficient targeting of Ly6C-Ab-S1MP to the
tumor tissue pursuing three possible therapeutic options through loading into the pores of
S1MP with (1) gemcitabine and exploring the effect of ~20 times (from 0.5% to 9.8 %,
based on our /n vivo experiments) increased concentration of the drug in the tumor tissue on
the therapeutic effect; (2) a combination of nanocarriers loaded with gemcitabine and
siRNASs against genes reported to be involved in the resistance, such as NFKB [58; 59]; (3)
gold nanoparticles enabling radio-frequency [60]/near-infra-red [61] induced ablation of the
tumors. The last option is particularly appealing, since successful therapy will induce
apoptosis and necrosis of tumor cells, thus increasing inflammation and recruiting additional
monocytes/macrophages into the tumor as a target for delivering Ly6C-Ab-S1MP [40; 62].
Ly6C is expressed by inflammatory monocytes/macrophages and these cells continuously
migrate into inflamed area including tumor[50; 63]. Tumors cause constant inflammation
like a wound and, as stated by Dvorak in mid 80s’, produces “wound that does not heal”
[64]. Therefore increase in the treatment efficacy by sequential therapies can be anticipated
and resistant mechanism will not be developed to this innate immune reaction.

In summary, we report that CD59/Ly6C is a hovel marker expressed by both tumor
associated endothelial cells and macrophages in the stroma of pancreatic cancer. Targeting
this marker for active delivery of the nanocarriers conjugated with Ly6C antibody produced
a successful accumulation of the nanocarriers into the stroma of orthotopic human
pancreatic cancer in nude mice and, therefore, can serve as a basis for improved therapy.
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Figurel.

Hematoxylin and eosin (H&E), CD34 (endothelial cells) and CD59 staining of clinical
specimens from pancreatic cancer patients. (A) Cancer epithelial cells were surrounded by
high abundance of stroma. Although CD34 positive endothelial cells were found in both
uninvolved pancreas and tumor, expression of CD59 was markedly increased only in tumor
as compared to those in uninvolved pancreas. (B) In tumor, CD59 (Blue) was expressed by
CD34 positive (Red) endothelial cells in capillaries (black arrows) as well as by infiltrating
stroma cells (red arrows). Bar=50um
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Figure2.

Histological (H&E) and immunofluorescent analysis of orthotopic L3.6pl and MPanc96
human pancreatic cancer in the pancreas of nude mice and normal pancreas. Tumor cells
were surrounded by stroma similar to clinical specimens as shown in Figure 1A. Increased
expression of Ly6C (green) on CD31 (red) positive endothelial cells or infiltrating CD68
(red) positive tumor associated macrophages as shown by yellow (superimposed) color was
found in the tumors as compared to normal pancreas. Bar=50um
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Figure 3.

Characterization of conjugation of Ly6C-Ab to the surface of SIMP. (A) Scanning Electron
Microscopy image of a single SIMP carriers; (B) Changes in {-potential of SIMP as a
function of various modification steps (n=6); (C) Confocal microscopic images of SIMP
conjugated to either fluorescent probe Dylight488 (Dylight) or to fluorescently labeled
isotype Ab (Dylight-1gG-Ab) or Ly6C antibody (Dylight-Ly6C-Ab), Bar=2 pm; (D)
Elemental analysis of SIMP as a function of various surface conjugations.
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Figure4.

Expression of Ly6C in cultured skin endothelial cells /n vitro and affinity of the SIMP
carriers to the cells. (A): Flow cytometric analysis of Ly6C expression by skin endothelial
cells incubated with or without IFN-y. Shown in the plots are the cells incubated with IFN-y
in medium and stained with Ly6C antibody (red: INF-y), stained with iso-type control
antibody (black: 1so Ab), or incubated with PBS in medium and stained with Ly6C antibody
(blue: PBS). (B): Affinity of the nanocarriers with different surface modifications to the
endothelial cells incubated with or without IFN-y /in vitro. (C): Confocal microscopic image
of the nanocarriers conjugated with Ly6C Ab (Dylight 649 : pseudo color in green) and
endothelial cells (Bright field) stimulated with IFN-y. These results are representative of two
independent experiments. Bar=5um.
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Figureb.

Biodistribution and immunofluorescent analysis of the nanocarriers injected i.v. into the
L3.6pl human tumor bearing or normal mice. (A): Ex vivo fluorescent imaging (IVIS) of the
organs of normal mouse and the tumor bearing mice injected with the nanocarriers
conjugated with Ly6C Ab (Ly6C-Ab-S1MP), control 1gG (IgG-S1MP) or unconjugated
nanocarriers (S1MP). (B and C): Immunofluorescent analysis of pancreatic tumors in the
mouse injected with the nanocarriers conjugated with Ly6C Ab (labeled with Dylight 649
and detected through Cy5 channel). The nanocarriers attached to endothelial cells (CD31) in
capillaries which also expressed Ly6C (emitted yellow fluorescence) 15 minutes after i.v.
injection (indicated by white arrows). The nanocarriers were further engulfed by CD68 and
Ly6C positive tumor associated macrophages as identified 4 hours after the injection. These
results are representative of two independent experiments. Bar=5um; (D) ICP-AES
quantitative analysis of targeted (Ly6Cab-S1MP, white) and untargeted (SMP, black)
nanocarriers biodistribution in various organs (n=4-5); (E) ICP-AES quantitative analysis of
nanocarriers biodistribution revealed that 9.8+2.3% of injected dose/g tumor of the Ly6C-
Ab-S1MP accumulated in the pancreatic tumors as opposed to 0.5+1.8% with 1gG-S1IMP
(n=4-5). In normal pancreas, accumulation of SIMP was low, regardless of the surface
modification.
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