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Abstract

Overcoming resistance to chemotherapy is a major and unmet medical challenge in the treatment
of pancreatic cancer. Poor drug delivery due to stromal barriers in the tumor microenvironment
and aggressive tumor biology are additional impediments toward a more successful treatment of
pancreatic cancer. In attempts to address these challenges, we developed IGF1 receptor (IGF1R)-
directed, multi-functional theranostic nanoparticles for targeted delivery of therapeutic agents into
IGF1R-expressing drug-resistant tumor cells and tumor-associated stromal cells. These
nanoparticles were prepared by conjugating recombinant human IGF1 to magnetic iron oxide
nanoparticles (IONPs) carrying the anthracycline doxorubicin (Dox) as the chemotherapeutic
payload. Intravenously administered IGF1-IONPs exhibited excellent tumor targeting and
penetration in an orthotopic patient-derived xenograft (PDX) model of pancreatic cancer featuring
enriched tumor stroma and heterogeneous cancer cells. IGF1R-targeted therapy using the
theranostic IGF1-IONP-Dox significantly inhibited the growth of pancreatic PDX tumors. The
effects of the intratumoral nanoparticle delivery and therapeutic responses in the orthotopic
pancreatic PDX tumors could be detected by magnetic resonance imaging (MRI) with IONP-
induced contrasts. Histological analysis showed that IGF1R-targeted delivery of Dox significantly
inhibited cell proliferation and induced apoptotic cell death of pancreatic cancer cells. Therefore,
further development of IGF1R-targeted theranostic IONPs and MRI-guided cancer therapy as a
precision nanomedicine may provide the basis for more effective treatment of pancreatic cancer.
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Pancreatic cancer has one of the worst outcomes of all cancer types, with a five-year survival
of 5%.1 The majority of pancreatic cancer patients are diagnosed at the advanced stage and
can only be treated with chemotherapy and radiotherapy. However, resistance to
chemotherapy is the most common reason for the failure of pancreatic cancer treatment.2->
This is because pancreatic cancer has extensive tumor stromal components that consist of
over 50% of a tumor mass, as well as disorganized tumor vasculatures, creating physical
barriers for drug delivery.5-8 In addition, genetic alterations and dysfunctional signaling
pathways in pancreatic tumor cells also lead to intrinsic drug resistance.® Therefore, the
development of new therapeutics for effective treatment of pancreatic cancer requires novel
approaches to break drug delivery barriers in the tumor stroma and increase the drug
concentration delivered to tumor cells in order to overcome drug-resistant mechanisms.810

Targeted delivery of nanoparticles carrying drug payloads has shown the potential to deliver
large amounts of therapeutic agents into pancreatic cancer cells to effectively treat drug-
resistant tumor cells.2-17 In the delivery of the tumor cell targeted theranostic nanoparticles
to pancreatic tumors /in vivo, a dense tumor stromal barrier prevents targeted nanoparticle
drug carriers from reaching tumor cells by limiting diffusion of nanoparticles in the
interstitial space after extravasation from tumor vessels mediated by the enhanced
permeability and retention (EPR) effect.16:18.19 Therefore, it is necessary to develop
nanoparticle drug carriers targeting both pancreatic tumor and stromal cells. Insulin-like
growth factor 1 receptor (IGF1R) is found highly expressed in 40-90% of pancreatic cancer
tissues and in both tumor and stromal cells.20:21 In contrast, its expression in normal
pancreas is relatively low.2223 Furthermore, IGF1R is a logical cell surface marker for
targeting drug-resistant tumor cells since the level of IGF1R expression is further increased
in the drug-resistant tumor cell population.2425 A high level of IGF1R in tumor cells may
facilitate efficient intracellular drug delivery by receptor-mediated endocytosis.2® Thus,
IGF1R-targeted theranostic nanoparticles are promising drug delivery carriers for the
development of novel targeted therapeutics for the treatment of both drug-sensitive and -
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resistant pancreatic cancer cells. Insulin-like growth factor 1 (IGF1) is a 70 amino acid
protein with three intramolecular disulfide bridges. It binds to its receptor, IGF1R, with high
affinity (Kgy: 1.6 nM).27 Therefore, it is a natural targeting ligand for IGF1R with high
specificity, high affinity, and low immunogenicity, compared to antibody- or antibody
fragments-derived ligands.

Magnetic iron oxide nanoparticles (IONPs) are well-suited for the development of
theranostic nanoparticles for targeted therapy of pancreatic cancer.1328-33 |ONPs are
biocompatible and biodegradable nanomaterials with a low toxicity for the development of
therapeutic agents that need to be administrated repeatedly in large doses. More importantly,
IONPs offer magnetic resonance imaging (MRI) contrast that enhances the ability for the
detection of theranostic nanoparticles in pancreatic tumors located deep in the
retroperitoneal cavity, taking advantage of three-dimensional high-resolution imaging and
tissue characterization capabilities of MRI.34 Although early studies, including ours, showed
in vivo efficacy of tumor cell targeted theranostic nanoparticles in human pancreatic cancer
cell line derived xenograft models,12:17:33 those xenograft models lack histological and
pathological characteristics of primary human pancreatic cancer tissues and tumor
microenvironment, particularly stromal components and heterogeneous presence of tumor
cells.3® The results of those 7 vivo studies could not reffect accurately the efficiency of
targeted delivery of theranostic nanoparticles in stroma-rich cancers and responses to
therapy in highly heterogeneous tumor cells as well as tumor microenvironment. To address
this problem, we have established an orthotopic human pancreatic cancer patient tissue
derived xenograft (PDX) model in SCID and nude mice for studying IGF1R-targeted
theranostic nanoparticles carrying the chemotherapy drug doxorubicin (Dox) on targeted
drug delivery and induction of tumor cell death following treatment. Dox is a potent
chemotherapy drug for many cancer types but is not currently used for pancreatic cancer
treatment due to its cardiotoxicity. The total Dox dose that can be administrated in a patient's
lifetime is limited to <550 mg/m2.36:37 Since pancreatic cancer has low drug delivery
efficiency and poor therapeutic response, very high drug doses must be given to pancreatic
cancer patients. For example, the therapeutic dose for the first line chemotherapy drug
gemcitabine is 1000 mg/m?2 weekly for 12 treatments. The maximum tolerated dose of
gemcitabine is 2400 mg/m? weekly for 12 treatments.38 Results of previous clinical studies
have shown a significant reduction in Dox-induced cardiotoxicity using liposome-
encapsulated Dox (Doxil).3940 Therefore, targeted delivery of Dox using theranostic
nanoparticles developed in this study has the potential to improve the delivery of potent Dox
into tumor cells but avoid systemic toxicity. Additionally, demonstration of efficacy of the
receptor-targeted theranostic nanoparticles carrying Dox in a human pancreatic cancer PDX
model should allow further development of targeted and image-guided therapy for
pancreatic cancer patients who have developed drug resistance to the first line
chemotherapeutics, such as gemcitabine or the combination of fluorouracil, oxaliplatin,
leucovorin, and irinotecan (FOLFIRINOX).41

The early passages of the orthotopic pancreatic cancer PDX xenografts not only retained
intratumoral heterogeneity and histological characteristics of the primary human pancreatic
cancer tissues but also regenerated tumor microenvironment, such as vasculatures, tumor
stromal fibroblasts and macrophages, and extracellular matrix.#2-44 Orthotopic human
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cancer PDX models have been used to study tumor biology and evaluate efficacy of cancer
therapeutic agents.*>~4’ However, the effects of targeted delivery of theranostic
nanoparticles and response to the therapy in human pancreatic PDX tumors have not been
investigated. Here, we report that IGF1R-targeted nano-particles carrying Dox were
delivered into orthotopic pancreatic PDX tumors by efficiently penetrating tumor stroma,
leading to significant inhibition of the tumor growth. Targeted delivery of theranostic IONPs
and tumor response to therapy could be determined by noninvasive MRI. Our results
demonstrated that IGF1-conjugated theranostic IONP is a new and effective nanoparticle
drug delivery system for improving targeted therapy of stroma-rich pancreatic cancer.

RESULTS AND DISCUSSION

Orthotopic Human Pancreatic PDX Tumors with Histological and Pathological
Characteristics of Primary Human Pancreatic Cancers

Orthotopic human pancreatic PDX tumor models were established by implanting tissue
fragments of surgically resected fresh human pancreatic cancer tissues into the pancreas of
SCID mice (Figure 1a). Histological analysis of frozen tissue sections of the paired primary
human pancreatic cancer and the PDX tumors obtained from patient #1 showed that human
pancreatic PDX tumors had infiltrating ductal carcinoma cells surrounded by tumor stromal
components (Figure 1b), which closely resembled the primary tumor tissues. On the other
hand, orthotopic pancreatic tumor xenografts derived from the human pancreatic cancer
MIAPaCa-2 cell line had dense tumor cell clusters with a relatively low level of stromal cells
scattered in the tumor. Importantly, immunofluorescence labeling revealed high levels of
IGF1R in the primary human pancreatic cancer tissues and PDX tumors in contrast to a low
expression level in MIAPaCa-2 cell line derived tumor xenografts (Figure 1b). Picro-Sirius
red staining showed extensive stromal collagen surrounding ductal carcinoma cells in both
primary human pancreatic cancer tissues and PDX tumors. However, the MIAPaCa-2 cell
line derived tumor xenograft had significant differences in the histological and tumor stroma
characteristics (Figure 1b). Furthermore, immunofluorescence labeling using antibodies
specific for human fibroblast active protein (FAP), which is expressed in active fibroblasts,
revealed similar phenotypic features and intratumoral distributions of tumor stromal cell
populations in the PDX tumors compared with primary human pancreatic cancer tissues
(Figure 1b).

We also examined the IGF1R expression in pancreatic cancer cells and stromal fibroblasts,
macrophages, and endothelial cells by double immunofluorescence labeling using antibodies
against IGF1R, FAP, CD68 (macrophage biomarker), or CD31 (endothelial cells). First, we
found that active stromal fibroblast cells were positive for IGF1R antibody staining in both
primary pancreatic cancer and PDX-tumor tissue sections (Figure 1c), although the level of
IGF1R was higher in tumor cells compared with stromal fibroblasts. A high level of CD68-
positive macrophages was detected in the peripheral areas of the PDX tumors, and those
macrophages also expressed IGF1R (Figure 1c). Most small and disorganized tumor vessels
identified by anti-CD31 antibody were found in the tumor stromal areas but not in IGF1R-
positive tumor cell clusters (Figure 1c). However, IGF1R fluorescence signal was not
colocalized with CD31-positive endothelial cells, suggesting a low level of IGF1R
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expression in tumor endothelial cells. The presence of high levels of IGF1R in pancreatic
cancer cells, stromal fibroblasts, and macrophages indicated the feasibility of IGF1R-
targeted nanoparticles for drug delivery into pancreatic cancer and tumor stromal cells.

The rationale for targeting IGF1R for the treatment of drug-resistant tumor cells was further
supported by the observation that residual human pancreatic PDX tumors following six
treatments of 5 mg/kg dose of conventional chemotherapeutics, either cisplatin (Cis) or Dox,
further upregulated the levels of IGF1R expression 1.5- (Cis) to 1.6 (Dox)-fold compared
with untreated control tumors (Figure S1). In comparison with a high level of IGF1R
detected in pancreatic tumors, the levels of IGF1R in major normal organs were relatively
low. Immunofluorescence labeling using an anti-IGF1R antibody that reacted with both
human and mouse IGF1R detected only a weak fluorescent signal in the liver and muscle
(Figure S2).

Previously, we developed urokinase plasminogen activator receptor (UPAR)-targeted
theranostic IONPs for targeted drug delivery into pancreatic cancer cells and tumor stromal
cells.*8 However, the level of uUPAR expression in the tumor was heterogeneous with
invasive tumor regions expressing a high level of uPAR, while tumor center areas had a
relatively low level of uPAR.49%0 Since a high level of IGF1R was uniformly expressed in
almost all pancreatic cancer cells and its level was further increased in chemoresistant tumor
cells, 20.21.24.25 targeting IGFLR has an advantage for efficient drug delivery into tumor cells
by receptor-mediated endocytosis over drug delivery using UPAR targeting developed
previously.3* Establishment of a human pancreatic PDX tumor model that highly expressed
IGF1R mediated determining the effects of IGF1R-targeted nanoparticle—drug delivery,
tumor imaging, and therapeutic efficacy.

Preparation and Characterization of IGF1-Conjugated IONPs with Dox Payload

IGF1-conjugated IONPs and theranostic IONPs carrying Dox were developed and
characterized. For all /n vitroand /n vivo studies, IGF1R-targeted IONPs were produced by
conjugation of a near-infrared dye (NIR 830)L-labeled human recombinant IGF1 to a 10 nm
core size and amphiphilic polymer-coated IONP as shown in Figure 2a and the Materials
and Methods section. The molar ratio of IGF1 to IONPs for conjugation is 20:1. The size of
an IGF1 (7.6 kDa) was much smaller than an antibody (150 kDa), which allowed
conjugation of higher numbers of targeting ligands compared to 2 to 3 antibody molecules
that could be conjugated to each nanoparticle. Conjugation efficacy was 88.4% as
determined by HPLC analysis of supernatants collected after purification (Figures 2c and
S3). Transmission electron microscopy (TEM) showed that IGF1-conjugated IONPs
remained as disperse nanoparticles with a 10 nm core size and a thin layer of the polymer
coating (Figure 2b). Examination of the hydrodynamic size of IGF1-IONPs by dynamic
light scattering (DLS) revealed that a polymer-coated IONP was 14.5 nm and conjugation of
IGF1 increased its size to 17.2 nm (Figure 2d).

The chemotherapy drug Dox, a hydrophobic molecule, was encapsulated in the hydrophobic
space of the amphiphilic polymer layer on the IONP surface and could be released in a pH-
dependent fashion, as the amine group of Dox could be protonated for conversion into a
hydrophilic molecule to be released from the nanoparticle.52:53 After loading Dox onto the

ACS Nano. Author manuscript; available in PMC 2016 August 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhou et al.

Page 6

IGF1-conjugated IONPs in borate buffer (pH 8.5) at a Dox:iron of IONP ratio of 1 mg:2 mg,
the amount of Dox encapsulated in the IONPs was determined by subtracting the amount of
Dox in the supernatant from the input drug amount. The Dox loading capacity was 0.15 mg
of Dox per mg of IGF1-IONPs, which is equivalent to be approximately 980 Dox molecules
per IGF1-IONP. The hydrodynamic size of IGF1-IONP-Dox was 20.4 nm (Figure 2d). There
was only a slight change in zeta-potentials following IGF1 conjugation and Dox
encapsulation. The stability of IGF1-IONP-Dox in water, PBS, and cell culture medium
(DMEM with 10% FBS) was evaluated over a 48 h period using DLS (Figure S4). IGF1-
IONP-Dox showed a similar size of ~20 nm in water or PBS. When added into the DMEM
cell culture medium with FBS, its size increased to 80 nm (Figure S4), which was likely due
to nonspecific adsorption of serum proteins and formation of small particle clusters.
However, those particle sizes were still within the optimal nanoparticle size for extravasation
through tumor vessels (<200 nm) for nanoparticle delivery.

Dox release profiles were then examined under pH 5.5 or 7.4. IGF1-IONP-Dox showed a
pH-dependent release profile. Only 6.3% of Dox molecules were released from IGF1-IONP-
Dox in a pH 7.4 buffer for 48 h. However, more than 80% of Dox was released from the
nanoparticle after 48 h incubation in a pH 5.5 buffer (Figure S5). Therefore, results of this
study suggested that Dox payloads would be released from the nanoparticles following
receptor-mediated endocytosis into an acidic endosomal environment.

Lack of Cell Proliferation Stimulation in Tumor Cells Following in Vitro and in Vivo
Treatment with IGF1-Conjugated IONPs

For the development of a tumor-targeted therapeutic agent that involves a growth factor, it is
important to address a concern of its potential growth-stimulating effect. Since the binding
of the receptor-targeted nanoparticles to tumor cells will likely lead to receptor-mediated
internalization of the nanoparticle-receptor complexes, we hypothesized that conjugation of
a growth factor to nanoparticles will attenuate its cell growth promotion effect. We first
examined specific binding of IGF1-conjugated nanoparticles to IGF1R-expressing human
pancreatic cancer cells. The MIAPaCa-2 human pancreatic cancer cell line was used as a
cell model for /n vitro targeting and toxicity studies (Figure 3). A bovine serum albumin
(BSA)-conjugated nanoparticle was used as a non-IGF1R-targeted nanoparticle control.
First, the level of IGF1R expression in MIAPaCa-2 cells was determined by
immunofluorescence labeling (Figure 3a). Cells were then incubated with IGF1-IONPs or
BSA-IONPs for 4 h. Following washing and fixing cells, Prussian blue staining showed a
high level of IONP-bound cells treated with IGF1-IONP but not with BSA-conjugated-IONP
(Figure 3b).

Next, we tested the effect of IGF1-IONP on cell proliferation in human pancreatic cancer
cells in vitro. After incubating MIAPaCa-2 cells with unconjugated human recombinant
IGF1 or IGF1-IONPs at 50 to 200 ng/mL of IGF1 equivalent concentrations for 96 h, we
found that while unconjugated IGF1 increased cell proliferation as expected, conjugation of
the same amount of IGF1 to nanoparticles significantly blocked its effect on stimulating cell
proliferation (Figure 3c). To further confirm this observation, we examined cell proliferation
status in orthotopic pancreatic PDX tumors derived from patient #1 tissue after two
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intravenous injections of 20 mg/kg of iron equivalent dose of IGF1-IONPs, which is the
IONP dose administrated for targeted therapy. Results of immunofluorescence labeling
using an antibody against a cell proliferating biomarker Ki67 in tumor tissue sections
showed that repeated treatment of the mice bearing PDX tumors with IGF1-IONPs did not
increase the cell proliferation index in tumor tissues in comparison with tumor cells in the
control, no treatment tumor tissue sections (Figure 3d). Therefore, conjugation of IGF1 to
nanoparticles decreased its growth-stimulating function but retained targeting ability.
However, mechanisms of this observation have yet to be fully elucidated.

The cytotoxic effect of IGF1R-targeted theranostic IONPs on tumor cells was also examined
in human pancreatic cancer MIAPaCa-2 cells. IONP-Dox was used as a nontargeted
nanoparticle control. Results of the cell proliferation assay showed a Dox dose-dependent
cytotoxicity in tumor cells treated with conventional Dox, IONP-Dox, and IGF1-IONP-Dox
(Figure 3e). /n vitroresults indicated that Dox and IGF1-IONP-Dox had a comparable
cytotoxic effect. Nontargeted IONP-Dox induced tumor cell death, but its effect was weaker
than that of Dox and IGF1-IONP-Dox. It should be noted that there was no delivery
hindrance issue for free Dox to enter into cancer cells in tissue culture. Therefore, similar
cytotoxic effects were seen in cancer cells treated with Dox and IGF1-IONP-Dox.

Selective Accumulation of IGF1-Conjugated IONPs in Human Pancreatic PDX Tumors after
Systemic Delivery

Nude mice bearing orthotopic pancreatic PDX tumors with sizes around 5 mm in diameter
received a tail vein injection of NIR-830 dye labeled IGF1-IONPs and nontargeted BSA-
IONPs at 20 mg/kg of iron equivalent dose. Wholebody NIR optical imaging performed 24 h
after the IONP administration showed strong optical signals in the lower abdominal areas
that corresponded to the location of orthotopic tumors (Figure 4a). As a representative
example shown in Figure 4a, the mean signal intensities of the tumor area in the mice that
received IGF1-IONPs were 996 (left side image of the mouse) and 1301 (mouse front
image), compared to 319 (left side image) and 371 (front image) in the mouse that received
BSA-IONPs. Representative ex vivo images of tumors and normal organs showed the
presence of high levels of optical signal in tumors injected with IGF1-IONPs (mean signal
intensity: 898) but not BSA-IONPs (mean signal intensity: 398) (Figure 4b). Although a
high level of optical signal was detected in the kidney, we did not find iron accumulation in
the kidney tissue sections (Figure S6), which supported the notion that optical signal in the
kidneys might be due to the renal clearance of free small dye molecules or dye-labeled
targeting ligands that were cleaved from NIR-830 dye labeled IGF1-IONPs by macrophages
in the liver and spleen.

Prussian blue staining of frozen tumor tissue sections confirmed the accumulation of IGF1-
IONPs in the tumor (Figure 4d). However, IONPs were not detectable in the tumor obtained
from the mice that received nontargeted BSA-IONPs (Figure 4d). Importantly, high levels of
IGF1-IONPs were detected in both tumor and stromal cells in peripheral tumor areas as well
as in the central tumor areas (Figure 4d). To further characterize cell populations responsible
for uptake of IONPs, tumor tissue sections were dual labeled with fluorescence using
antibodies against IGF1R, CK19 (epithelial tumor cell biomarker), FAP, and CD68 and then
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stained with Prussian blue for IONPs. We found IONPs in IGF1R-positive pancreatic cancer
and stromal cells (Figure 4e). Intratumoral cell delivery of IGF1-IONPs was further
confirmed by the observation of blue IONP staining in CK19-positive tumor cells (Figure
4f). IONPs were also detected in FAP-positive fibroblasts (Figure 4g). Finally, IONPs were
colocalized with CD68-positive stromal macrophages (Figure 4h). Therefore, results of
histological analysis supported the conclusion that IGF1R-targeted IONPs could be
delivered into both pancreatic cancer cells and tumor stromal fibroblasts and macrophages.

To determine target specificity and biodistribution of IGF1-IONPs following systemic
delivery, tissue lysates of pancreatic tumors and normal organs were examined for the
amount of iron using Prussian blue color metric analysis (Figure S6). Orthotopic pancreatic
PDX tumors obtained from the mice that received IGF1-IONPs had a 4.2-fold higher iron
concentration than that of the tumor treated with BSA-IONPs. As expected, we also found
high levels of IONPs in the liver and spleen due to nonspecific uptake by macrophages in the
reticuloendothelial system. Since we consistently observed a low level of optical signals in
the liver and spleen in mouse whole body and ex vivo optical imaging, it is likely that uptake
of IONPs conjugated with NIR830 dye labeled IGF1 into macrophages led to degradation of
NIR830-1GF1 on IONPs. NIR830 dye or NIR830-1GF1 conjugates were cleared out through
the kidney and bile. Therefore, the liver and spleen had low levels of optical signals but high
levels of iron concentration.

A major advantage of IGF1-IONPs as drug carriers is its potential to monitor intratumoral
theranostic nanoparticle delivery by MRI. To determine specificity and sensitivity of MRI
detection of targeted IONP delivery in orthotopic pancreatic PDX tumors, MRI was
performed prior to and after administration of difierent IONPs (Figure 4c). T,-weighted
MRI that was sensitive to IONP-induced hypointensity contrast revealed a similar level of
MRI contrast in the orthotopic tumors before the IONP injection. However, a significant
MRI signal decrease was found in the tumor 24 h after administration of IGF1-IONPs,
indicating the accumulation of IONPs in the tumor. There was a 37.3% MRI signal decrease
in the tumor of the mice that received IGF-1-I0ONPs (Figure 4c). On the other hand, tumors
in the mice that received nontargeted BSA-IONPs did not show apparent change in MRI
contrast (Figure 4c).

Inhibition of Orthotopic Human Pancreatic PDX Tumor Growth Following Systemic
Delivery of IGF1-IONP-Dox

The effect of IGF1R-targeted therapy using IGF1-IONP-Dox was examined in nude mice
bearing orthotopic pancreatic PDX tumors at the first passage. Intravenous nanoparticle
delivery started when the tumors reached sizes about 5 mm in diameter by palpating the
upper left of the abdominal cavity of the mice. Tumor-bearing mice received unconjugated
Dox, nontargeted IONP-Dox, and IGF1-IONP-Dox at a Dox equivalent dose of 5 mg/kg
body weight viatail vein injection once per week for 6 weeks.

To determine the feasibility of MRI for monitoring nanoparticle-drug delivery, one mouse
from each group was chosen for MRI scan 48 h following the last treatment. When
comparing 7>-weighted MR images of the mice treated with IGF1-IONP-Dox or
nontargeted IONP-Dox, a remarkable signal decrease was detected in the tumor area of the
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mouse that received IGF1-IONP-Dox but not the one that received nontargeted IONP-Dox,
suggesting selective accumulation of IGF1R-targeted IONP-Dox in the orthotopic pancreatic
PDX tumor (Figure 5a). Additionally, the mice receiving IGF1-IONP-Dox also showed a
significant reduction in tumor size compared with tumors in the mice receiving Dox,
nontargeted IONP-Dox, or no-treatment control (Figure 5a). These results demonstrated the
feasibility of MRI monitoring IONP-drug delivery and tumor responses of the targeted
therapy.

The mice were sacrificed 5 days after the final injection, and tumor weights were recorded.
Tumors and normal organs were collected for histological analysis. In comparison with the
no treatment control group, the PDX tumors collected from the mice in all treated groups
showed various degrees of tumor growth inhibition. We found that treatment with
unconjugated Dox and nontargeted IONP-Dox led to 33.3% and 49.2% of tumor growth
inhibition, respectively, compared to the control group (Figure 5c and d). However, there
was no statistically significant difierence between those two groups (Student's #test: Dox vs
IONP-Dox: p=0.168). In contrast, PDX tumors collected from the mice that were treated
with IGF1-IONP-Dox were significantly smaller than those from the control groups of no
treatment or the Dox- or IONP-Dox-treated group. There was 66.6% tumor growth
inhibition in the IGF1-IONP-Dox-treated mouse group. Difierences in tumor weights among
groups with difierent treatments were statistically significant (Student's #test: no treatment
control vs IGF1-IONP-Dox: p < 0.0001; Dox vs IGF1-IONP-Dox: p < 0.0006; IONP-Dox
vs IGF1-I0ONP-Dox: p < 0.005). Using loss of mouse body weight as an indication of system
toxicity, there was no apparent systemic toxicity for all treatment groups following six 5
mg/kg of Dox equivalent doses (Figure 5b). Histological analysis of tissue sections of the
major organs after the treatment using hematoxylin and eosin (H&E) staining revealed no
apparent tissue damage or morphological changes in the normal organs and tissues for all
treatment groups at a Dox equivalent concentration of 5 mg/kg (Figure S7). However, three
iv doses of 15 mg/kg of Dox induced severe systemic toxicity, and mice died after the third
dose. In contrast, there was no systemic toxicity observed in the mice that received 15 mg/kg
of Dox equivalent doses of IGF1-IONP-Dox (Figure S8). Our results demonstrated that /n
vivo IGF1R-targeted delivery of Dox using IGF1-IONP-Dox is more effective for the
treatment of human pancreatic tumors compared to conventional Dox treatment.

Inhibition of Cell Proliferation and Induction of Apoptotic Cell Death by IGF1R-Targeted
Therapy Using IGF1-IONP-Dox

Histological analysis was carried out to further evaluate and validate the targeting and
antitumor effect. Tumor tissue sections from different treatment groups were examined by
H&E staining, Prussian blue staining, and immunofluorescence labeling. In comparison with
the morphological characteristics of H&E-stained tissue sections of no-treatment control
tumors that contained dense ductal carcinoma cells, tumor cell density in Dox- or IONP-
Dox-treated tumors was slightly decreased with scattered necrotic tumor cell areas (Figure
6a). After IGF1-IONP-Dox treatment, tumor cell density was further decreased with tumor
cells forming large ductal-like structures that were surrounded by extensive stroma with
central necrosis (Figure 6a). Prussian blue staining showed clusters of IONP-positive cells in
tumor tissue sections obtained from the mice following treatment with IGF1-IONP-Dox, but
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not with nontargeted IONP-Dox (Figure 6b). The combination of double
immunofluorescence labeling using anti-CD68 and IGF1R antibodies and Prussian blue
staining revealed that following 6 weeks of IGF1-IONP-Dox treatment the majority of
IONP-containing cells were CD68-positive macrophages in the tumor stroma and necrotic
tumor areas, suggesting the possibility of clearance of the dead tumor cells containing
IONPs by macrophages in IGF1-IONP-Dox-treated tumors (Figure 6¢).

To determine the mechanisms mediating tumor growth inhibition in IGF1-IONP-Dox-treated
PDX tumors, immunofluorescence labeling was performed using antibodies for cell
proliferation marker (Ki67), apoptotic cell death (active caspase 3), and terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL assay for apoptotic cell
death). A marked decrease in the number of K;-67 positive proliferating cells was observed
in the tumor treated with IGF1-IONP-Dox compared with the tumor without treatment.
Interestingly, residual tumor tissues obtained from unconjugated Dox or nontargeted IONP-
Dox-treated mice retained high levels of Kj-67 positive proliferating cells. These results
suggested that targeted therapy using IGF1-IONP-Dox had a stronger inhibitory effect on
tumor cell proliferation compared with unconjugated Dox or nontargeted IONP-Dox (Figure
7a and b). Additionally, results from the TUNEL assay indicated that IGF1-IONP-Dox
treatment induced 2-fold higher numbers of apoptotic cell death compared with no treatment
or unconjugated Dox-treated controls (Figure 7a and c). The presence of the cleaved, active
caspase 3 in cells is an indication of activation of apoptotic cell death. We found that the
number of active caspase-3-positive cells in IGF1-IONP-Dox-treated tumor tissues was 6.1-
to 8.5-fold higher than that in control no-treatment or Dox-treated tumors (Figure 7a and d).
Therefore, strong inhibition of tumor cell proliferation and effective induction of the
apoptotic cell death observed in IGF1-IONP-Dox-treated tumors likely contributed to the
antitumor effect observed in the mice.

Results of immunofluorescence labeling of active caspase 3 also showed specific induction
of apoptotic cell death in pancreatic tumor cells but not in normal tissues (Figure 8a). For
example, normal pancreas and spleen adjacent to tumor areas lacked active caspase-3-
positive cells, while high levels of caspase-3-positive cells were found in nearby ductal
carcinoma cells (Figure 8a). Although nonspecific uptake of IGF1-IONP-Dox was detected
in the spleen (Figure S6), active caspase 3 was not found in the spleen tissues, suggesting
that nonproliferating macrophages may have a low sensitivity to DNA-damaging drugs.

Nontargeted nanoparticle formulated Dox, such as Doxil, have been used for cancer therapy
in the clinic through EPR-effect-mediated nanoparticle-drug delivery.49:5455 Qur jn vivo
study result also showed nearly 50% of tumor growth inhibition in the mice treated with
nontargeted IONP-Dox (Figure 5¢). To compare cell types that underwent apoptotic cell
death in PDX tumors following difierent formulations of Dox treatment, we dual labeled the
tissue sections with an epithelial cell marker, CK19, and active caspase 3. In general,
unconjugated Dox induced only low levels of apoptotic cells in CK19-positive pancreatic
tumor cells following six weekly treatments of 5 mg/kg of Dox in nude mice bearing
pancreatic PDX tumors (Figure S9). We observed high levels of active caspase-3-positive
apoptotic cells forming clusters in CK19- positive duct-like pancreatic tumor cells in both
peripheral and central areas of the tumor tissues obtained from the mice treated with IGF1-
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IONP-Dox (Figure 8b). IONP-positive cells were also detected in those tumor areas (Figure
8b). In contrast, after treatment with nontargeted IONP-Dox, high levels of active caspase-3-
positive cells were detected mostly in the tumor edge, which was enriched in active tumor
stromal cells such as active fibroblast (FAP) and active macrophage (CD163), but lacked
CK19 expression (Figure 8c). A low level of caspase-3-positive cells was also detected in
the central areas of the tumor tissues, and most of the apoptotic cells were in CK19-negative
tumor stromal cells (Figure 8c). CK19-positive tumor cells had a low level of active caspase
3 in the tumor tissues treated with nontargeted IONPs (Figure 8c). H&E staining of the
tissue section in the same tumor area further showed the location of epithelial ductal cancer
cells and tumor stromal cells (Figure 8c). Prussian blue staining failed to detect IONP-
positive cells in tumor stromal areas with the apoptotic cells in similar tumor areas (Figure
8c). Therefore, it is likely that the modest antitumor effect observed in the nontargeted
IONP-Dox-treated PDX tumors was the result of the EPR effect-mediated delivery into the
interstitial space to release drug and induced cell death mostly in stromal cells. Since IONPs
were not internalized into cells, Prussian blue staining was not able to detect the IONPs in
tumor tissue sections. The ability of IGF1R-targeted drug delivery to reach pancreatic tumor
cells and tumor stromal cells led to a stronger anti-tumor effect in the tumor-bearing mice
treated with IGF1-IONP-Dox than that of nontargeted IONP-Dox-treated mice.

CONCLUSIONS

We have developed a novel growth factor receptor targeted theranostic nanoparticle (IGF1-
IONP-Dox) for targeted drug delivery into IGF1R-overexpressing cancer cells and tumor
stromal cells. The efficiency of IGF1R-targeted nanoparticle drug delivery, ability of
noninvasive tumor imaging, and effects of targeted therapy were determined in an orthotopic
human pancreatic PDX tumor model, which exhibits comparable histological characteristics,
phenotypic features, tumor cell heterogeneity, and tumor microenvironment of the primary
human pancreatic tumor. It is the most appropriate pancreatic tumor model for the evaluation
of the effects of targeted nanoparticle-drug delivery and therapeutic response using
theranostic nanoparticles that target both pancreatic ductal carcinoma and tumor-associated
stromal cells. Intratumoral nanoparticle delivery of IGF1R-targeted theranostic IONPs was
efficient and detectable by noninvasive optical imaging and MRI as well as histological
analysis of tumor and normal tissues. IGF1R-targeted therapy by systemic deliveries of
IGF1-10NP-Dox significantly inhibited the growth of orthotopic pancreatic PDX tumors by
inhibition of cell proliferation and induction of apoptotic cell death in pancreatic cancer
cells. However, IGF1-IONPs themselves did not stimulate tumor cell proliferation /n vitro
and /n vivo. There was no systemic toxicity observed following multiple doses of
intravenous administrations of IGF1R-targeted theranostic nanoparticles. The results of this
study also demonstrated MRI-guided cancer therapy for the evaluation of delivery efficiency
of targeted theranostic IONPs and responses to targeted therapy in orthotopic pancreatic
PDX tumors. Therefore, IGF1R-targeted theranostic nanoparticles are a promising receptor-
targeted drug delivery system for further development of effective approaches for the
treatment of stroma-rich pancreatic cancer.
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MATERIALS AND METHODS

Establishment of an Orthotopic Human Pancreatic PDX Tumor Model in SCID and Nude

Mice

A surgically resected human pancreatic cancer tissue was obtained from pancreatic cancer
patient #1 following an approved Emory Institutional Review Board protocol. Fresh tumor
tissue fragments were collected at 4 °C in HBSS supplemented with antibiotics. Within 2 h
of surgical resection, tumor tissues were cut into 1-2 mm fragments and implanted into the
pancreas of immunodeficient SCID mice (8 to 10 weeks old, female) using a surgical
procedure approved by Emory Institutional Animal Care and Use Committee. Excess tissues
were frozen in liquid nitrogen and stored for further pathological analysis. After surgery, the
tumor growth in the mice was monitored by palpating the left upper abdomen twice per
week. Orthotopic tumors grew to 5 to 10 mm in diameter in about 8 to 10 weeks. To conduct
a large-scale efficacy study, the SCID mice bearing PDX tumors were sacrificed, and tumor
fragments at 1 to 2 mm sizes were then implanted into the pancreas of 6- to 8-week-old
female nude mice. Over 90% of nude mice had orthotopic tumor growth in about 6 to 7
weeks. All studies shown were conducted using the first passage of the pancreatic PDX
tumors derived from patient #1 pancreatic cancer tissue.

Production and Purification of Recombinant Human IGF-1

Recombinant human IGF-1 was expressed in an £. coli strain as a 8.1 kDa precursor protein
(pro-1GF1) containing the N-terminal-fused pentapeptide Met(M)-Lys(K)-Lys(K)-lle (I)-
Met (M) as a leader sequence that facilitates the expression and folding of the protein. The
expression of pro-1GF-1 was induced by a temperature shift from 30 °C to 42 °C. The
inclusion bodies in the insoluble fraction containing the partitioned pro-1GF-1 were
collected by continuous flow centrifugation. The pro-IGF1 was refolded and purified by
preparative reverse-phase HPLC in an acetonitrile/TFA system. The conversion of pro-IGF-1
to the mature rhIGF-1 was achieved by enzymatic cleavage of the N-terminal pentapeptide
using aminopeptidase (1 mg of enzyme for 200 mg of pro-IGF-1). The correctly folded
rh1GF-1 protein was further purified by preparative reverse-phase HPLC using the Waters
DeltaPrep 4000 system in an acetonitrile/TFA platform to remove the enzyme and any
remaining undigested precursor.

Production and Characterization of IGF1R-Targeted Nanoparticles

Amphiphilic polymer-coated IONPs with a core size of 10 nm were obtained from Ocean
NanoTech, LLC (San Diageo, CA, USA). NIR 830-labeled human recombinant IGF1
peptide was produced by conjugating active NIR 830-NHS, produced in our group, to
IGF1 at pH 8.6. NIR 830-labeled human recombinant IGF1 peptides were conjugated to the
polymer-coated IONPs mediated by an amide bond between carboxyl groups on the surface
of the polymer and amine groups of IGF1 peptides using ethyl-3-dimethylaminopropyl
carbodiimide (EDAC, Sigma-Aldrich) and A-hydroxysulfosuccinimide (sulfo-NHS, Sigma-
Aldrich) according to the carbodiimide method (Figure 2). Briefly, 109 1g of EDAC and 197
g of sulfo-NHS were added to the aqueous solution of 1 mg of IONPs in 10 mM borate
buffer (pH 4.5), allowing activation of IONPs for 10 min. Activated IONPs were then
collected by centrifugation at 3000 rpm for 10 min using a Nanosep 100 K column (Pall
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Corporation, Port Washington, NY, USA) and then reacted with 420 1g of IGF1 in 10 mM
borate buffer (pH 8.5) to produce IGF1-IONP at a molar ratio of IGF1 to IONP of 20:1. The
reaction was carried out for 12 h at 4 °C. The final IGF1-IONPs were purified using a
Nanosep 100 K column. Conjugation of IGF1 to IONP was confirmed by HPLC analysis of
the amount of remaining IGF1 in the supernatants. Size and zeta potential of IGF1-IONP
were measured by a Zetasizer Nano (ZS90, Malvern Instruments Ltd., Worcestershire, UK).
The core sizes of copolymer-coated and surface-functionalized nanocrystals, IGF1-IONP,
and the thickness of polymer layers were viewed and measured by TEM after negative
staining (Hitachi H-7500 instrument, 75 kV).

Encapsulation of Dox into IGF1-IONP and Determination of Drug Release Conditions

A 100 gL amount of Dox (500 pg/mL) was mixed with 200 gL of IGF1-IONP (500 g/mL)
in 10 mM borate buffer (pH 8.5). The mixture was shaken at room temperature for 4 h.
IGF1-IONP-Dox was then collected by centrifugation at 3000 rpm for 10 min using a
Nanosep 100 K column. To determine the amount of encapsulated Dox, unconjugated Dox
in the supernatant was collected and analyzed by HPLC. Dox concentration in the
supernatant was calculated based on the standard curve obtained from pure Dox. The
amount of Dox in the supernatant was subtracted from the input drug amount to calculate the
amount of drug encapsulation in IONPs.

The pH-dependent drug release was determined by incubating IGF1-IONP-Dox under pH
5.5 and 7.4 buffer conditions for difierent time points. Dox released from IGF1-IONP-Dox
was collected by centrifugation at 3000 rpm for 10 min using a Nanosep 100 K column, and
the amount of released Dox in the supernatant was measured by HPLC using the same
standard curve as described previously.

Uptake of IGF1-IONP by Pancreatic Cancer Cells

The MIAPaCa-2 human pancreatic cancer cell line (American Type Culture Collection,
Manassas, VA, USA) was cultured in a 12-well plate with a density of 20 000 cells/well.
Cultures were maintained at 37 °C under a humidified condition with 5% CO,. After 24 h of
plating, cells were washed once with PBS, and 20 pg/mL of iron equivalent IONP solution
of IGF1-10NPs or nontargeted BSA-IONPs was then added. Cells were incubated with the
IONPs for 4 h and then washed three times with cold PBS to remove unbound nanoparticles.
Cells were then fixed with 4% paraformaldehyde in PBS, and Prussian blue staining was
used to determine the presence of iron in the cells.

Prussian Blue Staining

Fixed cells or frozen tissue sections were incubated with a mixture of 5% potassium
ferrocyanide(ll) trihydrate and 5% HCI solution for 15 min. After being washed three times
with distilled water, cells were counterstained with nuclear fast red solution for 5 min.
Following consecutive dehydrations with 70% and 100% EtOH and two rinses in xylene, the
slides were mounted. The result of Prussian blue staining was examined by light
microscopy.
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Cell Proliferation Assay

MIAPaCa-2 cells were cultured in a 96-well plate at a density of 5000 cells/well. After 24 h
of plating, cells were washed once with cold PBS. Different IONP-Dox conjugates were
diluted in the culture medium at various Dox concentrations and then added into cell
cultures. Unconjugated Dox was used as a treatment control. After incubating for 4 h when
IONP-Dox bound to and entered into tumor cells, cells were washed three times with cold
PBS to remove unbound IONPs. A 100 1 amount of fresh medium was then added to the
plate. Cells were incubated for an additional 72 h, and viability of the cells was determined
by the Alamar Blue assay (Life Technologies, NY, USA). Cells treated with culture medium
alone were used as the no-treatment control. Results shown are the mean value of six repeat
studies.

In Vivo Near-Infrared Fluorescence Optical Imaging

Mice were subjected to NIR optical and MR imaging 6 weeks after implanting tumor
fragments into nude mice. A 400 picomolar (pmol) amount of NIR-830-labeled BSA-IONPs
or IGF1-1ONPs was injected viathe tail vein into the tumor-bearing mice. NIR optical
imaging was conducted using the Kodak /n7 vivo FX imaging system (Carestream Health
Inc., Rochester, NY, USA). Mice were sacrificed, and tumors and normal organs were
collected for ex vivo optical imaging. All optical images were captured using an 800 nm
excitation and 850 nm emission filter set with 3 min exposure time and a gamma value of
0.2. Optical images were analyzed using the software provided by the Kodak imaging
system. Regions of interest (ROIs) were selected for measuring the mean fluorescence
intensity of tumors and corresponding body background.

In Vivo MRI Scan

MRI scans were carried out on a 4.7 T small-animal MRI scanner (Oxford Magnet
Technology, Oxford, UK). For measuring targeted intratumoral delivery of IONPs, mice that
received a tail vein injection of 400 pmol of BSA-IONPs or IGF1-IONPs were examined by
a 7,-weighted MRI scan. MRIs were acquired before and 48 h after IONP injection using a
T>-weighted fast spin echo imaging sequence. For monitoring therapeutic responses in PDX
tumors, MRI scanning was performed on mice from each treatment group 48 h after the last
treatment. MRI contrast in the tumor was quantitatively analyzed using the ROl method and
ImageJ software (National Institutes of Health, Bethesda, MD, USA). Averaged signal
intensities of the ROI were obtained from the entire tumor area in all MR image slices. MRI
contrast in the muscle area was measured as an internal control. MRI signal intensity in the
tumor was normalized with the signal of muscle as the intensity of tumor signal/muscle
signal.

In Vivo Antitumor Efficacy

Nude mice bearing orthotopic pancreatic PDX tumors derived from patient #1 tumor were
randomized into four experimental groups with six mice in each group, including no-
treatment control, unconjugated Dox, IONP-Dox, and IGF1-IONP-Dox. Treatment started
when the tumor reached sizes of around 5 mm at a Dox equivalent dose of 5 mg/kg body
weight viathe tail vein once per week for six injections. Mouse body weight was monitored
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once per week. After the final treatment, a representative mouse from each group was
selected for MRI scanning. Mice in all groups were sacrificed 5 days after the final
treatment, and tumors and normal tissues were collected for histological, chemical, and
immunofluorescence analyses.

Immunofluorescence Labeling

Picro-Sirius

Frozen tissue sections of tumor and normal tissues were used for single or double
immunofluorescence labeling. An antibody specific for human IGF1R with a cross reactivity
for mouse IGF1R was obtained from Sigma-Aldrich (dilution 1:200). An anti-human
fibroblast active protein antibody (Santa Cruz Biotechnology, dilution 1:100) was used for
identification of active human fibroblasts in tumor stroma. Anti CD68 antibody (AbD
Serotec, dilution 1:100) and CD163 antibody (Santa Cruz Biotechnology, dilution 1:200)
were used to identify macrophages, and anti-CD31 antibody (eBioscience, dilution 1:200)
was for labeling endothelial cells in tumor blood vessels. Mouse monoclonal anti-CK19
antibody was from Sigma-Aldrich (dilution 1:100). Alexa Fluor 488 dye (green, Invitrogen,
dilution 1:500) or Alexa Fluor 555 dye (red, Invitrogen, dilution 1:500) labeled secondary
antibodies were used to detect biomarker-positive cells. Images were taken using
fluorescence microscopy (Nikon Eclipse E400, Tokyo, Japan).

Red Staining of Collagen

Picro-Sirius red staining solution was prepared by dissolving 0.5 g of Sirius red F3B
(Sigma-Aldrich) in 500 mL of a saturated aqueous solution of picric acid (Sigma-Aldrich).
Picro-Sirius red staining was performed by incubating frozen tissue sections in the staining
solution for 1 h, washing twice in acidified water (5% acetic acid in water), dehydrating
twice in 100% ethanol, and then clearing in xylene.

Statistical Analysis

One-way ANOVA, the standard Student's ¢test, and the modified #test were used for
statistical analysis of differences among experimental groups in cell viability of tumor cells
and tumor weights among different mouse groups. Statistically significant differences were
defined when the p value was <0.05 between groups.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Establishment and characterization of an orthotopic human pancreatic PDX tumor model.

(a) Schematic illustration of the protocol for establishment of an orthotopic pancreatic PDX
tumor model. (b) Comparison of histological characteristics and the levels of IGF1R, and
stromal fibroblasts and collagen in tissue sections of surgically resected primary human
pancreatic cancer (patient #1), the first passage of PDX-tumor derived from patient #1 in
SCID mice, and pancreatic tumor xenograft derived from the MIAPaCa-2 cell line. H&E
staining and Picro-Sirius red staining showed histological characteristics of primary human
pancreatic cancer and PDX tumors. Immunofluorescence labeling using antibodies to IGF1R
or human FAP and Alexa Fluor 555 conjugated secondary antibody (red). Quantification of
the percentages of FAP or collagen-positive tumor areas in the primary pancreatic and PDX-
tumor tissues was performed using ImageJ software. Numbers shown in the figure are the
average numbers of six tissue sections. (¢) Double immunofluorescence labeling of the
primary human pancreatic cancer and the first passage of PDX-tumor tissue sections using
anti-IGF1R, FAP, CD68, and CD31 antibodies. White arrows indicate tumor stromal cells,
and blue arrows point at ductal tumor cells. Cells coexpressing two biomarkers are in
orange-yellow. IGF1R was expressed in both tumor stromal fibroblasts and tumor-associated
macrophages. CD31-positive endothelial cells lacked IGF1R expression. Scale bars are 100

m.
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Figure 2.
Production and characterization of IGF1R-targeted IONP-Dox. (a) Schematic illustration for

conjugation of NIR830-IGF1 to amphiphilic polymer-coated IONPs and encapsulation of
Dox to IGF1-10NPs. (b) The core size of IGF-IONPs was confirmed using TEM images. (c)
Quantification of IGF1 conjugated on each IONP by measuring IGF1 in the supernatant
using HPLC. (d) Hydrodynamic sizes of IONPs, IGF1-IONPs, and IGF1-IONP-Dox were
determined by the dynamic light scattering (DLS) method.
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Figure 3.
Effects of IGF1-IONPs and IGF1-IONP-Dox on cell proliferation and viability /n vitro and

in vivo. (a) The level of IGF1R in MIAPaCa-2 cells was examined by immunofluorescence
labeling using an anti-IGF1R antibody (red). (b) Prussian blue staining of cells incubated
with IONPs, BSA-IONPs, and IGF1-IONPs at 20 pg/mL of iron equivalent dose for 4 h.
Cells were also counterstained with nuclear fast red. (c) Effect of IGF1 and IGF1-IONP on
cell proliferation /n vitro. The percentage of viable MIAPaCa-2 cells 96 h following
incubation with IGF1 or IGF1-10ONPs for 4 h at equivalent IGF1 concentrations was
determined by cell proliferation assay. *p < 0.05; **p < 0.001. (d) Effect of IGF-1-IONPs on
tumor cell proliferation /n vivo in human pancreatic PDX-tumor xenografts. Ki67-positive
cells in tumor tissue sections after two tail vein injections of 20 mg/kg iron dose of IGF1-
IONPs were determined by immunofluorescence labeling using an anti-Ki67 antibody. (e) /n
vitro cytotoxicity of unconjugated Dox, BSA-IONP-Dox, and IGF1-IONP-Dox in MIA
PaCa-2 cells. Scale bars are 100 zm.
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Figure 4.
Detection of targeted delivery of IGF1-IONPs into orthotopic pancreatic PDX tumors by

optical imaging, MRI, and Prussian blue staining. (a) NIR optical imaging of whole body 24
h after IONP administration. Optical images were overlaid with X-ray images of the mice.
Red numbers shown are the mean signal intensities of tumor areas. (b) £x vivo optical
imaging of representative tumors and organs following sacrificing the mice. Optical images
were overlaid with bright-ffeld images to show location and size of tumors and organs.
Numbers shown were the mean optical signal intensities of tumors or organs. (c) Pre and
post 24 h T,-weighted MR images. Numbers shown are relative mean MRI signal intensities
of the entire tumor. Bar figure shows quantification of MRI signals in the tumors prior to and
24 h after administration of difierent IONPs. Relative MRI signal was defined as the mean
intensity of the tumor divided by the mean intensity of the muscle on the same MR image.
*p < 0.0001. Pink arrows indicate the location of pancreatic PDX-tumor lesions. (d)
Prussian blue staining of frozen tumor sections indicating the presence of IONPs in both
tumor edge and tumor center (green arrows) after IGF1-IONP administration v7a the tail
vein. IONPs were not detectable in the tumor treated with nontargeted BSA-IONPs. Blue:
IONP-positive cells. Red: Nuclear fast red. (e) IGF1R antibody labeled tumor tissue sections
obtained from IGF1-IONP-treated mice dual stained with Prussian blue staining. IONPs
(blue) were detected in IGF1R highly expressing tumor cells (white arrows) and
intermediate IGF1R expressing tumor stromal cells (light blue arrows). (f) Blue IONP-
positive cells detected in CK19-positive ductal tumor cells (white arrows) and CK19
negative tumor stromal cells (light blue arrows). (g) Prussian blue staining positive cells
found in FAP-positive stromal fibroblasts (light blue arrows). Yellow arrows indicate tumor
cell areas. (h) IGF1-IONP-treated tumor tissue section doubly labeled with IGF1R (red) and
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CD68 (green) and then stained with Prussian blue (blue). IONP-positive cells were detected
in CD68-positive macrophages (white arrows).
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Figure5.
In vivo antitumor effect in an orthotopic pancreatic PDX tumor model. Nude mice bearing

orthotopic pancreatic PDX tumors received 5 mg/kg Dox equivalent concentration of
difierent IONP-Dox theranostic nanoparticles viatail vein injections once per week for 6
weeks. (a) T,-weighted MRI of the mice from the treatment groups confirmed the
accumulation of IGF1-IONP-Dox in the tumor site and tumor growth inhibition compared to
both free Dox- and nontargeted IONP-Dox-treated tumors. Pink arrows indicate the
locations of pancreatic PDX-tumor lesions. Red numbers show the mean of relative MRI
signal intensities of MRI image slices from the entire tumor. A 10.2% MRI signal decrease
was detected in nontargeted IONP-Dox-treated tumor, while a 24.1% MRI signal decrease
was seen in IGF1-IONP-Dox-treated tumor. (b) Changes in body weight during treatment.
(c) Tumor growth inhibition. The mean tumor weight (navy bar) and individual tumor
weight distributions as color symbols after the treatment are shown. *p < 0.0001; **p <
0.0006; ***p < 0.005. (d) Representative pancreatic PDX-tumor images with the attached
spleens of each treatment group after sacrificing the mice.
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No control

b

Figure®6.
Histological characterizations of pancreatic PDX tumors following IGF1-IONP-Dox

treatment. (a) H&E staining of frozen tumor tissue sections revealed dense ductal carcinoma
cells in the no-treatment control or free Dox-treated tumors, while IGF1-IONP-Dox
treatment for 6 weeks markedly decreased tumor cell density and formed large ductal-like
structures with central necrosis surrounded by extensive stroma. Scale bars are 200 zm. (b)
Prussian blue staining showed clusters of IONP-positive cells in PDX-tumor tissue sections
from IGF1-10NP-Dox-treated mice. The majority of IONPs were found in cells in stromal
areas (blue arrows). IONPs were not detected in the control no-treatment tumor or
nontargeted IONP-Dox-treated tumors. (c) Prussian blue staining of IGF1R and CD68
doubly labeled tissue sections from IGF1-IONP-Dox-treated PDX tumors showed the
colocalization of IONPs in CD68-positive macrophages. IGF1R-positive tumor cells in
residual tumors following 6 weeks of treatments had a low level of IONPs. Scale bars are

100 zm.
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Evaluation of the effects of IGF1-IONP-Dox treatment on cell proliferation and induction of
apoptotic cell death in the pancreatic PDX tumors. (a) Immunofluorescence labeling of
tumor tissue sections for cell proliferation marker (Ki67, green), TUNEL assay (green), and
apoptotic cell death (active caspase-3, red). Hoechst 33342 nuclear stain (blue) was used to
identify total cell populations in tumor tissue sections. (b-d) Quantitative analysis for (b)
K;-67-positive cells, (c) apoptotic cells, and (d) cleaved active caspase-3-positive cells from
six randomly selected microscopic ffelds of tumor sections by Imagel. *p < 0.03; **p <

0.007; ***p < 0.0001. Scale bars are 100 ym.
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Figure 8.
Elucidation of the induction effects of the apoptotic cell death in pancreatic PDX-tumor cells

following IGF1-IONP-Dox targeted or nontargeted IONP-Dox therapy. (a) Selective
induction of apoptotic cell death in pancreatic PDX tumors following systemic delivery of
IGF1-1ONP-Dox once per week for 6 weeks. Immunofluorescence labeling for active
caspase-3-positive cells showed a high level of apoptotic cell death (red) in ductal cancer
cells (white arrows) in tumor tissue sections. However, there was no apoptotic cells detected
in adjacent normal pancreas and spleen. (b) Phenotypic characterization of the apoptotic
cells in IGF1-IONP-Dox-treated tumors by double immunofluorescence labeling of
apoptotic cells (active caspase 3, red) and epithelial tumor cells (CK19, green). High levels
of the apoptotic cells were detected in ductal-like and CK19-positive tumor cells (white
arrows) in the tumor peripheral (upper panel) and central (lower panel) areas. Prussian blue
staining shows IONP-positive cells in the tumor area. H&E staining of a similar tumor area
shows the presence of tumor cell clusters. (c) Induction of apoptotic cell death in tumor
stromal cells after 6 weeks of treatments of nontargeted IONP-Dox. A high level of active
caspase-3-positive cells was found in the CK19-negative but CD163- (active macrophages)
or FAP-positive cell population at the tumor edge (upper and middle panels, yellow arrows).
H&E staining shows that the areas with apoptotic cells had morphological and histological
features of tumor stromal cells (yellow arrows). In the tumor center areas, low to
intermediate levels of active caspase-3-positive cells were detected in tumor stroma areas
(lower panel, yellow arrows). White arrows indicate a low level of CK19-positive tumor
cells had active caspase 3 labeling. Prussian blue staining revealed no detectable IONPs in
similar areas. Scale bars are 100 gm.
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