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Summary

Nanomedicines have the potential to significantly impact cancer therapy by improving drug 

efficacy and decreasing off-target effects, yet our ability to efficiently home nanoparticles to 

disease sites remains limited. One frequently overlooked constraint of current active targeting 

schemes is the relative dearth of targetable antigens within tumors, which restricts the amount of 

cargo that can be delivered in a tumor-specific manner. To address this limitation, we exploit 

tumor-specific responses to drugs to construct a cooperative targeting system where a small 

molecule therapeutic modulates the disease microenvironment to amplify nanoparticle recruitment 

in vivo. We first administer a vascular disrupting agent, ombrabulin, which selectively affects 

tumors and leads to locally elevated presentation of the stress-related protein, p32. This increase in 

p32 levels provides more binding sites for circulating p32-targeted nanoparticles, enhancing their 

delivery of diagnostic or therapeutic cargos to tumors. We show that this cooperative targeting 

system recruits over five times higher doses of nanoparticles to tumors and decreases tumor 

burden when compared with non-cooperative controls. These results suggest that using 

nanomedicine in conjunction with drugs that enhance the presentation of target antigens in the 

tumor environment may be an effective strategy for improving the diagnosis and treatment of 

cancer.
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1. Introduction

Nanotechnology has enabled numerous novel and improved approaches for cancer diagnosis 

and therapy. In particular, active targeting of nanoparticles, or the attachment of affinity 

ligands to the surface of particles to recognize and bind pathological markers, has arisen as 

an attractive strategy to precisely deliver cargos to disease sites while simultaneously 

reducing side effects [1]. Efforts to improve the targeting of nanomaterials have largely 

focused on engineering the properties of individual nanoparticles, including geometry, 

surface chemistry, ligand type, and ligand density [2–4]. However, one major factor that 

limits the effectiveness of active targeting is the paucity of targetable antigens available for 

nanoparticle binding within a tumor [5]. A promising approach for overcoming this 

limitation is to leverage disease responses to therapy to greatly enhance the number of 

existing binding sites, or induce the presentation of novel targets. Previously, localized 

treatments such as radiation [6] and hyperthermia [7, 8] have been used to induce the 

expression of vascular antigens that serve as binding targets to recruit nanoparticles to 

tumors. Unfortunately, application of these methods is confined to clinical scenarios where 

disease sites are known and accessible, and thus preclude the treatment of disseminated 

disease, which is the primary cause of mortality in cancer [9].

Our strategy is to identify proteins that are selectively induced in the tumor 

microenvironment following treatment with drugs and leverage them as receptors for 

targeted nanoparticles. The arsenal of systemic therapies designed to treat metastatic cancer 

includes traditional cytotoxic drugs [10], molecularly targeted agents [11, 12], 

immunotherapy [13, 14], and vascular disrupting agents (VDAs) [15, 16], which operate 

through distinct modes of action. These drugs are attractive inducing agents because many 

are clinically-approved or in trial stages and are frequently administered in combination with 

other therapeutics [11, 12, 17]. Drug-induced antigens have been utilized as biomarkers of 

therapeutic responses or as antibody targets [18–20], but to our knowledge, these changes 

have never been used to target nanoparticles to tumors. Here, we investigate the ability of 

systemically administered drugs to increase the prevalence of tumor-specific antigens to 

amplify nanoparticle targeting to tumors. In this report, we demonstrate that the small 

molecule VDA, ombrabulin, enhances the presentation of a stress protein called p32 in 

human tumor xenografts implanted in mice (Figure 1). p32 is specifically expressed in 

tumors and serves as the target receptor of the cyclic nonapeptide, LyP1, which was 

discovered through in vivo phage display [21, 22]. We then use ombrabulin to induce greater 

levels of p32 in tumors and deliver two different LyP1-decorated nanoparticles to tumors: a 

prototypical imaging agent (magnetofluorescent iron oxide nanoworms) and a prototypical 

therapeutic agent (doxorubicin-loaded liposomes). We show that this cooperative targeting 

system amplifies the recruitment of targeted nanoparticles to tumors by three- to five-fold 

over non-cooperative controls, and improves the tumor burden and survival of mice in a 

preclinical therapeutic study.
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2. Results

2.1 Characterization of ombrabulin-induced p32 presentation

Ombrabulin is a microtubule-binding agent that impacts tumor vasculature by effecting a 

rapid sequence of events shortly after administration, including morphological and 

functional changes in endothelial cells that increase vascular permeability, and culminate in 

extensive hemorrhagic necrosis within the tumor [15, 23, 24] (Figure 2A–B). Widespread 

extravasation of red blood cells into the tumor interstitium was observed within one hour, 

and central necrosis was evident between six and twenty-four hours following drug 

administration (Figure 2C). The selective vulnerability of tumor vessels to tubulin-binding 

compounds has been attributed to their immature development and defective pericyte 

coverage relative to normal vessels [15, 16]. We hypothesized that the antitumor activity of 

ombrabulin might increase tumor presentation of p32 [p33/gC1q receptor/hyaluronan 

binding protein 1 (HABP1)], a mitochondrial protein that is found at elevated levels on the 

surface of stressed tumor and tumor-associated cells in a wide range of tumor types, 

particularly in hypoxic or nutrient-deprived regions [22]. To investigate the ability of 

ombrabulin to increase p32 presentation within tumors, we intravenously injected different 

doses of the drug (0, 30, 60 mg/kg) into nude mice (n = 3 mice per condition) bearing 

bilateral human MDA-MB-435 tumors. At 4 and 24 hrs, mice were euthanized and p32 

presentation was assessed via immunofluorescent staining of tumor sections (Figure 2D). 

We observed that the percentage of p32-positive staining within the tumor trended upward 

with both time and ombrabulin dose, showing nearly a four-fold increase in p32-positive 

area at 24 hrs after a 60 mg/kg dose (Figure 2E). To assay for increased p32 presentation at 

the surface of surviving cancer cells, tumors were dissociated into single cell suspensions for 

quantification of p32 surface expression by live-cell staining and flow cytometry (Figure 

S1). Consistent with the trend observed in tumor sections, flow-based examination of the 

tumor population revealed that the percentage of cancer cells positive for surface p32 

increased significantly by up to four-fold at 24 hrs after ombrabulin treatment (*** P < 

0.005 by one-way ANOVA with Tukey post test; Figure 2F). Together, these data show that 

exposure to ombrabulin modulates the tumor environment to amplify p32 presentation 

within the tumor, particularly on the surface of surviving cancer cells.

2.2 Ombrabulin-induced amplification of tumor targeting

We next investigated the ability of magnetofluorescent iron oxide nanoworm (NW) imaging 

agents, a nanoparticle previously developed by our collaborators [25, 26], to target tumors 

following ombrabulin treatment (Figure 3A). The NWs were first derivatized with a near-

infrared fluorophore (VT750) to enable detection of their distribution by fluorescence 

imaging. Then, the NWs were further modified by the attachment via PEG of either the 

cyclic nonapeptide LyP-1 (CGNKRTRGC), which binds p32 and facilitates tissue 

penetration, or ARAL (ARALPSQRSR), an untargeted peptide that has the same net charge 

as LyP-1 to control for nonspecific electrostatic interactions of the nanoparticles [7, 22, 27, 

28]. The LyP-1 (NW-LyP1) and ARAL (NW-ARAL) conjugated NWs were prepared with 

similar size distributions and peptide valencies (~40 peptides per NW by absorbance 

spectroscopy; Figure S2). Additionally, as expected, the NW-LyP1 showed significantly 
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greater binding to purified recombinant p32 in vitro relative to NW-ARAL, which validated 

the selection of ARAL as a non-targeted control sequence (Figure S3A).

To test for amplification of NW targeting to tumors, different doses of ombrabulin (0, 30, 60 

mg/kg) were intravenously injected into mice (n = 3–4 mice per condition) bearing bilateral 

MDA-MB-435 tumors, followed by either NW-LyP1 or NW-ARAL administration after 24 

hrs (Figure 3B). At 24 hrs post-NW injection, ex vivo fluorescent imaging of tumors 

revealed a dose-dependent increase in NW-LyP1 accumulation of up to three-fold relative to 

no drug controls and without altering the organ distribution of the nanoparticles (Figure 3C–

D, Figure S4). The non-targeted NW-ARAL also exhibited a marginal dose-dependent 

increase in accumulation, which is consistent with previous reports demonstrating the 

enhanced extravasation of macromolecules following vascular disruption by small molecule 

therapeutics [29]. Notably, the NW-LyP1 exhibited a significantly greater increase in 

accumulation of ~1.5–2 fold compared to the NW-ARAL when following ombrabulin 

treatment (**P < 0.01 by Student’s t-test), which suggested that induction of p32 

presentation by ombrabulin leads to amplified targeting of NWs to tumors. Histological 

examination of tumor sections revealed that the presence of both NW-LyP1 (green) and p32 

(red) increased, and localized within ombrabulin-treated tumors (60 mg/kg) versus untreated 

tumors, while NW-ARAL (green) staining was less intense and did not colocalize with p32 

(red) in either scenario (Figure 3E). We also explored an alternative dosing sequence in 

which ombrabulin and NWs were injected simultaneously and found that co-administration 

did not lead to a pronounced difference in accumulation between NW-LyP1 and NW-ARAL 

(Figure S5). This result is consistent with the previous finding that enhancement of p32 

presentation takes up to 24 hrs post-ombrabulin treatment, and supports the hypothesis that 

p32 binding is necessary for the enhanced targeting of NW-LyP1. Collectively, these data 

show that pre-exposure to ombrabulin mediates the amplification of NW homing to tumors 

by increasing the amount of the target p32 protein available for binding.

2.3 Ombrabulin-induced amplification of therapeutic delivery

We next constructed model therapeutic nanoparticles, doxorubicin-loaded liposomes (LP), to 

test for amplified drug delivery to regions of ombrabulin-induced p32 presentation in tumors 

(Figure 4A). LPs were synthesized with either the targeting peptide LyP1 (LP-LyP1) or the 

control peptide ARAL (LP-ARAL) on the surface of particles and both populations were 

confirmed to exhibit similar size distributions (Figure S6) [7]. To test for amplification of LP 

targeting to tumors, mice (n = 3 mice per condition) bearing bilateral MDA-MB-435 tumors 

were intravenously injected with either saline or ombrabulin (60 mg/kg), followed by LP-

LyP1 or LP-ARAL (1 mg/kg by dox) after 24 hrs. At 24 hrs post-LP injection, we found that 

ombrabulin treatment amplified the delivery of LP-LyP1 and accumulation of doxorubicin in 

tumors by ~four-fold versus non-targeted LP-ARAL, ~2.5 fold relative to LP-LyP1 alone, 

and ~five-fold relative to non-cooperative and non-targeted LP-ARAL (***P < 0.005 by 

Student’s t-test; Figure 4B). Notably, without ombrabulin, LP-LyP1 also demonstrated 

higher accumulation of doxorubicin in tumors than LP-ARAL, which was consistent with 

previous studies using nanoparticles targeted by LyP1 [30–32]. Similar to the NWs, 

histological examination of tumor sections again showed increased, localized staining of 

both LP-LyP1 (green) and p32 (red) in ombrabulin-treated tumors versus untreated tumors, 
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while LP-ARAL (green) staining was sparsely distributed and did not localize to areas with 

p32 (red) in either scenario (Figure 4C). We also investigated the organ distribution of 

doxorubicin following cooperative targeting and found that administration of both 

ombrabulin and LP-LyP1 or LP-ARAL did not change the biodistribution of doxorubicin, 

with a majority of the drug accumulating in the spleen and liver (Figure 4D). This result 

indicated that despite being administered systemically, ombrabulin does not lead to the 

increased accumulation of LPs in off-target sites and that the majority of particles are still 

cleared by the organs associated with the reticuloendothelial system, which is typical of 

systemically administered nanomaterials [4]. Altogether, these experiments showed that pre-

treatment with ombrabulin amplified the delivery of therapeutic nanoparticles that target the 

p32 protein.

2.4 Amplified tumor therapy with cooperative therapeutics

Finally, we evaluated the therapeutic efficacy of cooperative targeting in mice (n = 7 mice 

per condition) bearing single MDA-MB-435 human carcinoma tumors. Ombrabulin (60 

mg/kg) or saline were injected into mice and 24 hrs later, an intravenous dose of LP-LyP1, 

LP-ARAL (2 mg/kg by dox), or saline was given. When this treatment regimen was 

administered every 4–5 days, we found that ombrabulin + LP-LyP1 was significantly more 

effective at slowing tumor growth (*P < 0.05 by two-way ANOVA with Bonferroni post test) 

than the treatments in isolation (ombrabulin, LP-LyP1, LP-ARAL) and non-cooperative 

controls (ombrabulin + LP-ARAL; Figure 5A, Figure S7) without any significant changes in 

animal weight following the last cycle of treatment (Figure 5B). In comparing the long term 

survival of mice in the various treatment groups, we found that ombrabulin + LP-LyP1 

significantly prolonged the survival time of mice relative to all other treatments (**P < 0.01 

by log rank test, n = 7 mice; Figure 5C). Collectively, these therapeutic studies demonstrated 

that the cooperativity of ombrabulin and targeted LPs led to decreased tumor growth and 

prolonged survival of mice.

3. Discussion

In this study, we design a cooperative targeting system that harnesses the ombrabulin-

induced increase in presentation of p32 to amplify the recruitment of two model nanoparticle 

systems which are actively targeted to tumors. Using small molecules or proteins to 

modulate the disease environment is advantageous because they do not face the same 

extravasation and diffusion barriers as larger vehicles [33], and may therefore effectively 

prime the tumor microenvironment for subsequent nanoparticle delivery. Numerous related 

strategies have aimed to enhance nanoparticle accumulation by increasing vascular 

permeability through the administration of vasoactive agents such as vascular endothelial 

growth factor, bradykinin, and tumor necrosis factor alpha [34], However, a general concern 

with these approaches is that they may affect both healthy and diseased vasculature, thus 

escalating the risk of off-target effects. In contrast, our method leverages the specificity of 

ombrabulin for tumor vasculature, which is derived from the increased susceptibility of 

immature vessels to tubulin-binding agents [15, 16], and the tumor-specific expression of 

cell-surface p32 to bolster nanoparticle accumulation while simultaneously minimizing off-

target delivery [22]. Compared to an earlier study performed by our group using gold 
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nanorod-mediated hyperthermia, administration of ombrabulin produced a larger increase in 

the magnitude of tumor p32 expression and a similar fold enhancement in nanoparticle 

homing to tumors [7]. However, this system offers several advantages over the previously 

described cooperative system that may impact translation into the clinical setting. First, gold 

nanorods used in the previous system must overcome significant size-dependent diffusion 

barriers compared to small molecule VDAs in order to penetrate deep into tumors, actuate 

the p32 signal throughout the disease site, and facilitate amplified delivery of the second 

cargo [35]. Additionally, gold nanorod-mediated hyperthermia requires exposing the 

nanorods to a near-infrared laser, which has a limited penetration depth through tissue (~1 

cm), thereby precluding the treatment of tumors located deep within the body [36]. Finally, 

unlike previous systems that utilize localized and guided treatment modalities such as 

hyperthermia [7, 8] and radiation therapy [6] to induce the presentation of novel binding 

sites, our strategy is fully autonomous with the potential to survey the entire body for 

disseminated disease without any a priori knowledge of tumor locations.

Vascular disrupting agents like ombrabulin are attractive inducing agents to use in this 

cooperative targeting system not only because of their anti-vascular activity against a broad 

range of tumor types [23, 37], but because preclinical and clinical studies suggest that VDAs 

have the greatest impact when coupled with other treatments; as single agents, VDAs leave a 

viable tumor rim that can obtain nutrients and oxygen from neighboring healthy tissues and 

rapidly re-grow [15, 16, 24]. Here, we demonstrated that pre-treatment of tumors with 

ombrabulin amplified the delivery of both prototypical diagnostic and therapeutic 

nanoparticles, highlighting the modularity of this stigmergic targeting approach. This data 

suggests that this system may be applicable to any number of cargos that are deliverable by 

nanoparticles, including other chemotherapies, siRNA, or diagnostic markers [1, 2, 38]. 

Vascular disrupting agents and traditional chemotherapy have previously been coupled 

together in a single nanoparticle formulation and shown to be therapeutically effective, but 

these efforts did not incorporate any form of active targeting [39]. Our therapeutic study 

showed that cooperative targeting was not only more effective than either agent alone, but 

also was advantageous compared to the combination of ombrabulin and control non-targeted 

liposomes. These results also suggest that the staggered administration of a cooperative 

combination of drug and targeted nanoparticle may generate positive therapeutic indices by 

enhancing the delivery of cargos. Furthermore, recent studies have highlighted the 

importance of optimizing the dosing schedule for combination therapies involving VDAs 

given their range of temporal effects, with most recent results supporting the pretreatment of 

tumors with VDA prior to chemotherapy [40, 41]. The protocol and results of our 

cooperative strategy were consistent with these findings, showing a greater enhancement in 

nanoparticle accumulation when they were administered 24 hrs after ombrabulin versus 

when they were co-administered.

Looking forward, several experimental avenues warrant further investigation in order to 

expand the applicability of cooperative nanoparticle targeting. In this study, we used a VDA 

to increase the number of nanoparticle binding sites within tumors, however the current 

arsenal of cancer treatments includes many other candidates with the potential to serve as 

inducing agents for cooperative targeting approaches. In addition to the aforementioned 

treatment modalities, traditional chemotherapies and next-generation targeted therapies have 
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also been used to induce tumor antigens, which were identified by either gene expression 

profiling [20, 42] or in vivo phage display [18, 19]. Future studies may focus on developing 

systematic screening approaches to identify novel induced antigens in response to panels of 

drugs spanning multiple classes. These antigens could then be cross-referenced to known 

libraries of targeting ligands from the literature or used to develop new ligands in order to 

create more potential pairings of cooperative drugs and ligand-decorated nanoparticles. In 

summary, this work introduces a new approach for designing nanoparticle targeting systems 

that leverages drug-induced modulation of the disease environment to improve the detection 

and treatment of cancer.

4. Materials & Methods

Generation of MDA-MB-435 xenografts

MDA-MB-435 cancer cell lines (American Type Culture Collection) were cultured in 

Dulbecco’s Modified Eagle Medium (DMEM) with 10% fetal bovine serum, penicillin, and 

streptomycin. To generate subcutaneous xenograft models, 4–6 week old female NCr nude 

mice (Taconic) were injected either laterally or bilaterally in the hind flanks, according to 

the experimental design, with ~2 × 106 MDA-MB-435 cells suspended in 200 uL DMEM.

Histological analysis

Ombrabulin was kindly provided by Sanofi Aventis. Mice bearing bilaterial flank MDA-

MB-435 xenografts (n = 3 mice) were intravenously administered different dosages of 

ombrabulin (0, 30, 60 mg/kg) in 0.9% NaCl without anesthesia. At different time points (4, 

24 hrs p.i.) the mice were euthanized and their tumors were excised. For hematoxylin and 

eosin staining, tumors were fixed in 4% paraformaldehyde for 1–2 hours at RT and stored in 

70% ethanol until paraffin-embedding, sectioning, and staining (Koch Institute Histology 

Core). For immunofluorescent staining, representative frozen tumor sections were stained 

for p32 (Millipore) and Hoechst (Invitrogen) before analysis by fluorescence microscopy 

(Nikon Eclipse Ti). The percentage of p32 positive staining in the tumor was quantified 

using MATLAB (MathWorks).

Flow cytometry

Ombrabulin (0, 30, or 60 mg/kg) was administered intravenously to mice bearing bilateral 

flank MDA-MB-435 xenografts. At different time points (4 or 24 hrs post-injection), the 

mice were euthanized and their tumors were excised in their entirety. The tumors were 

gently dissociated into single cell suspensions using a MACS human Tumor Dissociation Kit 

(Miltenyi Biotec) according to manufacturer instructions. 2.5 × 106 cells per condition were 

incubated for 1 hr on ice with both Alexa Fluor-488-conjugated mouse anti-human HLA-AB 

(BD Pharmingen) and either rabbit polyclonal anti-p32 (Millipore) or rabbit IgG isotype 

control (R&D Systems). Cells were then washed twice with cold PBS supplemented with 

2% fetal bovine serum (FBS), followed by incubation for 1 hr on ice with Alexa Fluor-594 

goat anti-rabbit secondary antibody (Invitrogen). Cells were washed and then resuspended in 

PBS plus 2% FBS for analysis. For quantification of surface p32 levels, human tumor cells 

were isolated by gating out all HLA-ABC-negative cells.
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Peptide nanoworm synthesis

Aminated iron oxide NWs were synthesized according to previously published protocols 

[26]. Peptides (LyP1 = C-(K-Flsc)-C6-CGNKRTRGC, Cys2 & Cys3 bridge; ARAL = C-(K-

Flsc)-C6-ARALPSQRSR; Flsc = fluorescein, C6 = 6-aminohexanoic acid linker) were 

synthesized by CPC Scientific and the Tufts University Core Facility peptide synthesis 

service. To conjugate peptides to NWs, NWs were first reacted with NHS-VivoTag 750 

(VT750, PerkinElmer) and MAL-PEG(5k)-SVA (Laysan Bio.) to introduce sulfhydryl-

reactive handles. Cysteine terminated peptides were then mixed with NWs (95:1 molar ratio) 

for one hour at room temperature (RT) and purified using a Sephadex G-25 gel filtration 

column (GE Healthcare). Stock solutions were stored in PBS at 4°C. The number of 

fluorescein-labeled peptides per NWs was determined by absorbance spectroscopy using the 

absorbance of fluorescein (490 nm) and its extinction coefficient (78,000 cm−1M−1). The 

particle size was measured by dynamic light scattering (Malverin Zetasizer Nano Series).

Doxorubicin-loaded liposome synthesis

Hydrogenated soy sn-glycero-3-phosphocholine (HSPC), cholesterol, and 1,2-distearoyl-

snglycero-3-phosphoethanolamine-N-polyethylene glycol 2000 [DSPE-PEG(2k)] were 

purchased from Avanti Polar Lipids. DSPE-[Maleimide(Polyethylene Glycol 5000)] [DSPE-

PEG(5K)-MAL was purchase from Nanocs, Inc. Doxorubicin was purchased from Sigma 

Chemical Co. For peptide conjugation, DSPE-PEG(5K)-MAL was reacted with Cysteine-

terminated peptides (LyP1 or ARAL) in 50 mM triethylamine, DMF for 24 hours and 

exchanged into water using gel filtration. Liposomes were prepared from HSPC, cholesterol, 

and either DSPE-PEG(5K)-LyP1 or DSPE-PEG(5K)-ARAL in the molar ratio of 75:50:3 by 

lipid film hydration and membrane (100 nm) extrusion method [43]. Encapsulation of 

doxorubicin (dox) into the liposomes was then carried out using the pH gradient-driven 

loading protocol [44]. Free doxorubicin was removed by gel filtration on Sephadex G-25. 

The peptide-conjugated doxorubicin liposomes were stored in PBS at 4 °C before use. The 

particle size was measured by dynamic light scattering (Malverin Zetasizer Nano Series) and 

the fluorescence intensity was measured by microplate reader (SpectroMax Gemini EM, 

Molecular Devices).

In vitro binding assay

The in vitro binding of nanoparticles to p32 was assessed using a magnetic bead assay. 

Briefly, NWs (40 pmol by Flsc) or LPs (1.5 pmol by Flsc) were incubated with Ni-NTA 

magnetic agarose beads (Qiagen) coated with His-tagged recombinant p32 protein (kindly 

provided by Dr. T. Teesalu) in binding and washing buffer (BWB; PBS with 300 mM NaCl, 

5 mM imidazole, 0.05% NP-40, 0.1% bovine serum albumin) for 1 hr at room temperature, 

washed four times with BWB, and eluted with 400 mM imidazole in BWB. Samples were 

quantified by fluorescence microplate reader (SpectroMax Gemini EM, Molecular Devices) 

at excitation/emission wavelengths of 485/538 nm and compared to standard curves.

Nanoworm homing to tumors

Mice bearing bilateral flank MDA-MB-435 xenografts (n = 3–4 mice) were intravenously 

administered different dosages of ombrabulin (0, 30, 60 mg/kg). NW-LyP1 or NW-ARAL (1 
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nmol by VT750) were either co-administered or injected 24 hrs following ombrabulin 

administration. At 24 hrs post-NW administration, organs were removed and scanned on the 

LI-COR Odyssey Infrared Imaging System. Fluorescence in each organ was quantified using 

ImageJ software (NIH). To analyze tumors by immunostaining, representative sections were 

stained for NWs (anti-Flsc primary, GeneTex), either p32 (Millipore) or CD31 (BD 

Pharmingen), and Hoechst (Invitrogen) before analysis by fluorescence microscopy (Nikon 

Eclipse Ti).

Quantification of doxorubicin in tissues

Mice bearing bilateral flank MDA-MB-435 xenografts (n = 3 mice) were intravenously 

administered different dosages of ombrabulin (0, 60 mg/kg), followed by either LP-LyP1 or 

LP-ARAL (1 mg/kg by dox) 24 hours later. At 24 hrs post-LP administration, organs were 

removed, weighed, incubated with 500 µl of 70% EtOH, 0.3 N HCl, and homogenized 

(Tissue Tearor, Biospec Products) to release doxorubicin from tissues. Following 

homogenization, another 1 ml of 70% EtOH, 0.3 N HCl, was added to samples and they 

were centrifuged. Supernatants of samples were analyzed for doxorubicin fluorescence using 

a fluorescence microplate reader (SpectroMax Gemini EM, Molecular Devices) at 

excitation/emission wavelengths of 470/590 nm and compared to standard curves. To 

analyze tumors by immunostaining, representative sections were stained for LPs (anti-Flsc 

primary, GeneTex), p32 (Millipore), and Hoechst (Invitrogen) before analysis by 

fluorescence microscopy (Nikon Eclipse Ti).

Therapeutic assessment of cooperative targeting systems

Treatment of mice commenced fourteen days after subcutaneous injection of MDA-MB-435 

cancer cells. Tumor dimensions were measured with calipers and the volume was calculated 

using the modified ellipsoid formula (volume = 1/2 × length × width2), where L and W refer 

to the larger and smaller perpendicular dimensions collected at each measurement [45]. 

Mice bearing single lateral xenografts were randomized into groups of seven mice such that 

the mean tumor volumes were similar between groups. Mice were first administered 

different dosages of ombrabulin (0, 60 mg/kg). At 24 hrs post-injection, mice were 

administered LP-LyP1 (2 mg/kg), LP-ARAL (2 mg/kg), or saline. This treatment regimen 

was repeated every 4–5 days. At regular intervals after treatment, tumors were measured and 

mice were weighed. For the survival curve study, mice were sacrificed when tumors 

exceeded the humane endpoint set at 500 mm3. To compute the volumetric doubling time of 

tumors, each tumor volume trace was fit to an exponential growth curve in Excel (Microsoft) 

and the doubling time was calculated from the growth constant [46].

Statistical analyses

Student’s t-test, one- and two-way ANOVA, and survival curve analyses were calculated 

with GraphPad 5.0 (Prism).

All experimental protocols involving animals were approved by the MIT Committee on 

Animal Care (protocol #0411-036-14).
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic of cooperative targeting approach
Inducing agent, ombrabulin, disrupts the tumor vasculature, which initiates a cascade of 

intratumoral effects that lead to upregulated presentation of the p32 protein. LyP-1 coated 

nanoparticles, which target the p32 protein, are then able to home to the tumor.
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Figure 2. Characterization of ombrabulin effect on tumor microenvironment
(A) Schematic of ombrabulin-induced enhancement in p32 presentation. (B) Tumors at 24 hr 

post injection (p.i.) revealing ombrabulin mediated hemorrhaging. (C) Hematoxylin and 

eosin staining of tumors harvested from mice injected with ombrabulin at different 

timepoints p.i. (Con., control (0 mg/kg); scale bar = 100 µm). (D) Immunofluorescent 

staining of tumors without (0 mg/kg) and with (60 mg/kg) ombrabulin (red = p32 staining, 

blue = nuclear stain; scale bar = 1 mm). (E) Quantification of percentage p32 positive area of 

immunofluorescent staining of tumors receiving different dosages of ombrabulin at different 

timepoints p.i. (n = 3 mice, s.e.). (F) Quantification of percentage p32 positive human cells 

from tumors receiving different dosages of ombrabulin at different timepoints as determined 

by flow cytometry (*** P < 0.005, one-way ANOVA with Tukey post test; n = 3 mice, s.e.).
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Figure 3. Ombrabulin mediated amplification of NW delivery
(A) Schematic of ombrabulin signaling to NWs. Ombrabulin upregulates the presentation of 

p32 in tumors, which is then targeted by NW-LyP1. (B) Experimental timeline for testing the 

signaling system. (C) Quantification of NW homing to tumors as a function of ombrabulin 

dosage (** P < 0.01, Student’s t-test; n = 3–4 mice, s.e.). (D) Representative near-infrared 

fluorescent scans of NW homing to tumors in response to increasing doses of ombrabulin. 

Tumors were excised and imaged at 24 hrs post-NW injection. (E) Immunofluorescent 

staining of NWs in tumors without (0 mg/kg) and with (60 mg/kg) ombrabulin (green = NW, 

red = p32 staining, blue = nuclear stain; scale bar = 100 µm).
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Figure 4. Ombrabulin mediated amplification of LP delivery
(A) Schematic of ombrabulin signaling to LPs. Ombrabulin upregulates the presentation of 

p32 in tumors, which is then targeted by LP-LyP1. (B) Quantification of doxorubicin-loaded 

LP homing to tumors as a function of ombrabulin dosage (*** P < 0.005, Student’s t-test; n 

= 3 mice, s.e.). (C) Immunofluorescent staining of LPs in tumors without (0 mg/kg) and 

with (60 mg/kg) ombrabulin (green = LP, red = p32 staining, blue = nuclear stain; scale bar 

= 100 µm). (D) Quantification of doxorubicin-loaded LP biodistribution in organs without (0 

mg/kg) and with (60 mg/kg) ombrabulin (No significance, one-way ANOVA with Tukey 

post test; n = 3–6 mice, s.d.).
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Figure 5. Therapeutic efficacy of cooperative targeting system
(A) Tumor volumes of different groups following three weeks of treatment. Black arrow 

head denotes time of ombrabulin (60 mg/kg) administration; orange arrow head denotes time 

of LP (1 mg/kg by dox) administration (* P < 0.05, ** P < 0.01, *** P < 0.005, two-way 

ANOVA with Bonferroni post test, n = 7 mice, s.e.). (B) Change in body weight of different 

groups following three weeks of treatment (n = 7 mice, s.e.). (C) Survival rate of different 

groups in the therapeutic efficacy study (** P < 0.01, log rank test; n = 7 mice).
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