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Abstract

Hypovascularization in tumors such as liver metastases originating from breast and other organs 

correlates with poor chemotherapeutic response and higher mortality. Poor prognosis is linked to 

impaired transport of both low- and high-molecular weight drugs into the lesions and to high 

washout rate. Nanoparticle albumin-bound-paclitaxel (nAb-PTX) has demonstrated benefits in 

clinical trials when compared to paclitaxel and docetaxel. However, its therapeutic efficacy for 

breast cancer liver metastasis is disappointing. As macrophages are the most abundant cells in the 

liver tumor microenvironment, we design a multistage system employing macrophages to deliver 

drugs into hypovascularized metastatic lesions, and perform in vitro, in vivo, and in silico 
evaluation. The system encapsulates nAb-PTX into nanoporous biocompatible and biodegradable 

multistage vectors (MSV), thus promoting nAb-PTX retention in macrophages. We develop a 3D 

in-vitro model to simulate clinically observed hypo-perfused tumor lesions surrounded by 

macrophages. This model enables evaluation of nAb-PTX and MSV-nab PTX efficacy as a 

function of transport barriers. Addition of macrophages to this system significantly increases 

MSV-nAb-PTX efficacy, revealing the role of macrophages in drug transport. In the in vivo model, 

a significant increase in macrophage number, as compared to unaffected liver, is observed in mice, 

confirming the in vitro findings. Further, a mathematical model linking drug release and retention 

from macrophages is implemented to project MSV-nAb-PTX efficacy in a clinical setting. Based 

on macrophage presence detected via liver tumor imaging and biopsy, the proposed experimental/

computational approach could enable prediction of MSV-nab PTX performance to treat metastatic 

cancer in the liver.
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1. Introduction

Metastases are associated with poor prognosis and account for most deaths in patients 

suffering from breast cancer. With more than 234,000 new diagnoses in the United States 

each year, patients with distant metastasis are characterized by a five-year survival rate of < 

22 %. The liver is one of the major organs to which breast cancer disseminates, accounting 

for approximately half of patients with metastatic disease, with median survival under six 

months1, 2. Despite recent developments in surgical techniques, radiation, and chemo- and 

target-specific immune/hormone therapies, liver metastases remain the main cause of 

mortality for breast cancer patients. Unfortunately, development of more efficacious 

chemotherapeutic strategies has been hampered by the complexity of the metastatic lesion 

microenvironment3. The liver has a dense network of capillaries, called sinusoids, that 

reaches the innermost cells in the organ and efficiently provides oxygen and soluble 

nutrients. Liver metastases from breast cancer have very distinct structures, forming 

hypovascularized lesions and receiving nutrients mainly from surrounding vessels. Uniquely, 

liver metastases preserve the stromal structure of the liver and do not rely on angiogenesis 

for survival4. This vascularization pattern in which tumor cells primarily use existing 

vasculature in the surrounding parenchyma is unconventional compared to most solid 

tumors5. This structure significantly limits diffusive transport and, in particular, availability 

of oxygen/nutrients/macromolecules to the interior of the lesions; consequently, breast 

cancer metastases in the liver are characterized by poor permeation of molecules and are 

clinically observed as hypo-attenuating spots which intravenously injected contrast agents 

do not permeate6. This unfavourable diffusion pattern is an important factor limiting 

adequate concentration of therapeutic and could explain why chemotherapy fails to cure 

unresectable liver lesions. This problem is especially acute with high molecular weight 

therapeutics, as has been shown for m99Tc microaggregated albumin7.

We hypothesize that to deliver a sufficient concentration of a macromolecule-based drug to 

liver lesions, innate mechanisms, such as macrophage infiltration, could be leveraged to 

increase retention and concentration of therapeutics. A major cell population in normal and 

diseased liver parenchyma is resident liver macrophages that constitute ~10% of all cells in 

the healthy liver and 80–90% of tissue macrophages in the body8. Studies have shown that 

liver macrophage density is 2-to-5 times higher in peritumoral regions for both hepatic 

primary cancers and metastatic lesions9–11. Miyagawa et al. reported doubling in the number 

of liver macrophages in peritumoral regions as compared to uninvolved tissue (154±49 vs. 

74±24 macrophages per field, respectively)11. Previous studies have linked the prognosis of 

liver metastases to the presence and activation of the macrophages, namely, depletion of 

liver macrophages leads to larger tumor lesions, while increase in the number of activated 

macrophages causes tumor burden reduction12. Further reports have shown that tumor-

associated-macrophages can be a viable target for accumulating nanotherapeutics13–17. For 

instance, macrophages from circulating monocytes were able to infiltrate brain metastases 

through intact blood-brain-barrier and deliver nanoparticles to breast cancer metastasis18.

Previously19, we designed a multistage system in which nanoparticle albumin bound 

paclitaxel (nAb-PTX) was packaged into solid particles to increase interaction with 

macrophages. nAb-PTX is clinically employed for therapy of advanced breast tumors20, 21, 
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although its efficacy with liver metastasis is usually lacking and can cause hepatic toxicity22. 

The mechanism of action of nAb-PTX relies on enhanced transport across the tumor 

endothelium using albumin transporters23. However, this mechanism cannot yield much 

benefit with hypovascularized tumors, as is the case with liver metastasis. To enhance nAb-

PTX efficacy, we shifted its transport from endothelial cells towards liver macrophages by 

encapsulating nAb-PTX in a biocompatible and biodegradable multi-stage nanovector 

(MSV) system24, 25. The newly designed MSV-nAb-PTX was observed to efficiently 

increase survival in a mouse model of liver metastasis19. Further in vivo studies showed a 

significantly increased therapeutic response of liver tumors treated with MSV-nAb-PTX 

compared to nAb-PTX19. In spite of such significant positive results, the in vivo studies did 

not allow for the drug transport evaluation at the cellular level, required to model the 

therapeutic response in humans.

Here, we investigate the anti-tumor effects of macromolecule-bound nAb-PTX by 

associating the formulation with macrophage phagocytosis in the tumor microenvironment. 

To this end, we employ in vivo, 2D and 3D in vitro tumor models, along with in silico 
modelling of tumor drug retention, diffusion and cancer cell cytotoxicity. Since nAb-PTX is 

not natively taken up by macrophages, the drug is packaged into MSV particles. 

Biodegradation and biocompatibility of MSV have been shown in vitro and in vivo25–29. 

The role of MSV in this study is to anchor nAb-PTX inside the macrophages located in the 

peritumoral regions enriched with cells. We hypothesize that by anchoring MSV-nAb-PTX 

in peritumoral macrophages, the local concentration available for diffusion into hypo-

perfused metastatic lesions will increase, overcoming the unfavourable drug transport into 

the lesions. In the experimental models of breast tumor liver metastasis we evaluate the flow 

patterns and the kinetics of macromolecule penetration as well as the number of 

macrophages available on the tumor periphery. As an in vitro model of hypovascularization 

with under-developed stroma, we use breast cancer cell spheroids to simulate liver 

metastasis30, 31 in co-culture with macrophages. Based on the data on drug retention and 

release from macrophages as well as the experimentally measured number of macrophages, 

we simulate vascularized in silico tumor responses in the clinical setting. The proposed 

approach may benefit patients with unresectable liver metastasis of breast cancer.

2. Results and discussion

Intravital microscopy (IVM) evaluation of tracer transport in liver metastases

To evaluate the transport patterns in the breast tumor liver metastases, animals injected with 

tracers were followed by IVM for 60min. Fig 1a shows that while unaffected liver 

parenchyma appeared as extensively vascularized and permeable for the injected tracers, 

tumor lesions were impenetrable to 40KDa dextran (hydrodynamic radius ~4.5nm). 3kDa 

Dextran (<1nm hydrodynamic radius) was detectable in the tumor vasculature but at 

significantly lower intensity compared to unaffected liver parenchyma. Quantification of the 

IVM data revealed that in the tumor core (100 µm in depth) only 10–30% of the intensity of 

liver parenchyma could be detected (Fig 1b). We also observed abundant macrophages 

surrounding the lesions, but not in the lesions themselves, and which may include both 

circulating and liver resident macrophages (Kupffer cells). The number of macrophages 
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increased significantly in animals treated with MSV-nAb-PTX (Fig1c and 1d). On average, 

9.7±3.2 MSV-nAb-PTX particles per macrophage were found in liver sections in the 

proximity of the lesions (Fig. 1d). Based on the biodistribution studies19, the number of 

MSV-nAb-PTX particles expected in the liver is 25%–30% of total injected, which 

corresponds to 2.5–3×108 particles in the mouse liver (~2g). There are 70–200×106 

hepatocytes in gram liver tissue32 and macrophages account for 10–25% of cells in the 

diseased liver (7–50×106 cells/g, 0.14–1×108 cells/liver). This means that, since hepatocytes 

do not take up particles, theoretically, each macrophage phagocytoses 2.5–20 particles. This 

corresponds well with our observations from counting MSV-nAb-PTX particles in mice liver 

histology slides as exemplified in Fig 1d. Detailed analysis of mice liver has also shown the 

specific co-localization of MSV with macrophages, confirming that MSV are mostly taken 

up by macrophages (SI-Fig 1).

Studies with 2D co-culture of breast cancer cells and macrophages

The 2D transwell co-culture model enabled undisrupted evaluation of the direct effect of 

macrophage pre-treatment with MSV-nAb-PTX. Inhibition of 4T1 breast cancer cell 

proliferation was more pronounced when macrophages grown on the apical side of the 

transwell were pre-incubated with MSV-nAb-PTX as compared to nAb-PTX (Fig 2a). 

Moreover, in co-culture, MSV-nAb-PTX treated macrophages migrated to the basolateral 

compartment (Fig 2b). To understand the main stimuli for migration, transwell experiments 

were carried out with macrophages on the apical membrane, and either culture medium from 

breast cancer cells (static stimulus) or breast cancer cells (dynamic interaction) in basolateral 

compartment. Fig 2b shows that pre-treatment of macrophages with MSV-nAb-PTX 

significantly increased their migration capability under all tested conditions. Over 400 

macrophages/field of view were found on the basolateral compartment when cells were 

treated with MSV-nAb-PTX, regardless of the stimuli from basolateral side, while <100 

cells per field of view were found for untreated control. A small increase was also observed 

in untreated macrophages incubated with 4T1 conditioned media.

We further tested PTX concentration released by macrophages following 2 hours pre-

incubation with MSV-nAb-PTX and nAb-PTX. After 24 hours of incubation, almost twice 

as much PTX was released from MSV-nAb-PTX treated macrophages compared to nAb-

PTX treated macrophages (169 vs. 89ng, respectively) (Fig 2c). Previously, phagocytic 

range for diameters 0.3–10 µm33 and maximum phagocytosis for 2–3 µm were reported34. 

This is more advantageous for the (1µm) MSV-nAb-PTX, compared to the 130nm 

hydrodynamic diameter of nAb-PTX. These results support the hypothesis that the amount 

of PTX localized in macrophages is increased when formulated as MSV-nAb-PTX 

compared to nAb-PTX.

The increased therapeutic concentration prompted the cancer cells to release MCP-1, which 

may explain the increased macrophage migration (Fig 2d). Higher MCP-1 levels attract 

macrophages towards the cancer cells. Treatment with PTX was reported to induct MCP-1 

and its cognate receptor CCR2 in primary sensory neurons of dorsal root ganglia35. The 

increase of MCP-1 level was also observed in breast cancer cells treated with PTX (Fig 2). 
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Quantification of the fluorescence signal confirmed the increase of macrophage number 

within liver metastasis lesions (Fig 1c).

Studies with 3D co-culture of breast cancer cells and macrophages

Monolayer two-dimensional setups lack drug and oxygen diffusion gradients found in live 

tissue, which can affect therapeutic response36. In order to further study the effects of MSV-

nAb-PTX, we, therefore, modified a 3D cancer sphere model we recently described30. 

Although 3D-culture is a simplification of the in vivo condition, it more appropriately 

represents cell behavior observed in vivo than cells in (2D) monolayer37–39. In particular, 

tumor spheroids in 3D cell co-culture with macrophages simulate a representative 

hypovascularized lesion microenvironment. The results showed that cell proliferation in 

spheres was not inhibited within the first 5 days (SI-Fig 2), and that diameter and area of the 

spheres increased with time proportionally to the growth rate.

The data from 3D tumor spheres confirmed the results of macrophage migration in the 2D 

setting. Four to five fold higher number of macrophages pre-treated with MSV-nAb-PTX 

was found to infiltrate the spheres and, specifically, the core regions (Fig 3). For example, 

within a sphere with total volume of 0.0342mm3, we found 141 macrophages pre-treated 

with MSV-nAb-PTX, compared to 31 untreated and 33 nAb-PTX treated macrophages. 

Additional layer-by–layer gallery of scanned images showing penetration by macrophages 

can be found in SI-Fig 3.

nAb-PTX and MSV-nAb-PTX cytotoxicities were tested using cancer spheres in single 

culture as well as in co-culture with macrophages with 0–200µg nAb-PTX/mL (Fig 4), 

exceeding the concentration tested in monolayer. Although the results showed a similar 

trend of nAb-PTX cytotoxicity in the 3D system compared to 2D, EC50 of nAb-PTX in 2D 

monolayer was 1 µg/mL, while in 3D spheres it was 30 fold higher (30µg/mL), indicating 

physical resistance to therapy (Fig 4). The EC50 is the drug concentration required to 

achieve 50% maximal response. When the drug was instead loaded into macrophages, we 

observed an increase in nAb-PTX EC50 value compared to drug-only treatment (EC50 of 50 

µg/mL). A drastic effect was observed when the MSV-nAb-PTX was loaded into 

macrophages and co-cultured with the spheres, as the concentration needed to reach EC50 

was significantly lower than when treated directly in single culture (Fig 4). In this case, the 

EC50 value was similar to the mono-culture in monolayer (1 µg/mL), suggesting that 

macrophages may have a significant role in processing MSV-nAb-PTX, but not nAb-PTX.

Simulation of MSV-nAb-PTX vs. nAb-PTX therapeutic efficacy

To explore clinical efficacy, we mathematically modelled the effect of MSV-nAb-PTX on 

hypo-vascularized liver lesions. The lesion growth was simulated in parallel with the 

dynamic drug distribution. Given a concentration of 0.0015 ng nAb-PTX per macrophage 

(which represents 4.167 × 10−5g nAb-PTX/mL, based on our calculation of a minimum 

27,778 drug-carrying macrophages/mm3 required to achieve an EC50 of 125ng ABX/ml 

equivalent to monolayer), we calibrated the tumor regression to match that observed with the 

3D cell cultures. This established a baseline value of drug effect. Since the nAb-PTX dose 

for mice we used was 75mg/kg nAb-PTX (7.5mg/kg PTX)40 one can estimate that for a 
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typical ~23g mouse (1.38mL plasma volume41) the drug concentration in the vasculature 

reaches 1.25 × 10−4g nAb-PTX/mL, and simulate the corresponding tumor regression via 

nAb-PTX injection. Using the same nAb-PTX half-life (20 hours42) and assuming similar 

drug release rates from macrophages and vessels, the tumor regression can be evaluated due 

to a slower release of drug via macrophages, and compared to bolus injection of nAb-PTX 

for which a high initial concentration is established followed by rapid washout.

Since the number of cancer cells is a function of tumor lesion size, we estimate that a 1mm3 

tumor lesion can contain up to 3×106 cells43, with about 10% of these cells being 

macrophages. In the simulations, we conservatively assume that the number of macrophages 

recruited to the lesion is ~25% of that expected in vivo (2.78×104 macrophages/mm3). Fig 

5a illustrates the effects of therapy with MSV-nAb-PTX-loaded macrophages compared to 

bolus nAb-PTX. With MSV-nAb-PTX at 24 hours post treatment initiation, the tumor has 

slightly shrunk (left panel) compared to the initial lesion (9% radius decrease), while nAb-

PTX is being released by macrophages (right), which have extravasated from the 

surrounding vasculature. Macrophages are recruited to the tumor tissue based on 

chemoattractants released from hypoxic cells, thus facilitating MSV-nAb-PTX transport in 

the lesion vicinity. At 72h, the lesion radius has shrunk by 27% of its original size, with 

most of the drug having been released from the surrounding macrophages.

In the case of nAb-PTX bolus injection (Fig 5b), the free drug concentration is initially 

higher than with macrophages. By 24h, however, most of the drug is washed away, and the 

lesion resumes growth. The bolus injection is predicted to only achieve a transient 6% radius 

reduction after a single treatment. We further simulated the response due to repetitive 

therapy with MSV-nAb-PTX and nAb-PTX. The drugs were administered to the simulated 

lesions on Days 0, 3, and 6 over the course of 9 days (Fig 6a). The bolus nAb-PTX treatment 

shows that regression is predicted to be minimal after each treatment, with an overall 37% 

increase in lesion radius (Fig 6b). In contrast, the MSV-nAb-PTX therapy is projected to 

achieve a 71% radius decline by treatment completion. The order of magnitude of the 

endpoints from the in silico results (Fig 6c) are in agreement with a comparable in vivo 
study (Fig 6d) we have recently reported19. By the end of 9 days, the tumor diameter after in 
silico treatment with nAb-PTX and MSV-nAb-PTX was 2.9- and 14.1-fold of the untreated 

control, respectively (Fig 6c), while the in vivo results showed regression of 3.7- and 17.1-

fold, respectively (Fig 6d).

The simulations assume that about the same number of macrophages delivers drug during 

each pass. Interestingly, the third pass inflicts minimal shrinkage (7.5% from original size) 

as the lesion resumes growth, suggesting a diminishing return in therapeutic effect at 3-day 

intervals due to impaired surrounding vascular access to the shrunken lesion. This is 

consistent with previous in vivo modelling work44.

3. Experimental

Fabrication, characterization of MSV and loading of nAb-PTX

Discoidal MSV with 1×0.4 µm (dxh) were fabricated in a microelectronics facility via 

photolithography and electrochemical etching and modified with 3-aminopropyl-
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triethoxysilane (APTES) as previously described26 (see also Supplementary Information, 

SI). The particles were lyophilized using Freezone Freeze Dry System (Labconco, Kansas 

City, MO). nAb-PTX (Abraxane®, Celgene, Summit, NJ) concentrated solution was loaded 

to MSV particles in aliquots, followed by drying-incubating the particles in a steriflip 

filtration tube (Millipore Corporation, Billerica, MA) under low pressure45.

Cell culture

4T1 cells (ATCC, Manassas, VA) were cultured in Minimum Essential Medium (MEM) 

supplemented with 10% FBS, 1% antibiotic-antimycotic mix, 1% GlutaMAX, 1% NEAA, 

1% MEM Vitamin and 1% Sodium-Pyruvate in humidified atmosphere at 37°C and 5% 

CO2. Human macrophages were derived from monocytes isolation with Ficoll gradient 

centrifugation of buffy coats from healthy donors obtained from blood donation service 

(IRB (2)1111-0206, Houston Methodist Hospital, Houston, TX). Isolated monocytes were 

differentiated into macrophages for 7 days with macrophage medium, containing 10% 

human serum, 1% sodium pyruvate and 1% vitamin in RPMI1640 medium.

In vivo model of breast cancer liver metastasis

Animal studies were performed in accordance with approved protocols by Houston 

Methodist Research Institute Institutional Animal Care and Use Committee (IACUC). 

Balb/c mice were purchased from Charles Rivers Laboratories and mouse breast cancer liver 

metastases xenograft were generated by splenic injection of 105 cells 4T1 tumor cells/100 

µL PBS as we previously described19, 40. Splenoctomy was conducted immediately after 

injection to prevent a primary tumor growth in the spleen and the xenografts were grown for 

at least 10 days before IVM imaging and therapy.

Intravital microscopy (IVM) analysis

For the evaluation of probe diffusion in the lesion, Alexa fluor 538-labelled 3kDa and Alexa 

fluor 488-labelled 40kDa dextrans (Molecular Probes, Eugene, Oregon, USA) were injected 

intravenously into the retro-orbital space of the mice with pre-labelled RBC and 

macrophages, before IVM recording for visualization of blood flow dynamics as previously 

described46. Mice were anesthetized with isoflurane and mounted on heated microscope 

stage during surgery and IVM imaging. To uncover the liver, a midline incision (~1cm) was 

cut through the abdominal wall, the liver was positioned in the field of view and a cover slip 

was mounted above the liver with tumor lesions for duration of the experiment. At least 20 

tumor lesions were analysed. For analysis of MSV distribution in the liver, macrophages 

were

In vivo evaluation of macrophage quantity within the microenvironment

For analysis of tumor microenvironment changes in response to therapy in vivo, mice with 

cancer liver metastasis were randomly divided into 3 groups (n=4): control, nAb-PTX, 

MSV-nAb-PTX. nAb-PTX and MSV-nAb-PTX containing 75mg/kg nAb-PTX (7.5mg/kg 

PTX) were injected via tail vein. The treatment was repeated every 3 days and the mice were 

sacrificed after 3 treatments. Liver was dissected, embedded in OCT compound (Sakura® 

Finetek USA, Inc., Torrance, CA, USA) and cut in 4µm sections for histological and 
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immunofluorescence analysis. The frozen sections were fixed with ice-cold acetone and 

stained with Alexa Fluor 488-tagged rat anti mouse F4/80 antibody to detect macrophages 

and counter stained with DAPI. Particle uptake was quantified in 100 macrophages in the 

liver section of the MSV-nAb-PTX-treated mice.

Quantification of PTX by LC-MS/MS

To quantify the amount of PTX internalized by macrophages in vitro, human primary 

macrophages were seeded at the density of 1×106 cells/well in 6-well plates and incubated 

for 1 or 2 days with culture medium containing one of the following: PBS control; MSV; 

nAb-PTX or MSV- nAb-PTX (1.5µg/mL PTX). After the incubation, cells were washed 

thrice with PBS, and either collected and lysed via sonication to assess intracellular levels of 

PTX, or incubated with a fresh medium for 24h to assess the release of PTX from 

macrophages. PTX in the cell lysates and media was assessed by LC-MS/MS.

For LC-MS/MS analysis, free PTX (Acros organics, Ceel, Belgium) and D5-PTX (Santa 

Cruz Biotechnologies, USA) were used as external and internal standard, respectively. PTX 

was extracted with acetonitrile. LC separation of samples was carried out on a Waters 

Acquity UPLC system (Waters Corp, Millford MA) using Acquity UPLC 2.1mm × 50mm 

BEH C-18 column (1.7µm) with guard. MS was carried out on Waters Xevo TQ tandem 

quadrupole mass spectrometer operated in the SRM/MRM mode under positive ion 

electrospray conditions. MS and MS/MS conditions were optimized at capillary voltage of 

3.5kV, cone voltage 16V, and dwell times of 0.105 sec for each transition. Instrument control 

and data acquisition was accomplished using MassLynx v4.1 software (Waters Corp.) and 

sample quantification accomplished by using TargetLynx (v4.1) software (Waters Corp.). 

Data was quantified relative to the external standard curve and normalized to percent 

recovery for every sample relative to the internal standard.

Co-culture of breast cancer cells and macrophages in monolayer

4T1 cells were grown on the basolateral compartment of 24-well Transwell® plates for 3 

days to obtain ~8,000–10,000 cells/well. Macrophages were pre-treated with nAb-PTX, 

MSV, and MSV-nAb-PTX for 4 hours before seeded on the apical side of the wells (1,000 

cells/well). The co-cultures were analyzed after day 1, 2 and 3. Cell death was analyzed by 

live/dead assay (Invitrogen, USA) according to the manufacturer’s protocol.

Co-culture of breast cancer spheres and macrophages

Tumor spheres were generated using the Bio-Assembler™ system based on the protocols we 

recently reported30, 31 (Supplementary information), and grown to ~400µm diameter before 

cytotoxicity and migration studies. Macrophages were treated with nAb-PTX, MSV or 

MSV-nAb-PTX for 4h and stained with Vybrant Cell-Labeling Solutions (Molecular Probes, 

Eugene, Oregon, USA). 1000 of human primary macrophage cells were cultured together 

with 4T1 spheres in a 96- well plate and kept in incubator. Images were taken by fluorescent 

microscopy after day 1, 2 and 3, and analyzed with NIS-Elements software.
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MTT assay

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide –MTT (Sigma, USA) assay 

was performed to access cell viability. Either 4T1 in monolayer, 4T1 spheres, or 4T1 spheres 

in coculture with macrophages were seeded on 96-well plates before treatment. Cells were 

treated with nAb-PTX and MSV-nAb-PTX in the concentration range from 1 ng to 100µg. 

After 48 h incubation, the cells were washed twice with PBS and incubated with 0.5 mg/ml 

MTT reagent for 2 hours. After incubation, cells were washed twice with PBS, dissolved in 

DMSO, and placed into plate shaker for 30 minutes. The absorbance was determined using a 

scanning spectrophotometer (Biotek, Minooski, VT) at 570 nm.

Monocyte chemoattractant protein-1 (MCP-1) analysis

MCP-1 chemokine analysis was conducted using Milliplex®MAP Human Cytokine/

Chemokine Magnetic Bead Panel Immunoassay (EMD Millipore Corporation, Billerica, 

MA, USA) according to manufacturer’s protocol and measured by Magpix® System.

Mathematical model of tumor response as a function of drug release from MSV-nAb-PTX 
loaded macrophages

The in silico model46–49 represents viable and necrotic tumor tissue with structure similar to 

liver metastasis, and with transport of molecules and macrophages through this tissue. 

Tumor growth is calculated based on the balance of cell proliferation and death. Proliferation 

depends on adequate cell nutrients and oxygen. Death is induced by levels of oxygen below 

a certain threshold as well as drug above a certain level of cytotoxicity. Model parameters 

values are calibrated to experimental data as in46–49. We simulate release of paclitaxel from 

nAb-PTX carried by MSV-nAb-PTX loaded macrophages infiltrating the tumor tissue. From 

the experimental data, we know that there are at least 10 MSV per macrophage, and that 

there is approximately 1.5mg of nAb-PTX per 109 MSV. Since 10% of nAb-PTX consists of 

Paclitaxel, this implies that the drug typically retained by single macrophages is 0.0015ng 

PTX. Based on nAb-PTX EC50 of 125ng/mL measured in vitro for 48h with 4T1 cells in 

monolayer (without diffusion effects), and the observation that 3D tissue (with diffusion 

gradients) has similar EC50 in the presence of macrophages as the cells in monolayer, we 

simulate the tumor response at these drug concentrations by varying the numbers of 

macrophages releasing drug in the tumor tissue. The model and associated parameters are 

further described in SI.

Statistical analysis

All quantitative parameters are presented as mean values with standard deviation. Statistical 

analysis was performed by t-test for unpaired samples using Graphpad Prism software, with 

p-value<0.05 accepted as indicative of significant difference, <0.01 as statistically very 

significant difference.

4. Conclusions

In the multistage nanovector system described herein, we repurposed and significantly 

increased the efficacy of nAb-PTX by changing its physical characteristics from a protein 

aggregate to a solid vector. The system was designed to accumulate in the liver and then be 
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transported to the metastatic lesions. The mathematical modelling enabled assessment of 

macrophage and MSV-nAb-PTX concentration needed in the lesion microenvironment to 

achieve inhibition. The results support the notion that MSV association with macrophages 

can increase drug efficacy compared to bolus injection, and that it is feasible to reach 

sustained lesion regression with the macromolecule-bound formulation. In the calculation 

based on the in vitro data, ~280,000 MSV-nAb-PTX particles are needed to achieve 50% 

cancer cell death per mm3 lesion. Since 1–3×105 macrophages are expected in the lesions 

(see Results), the numbers show that it is feasible to obtain sufficient EC50 concentration in 

the target lesions using MSV-nAb-PTX, with macrophages needing to uptake at least three 

drug-containing particles, which underestimates the in vivo situation. The MSV-nAb-PTX-

containing macrophages were also observed to infiltrate the lesions, as shown in vitro and 

verified in vivo. As a result, a significantly higher number of macrophages were found 

within lesions in mice treated with MSV-nAb-PTX compared to mice treated with nAb-

PTX. The macrophage population in the liver thus acts as a “depot” of drug, ablating the 

tumor more efficiently than bolus injection. Based on our integrated experimental/

computational study, we conclude that the performance of MSV-nAb-PTX is strongly 

related to macrophage function, and that inadequate drug concentrations to achieve sustained 

tumor regression associated with conventional drugs may be addressed by leveraging the 

accumulating effect of MSV-nAb-PTX-carrying macrophages in breast cancer metastases to 

the liver. Simulation of repeat treatment strategy suggests, as would be expected, that the 

timing interval is crucial, and that the effect depends on the size and vascularization stage of 

the lesion. These parameters will be explored in future studies for drug dosage and interval 

optimization.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Characterization of breast cancer liver metastasis in mice: a) Intravital microscopy images of 

tumor lesion (upper panel) and unaffected liver (lower panel) perfused with 3kDA (red), 

40kDA (green) dextrans. Scale bar=100µm. b) Quantification of dextran marker penetration 

within the periphery (up to 100µm depth into the tumor) or the tumor core normalized to the 

dextran fluorescence signal in uninvolved liver. c) Quantification of macrophages in vivo 
based on the location within the lesion, on the periphery of the lesion (the area within 50µm 

border outside the lesion), or in the uninvolved liver. d) Microscope image of particles taken 

up by macrophages in the liver (arrows). Scale bar=10µm. n=9, mean±SD, *indicates 

significant difference (p<0.05) as compared to untreated control.
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Figure 2. 
Studies with 2D transwell co-culture of macrophages (apical side) and breast cancer cells 

(basolateral side). a) Inhibition of 4T1 breast cancer cells proliferation in co-culture with 

macrophages pretreated with MSV-nAb-PTX, nAb-PTX and PBS (no treatment) as 

evaluated by NIS Elements image analysis. b) Migration of macrophages from the apical to 

basolateral compartment of the migration chamber when the tumor cells were incubated in 

the basolateral compartment. Macrophages were pretreated with nAb-PTX, MSV or MSV-

nAb-PTX for 4h prior to seeding on the apical compartment. Migration was analysed 2d 

after co-culture. c) Amount of active compound PTX released from the nAb-PTX and MSV-

nAb-PTX pre-treated macrophages for 24–72h as assessed by LC/MS-MS. d) Monocyte 

Chemoattractant Protein-1(MCP-1) released by the cancer cells in the co-culture study in 

transwell setup. n=6 for a, n=3 for b-d, mean±SD, *indicates significant difference (p<0.05), 

**very significant difference (p<0.01) to untreated control, except c: to nab=PTX.

Leonard et al. Page 14

Nanoscale. Author manuscript; available in PMC 2017 July 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Macrophage accumulation and migration into 4T1 tumor spheres: a) Analysis of the total 

cell numbers associated with the spheroid; b) 3D reconstruction of confocal laser scanning 

microscopy images of 4T1 spheres (blue) invaded by macrophages (green) and dead cells 

was imaged by DRAQ7 (red). Macrophages were pre-treated with nAb-PTX or MSV-nAb-

PTX.
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Figure 4. 
Effects of nAb-PTX and MSV-nAb-PTX on breast cancer cells (4T1) grown in a 

monoculture in 3D sphere (grey lines) or in co-culture with primary human macrophages 

(black lines). Solid lines indicate treatment with nAb-PTX and dotted lines with MSV-nAb-

PTX. Data were normalized to control untreated cancer cell 3D spheres and cancer cell 

sphere-macrophage co-culture. n=6, mean±SD.
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Figure 5. 
Simulation of breast cancer liver metastasis therapy with MSV-nab-PTX (left) and nab-PTX 

(right): Presentation of tumor lesions, concentration of drug (PTX) released from either 

macrophages or vessels, and macrophages (only in the case of MSV-nab-PTX). Tumor 

lesions at the indicated times post treatment initiation. In this simulation, the viable tumor 

tissue (red) encloses a hypoxic region (blue) without necrosis. The dense capillary network 

in the liver is modelled by the rectangular grid, with a few irregular sprouts generated 

through angiogenesis. Size of the lesion is simulated in parallel with drug distribution. PTX 

represents drug concentration (gm/mL) in the lesion. MSV-nab-PTX are retained in the 

lesion through the interaction with macrophages while drug is slowly released in the 

proximity of the tumor cells. Individual macrophages (white) are recruited to vicinity of the 

lesion based on chemoattraction to hypoxic regions. Bar, 200µm.
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Figure 6. 
Comparison of simulation results (a–c) to response observed in vivo due to repeated therapy 

over the course of 9d, showing a) simulated drug (as % of maximum blood levels) and b) 

simulated tumor effect (as % of initial lesion diameter) after nAb-PTX and MSV-nAb-PTX 

injection. In all cases, therapy is simulated to begin on Days 0, 3, and 6. c) Simulated tumor 

diameter after 3 treatments as percentage of initial tumor. d) Comparable results from in vivo 
tumor after 3 treatments as reported in our recent publication19. The longer-acting and 

spatially focused drug release with macrophages achieves a more pronounced regression 

over the course of therapy than with bolus injection.

Leonard et al. Page 18

Nanoscale. Author manuscript; available in PMC 2017 July 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	1. Introduction
	2. Results and discussion
	Intravital microscopy (IVM) evaluation of tracer transport in liver metastases
	Studies with 2D co-culture of breast cancer cells and macrophages
	Studies with 3D co-culture of breast cancer cells and macrophages
	Simulation of MSV-nAb-PTX vs. nAb-PTX therapeutic efficacy

	3. Experimental
	Fabrication, characterization of MSV and loading of nAb-PTX
	Cell culture
	In vivo model of breast cancer liver metastasis
	Intravital microscopy (IVM) analysis
	In vivo evaluation of macrophage quantity within the microenvironment
	Quantification of PTX by LC-MS/MS
	Co-culture of breast cancer cells and macrophages in monolayer
	Co-culture of breast cancer spheres and macrophages
	MTT assay
	Monocyte chemoattractant protein-1 (MCP-1) analysis
	Mathematical model of tumor response as a function of drug release from MSV-nAb-PTX loaded macrophages
	Statistical analysis

	4. Conclusions
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6

