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Abstract

Breast cancer is among the most prevalent malignancies, accounting for 685,000 deaths worldwide 

in 2020, largely due to its high metastatic potential. Depending on stage and tumor characteristics, 

treatment involves surgery, chemotherapy, targeted biologics, and/or radiation therapy. However 

current treatments are insufficient for treating or preventing metastatic disease. Herein, we 

describe supratherapeutic paclitaxel-loaded nanoparticles (81 wt% paclitaxel) to treat the primary 

tumor and reduce the risk of subsequent metastatic lesions in the lungs. Primary tumor volume 

and lung metastasis reduce by day 30 compared to the paclitaxel clinical standard treatment. The 

ultra-high levels of paclitaxel afford an immunotherapeutic effect, increasing natural killer cell 

activation and decreasing NETosis in the lung, which limits the formation of metastatic lesions 

within the lung.
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Introduction

Breast cancer is the world’s most prevalent cancer1. Globally, more than 2 million new 

cases of invasive breast cancer will be diagnosed in 2023, with about 298,000 cases 

in the United States, as estimated by The American Cancer Society and the National 

Cancer Institute Surveillance, Epidemiology, and End Results Program2,3. Breast cancer is 

characterized by a description of the cancer’s histopathology, tumor grade, tumor stage, 

and receptor status – these characteristics inform prognosis and guide treatment modalities 

and options. Receptor status is a critical assessment as it determines the effectiveness of 

available targeted treatments. There are three receptor-based subtypes on which targeted 

therapy is based: a) hormone receptor estrogen (ER) or progesterone (PR) positive, b) 

receptor tyrosine-protein kinase erbB-2 [ERBB2 or also referred to as HER-2] positive, or 

c) triple negative, characterized by the lack of expression of molecular targets ER, PR, or 

HER-2. Triple negative breast cancer (TNBC) has a higher risk of distant relapse in the 

first 3 to 5 years following diagnosis4 and carries a significantly worse 5-year survival rate 

owing to a 4-fold higher probability of metastasis5. Patients who develop distant metastases 

demonstrate significantly worse 5-year survival compared to patients in which the primary 

breast cancer remains localized or only spreads to regional lymph nodes (23.4% vs 98.6% 

and 83.8%, respectively)6. Given the poor 5-year survival associated with metastatic breast 

cancer and TNBC, there is a critical need for novel treatment approaches to prevent distant 

tumor spread.

Treatment of early-stage non-metastatic breast cancer is primarily surgical resection with 

lymph node dissection in addition to adjuvant or neoadjuvant systemic/hormonal therapy7. 

However, locoregional treatment in breast cancer patients with evidence of metastasis at 

presentation does not have a survival benefit8. Kobayashi et al. report improved outcomes 

in patients receiving local therapies with increasing overall survival rates of 82% and 53% 

at 10 and 20 years, respectively. However, outcomes worsen for patients with metastatic 
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lesions due to poor existing treatment options9,10. For patients treated with chemotherapy, 

only 1–2% of the patients diagnosed with metastatic cancer are long-term disease-free 

survivors, with outcomes closely tied to the extent of metastases11–13. Furthermore, micro-

metastatic disease may not be detectable. These clinical data highlight a lack of treatments 

for metastatic TNBC, as well as the urgency for investigating novel treatments in preclinical 

studies. A local, highly effective chemotherapy regimen that treats both local tumor 

and distant metastases would significantly enhance patient care and decrease mortality 

percentages.

Paclitaxel (PTX) is a first-line chemotherapy as a single-agent drug or in combination 

with monoclonal antibody drugs to treat breast cancer. However, systemic administration 

precludes high concentrations from accumulating within the tumor and lymphatics due to 

poor pharmacokinetics and significant toxicity with high systemic doses14. Treatment for 

HER2 positive metastatic breast cancer using a combination of two anti-HER2 receptor 

monoclonal antibodies (pertuzumab + trastuzumab) in addition to a taxane chemotherapeutic 

agent demonstrates an overall survival benefit and a median progression-free survival of 18 

months15. Treatment of TNBC is much less effective, with taxane treatment resulting in only 

a 36% response rate and a 4.5-month progression-free survival16. Although combination 

chemotherapy in patients with metastatic breast cancer provides a survival advantage over 

single agent taxane chemotherapy, it is associated with greater toxicity17.

To bypass off-target toxicities and limited dosing of systemic chemotherapy, we imagined a 

system in which paclitaxel is delivered at high doses locally. As a result, we fabricated 

ultra-high drug loaded nanoparticles (PGC-PTX + PTX NPs) composed of poly(1,2-

glycerol carbonate)-graft-succinic acid-paclitaxel (PGC-PTX) conjugate. We selected the 

biocompatible and biodegradable PGC for NP formation as it is as it degrades into glycerol 

and carbon dioxide, and it can be conjugated with chemotherapeutics. We previously 

demonstrated that PGC-PTX + PTX NPs are cytotoxic, have a sustained release of PTX, 

and are efficacious in a murine model of a non-metastatic human peritoneal mesothelioma, 

as compared to standard PTX dosing18. Given these encouraging results, we evaluated the 

efficacy of these NPs in an aggressive, immunocompetent model of murine TNBC (4T1), 

and propose a mechanism of action of reduced metastasis to the lungs. Administration 

of PGC-PTX+PTX NPs locally controls the primary tumor and decreases incidence of 

metastatic disease. Finally, we discuss these results in the context of current treatments in the 

clinic and local chemotherapy as well as other nanoparticle formulations under investigation.

Materials and Methods

PGC-PTX Synthesis

Poly(1,2-glycerol carbonate)-graft-succinic acid-paclitaxel with 39 mol% paclitaxel 

conjugation (PGC-PTX; Figure 1A) and PGC-PTX with 10 mol% rhodamine B conjugation 

(PGC-PTX-Rho) were synthesized18,19. Briefly, poly(benzyl 1,2-glycerol carbonate) (PGC-

OBn) was synthesized via copolymerization of benzyl glycidyl ether and carbon dioxide. 

The benzyl group was deprotected via high pressure hydrogenolysis to yield poly(1,2-

glycerol carbonate) (PGC). PGC was subsequently reacted with succinic anhydride and 4-

dimethylaminopyridine (DMAP) in dimethylformamide (DMF) to obtain poly(1,2-glycerol 
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carbonate)-graft-succinic acid, which possesses a free carboxylic acid group on each 

repeating unit. PTX was conjugated using N,N’-dicyclohexylcarbodiimide (DCC) and 

DMAP in DMF to afford PGC-PTX (70% yield). The polymer molecular weight was 

determined via gel permeation chromatography and found to be 14,800 g/mol with a 

Đ of 1.04. NMR analysis provided the amount of PTX conjugated to the polymer. 

Rhodamine-conjugated PGC-PTX was synthesized by first reacting PGC with rhodamine 

B isothiocyanate for four hours, then subsequent conjugation of succinic acid and PTX using 

the procedure above. Rhodamine B conjugation to the polymer was confirmed by NMR and 

fluorescence.

Preparation of Polyglycerol Carbonate Nanoparticles

NPs were prepared by miniemulsion as previously described20. Briefly, free PTX was added 

to 50 mg of PGC-PTX (58wt% PTX) polymer to give a mixture containing 25wt% free 

PTX. PGC-PTX and PTX were then dissolved in 0.5 mL dichloromethane, and added to a 

2 mL solution of sodium dodecyl sulfate (SDS) in pH 7.4, 10 mM phosphate buffer at a 1:5 

SDS:polymer mass ratio. The mixture was emulsified under an argon blanket using a Sonics 

Vibra-Cell VCX-600 Ultrasonic Processor (Sonics & Materials; Newtown, CT). Following 

sonication, the NP suspension was stirred under argon for 2 h, followed by stirring under 

air overnight to allow for the evaporation of remaining organic solvent. The resulting NP 

suspension was dialyzed for 24 hours against 1 L of 5 mM pH 7.4 phosphate buffer. The 

dialysis buffer was exchanged with fresh buffer after 10 hours of dialysis. The free PTX 

encapsulation efficiency is 90+% by HPLC. Total drug loading was also quantified via 

HPLC analysis and is defined as the mass of the drug divided by the mass of the carrier. The 

final drug loading for this PGC-PTX + PTX formulation is ~81 wt%, due to the combination 

of free PTX (23 wt%) and conjugated PTX (58 wt%).

Drug-free PGC-OBn NPs and PGC-PTX NPs were also prepared using the same procedure. 

Particle size and zeta potential were measured by DLS, resulting in diameters of ~80 nm, 

PDI of ~0.1, and −40 mV zeta potentials for all three NP formulations. Size and charge were 

independent of drug/fluorophore loading. Scanning electron microscopy confirmed spherical 

NPs (Figure 1B). In vitro PTX release from the PGC-PTX + PTX NP occurred over 60 days, 

as previously described21. Over the last five years, four different graduate students have 

prepared these NPs indicating that the NP fabrication process is reproducible.

Cell Culture and Maintenance

4T1 cells were purchased from ATCC (Manassas, VA) and were cultured in accordance with 

vendor protocol. Briefly, 4T1 cells were grown on cell culture-treated tissue culture plates 

and grown in RPMI 1640 with 10% fetal bovine serum and 1% penicillin/streptomycin in a 

humidified incubator maintained at 37 °C and 5% CO2. Cells were subcultured at 70–90% 

confluency or at vendor-recommended density.

Establishment of 4T1 Orthotopic in vivo Murine Model

Five- to seven-week-old female Balb/c mice were purchase from Jackson Laboratories (Bar 

Harbor, ME). Under inhaled anesthesia and sterile prep, the 4th mammary fat pad was 

exposed via a very small cutdown incision overlying the fat pad. A 100 μL suspension 
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of 100,000 4T1 cells in phosphate-buffered saline was injected directly into the mammary 

fat pad and the incision closed with a wound clip. Tumor establishment was confirmed by 

palpation of a small nodule (usually around day 7 post-implant).

Treatment of Established Tumor

One week after tumor inoculation, animals received 30 μL of one of the following 

“treatments” injected subcutaneously near the tumor: saline (n=9), 100 mg/kg PTX as 

PGC-PTX+PTX NPs (n=14), or polymer mass-equivalent non-drug-loaded PGC-OBn NPs 

(n=10). Standard PTX treatment controls received weekly doses of intraperitoneal (IP) 20 

mg/kg PTX-C/E (n=8) for three weeks to afford systemic delivery of PTX at the maximum 

allowable (20mg/kg single maximum tolerated dose for PTX-C/E). PGC-PTX+PTX NPs are 

safely delivered at a higher dose, as we previously established.18

Tumor burden was analyzed via tumor volume measurements calculated with the following 

formula: π
6 *lengtℎ*widtℎ*ℎeigℎt. All animals were monitored 3x per week and were 

euthanized at the predetermined endpoint of 30 days or upon evidence of cachexia or 

moribund status per Institutional Animal Care and Use Committee guidelines. At the time of 

euthanasia, primary tumor, lungs, lymph nodes, spleen, liver, and heart were harvested for 

postmortem and/or histological analysis.

Analysis of Pulmonary Metastatic Lesions

Metastatic nodules on the lung were counted following a published protocol22. Briefly, a 

solution of 10% India ink in phosphate-buffered saline was prepared. The mouse chest was 

opened and a suture was tightly tied around the top of the trachea. Up to 1 mL of India 

ink solution was infused directly into trachea until both lungs were fully saturated with ink. 

Stained lungs were harvested, fixed, and destained in Feteke’s solution. Metastatic nodules 

on each lung were counted.

Histological Analysis

Harvested tissue specimens were either immediately embedded in OCT, flash frozen in a 

liquid nitrogen/isopentane bath, and stored in −80 °C; or fixed overnight in 10% phosphate-

buffered formalin before submission to the Massachusetts General Hospital Histopathology 

core. Tissues were mounted onto glass slides as 4 μm cross sections before downstream 

immunohistochemistry, immunofluorescence, or H&E staining. All histological analyses 

were confirmed with pathologist consultation.

Immunofluorescence / Fluorescence Microscopy and Confocal Laser Microscopy

Paraffin-embedded sections were de-paraffinized and rehydrated by 15 minute incubation 

at 60 °C followed by 3 minute incubations in the following solutions: xylene x 2, 1:1 

xylene:ethanol (etOH), etOH x 2, 95% etOH, 70% etOH, 50% etOH, 25% etOH, distilled 

water x 2. Slides were then incubated in 1X Immunofluorescence Wash Buffer (Cell 

Signaling Technologies, Danvers, MA) for 5 minutes. Tissue sections were blocked using 

1X Immunofluorescence Blocking buffer (Cell Signaling Technologies) for 1–2 hours at 

room temperature. Primary antibodies were diluted in 1X Antibody Dilution Buffer (Cell 
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Signaling Technologies), and tissues were incubated in primary antibody overnight at 4 °C. 

Specimens were washed 3x in PBS for 5 minutes each. Secondary antibody was prepared 

the same way as primary, and tissues were incubated in secondary for 1–2 hrs at room 

temperature, protected from light. Samples were washed as before prior to DAPI and/or 

WGA-AlexaFluor counterstaining and mounting with Prolong Gold Antifade (Thermo 

Fisher Scientific, Waltham, MA). Fluorescent imaging was performed in the Microscopy 

Core.

Flow Cytometry and NP Uptake Quantification

4T1 cells were plated at 3*105 cells/mL in 6-well plates and co-incubated with rhodamine 

B-labeled NPs at 200ng/mL for 0–24 hours as indicated. Cells were then lifted from the 

plate via trypsinization, washed twice via centrifugation for 5 minutes to remove residual 

NPs, and strained to obtain a single cell suspension. NP uptake was then quantified on the 

Attune NxT Flow Cytometer (ThermoFisher Scientific) and data was analyzed in FlowJo X.

Results

Synthesis of the PGC-PTX + PTX NPs.

We first synthesized the pre-cursor polymer, poly(benzyl 1,2-glycerol carbonate) (PGC-

OBn), using a cobalt-catalyzed copolymerization of benzyl glycidyl ether and carbon 

dioxide. Next, we removed the benzyl group via high pressure hydrogenolysis to yield 

poly(1,2-glycerol carbonate) (PGC) which was then subsequently reacted with succinic 

anhydride and DMAP to obtain poly(1,2-glycerol carbonate)-graft-succinic acid. A DCC 

based esterification with PTX yielded the PGC-PTX. By varying the amount of PTX added, 

drug loadings ranging from 10 to 70 wt% were achievable due to the small molecular weight 

of the repeating unit in the PGC backbone. For all subsequent studies, we used poly(1,2-

glycerol carbonate)-graft-succinic acid-paclitaxel with 39 mol% paclitaxel conjugation as 

determined by NMR spectroscopy (Figure 1A).

We prepared NPs using a reproducible miniemulsion procedure,20 where free PTX was 

added to 50 mg of PGC-PTX (58wt% PTX) polymer in 0.5 mL of dichloromethane to a 

mixture containing 25wt% free PTX. We then sonicated the dichloromethane solution in the 

presence of a 2 mL solution of sodium dodecyl sulfate (SDS) in pH 7.4, 10 mM phosphate 

buffer at a 1:5 SDS:polymer mass ratio. To remove the excess SDS, the NPs are dialyzed 

for 24 hours. The SDS present coats the exterior of the NP enhancing stability while also 

being low enough in concentration to not cause toxicity.20 After work-up and dialysis, we 

determined the PTX loading of the PGC-PTX + PTX formulation to be ~81 wt%, as a 

consequence of free PTX (23 wt%) and conjugated PTX (58 wt%). The NPs are ~80 nm in 

diameter, with a PDI of ~0.1, and possess a zeta potential of −40 mV by DLS and spherical 

in shape by SEM (Figure 1B). In a previous study, we reported that the PGC-PTX + PTX 

NPs are stable both in solution at 4 °C and lyophilized at −20 °C over seven weeks.18

In Vitro Characterization of the PGC-PTX + PTX NPs on 4T1 Tumor Cells

We determined the cytotoxicity of PGC-PTX + PTX NPs in vitro. The NPs are cytotoxic 

against 4T1 cells (IC50 of 87.75 ng/mL), as well as other breast cancer lines including 
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MDA-MB-231 (20.82 ng/mL) and MCF-7 (4.67 ng/mL) after a 3-day exposure (Figure 

1C). The PGC-PTX + PTX NPs display a similar cytotoxicity profile to clinical paclitaxel 

formulations (PTX-C/E), while the nanocarrier itself is non-toxic (Figure S1). PGC-PTX + 

PTX NPs are similarly cytotoxic to human mesothelioma cancer cell lines (MSTO-211H, 

H266, H2453, and H28)21 suggesting that they may be applicable to other cancers. To 

determine the cellular uptake of PGC-PTX+PTX NP, we covalently conjugated rhodamine-B 

(Rho) to the polymer (PGC-PTX) prior to emulsification to synthesize PGC-PTX-Rho + 

PTX NPs. As shown in Figure 1D, uptake of these fluorescently-tagged NPs by tumor cells 

saturates after 6 hours, indicating rapid internalization. The cytotoxic effect of these NPs 

is tied to two factors: high PTX encapsulation and rapid NP uptake. The PTX conjugated 

to the polymer backbone hydrolyzes and is released over the span of two months21 while 

encapsulated PTX releases over weeks.20

Locally Administered Paclitaxel-Loaded Nanoparticles Inhibit Tumor Growth

To demonstrate the impact of local treatment and the efficacy of PGC-PTX + PTX NPs 

in vivo, we evaluated the NPs against an orthotopic metastatic breast cancer model. The 

4T1 metastatic breast cancer mouse model is a well characterized and aggressive tumor 

model with consistent tumor uptake after implantation and metastasis to the lung. One 

week after tumor inoculation, we randomly selected mice for one of four treatment groups: 

subcutaneous/peritumoral injections of saline, unloaded nanoparticles (PGC-OBn), PGC-

PTX +PTX NPs, or systemic intraperitoneal (IP) paclitaxel (PTX-C/E). For the PTX-C/E 

group, three doses total were delivered at 1-week intervals (Figure 2A). Compared to 

PGC-OBn and saline controls, which are statistically indistinguishable, local administration 

of PGC-PTX+PTX NPs significantly reduce local tumor burden as measured by growth of 

primary tumor volume compared to IP PTX-C/E or control groups (p < 0.01) (Figure 2B). 

Likewise, tumor weights at day 30 are significantly lower for PGC-PTX+PTX NP-treated 

animals (p < 0.0001) as compared to either saline, unloaded control NPs, or IP PTX-C/E 

treated controls, which are not statistically different from each other (Figure 2C). Over 

the planned 30 days of observation, all mice maintain body weights within 20% of the 

initial body weight prior to 4T1 inoculation (Figure S2). Histological analysis of tumor in 

each treatment group reveals that saline, PGC-OBn NPs and IP PTX-C/E treatments afford 

tumors with large areas of viable tumor, whereas the PGC-PTX+PTX NP-treated tumors 

are necrotic with sparse population of viable tumor cells, as indicated by the irregular 

nuclei (Figure 2D). Notably, tumors treated with the PGC-PTX + PTX NPs show significant 

regions of fat tissue akin to the histological hallmarks of healthy, tumor-free breast tissue. 

We also analyzed the ipsilateral axillary lymph nodes of the treated mice after tumor 

inoculation and observed no significant difference in lymph metastasis between treatment 

groups.

Biodistribution of Locally-Administered PGC-PTX + PTX Nanoparticles

Following the same treatment schedule as previously noted, we treated 4T1 tumor-bearing 

mice with PGC-PTX-Rho + PTX NPs to investigate the biodistribution of locally, 

subcutaneously administered NPs near the tumor. Over a 30-day period, NP accumulation 

in the tumor appears greatest at day 15 and reduces by day 30. NPs are present at the 

periphery as well as within the tumor.. Interestingly, rhodamine-labelled nanoparticles do 
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not reach the lungs by day 8, yet there is rhodamine signal on day 30 (Figure 3). At day 30, 

NPs accumulate at the edge of the lung. One possible migration route consistent with this 

observation is lymphatic drainage from the tumor or subcutaneous injection site.

High Dose PTX Modulates Immunity to Reduce Lung Metastasis

Consistent with prior reports on the orthotopic 4T1 murine breast cancer model, we 

observed a consistent and significant rate of lung metastasis23,24. With PGC-PTX + PTX 

NPs treatment, there is a marked reduction in the number of pulmonary metastatic lesions 

as compared to the saline and IP PTX-C/E controls (p < 0.01, p < 0.05, respectively; Figure 

4A). As shown in figure 4B, the India ink-stained lungs exhibit a lower number of metastatic 

lesions as compared to the other groups.

Histological Analysis of Ultra High PTX Dosage on Tumor Metastasis

To further understand the mechanism by which the PGC-PTX +PTX NPs reduce metastasis 

to the lungs, we performed immunohistological analysis of the lung tissues on day 30 to 

assess the microenvironment. Figure 5A details one pathway in which 4T1 tumor cells 

migrate and establish metastatic foci within the lungs as reported in the literature25,26. 

Immunohistochemical staining for citrullinated peptide H3 (citH3), which is a specific 

marker for neutrophil extracellular traps (NETs) formation, is present in the lungs of 

mice treated with saline controls. Similarly, although decreased in the lungs of mice 

treated with systemic PTX-C/E given IP, NETosis is still prevalent, consistent with the 

subsequent high number of lung metastases that develop in these animals (Figure 5B, panel 

2). In contrast, animals treated with PGC-PTX+PTX NPs show no citrullinated peptide 

H3 staining, indicating no significant NETosis occurring in the lungs of these NP treated 

animals. Similarly, mice treated with PGC-PTX+PTX NPs exhibit an increase in activated 

natural-killer cells (NK1.1+, CD107a+, IFNγ+) in the lungs (Figure 5C), congruent with 

the observation of markedly decreased numbers of metastatic lesions. These results suggest 

that effective local treatment prevents metastatic niche formation by decreasing NETosis and 

increasing NK activity thereby decreasing the number of circulating tumor cells. This is a 

potential new role for PTX which becomes significant at high concentrations.

Discussion

Low five-year survival rates for patients with metastatic breast cancer can be attributed 

to difficulty in effectively treating the primary tumor and preventing distant metastases27. 

Current treatment options include surgery, local radiation, systemic chemotherapy, and 

targeted therapies. These treatments are effective for early-stage, receptor positive breast 

cancer but less so for TNBC, which has an increased incidence of metastases, and 

a significantly decreased survival rate. Specifically, patients with HER2+ breast cancer 

benefit from the addition of anti-HER2 receptor therapies such as trastuzumab, pertuzumab 

and neratinib to a chemotherapeutic regimen that includes taxanes28. On the other hand, 

TNBC lacks targetable surface markers, and therefore treatment of TNBC depends mainly 

on a chemotherapeutic regimen that includes taxanes and platinum-based compounds29. 

The absence of surface receptor expression has led to the search for new therapeutic 

options30. Capecitabine, when added to adjuvant chemotherapy, prolongs disease free and 
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overall survival in triple negative breast cancer patients as compared to standard therapy31. 

There is also emerging evidence that the addition of immunotherapy, such as PD1/PD-L1 

inhibitors, to the treatment regimen may benefit patients with early stage or advanced triple 

negative breast cancer32. For example, the addition of pembrolizumab to other neoadjuvant 

chemotherapy in patients with stage II-III TNBC, as reported in the KEYNOTE-522 

clinical trial, results in a higher pathologic complete response at the time of surgery and 

reduced disease progression and recurrence as compared to patients who do not receive 

pembrolizumab over a median follow up period of 15.5 months29.

In addition to novel therapeutic targets, alternative methods of drug delivery to improve 

the efficacy of existing cancer drugs should also be explored. Local drug delivery is as 

an alternate strategy to achieve high local chemotherapy concentrations at the site of 

tumor to prevent local recurrence while minimizing off-target toxicities and dose-limiting 

systemic delivery effects33,34. Hydrogels are a common local delivery platform due to 

their ability to trap and release chemotherapeutics at the tumor site. For example, delivery 

of a self-healing doxorubicin (DOX) loaded hydrogel, when combined with near-infrared 

phototherapy (NIR), reduces recurrence in a murine 4T1 model compared to their controls. 

However, due to a burst release of DOX (50% released in under 10 hours), this treatment 

is not nearly as efficacious without the NIR phototherapy35. The poor pharmacokinetics 

associated with hydrogels can be superseded using a nanoparticle-aggregated hydrogel. 

As the aggregate degrades, tumor-targeting NPs loaded with DOX release and enter the 

surrounding tumor cells. This formulation affords DOX release over the span of weeks. 

When tested in a murine breast cancer model, survival minimally improves compared to 

intravenous DOX controls36.

Nanoparticles are widely implemented in experiments for local chemotherapy due to their 

tunability and flexibility as a drug delivery platform. In fact, treatment of TNBC with 

albumin-bound paclitaxel (Nab paclitaxel) has gained attention and is being investigated in 

clinical trials37,38. Nanoparticle formulations allow for encapsulation of several drugs for 

combination therapy39,40, improve drug biodistribution41, and salvage the tumor’s intrinsic 

characteristics to deliver the payload42. One such example is Da Rocha et al.’s solid-lipid 

nanoparticles loaded with docetaxel. These nanoparticles demonstrate an anti-tumor effect 

in a similar 4T1 murine model of metastatic breast cancer while also significantly decrease 

lung metastasis by decreasing IL-6 secretion. However, 5 injections are required over the 

span of 20 days, likely due to the relatively quick release of drug (~50% in 5 days), and 

low drug loadings (2%)43. Employing well-established PLGA nanoparticles, Anasamy et 

al. locally delivered several novel tribenzyltin carboxylates to evaluate their cytotoxicity 

and anti-tumor effect. Two administrations of these nanoparticles a week apart significantly 

reduce the primary tumor, and additionally prevent metastasis in the lungs and liver 15-

days after inoculation44. These publications demonstrate tumor suppression and short-term 

prevention of metastasis in vivo, and provide the impetus for further study. Today, there is a 

need for novel, local breast cancer treatments that limit metastasis while decreasing primary 

tumor burden long-term.

The 4T1 breast cancer model was developed in the 1990s45–47, and it remains one of the 

most rigorous immunocompetent murine models of TNBC48–50. 4T1 tumor cells secrete 
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high amounts of chemokines that lead to the expansion and activation of the neutrophil 

population in the spleen leading to splenomegaly and neutrophilia. Neutrophils play an 

important role, as reported by Spiegel et. al., in the establishment of lung metastatic lesions 

in the 4T1 model. Neutrophils inhibit NK cell activation thereby decreasing clearance of 

disseminated circulating cancer cells within the pulmonary microvasculature. Neutrophils 

also facilitate the extravasation of these cells at the lungs51. Additionally, neutrophils 

undergo a process known as NETosis, which involves the release of chromatin and protein 

bound complexes called Neutrophil Extracellular Traps (NETs). Though traditionally used 

by neutrophils in clearing pathogens, NETosis in the context of cancer creates a metastatic 

niche. The modification of histone H3 by citrullination via a calcium-dependent mechanism 

involving PAD4 enzyme is a hallmark of NET formation and is a specific marker for 

NETosis in vivo52. Therefore, we investigated NETosis and NK cell activity in tumor 

bearing animals as a potential mechanism for decreased lung metastasis observed with 

treatment with our PGC-PTX+PTX NPs.

4T1 breast cancer tumor cells afford a significant boost of NET formation in the lungs 

of our animals, similar to previously reported studies in the literature53–55. However, local 

treatment of PGC-PTX + PTX NPs results in significantly lower primary tumor volume by 

day 30 due as well as fewer metastatic lesions in the lung, increased NK cell activation, 

and decreased NETosis in the lungs. We propose this result is a consequence of the high 

PTX concentration in the NP formulation and extended release,20 compared to PTX alone 

which is cleared from circulation within hours. The loss of NETs in the lungs likely 

eliminates the niche required for circulating tumor cells to implant, contributing to the 

reduction of metastatic lesions56–58. Similar to the inhibition of NETosis, treatment of the 

primary tumor via PGC-PTX+PTX NPs also increases the number of activated natural killer 

cells within the lungs. Natural killer cells are one of the main contributors to decreasing 

circulating tumor cells and thus prevent lung metastases59, although they can be inhibited by 

neutrophils due to their generation of reactive oxygen species60–62. It is of note that although 

NETosis decreases and NK cell activation increases within the lungs, the PGC-PTX+ PTX 

NPs themselves make their way to the lungs by day 30, potentially contributing to decreased 

metastasis by direct drug toxicity as well.

The immunomodulatory role of nanoparticle albumin-bound paclitaxel (Nab-paclitaxel) in 

promoting anti-tumor immunity by overcoming an immunosuppressive microenvironment 

has been reported in the literature63. Our PGC-PTX + PTX NPs are effective not only in 

treating the primary tumor but also in inducing an anti-metastatic immune profile in the 

lung that is capable of preventing the establishment of metastatic disease. These results 

suggest that there is a potential immunomodulatory impact of local, highly concentrated 

levels of PTX. Future work includes investigation of the specific cytokine response after 

ultra-high levels of PTX in the tumor bed, as well as a deeper investigation into immune 

cell activation in surrounding lymph nodes and organs. Specifically, chemotherapies are 

reliant on their ability to induce immunogenic cell death, which relies on damage-associated 

molecular patterns (DAMPs) from dying cells. Work done by Lau et al.64 and Sprooten 

et al.65 demonstrate that paclitaxel’s efficacy is linked to DAMPs, and this pathway will 

be evaluated in future studies after PGC-PTX + PTX treatment. This knowledge will be 

leveraged to supplement the anti-tumor efficacy of paclitaxel to inform the development of 
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an effective treatment that targets both primary tumor and distant metastases, while limiting 

off-target toxicities.

Conclusion

In summary, local delivery and sustained release of high paclitaxel concentrations 

suppresses tumor growth and reduces lung metastasis via decreasing NETosis and increasing 

natural killer cell activation. In this murine model of lung metastasis, we demonstrate that 

the rapid cellular uptake of the PGC-PTX+PTX NPs, coupled with their ultra-high paclitaxel 

loading, imparts a highly cytotoxic effect on several breast cancer cell lines in vitro. In vivo, 

local s.c injections of the PGC-PTX+PTX NPs significantly reduce primary tumor growth 

compared to the maximally tolerated PTX-C/E control systemically administered in an 

orthotopic murine model. Notably, local NP treatment affords a significant decrease in lung 

metastasis due to immunomodulatory effects, resulting in a decrease in NETosis, an increase 

in activated natural killer cells in the lungs, and presumably fewer metastatic niches. This 

understanding of local chemotherapy and its impact on breast cancer metastasis provides 

important information and supports further development of this technology or similar ones 

that are both cytotoxic and immunomodulatory.
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Figure 1. 
Chemical Structure of PCG-PTX (A). SEM micrograph of PGC-PTX + PTX NPs (B). In 

vitro characterization of PGC-PTX + PTX NP cytotoxicity against several breast cancer 

cell lines (C) and cellular uptake of rhodamine-conjugated NPs in 4T1 cancer cells, as 

determined by flow cytometry (D).
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Figure 2. 
(A) Treatment scheme in 4T1 metastatic breast cancer murine model. (B) Tumor volume 

over time. (C) Primary tumor weight at day 30. (D) Histological evaluation via H&E 

staining of primary tumor at day 30 (40X magnification).
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Figure 3. 
Representative fluorescent microscopy images at 20x (left) and 200x (right) of tumor and 

lungs as a function of time after PGC-PTX-Rho + PTX NP subcutaneous injection near the 

tumor.
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Figure 4. 
Number of metastatic lesions in lungs on day 30 post-treatment (A) with representative 

image for each group, compared to healthy control (B).
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Figure 5. 
(A) Schematic of the pathway and mechanism establishing metastasis in the lung. Images 

after immunohistochemical staining of neutrophil extracellular traps (NETs) Created with 

BioRender.com (B) and activated NK cells (C) (40X magnification).
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