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Abstract

The lungs are major sites of metastases for several cancer types, including breast cancer (BC). 

Prognosis and quality of life of BC patients that develop pulmonary metastases are negatively 

impacted. The development of strategies to slow the growth and relieve the symptoms of BC lung 

metastases (BCLM) is thus an important goal in the management of BC. However, systemically 

administered first line small molecule chemotherapeutics have poor pharmacokinetic profiles and 

biodistribution to the lungs, as well as significant off-target toxicity, severely compromising their 

effectiveness. In this work we propose the local delivery of an add-on immunotherapy to the lungs 

to support first line chemotherapy treatment of advanced BC. In a syngeneic murine model of 

BCLM we show that local pulmonary administration (p.a.) of PLX-3397 (PLX), a colony 

stimulating factor 1 receptor inhibitor (CSF-1Ri), is capable of overcoming physiological barriers 

of the lung epithelium, penetrating the tumor microenvironment (TME), and decreasing 

phosphorylation of CSF-1 receptors, as shown by western blot of lung tumor nodules. That 

inhibition is accompanied by an overall decrease in the abundance of pro-tumorigenic (M2-like) 

macrophages in the TME, with a concomitant increase in the amount of anti-tumor (M1-like) 

macrophages when compared to vehicle treated control. These effects with PLX p.a. were 
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achieved using a much smaller dose (1 mg/kg, every other day) compared to the systemic doses 

typically used in preclinical studies (40–800 mg/kg/day). As an additive in combination with 

intravenous (i.v.) administration of paclitaxel (PTX), p.a. PLX leads to a decrease in tumor burden 

without additional toxicity. These results suggested that the proposed immunochemotherapy, with 

regional pulmonary delivery of PLX along with i.v. standard of care chemotherapy, may lead to 

new opportunities to improve treatment, quality of life, and survival of patients with BCLM.

Graphical Abstract
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1. INTRODUCTION

Cancer cells can invade surrounding tissues and traffic through the vascular or lymphatic 

systems and establish in distant organs, a process known as metastasis1. Cancer metastases 

contribute to 90% of cancer-related deaths2, and the lungs are one of the primary sites of 

metastases for several cancers, including breast cancer (BC)3,4. Pulmonary metastases are 

detected in 60–70% of patients who die with metastatic BC5, and the lungs represent the 

first site of distant metastasis in 40% of women with recurrent triple negative BC (TNBC)6. 

This statistic is relevant as the overall survival (OS) of TNBC patients with pulmonary 

metastases is markedly lower compared to individuals with non-pulmonary tumors7.

There are few treatment options for patients with advanced TNBC, with chemotherapy being 

one of the most prominent regimens8–10. Unfortunately, first line small molecule 

chemotherapeutics typically used in the management of advanced TNBC have high off-

target toxicity11, as well as poor pharmacokinetic (PK) and lung tumor biodistribution 

profiles12. Furthermore, such treatment regimens are largely ineffective in addressing 

pulmonary metastases12, while negatively impacting the quality of life of BC patients13.

Several new approaches have been recently devised to support the treatment of TNBC 

patients by leveraging the patient’s own immune system14,15. An antibody-drug conjugate 
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(Atezolizumab-nab paclitaxel) has been approved by the FDA for use in TNBC patients14, 

giving new hope for TNBC survivors. Atezolizumab belongs to a class of drugs known as 

immune-checkpoint inhibitors (ICI) and works by targeting programmed death-ligand 1 

(PD-L1), which is highly expressed in certain cancers and interacts with PD-1 or B71 on 

CD8 cytotoxic T cells, delivering a negative signal to their activation16. Atezolizumab 

blocks the PD-1 - PD-L1 binding, reversing CD8 T cell exhaustion, thereby re-invigorating 

T cell-mediated tumor cell killing17. However, antibody therapy is only indicated for 

patients with high expression of PD-L1, which represents approximately 41% of individuals 

with TNBC14. Antibody therapy is unfortunately not free of adverse effects either, including 

systemic toxicity14,18. Resistance to ICI19,20 has also emerged as significant challenge. In 

fact, more recently, FDA has released an alert regarding efficacy and potential toxicity 

associated with the use of atezolizumab in combination with paclitaxel for treatment of 

breast cancer, and indicated that continuous approval of the conjugated therapy may be 

granted if additional clinical trials prove it is beneficial21.

Another promising form of immunotherapy for the treatment of solid tumors including BC is 

the reprograming of tumor-associated macrophages (TAMs) with colony stimulating factor 1 

(CSF-1) receptor inhibitors (CSF-1Ris)22–24. The first CSF-1Ri has been approved by the 

FDA in 201925, and several clinical trials are ongoing26–28. TAMs are abundant in the 

complex solid tumor microenvironment (TME)29,30, and along with other immune infiltrates 

contribute to signaling that lead to tumor invasion, progression, and metastasis22,31,32. 

Monocytes and macrophages are recruited to the TME primarily in response to CCL2 (also 

known as monocyte chemotactic protein-1, MCP-1) and colony stimulating factor 1 

(CSF-1)23,33. Macrophages, as a result of different microenvironmental cues emanating from 

the TME, differentiate into a spectrum of different phenotypes comprised between two 

extremes with opposing functions: classically activated (M1-like) and alternatively activated 

(M2-like) macrophages23. In cancer, M2-like TAMs are generally associated with 

immunosuppression, play a central role in angiogenesis and metastasis, and are induced by 

factors like hypoxia, CSF-1, IL-4, and IL-1022,34. On the other side of the spectrum, the M1-

like TAM phenotype is pro-inflammatory in nature, promote tumoricidal functions23,35,36, 

and it is induced by factors like IFNγ, TNFα, IL-12, and lipopolysaccharide (LPS)22,34.

CSF-1R is a type III receptor tyrosine kinase highly expressed in macrophages37, and when 

binding to its primary ligand, CSF-1, it activates signalling pathways that lead to 

macrophage recruitment into inflammatory sites and polarization38,39. Inhibition of this axis, 

via either antibodies or small molecules, has been shown to prevent tumor recruitment 

and/or shift macrophages balance from the M2-like to the M1-like tumor-killing phenotype, 

leading to an increase in M1/M2 ratio40–45. A high M1/M2 ratio has been correlated with 

positive clinical outcomes42,44,45, including in BC patients46. Pexidartinib (PLX-3397, PLX 

hereafter) is a small molecule with high affinity to CSF-1R, and is currently being studied in 

clinical trials for breast cancer, melanoma, and other advanced solid tumors26,28,47. PLX has 

been approved for treatment of a rare, non-malignant disease, tenosynovial giant cell tumor 

(TGCT)25, which is characterized by overexpression of CSF-1, leading to a strong 

recruitment of macrophages that localize around neoplastic cells, developing massive 

tumors48. Although systemic administration of PLX has indicated promising outcomes in 

blunting tumor progression, many clinical studies linked the molecule with hepatotoxicity 
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that varies from mild, reversible (low grade) toxicity to serious irreversible liver 

damage49–51 as a consequence of its action on Kupffer cells. This may represent a potential 

limitation in systemic use of such immunomodulators to support chemotherapy and antibody 

therapies49,51, which have high toxicity profile on their own.

Based on the challenges and opportunities of combination immune-chemotherapy in the 

treatment of BCLM, the purpose of this work was to evaluate the potential of local 

administration of a CSF-1Ri (PLX) to the lungs in shifting the M1/M2 TAM ratio, and to 

study its efficacy as an add-on treatment to first line chemotherapy (paclitaxel, PTX) in an in 
vivo model of triple-negative breast cancer lung metastasis (TNBCLM). Local lung 

administration of such small molecule immunomodulators may help overcome their poor 

biodistribution to the lung tumors typically observed upon systemic administration, and with 

improved drug deposition, to decrease required total dose, and consequently their unwanted 

off-target toxicity52–54. Such route of administration may also allow for the outpatient use of 

this add-on therapy in the treatment of BCLM as formulation in portable inhalers is 

explored.

2. MATERIALS AND METHODS

2.1 Materials

Wild Type 4T1 cells (WT 4T1) were obtained as a kind gift from Dr. Rishi (Department of 

Oncology at Wayne State University). Dulbecco’s modified Eagle’s medium (DMEM) 1x 

high glucose with sodium pyruvate (Gibco™), RPMI Medium 1640 (Gibco™), and 

penicillin-streptomycin antibiotics 100x (Gibco™) were purchased from ThermoFisher. Fetal 

bovine serum (FBS) and Liberase TL Research Grade (Roche) were obtained from Sigma-

Aldrich. Trypsin EDTA 1x and puromycin dihydrochloride were supplied by Corning®. 24 

and 96-well culture plates were purchased from Thomas Scientific. D-Luciferin Potassium 

Salt was obtained from Syd labs (Southborough, MA). Paclitaxel (PTX) was supplied by LC 

Laboratories and PLX was purchased from CHEMGOOD. MTT (Thiazolyl Blue 

Tetrazolium Bromide) was purchased from Research Products International (Mount 

Prospect, IL). Isoflurane, USP was obtained from VetUS™. Tissue Protein Extraction 

Reagent (T-PER), protease and phosphatase inhibitor cocktail, Pierce BCA Protein Assay 

Kit, and GAPDH loading control monoclonal antibody (catalog #MA5-15738) were 

purchased from Thermo Scientific™. Clarity Western ECL Substrate, 10% Mini-PROTEAN 

TGX Stain-Free Protein Gels, 10x Tris Buffered Saline (TBS), Trans-Blot Turbo RTA 

transfer kit were obtained from Bio-Rad. M-CSF receptor antibody (#3152), phospho-M-

CSF receptor antibody (#3155), Anti-rabbit IgG, HRP-linked Antibody (#7074), and Anti-

mouse IgG, HRP-linked Antibody (#7076, a kind gift from Dr. McClay, VCU) were 

supplied by Cell Signaling Technology®. OCT compound was obtained from Sakura 

Finetek (Torrance, CA) and positively charged glass slides were purchased from Globe 

Scientific. TruStain FcX™ PLUS (anti-mouse CD16/32, catalog# 156603), True-Nuclear™ 

Transcription Factor Buffer Set (catalog# 424401), Brilliant Violet 421™ anti-mouse F4/80 

Antibody (catalog# 123131), Zombie Aqua™ Fixable Viability Kit (catalog# 423101), FITC 

anti-mouse CD45 (catalog# 147709), APC/Fire™ 750 anti-mouse/human CD11b (catalog# 

101261), PerCP-Cy5.5 anti-mouse I-A/I-E (catalog# 107625), Alexa Fluor® 488 anti-mouse 
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I-A/I-E (kind gift, catalog# 107615), FITC anti-mouse CD80 (catalog# 104705), and Alexa 

Fluor® 488 anti-mouse CD206 (catalog# 141709) were obtained from BioLegend®.

2.2. Methods

2.2.1. Cell Culture.—WT 4T1 cells were grown using DMEM media supplemented with 

10% FBS and 1% penicillin-streptomycin antibiotics (AB) and cultured at 37 °C and 5% 

CO2. Puromycin (4 μg/ml) was added to the media used to culture stably transfected 

luciferase (luc)-tdTomato (tdT) 4T1 cells (luc-tdT 4T1 cells), which were established as 

discussed next.

2.2.2. luc-tdT 4T1 Cell Development.—4T1 cells were modified to express firefly 

luciferase and tdTomato, according to modified protocols from GenTarget and provided by 

Dr. Yemelyanov and Dr. Bhalla from Northwestern University. Briefly, 25,000 4T1 cells 

(Passage 14) were seeded in each well of a 24-well microplate cultured with 500 μL of 

DMEM supplemented with 10% FBS and 1% AB at 37°C and 5% CO2. The following day, 

they were transduced with 1010 TU/ml of a lentivirus containing luc and tdT (pFULT 

Ubi>Luciferase-T2A-tdT, Skin Disease Research Center, Northwestern University) and 8 

μg/ml polybrene, and incubated at 37°C and 5% CO2 overnight. The following day, the 

medium containing the virus was replaced with fresh DMEM +10% FBS+ 1% AB for 2.5 

hours. A second round of transduction was performed in the same conditions and cells were 

allowed to recover for additional 72 hours. Stably transduced cells were then selected in 

puromycin-containing medium (DMEM + 10% FBS + 4 μg/ml puromycin, based on a 

puromycin titration curve) to select for cells that express the lentivirus. Confluent cell 

cultures were then sorted twice using tdT fluorescence expression by fluorescence-activating 

cell sorting (FACS, SC Aria- BD FACSAria™ II High-Speed Cell Sorter, Flow Cytometry 

Shared Resource Core, Virginia Commonwealth University). After sorting, luc-tdT 4T1 cells 

were cultured in DMEM+10% FBS+1% AB+ 4 μg/ml puromycin. The expression of tdT by 

transduced cells was continuously monitored with flow cytometry (CytoFLEX Flow 

Cytometer, Beckman Coulter). To assess the expression of luc, and the kinetics of 

conversion of D-luciferin by the luc transformed cells in vitro, various densities of luc-tdT 

4T1 cells (15625–250,000 cells) were seeded in wells of a 24-well microplate. A working 

solution of D-luciferin (luciferase substrate, 150 μg/ml) was added to each well 20 min after 

seeding, and bioluminescent imaging (BLI) was assessed at 5, 10, 15, and 20 min time 

points using In vivo Imaging System (Xenogen IVIS Spectrum, Microscopy Core, Virginia 

Commonwealth University) and Living Image® 4.5.5 Software (PerkinElmer) for image 

analysis.

2.2.3. Cell Viability Assay.—4T1 cells (1 ×104) were seeded in each well of 96-well 

plates and cultured in DMEM+10%FBS+1%AB at 37°C and 5% CO2 overnight. Multiple 

concentrations of puromycin (0.5, 1, 2, 4, 6, 8, and 10 μg/ml) or PTX (0.01, 0.1, 1, 10, 25, 

50, 75, and 100 μM) were prepared by solubilizing in H2O (puromycin) or 0.13% v/v 

DMSO (PTX), diluted in the respective medium, and added to the wells for 48h at 37°C and 

5% CO2. 0.13% (v/v) DMSO in the medium was not toxic to cells (data not shown). Cells 

then were washed 2x with 1x PBS and 110 μL of 1.09 mM of MTT stock solution (dissolved 

in 1x PBS) was added to each well. The cells were incubated at 37°C and 5% CO2 for 3–4h 
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and protected from light. A total volume of 85 μL was removed from each well and replaced 

by 60 μL DMSO. The plate was then incubated at 37°C and 5% CO2 for 10 minutes. 

Absorbance was measured at 540nm using microplate reader (Synergy H1, BioTek). No 

drug treatment (0 μM puromycin or PTX wells) served as control, and their average 

absorbance was taken as 100% cell viability. Blank absorbance was subtracted from all other 

absorbance values and percentage viability was calculated with respect to the control 

readings (100%). Nonlinear fit of normalized data (log inhibitor vs normalized response) 

was generated to estimate IC50 values and the confidence interval (CI) for PTX.

2.2.4. Preclinical Tumor Model and Treatment Groups.—8–10-weeks old virgin 

female Balb/c mice were injected in the tail vein with 250k luc-tdT 4T1 cells to obtain a 

model of breast cancer lung metastases (BCLM). Shortly after cell inoculation, D-luciferin 

(150 mg/kg) was administered to each animal via subcutaneous injection (S.C.). Animals 

were maintained on isoflurane for 10 min prior to being imaged via in vivo BLI. Mice were 

then imaged with an IVIS Spectrum instrument (Xenogen) for 3 minutes. Data was plotted 

as sum of dorsal and ventral imaging of the thoracic area (Figure S6). Imaging at day 0 post 

inoculation (DPI = 0) was performed to evaluate accuracy of injection. On day 7, before any 

treatment, animals were subjected to in vivo BLI, and were then randomized based on lung 

metastatic burden and allocated into four independent groups and treatment initiated (Figure 

S7). Treatment continued for two weeks, with a regimen of three doses per week, every 

other day, and a repeat a week after. Groups of 9–10 animals were treated with (i) vehicle 

(1% DMSO and 5% Tween80 in 1x PBS) administered via pulmonary administration (p.a.), 

(ii) PLX (1 mg/kg, p.a. dissolved in 1% DMSO and 5% Tween80 in 1x PBS), (iii) PTX (1 

mg/kg, i.v. dissolved in 1% DMSO and 5% Tween80 in 1x PBS), or (iv) PLX + PTX (1 

mg/kg, p.a., and 1 mg/kg, i.v., respectively). The total volume administered via p.a. was 

adjusted to achieve the necessary dose per body weight, at ca. 25μL per dose. Pulmonary 

administration (p.a.) was performed utilizing an endotracheal intubation system (Kent 

Scientific). Animals were anesthetized via isoflurane before being placed onto an intubation 

stand linked with anesthesia mask (for continuous anesthesia) and were held by hooking up 

upper incisors with a small suture located at the top of the stand. Mice tongues were gently 

retracted, and a catheter was carefully inserted, over the epiglottis and between the arytenoid 

cartilages, into the larynx with the help of the fiber-optic light guide. Once the catheter was 

inserted, the light guide was quickly removed from the catheter to allow for normal 

breathing, and then therapeutics were added to the catheter for drug administration to the 

animals. After delivery of the drug solution, mice were placed in their cages, over a heating 

pad, and monitored until full recovery (ca. 5 min).

One day after the final treatment, the animals were sacrificed and lungs were excised, 

imaged ex vivo using BLI, and weighed to determine tumor burden. Lung weight was 

assessed after excision, brief rinsing in 1x DPBS, and gently tapping to remove excess 

liquid. Throughout the study, mice were monitored on a daily basis for signs of toxicity, 

including significant body weight loss (20% weight loss from day zero body weight), 

ungrooming, porphyrin staining around eyes and nostrils, hunched posture, respiratory 

distress, and changes in behavior (abnormal hyperactivity/hypoactivity, aggression, 

isolation). Body weight measurements were recorded over a 19-day period and are 
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represented as percentage changes. All animals were maintained at Massey Cancer Centre 

animal facilities, Virginia Commonwealth University, and all procedures were performed in 

compliance with the protocol AD10001431, approved by Institutional Animal Care and Use 

Committee (IACUC).

2.2.5. Western Blot—Tumor nodules were removed from lungs of treated animals, snap 

frozen in liquid nitrogen and stored at −80°C until use. When ready to process, tumor 

nodules were placed in 1.5 ml tubes containing T-PER buffer with 100X protease and 

phosphatase inhibitor cocktail, and total protein was extracted via homogenization. Protein 

in each sample was quantified using BCA assay. Western blotting was performed using wet 

transfer method. Briefly, protein lysates were separated with SDS-PAGE, transferred to 

PVDF membranes, and then blocked with 5% (w/v) nonfat milk in TBST for 30 minutes at 

RT. Membranes were incubated overnight with primary antibodies; M-CSF receptor rabbit 

(1:1000), Phospho-M-CSF receptor rabbit (1:1000), and GAPDH mouse (1:10000) mAbs. 

HRP-linked secondary antibodies (anti-rabbit, 1:3000, or anti-mouse, 1:10000) were added 

to blots for one hour at RT. Enhanced chemiluminescence substrate was applied to detect for 

bioluminescent signals using ChemiDoc™ Touch Imaging System. Protein bands were 

quantified using Image Lab™ software.

2.2.6. Immunofluorescence and Histology—Lung tumor nodules were extracted 

from the lungs of mice from the various treatment groups (n=3 per group). Tumor nodules 

were then enriched at 4°C in 10% sucrose (1h), then 20% sucrose (1h), and then in 30% 

sucrose overnight. Tumors were fixed in 4% paraformaldehyde (PFA) for 1h, and samples 

were placed in OCT compound and stored in −80°C until use. For immunofluorescence (IF) 

analysis, samples were blocked with 10% (v/v) FBS in 1x PBS at RT in dark humidified 

chamber for 1h before being stained with F4/80 (0.5μg/ml) and either CD206 or CD80 or 

MHCII (2.5μg/ml), and then diluted in 0.5% (w/v) BSA in 1xPBS, at RT in dark humidified 

chamber for 24h. Slides were imaged using a confocal microscope (ZEISS710, Shared 

microscopy core at Virginia Commonwealth University) at 10x and 63x magnification. 

Images at 10X were analyzed for M2-like (F4/80-CD206 overlay), M1-like (F4/80-CD80 

overlay or F4/80-MHCII) phenotypes by using the co-localization threshold feature in 

ImageJ (FIJI) software. Pixel values for 6 random areas in each slide (imaged at 10X) were 

used, and those pixel values were converted to areas (1 pixel = 0.98 μm2). Images at 63x 

were used for qualitative analyses. For histology, lungs were harvested from tumor bearing 

mice and snap frozen. Tissues were processed as for IF, and hematoxylin and eosin (H & E) 

staining was performed.

2.2.7. Flow-cytometry—Lung tumor nodules were extracted from the lungs of mice in 

the various treatment groups (n=3 mice per group). Tumor nodules were then chopped in 

presence of Liberase™ and the digestion mix was incubated at 37 °C for 25 min. Cells were 

filtered through 100 μm cell strainers and Fc receptors were blocked with anti CD16/32 for 

10 min before being stained with zombie (live/dead) and anti-CD45, CD11b, F4/80, and 

MHCII antibodies in dark at 4°C for 30 min. Cells were fixed at RT for one hour, and were 

analyzed the following day using a flow cytometer (CytoFLEX).
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2.2.8. Statistical Analyses.—Statistical analyses were performed using GraphPad 

Prism 7. Data are presented as mean ±SEM. The statistical tests performed are indicated in 

each figure and were utilized to estimate differences between groups. Differences of P value 

< 0.05 were considered statistically significant.

3. RESULTS

3.1. Stable Transduction of luc-tdT 4T1 Cells and their in vitro Sensitivity to 
Chemotherapy.

In this study we chose to use the 4T1 cell line, as it is an extensively characterized murine 

model of triple negative breast cancer used for in vivo preclinical TNBC research55–58. It is 

a particularly relevant model in our study as it exhibits high rates of pulmonary metastasis 

upon tail vein (i.v.) injection, thus allowing for efficient establishment of the BCLM 

model59,60. Importantly, it is syngeneic to Balb/c mice, thus representing an opportunity to 

study the proposed treatment strategies in an immunocompetent mouse model.

4T1 cells were transduced with lentivirus coding for Firefly Luciferase (luc) and TdTomato 

fluorescent protein (tdT) genes (pFULT Ubi > Luciferase-T2A-tdTomato Lentiviral stocks) 

to obtain luc-tdT 4T1 cells that allow the quantification of tumor burden in vivo and ex vivo. 

After transduction, luc-tdT 4T1 cells were selected with puromycin and sorted using FACS. 

Flow cytometry analysis demonstrated that >99% of 4T1 cells express tdT (Figure S1).

The tdT expression was also examined prior to each animal study as a quality assurance 

strategy. To verify the transduction efficiency of the luminescence gene and to assess 

kinetics of the conversion of luciferase, in vitro bioluminescence of luc-tdT 4T1 cells was 

assessed using an IVIS Imaging System (Figure S2). The cells expressed luciferase, and 

higher bioluminescence signals were seen as the cellular density increased. Transduced cells 

were cultured in medium with 4 μg/ml puromycin, as this concentration was determined to 

induce 100% cytotoxicity in WT 4T1 cells in about 2 days and sustained after selection to 

prevent outgrowth of non-selected clones (Figure S3).

Given the absence of known actionable target for therapy, chemotherapy is the main 

treatment modality in advanced TNBC8–10. Besides anthracyclines, paclitaxel (PTX) is a 

first line therapy for metastatic/recurrent disease, either as a monotherapy or in combination 

with Atezolizumab, a blocking antibody that prevents the activation of the T cell exhaustion 

pathway PD-1, indicated for women with unresectable, PD-L1+ tumors8–10,14. PTX is a 

potent drug and belongs to the taxane family and induces cancer cell apoptosis by either 

interference with the cell cycle causing cellular arrest or through activation of the apoptotic 

toll-like receptor 4 (TLR4) signaling61.

The cytotoxic property of PTX on 4T1 cells in vitro was thus examined utilizing MTT assay. 

PTX was able to induce WT 4T1 cellular toxicity, with an IC50 of 1.14 μM. Transduction of 

the WT 4T1 cells to express luc and tdT did not affect their susceptibility or sensitivity to 

PTX, with luc-tdT 4T1 cells presenting a similar IC50 of 1.55 μM (Figure S4), being in that 

regard suitable for the in vivo experiments.

Alhudaithi et al. Page 8

Mol Pharm. Author manuscript; available in PMC 2021 December 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.2. Impact of Local Administration of Add-on TAM Immunotherapy Combined with 
Systemic Chemotherapy on Breast Cancer Lung Metastases Burden in vivo.

Given the prominent role of TAMs in breast cancer progression and metastasis62, and the 

promise of CSF-1Ris in repolarizing TAMs towards an anti-tumorigenic phenotype, we set 

out to investigate whether a combination of PLX administered via p.a. as add-on to standard 

of care chemotherapy (PTX) administered i.v. would lead to a decrease in lung tumor burden 

in an immunocompetent BCLM model. The treatment timeline is shown in Figure 1A.

Single-agent treatment with CSF-1Ri or PTX resulted in a partial decrease in lung tumor 

burden, while combination therapy led to a significant reduction in tumor burden as 

measured by ex vivo BLI (Figure 1B). This observation was confirmed by measuring lung 

tumor burden by lung weight, with average lung weights of animals treated with single 

agents being significantly lower than control animals, and combination therapy resulting in 

further reduction in average lung weight (Figure 1C). Optical images of representative lungs 

are shown to complement the BLI and lung weight quantification, where far fewer and 

smaller lung nodules are observed for the combination therapy (Figure 1B–C, right panels).

In this study, all treatments, alone or in combination, were well tolerated, with no noticeable 

overt toxicity. There was no significant reduction in body weight (Figure 1D), and none of 

the various treatment regimens resulted in changes in behavior, fur appearance, movement, 

respiration and overall health. Treatment of mice with 1 x PBS resulted in similar outcomes 

as vehicle treated group, including body weight changes (Figure S8), indicating that 1% 

DMSO, 5% tween in 1x PBS is well tolerated and a suitable vehicle for these pre-clinical 

studies.

3.3. Ability of Locally Delivered PLX to the Lungs to Reach its Molecular Target

Ligation of CSF-1 to CSF-1R leads to chain dimerization and autophosphorylation of the 

intracellular tyrosine kinases, resulting in activation of the receptor22,63. PLX binds to the 

intracellular kinase domain of CSF-1R, leading to inhibition of phosphorylation and the 

associated downstream signaling pathways, thereby averting CSF-1/CSF-1R axis-mediated 

molecular effects37.

To test the ability of PLX to reach and inhibit its molecular target upon pulmonary delivery, 

we performed western blot analysis on digested lung tumor nodules to specifically assess the 

effect on intra-tumoral macrophage population. Results (Figure 2) show that local 

pulmonary administration of PLX, leads to a significant decrease in phosphorylated CSF-1R 

(PCSF-1R, Figure 2C) and inhibition of CSF-1R activation (Figure 2D) when normalized to 

total receptor levels. PLX also partially reduced the unphosphorylated form, CSF-1R (Figure 

2B), which is likely a consequence of inhibition of receptor activation – it causes a decrease 

in the abundance of M2-like TAMs which highly express CSF-1R22,38. Such effect was also 

seen in gliomas upon treatment with PLX41.

3.4. Impact of Macrophage Immunotherapy and Chemotherapy on TAM Population

In order to study the role of CSF-1Ri in the TAM population in the TME, tumor nodules 

were sectioned and stained with the traditional murine macrophage marker F4/80, the 
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classical activation marker CD80 and the scavenger receptor CD206, typically associated 

with alternative activation of TAMs (Figure 3–4). Recruitment of TAMs into the lung TME 

was not significantly affected, since we observed similar density of F4/80+ TAMs in all 

treatment conditions (Figure 3C). Interestingly, inhibition of CSF-1R through local 

administration of PLX alone or in combination with i.v. PTX correlates with a marked 

decrease in the number of F4/80+ CD206+ TAMs (Figure 3D). Quantification of F4/80+ 

CD80+, indicative of classically activated M1-like TAMs, revealed that CSF-1Ri leads to an 

increase in the number of these TAMs (Figure 4B), demonstrating that local administration 

of PLX or PLX + systemic PTX combination results in an enhancement of the M1/M2 ratio 

(control:0.96, PLX: 7.1, PLX+PTX:4).

To confirm this observation, we analyzed the number of F4/80+ MHCII+ cells, also 

indicative of classically activated TAMs, by IF (Figure 5A–B) and flow cytometry (Figure 

5C–D). Local PLX therapy, alone or in combination with systemic PTX, resulted in an 

increase in the number of F4/80+ MHCII+ TAMs both by IF (Figure 5B) and flow cytometry 

(Figure 5D). These results also indicate an increase in the antigen presentation capacity in 

TAMs, which may lead to improvement in the adaptive antitumor response, as macrophages 

can present tumor antigens to CD4 T cells through MHCII molecules64. M2-like TAMs are 

MHCIIlow and thus their tumor associated antigen presentation is inefficient65.

4. DISCUSION

Immunotherapies have been extensively investigated for the treatment of variety of 

cancers50,66–68 and have shown promising results in a small subset of patients with advanced 

breast cancer14,69. Immunotherapeutics, such as ICIs, are utilized in the clinic to treat lung 

cancers70,71 and some advanced solid tumors featuring pulmonary metastases71. All those 

agents are administered systemically, and have associated off-target toxicity54,72, with 

therapeutic efficacy in the treatment of pulmonary metastases being typically low. The 

problem is compounded for small molecules as their pharmacokinetic (PK) profiles are not 

favorable, and biodistribution to the lungs upon i.v. administration (or other non-local 

routes) is poor73, being in the order of a few percent of the total dose.

Local administration of drugs to the lungs via oral inhalation (OI) has been shown to help 

minimize systemic toxicity and enhance biodistribution to the lung tissue52,74–77, and thus 

offer an opportunity to develop innovative and safe add-on treatments for pulmonary 

metastases to support first line therapies52,74,78. Importantly, in spite of compromised lung 

function, several clinical studies have demonstrated that patients suffering from primary and 

secondary lung tumors can benefit from chemotherapy delivered via OI74,79, and those 

treatments have acceptable toxicity profiles with several studies moving on to Phase II80–82. 

Clinical studies have also shown that such strategies are effective in reducing lung tumor 

burden74,79, including lesions at distant sites83. In fact, aerosol based therapies for local lung 

delivery have been also extended to include clinical trials of a limited number of 

immunomodulators (IL-2 and granulocyte-macrophage CSF, GM-CSF), that were studied to 

target melanoma52,84, renal carcinoma78,85, and osteosarcoma pulmonary metastases86. 

Although some of those studies demonstrated positive therapeutic outcomes, they have not 

reached the market yet78,85.
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For pulmonary administered therapies (e.g. CSF-1Ris) to exert their action locally, they must 

overcome barriers that differ depending on the region of interest. In the upper airways, drug 

formulations should cross the mucus layer and avoid enzymatic degradation and clearance 

via the mucociliary escalator. Aerosolized drugs that target the alveolar region must also 

evade extensive clearance via alveolar macrophages, and demonstrate an adequate retention 

time in the lungs before being cleared through systemic absorption87,88. Pulmonary 

surfactants may also promote alveolar macrophage-mediated drug clearance by their 

interaction with drug particles89. If the target is the tumors in the lung tissue, such therapies 

need also to overcome tumor barriers90. Those include the tumor extracellular matrix 

(ECM), which offers opportunities for non-specific interactions with certain drug 

functionalities, as is the case of the protonated amines in doxorubicin91, that prevent deep 

tumor penetration. In the case of PLX, the targets are TAMs in the TME (CSF-1R), and it 

will thus need to overcome all those barriers to exert their action upon pulmonary 

administration.

TAMs are highly abundant in the TME of BCLM and vastly contribute to tumor 

immunosuppression62. Oral administration (p.o.) of the CSF-1Ri PLX, in combination with 

standard of care chemotherapy, was shown to blunt the tumorigenic effect of TAMs, as 

shown by a reduction in lung metastases in a preclinical murine model of BC40. The 

abundance of immune infiltrates in the metastatic lung tumors was not assessed, however, in 

that study, and neither the effect of PLX p.o. alone in the lung metastases/burden. Clinically, 

p.o. administered PLX has been associated with hepatotoxicity, most likely because of the 

systemic exposure49–51. Such effects may limit the translation of such immunomodulators 

for use in combination with first line therapies in the treatment of BC and BC pulmonary 

metastases, as first line treatments have significant associated toxicity on their own9–11.

PLX p.a. treatment was not expected to induce overt toxicity since the dose used in this 

study was low (1 mg/kg), as compared to the oral doses used in preclinical murine studies 

(40–800 mg/kg/day)40–43,92–95. Moreover, as opposed to delivery through the oral route, the 

fraction of drug that gets in contact with the liver upon pulmonary administration is expected 

to be relatively small96. Although PLX p.a. was well tolerated with no obvious overt toxicity 

to the animals either when administered alone or in combination with chemotherapy, the 

safety assessment in this work represents the first steps to a more detailed assessment of the 

toxicity of treatment and comparison with systemic administration of PLX, which may 

include assessment of lung, liver, and other tissues toxicities by clinical scoring using H&E 

staining, as well as evaluation of liver function by measuring liver enzymes and bilirubin 

levels.

There are several approaches that can be utilized to modulate TAMs in the TME. Those 

either promote the antitumor activity or reduce the tumorigenic function of TAMs. An 

example of inducing tumoricidal response is by interfering with markers on cancer cells. For 

instance, CD47 is expressed by tumor cells and through its interaction with SIRPα, prevents 

cancer cells from being phagocytosed by macrophages23. It has been shown that this access 

can be targeted by anti CD47 mABs, leading to activation of macrophage-mediated 

antibody-dependent cellular phagocytosis (ADCP)97. The tumor-promoting functions of 

TAMs can be reduced by several mechanisms. Recruitment of TAMs can be inhibited by 
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targeting the TAM-attracting chemokines CCL5 or CCL2, or their receptors. Another 

possible strategy is to use ICI therapies to interfere with the co-inhibitory molecules, PD-L1 

and PD-L2, which are highly expressed on M2 TAMs and contribute to immunosuppressive 

functions23. Moreover, caspase-dependent apoptosis can be triggered in monocytes and 

macrophages using the anticancer trabectedin.

M2 TAMs can be selectively targeted based on their specific markers. An example of such 

study includes the use of peptides to precisely target M2 TAMs via interaction with 

CD20698. In our study we sought to inhibit CSF-1R, which it has been shown to result in a 

decrease in recruitment, survival and/or differentiation of infiltrates towards the M2-like 

TAM phenotype37. To enhance selectivity, it is possible to dual target TAMs via bispecific 

ligands99, one promotes interaction with TAMs, such as peptide binding to CD206, and 

other binds to CSF-1R and inhibits its activation, such as PLX.

M2-like TAMs highly express CSF-1R, and their differentiation is largely dependent on 

CSF-1/CSF-1R signaling22,38,39. M2 phenotype polarization and proliferation is also 

mediated, at least in part, by activation of this axis37,63,100,101. The western blot and IF 

results shown here indirectly suggest that upon p.a. PLX (i) overcomes the extracellular lung 

barriers discussed above; (ii) permeates into the lung TME; finally (iii) reaching its cellular 

(macrophage) and intracellular molecular target (the CSF-1R).

Small molecules targeting the intracellular CSF-1R domain, including PLX, have also been 

shown to lead to an increase in M1/M2 ratio94,102, which in turn correlates with improved 

therapeutic outcomes, including improving overall survival42,44,45, increasing tumor 

infiltration of CD8+ cytotoxic T cells, and enhancing responses to chemotherapy and 

radiotherapy for patients with certain types of cancers, including pancreatic, ovarian and 

lung42,44,45,103,104. This alteration in the M1/M2 ratio may result from shifting the 

macrophages balance towards the anti-tumorigenic M1 TAM subset94, or overall more 

preferential decrease in the density of M2 compared to M1 TAMs41. However, the precise 

mechanism of repolarization/enrichment of a particular TAM phenotype is not entirely 

known but could be due to an increase in the release of cytokines that promote polarization 

of M1 TAMs, such as IFNγ and GM-CSF in response to CSF-1R inhibition102. In this work, 

an increase in M1/M2 ratio correlates with a decrease in burden of the secondary lung 

lesions42.

Others have shown that systemic PLX administration prevents recruitment of TAMs into 

primary breast tumors40 and TGCTs27. Our results show that the effect of PLX on lung 

metastatic lesions is different. In BCLM PLX leads to similar density of total (F4/80) TAMs, 

which show a shift towards a more classically activated phenotype (CD80, MHCII), 

consistent with an anti-tumorigenic effect. We interpret this result as a direct effect of the 

p.a. of the CSF-1R inhibitor, as its primary effect upon p.a. is in the population TAMs that 

have already been recruited to the lung TME. This is consistent with the fact that CSF-1Ri in 

gliomas and hepatocellular carcinoma94,102 also results in reprogramming of the tissue-

specific macrophage population.
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The results reported here with PTX are important in many ways. PTX is first line therapy in 

patients with breast cancer and critical in the management of distant metastases14. It is also 

important to address the tolerability of the combination therapy. In stage IV TNBC, cancers 

spread to lungs, bone, brain, and liver7. Thus, in the clinic, systemic chemotherapy is needed 

for treatment of the primary and the metastatic cancers. It has been shown that CSF-1R 

inhibition by small molecules lead to increase in the response to standard of care 

therapy40,93. Therefore, the effect of chemotherapy on lung tumors could be enhanced by 

PLX. Further experimentation might reveal improved strategies regarding dosing regimens 

for both PTX and PLX in the combination therapy.

5. CONCLUSIONS

In this work we showed that upon local pulmonary administration in a BCLM model, PLX 

can overcome lung and tumor physiological barriers to reach and significantly inhibit its 

intracellular molecular target (CSF-1R), which is predominantly expressed in TAMs 

infiltrated in the TME. PLX as monotherapy and in combination with chemotherapy 

markedly reduced the number of M2-like TAMs and switched TAM polarization towards the 

M1 phenotype, resulting in an enhancement of M1/M2 ratio. These results correlate with an 

additive reduction in lung tumor burden when PLX is combined with i.v. administered PTX, 

as revealed by BLI and lung weight. The concentration of PLX used in this study was below 

the maximum tolerated dose (MTD) and without optimization of dosing schedule, thus 

leaving room for further improvement in antitumor efficacy. Locally administered TAM 

immunotherapy to the lungs may represent a safe and efficacious combination therapy to 

support first line chemotherapy in the treatment of BCLM and sets the stage for not only 

management of other secondary lung tumors, but also for treatment of primary lung cancers. 

Such an approach may be further enhanced as oral inhalation formulations of CSF-1Ris are 

developed for efficient outpatient treatment.
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Figure 1. 
Immunochemotherapy reduces tumor burden in vivo. (A) Experimental timeline; animals 

were randomized and allocated into groups on day 7 prior to treatment, arrows indicate 

treatment days with vehicle (1% DMSO, 5% tween80, PBS, p.a.), 1mg/kg PLX (p.a.), 

1mg/kg PTX (i.v.), and 1 mg/kg PLX (p.a.) + 1 mg/kg PTX (i.v.) combination, experiment 

was terminated on day 19; (B) ex vivo bioluminescence analysis of tumor burden via ex vivo 
lung imaging on the terminal day, grid line indicates the baseline flux acquired by imaging 

of lungs of nontumor bearing animals (n=3); statistical significance was determined using 

Kruskal Wallis test (*p <0.05), data represented as mean ±SEM (n=9–10). (C) tumor burden 

assessed by lung weight on the terminal day, grid line indicates the average lung weight of 

nontumor bearing animals (n=3); statistical significance was determined using One-way 

ANOVA (*p <0.05, **p <0.01), data represented as mean ±SEM (n=9–10), (D) 
measurement of body weights represented by percentage changes from day zero (100%) to 

the terminal day.
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Figure 2. 
Colony stimulating factor-1 receptor (CSF-1R) inhibition by PLX. (A) Protein bands for 

CSF-1R, PCSF-1R, and GAPDH, generated by western blot analysis on PLX (1 mg/kg, p.a.) 

treated lung tumor nodules, (B) effect of PLX on CSF-1R expression (n=7), (C) impact of 

treatment on PCSF-1R expression (n=7). For (B) and (C), protein densities were normalized 

to GAPDH, (D) ratio of PCSF-1R/CSF-1R. Control and PLX samples were normalized to 

average control in each independent experiment. Statistical significance was calculated by 

direct comparison using unpaired t test (*p <0.05,****p <0.0001), data represented as mean 

±SEM.
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Figure 3. 
PLX reduces the number of M2 TAM in the TME of 4T1 lung lesions. (A) Regions of 4T1 

lung tumor nodules (circled), obtained by H&E staining of Balb/c lung tissue, (B) 
representative IF images acquired by confocal microscopy for total TAM (F4/80+), CD206+, 

and M2 TAM (F4/80+ CD206+ overlay, with zoomed in regions-“bluish green” represents 

overlay), (C) effect of PLX (p.a.) +/− PTX (i.v.), 1 mg/kg each, on total TAM population, 

(D) impact of therapy on M2 TAM. Tumors were collected from animal lungs (n=3) and six 

random images were taken on each group sample, pixels for total TAM and M2 TAM were 

converted to area (1pixel = 0.98 μm2) and plotted in (C) and (D). PLX +/− PTX treated 

groups were compared with control and statistical significance was calculated by One-way 

ANOVA (*p <0.05, **p <0.01), data represented as mean ±SEM.

Alhudaithi et al. Page 25

Mol Pharm. Author manuscript; available in PMC 2021 December 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
PLX increases the number of M1 TAM in the TME of 4T1 lung lesions. (A) a representative 

IF image acquired by confocal microscopy for total TAM (F4/80+), CD80+, and M1 TAM 

(F4/80+ CD80+ overlay), (B) impact of PLX (p.a.) +/− PTX (i.v.), 1 mg/kg each, on M1 

TAM. Tumor nodules were collected from animal lungs (n=3) and six random images were 

taken on each group sample, pixels for M1 TAM were converted to area (1pixel = 0.98 μm2) 

and plotted in (B). PLX +/− PTX treated groups were compared with control and statistical 

significance was calculated by One-way ANOVA (*p <0.05, **p <0.01), data represented as 

mean ±SEM.
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Figure 5. 
PLX increases the population of MHCII+ TAM in the TME of 4T1 lung lesions. (A) A 

representative IF image acquired by confocal microscopy for total TAM (F4/80+), MHCII+, 

and MHCII+ TAM (F4/80+ MHCII+ overlay), (B) impact of PLX (p.a.) +/− PTX (i.v.), 1 

mg/kg each, on MHCII+ TAM population, obtained from (A). Tumor nodules were collected 

from animal lungs (n=3) and six random images were taken on each group sample, pixels for 

MHCII+ TAM were converted to area (1pixel = 0.98 μm2) and plotted in (B). (C) Gating 

strategy on Flow-cytometry for tumor samples (control group), M1 TAM are represented by 

CD45+ CD11b+ F4/80+ MHCIIhigh cells, (D) effect of PLX (p.a.) +/− PTX (i.v.), 1 mg/kg 

each, on M1 TAM population obtained from (C) showing % of M1 TAM/CD45+ CD11b+. 

For (B) and (D), PLX +/− PTX treated groups were compared with control and statistical 

significance was calculated by One-way ANOVA (*p <0.05, ***p <0.001), data represented 

as mean ±SEM.
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