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Abstract

In epithelial ovarian cancers, the presence of tumor-associated macrophages (TAMs) is well 

correlated with the poor disease outcomes. TAMs are know to suppress the immune system, 

induce pro-tumoral functions and inhibit anti-tumor responses associated with chemotherapy. In 

this study, we have evaluated the synergistic efficacy of TAM repolarization and intraperitoneal 

paclitaxel in epithelial ovarian cancers. We demonstrate that hyaluronic acid-based nanoparticles 

encapsulating miR-125b (HA-PEI-miR-125b) can specifically target TAMs in the peritoneal cavity 

of a syngeneic ID8-VEGF ovarian cancer mouse model and can repolarize macrophages to an 

immune-activating phenotype. These HA-PEI-miR-125b nanoparticles in combination with 

intraperitoneal paclitaxel can enhance the anti-tumor efficacy of paclitaxel during the later stages 

of disease progression as seen by the significant reduction in the ascitic fluid and peritoneal VEGF 

levels. Furthermore, these HA-PEI-miR-125b nanoparticles do not induce systemic toxicity and 

thus warrant a further evaluation in the clinical setting.
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1. INTRODUCTION

Ovarian cancer is the fifth leading cause of cancer-related deaths among women in the 

United States [1]. According to the American Cancer Society, more than 22,240 women 

received a new diagnosis of ovarian cancer and about 14,070 women succumbed from the 
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disease in 2018 [2]. The vast majority of the cases of ovarian cancer originate from epithelial 

cells in the ovaries. Early-stage epithelial ovarian cancer is generally asymptomatic [3], 

where 75% of ovarian cancer cases are diagnosed as a late-stage disease [4]. Ovarian cancer 

management consists of primary cytoreductive surgery followed by paclitaxel-platinum 

combination chemotherapy [5]. Though the response rate to paclitaxel-platinum is about 

80%, the major issue of concern is disease recurrence [6]. Among women with advanced 

ovarian cancer, about 50–75% demonstrate relapse [7]. With the current advances in 

understanding the immune component of ovarian cancers, there is a unique opportunity to 

develop clinically translatable combination treatment modalities that are expected to 

improve outcomes among advanced refractory patients.

The heterogeneous microenvironment of ovarian tumors contains cancer cells, stromal cells, 

and immune cells which co-exist in a dynamic state. The tumor-associated macrophages 

(TAMs), which represent about 50% of the solid tumor mass in certain adavanced staged 

cancers, are primarily of the anti-inflammatory (or alternatively activated M2) phenotype; 

these TAMs foster tumor development by inducing immune suppression, angiogenesis, and 

metastasis [8–10]. TAMs are derived from circulating monocytic precursors and recruited to 

the tumor site by cytokines, chemokines, and other tumor-derived factors. Studies have 

shown that colony-stimulating factor-1 (CSF-1) derived from ovarian tumor tissue induces 

macrophages to polarize toward the anti-inflammatory phenotype, in turn promoting tumor 

growth [11]. In epithelial ovarian cancers, the number of macrophages and amount of CSF-1 

increase with disease progression [12]. In relapse-free survival patients, the levels of the 

anti-inflammatory macrophage marker CD163 on TAMs is inversely correlated with 

immunosuppressive cytokine levels in ascitic fluid [13]. Repolarization of TAMs from an 

anti-inflammatory to a pro-inflammatory phenotype could aid in disease regregression and 

enhance the anti-tumor efficacy of therapeutics in ovarian cancer. Various strategies such as 

the use of small molecules, interferons, and interleukins have demonstrated successful 

repolarization of TAMs [14–18] and are being evaluated in clinical trials [19]. However, the 

major limitation associated with repolarization strategies has been the inability to selectively 

target macrophages.

The TAMs are known to express a variety of pathologically relevant miRs. These miRs can 

affect the phenotype exhibited by TAMs; hence, the molecular mechanisms underlying TAM 

polarization by miRs has been an area of intense investigation. In particular, miR-125b is 

expressed at higher levels in macrophages than in other immune cells and has been shown to 

regulate macrophage activation [20]. We have previously shown that selective macrophage 

transfection with miR-125b using hyaluronic acid- poly(ethyleneimine) (HA-PEI) 

nanoparticles led to >6-fold increase in the M1 to M2 macrophage ratio and 300-fold 

increase in the iNOS (M1 marker)/Arg-1 (M2 marker) ratio as compared to the untreated 

control group in lung tissues from a non-small cell lung cancer mouse model [21]. 

Additionally, studies have demonstrated the role of repolarization of TAMs as an 

immunotherapy and have proposed that repolarization of TAMs could complement other 

forms of anti-cancer therapy [22]. Given this, we have evaluated the synergistic anti-tumor 

efficacy of repolarization of TAMs using HA-PEI-miR-125b nanoparticles, in combination 

with paclitaxel therapy for the treatment of epithelial ovarian cancer.
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2. MATERIALS AND METHODS

2.1 Materials

Sodium hyaluronate (HA) 20 – 40K was purchased from Lifecore Biomedical Co. (Chaska, 

MN). N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC), N-

hydroxysuccinimide (NHS), poly (acrylic acid) (PAA) and RPMI-1640 media were 

purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). Branched 

poly(ethyleneimine) (bPEI) 10,000 Da was purchased from Polysciences Inc. (Warrington, 

PA). Dialysis membrane of 12–14 kDa molecular weight cut-off (MWCO) was obtained 

from Spectrum Laboratories Inc., CA. Cy5-NHS ester was obtained from Lumiprobe 

(Hallandale Beach, FL). 4% E-Gel® EX agarose gels were purchased from Thermo 

Scientific, PA. Fetal bovine serum (FBS) was obtained from HyClone (Logan, UT). MACS 

Cell Separation kit was purchased from Miltenyi Biotec, San Diego, CA. miR-125b mimic, 

miR-negative control and penicillin/streptomycin antibiotics were purchased from Life 

Technologies (Woburn, MA). Antibodies CD45, F4/80, CD11b, CD11c, PD-1, PD-L1, 

CD80 and CD206 antibodies were obtained from BioLegend (San Diego, CA). Primers 

specific for iNOS-2, Arg-1, and β-actin were purchased from Eurofins MWG Operon 

(Huntsville, AL).

2.2 Synthesis and Characterization of HA-PEI Nanoparticles

HA-PEI-miR-125b nanoparticles were synthesized as described in [21]. Briefly, HA (100 

mg) was modified by a coupling reaction with PEI (15 mg) using EDC (50 mg) and NHS 

(50 mg) and then miR-125b was added to the HA-PEI polymer (1:27 weight ratio) to form 

HA-PEI-miR-125b nanoparticles. The percent encapsulation was checked using 

RiboGreen® assay kit as per manufactures instructions. The particle size, size distribution, 

zeta-potential and morphology of HA-PEI-miR-125b nano-formulations were measured 

using DLS (Malvern Zetasizer Nano-S, Malvern Inc., UK)and imaged by transmission 

electron microscopy (TEM) using uranyl acetate as described previously [21]. A gel 

retardation assay was carried out to analyze the release of miR-125b or scrambled miR from 

the HA-PEI nanoparticles using a 2% polyacrylic acid (PAA).

2.3 ID8-VEGF Cell Culture

ID8-VEGF epithelial ovarian cancer cells were obtained from Dr. Michael Goldberg at the 

Dana Farber Cancer Center (Boston, MA). ID8-VEGF cells were maintained in RPMI 

supplemented with 10% FBS, 5% P/S, 1% L-Glutamine, 0.5% Sodium Pyruvate and beta-

ME (3.4 ul in 1000ml medium) in 5% CO2 at 37°C.

2.4 ID8-VEGF Syngeneic Orthotopic Ovarian Cancer Model

The animal experiments performed in this study were approved by Northeastern University’s 

Institutional Animal Care and Use Committee. Female C57BL/6 mice (8–10 weeks old) 

were purchased from Charles River Laboratories (Wilmington, MA) and allowed to 

acclimate for 48 hours prior to any procedures. Anesthesized animals were inoculated with 4 

million ID8-VEGF cells through intraperitoneal injection. Post 8, 16 and 24 days, peritoneal 

lavage was performed with 3 ml of 1X ice-cold PBS. The cell pellets obtained after 
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centrifugation at 400 g for 5 min were suspended in DMEM containing 10% FBS and 1% 

antibiotics, were washed with PBS, and cells were then fixed with 4% paraformaldehyde and 

stained with macrophage markers for FACS analysis using Multi-Laser Flow Cytometry 

(DXP11analyzer (Cytek, Fremont, CA). The supernatant from the above peritoneal lavage 

was used for quantifying VEGF levels using Mouse VEGF Quantikine ELISA Kit (R&D 

Systems, Minneapolis, MN). Additionally, the peritoneal cavity was opened to observe the 

presence of tumor nodules.

2.5 Macrophage Uptake of HA-PEI Nanoparticles upon i.p. Administration in ID8-VEGF 
Tumor Model

Female C57BL/6 mice (8 −10 weeks old) were inoculated with 4 million ID8-VEGF cells 

through intraperitoneal injection. On the 10th-day post-tumor-cells inoculation, Cy5 labeled 

HAPEI nanoparticles in PBS (0.5 mL of 1 mg/mL) was injected intraperitoneally. At 6 h, 12 

h and 24 h post-injection of the HA-PEI-Cy5, the mice were sacrificed for macrophage 

collection from the mouse peritoneal cavity using cold PBS. The cell pellets obtained after 

centrifugation at 2000 rpm for 5 min were suspended in DMEM containing 10% FBS and 

1% antibiotics and cultured either on coverslips or in a 6 well plate for 2 h at 37 °C with 5% 

CO2. The non-adherent cells were removed by washing three times with PBS. Peritoneal 

macrophages on coverslips were then fixed with 4% PFA for 10 min at RT, followed by 

staining with Alexa flour 488-anti-mouse F4/80 antibody (a specific marker for mouse 

macrophages) at RT for 1 h. The coverslips were then mounted on the slide with mounting 

media containing DAPI and imaged under a Zeiss confocal microscope (Carl Zeiss, 

Cambridge, UK) at an excitation wavelength of 488 nm for F4/80 antibody and 647 nm for 

Cy5 labeled HA-PEI nanoparticles. The cells in the 6-well plate were treated with trypsin, 

fixed with 4% PFA for 10 min at RT and then stained with Alexa flour 488-anti-mouseF4/80 

antibody and PE-anti-mouse CD11b antibody for FACS analysis using Mult-Laser Flow 

Cytometry (DXP11 Analyzer).

2.6 miR-125b Transfection and TAM Repolarization with HA-PEI Nanoparticles

Ten days post tumor cell inoculation, the C57BL/6 mice were injected intraperitoneally with 

the first dose of HA-PEI-miR-125b (1 mg/kg) or HA-PEI-miR-negative control (1 mg/kg) 

(day 10). The second and third dose of HA-PEI-miR-125b (1 mg/kg) or HA-PEI-miR- 

negative control (1 mg/kg) was administered on day 12 and 14, respectively. On day 16, the 

mice were euthanized and peritoneal lavage was performed using cold PBS. FACS analysis 

was performed as described above. To obtain the peritoneal macrophages from the peritoneal 

exudate cells, magnetic beads conjugated to anti-mouse F4/80 antibody was used along with 

the MACS Cell Separation kit (Miltenyi Biotec, San Diego, CA) according to the 

manufacturers protocol.

The purified F4/80+ peritoneal macrophages were then lysed and RNA was isolated using a 

High Pure RNA isolation kit from Roche Applied Sc. (Indianapolis, IN). Expression levels 

of iNOS and Arg-1 genes were analyzed using qPCR (LightCycler 480, Roche, Branford, 

CT). β -actin was used as a house-keeping gene.
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2.7 Combination TAM Repolarization and Paclitaxel Chemotherapy

Eight days post tumor cell inoculation, the C57BL/6 mice were injected intraperitoneally 

with a single PTX (20 mg/kg) administration, followed by HA-PEI-miR-125b (1 mg/kg) or 

HAPEI-miR-negative control (1 mg/kg) on day 10, 12 and 14. On day 16, the mice were 

euthanized and peritoneal lavage was performed using cold PBS. FACS analysis and VEGF 

quantification were performed as above. Additionally, the peritoneal cavity was opened to 

observe the presence of tumor nodules.

2.8 Statistical Data Analysis

All statistical analysis was performed using Prism 6.0 software (Graph Pad Software, San 

Diego, CA). Results were expressed as mean ± SD. Data were analyzed using a one-way 

analysis of variance followed by post hoc analysis for multiple comparisons for all statistical 

analysis. Differences were considered statistically significant at p< 0.05.

3. RESULTS

3.1 ID8-VEGF Tumor Model Development and Progression

The first segment of the study was to evaluate the syngeneic ID8 ovarian tumor model, 

mainly with respect to the presence of tumor-associated macrophages (TAMs) during the 

development and progression of these tumors. As seen in Figure 1A the ascitic fluid starts 

accumulating in the peritoneal cavity by 16th day after tumor inoculation. Tumor nodules are 

visible on the peritoneal tissue and diaphragm on the 24th-day post tumor (Figure 1B). The 

presence of TAMs (F4/80+, CD206+) is observed in the peritoneal cavity from 8 days post 

tumor inoculation and their number increases with tumor-progression at 16 days post tumor 

inoculation (Figure 1C). There is a 4-fold increase in the percent of TAMs by 16 days post 

tumor inoculation (Figure 1D). Additionally, since these ID8 tumor cells are VEGF 

expressing cells, we determined the VEGF levels in the peritoneal cavity using an ELISA-

based method. The VEGF levels significantly increased, from day 8 to day 24 post tumor 

inoculation as compared to the control mice without tumor cell inoculation as determined by 

ELISA. There is a >10-fold increase in the VEGF levels from day 8 to day 24 post tumor 

inoculation (Figure 1E), thus confirming that VEGF levels could be used a marker for 

determining tumor progression in this syngeneic ID8 ovarian tumor model.

3.2 Synthesis and Characterization of HA-PEI Nanoparticles

HA-PEI nanoparticles synthesized were uniform in size as seen in the TEM image 

(Supplementary Figure 1A). The HA-PEI nanoparticles with miR-125b had a size of 175.6 

± 10 nm and the HA-PEI nanoparticles with scrambled miR had a size of 169.2 ± 8 nm 

(Supplementary Figure 1B). Additionally, in agreement with the TEM image, the HA-PEI 

nanoformulations showed a uniform size distribution with a polydispersity index (PDI) of < 

0.3 (Supplementary Figure 1B). The HA-PEI nanoformulations with miR-125b and 

scrambled miR showed a slight negative charge of −24.2 ± 5.3 and −28.1 ± 5.5 mV 

respectively (Supplementary Figure 1B). The encapsulation efficiency of the miRs in the 

HA-PEI nanoparticles was 99%. Additionally, in the presence of poly (acrylic acid) (PAA), 
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the encapsulated miR was released, as seen by the presence of a band at the molecular 

weight of miR-125b in Supplementary Figure 1C.

3.3 Macrophage Specific Uptake of HA-PEI Nanoparticles in the ID8 Tumor Model

The synthesized HA-PEI nanoparticles labeled with Cy5 showed a preferential uptake by the 

macrophages (F4/80+ cells) when administrated intraperitoneally in the ID8 tumor-bearing 

mice on Day 10 from 6 h to 24 h (Figure 2A). However, the Cy5 fluorescence decreases 

from 6 h to 24 h (Figure 2B).

3.4 Repolarization of TAMs with miR-125b in HA-PEI Nanoparticles

Intraperitoneal administration of HA-PEI nanoparticles with miR-125b or scrambled miR 

resulted in the reduction of total peritoneal macrophage population (CD11b+, F4/80+) in the 

ID8 ovarian tumor model as compared to the untreated control (Figure 3A). TAMs (CD206+ 

cells) were reduced following intraperitoneal administration of HA-PEI-miR-125b 

nanoparticles as compared to the untreated control (Figure 3B). Additionally, there was >2-

fold increase in the anti-tumoral macrophages (CD80+ cells), following intraperitoneal 

administration of HA-PEI-miR-125b nanoparticles as compared to the untreated control 

(Figure 3C) and a significant reduction in the CD206/CD80 ratio with the HA-PEI-

miR-125b group as compared to the untreated control (Figure 3D). Furthermore, after 

isolating RNA from these macrophages, it was observed that iNOS mRNA levels were 

significantly increased (>10-fold) in the HA-PEI-miR125b treatment group as compared to 

the untreated control and HA-PEI-scrambled miR groups (Figure 3E). Additionally, the 

Arg-1 mRNA levels were lower in the HA-PEI-miR125b treatment group as compared to the 

untreated control and HA-PEI-scrambled miR groups (Figure 3F) and the iNOS/Arg-1 

mRNA ratio showed >10-fold increase in the HA-PEI-miR125b treatment group as 

compared to the untreated control and HA-PEI-scrambled miR groups (Figure 3G).

3.5 Effect of miR-125b Transfection on Immune Cell Populations

Intraperitoneal administration of HA-PEI-miR-125b nanoparticles or HA-PEI-scrambled 

miR, did not show any significant change in the total immune cell (CD45+) population in the 

peritoneal cavity of tumor-bearing mice (Figure 4A and Supplementary Figure 2A). 

Interestingly, there was a significant increase in the PD1+ cells following intraperitoneal 

administration of HA-PEI-miR-125b nanoparticles as compared to the untreated group 

(Figure 4B) but no significant difference was observed in the % PD1+ cells between 

untreated and HA-PEI-scrambled miR groups (Supplementary Figure 2B). Additionally, 

there was a significant increase in the total number of dendritic cells (CD11b+, CD11c+) 

following treatment with HAPEI-miR-125b nanoparticles and HA-PEI-scrambled miR as 

compared to the untreated group (Figure 4C and Supplementary Figure 2C). We further 

evaluated the effect of HA-PEI-miR-125b nanoparticles on PD-L1 levels in the tumor cells. 

However, there was no significant difference in the GFP+ ID8 tumor cells and PD-L1+ levels 

in the tumor cells following intraperitoneal administration of HA-PEI-miR-125b 

nanoparticles as compared to the untreated group (Figure 4D, 4E and Supplementary Figure 

2E).
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3.6 Effect of miR-125b-based TAM Repolarization and Chemotherapy Combination

As seen in Figure 5A, 24 days post tumor inoculation, following treatment with HA-PEI-

miR-125b nanoparticles and paclitaxel there is a significant reduction in the ascitic fluid as 

compared to the untreated control, PTX treatment group, HA-PEI-miR-125b treatment 

group and the paclitaxel plus HA-PEI-scrambled-miR treated mice (Figure 5A and 5C). 

There is no significant weight change observed in HA-PEI-miR-125b nanoparticles with the 

paclitaxel-treated group. However, the untreated control group and HA-PEI-scrambled-miR 

nanoparticle with paclitaxel-treated group show >5% weight gain (Figure 5B). Furthermore, 

there is a significant reduction in VEGF levels following treatment with HA-PEI-miR125b 

nanoparticles in combination with paclitaxel as compared to the untreated control on day 16 

post tumor inoculation (Figure 5D). On day 16th, there was no significant reduction in 

VEGF levels following treatment with HA-PEI-miR125b nanoparticles in combination with 

paclitaxel as compared to the treatment with PTX alone or HA-PEI-scrambled-miR 

nanoparticles in combination with paclitaxel (Figure 5D). However, there was a significant 

reduction in the VEGF levels in the peritoneal lavage following treatment with HA-PEI-

miR125b nanoparticles in combination with paclitaxel as compared to the treatment with 

PTX alone or HA-PEI-miR125b alone or HA-PEI-scrambled-miR nanoparticles in 

combination with paclitaxel and the untreated control on day 24 post tumor inoculation 

(Figure 5D).

We also evaluated the effect of HA-PEI-scrambled-miR nanoparticle along with the 

paclitaxel-treated group on the tumor microenvironment. A significant reduction in the total 

peritoneal macrophage population (CD11b+, F4/80+ cells) was observed following treatment 

with HA-PEI-miR125b nanoparticles in combination with paclitaxel as well as treatment 

with HAPEI-scrambled-miR nanoparticles in combination with paclitaxel, compared to the 

untreated control (Figure 6A). There is a significant reduction in the TAM population 

(CD206+ cells) following treatment with HA-PEI-miR125b nanoparticles in combination 

with paclitaxel as compared to the untreated control and treatment with HA-PEI-scrambled 

miR in combination with paclitaxel (Figure 6B). Additionally, there is a significant increase 

in anti-tumoral macrophages (CD80+ cells) following treatment with HA-PEI-miR125b 

nanoparticles in combination with paclitaxel as compared to the untreated control and 

treatment with HA-PEI-scrambled-miR nanoparticles in combination with paclitaxel (Figure 

6C). The significant reduction is observed ratio of CD206+/CD80+ cells with the PTX+HA-

PEI-miR-125b treatment as compared to untreated control as well as PTX+HA-PEI-

scrambled miR (Figure 6D). Furthermore, there is no difference in the total immune cells 

(CD45+ cells) (Supplementary Figure 3A). A significant increase is observed in the PD-1+ 

cell population, following treatment with HA-PEI-miR125b nanoparticles in combination 

with paclitaxel as well as treatment with HA-PEI-scrambled-miR nanoparticles in 

combination with paclitaxel as compared to the untreated control (Supplementary Figure 

3B). Furthermore, intraperitoneal administration of HA-PEI-miR125b nanoparticles does 

not induce systemic toxicity as seen in Supplementary Figure 4.
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4. DISCUSSION

The immunocompetent ID8-VEGF syngeneic mouse model of epithelial ovarian cancer 

closely mimics the progression of human epithelial ovarian cancer along with the 

characteristic malignant ascites [21, 23, 24]. Additionally, since VEGF expression is 

associated with disease progression, ascitic fluid formation, as well as patient survival in 

epithelial ovarian cancer [25], this ID8 syngeneic mouse model, overexpressing VEGF aptly, 

simulates advanced stage of the disease [26]. Thus, in this study, we have used VEGF levels 

in the peritoneal fluid as a marker for tumor progression. Furthermore, ID8-VEGF 

syngeneic mouse model of epithelial ovarian cancer was well suited for this study since the 

increase in TAMs in the peritoneal cavity, was well correlated with the markers of tumor 

progression such as accumulation of ascitic fluid, the presence of peritoneal tumor nodules 

and VEGF levels in peritoneal fluid (depicted in Figure 1) [27]. However, it is noted that 

TAMs express mixed polarization and are represented by various markers among which we 

have focused on CD206 and CD80 based on our previous study using HA-PEI-miR-125b 

nanoparticles [21].

We have previously demonstrated the efficiency of intraperitoneal administration of HAPEI 

nanoparticles in preferentially targeting the peritoneal macrophages, mediated through the 

CD44 glycoprotein receptors [28, 29]. Additionally, we had screened multiple miRs for their 

efficiency in TAM repolarization, among which miR-125b showed the highest efficiency 

[21]. Thus, herein we have used the HA-PEI nanoparticles encapsulating miR-125b having 

size > 200 nm, PDI < 0.3 and zeta-potential close to −25 mV, making them suitable for 

uptake by macrophages [30–32]. Following intraperitoneal administration of CY5 labeled 

HA-PEI nanoparticles in the ID8 ovarian cancer model, the nanoparticles were preferentially 

taken up by the macrophages. Furthermore, the uptake of Cy5 labeled HA-PEI nanoparticles 

was highest at 6 h and reduced at 12h and 24 h due to the efficient time-dependent clearance 

mechanism of these HA-PEI nanoparticles.

In cases of ovarian cancers restricted to the peritoneal cavity, intraperitoneal administration 

of paclitaxel and platinum chemotherapy is an approved standard care of treatment [5, 33]. 

Thus, our strategy was to concurrently deliver HA-PEI-miR-125b nanoparticles 

intraperitoneally for repolarization of TAMs to an immune-activating phenotype for 

synergistic anti-tumor efficacy in combination therapy with paclitaxel. The total number of 

CD11b+, F4/80+ macrophages were reduced following intraperitoneal administration of HA-

PEI-miR-125b as well as HA-PEI-scrambled miR nanoparticles. Thus, this effect could thus 

be attributed to the administration of HA-PEI nanoparticles. Since these HA-PEI 

nanoparticles particularly target macrophages, this could be the immediate effect on the 

macrophages of the peritoneal cavity. Nevertheless, following intraperitoneal administration 

of HA-PEI-miR-125b nanoparticles, the significant increase in iNOS levels as compared to 

HA-PEI-scrambled miR nanoparticles and the significant increase in CD80+ macrophages 

and reduction in CD206+ macrophages and Arg-1 levels [34–37] as compared to the 

untreated group showed efficacious repolarization of TAMs to an immune-activating 

phenotype. Intraperitoneal administration HAPEI-miR-125b nanoparticles and HA-PEI-

scrambled miR enhanced the CD11b+, CD11c+ dendritic cell population as compared to the 

untreated control group, which could be the non-specific immune activating effect of HA-
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PEI nanoparticles [38]. Furthermore, TAMs display immunosuppressive mechanisms to 

promote tumor growth [39]. One of these mechanisms is inhibiting the infiltrating T-cells. 

Studies have shown that depletion of TAMs, resulted in increase in T-cell infiltration [40]. 

Thus, similarly repolarization of TAMs to pro-inflammatory phenotype with HA-PEI-

miR-125b nanoparticles, could overcome the immunosuppressive tumor environment, 

thereby promoting infiltrating T-cells. The increase in PD-1+ immune cells could be the 

result of increased infiltrating T-cells. However, this hypothesis needs further detailed 

evaluation. Additionally, no significant difference was observed in the CD45+ immune cells 

between the untreated control and HA-PEI-miR-125b treated group.

The synergistic anti-tumor efficacy of paclitaxel and HA-PEI-miR-125b was clearly 

observed with a reduction of ascitic fluid in the peritoneal cavity. Both the paclitaxel with 

HAPEI-scrambled miR, PTX alone, HA-PEI-miR125b alone and HA-PEI-miR-125b 

showed reduced VEGF levels in the peritoneal fluid on day 24 as compared to untreated 

control group demonstrating paclitaxel alone and HA-PEI-miR125b alone could reduce the 

VEGF levels. However, there was no significant reduction in VEGF levels with the 

paclitaxel with HA-PEI-scrambled miR, PTX alone, HA-PEI-miR125b alone and HA-PEI-

miR-125b as compared to the untreated control on 16th day. It is known that high-dose of 

paclitaxel induces stress to the tumor cells and tumor-related endothelium, stimulating 

VEGF mRNA expression [41, 42]. This could be the reason for no change in VEGF levels 

on day 16th in both the paclitaxel treated groups. However, by day 24th, the cytotoxic activity 

of paclitaxel results in reduced number of VEGF secreting ID8 cells, in turn significantly 

reducing the VEGF levels. Additionally, on day 24 the VEGF levels in the PTX with HA-

PEI-miR125b treated group was significantly lower than the PTX with HA-PEI-scrambled 

miR treated group demonstrating the efficient synergistic efficacy of paclitaxel and TAM 

repolarization. This difference was evident at later time-points indicating that paclitaxel was 

not efficient in completely eradicating the tumor cells which start proliferating once 

paclitaxel is cleared [43, 44]. Moreover, the presence of TAMs is known to restrict the anti-

tumor immune responses associated with chemotherapy [45, 46]. Thus, repolarization of 

TAMs would additionally overcome the limitations imposed by TAMs on anti-tumor 

immune responses associated with chemotherapy, which would, in turn, enhance the anti-

tumor efficacy of the chemotherapeutic agents such as paclitaxel (Figure 6F). However, 

treatment of PTX with HA-PEI-miR125b did not significantly reduce VEGF levels 

compared to PTX alone or PTX with HA-PEI-scrambled miR on day 16, even though HA-

PEI-miR125b repolarized TAM towards anti-tumoral phenotype on day 16 since the process 

of reprogramming/ablation of TAMs to inhibit of tumor growth is a complex with the 

downstream effects occurring 1–3 weeks post TAM ablation/reprogramming [47–49].

In conclusion, we demonstrate that the intraperitoneal administration of HA-PEI-miR-125b 

is an effective strategy in specifically targeting TAMs in the peritoneal cavity of the ID8 

ovarian tumor model and repolarizing TAMs to immune-activating phenotype. Furthermore, 

pertaining to the half-live of paclitaxel in the peritoneal cavity, a single dose of paclitaxel 

can suppress the ID8 ovarian tumors for a limited duration [50, 51] while the combination 

with paclitaxel treatment and TAMs repolarization significantly enhances the anti-tumor 

efficacy in advanced stages of tumor progression. Importantly, since paclitaxel administered 

intraperitoneally is the standard care of treatment for ovarian cancers restricted to the 
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peritoneal cavity, HA-PEI-miR-125b nanoparticles can be co-administered for enhanced 

anti-tumor efficacy. Furthermore, these HA-PEI-miR-125b nanoparticles do not lead to any 

toxicity and are a safer option as an anticancer therapy for a further clinical evaluation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• The synthesized HA-PEI-miR-125b nanoparticles can specifically target 

TAMs in the peritoneal cavity of syngeneic ovarian cancer mice model.

• Intraperitoneal administration of HA-PEI-miR-125b nanoparticles in 

syngeneic ovarian cancer mice model can repolarize the TAMs to immune-

activating phenotype.

• Intraperitoneal administration of HA-PEI-miR-125b nanoparticles in 

combination with paclitaxel can enhance the anti-tumor efficacy of paclitaxel, 

in syngeneic ovarian cancer mice model.

• Intraperitoneally administered HA-PEI-miR-125b nanoparticles do not induce 

any systemic toxicity.
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Figure 1. ID8-VEGF epithelial ovarian tumor development in C57BL/6 mice
Female C57BL/6 mice were inoculated with 4 million ID8 cells through intraperitoneal 

injection. Post 8, 16 and 24 days, the peritoneal lavage was performed with 3 ml of 1X PBS. 

(A) Representative peritoneal cavity images from these mice. Arrows indicate accumulation 

of ascitic fluid. (B) The appearance of metastatic nodules on the diaphragm at Day 16. (C) 

FACS analysis shows the increase in TAMs with tumor progression. (E) Increase in VEGF 

levels in the peritoneal lavage from mice correlated with the tumor progression as 

determined by ELISA.
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Figure 2. Uptake of HA-PEI-Cy5 nanoparticles by macrophages in ID8 tumor-bearing mice
Female C57BL/6 mice were injected with ID8 cells on day 1. On day 10, the mice were 

injected intraperitoneally with Cy5 labeled HA-PEI nanoparticles and the peritoneal cavity 

was lavaged with 1X PBS at 6 h, 12 h, and 24 h post-administration. Representative images 

of cells were grown on coverslips and stained with F4/80 antibody for confocal analysis. 

Scale bar indicates 20 μm. (B) FACS analysis performed on the cells isolated from lavage. 

The graph represents MFI for Cy5 in F4/80+ and CD11b+ macrophages. N=3, Data is 

analyzed by One-way ANOVA.
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Figure 3. Tumor-associated macrophage (TAM) repolarization using miR-125b in HA-PEI 
nanoparticles
Female C57BL/6 mice were injected with ID8 cells on day 1. On day 10, the mice were 

injected intraperitoneally with either HA-PEI-scrambled miR or HA-PEI-miR-125b at 1 

mg/kg dose every alternate day for 3 days and peritoneal cavity was lavaged with 1X PBS 

on day 16, for peritoneal cells collection and analysis by FACS for (A) CD11b+, F4/80+ 

macrophages, (B) CD206+ M2 macrophages and (C) CD80+ M1 macrophages (D) Ratio of 

CD206/CD80. Expression of (E) iNOS and (F) Arg-1 and (G) iNOS/Arg-1 ratio tumor-

associated macrophages treated with HA-PEI nanoparticle formulations. qPCR was used for 

quantification of gene expression level with β-actin as the internal control. N=4, Data is 

analyzed by One-way ANOVA.
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Figure 4. Analysis of immune cells from the peritoneal lavage fluid upon miR-125b transfection
Female C57BL/6 mice were injected with ID8 cells on day 1. On day 10th mice were 

injected intraperitoneally with either HA-PEI-scrambled miR or HA-PEI-miR-125b at 1 

mg/kg dose every alternate day for 3 days and peritoneal cavity was lavaged with 1X PBS of 

day 16th for peritoneal cells collection and analysis by FACS for (A) CD45+ (B) PD1+ gated 

on CD45+ cells, (C) CD11b+, CD11c+ dendritic cells, (D) GFP+ ID8 cells and (E) PD-L1+ 

with GFP+ cells. N=4, Data is analyzed by One-way ANOVA.
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Figure 5. Effect of combination mIR-125b transfection and paclitaxel chemotherapy on VEGF 
levels in the peritoneal cavity
Female C57BL/6 mice were injected with ID8 cells on day 1. On day 8th mice were injected 

intraperitoneally with PTX (2 mg/kg) and on day 10th mice were injected intraperitoneally 

with either HA-PEI-scrambled miR or HA-PEI-miR-125b at 1 mg/kg dose every alternate 

day for 3 days and peritoneal cavity was lavaged with 1X PBS on Day 16 and Day 24. (A) 

Representative peritoneal cavity images from these mice (B) Percent change in body weight 

determined over the duration of the study. (C) Accumulation of ascitic fluid volume on day 

24. (D) Determination of the VEGF levels by ELISA in the peritoneal lavage from mice. 

N=4, Data is analyzed by One-way ANOVA.
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Figure 6. Analysis of immune cells from the peritoneal lavage fluid upon treatment with 
combination miR-125b transfection and paclitaxel chemotherapy
Female C57BL/6 mice were injected with ID8 cells on day 1. On day 8th mice were injected 

intraperitoneally with PTX (2 mg/kg) and on day 10th mice were injected intraperitoneally 

with either HA-PEI-scrambled miR or HA-PEI-miR-125b at 1 mg/kg dose every alternate 

day for 3 days and peritoneal cavity was lavaged with 1X PBS. Peritoneal cells were 

collected and analysed by FACS for (A) CD11b+, F4/80+ macrophages, (B) CD206+ M2 

macrophages and (C) CD80+ M1 macrophages (D) Ratio of CD206+/CD80+ cells. N=4, 

Data is analyzed by One-way ANOVA. (F) Schematic representation of combination therapy 

with intraperitoneal administration of HA-PEI-miR-125b nanoparticles and paclitaxel as 

anticancer therapy for epithelial ovarian cancer.
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