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Abstract

The foreign body response (FBR) begins with injury acquired during implantation of a biomaterial 

(BM) and is detrimental due to the eventual encapsulation of the implant. Fusion of macrophages 

to form foreign body giant cells (FBGC), a hallmark of the FBR, is the consequence of a multistep 

mechanism induced by interleukin (IL)-4 that includes the acquisition of a fusion competent state 

and subsequent cytoskeletal rearrangements. However, the precise mechanism, regulation, and 

interplay among molecular mediators to generate FBGCs are insufficiently understood. Seeking 

novel mediators of fusion that might be regulated at the post-transcriptional level, we examined the 

role of microRNAs (miRs) in this process. A miR microarray was screened and identified 

miR-223 as a negative regulator of macrophage fusion. In addition, transfection of primary 

macrophages with a mir-223 mimic attenuated IL-4-induced fusion. Furthermore, miR-223 KO 

mice and mir-223 deficient cells displayed increased fusion in vivo and in vitro, respectively. 

Finally, we developed a method for in vivo delivery of miR-223 mimic utilizing PLGA 

nanoparticles, which inhibited FBGC formation in a biomaterial implant model. Our results 

identify miR-223 as a negative regulator of fusion and demonstrate miR-223 mimic-loaded 

nanoparticles as a therapeutic inhibitor of macrophage fusion.
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 Introduction

Implantation of biomaterials and devices in vascularized tissue induces a cascade of events 

known as the foreign body response (FBR). Part of the initial response involves the 

recruitment of macrophages that can undergo fusion and form foreign body giant cells 

(FBGC), which can cause direct degradation of the implant leading to its malfunction [1–3]. 

Specifically, it has been shown that FBGCs secrete reactive oxygen species, degradative 

enzymes, and create an acidic microenvironment at the implant interface.

Despite extensive studies directed at limiting the FBR in vivo, implant malfunction due to 

FBGC and collagenous capsule formation remains an insurmountable obstacle in many 

applications. Recent studies focus on creating novel materials for implants, various polymer 

coatings, or change to the physical structure of the implant to circumvent this issue. For 

example, in attempt to create novel biopolymers with increased in vivo compatibility, 

Chandorkar et al fabricated a biodegradable salicylic acid releasing polyester that, when 

implanted subcutaneous (SC) in mice, reduces the FBR compared to a poly(lactic-co-

glycolic acid) (PLGA) polymer [4]. Likewise, Udpa et al utilized chitosan coatings on 

propylene mesh in a rat abdominal wall model of hernia repair to compare the 

biocompatibility to currently available commercial meshes [5]. Chitosan coated mesh was 

associated with a decrease in inflammatory response and in overall fibrosis around the 

implant. Coating of glucose sensors with a polymer that quickly dissolves upon tissue 

implantation, allowing for release of a slower degrading polymer containing masitinib 

microparticles, has proven effective in limiting capsule thickness in the mouse SC FBR 

model [6]. Wang et al fabricated a novel polymer coating comprised of PLGA microspheres 

dispersed in polyvinyl alcohol (PVA) hydrogels [7]. When used to coat glucose sensors, this 

material allowed for slow release of dexamethasone from the microsphere while allowing for 

rapid diffusion of glucose and other sensing molecules, effectively reducing the FBR. 

Despite advancements in material coatings, in vivo attenuation of the FBR remains an unmet 

challenge.

Extensive changes in the transcription of several fusion mediators have been observed during 

in vitro and in vivo macrophage fusion (Reviewed in [8, 9]). While many of the fusion 

mediators are known to be transcriptionally regulated, some are mediated by yet unknown 

processes. For example, the janus kinase (JAK) and signal transducer and activator of 

transcription (JAK/STAT) pathway is well known to induce transcription of the essential 

fusion mediator epithelial-cadherin (ECAD) [10, 11]. Likewise, DNAX-activating protein of 

molecular mass 12 kilodaltons (DAP-12) was shown to mediate transcriptional programming 

of IL-4 induced macrophages through TREM2 and SYK signaling [12]. Other fusion 

mediators –including monocyte chemotactic protein-1 (MCP-1), Ras-related C3 botulinum 

toxin substrate 1 (Rac-1), and tumor necrosis factor (TNF)— are regulated by unknown 

mechanisms. One possibility is that microRNAs (miRs) play a role in regulating expression 

of these transcripts. Support for this possibility was recently reported in a study were human 

monocyte-derived macrophages treated with IL-4/IL-13 displayed increased miR-142-5p 

and decreased miR-130-3p [13]. In the activation model used in this study, miR-142-5p 

regulated the phosphorylation of STAT6.
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MiRs, small non-coding RNAs that regulate gene expression at the post-transcriptional level, 

have been linked to regulation of macrophages in many inflammatory settings and cell 

fusion scenarios [14]. In tightly regulated processes, homologous cell fusion occurs under 

both physiological and pathological conditions. Examples include myoblasts in skeletal 

muscle formation, and cells of the monocytic lineage in osteoclast and FBGC formation [9, 

15–18]. MiRs have been found to extensively regulate macrophage functions. For example, 

miR-223 has been shown to be essential for macrophage differentiation [14]. However, less 

attention has been given to macrophage fusion during the FBR. Specifically, a single study 

has reported miR-7a-1 as a direct regulator of DC-STAMP during IL-4 induced macrophage 

fusion in vitro. [19]. There is also support for miR regulation of other fusion mediators but 

not in the context of FBGC formation. For example, MCP-1 has been shown to be regulated 

by miRs in scenarios ranging from adipose tissue production, rheumatoid arthritis, and 

proliferation and apoptosis of human umbilical vein endothelial cells [20–22]. Rac-1, an 

essential mediator of shape change and cytoskeletal rearrangements during macrophage 

fusion, has been shown to be regulated by miRs in various types of cancer. Specifically, 

Rac-1 levels are negatively regulated by miR-146a in prostate cancer, miR-142 in 

hepatocellular carcinoma, miR-101 in papillary thyroid cancer, and miR-137 in 

glioblastomas [23–26].

Mir-based approaches to treat various conditions have been described [27–30]. Moreover, 

nanoparticles are promising carriers for microRNA mimics and antagomiRs, as they can 

protect and deliver oligonucleotides in vivo. For example, Babar et al. used PLGA 

nanoparticles to inhibit an anti-miR-155 construct in lymphoma, illustrating the role of 

nanoparticles in enhancing stability and controlling release over time, which was possible 

because of the high loading capacity of the nanoparticles[31]. Devalliere et al demonstrated 

that microRNA mimic can be loaded into PLGA nanoparticles and that these nanoparticles 

loaded with microRNA-132 provided sustained angiogenic activities in vivo [32]. Use of 

nanoparticles to deliver miRs circumvents many of the challenges to miR delivery in the 

clinical setting, providing protection of the miR until it has reached the target cell, targeted 

biodistribution, and decreases chances of off target affects [33].

Given previous studies indicating miR regulation of fusion mediators, and miR involvement 

in other fusion scenarios, we investigated miR mediation of macrophage fusion during the 

FBR. Through miR microarrays, we compared macrophages that were cultured in the 

presence or absence of IL-4, and identified miR-223 as an essential negative regulator of 

fusion. We demonstrated, through in vitro transfection with a miR-223 mimic, that over 

expression of this miR lead to a reduction in fusion. Likewise, in vitro and in vivo fusion 

assays with miR-223 KO cells and mice, respectively, indicated that the absence of this miR 

allows for amplification of fusion. Thus, we developed a nanoparticle-based strategy to 

deliver miR-223 mimic in vivo to attenuate fusion during the FBR. We fabricated miR-223 

mimic-loaded nanoparticles and delivered these particles following biomaterial implantation 

to successfully attenuate FBGC formation in vivo.
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 Results

 Identification of fusion associated miRs

To determine miRs involved in the regulation of macrophage fusion during the FBR, a series 

of miR microarrays were used to identify differentially expressed miRs following IL-4 

stimulation. First, as described previously, bone marrow derived monocytes (BMDM) were 

isolated from 3–6 month old C57B6 WT mice [34]. The onset of BMDM fusion in vitro is 

routinely observed at 48 hours, but induction of molecules regulating fusion can be observed 

as early as 24 hours [35]. Thus, 24 hours after stimulation, miRNA was isolated to compare 

miR expression from two conditions: cells treated with IL-4 (fusion-induced) and not treated 

(control). Analysis identified miRs with the most fold change, and allowed for creation of a 

list of candidate miRs to explore further (Figure 1A). Additional miR microarray screens 

were performed to compare non-induced and fusion-induced samples at 48 hours (SI Figure 

1).

 qRT-PCR validation of candidate miRs

Once candidate miRs were identified via microarray analysis, qRT-PCR was performed to 

verify that they were differentially expressed during macrophage fusion in vitro. Aliquots of 

the original miRNAs isolated for the 24hour miR microarray were used to assess miR 

expression changes. Initial attention was given to the 24 hour time point as future attempts to 

inhibit the FBR in vivo would be more successful if the process was inhibited as early as 

possible. Based on microarray fold change and known interactions of miRs in other fusion 

or macrophage related processes, a list of candidates were chosen for q-RT-PCR analysis. 

Two miRs—miR-194 and miR-223—displayed reproducible fold changes that were 

consistent with the microarray data (Figure 1B).

 miR-223 mimic transfected cells exhibit decreased fusion in vitro

Based on the decrease in miR-223 levels in cells treated with IL-4, transfection experiments 

were performed to determine if the miR was biologically relevant to fusion. Specifically, 

BMDM were transfected with miR-223 mimic and treated with IL-4 in order to evaluate 

changes in fusion. Prior to this study, transfection efficiency was evaluated with a Cy3 

labeled scramble miR mimic (SI Figure 2A). Additionally, miRNA was isolated from wells 

transfected with mir-223 mimic to confirm an increase in mir-223 levels (SI Figure 2B). 

Analysis showed that efficient transfection was achieved at concentrations of mir mimic as 

low as 30nM.

At day 5 post-transfection, cells were fixed and stained via a combination of Wright-Giemsa 

and May-Grunwald to visualize FBGCs and quantify fusion as described previously [35]. 

Briefly, 10 low power images per well and three wells per transfection condition (miR-223 

mimic, miR-scramble) were analyzed [35]. Number of FBGC, number of nuclei per FBGC, 

and number of single cells were counted to determine the fusion index [34–38]. In vitro 
fusion experiments typically range from five to ten days, with the fusion index reaching as 

high as 80% at day 10. Experiment was stopped at day 5 to ensure cell health and optimal 

miR-223 transfection levels. At day five, a reduction in fusion in the miR-223 transfected 

WT cells was observed, correlating with a decrease in total number of FBGC per field. No 
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change in number of nuclei per FBGC was detected (Figure 1C, D). Transfection 

experiments were also performed with miR-194 mimic, but no changes in fusion were 

observed (data not shown), suggesting the specificity of miR-223 to altering FBGC 

formation. To determine if ablation of microRNAs within macrophages would influence 

macrophage fusion during the FBR, a fusion assay was performed to compare Drosha KO 

BMDM to WT BMDM (data not shown). The RNase enzyme Drosha is required for 

canonical biogenesis and processing of the primary microRNA to be cleaved into the 

precursor microRNA before being exported to the cell cytoplasm [39].

 miR-223 KO cells display increased fusion in vitro and in vivo

To confirm the role of miR-223 in regulating FBGC formation during the FBR, experiments 

were performed to determine the effect of miR-223 deficiency in this process. BMDM were 

isolated from MiR-223 KO mice and an IL-4-induced fusion assay was performed in vitro as 

described above. MiR-223 KO cells displayed increased fusion when compared to WT cells, 

correlating with an increase in the number of FBGC per field (Figure 2A, B). Based on 

miR-223’s influence on fusion in vitro, an in vivo characterization of FBGC formation in 

miR-223 KO animals was performed. Mice were implanted with Millipore filters SC for 

four weeks as described previously [40]. Total number of FBGC and capsule thickness were 

then analyzed to reveal an increase in number of FBGC while no changes were seen in 

capsule thickness (Figure 2C,D).

Consistent with the observation that mir-223 levels need to be reduced during macrophage 

fusion, we observed that macrophages deficient in fusion failed to regulate mir-223. 

Specifically, we analyzed mir-223 levels in IL-4-treated MCP-1 KO macrophages, which 

display compromised fusion (SI Figure 3). Unlike in their wild counterparts, mir-223 levels 

remained constant in these cells suggesting a putative role for MCP-1 in the regulation of 

this mir.

 Fabrication and characterization of miR-223 mimic nanoparticles

Based on observations that miR-223 negatively regulates FBGC formation in vitro and in 
vivo, we developed an in vivo nanoparticle delivery strategy for miR-223. PLGA 

nanoparticles were fabricated using the double emulsion solvent evaporation method as 

described previously [41]. Each batch of nanoparticles was visualized using SEM and DLS 

was performed to determine the morphology and size of particles (Figure 3A): nanoparticles 

were generally spherical, with an average diameter of 400 nm. A pilot study was performed 

comparing FBGC formation on polydimethylsiloxane (PDMS) implanted into the peritoneal 

cavity (IP) of WT mice that were subsequently treated or not treated with PLGA 

nanoparticles. Specifically, injection of empty PLGA nanoparticles 24 hr following IP 

implantation of PDMS discs did not alter FBGC formation (Figure 3C–D). In addition, 

injection of C6 labeled nanoparticles demonstrated extensive uptake by implant-adherent 

macrophages at day 5, demonstrating the efficiency of the nanoparticles to target implant-

adherent cells.
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 IP delivery of miR-223 mimic nanoparticles attenuates fusion at implant site

Nanoparticles encapsulating miR-223 mimic or miR scramble, as well as the empty 

particles, were analyzed for amount of nucleic acid loading per particle so that an optimal 

delivery amount could be determined. To determine the efficacy of our miR-223 loaded 

nanoparticles at decreasing fusion in vivo, PDMS discs were implanted IP into WT mice. 

We have previously shown extensive uptake of microparticles by cells adherent to 

biomaterials in this model [37]. After 24 hours, nanoparticles containing 3,000 pmol of 

either miR-223 mimic or scrambled miR were injected into the peritoneal space. The 24 

hour delay allowed for the first layer of cells to adhere to the implant prior to introduction of 

the nanoparticles. Implants were excised at day 5, fixed, stained for Dapi and Rhodamine-

Phalloidin to visualize cells, and analyzed by confocal microscopy and Volocity software. 

Quantitative analysis showed that the formation of FBGC was decreased in animals that 

received miR-223 mimic (Figure 4).

 Discussion

FBGC formation remains a significant complication despite extensive research into the FBR. 

Most attempts at modification of the FBR focus on implant design such as surface 

chemistry. Despite widespread involvement of miRs in osteoclast formation, little is known 

about miR regulation of FBGC formation. A single study demonstrating the role of 

microRNAs introduces the idea, but still leaves many questions [19]. Specifically, Sissons et 

al utilized Dicer KO cells to demonstrate the importance of miRs in regulating macrophage 

fusion. However, this study involved very low rates of fusion (below 50%) and low number 

of nuclei per FBGCs suggesting that the findings were not robust. In contrast, most studies 

report fusion indexes that exceed 70 percent and extensive multinucleation [34]. 

Furthermore, the same study identified miR-7a as a direct regulator of DC-STAMP to 

control macrophage fusion in vitro, but did not describe a mechanism of miR regulation of 

the fusion pathways or demonstrate the importance of this miR to macrophage fusion in vivo 
[19]. Nevertheless, the findings in Dicer KO cells regarding the negative regulation of fusion 

by mirs are consistent with our findings with mir-223. Furthermore, we have evaluated IL-4-

induced fusion in BDMD from Drosha KO and observed increased fusion (unpublished 

observation). Interestingly, in a recent publication of IL-4-regulated miRs in macrophages, 

changes in either mir-223 or mir7-a were not reported [13]. We believe that this is due to the 

fact that the analysis was performed in macrophages plated on tissue culture plastic, which 

was previously shown to be non-permissive for fusion [8, 9]. Therefore, the effects of IL-4 

were limited to activation and did not lead to engagement of the fusion relevant pathways.

Our experimental approach allowed us to identify miR-223 as a negative regulator of 

macrophage fusion during the FBR in both in vitro and in vivo. Specifically, miRNA 

microarrays and qRT-PCR comparing miR expression demonstrated reduction in miR-223 

levels following 24 hours of IL-4 stimulation. In vitro fusion assays demonstrate the role of 

miR-223 in limiting fusion, with miR-223 mimic greatly reducing fusion. In addition, in 
vitro fusion assays with miR-223 KO cells demonstrate that when miR-223 is completely 

removed, fusion is significantly increased. Furthermore, SC implantation of Millipore filters 

into miR-223 KO mice reveal the same trend, supporting the role of miR-223 in vivo.
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MiR-223 is an important regulator of cells of the hematopoietic lineage so it is not surprising 

that it plays a role in macrophage fusion. In fact, miR-223 has already been shown to be 

essential for osteoclast fusion [42, 43]. Sugatani et al. demonstrate that RAW cells treated 

with RANKL to induce osteoclastogenesis in the presence of an siRNA to knockdown 

miR-223 had a significant increase in fusion, as indicated by an increase in TRAP+ cells. In 

contrast, cells that were treated with a pre-miR-223 were unable to undergo fusion [43].

Although it is yet unclear how IL-4 levels result in a decrease in miR-223 during fusion, 

current findings provide some insight. Specifically, studies indicate that miR-223 is 

generally controlled by at least three transcription factors: NFI-A, C/EBPα and PU.1. C/

EBPα and PU.1 positively regulate miR-223 while NFI-A negatively regulates miR-223 by 

competitively binding at the C/EBPα site [44]. It should be also noted that in vivo 
microRNA regulation of targets in the FBR are likely complex. Thus, it is possible that other 

miRs play a significant role during the FBR. One possibility is that miRs could be acting to 

repress regulators of fusion until the appropriate signals are propagated. For example, 

several miRs have been linked to fusion mediator MCP-1. Kawano et al identified miR-124a 

as a major mediator of MCP-1 secretion during rheumatoid arthritis [22]. In addition, 

reviews outline the multitude of miRs found in the wound environment, which mediate 

inflammation and repair [45, 46]. Nevertheless, identification of miR-223 regulation of 

fusion in vitro and in vivo during the FBR adds to our expanding understanding of the 

process of biomaterial-macrophage interactions. Moreover, miR-223 and other miR 

regulators of fusion could prove to be essential targets in attenuating the FBR in vivo.

Many issues arise when delivering miRs in vivo, including administration of the miRNA, 

cellular entry, poor in vivo stability due to degradation by ribonucleases, and off-target 

effects of the miR. Our approach with PLGA nanoparticles as a vehicle for delivery of miRs 

during the in vivo FBR combats many of these issues. First, the IP implantation model of the 

FBR allows for direct injection of the miR loaded nanoparticles in the immediate vicinity of 

the implant. Previous studies have demonstrated that the majority of adherent cells 24–48 

hours after IP implantation are macrophages [40]. Thus, injecting nanoparticles 24 hours 

post implantation ensures that the majority of the implant-adherent cells that will be targeted 

by the nanoparticles are macrophages. Moreover, the phagocytic nature of macrophages 

provides a distinct advantage by enhancing the uptake of the nanoparticles. Finally, the 

nanoparticles protect the miR from degradation until they have been taken by cells, allowing 

for controlled release over time [33].

Previous work has established a robust model of FBGC formation via implantation of PDMS 

disks into the peritoneal cavity, which was used here to evaluate the functional relevance of 

the miR: target interaction during fusion in vivo [40]. Because of their biocompatibility, we 

sought to use PLGA nanoparticles as a vehicle for miR-223 delivery in vivo in a mouse IP 

model of the FBR. Our experimental approach has allowed for successful fabrication of 

miR-223 mimic nanoparticles with consistent morphology and size. Furthermore, injection 

of the miR-223 mimic nanoparticles resulted in a significant decrease of macrophage fusion 

during the FBR. It should be noted that our study is restricted to the IP model of FBR and 

should be further tested in other scenarios including SC implantation. Together, these data 

demonstrate the importance of miR-regulated pathways in the control if macrophage fusion 
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and suggest that delivery of miRs via nanoparticles could be used to attenuate FBGC 

formation in other models.

 Materials and methods

Recombinant human (rh) M-CSF, recombinant mouse (rm) IL-4, and rh FLT-3were 

purchased from R&D Systems (Minneapolis, MN). Vectastain ABC kit for 

immunohistochemistry and Vectashield mounting medium was purchased from Vector 

Laboratories (Burlingame, CA). May-Grunwald and Wright-Giemsa stains were obtained 

from Sigma (St. Louis, Missouri). Filters (0.45-μm pore size, mixed cellulose ester) were 

acquired from Millipore (Billerica, MA) GeneChip miRNA 2.0 Arrays and mouse Gene 

1.0st Arrays were purchased from Affymetrix (Santa Clara, California). PLGA was obtained 

from Durect Corporation (Pelham, Alabama), spermidine and Coumarin 6 from Sigma-

Aldrich (St. Louis, Missouri). A custom miRIDIAN mimic for mmu-miR-223-3p was 

purchased from Thermo Fisher Scientific Biosciences Inc. (Chicago, IL) and miRIDIAN 

mimic negative control #1 was purchased from GE Healthcare Dharmacon, Inc. (Lafayette, 

Colorado). Polydimethylsiloxane (PDMS) was purchased from Invotec International 

(Jacksonville, Florida) and was cut into 4mm diameter and 1mm thick discs using a biopsy 

punch from Acuderm (Fort Lauderdale, Florida).

 BMDM isolation and in vitro fusion assay

Murine macrophages were expanded from the bone marrow of Mir-223-KO and WT mice as 

described previously [40]. Briefly, marrow was flushed from the femurs of mice and 

collected in Iscove’s modified Dulbecco’s medium (Life Technologies, Inc., Grand Island, 

NY) supplemented with 10% fetal bovine serum and penicillin / streptomycin. Subsequently, 

the mononuclear cell fraction was collected by centrifugation over Lympholyte-M 

(Cedarlane Labs, Burnlington NC) according to supplier’s instructions. These pre-

mononuclear cells were expanded and differentiated into macrophages by growth on non-

tissue culture treated polystyrene plates (BD, Franklin Lakes, NJ) in the presence of 1.5 

ng/ml macrophage-colony stimulating factor (huM-CSF) (R&D Systems, Minneapolis, MN) 

and 100 ng/ml fetal liver tyrosine kinase 3 ligand (huflt-3) (R&D Systems, Minneapolis, 

MN) [34, 35, 38, 47]. Fluorescence activated cell sorting for the macrophage marker, F4/80, 

has been used in the past to ensure that the isolation procedure resulted in a pure and 

homogeneous population [37]. After ten days of treatment with FLT-3 and M-CSF, mature 

macrophages were harvested and treated with 10ng/ml IL-4 to induce fusion [34, 35, 38]. 

Cells were fed on day 5 and collected by scraping on day 10. Mature macropahges were 

plated at 5 × 105 cells/well in 24-well non-tissue culture treated polystyrene plates (BD) in 

media containing 10 ng/ml rm IL-4. Numerous studies have demonstrated robust 

macrophage fusion utilizing this protocol [36, 40, 48].

 miRNA microarrays

Expanded macrophages (day 10 after isolation), were plated on non-tissue treated plastic and 

total RNA enriched for miRNA was isolated from two conditions: cells treated with IL-4 

(fusion-induced) and not treated (control) at 24 and 48 hr. Isolated miRNA was then assayed 

for quality and quantity, and analyzed by Affymetrix Gene Chip miRNA 2.0 array 
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technology at the Yale Keck Facility. miR microarrays were performed in triplicate to allow 

for comparison of global miR expression changes under non-fusion (control) and fusion-

induced (IL-4 treatment). Analysis of the microarray data was performed to determine 

abundance of miRs and significant fold change of miRs between non-IL-4 treated and IL-4 

treated samples. Additionally, analysis of microarray data was performed using Partek 

software to identify differentially expressed microRNAs.

 Cell Transfection in vitro

Cells were transfected using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) and Optimem-I 

(Gibco) as suggested by manufacturer. BMDM, isolated as described previously, were plated 

in 6 well non-coated petri plastic dishes (for miRNA isolation) or 24 well non-coated petri 

plastic dishes (for fusion assay) and transfected with 50nM of miRVana miR-223- mimic, 

miRVana miRNA mimic scramble NEGCTRL2, or Cy3 labeled pre-miR negative control 

from Life Technologies (Grand Island, NY). Following twelve hours of transfection, cells 

were washed with 1xPBS and fresh media with IL-4 was added to induce fusion.

 qPCR Analysis miRNA & mRNA

miRNA or mRNA was extracted from Millipore filter implants in vivo or BMDM plated on 

petri plastic in vitro with the miRNeasy or mRNeasy Mini Kit from Qiagen (Valecia, CA). 

1μg of total RNA or 2μg miRNA per sample was translated into single-stranded cDNA using 

the Superscript II cDNA synthesis kit and Oligo-dT both from Invitrogen (Carlsbad, CA), 

according to supplier’s instructions for mRNA, or using miScript II RT Kit from Qiagen 

(Valecia, CA). Gene expression levels were determined using the IQ5 multi-color real-time 

PCR and SYBR green supermix from Bio-Rad Laboratories, Inc. (Hercules, CA) for mRNA 

and miScript SYBR Green qPCR kit from Qiagen (Valecia, CA). The amplification of each 

sample was performed in triplicate. For mRNA, data was normalized to the levels of the 

housekeeping gene β-actin and displayed normal distribution. For miRNA samples, primers 

from Qiagen were used: mmu-miR-223-3p, mmu-miR-194-3p, and hs-RNU6-2 primer 

assays were used. Fold-change was determined in comparison to non-IL4-treated WT 

samples at 24 h.

 Implantation of BMs

All procedures were performed in accordance with the regulations adopted by the National 

Institutes of Health and approved by the Animal Care and Use Committee of Yale 

University. For characterization of miR-223 KO FBR in vivo, a total of 5 miR-223 KO and 5 

WT mice were used per time point. Each mouse received one 25 mm2 Millipore filter SC 

implantation and incision was closed with sterile clips. As we described previously, this 

material was chosen because it preserves the tissue-implant interface following processing 

and sectioning and allows for accurate quantification of FBGC formation [40]. Implants 

were excised at 2 and 4 weeks after implantation. IP implantations of PDMS for in vivo 
nanoparticle delivery were performed as described previously [40]. Because implants are 

analyzed by confocal microscopy and sectioning is not required, PDMS is a suitable 

biomaterial choice for this experiment. A total of 20 WT mice were used for in vivo 
experiments. Mice were age-matched (3–4 months of age) in all experiments. For 

implantation of PDMS, each mouse received one 4mm diameter PDMS disc in the 
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peritoneum through a 0.7 cm incision in the skin and peritoneum. The peritoneum was 

closed with sterile sutures (nylon, size 8.0) and the skin was closed with sterile clips. 

Nanoparticles (empty, C6, miR-scramble, miR-223 mimic) were resuspended in 1X PBS 

and injected into the peritoneum at 24 hours post-implantation. Implants were excised at 5 

days after implantation. For each type of nanoparticle (empty, C6, miR-scramble and 

miR-223 mimic) 5 mice were used (n=5). Biomaterials and nanoparticles were analyzed for 

endotoxin content via the Limulus Amebocyte Lysate prior to implantation as described 

previously [34, 49]. Specifically, endotoxin content of nanoparticles was 0.065 EU/mg for 

nanoparticles and negligible for solid implants.

 Immnunohistochemistry and Microscopy

Millipore filter implants excised from miR-223 KO and WT mice were processed and 

sectioned as described previously [40]. For each genotype, 5 mice were implanted and 5 

images were taken per implant to analyze FBGC formation in vivo. Number of FBGCs and 

capsule thickness was determined in sections stained with Mason’s Trichrome. PDMS discs 

were excised and fixed with 4% PFA overnight and stained with 4,6-diamidino-2-

phenylindole (DAPI) (1:1000 dilution; Sigma) and rhodamine-phalloidin (1:1000 dilution; 

Molecular Probes) and analyzed by confocal microscopy using a Leica TCS SP5 Spectral 

confocal microscope and Volocity software (Perkin Elmer). Nanoparticles were 

characterized for morphology and size by visualizing particles via SEM using an XL-30 

ESEM-FEG SEM (FEI, Hillsboro, Oregon) and analyzing particle images with Image J 

software (National Institutes of Health).

 Fabrication and characterization of nanoparticles

Nanoparticles were created using a double emulsion solvent evaporation technique as 

described previously [50]. One hundred (100) nmol of nucleic acid, miR-223 mimic or miR-

mimic scramble miRIDIAN mimic negative control #1, was resuspended in 1X TE buffer 

and mixed with spermidine at an N to P ratio of 8. Nucleic acid mixtures were then added 

dropwise under vortex to 100 mg PLGA dissolved in 1 mL dichloromethane. The resultant 

mixture was then sonicated 3 × 10 s. This first emulsion was added dropwise under vortex to 

a solution of 2 mL 5% PVA and sonicated 3 × 10 s. This second emulsion was then added to 

50 mL 0.3% PVA solution and stirred for 3 hours at RT. Nanoparticles were dissolved in 

dichloromethane for 2 hours at RT and then added to TE buffer, vortexed, and centrifuged to 

allow nucleic acid to be extracted into the aqueous phase. The amount of nucleic acid 

present in the aqueous phase was then measured with nanodrop (Thermo Scientific).

Coumarin 6 nanoparticles were fabricated using a single emulsion procedure, and were used 

to detect the delivery of particles to implant-adherent cells. 0.2 mg Coumarin 6 was 

dissolved in 1 mL dicholormethane with 100 mg PLGA. The C6/PLGA solution was added 

dropwise to 2 mL 5% PVA under vortex. The resultant solution was sonicated 3 × 10s, 

added to 50 mL 0.3% PVA solution and stirred for 3 hours at RT. Nanoparticles were 

washed 2 X with DI water and collected via centrifugation. Particles were freeze-dried and 

stored frozen until use. Nanoparticles were dissolved in dichloromethane for 2 hours at RT 

and then added to TE buffer, vortexed, and centrifuged to allow nucleic acid to be extracted 

into the aqueous phase. The amount of nucleic acid present in the aqueous phase was then 
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measured with nanodrop (Thermo Scientific). Average loading efficiency and total loading 

for the miR-223 nanoparticles were 8.5% and 131 pmol of miR-223/mg of nanoparticle, 

respectively. Likewise, average loading efficiency and total loading for the miR scramble 

nanoparticles were 9.3% and 60 pmol of miR/mg of nanoparticle, respectively. For both the 

miR-223 mimic and miR scramble nanoparticles, 3,000 pmol of total miR was injected IP 

per animal.

 Statistical Analysis

Data are expressed as the mean ± the standard error of the mean. The student t-test and 

ANOVA were used to assess statistical significance. p-values ≤ 0.05 were considered 

significant.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. miR-223 negatively regulates FBGC formation
24 Hour microRNA microarray comparing samples treated and not treated with IL-4 for 

24hours. A fold change greater than 1 indicates the miR is induced following IL-4 

stimulation while a fold change less than 1 indicates the miR is decreased following IL-4 

stimulation. Potential candidate miRs are shown based on P-Value stringency of a two tailed, 

unpaired TTEST of raw data (A). miR-194 and miR-223 qPCR validation of microarray fold 

changes (B). 50 nM miR-223 was transfected into C57/BL6 BMDM for twelve hours and 

cells treated with IL-4 for 5 days. At day 5 cells were stained with a combination of Giemsa 

and May Grunwald. Dotted lines outline example FBGC and arrows point to clumps of 

nuclei within FBGC (C). Total number for FBGC, nuclei/FBGC, and percent fusion were 

assayed as described above (D). * indicates p-value < 0.05, scale bar=50um, N=3.
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Figure 2. miR-223 ablation results in increased FBGC formation
BMDM derived from WT or miR-223 KO animals were treated with IL-4 for 6 days and 

then stained with Giemsa and May Grunwald (A). Number of FBGC per field of view, 

nuclei/FBGC, and percent fusion were assayed (B). WT and miR-223 KO mice were 

implanted SC with Millipore filters for four weeks. Implants were removed, stained with 

Masson’s Trichrome to visualize FGBC and capsule (C). Number of FBGC per high power 

field and capsule thickness were quantified using Image J software (D). Scale bar = 50um,* 

indicates p-value <0.05, N=3.
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Figure 3. PLGA nanoparticles do not alter FBGC formation in IP implant model
Scanning electron micrographs of empty PLGA nanoparticles (A) and confocal of C6 

labeled nanoparticles on surface of PDMS implant (B) reveal morphology and in vivo 

distribution of nanoparticles following IP implantation of PDMS discs for 5 days. Dapi and 

Phalloidin stain of PDMS implant (C) and PDMS implant following injection of empty 

PLGA nanoparticles (D) demonstrate no change in FBGC formation.
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Figure 4. miR-223 mimic loaded nanoparticles attenuate FBGC formation in vivo
SEM of miR scramble control (A) or miR-223 mimic (B) loaded nanoparticles reveals 

consistent size and morphology. Dapi and Rhodamine- Phalloidin stain of PDMS implants 

following injection of scramble (C) or miR-223 mimic (D) nanoparticles demonstrate a 

reduction of FBGC following nanoparticle delivery and implantation for five days. 

Quantification of total number of FBGC per implant indicates a decrease in fusion following 

delivery of miR-223 mimic loaded nanoparticles (D). * indicates p-value < 0.05, N=3.
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