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Abstract

Lineage specific differentiation of host mesenchymal stem cells (MSCs) is a necessary step for 

bone repair/regeneration. Clinically, growth factors such as bone morphogenetic protein 2 (BMP2) 

are used to enhance/hasten this process to heal critical sized defects. However, the clinical 

application of such growth factors is fraught with dosage challenges as well as immunological and 

ectopic complications. The identification of extracellular vesicles (EVs) as active components of 

the MSC secretome suggest alternative approaches to enhancing bone regeneration. Based on our 

earlier studies on the properties of EVs from lineage specified MSCs, this study sought to engineer 

EVs to enhance osteogenic differentiation. To generate MSC EVs with enhanced osteoinductive 

abilities, genetically modified human bone marrow derived MSCs (HMSCs) were generated by 

constitutively expressing BMP2. We hypothesized that these cells would generate functionally 

engineered EVs (FEEs) with enhanced osteoinductive properties. Our results show that these FEEs 

maintained the general physical and biochemical characteristics of naïve HMSC EVs in the form 

of size distribution, EV marker expression and endocytic properties but show increased bone 

regenerative potential compared to MSC EVs in a rat calvarial defect model in vivo. Mechanistic 

studies revealed that although BMP2 was constitutively expressed in the parental cells, the 

corresponding EVs (FEEs) do not contain BMP2 protein as an EV constituent. Further 

investigations revealed that the FEEs potentiate the BMP2 signaling cascade possibly due to an 

altered miRNA composition. Collectively, these studies indicate that EVs’ functionality may be 

engineered by genetic modification of the parental MSCs to induce osteoinduction and bone 

regeneration.
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1. Introduction:

Bone repair and regenerative procedures are among the most frequently performed surgical 

procedures in the world. Recently, with the many wars around the globe, complexities 

arising from lifestyle related diseases such as obesity and type II diabetes and increased 

lifespan, the incidence of bone injuries and the need for regenerative surgeries has increased 

significantly [1-5]. As clinical challenges have increased, innovations in the fields of 

biomedical engineering and tissue engineering have continued to address these challenges. 

Tissue engineering strategies are based on the combined use of stem cells, scaffolds and 

growth factors as proposed by Langer and Vacanti [6]. The introduction of bone 

morphogenetic protein 2 (BMP2), a potent osteoinductive factor provided a readily available 

strategy to augment bone growth in combination with existing clinical bone grafting 

materials. BMP2 is FDA approved for delivery on a collagen scaffold and is used in many 

bone regenerative applications [7]. However, several clinical side effects have been reported 

over the years (reviewed in [8]). These include, but not limited to ectopic bone formation, 

inflammatory complications, neurological complications, osteoclast activation and wound 

site complications such as hematoma and wound dehiscence. These serious side effects have 

spurred research into alterative biologicals that can mitigate risks and show similar efficacy.

Stem cell therapy is an alternative that has been explored as well. Mesenchymal stem cells 

(MSCs) serve as an ideal choice owing to their multipotency and availability from a variety 

of tissue sources [9]. Indeed, MSCs have been evaluated in large animal models as well as in 

clinical trials for safety and efficacy and may prove to be beneficial for bone 

regeneration[10]. Despite this promise, MSCs face significant regulatory and logistical 

hurdles. Autologous use is limited by age and patient’s health status followed by extensive 

expansion requirements and allogenic use of MSCs requires efficient screening techniques, 

efficacy testing and banking. Furthermore, the timing and dosage of MSCs required for 

treatment is still a significant knowledge gap [11].

The MSC immunomodulatory and bone regenerative function are attributable to paracrine 

mechanisms enacted by secreted factors[12, 13]. MSC derived extracellular vesicles (EVs) 
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have been implicated as important contributors to MSC paracrine function. When MSC EVs 

have been used in regenerative studies, they have performed equally to MSCs, suggesting 

that MSC EV are an active component of the MSC secretome during regeneration and 

wound healing. This highlights the potential use of EVs as an alternative or adjuvant to both 

stem cell and growth factor therapy [14]. We and others have demonstrated that MSC EVs 

possess osteoinductive properties and that EVs from differentiating MSCs and osteoblasts 

can induce osteogenic differentiation of naïve MSCs [15, 16], However, naïve MSC EVs are 

only minimally effective in promoting bone regeneration [17]. Upon osteoblastic 

differentiation of MSCs, their respective EVs show enhanced osteoinductive potential [15, 

16]. This altered functionality implies induced changes in the MSC cargo. As such, we 

sought to explore the potential to engineer EVs of enhanced osteoinductive function for bone 

regeneration by use of a cellular source representing the differentiating osteoprogenitor.

Therefore, we created a stable cellular platform to consistently produce osteoinductive MSC 

EVs. To achieve this, we generated human bone marrow derived MSC cells that 

constitutively express BMP2 and demonstrate osteoblastic differentiation to serve as a 

source for osteoinductive EVs. We tested the hypothesis that constitutive expression of 

hBMP2 in MSCs would promote the expression of functionally engineered EVs (FEEs) with 

enhanced osteoinductive function in vitro and in vivo

2. Materials and Methods:

2.1 Cell Culture:

Human bone marrow derived primary MSCs (HMSCs) were purchased from ATCC and 

Lonza. HMSCs were cultured in αMEM (Gibco) containing 20% (v/v) fetal bovine serum 

(FBS, Gibco), 1% (v/v) L-Glutamine (Gibco) and 1% (v/v) antibiotic-antimycotic solution 

(Gibco)[18]. The multipotency of the MSCs was verified as per our published methodology 

for osteogenic, chondrogenic and adipogenic differentiation [19].

2.2 Generation and characterization of BMP2 overexpressing HMSCs (BMP2 OE HMSCs):

Lentiviral particles containing a mammalian dual promoter vector that encodes the BMP2 

gene under the control of EF1α promoter and a GFP marker under the control of SV40 

promoter or control vector without the BMP2 gene was obtained from Applied Biological 

Materials (ABM). HMSCs were transfected with the lentiviral particles according to the 

manufacturer’s instructions and stably selected using puromycin. The increase in expression 

of the BMP2 mRNA was verified by qRT PCR with respect to control and vector alone 

expressing control HMSCs. The ability of the BMP2 OE HMSCs for enhanced osteogenic 

differentiation was verified by subjecting 100,000 control, vector alone (no BMP2 

overexpression) expressing HMSCs and BMP2 OE HMSCs to osteogenic differentiation (as 

per previously published protocols [19]) in 6 well tissue culture plates and subjecting them 

to alizarin red staining to observe differentiation-associated mineralization. EVs were 

isolated and characterized from these overexpressing (BMP2 FEEs) and control HMSCs as 

described below.
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2.3 EV isolation and characterization:

EVs were isolated from the HMSC culture medium according to established protocols[18]. 

Briefly, HMSCs were washed in serum free medium and cultured under serum free 

condition for 24 hours. The culture medium was harvested and removed of cell debris by 

centrifugation (1500xg) for 15min. The medium was concentrated fivefold using a 100KDa 

spin filter (Millipore) and EVs were isolated using the ExoQuick TC isolation reagent 

(System Biosciences) as per the manufacturer’s recommended protocols. The isolated EVs 

were quantified using nanoparticle tracking analysis (NTA) and resuspended in PBS at a 

stock concentration of 100,000 particles/μl. The isolated EVs were characterized 

morphologically and by transmission electron microscopy (TEM) and biochemically by 

assessment of membrane markers by immunoblotting[20].

EV proteins were isolated for immunoblotting in RIPA buffer and 10-20μg of EV protein 

isolates (estimated using BCA assay (Thermo Scientific)) were resolved by SDS-PAGE and 

immunoblotting was performed for CD63 and CD9 markers as described previously [16, 18, 

19]. The blots were then dried and imaged using a Licor Odyssey CLx imager. For 

immunoblotting of the conditioned medium from which EVs were isolated, medium was 

dialyzed (7.5KDa cutoff) against deionized water for 48 hours with 4 exchanges, lyophilized 

(−50°C) and reconstituted in 1x Laemmli buffer. SDS PAGE and immunoblotting was 

performed as described.

For transmission electron microscopy (TEM), 10μl of 10,000 particles/μl of the EV 

suspensions were placed on to carbon fomvar-coated nickel TEM grids and incubated for 1 

hour followed by fixing with 4% (v/v) formalin, washing with double deionized water and 

air drying. For immunogold labeling of CD63, the EV containing grids were blocked in PBS 

with 5% BSA, incubated with CD63 antibody (1/100, Abcam) followed by washing and 

incubation with 10nm gold tagged secondary antibody (1/1000, Abcam). The grids were 

then washed and air-dried. The prepared grids were imaged using a Joel JEM3010 TEM.

2.4 Quantitative and qualitative endocytosis of EVs:

For endocytosis experiments, EVs were fluorescently labeled using the ExoGlow green 

labeling kit (System Biosciences) that labels the exosomal proteins fluorescently. For 

quantitative experiments, HMSC were plated in 96 well tissue culture plates at a 

concentration of 10,000 cells per well and incubated for 18 hours to facilitate cell 

attachment. The cells were then incubated with increasing amounts of fluorescently labeled 

EVs for 2 hours at 37°C and subsequently washed with PBS and fixed in neutral buffered 

4% (w/v) paraformaldehyde. The fluorescence from the endocytosed EVs was measured 

using a BioTek Cytation 96 well plate reader equipped with the appropriate filter sets to 

measure green fluorescence. The results were plotted as mean (+/− SD) normalized 

fluorescence intensities (normalized to background and no EV fluorescence) as a function of 

dosage (n=6 per group).

For quantitative endocytosis blocking experiments, the cells were plated in 96 well plates as 

described above or in 12 well culture plates (50,000 cells/well). Prior to EV treatment, cells 

were pre-treated with the blocking agents for 1 hour [18]. Cell surface integrins were 
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blocked with 2mM RGD polypeptide (Sigma). Membrane cholesterol was depleted using 

methyl β cyclodextrin (MBCD, Sigma) in a dose dependent manner (0-10mM). In addition 

to this, the labeled EVs were pretreated for 1 hour with indicated concentrations of heparin 

(0-10μg/ml, Sigma) to block the heparin sulfate proteoglycan binding sites on the exosomal 

membrane. For the qualitative and quantitative experiments, to ensure that saturable levels of 

HMSC EVs were used in the assay, twice the saturable amount of EVs was used. The 

saturable EV amount was determined using the dose dependent endocytosis experiment. 

Treatment with the EV suspension was carried out as described previously and the 

fluorescence measurement and quantitation was performed according to previously 

described protocols [18].

For qualitative endocytosis experiments, 50,000 cells (HMSCs) were plated on coverslips 

placed in 12 well tissue culture dishes. Fluorescently labeled EVs at 2x saturation were then 

added with/without inhibitors as described above and incubated for 2 hours in the presence/

absence of blocking agents as described above. The treated HMSCs were then washed, fixed 

in 4% (w/v) neutral buffered paraformaldehyde, permeablized and counter stained using 

mouse monoclonal anti tubulin antibody (1/2000, Sigma), rabbit polyclonal anti caveolin1 

antibody (1/100, Santacruz Biotechnology) or rabbit polyclonal anti clathrin antibody 

(1/100, Santacruz Biotechnology) followed by treatment with TRITC labeled anti mouse/

rabbit secondary antibody. The coverslips were then mounted using mounting medium 

containing DAPI (Vector Labs) to label the nuclei and imaged using a Zeiss LSM 710 Meta 

confocal microscope.

2.5 EV mediated HMSC differentiation:

For in vitro differentiation experiments, HMSCs (250,000 cells per 1cmx1cm collagen 

sponge) were cultured within type I collagen sponges (Zimmer collagen tape) in 

quadruplicates. 1x108 BMP2 FEE particles was used per group in this experiment (2x 

saturation). Untreated cells received PBS treatment of equal volumes and incubated for 72 

hours. Post 72 hours, RNA was isolated from the embedded HMSCs followed by cDNA 

synthesis and qPCR for selected osteoinductive marker genes as per our previously 

published protocols and primer sequences [16, 18, 19].

2.6 SMAD 1/5/8 pathway studies:

For the reporter assay, 30,000 HMSCs cultured in 24 well tissue culture plates were 

transfected in quadruplicates with control or SMAD 1/5/8 specific luciferase reporter 

plasmid (SBE12[21]) using lipofectamine transfection reagent [21]. Forty-eight hours post 

transfection, the cells were treated with the control or experimental reagents in 

quadruplicate. The EVs were added at 2x saturation as described previously. This amounted 

to 6x106 EVs for every 30,000 HMSCs. 48 hours post transfection, total protein was 

extracted from the cells, concentration determined by BCA assay (Thermo Scientific assay 

kit) and the luciferase activity from equal amounts of protein for each sample from each 

group was measured (reporter kit Promega) and normalized to control activity. The data is 

represented as mean % increase in luciferase activity (+/− SD, n=4) w.r.t control cells 

expressing the SMAD1/5 reporter. For the western blotting experiments, 100,000 HMSCs 

were cultured in 6 well plates and treated with 250ng/ml rhBMP2, control EVs or BMP2 
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FEEs (20x106 particles). Each experiment was performed in triplicate. Four hours post 

treatment, the total protein from the cells was isolated and 20μg of protein from each group 

(estimated using the BCA assay kit from Thermo Scientific) was resolved by SDS PAGE 

followed by western blotting for phosphorylated SMAD 1/5/8 (1/250, Abcam) and tubulin 

(1/2000, Sigma). For quantitative analysis of SMAD phosphorylation, an in-cell western was 

performed. For this experiment, 10,000 HMSCs/well were seeded in 96 well plate and the 

same experiment was performed. The BMP2 and EV amounts were adjusted accordingly as 

per cell number. Each experiment contained 5 replicates. Four hours post treatment, the cells 

were fixed, permeablized and immunostained for phosphorylated SMAD 1/5/8 and tubulin 

with the corresponding secondary antibodies and imaged using a Licor Odyssey CLX 

imager. The fluorescence within the wells was quantitated using the image analysis software 

(Image Studio) provided with the instrument. The results were normalized to tubulin 

expression.

2.7 SMURF1 expression studies:

100,000 HMSCs were cultured in 6 well plates and treated with BMP2 FEEs (20x106 

particles). Untreated cells served as control. Each experiment was performed in triplicate. 48 

hours post treatment, the total protein from the cells was isolated and 20μg of protein from 

each group (estimated using BCA assay kit from Thermo Scientific) was resolved by SDS 

PAGE followed by western blotting for SMURF1 (Santa Cruz 1/500) and tubulin (loading 

control, 1/2000 Sigma) with the corresponding secondary antibodies and imaged using a 

Licor Odyssey CLX imager.

2.8 Argonaute 2 (AGO2) knockdown (AGO2 KD) and SMAD 1/5/8 phosphorylation:

AGO2 was silenced by lentiviral mediated transduction of AGO2 shRNA in HMSCs (Santa 

Cruz Biotechnology). Silencing was verified by immunoblotting with the AGO2 antibody 

(1/250, Abcam). Control and AGO2 KD HMSCs were subjected to in-cell western SMAD 

1/5/8 phosphorylation assay as described under section 2.6.

2.7 Quantitative miRNA expression in EVs:

qRT PCR was used to evaluate the expression level of miRNAs in the exosomes. The 

miRNA was isolated from equal numbers of control and BMP2 EVs using the Qiagen 

miRNA isolation kit as per the manufacturer’s protocol. cDNA synthesis was performed 

using the miScript II kit (Qiagen) and qRT PCR was performed using the SYBR Green PCR 

kit (Qiagen) using custom primers for the selected miRNA (Table 1). The primer specificity 

was verified by analyzing the melt curve of the amplified product for a single peak. As there 

is no defined housekeeping miRNA for EVs to standardize, direct quantitation was 

performed by utilizing exact amounts of small RNA from equal numbers of EVs for all 

groups for cDNA synthesis followed by quantitation of the cDNA amounts and double 

standardization to obtain the fold change in expression levels by using 2−DCq formula. The 

data is represented as mean fold change (n=4). Statistical significance was calculated 

between the control and BMP2 EV samples using student’s t-test.
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2.10 Rat calvarial bone defect model:

To evaluate the ability of FEEs to regenerate bone, a rat calvarial defect model was used. All 

animal experiments were performed in accordance with protocols approved by the UIC 

animal care committee (ACC, Assurance no: A3460.01). All groups and time points 

contained 6 defects per group. Briefly, the rats were anesthetized intraperitoneally using 

Ketamine (80-100mg/kg)/Xylazine (10mg/kg). Using aseptic technique, a vertical incision 

was made in the head at the midline to expose the calvarial bone. The connective tissue was 

removed and two 5mm calvarial defects were created bilaterally in the calvarium without 

dura perforation using a trephine burr. A clinical grade collagen tape (Zimmer collagen tape) 

was placed on the wound with or without control or experimental EVs. The amount of EVs 

used was 5x108 EVs per defect. Collagen tape alone served as control and rhBMP2 (50μg/

wound, Medtronic) containing scaffolds served as positive control. The EV suspension (50μl 

volume) or rhBMP2 (50μl total volume) was loaded on to the collagen tape (25μl to each 

side of the tape) prior to placement on to the defect by adding it directly to the tape and 

allowing for adsorption on to the tape. Four, 8- and 12-weeks post-surgery, the rats were 

sacrificed by carbon dioxide asphyxiation followed by cervical dislocation. The calvaria 

were harvested, fixed in neutral buffered 4% paraformaldehyde and subjected to 3D μCT 

analysis using a Scanco40 μCT scanner. The data obtained from the μCT scanner was 

quantitatively analyzed using a custom built MATLAB Program. The samples were then 

decalcified in 10% (w/v) EDTA solution, embedded in paraffin, and 10μm sections were 

subjected to H&E staining and immunohistochemistry (IHC) for BMP2 (1/250 Abcam), 

bone sialo protein (BSP, 1/250 Abcam), dentin matrix protein 1 (DMP1, 1/250, Santacruz 

Biotechnology) and osteocalcin (OCN, 1/250, Abcam).

2.11 Statistical analysis:

The normal distribution of the data obtained from the experiments was evaluated using the 

Shapiro-Wilk test. For experiments involving two groups, student’s t-test with a confidence 

interval of 95% was utilized. For the experiments involving comparison of more than two 

groups, one-way ANOVA was performed with a confidence interval of 95%. Pairwise 

comparisons were performed using Tukey’s ad-hoc test with a confidence interval of 95%.

3. Results:

3.1 Characterization of BMP2 OE HMSCs and BMP2 FEEs:

Based upon earlier observations that lineage-specificity is imparted to HMSC EVs with a 

functional impact upon target cells[16], we speculated that genetic manipulation of HMSCs 

to direct osteoinduction of the parental cell, could result in altered HMSCS that generate 

EVs with enhanced functionality for targeted osteoblastic differentiation of target stem cells. 

To explore this possibility and to investigate the potential of generating standardized EVs 

from a stabilized parental cell line, we generated a stable HMSC line that constitutively 

overexpresses BMP2 (BMP2 OE HMSCs). This cell line demonstrated increased mRNA 

expression of BMP2 compared to control (untreated) and vector control cell lines (Figure 

1A). This increased BMP2 expression was also associated with functional differentiation of 

the established BMP2 OE HMSC line. Figure 1B shows a representative image of the 

control, vector control and BMP2 OE HMSCs subjected to cell culture in 6 well dishes in 
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the presence of osteogenic differentiation media (7 days) and stained for alizarin red to 

identify calcium deposits. The BMP2 OE HMSCs generated greater amounts of calcium 

deposits compared to the controls indicating their greater osteogenic differentiation 

potential.

The EVs that were isolated from control and BMP2 overexpressing (BMP2 OE) cells were 

characterized qualitatively by transmission electron microscopy (TEM) and for size 

distribution by NTA. TEM analysis revealed spherical vesicles between 100-150nm in size 

for both groups (Figure 1C). NTA analysis indicated that the isolated EVs possess a size 

distribution consistent with exosomes [20, 22] (Figure 1D). Immunoblot analysis indicated 

the presence of exosomal marker proteins CD63 and CD9 in both control MSC EVs and 

BMP2 FEEs lysates and their respective parental HMSC lysates, but not in the EV depleted 

conditioned medium (Figure 1E). Immunoblotting for tubulin revealed tubulin presence in 

the cell lysate, but not in the EV lysate or the EV depleted conditioned medium (Figure 1E). 

The data presented here indicate that the EVs may be primarily composed of exosomes. 

However, as the exosomes and other EVs have overlapping properties, we will refer to them 

as EVs throughout this article.

3.2 Endocytosis of BMP2 FEEs:

Here, we evaluated the endocytic mechanism of BMP2 FEEs by target HMSCs. BMP2 FEE 

endocytosis by HMSCs was a dose dependent and saturable process (Figure 2A). 3D 

confocal microscopy of HMSCs treated with fluorescently labeled BMP2 FEEs indicated the 

presence of the endocytosed EVs within the cells (Figure 2B). When quantitative 

endocytosis experiments were performed using saturable amounts of BMP2 FEEs at 4°C, 

EV endocytosis was significantly blocked indicating the temperature and thereby, the energy 

dependency of the process (Figures 2C). Recent studies have shown that naïve HMSC EVs 

are endocytosed by target cells via the caveolar endocytic pathway [23]. We therefore 

investigated if the endocytic pathway of the derivative EVs from genetically modified 

HMSCs (BMP2 FEEs here) is affected as a result of the modifications to the parental cell. 

Colocalization experiments of HMSCs treated with fluorescently labeled FEEs with caveolin 

1 and clathrin indicated that the endocytosed FEEs co-localize with caveolin 1 (Figures 2D) 

and not with clathrin (2E) indicating the involvement of the caveolar endocytic pathway. 

Pretreatment of the recipient HMSCs with methyl β cyclodextrin (MBCD), a membrane 

cholesterol disruptor blocked BMP2 FEE endocytosis in a dose dependent manner, further 

confirming the involvement of the caveolar endocytic pathway (Figure 2F). These results are 

similar to other studies of naïve and lineage-specified MSC derived EV endocytosis[18, 19, 

23] and suggest that the BMP2 FEEs are endocytosed in a similar manner to MSC EVs 

isolated from naïve and differentiated states.

3.3 BMP2 FEEs enhance HMSC differentiation and BMP2 signaling in vitro:

To explore whether the induced lineage-specification of HMSCs altered the function of the 

derivative EVs, we evaluated the potential of BMP2 FEEs to induce osteogenic 

differentiation of naïve HMSCs in vitro. BMP2 EV treated 3D HMSC cultures showed a 

significant increase in the expression of osteogenic marker genes including BMP2, Runx2, 

osterix (OSX) and BMP9 (Figure 3A). Based on the well-known effect of BMP2 signaling 
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on osteogenic gene expression in HMSCs, we sought to evaluate if the EVs and FEEs 

themselves impact the BMP2 signaling cascade in target HMSCs. To test this, we examined 

SMAD1/5/8 phosphorylation in HMSCs that were subjected to a 4-hour incubation with 

control EVs, BMP2 FEEs and with rhBMP2 (positive control). Untreated HMSCs were 

examined as baseline. Qualitative representative immunoblots and in-cell western results are 

presented in Figure 3B for SMAD 1/5/8 phosphorylation. Figure 3B shows representative 

96-well images and the quantitation is provided in Figure 3C (n=5). These results indicate 

that treatment with rhBMP2 and BMP2 FEEs triggered SMAD 1/5/8 phosphorylation. 

Treatment with control HMSC EVs did not increase SMAD 1/5/8 phosphorylation beyond 

resting cells state. To further evaluate the impact of EVs and FEEs on BMP2 signaling in 

target HMSCs, HMSCs were transfected with a reporter luciferase construct that is specific 

to SMAD 1/5 activity [21] and evaluated for signaling responses. The SBE12 luciferase 

activity was increased upon treatment with positive control BMP2 and to a lesser extent with 

BMP2 FEEs (Figure 3D). When the EVs or FEEs were used in combination with rhBMP2, a 

robust increase in luciferase activity was observed with the BMP2 FEEs but not with control 

EVs indicating that the BMP2 FEEs were potentiating the BMP2 signaling cascade.

To exclude the possibility that BMP2 FEE effects were not the result of BMP2 protein 

present within the FEEs or contaminating the FEEs preparation, we examined both the FEEs 

and FEEs depleted conditioned media for BMP2 and EV marker CD63 expression. Figure 

3E shows that BMP2 protein was not present in detectable levels in the EV depleted 

conditioned medium of control cells. Importantly, BMP2 protein was also absent in the 

protein extracts from the control EV and BMP2 FEEs. As expected, BMP2 was detected in 

the EV depleted conditioned medium from the BMP2 OE HMSCs (red band in lane 2 of 

Figure 3E). CD63 (green band) was absent in the EV depleted media and present only in the 

EV protein extracts from both groups. Together, these findings indicated that BMP2 protein 

was not packaged within the FEEs of the BMP2 OE HMSCs.

We next sought to identify by a bioinformatic approach if an exosomal miRNA-based 

mechanism enables BMP2 FEEs to potentiate the BMP2 signaling pathway. To identify 

possible miRNA targets, we used TargetScan (targetscan.org) to identify miRNA targets that 

might bind to the negative regulators of the BMP2 pathway. We identified a cluster of five 

miRNAs that bind to the 3’ untranslated region (UTR) of both SMURF1 and SMAD7. These 

miRNAs are broadly conserved among vertebrates. To evaluate if these miRNAs were 

differentially expressed among control and BMP2 EVs, the miRNA levels in control EVs 

and BMP2 FEEs were analyzed by qRT PCR. We observed a statistically significant 

increase in the levels of these miRNA in the BMP2 FEEs compared to control HMSC EVs 

(Figure 4A). There are other miRNAs that control osteoinduction, however, here we 

observed by example that there was no significant change in the expression level of miRNA 

3960, an miRNA implicated in osteogenic differentiation and bone regeneration via 

regulation of RUNX2 gene [24].

When the protein lysates from untreated and BMP2 FEE treated HMSCs were analyzed for 

SMURF1 expression by immunoblotting, a reduction in SMURF1 protein levels was 

observed (Figure 4B). To further validate the role of EV miRNA, we knocked down AGO2 

(AGO2 KD) in HMSCs by lentiviral transduction of AGO2 shRNA. AGO2 is a key protein 
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involved in the formation of the RNA-induced silencing complex (RISC) that is necessary 

for miRNA activity. Figure 4C confirms the reduction in protein levels of AGO2. When 

these cells were treated with BMP2 FEEs and evaluated for SMAD 1/5/8 phosphorylation, 

the effect of BMP2 FEEs was negated in the AGO2 cells compared to the controls (Figure 

4D). However, both the control and AGO2 KD cells responded positively to rhBMP2 

stimulation indicating that the agonist-receptor pathway was not affected by AGO2 

knockdown. Taken together, these results indicate a pathway-specific mechanism of action 

for the BMP2 FEEs that is likely mediated by the miRNAs.

3.4 BMP2 FEEs can promote enhanced bone regeneration in vivo:

We demonstrated the in vivo biological functionality and translational relevance of BMP2 

FEEs in a rat calvarial defect model. Figure 5A shows representative 3D reconstructed μCT 

images of rat calvaria after 4, 8- and 12-weeks post wounding. For these experiments, 

rhBMP2 was used as a positive control. rhBMP2 induced a rapid and robust bone growth 

throughout the study period compared to the other groups. At this high, effective dose, bone 

formation obliterated the calvarial sutures and matured over time. Areas of ectopic bone 

formation was also observed (12-week group white arrow). The analysis of the calvaria of 

rats treated with BMP2 FEEs showed a gradual increase over time in bone formation that 

culminated in robust regeneration by 12 weeks. Mineralized bone formation appeared to be 

exclusively confined to the treated defect region. The control groups (no EV and control 

HMSC EV (Control EV)) showed minimal mineralized bone formation within the defects 

over the 12-week period. The μCt data was quantified using a custom designed MATLAB 

program that evaluates BV/TV ratios as percentage of defect volume filled with mineralized 

tissue at the different time points. In this program, the average radiopacity of the 

surrounding natural bone was used as the measure for determining bone within the defect 

area. The results of this quantification are presented in Figure 5B and show that the healing 

of calvarial defects treated with BMP2 FEEs and rhBMP2 were significantly greater than the 

control group. The application of the BMP2 FEEs and rh BMP2 enhanced osseous 

regenerative function compared to EVs from naïve HMSCs.

Histological evaluation was performed on paraffin embedded sections of demineralized 

tissues across all groups and time points. Results presented in Figure 6 validate the 

incomplete and poor healing observed in the control groups over the different time points 

evidenced by the increased presence of connective tissue and minimal bone matrix. In 

contrast, both the BMP2 FEE and the rhBMP2 groups displayed appreciable regeneration of 

bone tissue. The histological sections corroborate the μCT data indicating the comprehensive 

regeneration of bone tissue in the rhBMP2 group. However, a fatty marrow was observed in 

this group across all time points. This phenomenon has been reported previously by other 

groups and appears to be a side-effect of rhBMP2 treatment [8, 25]. Notably, the BMP2 FEE 

group histology revealed ongoing woven bone formation across the defects, indicating a 

dedicated intramembranous bone regeneration process was induced.

Further, immunofluorescence staining was performed on the 4-week sections from the 

different groups to evaluate the expression levels of proteins important for bone formation. 

Results presented in Figure 7 indicate that both rhBMP2 and the BMP2 FEE groups induced 
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early expression of BMP2, bone sialoprotein (BSP), dentin matrix protein 1 (DMP1) and 

osteocalcin (OCN). Taken together, the μCT and histological results indicate that FEEs from 

a lineage-specified HMSC cell line (BMP2 OE HMSCs) are able to inform and target 

endogenous cells to differentiate along a parallel lineage to achieve tissue regeneration by a 

mechanism that enhances osteoinduction without intervening formation of fat, cartilage or 

other off target tissues.

4. Discussion:

Strategies aimed at bone regeneration should be effective in targeted differentiation of host 

MSCs with minimal immunological complications as well as reduced ectopic effects, but 

should possess efficacy equal or exceeding autogenous bone grafting [26]. MSC EVs may 

achieve these stated goals. Recent studies have identified the immunomodulatory effects of 

MSC EVs and their role in improving repair and regeneration of tissues [27]. Furthermore, 

published studies have shown that MSCs can be genetically modified to increae EV 

production by altering the secretory pathway [28]. The immunomodulatory, angiogenic and 

regenerative potential of HMSC EVs is well documented [29-31]. Others and us have shown 

the potential of bone marrow derived HMSC EVs in bone regenerative applications [16, 32, 

33] including in the presence of titanium implants [34].

In this study, we have provided insights into how MSC EVs with enhanced tissue-specific 

regenerative potential may be generated by modifications to parental MSCs. Osteogenic 

differentiation of naïve MSCs for 2-4 weeks results in the generation of EVs with enhanced 

osteoinductive potential [16]. However, the repeated culturing of MSCs under differentiation 

conditions raises questions of reproducibility of the FEEs produced and, from a translational 

perspective, this approach is limited. Therefore, in this manuscript we sought to generate a 

genetically modified stable cell line that can consistently serve as a source of osteoinductive 

MSC EVs. We hypothesized that the stable transduction of HMSCs with an osteoinductive 

factor would generate a stable cell line that consistently produces osteoinductive EVs. To 

test this hypothesis, we generated an HMSC cell line that overexpresses BMP2. BMP2 is a 

clinically used morphogen for bone regenerative procedures in orthopedic and dental 

surgeries that is not without identified complications or side effects [25, 35, 36]. However, it 

is reproducibly efficient in the generation of bone in preclinical models including the model 

used here [37]. From this BMP2 overexpressing HMSC cell line, we obtained FEEs and 

characterized their physical, endocytic and functional properties.

We began by investigating the basic characteristics of the EVs from the BMP2 OE HMSCs. 

Results presented here indicate that EV properties such as size distribution, PDI and EV 

marker expression remain unaltered as a result of genetic modification to the source cell. 

The ability of the FEEs to be endocytosed by naïve MSCs was investigated next. 

Characterization of the endocytic mechanism can be used to analyze if EV functional 

properties have been affected as a result of source cell modification. This is an important 

first step quality control assessment. Several different pathways including the clathrin and 

caveolar pathways (and in some cases non-classical pathways such as pinocytosis) have been 

identified as mode of EV endocytosis in different cell types [38-40]. The results presented 

here indicate that the BMP2 FEE endocytosis follows an unchanged mechanism of EV 
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endocytosis and indicate that the basic EV properties have not been altered as a result of 

constitutive BMP2 expression in parental MSCs. Based on our prior studies with HMSC 

EVs and retinal tissues as well as EVs from the dental pulp MSCs, this appears to be a 

common endocytic mechanism for MSC derived EVs [18, 23]. Further studies using 

different MSC sources are required to conclusively determine if this mechanism is 

applicable to all MSCs in general.

When analyzed for their osteoinductive potential in vitro, BMP2 FEEs triggered an increase 

in the gene expression levels of osteoinductive growth factors (BMP2, BMP9) and 

transcription factors (RUNX2, OSX) in naïve HMSCs. Pathway studies indicated that the 

BMP2 FEEs potentiated the BMP2 signaling cascade. However, this potentiation was not 

due to BMP2 protein present within the EVs. We noted that the BMP FEEs alone resulted in 

modest increased BMP2 signaling and differentiation in the absence of exogenous BMP2 

treatment. In the presence of BMP2, the BMP2 FEEs triggered a significant increase in 

pathway specific activity as measured by a SMAD1/5/8 specific reporter assay. These results 

suggest the possibility that BMP2 FEEs targeted innate inhibitors of the BMP2 signaling 

pathway thereby potentiating the effects of the signaling cascade.

Turning to a bioinformatic approach to identify possible miRNA targets that would represent 

such inhibitors, we identified SMURF1 and SMAD7 as potential miRNA targets possibly 

uniquely expressed in BMP2 FEEs. SMURF1 and SMAD7 are well characterized inhibitors 

of the BMP signaling pathway [41]. In fact, quantitative miRNA analysis of 5 miRNAs that 

target SMAD7 and SMURF1 were demonstrably upregulated in the BMP2 FEEs compared 

with HMSC EVs. Further studies by immunoblotting confirmed the reduction in SMURF1 

expression upon treatment with BMP2 FEEs.

The miRNA dependent nature of BMP2 FEE action was affirmed by silencing of AGO2. In 

the relative absence of AGO2 expression, the ability of BMP2 FEEs enhance SMAD 1/5/8 

phosphorylation was negated, but the BMP2 receptor mediated pathway remained 

unaffected. AGO2 is a key protein that is a part of the family of argonaute proteins involved 

in the formation of the RISC mediated gene silencing pathway [42]. While AGO1 is 

involved in the mRNA degradation pathway, AGO2 impairs mRNA translation directly [43]. 

Consistent with this role, we did not observe any changes in the mRNA levels of SMURF1 

upon treatment with BMP2 FEEs, but a change in protein level was observed indicating the 

involvement of the AGO2 mediated pathway. Upon further literature review, we identified 

that one of the candidate miRs, miR424, that showed increased expression in the BMP2 

FEEs has been characterized by other groups for its role in downregulating SMURF1 and 

potentiating BMP2 signaling [44-46] suggesting a possible role in the observed effects. 

Conversely, it is possible that the observed result is a cumulative effect of multiple miRs 

culminating in enhanced functionality. Our studies have focused on the miRNA composition 

of the BMP2 EVs and its role in inducing osteogenic differentiation. However, EVs carry 

proteins as well as mRNAs. Therefore, it is possible that changes in EV protein and mRNA 

composition may contribute to BMP2 FEEs function. A robust miRNA Seq, proteomic and 

bioinformatics approach to understanding the full impact of engineered EVs and their role in 

stem cell differentiation is required. We anticipate that further refinement to EV engineering 
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strategies using targeted expression of pathway-specific miRNA can enable changes to 

specified pathways and enhance therapeutic specificity and efficacy.

Here, we have employed the well-defined rat calvarial defect model to evaluate BMP2 FEE 

functionality in vivo. Based on μCT and histological comparisons, BMP2 FEEs promoted 

greater bone regeneration than control HMSC EVs. Apart from highlighting the enhanced 

potential of the FEEs, the data also revealed that EVs from undifferentiated HMSCs possess 

limited bone regenerative potential. This underscores the relative importance of an 

engineered EV strategy. While the BMP2 FEE group was qualitatively less robust than the 

group treated with 50 μg/ml rhBMP2, the BMP2 FEE group did demonstrate nearly 

complete osseous wound healing within the 12-week period. The bone that was formed in 

the BMP2 FEE group is representative of intramembranous woven bone. There was no 

evidence of ectopic or exaggerated bone formation, nor excessive vascular nor adipogenic 

tissue formation in this model.

The involvement of various cells and the targeting of individual cell types by BMP2 FEE 

treatment in this model remains to be elucidated and further studies are required to analyze 

the immunomodulatory effects of the BMP2 FEEs in comparison with control HMSC EVs. 

In addition, the various molecular mechanisms triggered by the BMP2 FEEs in vivo, the 

effects on angiogenesis and vascularization, as well as the changes to bone remodeling need 

careful investigation to broadly understand the underlying mechanisms. Collectively, the 

results from the bone regenerative experiments indicate that engineered EVs from 

genetically transformed HMSCs can be used as mediators of host response to injury to 

improve regenerative outcomes.

Overall, the present data indicate that EVs from genetically modified HMSCs (BMP2) were 

unaltered in size and endocytic properties compared to naïve HMSC EVs, yet showed 

enhanced regenerative potential in vitro and in vivo in line with the targeted genetic 

modification. This enhancement is due, in part, to altered EV cargo that includes miRNA 

that potentiates the BMP2 signaling cascade. These results show how properties of HMSC 

derived EVs may be manipulated for various applications in disease treatment and 

regenerative medicine. The translation of engineered EVs for clinical regeneration requires 

continued study of safety and feasibility and mass productivity. For example, viral 

transduction of host cells to overexpress growth factors has a possibility of potential negative 

side-effects. Scrutinizing of potential off-target effects is needed. Mass production of FEEs 

from engineered cell lines must be scalable, stable and efficient. By carefully studying and 

addressing these gaps in knowledge, the acknowledged role of EVs in wound healing can 

advanced using FEEs for use enhancing tissue repair and regeneration.
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Figure 1: Generation, isolation and characterization of BMP2 FEEs:
A) Graph representing the fold change in the expression levels of BMP2 gene in vector 

control and BMP2 OE HMSCs with respect to untreated controls. Data represent mean 

foldchange +/− SD of three independent cultures. B) Representative images of alizarin red 

stained culture dishes of control, vector control and BMP2 OE HMSCs after 7 days of 

culture in osteogenic differentiation media. Scale bar represents 1.75cm. Note the increase in 

calcium deposits in the BMP2 OE HMSC group. C) Representative TEM image of BMP2 

FEEs immunolabeled for CD63 (20nm gold dots). The insert represents the boxed area. The 

arrows in the insert represent the EV membrane. D) Representative NTA plot of BMP2 FEEs 

indicating exosomal size distribution. E) Immunoblots of Cell lysates, EV depleted 

conditioned medium and EV lysates from control and BMP2 OE HMSCs for the presence of 

CD63 and CD9 exosomal marker proteins as well as for the intracellular protein control 

tubulin. Note the absence of the EV markers and tubulin in the EV depleted conditioned 

medium and the absence of tubulin in the EV lysates.
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Figure 2: Endocytosis of BMP2 FEEs by HMSCs:
A) Graphical representation of dose-dependent and saturable endocytosis of fluorescently 

labeled BMP2 FEEs by naïve HMSCs. Data points represent mean fluorescence +/− SD 

(n=6). All data points were statistically significant as measured by Tukey’s ad-hoc test post 

ANOVA with respect to the untreated control and with respect to adjacent data points except 

as indicated between the last two points. B) Representative confocal micrograph showing 

orthogonal view of a z-stack of confocal images of BMP2 FEE endocytosis by naïve 

HMSCs at 37°C. The arrows point to localization of the fluorescently labeled FEEs within 

the cells. Scale bar represents 20μm. C) Graph showing the reduction in BMP2 FEE 

endocytosis at 4°C compared to 37°C (data represent mean percentage fluorescence +/−SD, 

n=6). * represents statistical significance with respect to control as measured by student’s t-

test. D) Confocal micrograph showing colocalization of endocytosed BMP2 FEEs (green) 

with caveolin1 (red). E) Confocal micrograph showing the absence of co-localization 

between endocytosed BMP2 FEEs (green) and clathrin (red). In images D and E, scale bar 

represents 20μm. F) Graph showing the reduction in HMSC endocytosis after disruption of 

target cell membrane cholesterol with increasing doses of MBCD. Data is presented as mean 

percentage fluorescence with respect to control +/− SD (n=6). * represents statistical 

significance with respect to control as measured by Tukey’s ad-hoc test post ANOVA.
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Figure 3: BMP2 FEEs potentiate the BMP2 signaling cascade:
A) Fold change in osteogenic gene expression (w.r.t untreated control) after HMSCs were 

treated with BMP2 EVs (1x108 EVs per 250,000 cells) for 72 hrs. * Represents statistical 

significance w.r.t untreated control group (n=4, student’s t-test). B) Representative western 

blot (n=3) showing phosphorylated SMAD 1/5/8 (red lanes to the left) and tubulin (green to 

the right) after treatment of HMSCs with rhBMP2, Control EVs and BMP2 EVs. Note the 

increase in the band intensity for phosphorylated SMAD 1/5/8 after treatment with positive 

control BMP2 and with BMP2 EVs. For quantitation, an in-cell western was performed in 

96 well plates (n=5). The image below the blots shows representative images of 96 well 

plates. C) Graphical quantitation of the intensity in each well for the in-cell western assay. 

*represents statistical significance w.r.t control as measured by Tukey’s ad-hoc pairwise test 

post ANOVA. Note that in line with the western blot data, the quantitative results show the 

phosphorylation of SMAD1/5/8 in the presence of BMP2 and BMP2 EVs. D) Graphical 

representation of SMAD 1/5 specific luciferase reporter assay that shows percentage 

increase in luciferase activity of the SMAD 1/5 specific reporter with the different 

treatments. Note the increase in activity after treatment with rhBMP2, BMP2 EVs and the 

combination of BMP2 and BMP2 EVs. * represents statistical significance w.r.t untreated 

control and # represents statistical significance w.r.t the rhBMP2 treated group (n=4 for all 

groups) as measured by Tukey’s ad-hoc pairwise test post ANOVA. E) Dual immunoblot for 

BMP2 (red) and CD63 (green) showing the presence of BMP2 in the EV-depleted 

conditioned medium from the BMP2 OE cells but not in the EV protein isolates of the 

control cell conditioned medium. CD63 was observed in the EV protein isolates only.
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Figure 4: Role of BMP2 FEE miRNAs:
A) Table listing the mean fold change (n=4) in the expression levels of miRNA that bind to 

the 3’UTR of SMAD7 and SMURF1. miRNA 3960 is a pro-osteogenic miRNA that 

remained unchanged and is used as a control to show pathway specific increase in EV 

miRNA composition. P value was calculated using student’s t-test. B) Immunoblot of 

SMURF1 in untreated control HMSC cell lysate and BMP2 EV treated cell lysate (top) and 

the corresponding tubulin blot (loading control, bottom). Note the reduction in the 

expression of SMURF 1 post treatment with BMP2 EVs. C) Immunoblot confirming the 

knockdown of AGO2 protein expression in HMSCs (top) and the corresponding tubulin 

loading control (bottom). D) Representative in-cell western images of wells representing 

PSMAD 1/5/8 (red) and tubulin (green) expression in control (WT HMSC) and AGO2 

knockdown (AGO2 KD) HMSCs treated with rhBMP2 or BMP2 EVs. Note the reduction in 

the level of PSMAD 1/5/8 in the BMP2 EV treated AGO2 KD group compared to the WT 

HMSC group. The graph represents the quantitation of the in-cell western results (n=5). 

*represents statistical significance w.r.t control and # represents statistical significance with 

respect to untreated AGO2 KD group as measured by Tukey’s ad-hoc pairwise test post 

ANOVA.
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Figure 5: BMP2 EV mediated bone regeneration:
A) Representative μCT images showing regeneration of bone in 5mm calvarial defects that 

were treated with plain collagen sponge (Control), collagen sponge containing control EVs 

(Ctrl. EV, 5x108 EVs per defect), collagen sponge containing BMP2 (BMP2 GF 5μg/defect) 

and collagen sponge containing BMP2 EV (5x108 EVs per defect) at 4, 8- and 12-weeks 

post wounding. The arrow in the 12-week BMP2 GF group shows ectopic bone formation. 

Scale bar represents 2.5mm. B) Volumetric quantitation of the μCT data expressed as 

percentage bone volume regenerated with mineralized tissue (n=6 defects per group per time 

point). * represents statistical significance with respect to the collagen control group (no EV) 

and # represents statistical significance with respect to the control EV group. The 

significance was calculated using Tukey’s ad-hoc test following one-way ANOVA.
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Figure 6: Histological evaluation of calvarial defects:
Images are representative light microscopy images of H&E stained demineralized calvarial 

samples of defects treated with plain collagen sponge (Control), collagen sponge containing 

control EVs (Ctrl. EV), collagen sponge containing BMP2 (BMP2 GF) and collagen sponge 

containing BMP2 EV after 4, 8- and 12-weeks post wounding. The black arrows in the 

images point to regenerated bone tissue. The yellow arrows in the BMP2 GF group point to 

fat deposits within the regenerated bone. Scale bar represents 200μm in all images.
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Figure 7: IHC of calvarial defects:
Images represent the expression levels of osteoinductive marker proteins BMP2, BSP, DMP1 

and OCN in the calvarial sections from the different groups after 4 weeks. Note the increase 

in the expression levels of all markers in the rhBMP2 treated (BMP2 GF) and BMP2 EV 

treated groups. The arrows in the BMP2 EV group shows protein expression in the cells 

lining the newly formed bone. Scale bar represents 50μm in all images
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Table 1

List of miRNA primer sequences used to measure expression levels in EVs.

miRNA Primer sequence

has-miR15a-5p GGGTAGCAGCACATAATGGTTTGTG

has-miR15b-5p GGGTAGCAGCACATCATGGTTTACA

has-miR16-5p GGTAGCAGCACGTAAATATTGGCG

has-miR424-5p GGCAGCAGCAATTCATGTTTTGAA

has-miR497-5p CAGCAGCACACTGTGGTTTGT

has-miR3960 GCGGAGGCGGGGGAAAAA
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