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Abstract

Fibrocytes have previously been identified as important mediators in several inflammatory and

fibrotic diseases. However, there is no effective treatment thus far to reduce fibrotic tissue

responses without affecting wound healing reactions. Here we investigate two strategies to

alleviate fibrocyte interactions at the biomaterial interface reducing collagen production and scar

tissue formation. First, in an indirect approach, TGF-β inhibitor-SB431542 and IL-1β/TNF-α

inhibitor SB203580 were locally released from scaffold implants to block their respective

signaling pathways. We show that inhibition of IL-1β/TNF-α has no influence on overall fibrotic

tissue reactions to the implants. However, the reduction of localized TGF-β significantly decreases

the fibrocyte accumulation and myofibroblast activation while reducing the fibrotic tissue

formation. Since fibrocytes can be differentiated into non-fibrotic cell types, such as adipocytes,

we further sought a more direct approach to reduce fibrocyte responses by directing fibrocyte

differentiation into adipocytes. Interestingly, by initiating fibrocyte-to-adipocyte differentiation

through sustained differentiation cocktail release, we find that adipogentic differentiation forces

incoming fibrocytes away from the traditional myofibroblast lineage leading to a substantial

reduction in the collagen formation and fibrotic response. Our results support a novel and effective

strategy to improve implant safety by reducing implant-associated fibrotic tissue reactions via

directing non-fibrotic differentiation of fibrocytes.
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1 Introduction

The localized fibrotic response to biomaterials continues to be an ever daunting challenge in

the design of artificial implants. It is recognized that the degree of inflammation and the

persistence of inflammatory cells and products at the interface may drive the resulting long

term fibrotic response to the implant. Unfortunately the interactions between inflammation

and fibrotic responses are poorly understood. It is well established that the interactions of

immune cells (neutrophils, macrophages, and mast cells) with the biomaterial, prompt the

release of a variety of pro-inflammatory and pro-fibrotic cytokines [1–5]. Some of these

mediators, including interleukin-1β (IL-1β), tumor necrosis factor-α (TNF-α), platelet

activating factor, and platelet-derived growth factor (PDGF) have been shown to prompt the

recruitment and activation of fibroblasts which may lead to localized fibrotic tissue

formation and collagen production [6–9]. Fibroblasts, however often have organ-specific

functions in promoting tissue homeostasis such as extracellular matrix and cytokine

production [10]. In addition, fibroblasts are often quiescent in tissue and must activate to

myofibroblasts before participating in wound healing or tissue remodeling [11]. Recent

evidence suggests that circulating fibroblast-like cells termed fibrocytes may be responsible

for the extent of fibrotic reactions, presenting an alternative model of repair. These cells are

highly migratory and have been shown to be multi-potent, differentiating to myofibroblasts

as well as adipocytes [12–13]. More importantly, these cells have been shown to be

responsive to immune/inflammatory cells, migrating with the inflammatory cascade, and

reactive to the initiating response of mast cells [14]. In addition, fibrocyte recruitment

corresponds directly with the amount of collagen production in wound healing and

pulmonary fibrosis [14–15]. By manipulating these versatile fibroblast-like cells, either

through upstream immune/inflammatory cell interactions, or through altered differentiation

aspects, it may be possible to reduce localized collagen formation and alleviate the fibrotic

response.

TGF-β is a well known inflammatory and fibrotic mediator shown to promote pro-fibrotic

and wound healing responses [16–18]. In addition, the cytokine has previously been linked

to fibrocyte migration and proliferation in a lung fibrosis model [18–20]. Furthermore, TGF-

β can also influence myofibroblast differentiation of resident tissue fibroblasts, which may

be perpetuated by circulating fibrocytes leading to extensive collagen production [12, 21–

22]. To alter fibrocyte mediated responses and their innate differentiation to myofibroblasts,

porous tissue scaffolds were made to release TGF-β inhibitor SB431542 using a fabrication

technique established previously in our laboratory [23]. SB431542 is a potent ALK-5

inhibitor which has been shown to protect the cardiac conduction system in Chagas' disease,

inhibit scar formation after glaucoma surgery, and inhibit extracellular matrix formation of

fibronectin and collagen in vitro [24–26]. We therefore explore both the acute and long-term

response of fibrocytes and their involvement on the degree of biomaterial-mediated fibrotic

reactions during localized inhibition of TGF-β. Similarly, SB203580 is a p38 MAPK

inhibitor shown to be effective at inhibiting inflammatory agents such as IL-1β and TNF-α

[27–28]. SB203580 has been shown to suppress the development of endometriosis, improve

renal disease, alleviate arthritis, and reduce bone resorption in rodent models by down-

regulating pro-inflammatory cytokines [27, 29–30]. In the inflammatory/ fibrotic cascade
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there is a known up-regulation of IL-1β and TNF-α after adhesion of monocytes to material

surfaces [5]. IL-1β may further be a potent mitogen for fibrocytes [31], and function to

maintain fibrocytes in a pro-inflammatory state driving further recruitment of inflammatory

cells [32]. Therefore we also assess the influence of localized SB203580 release from

scaffolds.

In an alternative strategy, we investigate the influence of localized fibrocyte-to-adipocyte

differentiation on fibrotic tissue reactions surrounding the implant. Fibrocytes have recently

been shown to possess differential plasticity with the ability to differentiate not only to

myofibroblasts but also adipocytes [12, 33], osteoblasts [34], and chondrocytes [34]. The

differentiation of fibrocytes to these various lineages however has so far only been

investigated in vitro. It is unclear whether fibrocyte differentiation to myofibroblasts is

essential to implant-associated fibrotic tissue reactions. To test this hypothesis, fibrocyte

myofibroblast differentiation was drastically reduced by inducing adipogenic differentiation

with sustained release of a specific mitogenic cocktail. The feasibility of this approach is

supported by several lines of evidence. First, human fibroblasts have been characterized to

have myofibroblastic or lipofibroblastic phenotypes with Thy−1+ and Thy−1− subsets [35].

Second, it has been shown in vitro, that differentiation of fibrocytes to adipocytes is driven

by the peroxisome proliferator-activated receptor PPAR-γ and that TGF-β drives fibrocyte-

to-myofibroblast differentiation [12]. Interestingly the two pathways were found to have

reciprocal inhibition of each other [12, 36]. This paradigm was investigated both in vitro and

in vivo.

2 Materials and Methods

2.1 Materials

All chemicals were purchased from Sigma-Aldrich (St Louis, MO) unless otherwise

specified. Poly (D,L-lactic-co-glycolic acid) (75:25, 113kDa) was purchased from Medisorb

Inc., (Birmingham, AL). The near-infrared fluorophore Xsight 761 was obtained from

Carestream Health, (New Haven, CT). Mini-osmotic pumps (Alzet Model 1002) were

purchased from Alza Corporation, (Palo Alsot, CA) and the corresponding polyvinyl

chloride catheters were also obtained from Alzet (Durect Corporation, Cupertino, CA). For

differentiation studies, StemPro Adipogenesis Differentiation media (Kit A10070-01) was

purchased from Invitrogen, (Grand Island, NY). Both antagonistic compounds SB431542

and SB203580 were obtained from Selleck Chemicals, (Houston, TX). All primary

antibodies were purchased from Santa Cruz Biotech (Santa Cruz, CA) and all secondary

antibodies were obtained from ProSci, (Poway, CA).

2.2 Fibrocyte culture and Differentiation

Isolation and culture of fibrocytes was performed by an established procedure in which cells

are harvested from the spleens of Balb/c mice [37]. Briefly, the spleen is finely diced and

then digested with collagenase (Invitrogen, Grand Island, NY) and hyaluronidase for 30

minutes at 37°C. RPMI media is then used to dilute the sample for cell straining and

centrifugation. The sample is then re-suspended in 1ml of red blood cell lysis buffer (155

mM NH4Cl, 12 mM NaHCO3, 0.1 mM EDTA) for 3 minutes at room temperature. Cell lysis
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is neutralized by the addition of phosphate buffer (PBS) before being further cultured. The

cells are cultured in DMEM supplemented with M-CSF and IL-13 as previously described

for 7 days [37]. Fibrocytes were then positively identified by surface markers CD45 and

Collagen 1 (Santa Cruz Biotechnology) through immunohistochemistry. For in vivo

imaging, some cells were incubated with 5µM of near-infrared fluorophore (Xsight 761) for

3hrs. Following labeling 2×106 cells in 200µl PBS were administered by iv injection as

described in the previous work [38–39].

For adipogenesis differentiation studies, fibrocytes were subcultured after the initial 7 days

in culture and re-plated on glass cover slips in a 24 well plate. Cells were plated at 10,000

cells/well and allowed to adhere overnight. StemPro Adipogenesis Differentiation media

was then used, as per the manufacturer’s instruction, to stimulate adipogenic differentiation.

The media was replaced every 3 days by removing half the old media and supplementing

with an equal volume of new media. Differentiation of fibrocytes to adipocytes was carried

out for 14 days. Control cells were similarly seeded and supplemented with a half change of

media every three days, maintained in the original fibrocyte media containing M-CSF and

IL-13. Adipocyte differentiation was confirmed through Oil Red O staining for lipid droplet

accumulation. To assess the degree of differentiation some samples were stained with Oil

Red O for lipids while other samples were stained with Sirius Red to identify collagen. The

two stains were then extracted from the cells and the degree of staining was assessed by

colorimetric absorbance micro-assay as previously described [40–41]. Briefly, Oil Red O

was extracted by the addition of isopropyl alcohol to the cells. The absorbance of the dye

was then read at a wavelength of 510nm on a microplate reader (Infinite® M200; Tecan

Group Ltd, Mannedorf, Switzerland). For the Sirius Red assay, the dye was extracted by the

addition of a 0.1 N sodium hydroxide solution and read at a wavelength of 550nm.

2.3 Scaffold synthesis and characterization

Protein microbubble scaffolds were used as a model implants capable of releasing anti-

inflammatory agents in a controlled fashion. Microbubble scaffold formation was based on

our previous method for albumin (BSA) microbubble scaffolds [23]. Briefly, poly (D,L-

lactic-co-glycolic acid) (75:25, 113kDa), was dissolved in 1,4-dioxane at a 7.5% w/v ratio.

Microbubbles of bovine gelatin were produced by ultra-sonication at 20kHz for 10s of a

10% w/v gelatin solution under nitrogen gas. The resulting gelatin microbubbles were

immediately added to the polymeric solution at a 1:1 v/v ratio. The quasi-stable mixture is

agitated gently and then quenched in liquid nitrogen to induce phase separation. The

scaffolds are then lyophilized (Freezone 12 lyophilizer, Labconco, Kansas City, MO) for 48

hours at 0.03 mbar vacuum. Scaffolds were cut into 5 × 5 × 5 mm cubes and stored at −20°C

until implantation. Characterization of gelatin microbubble scaffolds was performed as

previously reported in our earlier works [23].

To alter fibrocyte responses two separate inhibitors were incorporated into and released

from microbubble scaffolds. Specifically, the TGF-β antagonistic agent SB431542 loaded

into scaffolds at a dose of 10 mg/kg body wt/day [24]. Additionally, the IL-1β/TNF-α

antagonistic agent SB203580 was loaded into scaffolds at a dose of 15 mg/kg body wt/day

[27]. For incorporation into protein microbubble scaffolds the drugs were first solubalized in
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dimethylsulfoxide (DMSO) and then blended with the polymer solution just prior to the

addition of the protein microbubbles. The drugs were incorporated at 1.4 mg for SB431542

and 2.1 mg for SB203580, per ml polymer solution. The release kinetics of the incorporated

drugs were calculated by high performance liquid chromatography (HPLC). HPLC analysis

was carried out on a Waters 2695 separations module with a Waters 2996 Photodiode Array

Detector (Waters Corp. Milford, MA). The system consisted of a Symmetry C18, 3.5µm 4.6

×75 mm column with a flow rate of 1ml/min under a gradient flow. The mobile phase

consisted of 90% water with 0.1% trifluroacetic acid and 10% acetonitrile.

2.4 Animal models

Balb/c mice (25g body weight) (Harlan, Indianapolis, IN) were selected for equal age and

sex prior to implantation. For scaffold implantation, mice were anesthetized and a dorsal

midline incision was created as previously described [39]. Briefly, each mouse was

implanted with two scaffolds (drug-loaded or drug-free scaffolds), placed laterally on either

side of the incision tucked into the subcutaneous space approximately 15mm away from the

incision. The incision was then sutured closed. The mice were subsequently returned to

housing and monitored daily for irritation around the implant.

In our second model of directed fibrocyte differentiation, mini-osmotic pumps (Alzet Model

1002) were used to achieve sustained delivery of differentiation factors in vivo. The pumps

are set to deliver a concentrated adipogenic cocktail (StemPro, Invitrogen) at a constant rate

of 0.25 ng/h for 14 days. The cocktail consisted of a 40% adipogenic supplement in basal

medium prepared from the components in the adipocyte differentiation media from

StemPro. The pump was then connected to the microbubble scaffold via a polyvinyl chloride

catheter. Both scaffold and pump were then implanted in the subcutaneous cavity of Balb/C

mice. The pump was placed into the subcutaneous space away from the incision toward the

hind limb. The accompanying scaffold was similarly placed away from the incision toward

the center of the back on the same side as the pump. Control scaffolds were placed

contralateral to the test scaffold sample. All animals were cared for in compliance with the

protocols approved by the Institutional Animal Care and Use Committee at the University of

Texas at Arlington.

2.5 Imaging analysis

To quantify the extent of fibrocyte recruitment, whole body animal imaging analyses was

carried out using the KODAK in vivo FX Pro system (Kodak, USA). Fluorescence intensity

was monitored at excitation wavelength of 760 nm and emission wavelength of 790 nm (f/

stop, 2.5; no optical filter, 4×4 binning). After background correction, the region of interest

(area of implantation) was selected and the mean fluorescence intensities for all pixels were

calculated using Carestream Molecular Imaging Software, Network Edition 4.5 (Carestream

Health) as established earlier [42–43]. Migration of fibrocytes was studied by in vivo

imaging over 48 hours. Long term affects of the inhibitory agent SB431542 and the resulting

fibrocyte interactions were studied out to 14 days.
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2.6 Histological analysis

Scaffolds and surrounding tissue were embedded into OCT compound (Sakura, Torrance,

CA) and then sectioned using a Leica Cryostat (CM1850, Leica Microsystems).

Quantifications of the cellular response at the material interface were performed through

H&E staining as previously reported using Image J [14]. Briefly, data are presented as an

average of multiple counts taken from H&E stains, with images captured on the skin side of

the biomaterial interface. Fibrosis was assessed using both H&E and Masson Trichrome

staining. Furthermore, Oil Red O staining was performed to evaluate the accumulation of

lipids in the tissue. Briefly, after rinsing in 60% isopropanol, the sections are stained with

the working solution of Oil Red O for 15 to 20 minutes. The samples are then counterstained

with hematoxylin and used for histological analyses.

The density of fibrocytes (CD45+, collagen I+), myofibroblasts (α-SMA+), and adipocytes

(FABP4+) around the implant was further assessed using immunohistochemistry. All

antibodies were purchased from Santa Cruz Biotech. The appropriate fluorescent secondary

antibodies isotype conjugated to either FITC or Texas Red was used for each primary

antibody. For all stains, nuclei were visualized using DAPI (Invitrogen, Carlsbad, CA).

Interface density of expressing cell was quantified per interface area as previously described

[14]. Cell densities were calculated as the number of positive cells per area, approximately

similar areas were used in each case calculated from Image J. Stained sections were

visualized using a Leica microscope and imaged with a CCD camera (Retiga EXi,

Qimaging, Surrey BC, Canada).

2.7 Statistics

GraphPad (La Jolla, CA) was used for all statistical operations. Results are reported as the

means ± standard deviations. For all animal studies 6 mice were used for each treatment

group. Differences between treatment groups were assessed using ANOVA with Bonferroni

comparisons for data with multiple group comparisons. The student's t-test was performed

for data with single group comparisons. All data were considered significant when

P<0.05(*) or P < 0.01(**).

3 Results

3.1 Fibrocyte migration is responsive to the biomaterial mediated reaction

We first determined the differentiation of fibrocytes from splenic cells based on morphology

and dual expression of the surface markers CD45 and Collagen 1. We find that the

fibrocytes stain positive for both CD45 (red) and Collagen 1 (green) and maintain a spindle

shaped morphology with a typical oval shaped nucleus. The fibrocyte yield after 7 days in

culture was found to be 72 ± 7.1% while approximately 27 ± 8.8% of the cells were found to

stain positive for α-SMA (Figure 1a). This is not unexpected, as fibrocytes show an

increased expression of α-SMA as they differentiate to fibroblasts or myofibroblasts [15,

44–45]. To keep α-SMA expression at a minimum all cells were used for subsequent testing

after only 7 days in culture.
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Migration of fibrocytes was confirmed in vivo by labeling cells with the NIR fluorophore

Xsight 761. Labeled fibrocytes were injected iv and real time monitoring was performed on

mice which had previously received a microbubble scaffold implant as a model biomaterial

implant. We observed that injected fibrocytes do indeed migrate to the site of implantation

over 24 to 48 hours. The response was also observed to increase with time over the PBS

controls (Figure 1b). Although made from biocompatible PLGA polymer the scaffold

implant is known to elicit an inflammatory response resulting in the formation of a fibrotic

capsule as previously demonstrated [23]. This initial study confirms that fibrocytes migrate

to an inflammatory site surrounding a subcutaneous biomaterial implant and may be

responsive to the biomaterial mediate reaction. To determine if the migratory response and

later activation of fibrocytes can be altered to reduce the fibrotic outcome we further

assessed the localized inhibition of well known inflammatory and fibrotic mediators IL1-β,

TNF-α and TGF-β.

3.2 Localized release of TGF-β inhibitor SB431542 reduces fibrocyte migration

The microbubble scaffold fabrication was altered slightly to incorporate bovine gelatin

microbubbles as opposed to previous fabrication with albumin microbubbles. Gelatin is a

denatured form of collagen and as such contains a similar chemical structure to

glycosaminoglycan and collagen, promoting cell adhesion by mimicking the natural

extracellular matrix (ECM) [46]. In opposition, incorporation of albumin, which is an

abundant plasma protein, works to passivate the biomaterial surface [47]. Despite this

change in scaffold fabrication, characterization of the microbubble scaffolds was in line with

previously reported results for the albumin microbubble scaffolds [23]. Briefly, cross

sections were analyzed to confirm a macro-porous structure with pores ranging from 50–150

µm, interconnected with smaller pores from lyophilization. Porosity of the microbubble

scaffolds was also similarly tested and found to be >90% porous. A representative image of

the scaffold is shown in supplemental figure 1a. Due to the solubility of SB431542 and

SB203580 in DMSO the drugs were incorporated into the polymer portion of the scaffold as

opposed to the protein. This provided prolonged release extending beyond 14 days as

demonstrated by HPLC quantification of the release kinetics (Supplemental Figure 1b–d).

By incubating the drug-loaded scaffolds with PBS for various periods of time, we

determined that the average release rate of SB431542 was approximately 1 µM per day, and

that of SB203580 was approximately 10 µM per day. These approximate concentrations

have been shown to be effective in reducing the respective cytokines in vitro [24, 27].

The release of TGF-β at the tissue injury site is well known to contribute to the regulation of

the fibrotic response [17, 48]. In addition TGF-β has been linked to the increase in the

fibrocyte population in several disease states such as aberrant wound healing [49]. To

determine an influence on fibrocyte reactions we incorporated the ALK-5 inhibitor

SB431542 into scaffolds and studied the fibrocyte migration during localized inhibition of

TGF-β. SB431542 has been extensively tested elsewhere and found to have good cytokine

specificity for TGF- β [26, 50]. Four hours after implantation with the drug releasing

microbubble scaffolds NIR labeled fibrocytes were administered through iv. injection. Real

time in vivo monitoring was performed to study the migration over 48 hours. As expected,

fibrocytes readily migrate to the control scaffold (gelatin microbubble scaffold without drug)
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within 24 hours. Interestingly, inhibition of the TGF-β signal significantly reduced the

accumulation of fibrocytes around the implant at 24 hours (P<0.05) and maintained a 2.5

fold reduction from the control out to 48 hours post injection (Supplemental Figure 1e).

Parallel experiments were carried out with the p38 MAPK inhibitor SB203580.While there

is some reduction in fibrocyte signal with release of SB203580, the inhibition of IL-1β/TNF-

α does not show a statistically relevant difference from the control over 48hrs.

3.3 Effect of cytokine antagonist SB431542 on tissue reactions

We further investigated the effects of the cytokine antagonists on the degree of

implantmediated fibrotic tissue reactions. In the long-term response we observe a reduction

in the formation of the foreign body capsule with the release of SB431542 (TGF-β

antagonist). The microbubble scaffold control is observed to have a capsule thickness of 213

± 23 µm where localized treatment with SB431542 significantly reduces the capsule

thickness to 119 ± 14 µm (P<0.01) (Figure 2). Surprisingly, inhibition of IL1-β/TNF-α by

SB203580 does not show a significant reduction in capsule thickness (180 ± 24 µm). Using

the capsule thickness as a general indicator of the degree of fibrosis we continued to analyze

the resultant degree of fibrocytes within the capsule at 14 days post implantation. Similar to

the fibrotic capsule results, we observed a marked decrease in the number of fibrocytes

surrounding the implants releasing SB431542 but not SB203580 (Figure 2). In addition, we

investigated the degree of α-SMA expression and the relative collagen production around

the implant as these are considered the hallmarks of activated fibrocytes. It is thought that

migratory fibrocytes transition into myofibroblasts losing their hematopoietic expression of

CD34 and CD45 and up-regulating α-SMA [18, 51]. Furthermore it has been suggested that

this process is mediated by TGF-β expression [31, 52–53]. We found that the inhibition of

TGF-β similarly reduced the α-SMA expression significantly (P<0.01), and had a resultant

influence on the degree of collagen production in the foreign body capsule (Figure 2).

3.4 In vitro fibrocyte to adipocyte differentiation

To investigate the potential of fibrocyte differentiation as an alternative strategy to mitigate

fibrosis, we first confirm that stimulation of fibrocytes with an adipogenic medium is

capable of prompting differentiation. After the initial culture of fibrocytes from the spleen,

cells were incubated with an adipogenic medium for two weeks to stimulate fibrocyte-

derived adipocytes. Morphologically, the fibrocyte-derived adipocytes are larger and

rounder than the spindle shaped fibrocytes in culture (Figure 3a). To confirm that an

adipocyte lineage was obtained, some cells were stained with Oil Red O to observe the

accumulation of intracellular lipids. In fact, within the cell population approximately 65–

70% of the cells show positive staining for intracellular lipids. In contrast, cells cultured

with control media show only nonspecific uptake of the Oil Red O dye. By extracting the

dye from both fibrocyte-derived adipocyte samples and control fibrocyte samples we are

able to quantify a relative 6 fold increase in the amount of lipid accumulation in the

fibrocyte-derived adipocyte cell cultures (P<0.01) (Figure 3b). In addition, we also

investigated the amount of collagen produced by the fibrocytes and fibrocyte-derived

adipocytes using a sirius red staining protocol [41]. The sirius red dye can similarly be

extracted to quantify the relative amount of collagen staining in both sets of samples.As

expected, the increase in lipid accumulation is mirrored by a 3 fold decrease in the amount
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of collagen production in fibrocyte-derived adipocyte cultures (P<0.01) (Figure 3c). These

findings are in agreement with previous reports indicating that the adipocyte and

myofibroblasts differentiation pathways of fibrocytes show reciprocal inhibition of each

other [12, 36].

3.5 Fibrocyte to adipocyte stimulation reduces fibrotic outcome in vivo

After confirming that cultured fibrocytes can be stimulated to fibrocyte-derived adipocytes

in vitro, we continued our investigation of the differentiation capability in vivo. To deliver

constant and sustained differentiation stimulus, mini-osmotic pumps were connected to the

microbubble scaffold implants via catheter tubes. The tissue response to adipogenic

stimulation was then assessed at two weeks. By comparing untreated scaffold implant

controls to adipogenic treatment and the normal tissue response (subcutaneous area between

the hypoderms and the skeletal muscle without the presence of an implant), we find that

adipogenic stimulation can significantly alter the fibrotic response. Histological staining by

Oil Red O reveals a significant increase in the lipid droplet accumulation throughout the

developing tissue under adipogenic stimulation, consistent with an increase in adipogenesis.

Furthermore, collagen staining by aniline blue (Masson Trichrome staining) shows a

significant reduction in the overall collagen formation with small single fibers running

through the tissue in contrast to the large bundles typically observed in the untreated control.

In both cases, as expected, the normal tissue response shows scarce lipid droplet

accumulation and thin collagen bundles separating the hypodermis from the skeletal muscle

(Figure 4a). Interestingly, the lipid and collagen accumulation show similar trends in vivo as

previously observed in vitro with fibrocyte-derived adipocytes. The percentage of lipid

staining shows a 2.8 fold increase, from the untreated control, around the implant after 2

weeks (Figure 4b). On the other hand, the collagen percentage is again shown to reflect the

increased formation of lipids with a 2.3 fold reduction from the untreated control during

adipogenic stimulation. Most importantly, the collagen content in the fibrotic capsule is

observed to be reduced down to the levels obtained for normal tissue (Figure 4c).

Interestingly while these various trends are observed the overall capsule cell density remains

similar for both the treated and untreated scaffold implants (Figure 4d).

The histological results indicate that adipocyte stimulation can block the progressive

overproduction of collagen typically observed during the fibrotic response. It is however

unclear whether this result is directly linked to fibrocyte -adipocyte stimulation. We

therefore further investigated the potential to alter the localized fibrocyte differentiation by

assessing both the acute (5 day) and long-term (14 day) response of fibrocytes during

adipogenic induction. In the acute response we find that fibrocytes continue to migrate to the

implant regardless of adipogenic stimulation. In fact there are no observed differences

between the fibrocyte numbers in the untreated vs. treated scaffold samples at day 5 (Figure

5a). In the later response, fibrocytes remain prevalent in the control over 14 days however

their presence has been reduced by 4.5 fold during adipogenic differentiation, reducing their

numbers down to the level found in normal tissue (Figure 5a). In addition to the reduction of

the fibrocyte number within the capsule, we also observe a 51% decrease in the α-SMA

expression after adipogenic stimulation over 14 days (Figure 5b). Furthermore, while α-

SMA expression is reduced, the mature adipocyte marker, fatty acid binding protein 4
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(FABP4) shows a 66% increase in the treated samples from the untreated controls (Figure

5c).

4 Discussion

In the foreign body response a detrimental host reaction, such as the over-expression of

extracellular matrix and collagen production, often leads to the separation of implant and

healthy tissue by the formation of a thick fibrous capsule. Resident tissue fibroblasts have

long been the primary suspect for dictating this deleterious effect. Recently, fibroblast-like

cells termed fibrocytes, have shown an increasing importance in connection with fibrosis in

several fibrotic disease models [54–56]. We show here that fibrocytes indeed play a role in

the biomaterial-mediated reaction as well. To begin with, cultured fibrocytes are shown to

migrate to the site of biomaterial implantation and respond to the biomaterial-mediated

reaction. To culture fibrocytes in vitro peripheral blood mononuclear cells may be isolated

and differentiated into fibrocytes [53]. There are however a low number of circulating

monocytes found in blood and the blood from multiple mice must be pooled together to

obtain an adequate number of cells [37, 53]. More recently, fibrocytes have been shown to

differentiate from the splenic reservoir of monocytes [37, 57]. With proper conditioning, a

larger number of cells may be isolated and differentiated to fibrocytes from a single mouse

spleen. This source has the potential to generate substantial numbers of fibrocytes from a

small number of animals.

To further understand and alter the migratory and activation state of fibrocytes we first

focused on the fibrotic regulatory cytokine TGF-β which is up-regulated during an

inflammatory or wound healing response. It is well documented that pro-inflammatory

cytokines such as IL-1β, IL-6, IL-12 and TNF-α are initially expressed in high quantities in

response to a biomaterial implant [2, 11]. As inflammation shifts to regeneration however

there is a shift in cytokine and growth factor release to more anti-inflammatory and pro-

fibrotic cytokines such as IL-10 and TGF-β [2, 11]. The migratory response of fibrocytes

may be dependent on this shift in signaling cues, such as increased TGF-β production.

Indeed, studies have shown that TGF-β is a potent initiator of fibrotic reactions, as well as a

stimulant for fibroblasts and macrophages to up-regulate pro-fibrotic growth factor

expression [16]. Along these lines, many recent studies have indicated that fibrocytes are

responsive to TGF-β increasing accumulation and differentiation [31, 52–53]. We therefore

sought to deter TGF-β mediated fibrocyte responses through localized release of the TGF-β

antagonist SB431542. In the acute response, the migration of NIR labeled fibrocytes is

significantly reduced over 48 hours with the release of SB431542. During the long-term

response, in addition to a reduction of capsule thickness, we observe a significant decrease

in the fibrocyte numbers as well as the α-SMA expression surrounding the implants.

Increased α -SMA expression is a known hallmark for myofibroblast differentiation and

fibrocytes have been well characterized to differentiate to myofibroblasts under TGF-β

stimulation in vitro [18]. Our results therefore indicate that the differentiation of fibrocytes

into α-SMA expressing myofibroblasts can be significantly reduced by the TGF-β antagonist

SB431542. While the results are promising and demonstrate a reduction in fibrocyte

responses, the overall collagen production was not significantly reduced from the control.

This observation may indicate that alternative pathways beyond the TGF-β influence are
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also involved. Interestingly, IL-1β and TNF-α antagonist SB203580 had less of an effect on

the degree and response of fibrocyte infiltration. IL-1 and TNF-α are known to be potent

inflammatory mediators, however there is also some evidence that they can play a role in

stimulating fibrosis and collagen production. In two separate studies of bleomycin induced

pulmonary fibrosis both IL-1 and TNF-α were found to be stimulatory for the growth of

fibroblasts and localized collagen deposition [58–59]. Our results indicate however that the

inflammatory signal from IL-1 and TNF-α may not have a major influence on fibrocytes.

Overall, the percentage of collagen production surrounding the implant was not significantly

impacted by the pharmacokinetic approach. This is likely due to several contributing

alternative mechanisms which influence fibrocyte and resident tissue fibroblast responses.

Indeed, several mechanisms have been identified for fibrocyte migration [15, 19, 60],

activation [32, 53, 61], and even differentiation [12–13, 62]. The complex cascade and

complimentary interactions between various cell responses support that a new and different

approach is needed to alter fibrotic tissue reactions to biomaterial implants. We therefore

sought an alternative approach to pharmacokinetic inhibition that could potentially

overcome the combination of different mechanisms. We hypothesized that a more direct

strategy specifically targeting the differentiation aspect of fibrocytes would have a greater

impact on the fibrotic response and localized collagen production.

To confirm our hypothesis we investigated the capability of fibrocytes to dif ferentiate to an

adipocyte lineage under specific culture conditions. Our results show that the cells were

observed to increase in size and adapt a round morphology, in opposition to spindle shaped

fibrocytes, as well as increase intracellular lipid production after adipocyte stimulation.

Additionally, we observed a corresponding decrease in collagen production from fibrocyte-

derived adipocytes in vitro. In support of this observation, a previous study has indicated

that the fibrocyte-to-adipocyte differentiation is driven by PPARγ which was shown to

reduce α-SMA expression [12]. Furthermore, in vitro stimulation with TGF-β was shown to

inhibit fibrocyte-to-adipocyte differentiation [12]. These interactions demonstrate an

intriguing ability of fibrocytes, where increased adipocyte stimulation could reciprocally

reduce collagen formation, ultimately impacting the fibrotic responses and scar tissue

formation. In support of this notion, a previous study was able to show the formation of

human adipose tissue in SCID mice after 4 weeks with the implantation human fibrocyte-

derived adipocytes [13]. In this study however fibrocytes were stimulated in vitro to

adipocytes prior to in vivo implantation. Nevertheless, the study does indicate that fibrocyte-

derived adipocytes can develop adipose tissue in vivo [13].

Our in vivo investigations suggest that fibrocytes may indeed be stimulated to differentiate

into adipocytes around subcutaneous biomaterial implants. Fibrocytes were first indentified

to migrate to the adipogenic samples during the acute inflammatory response. Subsequently,

while the fibrocyte numbers continually increase around the untreated samples, the

adipogenic samples show a significant decrease in fibrocyte numbers over two weeks. An

observed decrease would be expected with adipocyte differentiation as fibrocytes are known

to decrease expression of hematopoietic markers CD45 and CD34 during differentiation [15,

44– 45]. Furthermore, a similar reduction is observed in the overall α-SMA expression

indicating the loss of fibrocytes is not due to myofibroblast differentiation. The observed
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reduction in α-SMA expression is further confirmed by the significant decrease in collagen

production around the adipogenic samples. In fact, the total collagen content has been

reduced down to the level found in normal tissue. This indicates that stimulated fibrocyte-to-

adipocyte differentiation may inhibit fibrocyte-to-myofibroblast differentiation and over

production of collagen. Finally, fibrocyte-to-adipocyte differentiation is further supported by

the significant increase in FABP4 expression in the cells surrounding the treated implants as

well as the observed increase in lipid accumulation within the capsule.

While these findings all support the in vivo differentiation of fibrocytes to adipocytes, we

cannot rule out other potential mediators. For instance, it is possible that the resultant

increase in lipid accumulation is a result of stem cell recruitment and subsequent

differentiation to adipocytes rather than fibrocyte-derived adipocytes. More in-depth studies

such as chimeric models or labeled fibrocytes would need to be conducted to conclusively

demonstrate fibrocyte-derived adipocytes in vivo. We believe however that our results

present the first evidence that the differentiation potential of fibrocytes is a viable strategy to

alter fibrotic tissue responses to biomaterial implants. In addition, we believe this approach

may offer potential benefits to address and overcome certain issues and complications. For

example, in wound healing the use of inhibitors for factors like TFG-β may have a

significant adverse effect altering the wound regeneration including the recruitment and

differentiation of cells. Furthermore, surrounding an implant with adipose tissue could have

potential benefits for some devices. For an implant such as a drug releasing capsule, it is

feasible that the highly vascularized native structure of adipose tissue would help facilitate

compound release and uptake into the blood stream and surrounding tissue. Nevertheless,

further investigation of such processes and applications could lead to enhanced strategies for

site specific modulation and regeneration of site specific tissue.

5 Conclusion

Understanding and manipulating fibrocyte interactions is becoming increasingly important

as a means to mitigate fibrosis. Our results suggest that fibrocytes play a critical role in

biomaterial mediated fibrotic responses and are augmented by TGF-β. In both the acute and

long-term tissue response to subcutaneous scaffold implants the localized inhibition of TGF-

β by SB431542 was able to reduce the fibrocyte migration and deter myofibroblast

differentiation. In an alternative strategy we demonstrate that the multi-potent capacity of

fibrocytes may be specifically targeted to reduce collagen formation. Fibrocyte-derived

adipocytes show enhanced intracellular lipid production in vitro with a reflected reduction in

collagen accumulation. Similarly, in vivo adipogenic stimulation resulted in enhanced lipid

formation and significant collagen reduction around treated scaffolds. Furthermore, the

adipogenic samples show minimal fibrocyte and myofibroblast accumulation leading us to

infer that adipocyte stimulation passivates the fibrotic potential of immigrated fibrocytes. To

the best of our knowledge, this study presents the first evidence that the differentiation

potential of fibrocytes is a viable strategy to alter fibrotic tissue responses to biomaterial

implants. Further study is needed however to investigate fibrocyte interactions and

conclusively demonstrate that fibrocyte-derived adipocytes can lead to a reduction in the

collagen content and scar tissue formation to improve the safety and function of medical

implants.
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Figure 1.
Confirmation of fibrocyte lineage and migration to the implant site. (A) cultured fibrocytes

are positively identified as CD45+ /Col 1+ by immunohistochemistry. Image shows CD45+

Col1+ cells (yellow) with two cells that are CD45− Col1+(green). The scale bar represents

50 µm. The bar graph shows that on average, 72% of cultured splenic cells stain positive for

fibrocyte markers. (B) NIR labeled fibrocytes, injected iv, migrate to the site of biomaterial

scaffold implantation over time. Images show representative fluorescence at the scaffold

implant site. The spectrum bar shows the relative fluorescence intensity. Statistics are

performed with the student's t-test and taken as significant in at **P<0.01.
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Figure 2.
Long-term response of SB431542 and SB203580 release from scaffold implants. (A)

Histological results of H&E staining showing the capsule thickness of the various treatments

at 14 days. The scale bar shows 100 µm and is applicable to all images in the panel. (B) Bar

graph of the CD45-Col fibrocyte response. (C) Bar graph of the degree of α-SMA positive

cells present in the foreign body capsule. In each bar graph the tissue and cellular response

to SB431542 was found to be significant from the control. For each treatment group six

animals were tested. Statistics are performed by ANOVA with Bonferroni comparisons and

taken to be significant at **P<0.01.
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Figure 3.
In vitro differentiation of fibrocytes to an adipocyte-like lineage. (a) Representative images

of fibrocytes in culture (top) showing typical spindle morphology and fibrocyte-derived

adipocytes (bottom) with increased cell size and spreading as well as the accumulation of

lipid droplets stained by Oil Red O. The scale bars represent 50 µm. (b) Quantitative

measurements of lipid staining by Oil Red O measured by absorbance of extracted dye. (c)

Quantitative measurements of collagen staining by Sirius Red measured by absorbance of

extracted dye. Statistics are performed with the student’s t-test and taken to be significant at

**P<0.01.
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Figure 4.
Histological analysis of fibrocyte-adipocyte differentiation. (a) Panel presenting

representative images of Oil Red O and Masson Trichrome staining for Normal Tissue,

Untreated, and Treated samples at 2 weeks. The scale bar represents 100 µm and is

applicable to all images in the panel. (b) Analysis of lipid accumulation by oil red o staining

shows a 2.8 fold increase after Adipogenic stimulation in comparison to the untreated

control. (c) The collagen percentage similarly shows a 2.3 fold decrease from the untreated

control, however is more importantly observed to be reduced down to the levels obtained for

normal tissue. (d) The overall cellular response of the untreated and treated scaffolds

remains similar, indicating a shift in the cellular composition between the two, rather than a

reduction of the inflammatory response. Six animals were used in each treatment group.

Statistics are performed with ANOVA using Bonferroni comparisons and taken to be

significant at **P<0.01.
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Figure 5.
Quantification of fibrocytes, myofibroblasts expression (α-SMA), and adipocyte expression

(FABP4) during adipogenic differentiation. (a) The acute fibrocyte response shows

approximately equal recruitment to both the untreated and treated scaffold samples, where

the 14 day response shows a drastic reduction in the fibrocyte numbers surrounding the

treated scaffold implants. (b) After 14 days, the α-SMA expression levels are significantly

reduced during treatment from the untreated scaffold samples and remain within the range of

the normal tissue response. (c) As anticipated, after 14 days the adipogenic marker FABP4

expression levels are significantly increased on the treated samples. Six animals were used

in each treatment group. Statistics are performed with ANOVA using Bonferroni

comparisons and taken to be significant at **P<0.01.
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