
Mesenchymal stromal cell injection promotes vocal fold scar 
repair without long-term engraftment

R.S. BARTLETT1, J.T. GUILLE2, X. CHEN1, M.B. CHRISTENSEN3, S.F. WANG1, and S.L. 
THIBEAULT1

1Department of Surgery, University of Wisconsin-Madison, Madison, Wisconsin, USA

2Department of ENT and Head and Neck Surgery, University Hospital of Pointe à Pitre, French 
West Indies

3National Center for Voice and Speech, University of Utah, Utah, USA

Abstract

Background—Regenerative medicine holds promise for restoring voice in patients with vocal 

fold scarring. As experimental treatments approach clinical translation, several considerations 

remain. Our objective was to evaluate efficacy and biocompatibility of four bone marrow 

mesenchymal stromal cell (BM-MSC) and tunable hyaluronic acid based hydrogel (HyStem-VF) 

treatments for vocal fold scar using clinically acceptable materials, a preclinical sample size and a 

dosing comparison.

Methods—Vocal folds of 84 rabbits were injured and injected with four treatment variations 

(BM-MSC, HyStem-VF, and BM-MSC in HyStem-VF at two concentrations) 6 weeks later. 

Efficacy was assessed with rheometry, real-time polymerase chain reaction (PCR) and histology at 

2, 4 and 10 weeks following treatment. Lung, liver, kidney, spleen and vocal folds were screened 

for biocompatibility by a pathologist.

Results and discussion—Persistent inflammation was identified in all hydrogel-injected 

groups. The BM-MSC alone treatment appeared to be the most efficacious and safe, providing an 

early resolution of viscoelasticity, gene expression consistent with desirable extracellular matrix 

remodeling (less fibronectin, collagen 1α2, collagen 3, procollagen, transforming growth factor 

[TGF]β1, alpha smooth muscle actin, interleukin-1β, interleukin-17β and tumor necrosis factor 

[TNF] than injured controls) and minimal inflammation. Human beta actin expression in BM-

MSC–treated vocal folds was minimal after 2 weeks, suggesting that paracrine signaling from the 

BM-MSCs may have facilitated tissue repair.
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Introduction

Reliable treatments for vocal fold scarring are needed [1,2]. In pre-clinical investigations, 

bone marrow mesenchymal stromal cell (BM-MSC) and hyaluronic acid hydrogel therapies 

have shown promise for vocal fold regeneration through enhanced tissue viscoelasticity, 

extracellular matrix (ECM) profiles, and immunomodulation [3–10]. Prior to the 

development of a cell and/or gel-based therapy for clinical use, a number of practical 

considerations need to be addressed. First, because the BM-MSC dosing literature is based 

on intravenous injection or direct delivery to other organs, dosing for local delivery to the 

vocal fold needs to be investigated [11–13]. Second, bio-compatibility of BM-MSCs and 

hyaluronic acid hydrogels has not been evaluated in an in vivo model of vocal fold scar, yet 

it is critical given the location of the larynx [14]. The vocal folds are located at the entrance 

to the airway, so a severe inflammatory response in these tissues could be fatal [15]. Third, 

cell and gel products intended for clinical applications will need to be produced from 

materials suitable for human use. Leaders in tissue engineering have identified the 

importance of manufacturing and scale-up during product development, encouraging 

therapeutic materials to be reproducible and generated under Current Good Manufacturing 

Practices (cGMP) [16]. These three fundamental elements have been incorporated into our 

current investigation.

In the present work, we evaluated pre-clinical efficacy and biocompatibility of four cell and 

hydrogel treatments (BM-MSC, HyStem-VF, and two doses of BM-MSCs seeded in 

HyStem-VF) in an in vivo vocal fold scar model using materials amenable to clinical use. 

Efficacy was assessed in the vocal folds with oscillatory shear stress rheometry, gene 

expression, and histology. Biocompatibility was screened in the lung, liver, kidney, spleen, 

and vocal folds by a veterinary histopathologist to rule out significant cell migration and 

tumor formation. Cells were expanded and tested using a manufacturing process and quality 

control test methods that meet cGMP protocols for human clinical trials. Hydrogel 

components were produced in a cGMP-compliant facility using materials that were United 

States Pharmacopeia and National Formulary (USP/NF) grade or better. To our knowledge, 

this is the first pre-clinical investigation of a cell-based vocal fold scarring treatment that 

uses clinical-grade materials, biocompatibility testing and dose response to support a future 

clinical trial.

Materials and methods

Eighty-four rabbits were included in the study, with 18 rabbits in each of the four 

experimental groups, nine rabbits in the control group, and three rabbits that were added to 

replace rabbits that perished once the study had begun. At the beginning of the study, 

bilateral vocal fold mucosal injury was created in the treatment groups, and unilateral injury 

was created in the controls (Figure 1). Treatments included Gel Only (GEL), Cells Only 

(CELL), Cell and Gel: Low Dose (LD) and Cell and Gel: High Dose (HD) (Table I). For 

each control rabbit, the uninjured vocal fold received no treatment and was included in the 

Uninjured group, and the injured vocal fold was injected with the diluent and included in the 

Injured group. Each rabbit (Injured, GEL, CELL, LD and HD) received two injections 1 

week apart at weeks 6 and 7 (Table I, Figure 1). One third of the rabbits in each group were 
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euthanized at weeks 8, 10 and 16 (which was 2 weeks, 4 weeks and 10 weeks following the 

initial treatment).

BM-MSC isolation and expansion

Human BM-MSCs were obtained from Waisman Biomanufacturing and expanded and tested 

using a manufacturing process and quality control test methods that are similar to those used 

for cGMP protocols for human clinical trials. Cells were originally derived from the iliac 

crest of a healthy 22-year-old female. BM-MSCs were cultured in Alpha Minimum Essential 

Medium that was supplemented with 10% fetal bovine serum (FBS) and 1× Glutamax. Cells 

were cryo-preserved in 2 mL Corning cryogenic vials at two concentrations (1 × 107 

cells/mL for LD; 2 × 107 cells/mL for HD). The final formulation for both concentrations 

included Plasma-Lyte, 10% rabbit serum albumin, and 2.5% dimethyl sulfoxide (DMSO).

Vocal fold injury

The University of Wisconsin School of Medicine and Public Health Animal Care and Use 

Committee approved all protocol procedures. Adult female New Zealand White rabbits (2.5–

3.5 kg, Harlan Laboratories) were sedated with ketamine (10 mg/kg) and dexmedetomidine 

(0.20 mg/kg). Preprocedurally, buprenorphine (0.05 mg/kg) and supplemental O2 were 

administered. The larynx was visualized under microscopic direct laryngoscopy with a 

Pilling pediatric endoscope (Pilling). A 2-mm forceps (MicroFrance) was used to remove a 

portion of the mid-membranous true vocal fold. Injury was unilateral in control rabbits and 

bilateral in treatment rabbits. Following the procedure, dexmedetomodine was reversed with 

atipimazole (1× the volume of dexmedetomodine).

Treatment

Six weeks after biopsy, the rabbits were anesthetized and their larynges were visualized as 

above. A 24-gauge needle (Merz Aesthetics, 9010M1) was used to inject cell/gel 

combinations into the injured region (Table I). Injured rabbits were injected unilaterally with 

150 μL of the diluent at weeks 6 and 7. Uninjured vocal folds did not receive injections 

throughout the study. GEL rabbits received bilateral 150 μL injections of HyStem-VF 

(Glycosil: CMHA-S 1.2% weight per volume [wt/vol]; Gelin-S: thiol-modified gelatin 

0.06% wt/vol; Extralink: PEGDA 0.8% wt/vol) [5,14,17] at weeks 6 and 7. The hydrogel 

was allowed to cross-link for approximately 13 min prior to injection, to prevent egress from 

the injection site. CELL rabbits received bilateral 100 μL injections of 3 × 105 human BM-

MSCs suspended in the diluent at weeks 6 and 7. Cells were thawed to passage 6 just prior 

to injection. Rabbits in the LD group received bilateral 100 μL injections of 1.5 × 105 human 

BM-MSCs suspended in HyStem-VF at weeks 6 and 7. Cells were thawed just prior to 

injection, and mixed with the gel using a pipette. Rabbits in the HD group received bilateral 

100 μL injections of 3 × 105 human BM-MSCs suspended in HyStem-VF at weeks 6 and 7.

Euthanization

One third of the animals in each treatment group were euthanized at 2 weeks, 4 weeks and 

10 weeks following the initial treatment with an intravenous administration of Beuthanasia-

D (0.05 mg/kg). Vocal folds (including the thyroarytenoid muscle and arytenoid cartilage), 
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lungs, liver, kidneys and spleen were removed. In each treatment group (GEL, CELL, LD 

and HD) at each time point, at least four of the vocal folds were reserved for rheology, three 

of the vocal folds were reserved for immunohistochemistry, and three of the vocal folds were 

reserved for RT-polymerase chain reaction (PCR). At each time point, one Injured vocal fold 

was reserved for each of the assays (rheology, immunohistochemistry and RT-PCR) and one 

Uninjured vocal fold was reserved for each of the assays.

Rheology

Vocal folds from each treatment group were stored at −80°C prior to testing, then thawed 

and hydrated in a 1% phosphate-buffered saline (PBS) solution at room temperature. 

Additionally, seven uninjured, untreated vocal folds from New Zealand white rabbits were 

included for comparison; rheological testing was performed on these vocal folds at the same 

time as the treated vocal folds. Rheological testing was performed with a Bohlin Gemini-150 

controlled stress rotational rheometer (Malvern Instruments Ltd) with an 8-mm parallel plate 

system. Temperature at the bottom plate was maintained at 37°C using a water jacket 

attached to a F25-ME external heating and circulation unit (Julabo USA Inc). To encourage 

tissue adhesion, 220 grit sandpaper (Norton Abrasives) was attached to both plates with 

Permabond 105 (Permabond LLC). Sandpaper was replaced every three samples. Excess 

tissue was trimmed. Samples were placed between the plates, and the upper plate was 

lowered in increments of approximately 100 μm until the normal force applied to the tissue 

remained >25 g for at least 5 seconds. Gap size was then decreased by an additional 20%. 

Tissue hydration was maintained by applying 1% PBS as needed. Frequency sweeps were 

performed using a controlled-stress paradigm from 0.01–10 Hz, taking 7 sample points 

every decade. Elastic shear moduli (G′) and viscous moduli (G″) were computed from the 

results. All rheological measurements were taken without knowledge of the treatment 

condition.

Real-time PCR

Vocal folds were stored overnight in RNA later RNA Stabilization Reagent (Qiagen) at 4°C, 

then transferred to a −80°C freezer. For each treatment group, three rabbits per time point (2, 

4 and 10 weeks following injury) were included. For each control group, one rabbit per time 

point was included.

Vocal fold tissue was homogenized using a motorized mortar and pestle (Pellet Pestle; 

Kontes). Total RNA was isolated using the RNeasy Mini plus Kit (Qiagen) with on-column 

DNase digestion. Two micrograms of total RNA were reverse-transcribed using QuantiTect 

Reverse Transcription kit (Qiagen) to generate complementary DNA (cDNA). Real-time 

amplification for all genes except osteocalcin was performed in a LightCycler 1.5 System 

(Roche) for 45 cycles (95°C for 10 seconds, 50°C–61°C dependent on the primer melting 

temperature for 5 seconds, 72°C for 10 seconds). A LightCycler FastStart DNA MasterPlus 

SYBR Green I (Roche) kit was used in conjunction with primer pairs (Supplementary Table 

A). Primer specificity was confirmed by melting curves. Exact amplification efficiencies of 

target and reference genes were assessed by LightCycler software before normalized gene 

expression levels were calculated. Real-time amplification of osteocalcin was performed in 

an Applied Biosystems 7500 Fast Real-Time PCR instrument for 40 cycles (95°C for 15 
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seconds, 95°C for 2 minutes, 55°C for 15 seconds, 72°C for 1 minute) using the SYBR 

Select Master Mix (Life Technologies). Rabbit ulna cDNA was included as a positive 

control to assist interpretation of vocal fold results. The standard curve method was used to 

quantify expression of all genes. Results are shown by the messenger RNA (mRNA) 

concentration of the target gene (ng/μL) normalized by rabbit β-actin mRNA (ng/μL). All 

reactions were performed in triplicate.

Histology

Three rabbits in each treatment group and one control rabbit from each time point (2, 4 and 

10 weeks) were included for histological analysis. Larynges were hemisected, fixed in 10% 

neutral buffered formalin for 24 h at room temperature, processed and embedded in paraffin, 

and coronally sectioned at 5 μm with a microtome (Leitz). Three true vocal fold sections 

from each rabbit were stained with Masson’s Trichrome to identify collagen content 

(Newcomer Supply), Verhoeff-Van Giesen to identify elastic fibers (EVG, Diagnostic 

Biosystem) and Alcian blue stain, pH 2.5, with a hyaluronidase digestion on a serial slide to 

identify hyaluronic acid (Newcomer Supply). Slides were imaged with a light microscope 

(E-600, Nikon) and digital camera (Olympus DP-71) at 40× magnification. The amount and 

intensity of staining in the thickest part of the lamina propria were quantified with 

MetaMorph 7.5 (Molecular Devices). Areas of clearly stain-expressing cells in the uninjured 

tissue relative to any background staining were used to establish a threshold. Percentage of 

staining was calculated by normalizing the area of stained pixels, as determined by the 

threshold, to the total area of the lamina propria in each image. The average intensity of the 

staining was determined through Metamorph functions, quantifying the relative background 

staining between sections of the same stain. Staining and intensity quantifications were 

performed in triplicate. Ten percent of the slides were re-measured to examine intra-rater 

reliability.

Histopathology

Vocal folds, lung, liver, kidney and spleen were fixed in 10% neutral buffered formalin, 

processed and embedded in paraffin, and sectioned at 5 μm with a microtome (Leitz). Three 

rabbits from each treatment group and two controls at week 16 were included. All tissue 

sections were stained with hematoxylin and eosin (H-E) and evaluated by a veterinary 

pathologist with light microscopy. Vocal fold sections were assessed for presence of gel, and 

degree of edema, fibrosis and inflammation (none, minimal, mild, moderate, severe). Lung, 

liver, kidney and spleen were examined for abnormalities (e.g., pulmonary edema/

hemorrhage, hepatic extramedullary hematopoiesis) and for the appearance of BM-MSCs in 

H-E–stained sections.

Statistical analysis

To evaluate the rheology data, Mixed Models were fitted to compare the slope and intercept 

of the lines representing the modulus by frequency relationship for each group. Groups were 

defined by the treatment by time combination. Differences of least squares means were used 

to evaluate pair-wise differences for significant effects. For histology and RT-PCR, repeated 

measures analysis of variance (ANOVA) was used to examine treatment and time post-

treatment as main effects and to evaluate the interaction of treatment * time. Differences of 
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least squares means were used to evaluate pairwise differences for significant effects for all 

gene and histology data. Intra-rater agreement estimates were produced using a mixed-

effects model with SAS software procedure PROC MIXED. The overall α level for testing 

was set at 0.05. All results were obtained using SAS statistical software (Version 9.2, SAS 

Institute Inc.).

Results

Rheology

Slope of the lines representing the modulus by frequency relationship were not significantly 

different between the groups for elastic (G′) or viscous (G″) moduli. Intercepts were 

significantly different between groups for elastic moduli (F(12,50) = 2.97; P = 0.0034) and 

viscous moduli (F(12,50) = 2.43; P = 0.0143). Two, 4 and 10 weeks following treatment, the 

elastic moduli of all treatment groups did not differ from uninjured controls (n = 7) with two 

exceptions (Figure 2). Two weeks following the treatment, CELL vocal folds were 

significantly less stiff than uninjured controls (P = 0.001), and 4 weeks following treatment, 

LD vocal folds were more stiff than uninjured controls (P = 0.026). Two, 4 and 10 weeks 

following treatment, the viscous moduli of all treatment groups did not differ from controls 

with one exception. Two weeks following the treatment, CELL vocal folds were less viscous 

than controls (P = 0.001).

Histology

For average trichrome intensity, there was a significant interaction effect for treatment and 

time post-injury (F(10,23) = 6.20; P = 0.0001), but no significant main effects (Figure 3). 

Two weeks following treatment, CELL vocal folds had less trichrome staining than all other 

groups (ps < 0.05), and HD had less trichrome staining than Uninjured and Injured groups 

(ps < 0.05), GEL had less trichrome staining than Injured vocal folds (P < 0.0001) and 

Injured had more trichrome staining than LD and Uninjured vocal folds (ps < 0.001). Ten 

weeks following treatment, CELL vocal folds had more trichrome staining than Injured 

vocal folds (P < 0.05). EVG and hyaluronic acid did not differ with treatment or time post-

treatment, and there were no significant interaction effects (Figure 3). For staining intensity 

calculations, interclass coefficient for intra-rater reliability was 0.97 for trichrome, 0.99 for 

EVG, 0.99 for Alcian blue and 0.99 for hyaluronidase digestion.

RT-PCR

RT-PCR results for human β-actin (Figure 4), extra-cellular matrix genes (Figure 5, 

Supplementary Table B) and inflammatory and tissue remodeling genes (Figure 6, 

Supplementary Table C) are provided. There was a significant interaction effect (Treatment 

* Weeks) for collagen 1 alpha 2 (F(10,24) = 9.97; P < 0.0001), collagen 3 (F(10,24) = 2.98; 

P = 0.014), procollagen alpha 2 (F(10,24) = 5.15; P = 0.0005), fibronectin (F(10,24) = 2.90; 

P = 0.016), fibromodulin (F(10,24) = 13.38; P < 0.0001), HA synthase (HAS; F(10,24) = 

6.70; P < 0.0001), hyaluronidase 2 (HYAL2; F(10,24) = 12.14; P < 0.0001), lipoprotein 

lipase (F(10,83) = 2.85; P = 0.004), interleukin 1 beta (IL-1β; F (10,24) = 9.05; P < 0.0001), 

interleukin 17 beta (IL-17β; F(10,24) = 10.10; P < 0.0001), interferon gamma (IFN-γ; 

F(10,24) = 2.41; P = 0.038), alpha smooth muscle actin (α-SMA; F(10,24) = 4.81; P = 
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0.0008) and tumor necrosis factor (TNF; F(10,24) = 15.28; P < 0.0001). There was a 

significant main effect of treatment on transforming growth factor beta 1 (TGF-β1; F(5,24) 

= 15.49; P < 0.0001), and osteocalcin when rabbit ulna was included and not included in the 

model (F(6,85) = 4039.40; P < 0.0001; F(5,83) = 3.78; P = 0.004, respectively).

All significant pair-wise comparisons are provided in Supplementary Tables B and C, and 

those involving Uninjured vocal folds at 10 weeks following treatment are included here. At 

10 weeks, Uninjured vocal folds expressed more HYAL2 and lipoprotein lipase than all 

treatment groups and Injured vocal folds. Also at 10 weeks, Uninjured vocal folds expressed 

more α-SMA and HAS than all treatment groups, and more procollagen, fibronectin, TNF 

and IL-17β than GEL, LD and HD. At 10 weeks, Uninjured expressed more collagen 1 

alpha 2 than GEL, CELL and LD, and less collagen 3 than HD. At 10 weeks, Uninjured 

vocal folds expressed more IL-1β than GEL and more fibromodulin than LD. Also at 10 

weeks, Uninjured expressed less IFN-γ, IL-17β, IL-1β and fibromodulin than Injured vocal 

folds and less fibromodulin than CELL.

Uninjured vocal folds expressed significantly less TGF-β1 than HD and more TGF-β1 than 

CELL. Osteocalcin expression was significantly higher in rabbit ulna than all groups. When 

rabbit ulna was excluded from the model, CELL expressed more osteocalcin than all groups.

There were no significant effects associated with human β-actin expression for the treatment 

and control groups. A human cell sample was included as a positive control, but was not 

included in statistical analysis.

Histopathology

In the vocal fold sections, the veterinary pathologist identified gel in 0% of controls and 

CELL, and 100% of GEL, LD and HD (Table II). Inflammation was reported in 33% of 

CELL and 100% of GEL, LD and HD. Edema was found in 50% of controls, 67% of CELL 

and 33% of HD. Fibrosis was identified in 50% of controls, 100% of CELL and 67% of HD. 

Degree of inflammation, edema and fibrosis is reported in Table II. The veterinary 

pathologist reported a close association between the presence of gel and granulomatous/

pyogranulomatous and lymphocytic inflammation in the GEL, LD and HD groups.

In the lung, liver, kidney and spleen tissues, the pathologist reported no apparent foci of BM-

MSCs or tumor growth secondary to BM-MSCs 10 weeks following treatment. The 

pathologist detected other abnormalities in all groups (e.g., pulmonary edema) that she 

attributed to conditions (e.g., euthanasia) that were unrelated to the experimental protocol.

Rabbit attrition

Nine rabbits died during the experiment. Five deaths were due to laryngeal stridor secondary 

to inflammation and edema that was associated with the treatments (GEL = 2, LD = 2, HD = 

1). Two deaths were associated with anesthesia (control = 2). Two deaths were related to 

aspiration of food/fecal material from mouth that was found incidentally prior to surgical 

procedures (GEL = 1, HD = 1). This is a common occurrence in rabbit research. Removal of 

the material was attempted every time it was found, with two rabbits not recovering from 

removal attempts. Three rabbits were added so that all treatment groups had at least 15 
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surviving participants (GEL = 15 surviving participants, CELL = 18 surviving participants, 

LD = 16 surviving participants, HD = 17 surviving participants, Uninjured/Injured controls 

= 9 surviving participants).

Discussion

To date, no clinical trial of MSC-based therapy for vocal fold scar has been published. Our 

pre-clinical project was designed with US Food and Drug Administration advisement to 

facilitate the development of clinically translatable therapy. We addressed several previously 

unexplored considerations, including the biocompatibility of BM-MSCs and hyaluronic acid 

hydrogels in an established in vivo model, the production of materials using methods similar 

to cGMP, a large sample size, a dosing comparison and inclusion of both cell-only and gel-

only controls.

Our primary functional assessment of the four treatments was to measure tissue 

viscoelasticity with controlled stress rheometry. As the mechanical properties of the vocal 

fold mucosa largely determine vocal quality and clinical pathology, rheology is becoming a 

standard functional test in pre-clinical studies [18–20]. Ten weeks following treatment, the 

elastic and viscous moduli of vocal folds in each treatment group (GEL, CELL, LD and HD) 

did not statistically differ from uninjured controls (n = 7), suggesting that all treatments 

yielded desirable mechanical properties in the long-term. One of the two deviations from 

this trajectory was that CELL-treated vocal folds were significantly less stiff (G′) and less 

viscous (G″) than uninjured controls at 2 weeks. As the second injection (week 7) was 

performed just 1 week prior to rheology testing (week 8), potentially some of the thin liquid 

diluent from the cell injection remained in the site, distorting the biomechanical 

measurements for the CELL group. By the later time points, the biomechanical data for the 

CELL group did not differ from uninjured controls, potentially related to the diluent being 

more fully absorbed into the tissue.

Due to the small sample size of injured vocal folds in this study, we compared our rheology 

treatment data to injured, untreated controls from a previous investigation [7]. In the 

previous investigation, injured rabbit vocal folds were injected with saline, and rheological 

testing was performed 2 months later. The injured, saline-treated vocal folds (n = 5 vocal 

folds) were more than a magnitude stiffer (increased G′) and more viscous (increased G″) 

than all treatment groups in the present study. Specifically, G′ of the injured, untreated vocal 

folds in the previous investigation was between 10,000 and 100,000 Pa at 0.01–10 Hz, and G

′ of the treatment groups in the present investigation was <10,000 Pa (0.01–10.0 Hz). G″ of 

the injured, untreated vocal folds from the previous investigation was between 1000 and 

10,000 Pa (0.01–10.0 Hz) and G″ from the present investigation was <1000 Pa (0.01–10.0 

Hz) for all treatment groups [7]. These data suggest that the elastic and viscous moduli of all 

of the treatment groups in the present study are substantially improved as compared with 

historical injured controls.

The favorable CELL data agree with a previous comparison of three treatments (vocal fold 

fibro-blasts, HyStem-VF and fibroblasts seeded in HyStem-VF) for chronic rabbit vocal fold 

scar in which the cells alone therapy resulted in significantly less stiff and less viscous tissue 
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than injured controls at 8 weeks [7]. This agreement may suggest that vocal fold fibroblasts 

and BM-MSCs have a similar potential for regenerating vocal fold tissue. It has been 

established that fibro-blasts and BM-MSC have similar morphology, cell surface markers, 

differentiation potential and immunologic properties [21–24].

The favorable rheological results for the GEL group were consistent with previous 

investigations of HyStem-VF. Rabbit vocal folds treated with HyStem-VF were less stiff and 

less viscous than injured controls in the short-term (3 weeks) [5,8] and long-term (6 months) 

[9] when injected at the time of injury. The robustness of our GEL data is underscored by the 

comparison with Uninjured as well as Injured controls. Collagen makes up approximately 

40% of the protein content of the healthy vocal fold lamina propria, and is considered to be a 

major contributor to vocal fold scar and viscoelasticity [25–27]. Injured controls at 2 weeks 

had the most collagen staining and gene expression of procollagen alpha 2, collagen 1 alpha 

2 and collagen 3 of all the groups, consistent with the elevated collagen levels typically 

reported for vocal fold injury [27]. When evaluating which treatment might yield the most 

favorable collagen levels, the CELL data should be considered. Two weeks following 

treatment, CELL had significantly lower histological collagen levels than all treatment and 

control groups, as well as the most favorable viscoelastic measurements (G′ and G″) of all 

the groups. These findings are consistent with the Thibeault et al. 2008 comparison of three 

cell and HyStem-VF treatments for vocal fold scar, wherein the cells alone treatment 

resulted in the lowest collagen levels and the best biomechanical outcomes [7]. At 10 weeks, 

the viscoelastic properties of the CELL group had been restored, but they had more collagen 

staining than Injured controls, which appears to be a contradiction. The relationship between 

vocal fold viscoelasticity and collagen has historically been unclear. Various in vitro, animal 

and human studies have suggested a positive, negative or no relationship between collagen 

density and vocal fold viscoelasticity [27–32]. This may suggest that viscoelasticity is 

influenced by other collagen parameters, such as the degree of cross-linking or fiber 

alignment [33]. The trichrome-stained images (Figure 3) reveal that the collagens in the 

Injured group are more disorganized and in thicker bundles than the other groups, consistent 

with previous investigations [27].

Fibronectin is a glycoprotein that binds cells to ECM molecules such as collagen, and its 

presence is required during collagen 1 fibrillogenesis [34,35]. Elevated fibronectin is 

typically associated with vocal fold scarring [27]. In our study, Injured controls expressed 

more fibronectin than all treatment groups (CELL, GEL, LD and HD) at all time points. 

Furthermore, there was a direct relationship between fibronectin and collagen 1 alpha 2 

transcription for each group, with the Injured vocal folds expressing more of these two genes 

than all treatment groups at 2, 4 and 10 weeks. This may suggest that an abundance of 

fibronectin promotes collagen 1 deposition in injured vocal fold tissue, and that one 

therapeutic mechanism underlying BM-MSC and HyStem-VF treatments relates to a 

reduced level of fibronectin.

Hyaluronic acid is a water-binding, space-filling lubricant thought to be a critical contributor 

to vocal fold viscoelasticity [20,36–38]. In our study, histological levels of HA did not differ 

for any of the groups. Gene expression levels associated with HAS and breakdown (HYAL2) 

were significantly lower in all treatment groups at all time points as compared with Injured 
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and Uninjured controls. These findings were consistent with previous studies in which levels 

of HA protein, HAS2 and HYAL2 were the same or lower in HyStem-VF–treated vocal 

folds than controls from 5 days to 6 months following treatment [6,8,9]. Despite the HA 

gene and protein levels in the present study, all of the treatments restored vocal fold 

viscoelasticity to baseline levels by the end of the study. The role of HA in repairing the 

vocal fold following injury is complex and incompletely understood, and likely involves 

interaction between multiple molecules (ECM proteins, cytokines, and so on) [27].

TGFβ-1 is a powerful mediator of ECM synthesis and degradation during wound healing. 

Following tissue injury, many different cells (macrophages, platelets, leukocytes, fibroblasts 

and MSCs) release TGFβ. TGFβ-1 stimulates fibroblasts to deposit collagen, inhibit 

collagenase and induce α-SMA expression [39–41]. Elevated TGFβ1 levels are found in 

fibrotic vocal fold, liver, lung, kidney, retina and skin [40,42,43]. Dermal scarring can be 

reduced when exogenous antibodies are delivered to a wound to neutralize TGFβ-1 [44]. In 

the present study, the CELL group expressed significantly lower levels of TGFβ-1 than all 

control and treatment groups, and HD expressed higher levels than all groups. In the HD 

condition, we suspect that the significant inflammation caused by the hydrogel stimulated 

TGFβ-1 release from the high dose of MSCs or through paracrine signaling with 

inflammatory cells [45,46]. The abundance of TGFβ-1 in HD tissue may have been 

responsible for the elevated transcription of pro-collagen and collagen 3 relative to the other 

treatments. The dearth of TGFβ-1 transcription in the CELL group is consistent with the 

lower α-SMA transcription relative to Injured controls at all time points.

RT-PCR was used to detect MSC-derivatives for bone and fat lineages in the vocal folds. We 

assume that osteogenic products would have an undesirable effect on vocal fold 

viscoelasticity [20], and that adipogenic products would have a desirable effect [47–49]. 

Osteocalcin was expressed 452-fold greater in rabbit ulna than the next highest-expressing 

group (CELL, 10 weeks). When rabbit ulna was omitted from our statistical model, CELL-

treated vocal folds expressed significantly more osteocalcin (0.0113 ng/μL mRNA) than all 

other groups. It is unknown if this expression level would be clinically meaningful; however, 

the favorable rheological measurements of the CELL group suggest that it would have a 

negligible functional impact. The CELL group may have expressed higher levels of 

osteocalcin due to a low-level, constitutive gene expression in the BM-MSCs [50]. The 

CELL group also expressed more lipoprotein lipase than all other treatment groups at 10 

weeks. Potentially the similarity in matrix stiffness of native vocal fold and fat directed the 

injected BM-MSCs toward a fat lineage due to a latent mechanosensitivity [47,51,52].

As severe swelling in the vocal folds could fatally restrict the airway, RT-PCR and 

histopathology were used to evaluate the inflammatory response [17,43,53]. At 10 weeks 

following initial treatment, Injured controls expressed higher levels of pro-inflammatory 

cytokines (IL-1β, IL-17β, IFN-γ and TNF) than all groups. In the treated groups, expression 

of IL-1β, IL-17β, IFN-γ and TNF had returned to the baseline levels found in Uninjured 

controls by 10 weeks, suggesting that an inflammatory response was not detected at the 

transcriptional level.
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The histopathology results revealed moderate to marked inflammation in all of the vocal 

folds treated with HyStem-VF (GEL, LD and HD; n = 3) at 10 weeks following the initial 

treatment. The histopathologist identified inflammation in the tissue sections by specific 

immune cells (e.g., leukocytes, macrophages) that suggest the presence of an antigen. As 

moderate to marked inflammation is an unacceptable potential consequence of a clinical 

treatment, further investigation into the causes of this HyStem-VF result is warranted. One 

of the reasons that persistent inflammation is an important clinical consideration is that 

MSCs can change their phenotype in response to their microenvironment. BM-MSCs are 

sensitive to biochemical signals at sites of injury and inflammation, and can be polarized 

toward anti- or pro-inflammatory phenotypes that can have a myriad of downstream effects 

[54,55]. In our study, differences between the combination treatment groups (LD, HD) and 

the CELL group could be related to inflammation-induced MSC phenotype changes. Further 

investigations are needed to define these cues and signaling pathways to better direct vocal 

fold tissue engineering efforts.

BM-MSCs were not identified in the vocal fold sections by the histopathologist, and human 

β-actin expression did not statistically differ among any of the treatment or control groups. 

These data suggest that there was not significant cell engraftment in the groups that were 

injected with BM-MSC (CELL, LD and HD). Tissue repair may have been related to BM-

MSCs releasing soluble factors that stimulated paracrine pathways of remodeling, rather 

than cell engraftment and differentiation [56,57]. The lack of BM-MSCs found elsewhere 

(lung, liver, kidney and spleen) adds further clinical interest for the BM-MSC treatments.

Several limitations in this investigation warrant discussion. The sample size of the Uninjured 

and Injured groups was small for IHC and RT-PCR. Three rabbits were included for each 

treatment group for each time point (2, 4 and 10 weeks), but only one rabbit was included 

per time point for Uninjured and Injured. This likely contributed to variability in the control 

groups across time. However, sample size was not a limitation for the rheological data, as 

seven uninjured vocal folds were included for analysis.

Another limitation was that injection volumes of the treatments varied by group. Injured and 

GEL received two 150 μL injections, whereas CELL, LD and HD received two 100 μL 

injections (Table I). This protocol change was initiated due to a greater than expected rabbit 

attrition rate that was associated with airway edema. Reducing the injection volume for the 

remaining groups (CELL, LD and HD) resolved the attrition issue. It is not known if the two 

injection volumes caused inter-group differences.

Conclusion

All four treatments (CELL, GEL, LD and HD) resulted in tissue viscoelasticity that had 

been restored to uninjured levels by the end of the study. The persistent and moderate to 

marked inflammation observed in the HyStem-VF groups (GEL, LD and HD) indicates poor 

biocompatibility, despite the clinical-grade hydrogel. It is unclear if the poorer outcomes in 

the gel-injected groups were due to the severity of inflammation exceeding the reparative 

capacity of the BM-MSCs, or if the BM-MSCs had a reduced capacity to stimulate paracrine 

signaling with the native tissue because they were trapped in the hydrogel. Overall, the data 
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suggest that the injection of BM-MSCs without a carrier gel yielded the best outcomes, with 

an early recovery of vocal fold elasticity and viscosity, as well as a gene expression profile 

consistent with favorable wound healing. Gene expression and histology indicated that the 

BM-MSC engraftment in the CELL vocal folds was low after 2 weeks, suggesting that the 

injected cells promoted tissue repair by stimulating paracrine mechanisms rather than 

through long-term engraftment.
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Figure 1. 
Experimental Paradigm True vocal fold injury was created at week 0 (controls = unilateral 

injury; treatment groups = bilateral injury). At weeks 6 and 7, cell/gel treatments were 

injected (Table I). One third of the animals in each treatment group were euthanized 2 

weeks, 4 weeks and 10 weeks following the initial treatment.
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Figure 2. 
Elastic (G′) and viscous moduli (G″) of all treatment groups did not differ from uninjured 

controls 10 weeks following treatment. G′ and G″ for all treatment groups (CELL, GEL, 

LD and HD) and uninjured control vocal folds at 2, 4 and 10 weeks following treatment are 

included. The uninjured control vocal folds were obtained from seven New Zealand white 

rabbits that had not undergone vocal fold injury or treatment (see Materials and Methods). 

Data are shown in log-log plots, the standard method for representing rheology data in voice 

literature. Due to the logarithmic scale, group variances were not included.
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Figure 3. 
Trichrome staining differed by treatment group and weeks post-injury, but there were no 

significant effects for EVG or Alcian Blue. Average trichrome (A), EVG (B) and Alcian 

Blue with hyaluronidase digestion (AB-Hyaluronidase; C) staining intensities are included 

for two control groups (Uninjured and Injured) and four treatment groups (GEL, CELL, LD 

and HD). Data are shown as mean ± standard error. *P < 0.05 compared with all other 

groups at 2 weeks following treatment; ∞P < 0.05 compared with Uninjured, LD at 2 weeks 

following treatment; ¥P < 0.05 compared with Uninjured, Injured at 2 weeks following 

treatment; §P < 0.05 compared with Injured at 2 weeks following treatment; P < 0.05 

compared with Injured at 10 weeks following treatment. Representative histological images 

of trichrome-stained Uninjured (D), Injured (E), CELL (F), GEL (G), LD (H) and HD (I) 

vocal fold are shown 10 weeks following treatment (40× magnification; scale bar = 100 μm).
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Figure 4. 
Human β-Actin expression was greatest in HD at 2 weeks (A). Human β-actin fold changes 

are reported with respect to rabbit beta actin expression. β-Actin expression in human cells 

was included as a positive control and shown in (B) to demonstrate the scale of (A). Data are 

shown as mean ± standard deviation.
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Figure 5. 
ECM gene expression. RT-PCR results for pro-collagen alpha 2, collagen 1 alpha 2, collagen 

3, fibronectin, fibromodulin, lipoprotein lipase, osteocalcin, hyaluronic acid synthase, 

hyaluronidase 2 and osteocalcin at 2, 4 and 10 weeks following treatment for all control and 

treatment groups. Fold changes are reported with respect to human beta actin expression. 

Data are shown as mean ± standard deviation. Significant pair-wise comparisons to 

Uninjured Controls are indicated with blue symbols (P < 0.05). All other significant pair-

wise comparisons are provided in Supplementary Table B.
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Figure 6. 
Inflammatory and tissue remodeling gene expression. RT-PCR results for interleukin 1β, 

interleukin 17β, transforming growth factor β1, tumor necrosis factor, interferon γ and 

smooth muscle actin alpha at 2, 4 and 10 weeks following treatment for all control and 

treatment groups. Fold changes are reported with respect to human beta actin expression. 

Data are shown as mean ± standard deviation. Significant pair-wise comparisons to 

Uninjured Controls are indicated with green symbols (P < 0.05). All other significant pair-

wise comparisons are provided in Supplementary Table C.
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Table I

Treatment formulations.

Group Injection volume Injection

Uninjured 0 μL None

Injured 150 μL Diluenta

GEL 150 μL HyStem-VFb

CELL 100 μL 3 × 105 cells (14.98 μL) in diluentc (85.02 μL)

LD 100 μL 1.5 × 105 cells (14.98 μL), HyStem-VFd (85.02 μL)

HD 100 μL 3 × 105 cells (14.98 μL), HyStem-VFd (85.02 μL)

Treatment formulations and injection volumes are provided by group.

a
Diluent: Plasma-Lyte + 10% rabbit serum albumin.

b
Hystem-VF: Glycosil (CMHA-S; 1.2% wt/vol), Gelin-S (thiol-modified gelatin; 0.06% wt/vol) and Extralink (PEGDA; 0.8% wt/vol).
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