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Restoration of Scarred Vocal Folds Using 5 Amino Acid-Deleted Type
Hepatocyte Growth Factor

Masanobu Mizuta, MD; Shigeru Hirano, MD, PhD; Satoshi Ohno, MD, PhD;
Shin-ichi Kanemaru, MD, PhD; Tatsuo Nakamura, MD, PhD; Juichi Ito, MD, PhD

Objectives/Hypothesis: Our previous studies demonstrated a regenerative effect of recombinant human hepatocyte
growth factor (HGF) on vocal fold scarring using full-length HGF. However, clinical application has not yet been achieved
because of the lack of a good manufacturing practice (GMP) for full-length HGE. Another natural form of human HGF, 5 amino
acid-deleted type HGF (dHGF), has been newly produced under a GMP procedure. In the current study, we investigated the
effect of dHGF in comparison with full-length HGF for the treatment of vocal fold scars using a canine model.

Study Design: Prospective animal experiment.

Methods: The vocal folds of nine beagles were unilaterally injured. Four weeks after injury, the vocal folds were treated
with an intracordal injection of full-length HGF (full HGF group), dHGF (dHGF group), or phosphate-buffered saline (sham
group). Vibratory and histological examinations were performed for each group 6 months after injury.

Results: Vibratory examinations demonstrated significantly lower phonation threshold pressure and a higher ratio of
normalized mucosal wave amplitude in both the full HGF and dHGF groups as compared to the sham group. Histological
examination showed restoration of hyaluronic acid in both the full HGF and dHGF groups as compared to the sham group. No
significant differences were observed for each parameter between the full HGF group and the dHGF group.

Conclusions: dHGF showed the same potential for regenerative effects on vocal fold scars as full-length HGF. dHGF

Level of Evidence: NA

should be applicable for human clinical trials in patients with vocal fold scars.
Key Words: Vocal fold scarring, 5 amino acid-deleted type hepatocyte growth factor.

Laryngoscope, 124:E81-E86, 2014

INTRODUCTION

The vocal fold has an ideal viscoelasticity that ena-
bles rapid mucosal vibration to produce sounds. Vocal
fold scars develop as a consequence of injury and inflam-
mation of the mucosa, which causes the folds to stiffen
and difficulties in vibration." Once the vocal fold is
scarred, severe dysphonia or aphonia occurs. Previous
histological studies using animals and humans revealed
increased deposition of disorganized collagen, a reduc-
tion of hyaluronic acid, elastin, decorin, and fibromodu-
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lin, and an increase of fibronectin.>® Thick collagen
deposition and loss of hyaluronic acid (HA) are regarded
as particularly detrimental and need to be addressed in
the treatment of vocal fold scars.

Hepatocyte growth factor (HGF) was originally
identified and cloned as a potent mitogen for mature
hepatocytes.”® It is multipotent and is able to regenerate
several organs and tissues due to its strong angiogenic,
antifibrotic, and antiapoptosis activities.”® Human HGF

_ has two natural forms: one is full-length HGF composed

of 697 amino acid residues and the other is a 5 amino
acid-deleted type HGF (dHGF), which lacks the F-L-P-S-
S amino acid residues in the first kringle domain.”%1°
We have demonstrated that full-length HGF stimulates
protein production and gene expression of extracellular
matrix molecules in the vocal fold mucosa.™ ¢ Specifi-
cally, full-length HGF stimulates HA and matrix
metalloproteinase-1 synthesis by fibroblasts in the vocal
folds. This function is regarded as having a therapeutic
potential for treatment of vocal fold scars. In addition,
our previous animal experiments demonstrated that
locally applied full-length HGF improves the vibratory
properties of scarred vocal folds. There was restoration
of histology including digestion of collagen and deposi-
tion of HA.'"'® We also confirmed that delivery of full-
length HGF with a gelatin hydrogel strengthened the
regenerative effects, even for chronic scars of the vocal
fold.'® 2° Together, these findings demonstrate the
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Fig. 1. Surgical procedure. The vocal folds were unilaterally scarred by stripping the entire layer of the lamina propria down to the muscle
under a direct laryngoscope. LP = lamina propria; M = muscle; VF = vocal fold. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

regenerative effects of full-length HGF on vocal fold
scars. However, clinical application has not yet been
achieved because of a lack of a good manufacturing prac-
tice (GMP) for full-length HGF.

Recently, recombinant human dHGF has been pro-
duced by a GMP procedure. It was confirmed that dHGF
has the same biological activities as full-length HGF,
and it was slightly more potent under specific condi-
tions.'® However, it is unclear whether dHGF has the
same effects on vocal fold scars as full-length HGF. In
the current study, we examined the regenerative effects
of dHGF on scarred vocal folds using a canine model
and compared it with full-length HGF.

MATERIALS AND METHODS

Animals

Nine beagles weighing 8 to 13 kg were used in this study.
All experimental protocols were approved by the Animal Com-
mittee of the Graduate School of Medicine, Kyoto University.
Animal care was provided under the supervision of the Institute
of Laboratory Animals of the Graduate School of Medicine,
Kyoto University.

Preparation of HGF Injection

Full-length recombinant human HGF (full HGF) was pur-
chased from Sigma-Aldrich Co. (St. Louis, MO). dHGF was sup-
plied by Kringle Pharma, Inc. (Osaka, Japan). Both full HGF
and dHGF were diluted with phosphate-buffered saline contain-
ing 0.5 % human serum albumin to avoid adsorption loss.

Surgical Procedure

The surgical procedures that were used for generating
vocal fold injuries have been established in previous stud-
ies.11920 A1l animals were sedated under general anesthesia
with an intramuscular injection of ketamine hydrochloride (15
mg/kg) and xylazine hydrochloride (6 mg/kg). The glottis was
visualized using a direct laryngoscope and the vocal folds were
unilaterally scarred by stripping the entire layer of the lamina
propria down to the muscle with microscissors and microforceps
(Fig. 1). The contralateral vocal folds were kept intact as nor-
mal controls. The sides for scarring were randomly selected.

Injection Procedure

At 4 weeks after the initial injury, the scarred vocal folds
were treated with a transcordal injection of one of three differ-
ent materials: 1) full HGF (full HGF group, 0.5 mL, 1 ug/mL),
2) dHGF (dHGF group, 0.5 ml, 1 ug/mL), or 3) phosphate-
buffered saline (sham group, 0.5 mL). The same injection was
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repeated twice with an interval of 1 week between injections for
each group.

Experimental animals were euthanized 6 months after the
initial injury. They were sedated as described above and eutha-
nized with an intracardiac injection of pentobarbital sodium (25
mg/kg). Larynges were harvested immediately and used for
vibratory examinations and were subsequently subjected to his-
tological examination.

Vibratory Examination of Excised Larynges

Vocal fold vibrations were examined using an excised lar-
ynx setup described in previous studies.?® For better visualiza-
tion of the vocal fold, supraglottic structures such as the
epiglottis, false vocal folds, and aryepiglottic folds were removed
after resection of the superior portion of the thyroid cartilage.
The arytenoid cartilages were sutured together, and an aryte-
noid adduction procedure was performed bilaterally using 3-0
Prolene to close the glottis. Once the larynx was mounted, an
endotracheal tube was inserted and clamped to prevent air
leaks. Air was pumped through the tube to generate vocal fold
vibrations. Larynges were irrigated with saline throughout the
experiment to keep the vocal folds moist. A high-speed digital
imaging system (Memrecam Ci; NAC Image Technology, Osaka,
Japan) was used to record vocal fold vibrations from the supe-
rior view. The camera was mounted 50 cm above the larynx,
and the image was displayed on a monitor. The images were
recorded at a frame rate of 2,000 to 4,000 frames per second,
and the images were then scanned into a computer (Fig. 2).

Phonation threshold pressure (PTP) was used as one of
the functional parameters of the mucosal vibration. PTP, which
is regulated by factors such as vocal fold thickness, property,
and glottal width, was defined as the minimum amount of sub-
glottal pressure required to initiate vocal fold oscillation. Fur-
ther, the amplitude of the mucosal wave was measured to
evaluate the mucosal vibration and elasticity of the vocal fold
structures, namely the lamina propria, using ImageJ software
(National Institutes of Health, Bethesda, MD) (Fig. 3). The dis-
tance (d1) from the midline of the glottis to the edge of the vocal
fold was measured at the anteroposterior middle portion of the
vocal fold during the closed phase. The closed phase was deter-
mined based on the motion of the upper and lower lips of the
vocal folds. The same distance (d2) was measured at the maxi-
mum open phase. The mucosal wave amplitude was defined by
subtracting d1 from d2 and was normalized by dividing the sub-
tracted digit by the anteroposterior length of the glottis (L),
which was measured from the anterior commissure to the vocal
process. The following formula was used: normalized mucosal
wave amplitude (NMWA) = (d2 — d1)/L.

To compare the NMWA of the treated side with the normal
side, we calculated the ratio of the NMWA. The following for-
mula was used: the ratio of NMWA = (NMWA of the treated
vocal fold)/(NMWA of the control vocal fold, contralateral side).

Mizuta et al.: dHGF for Restoration of Scarred Vocal Folds



Fig. 2. Digital high-speed images of vocal fold vibratory patterns
during vibratory examination of the excised larynx. (A) Sham
group. (B) Full-length hepatocyte growth factor (full HGF) group.
(C) 5 amino acid-deleted type HGF (dHGF) group. The full HGF-
treated vocal folds and dHGF-treated vocal folds showed better
mucosal vibration and a smaller glottal gap during the closed
phase than the sham-treated vocal folds. L=normal side;
R = treated side.

Normalized glottal gap (NGG) was calculated to evaluate
glottis closure during the closed phase. The glottal gap area (a)
was measured using Imaged software and was normalized by
dividing it by L2 The following formula was used: NGG = a/L?
X 100.

Histological Examination

After vibratory examination, the larynges were fixed in
10% formaldehyde for tissue examination. Larynges were subse-
quently embedded in paraffin, and 5-um-thick serial sections
were prepared in the coronal plane from the anteroposterior
middle portion of the vocal folds. Elastica van Gieson staining
was performed to identify collagen and elastin. Alcian blue
staining was performed on serial sections with or without hya-
luronidase digestion to identify HA. Images were captured with
a Biorevo BZ-9000 microscope (Keyence Corp., Osaka, Japan).
The sections were examined at 4X to 40X magnification. On
Alcian blue-stained sections, the blue-stained areas of the lam-
ina propria were measured using software that automatically
measures an area with a designated color threshold (Biorevo
BZ-H1C and BZ-H1M; Keyence Corp.). The color threshold was
designated by the examiner. The ratio of the stained area to the
total area of the lamina propria was then calculated for each
section. The amount of HA in the lamina propria was deter-
mined by subtracting the ratio of the blue-stained area of the
section with hyaluronidase digestion from that of an adjacent
section without digestion.?! These assessments were performed
in a blinded fashion, in which the examiners were not informed
of the group to which each slide belonged.

Statistical Analysis

Statistical analyses were performed using one-way facto-
rial analysis of variance (ANOVA) followed by a post hoc Scheffé
test. Statistical significance was defined as P <.05.

RESULTS

Vibratory Examination of Excised Larynges

In digital high-speed images of vocal fold vibratory
patterns during vibratory examination, the injured vocal
folds in the full HGF group and the dHGF group showed
better vibration than the sham-treated vocal folds, which
had limited vibratory movement (Fig. 2). The vocal folds
of the full HGF and dHGF groups resembled the normal
vocal folds on the contralateral side.
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Fig. 3. Results of the vibratory examinations. The full hepatocyte growth factor (HGF) group and the 5 amino acid-deleted type HGF
(dHGF) group showed significantly lower phonation threshold pressure (PTP) (A) and a higher ratio of normalized mucosal wave amplitude
(NMWA) (B) than the sham group. The dHGF group showed a smaller normalized glottal gap (NGG) (C) than the sham group. No significant
differences were observed for each parameter between the full HGF group and the dHGF-treated group. *Significant difference (P <. 05)
compared to the sham-treated group (one-way factorial analysis of variance, post hoc Scheffé test).
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Fig. 4. Histological findings (coronal sections of vocal folds). Alcian blue staining without hyaluronidase digestion (A, D, G, J) and with hya-
luronidase digestion (B, E, H, K), and Elastica van Gieson staining (C, F, I, L) of the normal group (A, B, C), the sham-treated group (D, E,
F), the full hepatocyte growth factor (HGF)-treated group (G, H, I), and the 5 amino acid-deleted type HGF (dHGF)-treated group (J, K, L).
The full HGF-treated group and the dHGF-treated group showed restoration of hyaluronic acid compared to the sham-treated group. Colla-
gen deposition (purple in Elastica van Gieson staining) of the full HGF-treated group and the dHGF-treated group was minimal compared
to the sham-treated group. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Both the full HGF group and the dHGF group
showed significantly lower PTP (Fig. 3A) and a higher
ratio of NMWA (Fig. 3B) than the sham group. The full
HGF group showed significantly smaller NGG (Fig. 3C)
than the sham group. No significant differences were
observed for each parameter between the full HGF
group and the dHGF group.

Histological Examination

Alcian blue staining and the hyaluronidase diges-
tion technique (Fig. 4) showed that deposition of HA in
sham-treated vocal folds was reduced compared to the
normal folds. Both the full HGF group and the dHGF
group showed better restoration of HA, which resembled
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normal folds, than the sham-treated folds, although no
significant difference was observed for the ratio of HA
among the three groups (Fig. 5). The results also indi-
cated better recovery of HA in the dHGF group than the
full HGF group, although the difference did not reach
statistical significance.

Elastica van' Gieson staining showed that collagen
deposition in both the full HGF group and the dHGF
group was minimal compared to the sham group.

DISCUSSION

Human HGF has two natural forms: full-length
HGF and dHGF. Nucleotide sequence analysis of cDNA
clones for human HGF has demonstrated that HGF
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Fig. 5. The relative amount of hyaluronic acid. No significant differ-
ence was observed in the relative amount of hyaluronic acid
among the three groups, although there was a tendency that the
5 amino acid-deleted type HGF (dHGF)-treated group showed a
higher amount of HA compared to the sham-treated group and
the full hepatocyte growth factor (HGF)-treated group.

consists of six major domains including a hairpin region
and four kringle domains in the alpha chain, and a serine
protease-like domain in the beta chain. dHGF lacks 5
amino acids in the first kringle domain compared to full-
length HGF.”*!® We have confirmed the regenerative
effects of HGF on vocal fold mucosa in several animal
studies including rats, rabbits, and canines using full-
length HGF. These findings demonstrate the regenerative
effects of full-length HGF on vocal fold scars and suggest
that clinical trials are warranted, but this has been ham-
pered by the lack of GMP-compatible full-length HGF.

Recently, recombinant human dHGF was produced
by Chinese hamster ovary cells transfected with human
dHGF cDNA under a GMP procedure. It has been sug-
gested that the deletion of five amino acids in the first
kringle domain might affect the biological activity of
HGF.'® However, it was reported that dHGF had higher
mitogenic activity than full HGF for rat hepatocytes. %22
Furthermore, Shima et al.** investigated the differences
between the biological activities of full HGF and dHGF
in an in vitro study and reported that dHGF was more
potent than full HGF for the stimulation of DNA synthe-
sis in epithelial cells, whereas full HGF was more potent
than dHGF in the stimulation of DNA in mesenchymal
cells. However, it is widely recognized that both full
HGF and dHGF have similar biological activities. Most
experimental animal studies that examine the therapeu-
tic effects of HGF in various diseases have been con-
ducted wusing recombinant human dHGF. Moreover,
clinical trials of recombinant HGF for the treatment of
kidney disease and amyotrophic lateral sclerosis are cur-
rently in process using recombinant dHGF. Considering
the advantage of the existence of a GMP-compatible
product, we anticipate the clinical application of dHGF
for the treatment of vocal fold scars.
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The current study indicates a comparable activity
of dHGF as full HGF. A dHGF injection to scarred vocal
folds resulted in improvement of PTP, mucosal wave,
and glottis competence. PTP is a marker that indicates
the viscoelasticity of the tissues, because stiffer tissues
require more pressure to be vibrated. Reduction of PTP
means restoration of pliability of the mucosa. Conse-
quently, the mucosal wave amplitude tended to become
larger with complete glottic closure, which is similar to
normal vocal fold vibrations. Only the dHGF group
showed a statistically significant difference in glottic clo-
sure (NGG) as compared to the sham group.

The histological examinations demonstrated resto-
ration of HA and reduction of collagen deposition in both
the dHGF and full HGF groups. Because HA is regarded
as a critical molecule to maintain ideal viscoelasticity of
the vocal folds, restoration of HA is thought to be impor-
tant to recover mucosal vibratory potency. There was a
trend that dHGF induced more HA deposition as com-
pared to full HGF, although there was no significant dif-
ference between the two HGF's, probably because of the
small number of animals used in this study.

The current results are encouraging because dHGF
generated at least the same power of regeneration of
vocal fold scars as full HGF. dHGF shows promise for
use in human clinical trials in patients with vocal fold
scars using the GMP product currently used in other
clinical trials.

CONCLUSION

dHGF showed a comparable potential for regenera-
tive effects on vocal fold scarring as full HGF in terms of
improvement of phonation threshold pressure, mucosal
wave amplitude, glottis competency, as well as at the
histological level. It is highly desirable to confirm the
efficacy of dHGF as a GMP product in human clinical
trials for patients with vocal fold scars.
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