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Abstract

Objectives: Vocal fold (VF) scarring, manifested by increased collagen, decreased gly-
cosaminoglycans (GAGs), and disrupted elastic fibers, remains a negative conse-
quence of VF injury or resection. The objective of this study is to compare four
reconstructive options after Vf mucosal resection in rabbits. A Cell-Based Outer
Vocal fold Replacement (COVR) using human adipose-derived mesenchymal stromal
cells (hASCs) in fibrin scaffold is directly compared with a decellularized scaffold
implant, hASC injection, and resection alone without reconstruction. The primary
hypothesis is that the cells-in-scaffold construct better reconstitutes the VF structure
than either cells or scaffold alone, or than healing by secondary intention.

Methods: A total of49 rabbits received bilateral VF cordectomy, followed by either
COVR implant, decellularized scaffold implant, hASC injection, or no reconstruction
(injured control group). Larynges were harvested after 6 weeks.

Results: Histology demonstrated greater lamina propria thickness, less collagen depo-
sition, and more GAGs in COVR animals versus all other treatment groups. Evidence
of persistent human cells was found in about half of the cell-treated animals. RNA
levels of fibrosis pathway and macrophage phenotype markers were statistically
unchanged among treatment groups at 6 weeks.

Conclusion: These data support the efficacy of COVR implantation in restoring VF
microstructure in rabbits. The intact COVR was required; isolated components of
decellularized scaffold or injected hASC still produced histologic scarring. We pro-
pose that the unique bilayered cell structure within fibrin enables controlled matrix
remodeling to minimize wound contraction and fibrosis, and to promote GAG
deposition.

Level of Evidence: Basic science study

KEYWORDS

adipose-derived stromal cells, decellularized scaffold, extracellular matrix, fibrin, regenerative
medicine, vocal fold

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. Laryngoscope Investigative Otolaryngology published by Wiley Periodicals LLC on behalf of The Triological Society.

Laryngoscope Investigative Otolaryngology. 2022;7:1521-1531.

wileyonlinelibrary.com/journal/lio2 1521


https://orcid.org/0000-0003-4506-9266
https://orcid.org/0000-0002-4185-2328
mailto:jlong@mednet.ucla.edu
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/lio2

Laryngoscope
1522 | yngoseor

TRAN ET AL

1 | INTRODUCTION

Vocal fold (VF) mucosa consists of epithelium overlying a specialized
lamina propria (LP) not found elsewhere in the body. Its unique micro-
structure, with an extracellular matrix (ECM) comprised of layered elas-
tic fibers, basket-weave collagen, and interspersed hyaluronic acid (HA),
confers specific viscoelastic properties allowing vibration to produce
voice. Injury, often due to resection or irradiation for treatment of head
and neck cancers or other masses, leads to scarring and fibrosis that
replaces functional tissue with dense collagen, rendering the ECM stiff
and difficult to phonate. Current treatments are suboptimal and gener-
ally do not address the pathological ECM.1™> More radical approaches
are needed, particularly for moderate-to-severe cases of scarring in
which normal ECM may not be restored by injectable therapies alone.

Regenerative medicine in the form of cell-based therapy represents
a potentially more powerful treatment, by introducing new cells capable
of restoring damaged or lost tissue. Implanted cells can respond to host
signaling to continually adapt throughout time, mediating regeneration
and abrogating new scar formation via improved wound healing. This dif-
fers from traditional pharmaceutical or growth factor therapy, which acts
through narrower mechanisms and does not adapt to host signaling. The
simplest form of regenerative medicine is directly injecting cells into the
VF. Although three different types of autologous cell injections have
been studied in clinical trials, the results have been mixed with inade-
guate response in cases of severe scarring, indicating the continued need
to develop additional therapeutic options.*™*

Another option would be to remove dysfunctional VF mucosa
and replace it with new tissue. In order to restore normal phonatory
vibration, such a VF replacement must heal without scarring. This
limits the utility of mucosal transplant from donor VFs, which do
experience ECM alteration during the healing process.® Our group has
therefore developed a cell-based graft resembling the true VF in gross
architecture and mechanical stiffness, termed the Cell-based Outer
Vocal fold Replacement (COVR). The COVR is composed of adipose-
derived mesenchymal stromal cells (ASC) suspended in a fibrin matrix.
Differentiation of ASC in a polarized fashion with air interface and
epidermal growth factor (EGF) exposure leads to a multilayered struc-
ture with epithelial and mesenchymal cells, resembling the VF epithe-
lium, and LP that it aims to replace.® We hypothesize that the unique
bilayered differentiation of these cells within the supportive niche
provided by the fibrin scaffold allow the COVR to incorporate into
surrounding tissue with minimal fibrosis and pathologic inflammation.
The end result is a hybrid tissue cohabited by host and implant cells,
which communicate to produce orderly ECM remodeling. In an immu-
nocompetent rabbit model, COVR produced with allogeneic rabbit
ASC produced better functional outcomes at 4 weeks than VF auto-
transplant, despite a simpler initial microstructure.”

This study aims to determine whether the ASC, the wound cover-
age with complex ECM, or the unique combination of both within the
COVR is primarily responsible for the improved VF healing that was
observed in pilot studies. The COVR implant is compared directly ver-
sus human ASC (hASC) injection, decellularized COVR gel, and injured
control after bilateral VF cordectomy in rabbits. Human cells are used

in this immunocompetent xenograft experiment to better predict the
behavior of a human therapy. Initial mechanistic exploration investi-
gates macrophage and fibrosis pathways as potential mediators of

wound healing in this system.

2 | MATERIALS AND METHODS

2.1 | |Invitro culture and gel fabrication

Culture conditions are as previously described.® Briefly, hASC (from
American Type Culture Collection) were expanded under standard
conditions. Cells were authenticated and verified by flow cytometry
for ASC markers, directed mesenchymal differentiation assay, and
independent laboratory polymerase chain reaction (PCR) testing to
exclude human viruses and contaminating cell lines.

COVR implants were formed from hASC, rabbit fibrinogen
(Innovative Research), and bovine thrombin (Sigma-Aldrich) at a 4:1:1
ratio, as shown in Figure 1. A total of 600,000 cells were supplied in each
600 pl COVR gel, to approximate the cell density in VF LP. Solutions
were mixed in 12-mm Transwell (Corning) inserts and incubated at 37°C;
gelation occurred within 30 min. Differentiation medium containing
10 ng/ml human recombinant EGF (Promega Corp) was supplied at the
basal surface. After 2 weeks in culture, COVR was harvested by incising
and peeling the Transwell membrane from the insert and gel while main-
taining its orientation. Resultant COVR constructs were cylindrical,
12 mm in diameter, and 2-mm to 3-mm thick. Each COVR was cut in half
with a scalpel to apply to the two injured VFs per rabbit.

Decellularized constructs (Decell) were formed by transferring
mature COVR gels within the Transwell inserts into sterile 0.1%
sodium dodecyl sulfate (SDS) solution (Figure 1). Gels were continu-
ously rocked for 3 days, with daily change of the SDS solution, fol-
lowed by phosphate-buffered saline (PBS) wash for 1 day before
implantation. Resulting Decell constructs were similar in size to
COVR. 4,6-diamidino-2-phenylindole (DAPI) stain confirmed absence
of cell nuclei. Extra COVR and Decell samples underwent rapid gram
stain confirming no bacterial contamination prior to implantation. Two
Decell gels and two COVR gels were subjected to uniaxial tensile test-
ing with the Bose ElectroForce tensile testing system as previously
described for VFs to compare their mechanical properties.

hASC destined for VF injection were harvested immediately prior
to surgery. 600,000 cells were prepared in 0.4 ml of PBS and stored in
a capped syringe on ice until ready for injection. Each VF received half
the amount, or 300,000 cells. For control animals, 0.4 ml of sterile

PBS was prepared in an injection syringe.

2.2 | Animal treatments

All activities were approved by the Institutional Animal Care and Use
Committee, following United States Department of Agriculture guide-
lines. A total of 49 male New Zealand white rabbits were randomly

assigned to postcordectomy treatment groups: COVR implant,
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FIGURE 1 Schematic drawing of implant fabrication. Fibrinogen and human adipose-derived mesenchymal stromal cells are combined, with

addition of thrombin and calcium, to form a Cell-Based Outer Vocal fold Replacement (COVR) gel within the insert of a Transwell cell culture
insert. Cell culture medium containing epidermal growth factor (EGF) is then supplied to the base of the insert, leaving an air interface at the top
of the gel. After 2 weeks, COVR is either harvested for use, or treated with sodium dodecyl sulfate (SDS) for 3 days for decellularization.
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FIGURE 2 Schematic drawing of surgical interventions. Vocal fold is
propria, and thyroarytenoid muscle layers. All animals underwent surgical
membranous vocal fold. The four reconstruction methods are shown: Cel
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drawn in coronal cross-section to demonstrate the epithelium, lamina

removal of all the mucosal layers, along the entire length of the
|-Based Outer Vocal fold Replacement (COVR) implant, decell implant,

cell injection into remaining vocal fold muscle, and control without reconstruction

decellularized implant, hASC injection, or control (no reconstruction;
Figure 2). Surgery was performed through a vertical neck incision. A
temporary tracheotomy provided airway management during surgery.
Midline laryngofissure opened the thyroid cartilage, exposing the VFs.
Bilateral vibratory VF mucosae were resected by sharp dissection from
the anterior commissure to the arytenoid cartilage, exposing thyroary-
tenoid muscle. Reconstruction then proceeded according to treatment
group. For the COVR and Decell groups, gels were positioned with air-
liquid interface oriented towards the laryngeal lumen and were sutured
to underlying muscle. The cell injection group had 300,000 cells
injected directly into each thyroarytenoid muscle in 0.2 ml of sterile

PBS. The control group received bilateral injection of 0.2 ml of sterile

PBS. Wounds were closed after careful hemostasis. Postoperatively all
rabbits received buprenorphine for analgesia and dexamethasone to
reduce laryngeal swelling for 3 days, and antibiotics and famotidine for
10 days. Animals were euthanized with intravenous pentobarbital,
6 weeks after surgeries. Larynges were harvested and processed

immediately.

23 |

Larynx microscopy

After excision, larynges were dissected to focus on the surgical site. A

2 mm segment of VF mucosal tissue at the area of implantation was
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Group COVR hASC
n (number of rabbits analyzed) 12 11
Mean LP thickness (um) 785 + 222* 531 + 257
Dense collagen (%) 0 73
GAGs (%) 83 55
Elastin fibers (%) 25 18
Elastin clumps (%) 0 27
Fibrin (%) 17 0
Leukocytic infiltrate (any, %) 58 64
Intense infiltrate or abscess (%) 25 45
HLA positive (%, immunocytochemical) 58 55
HLA positive (%, western) 45 27

Decell Control TABLE 1 Results by treatment group
at 6 weeks

12 12

511 + 217 434 + 194

67 58

33 50

17 8

25 17

50 8

50 17

33

0

Note: “%” indicates percent of animals with this finding. *p < .05 one-way ANOVA versus control.
Abbreviations: COVR, Cell-Based Outer Vocal fold Replacement; GAGs, glycosaminoglycans; hASC,
human adipose-derived mesenchymal stromal cells; HLA, human leukocyte antigen; LP, lamina propria.

biopsied for western blot and real-time quantitative PCR. VFs were
then formalin-fixed, paraffin-embedded, and sectioned in an axial
plane. Each larynx underwent hematoxylin and eosin (H&E) and
Movat's pentachrome stains, and immunohistochemistry for human
leukocyte antigen (HLA). Movat's pentachrome delineates ECM com-
ponents using Alcian blue to detect glycosaminoglycans (GAGs), ferric
chloride with phosphotungstic acid for elastic fibers, saffron yellow
for collagen, and crocein scarlet-acid fuchsin for muscle.

Histology slides were reviewed in a blinded fashion by a clinical
pathologist (Dipti P. Sajed) and the primary surgeon (Jennifer L. Long).
Collagen, GAGs, elastin, and acellular fibrin were qualitatively
assessed on Pentachrome stain. Leukocytic infiltrate was assessed at
high power on H&E sections, and was rated as none, any, or intense
infiltrate/abscess if a discrete collection of leukocytes was noted.

Maximum width of the LP was measured using EVOS XL Core
Cell Imaging System at low magnification. Two sections from each
animal were viewed, one stained with H&E and one with Penta-
chrome stain. A total of four VFs were thus examined for each ani-
mal. LP was identified and measured as a line perpendicular from
the epithelial basement membrane to the thyroarytenoid muscle, at
either 4x or 10x magnification. The thickest point of each VF LP
was manually measured on the digital display, and converted to
actual microns using the integrated scale bar. Regions containing
abundant glands or fat were avoided, as indicators of a false VF
location. Regions with heavy leukocyte infiltrate were also avoided
since these exhibit greater thickness. Some VFs were not measured
due to sectioning artifact or lack of any VF in the plane of section-
ing. A total of 42 animals had measurement of between one and
four VFs. The mean value of maximal LP thickness was calculated
for each animal. Group means and standard deviations were calcu-
lated and presented in Table 1.

Immunohistochemistry for HLA used a monoclonal primary anti-
body formed against a fusion protein containing human HLA-A, B, and
C epitopes (Monoclonal HLA-66013, Thermofisher Scientific). Antigen
retrieval was performed with 10 mM sodium citrate for 40 min at

95 degrees. 10% goat serum for 30 min blocked nonspecific binding
sites. Primary antibody (1:5000 in 1% bovine serum albumin [BSA])
was incubated for 1 h at 37°C then overnight at 4°C. Negative control
slides were incubated with 1% BSA alone, without HLA antibody.
After washing, secondary antibody (goat antimouse IgG labeled with
fluorophore 633) was applied at room temperature for 2 h. Slides
were washed and coverslipped with Vecta-Shield aqueous mounting
agent with DAPI, and viewed within 48 h. Immunohistochemistry was
performed three times per rabbit, to assess for consistency of results.
Labeling was classified as absent, present, or indeterminate. HLA was
classified as “indeterminate” if the labeled cells were very sparse,
were inconsistent among the three staining trials for each animal, or
were difficult to distinguish from BSA-labeled negative controls.

24 | Molecular analysis

Biopsy specimens were kept frozen at —80°C until use, then divided for
western blot and PCR. Western blotting was performed as a second
method to detect HLA protein, using the same monoclonal antibody as
above. Samples were homogenized in SDS sample solution, boiled to
denature, and run in polyacrylamide gel electrophoresis. Proteins were
transferred onto membrane for blotting. Anti-HLA primary antibody was
used at 1:2000, with goat antimouse IgG labeled with horseradish perox-
idase as secondary antibody at 1:3000. Chemiluminescence was devel-
oped with enhanced chemiluminescence substrate on film.

For quantitative PCR, gene-specific primers were designed for rabbit
mRNA sequences for CD80, CD163, nuclear receptor subfamily 4 group
A member 1, and suppressor of mothers against decapentaplegic homolog
3 (CD80: F-TCACAAGGTCTCACCTAAATTTGC, R-AGACGCTTTCTGCA-
GAGTCA. CD163: F-CCAAAGACAGTGCTGTTGCC, R-TGTCATCACA-
GATGGTGCCC. NR4A1l: F-CACATTGCCAGGAAGAGCCCC, R-
TTGGATACAGGGCATCTCGGC. Smad3: F-TTTGGCCCTGCTTCGAG-
GAC, R-GTTGAGCCGGGACATCCCAC). A rabbit GAPDH primer was
used for housekeeping gene. Quantitative real-time reverse transcriptase
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FIGURE 3 Comparison of Cell-Based Outer Vocal fold Replacement (COVR) and decell gels. (A) COVR implant formed within Transwell cell
culture insert. Figure inset shows 4x Movat's pentachrome stain demonstrating scattered cell nuclei within fibrin scaffold. (B) Decell implant
formed by sodium dodecyl sulfate treatment of COVR implant. Figure inset shows absence of cell nuclei on histology, 4 x. (C) COVR gel mounted
for uniaxial tensile testing with a Bose ElectroForce testing system. (D) Stress-strain curves for two COVR and two decell gels, showing similar

mechanical behavior among the four gels tested

PCR was run on equal amounts of RNA from each specimen using Quan-
tiTect SYBR Green RT-PCR kit (Qiagen), for analysis with the AACt
method. Delta Ct was calculated as the cycle threshold difference
between each gene result and the sample's corresponding GAPDH result;
triplicate samples were averaged to determine the sample mean. Mean
ACt was calculated for the normal VF group. Delta delta Ct was then cal-
culated for each experimental sample and gene by subtracting the normal
mean ACt from the experimental sample ACt. Group mean AACt and
standard deviation were calculated for each gene by combining individual
animals' results within each treatment group. Fold change from normal
was calculated as 2 to the power of negative AACt. For statistical analysis,
a one-way analysis of variance (ANOVA) with Dunnett's post hoc analysis
was performed on all the treatment groups ANOVA (Injured control, Cell
injection, COVR implant, Decell implant). A p-value < .05 was considered
statistically significant.

3 | RESULTS

3.1 | COVR and Decell fabrication and mechanics
Figure 3 shows examples of COVR and Decell implants. Stress-strain
curves from uniaxial tensile testing show similar mechanical behavior

among the four gels tested.

3.2 | Perioperative course

Of the 49 immunocompetent male rabbits that underwent laryngo-
fissure and bilateral VF cordectomy, two died prematurely. One
(Control group) died in the immediate perioperative period from
adverse Ketamine reaction, and one (COVR group) died on postoper-
ative Day 2 from solid food aspiration. Both deaths were considered
unrelated to the treatment group. Subsequent animals were not
given Ketamine and were fed only soft diet for 2 days postop. The
remaining 47 animals all gained weight and survived to planned
euthanasia and larynx harvest at 6 weeks. Some animals exhibited
noisy breathing postoperatively, that was monitored and typically
resolved within a few days.

Histologic features from the two animals with perioperative
deaths are shown in Figure 4. Figure 4A demonstrates complete VF
mucosa resection, with removal of all epithelium and LP at Day O in
the control group. Figure 4B shows successful grafting of the COVR
at Day 2, with close adherence to the thyroarytenoid muscle.

3.3 | Wound healing

Wound healing at 6 weeks postsurgery was evaluated using H&E and

Movat's Pentachrome staining (Figure 5 and Table 1). Many injured
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FIGURE 4 Early postoperative histology in rabbit hemilarynges. (A) Control group, postoperative Day O after medication-related death.
Bracket demonstrates region of vocal fold (VF) mucosa resection with removal of all epithelium and lamina propria from the true VF, and blood
collected within residual thyroarytenoid muscle. The thyroid cartilage was removed during specimen processing and appears as a cut edge at the
top of the image, adjacent to glands and fat from the paraglottic space. Arytenoid cartilage is seen at the bottom of the image. (B) Comparison of
Cell-Based Outer Vocal fold Replacement (COVR) group, postoperative Day 2 after death from aspiration. Bracket demonstrates the width of the
COVR implant overlying the thyroarytenoid muscle. A suture is cut in cross-section at the top right corner (*)

Pentachrome

hASC Injection Decell gel

FIGURE 5 Lamina propria histology, 20x. Representative examples for each group at 6 weeks postsurgery are shown. Top row is standard
H&E stain; bottom row is Movat Pentachrome stain showing elastic fibers in black, collagen in yellow-brown, muscle, and epithelium in magenta,
glycosaminoglycan (GAG) in blue. From left to right: Comparison of Cell-Based Outer Vocal fold Replacement (COVR) group shows minimal
collagen deposition and GAGs dispersed throughout (blue color on Pentachrome stain). Lamina propria is thick, with the thyroarytenoid muscle
out of this field of view. Human adipose-derived mesenchymal stromal cells injection group shows thin lamina propria, dense collagen deposition
(yellow-brown color on Pentachrome) and minimal GAGs. Decell group demonstrates collagen deposition throughout, scattered persistent fibrin
seen as acellular eosinophilic regions on H&E stain, incomplete epithelialization, and no GAGs. Control group shows collagen deposition,
complete epithelialization, and no GAGs. Elastic fibers are not seen in any of these examples

control VFs had thin or absent LP, with epithelium nearly overlying any group. Injection, Decell, and Control groups all showed promi-
thyroarytenoid muscle. COVR specimens exhibited the widest LP, nent dense collagen and only scattered presence of GAGs. Residual
the greatest degree of GAGs, and the least prominent collagen of fibrin was most prominent in the Decell group, with only occasional
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COVR hASC injection Decell gel Control

FIGURE 6 Immunohistochemistry for HLA. Representative images are shown for each group at 20X. Cell nuclei appear blue, and secondary
antibody labeling appears red. Top row shows HLA antibody, bottom row shows BSA negative control without primary antibody. About half of
the animals receiving cells exhibited positive staining similar to these examples. BSA, bovine serum albumin; COVR, Comparison of Cell-Based

Outer Vocal fold Replacement; HLA, human leukocyte antigen, hASC, human adipose-derived mesenchymal stromal cells.

small areas consistent with fibrin or resolving hematoma in the other
groups. Normal-appearing fine elastic fibers were only occasionally
observed in any group but were most prominent in COVR speci-
mens. The COVR group did not have clumpy, thickened elastic fibers
that were occasionally present in all other groups. Leukocytic infil-
trate was present to varying degrees, as indicated in Table 1. Few
control animals had any leukocytes noted, while all three implanted
groups had leukocytes identified in over half of animals and the

greatest amount in hASC injections.

3.4 | HLA expression

Presence of HLA was assessed with immunohistochemical
(IHC) labeling by an antibody to the conserved region of HLA
groups A, B, and C (Figure 6). COVR and hASC groups had clearly
and consistently detectable HLA in 7 of 12 (58%, COVR) and
6 of 11 (55%, hASC) animals examined after 6 weeks (Table 1).
One animal from each group had no identifiable labeling; the
remaining animals were considered indeterminate based on scant
or inconsistent labeling. Decell implant and injured control animals
showed no HLA labeling. COVR implants consistently exhibited
stronger or more widespread HLA labeling than hASC injections
did. HLA-positive cells in the COVR implants were found in
the epithelium and LP layers and were interspersed with
HLA-negative cells presumed to be host rabbit cells. In the hASC-
injected larynges, HLA-positive cells were typically identified
within the LP but not the epithelium, and sometimes had a linear
pattern that suggested a needle track. Western blotting confirmed
HLA protein in 45% of COVR samples and 27% of cell injection

samples (Figure 7).

—
43kDa W __ s v
—
& & & & & & >

S R P O S-S S SN 4

S B [CAEN G & & & & &

S Sl &
&S & X

FIGURE 7 Western blot for human leukocyte antigen (HLA). An
example blot containing samples from each group is shown, with
bands identified at 43 kDa as expected for HLA. Positive samples in
this blot are the human tissue positive control, and all three
Comparison of Cell-Based Outer Vocal fold Replacement (COVR)
samples tested. HLA was not detected in the cell injection samples on
this blot, nor in the control and decell samples which did not receive
human cells

3.5 | Gene expression

Quantitative RT-PCR was used to compare selected RNA expression
levels from all animals at 6 weeks after VF resection and treatment
(Figure 8). Results are presented as fold change versus expression
levels in normal rabbit VFs from unoperated animals.

Transcription factors NR4A1 and SMADS, both involved in VF
wound healing and fibrosis, were measured. NR4A1 expression was
downregulated in all groups, most notably in hASC injections. SMAD3
expression was similar in all groups to normal VF, with <2-fold change.
No findings differed statistically from injured control, at a p-value of .05.

Macrophage-associated genes CD80 and CD163 both increased
modestly in all operated groups relative to normal VFs, but none of

the treatment groups differed statistically from injured control.
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FIGURE 8 Quantitative RT-PCR of fibrosis pathway mediators NR4A1 and SMAD3 and macrophage markers CD80 and CD163. Fold change
of RNA expression is shown for the four treatment groups, relative to unoperated normal rabbit vocal folds. Bars show mean of all animals in the
treatment group (n = 11 or 12 each), and error bars show SD. Each sample was run in triplicate. In the left panel, NR4A1 was reduced from
normal in all groups; differences were not statistically significant versus control. SMAD3 was unchanged from normal in all groups. In the right
panel, both macrophage markers were increased from normal in all groups, but treatment groups did not differ from control. COVR, Cell-Based

Outer Vocal fold Replacement

4 | DISCUSSION

VF scarring remains a difficult problem to treat due to disruption of
the unique LP that is necessary for normal voicing. Current therapies
have limited ability to restore the characteristic microstructure, and
recurrent scarring is a risk of any intervention. The goals of tissue
replacement are thus to restore functional LP while minimizing subse-
quent fibrosis. We previously showed that a tissue-engineered COVR
with allogeneic rabbit ASC-reduced collagen deposition and improved
tissue vibration relative to resection alone or autotransplant of intact
VF mucosa.” This study further proposes that the unique combination
of ASC organized within the mature fibrin scaffold is critical for
implant success, rather than individualized components of cells or
scaffold alone. We also update the COVR itself to use hASC, which is

a necessary preclinical step to prepare for human translation.

4.1 | COVR implantation improves VF ECM
Histologically, COVR-implanted larynges demonstrated the best resto-
ration of LP structure with less dense collagen and prominent GAGs.
Elastic fibers, while rare, were the closest to normal appearance in
COVR VF without thickened clumps. In contrast, VF in both the cell
injection and Decell groups demonstrated findings similar to scarred
controls, with thin LP, prominent collagen, and infrequent GAGs.
Markedly increased GAGS was a hallmark of the COVR animals
in this study. GAGs, especially HA, are essential proteoglycans
in healthy VF that maintain fluidity during the high-frequency
collisions of voicing.” Loss of HA is a well-known characteristic
of VF scarring. Potential pathways for the increased GAGs
found in COVR-treated animals include induction of HA synthase
expression, inhibition of degradation, or more efficient integration
into the fibrin ECM; this study did not directly examine these

mechanisms.

Successful ECM restoration in this study was found primarily in
the COVR group, in which a cellular neo-mucosa was implanted. The
decellularized scaffold alone did not restore normal ECM, instead pro-
ducing excess collagen and very little GAGs. Residual acellular fibrin
was prominent in half of Decell implants at 6 weeks, indicating poor
incorporation into native tissue. Similar results have been described
for decellularized tissue implant for glottic reconstruction.'®

Injecting undifferentiated hASC alone did not restore LP width,
and did not protect the injured VF from excess collagen deposition
during recovery. This finding contrasts with prior MSC injection stud-
ies in rabbits.*>'? Differences between this study and other reports
include a greater cell number injected (here, 300,000 cells per rabbit
VF vs. 80,000-100,000), lack of immunosuppression, and injection via
laryngofissure after LP resection instead of endoscopic injury. Note
that this study was designed to most closely compare the influence of
hASC alone versus hASC within the COVR implant, so results may not
be directly comparable to other cell injection schema. The findings do
indicate that in the setting of immunocompetent VF reconstruction,
the benefits of the three-dimensional implant are not conferred by
the cellular component alone.

Comparison between differentiated and undifferentiated ASC
within fibrin scaffold was not performed and could be a focus of
future study to determine if the neo-epithelium offers specific benefit
beyond merely serving as a supportive scaffold for undifferentiated
cells. If similar benefits can be achieved, the manufacturing process
could be simplified. Additionally, this work assessed results at 6 weeks

only, which is relatively early in the timecourse of VF wound healing.
4.2 | Human cell persistence at 6 weeks after
xenogeneic VF implantation

Human cells were implanted into immunocompetent rabbits in this

study, in contrast to previous work which implanted rabbit-derived
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ASC.13715 This shift was undertaken to better demonstrate the
efficacy of eventual human therapy, as is recommended by the
FDA for preclinical work in preparation for clinical trials.'® Also,
since human use will likely use autologous cells without immuno-
suppression, no immunosuppression was administered in this
experiment. Some inflammatory response was therefore expected
and was indeed noted in all reconstructed groups, including the
decellularized gel.

About half of animals receiving human cells by injection or COVR
implant still had some cells with detectable HLA by immunohisto-
chemistry after 6 weeks. Human cells with HLA expression were
interspersed with cells not expressing HLA, presumed to be host rab-
bit cells that migrated into the wound area (Figure 6). These results
were similar to our previous study of four female rabbits that received
male rabbit ASC within a COVR implant.2> All four of those rabbits
had a mixture of implanted and host cells after 4 weeks, based on in
situ hybridization for the rabbit Y chromosome. In this study, the epi-
thelium was seen to have a mixture of implant and host cells in the
COVR group only; the hASC group was re-epithelialized with exclu-
sively host cells. No rabbit in either group had a majority of cells
expressing HLA.

Western blot detected HLA protein in fewer animals, especially in
the hASC Injection group (Table 1). The lower HLA detection rate in
Western blot may have occurred due to partial VF sampling which
could miss cells that were not well dispersed geographically. Nonspe-
cific staining on IHC is another possibility, but stringent criteria for
assessing IHC images make this less likely. It is also possible that the
hASC downregulated their expression of HLA, thus evading detection
by Western blot and IHC. RT-PCR was attempted to clarify the data
at a genomic level, but was found to be unreliable due to nonspecific
human primer recognition of rabbit tissues. Similar findings regarding
partial persistence of implanted cells have been described in prior
literature, especially at this early timepoint.t%17:18

Although implanted cells do not engraft long-term, their initial
presence within the implanted scaffold is critical. Implanting decellu-
larized gel led to suboptimal results with fibrotic LP, possibly due to
lack of hASC. We hypothesize that hASC play a necessary role in
matrix remodeling, inhibiting fibroblast migration, and preventing scar
contracture during early wound healing. However, hASC injected
alone without the scaffold also resulted in fibrotic LP. This under-
scores the complex effects of the COVR implant that are not repro-
duced by its individual components. The fibrin scaffold may provide a
protective niche which supports hASC survival and better enables the
hASC to exert paracrine influence on surrounding fibroblasts.!? The
scaffold also concentrates cells and their emitted products within the

area of interest to better guide wound healing.
4.3 | Mechanistic pathway normalization by
6 weeks postinjury

The fibrosis pathway in this system was assessed by measuring mes-

senger RNA for the nuclear receptor NR4A1l and the signaling

molecule SMAD3. NR4A1 is thought to be anti-fibrotic early after
injury and SMAD3 is upregulated in fibrotic wound healing pathways.
In rats, NR4A1 is induced by transforming growth factor-beta-1
(TGF-R1) after VF injury, peaking around Day 7 then declining to near
normal by Day 30.2° Conversely at 6 weeks in our rabbit model,
NR4A1 expression was downregulated in all groups versus normal. All
reconstruction groups (hASC Injection, COVR, and Decell) were statis-
tically unchanged from injured control. SMAD3 is a profibrotic media-
tor that is also upregulated by TGF-R1; in rabbits it also has been
found to peak at 7 days after injury then return to normal by
30 days.?* Similarly, SMAD3 expression here was near normal in all
groups including injured control at 6 weeks. An earlier time-course
study with direct measurement of TGF-81, SMAD3, and NR4A1 pro-
teins could better identify any relevant changes in this signaling path-
way after VF reconstruction.

Another facet in the complex VF wound healing process is the
macrophage activation state. CD80 and CD163 gene expression were
assessed as indicators of M1 (proinflammatory) and M2 (anti-inflam-
matory/tissue remodeling) phenotypes, respectively.?? We hypothe-
sized that favorable wound healing results would correlate with
greater M2 macrophage activity. However, our data did not demon-
strate statistically significant difference in macrophage activation state
among experimental groups at this 6-week timepoint. Both CD80 and
CD163 expression increased modestly in all groups relative to normal
VFs, as expected due to macrophage influx after injury. Multipara-
metric flow cytometry is a better method to assess macrophage phe-
notypes but requires a larger amount of fresh tissue. Previous flow
cytometry in pigs after VF injury also found no difference in macro-
phage phenotype at 3 or 7 days among hydrogel with allogeneic por-
cine ASC, hydrogel injection alone, and injured control.?*

Alternate mechanistic pathways can be considered for further
evaluation. Fibroblast phenotype was not assessed here and is a key
driver of fibrotic versus reparative state. Also, the presence of imma-
ture epithelium in the COVR implant distinguishes it from the other
groups studied, and may be a key factor underlying improved wound
healing. Further study of epithelial signaling, and prevention of
epithelial-mesenchymal transformation in the host cells, may provide

mechanistic insights.

44 | Limitations

Some limitations of this work must be considered. All results were
assessed at 6 weeks, which was selected as a single mid-range time-
point. Earlier examination may better demonstrate mechanistic path-
way differences, while later examination is required to show ultimate
wound healing and cell fate. Functional and biomechanical outcomes
were not considered here, and are best studied for a longer time
period. Histologic assessments are qualitative and subject to variabil-
ity based on location. Histologic comparisons were not made directly
to normal VFs, but to injured controls. Thus, the most similar clinical
application is reconstruction after VF resection, which is limited to

severe cases of scarring or mucosal disease.
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4.5 | Conclusions

This study in rabbits demonstrates that a COVR more effectively
reconstructs the three-dimensional VF mucosa after resection than
either its cellular or scaffold components alone. Findings at 6 weeks
include lessened collagen deposition, more GAGs, and absence of
elastin clumps in COVR-treated animals relative to injured controls;
those outcomes were not found with either cell injection or decellu-
larized scaffold reconstruction. We propose that the unique implant
of human adipose-derived stromal cells, differentiated within fibrin
hydrogel to a bilayered epithelial and mesenchymal structure, enables
rapid VF tissue reconstruction without inducing scar contracture and
fibrosis. Further work will continue translating this therapy by asses-
sing functional voice restoration, long-term ECM outcomes, and

mechanistic study focusing on epithelial and fibroblastic signaling.
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