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1 | INTRODUCTION

Hanna MandI BS? |
Jennifer L. Long MD, PhD?3

Feng Schrader BS? |

Abstract

Objective: Cell-based outer vocal fold replacement (COVR) offers a potential treat-
ment for severe vocal fold scarring or cancer reconstruction. Previous work in rabbits
using human adipose-derived stem cells (ASC) in fibrin suggested that a hybrid struc-
ture emerged within 2 months, containing both implanted and host cells. This project
uses immunocytochemistry to better define the phenotypic fate of implanted cells
and features of the extracellular environment.

Methods: Immunocytochemistry was performed on sections collected from rabbits
2 months after COVR implantation or scar surgery. Cellular targets included human
leukocyte antigen (HLA), CD31, and smooth muscle actin (SMA).

Results: HLA was present in all implanted sections and was used to identify human cells.
In adjacent sections, HLA-positive cells were identified expressing CD31. SMA was not
identified in the same cells as HLA. These markers were also present in injured vocal
folds not receiving COVR. SMA protein content did not differ according to treatment.
Conclusions: Implanted human ASC persist in rabbit vocal folds. Some appear to express
CD31, an endothelial marker. Smooth muscle actin, a marker of myofibroblast pheno-
type, was present in all sections regardless of treatment, and was not identified in hASC.

Host cells also infiltrate the structure, producing a hybrid host-graft vocal fold.

KEYWORDS
angiogenesis, cell-based implant, human adipose derived stem cells, smooth muscle actin, vocal
fold regeneration

quality and function.® This debilitating issue can arise from various eti-

ologies, including surgical interventions, trauma, radiation therapy, and

The human vocal folds (VF) are intricate structures composed of a spe-
cialized lamina propria (LP) and stratified squamous epithelium. Vocal

fold scarring is a prevalent condition that can significantly impair voice

This work was presented at the 2024 Combined Otolaryngology Spring Meeting in Chicago,
IL, May 16-18.

vocal misuse. The pathophysiology of VF scarring involves inflammation
and fibrosis, which can lead to severe dysphonia or aphonia.?

Despite the availability of treatment options such as pharmaco-
therapy, voice therapy, and surgical interventions, these solutions
have remained suboptimal in restoring the biomechanical properties
of the VF LP.3"> Research has not definitively supported the
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superiority of any particular therapeutic method,® underscoring the
need for more effective approaches.

In this context, the use of regenerative medicine has emerged as
a promising avenue for addressing vocal fold scarring. Much of the
work within this area has focused on cell therapy, scaffold develop-
ment, or the utilization of specific growth factors.” Approaches involv-
ing embryonic stem cells,® human mesenchymal stem cells from bone

1011 and human amniotic epithelial cells'?

marrow’ or adipose tissue,
have demonstrated promising results.

To further advance the field, we have developed a novel cell-
based outer vocal fold replacement (COVR) approach. This tissue-
engineered implant consists of human adipose-derived stem cells
(hASCs) within a fibrin matrix, aiming to promote the regeneration of
scarred vocal folds. Results in rabbits have shown that the COVR
approach facilitated the formation of a hybrid structure with sustained

13,14 and

human leukocyte antigen (HLA) expression after two months
donor cell DNA was detected at 4 weeks.*®

However, the presence of HLA alone does not provide informa-
tion on the integration and functionality of the implant within the host
tissue. In our current research, we seek to better define the pheno-
typic fates of the implanted human adipose-derived stem cells (hASCs)
as they relate to two domains of interest for vocal fold wound healing:

fibroblast activation state and angiogenesis.

2 | MATERIALS AND METHODS

21 | Invitro culture and COVR fabrication

The experimental setup mirrored the established protocols that have
been previously described.*® To summarize, hASCs were sourced
from the American Type Culture Collection and underwent expansion
under conventional culture conditions. COVR implants were crafted
through a combination of hASC, rabbit fibrinogen (obtained from
innovative research), and bovine thrombin (sourced from Sigma-
Aldrich) in a 4:1:1 ratio. Each 600 ul COVR gel encapsulated a total of
600,000 cells to replicate the cellular density found in VF LP. The
solutions were blended within 12-mm Transwell inserts from Corning
and left to incubate at 37C, with gelation occurring swiftly within
30 min. Differentiation medium enriched with 10 ng/mL human
recombinant EGF from Promega Corp was administered at the basal
surface. After a 2-week cultivation period, the developed COVR was
harvested for transplantation by incising and peeling the Transwell
membrane away from the insert and gel, although preserving the
lumenal-basal orientation. The resultant COVR constructs measured

12 mm in diameter with thicknesses ranging between 2-3 mm.

2.2 | Implantation in rabbit model
All animal procedures were conducted in accordance with the Public
Health Service Policy on Humane Care and Use of Laboratory Ani-

mals, the NIH Guide for the Care and Use of Laboratory Animals, and

the Animal Welfare Act, and were approved by the local Institutional
Animal Care and Use Committee. New Zealand white rabbits from
two separate implantation series were examined here. In the first set,
bilateral COVR implant was performed in 3 male and 3 female rabbits
at the time of VF injury, then allowed to heal for two months. One
additional male had preoperative poor feeding but proceeded with a
bilateral COVR implant. Hypoxia developed during wound closure,
and the animal was humanely euthanized although still in the opera-
tive suite. Necropsy and larynx harvest were completed immediately,
which revealed severe pulmonary edema manifested as pink frothy
fluid filling the lungs. That animal is reported as “Day 0.

A separate set of slides were obtained from animals reported in a
prior study.** Briefly, these were randomly allocated to one of three
treatment groups: (1) open transcervical unilateral cordectomy fol-
lowed by immediate COVR implantation (acute COVR group);
(2) endoscopic unilateral cordectomy followed by transcervical COVR
implantation 2 months later (chronic COVR group); or (3) endoscopic
unilateral cordectomy with transcervical sham surgery 2 months later
(chronic scar group).

COVR implants were performed as previously described.** Ver-
tical neck incision exposed the larynx and trachea, and a temporary
tracheotomy provided airway control during the surgery only. Laryn-
gofissure revealed the endolarynx. Vibratory mucosa from one or both
VF was excised through sharp dissection, down to the thyroarytenoid
muscle. The COVR gel was applied to the defect and secured in place
with anterior and posterior sutures of 5-0 fast gut. The larynx was
closed with a Prolene suture, an endotracheal tube was removed, and
layered wound closure was performed. Perioperative antibiotics
and corticosteroids were administered for 3 days. Following the
2-month maturation period, the animals were euthanized for larynx
retrieval.

2.3 | Tissue harvest and processing

The excised larynges from the first group (with bilateral COVR) were
bisected into hemilarynges. One hemilarynx was fixed in formalin,
embedded within paraffin, and then sectioned for analysis. The other
hemilarynx was used for molecular studies, which are ongoing. The
excised larynges from the second group (with unilateral injury or
implant) were initially studied with ex vivo phonation and indentation,
as previously described.'* They were then bisected into hemilarynges,
immersed in OCT freezing compound, and flash frozen in liquid nitro-
gen for frozen section cutting. Some microscopic findings were previ-

ously reported, and additional imaging was performed here.

24 | Histology, immunohistochemistry, and
microscopy

The formalin-fixed, paraffin-embedded (FFPE) slides were first rehy-
drated by immersing the samples for 5 min each under the following
solutions: 100% xylene, 100% ethanol, 70% ethanol, and dH20. One
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section of each animal was used for Pentachrome histological stain-
ing to show elastic fibers in black, collagen in yellow-brown, muscle
in fuschia, and glycosaminoglycans in blue. Pentachrome slides
were digitally scanned to show the entire section at 4X
magnification.

For FFPE slides undergoing immunocytochemistry, antigen
retrieval was performed by boiling in citrate acid buffer (ph 6) and
then maintained at a sub-boiling temperature for 20 min. After cooling
for an additional 20 min the sections were immersed in distilled water
for five minutes and then washed with PBS. Slides were blocked with
5% goat serum diluted in PBS for 30 min. Primary antibody staining
was done with either anti-HLA (Abcam cat#: ab70328) at a 1:500 dilu-
tion or anti-CD31 (Novus cat#: NB0122181) at a 1:400 dilution. Pri-
mary antibody was added in 1% BSA (1:500 dilution) to slides and
stored overnight for 20 h. A negative control slide receiving only 1%
BSA without primary antibody was performed for each animal. Sec-
ondary antibody staining was done with 2.5% goat serum blocking
solution for 15 min. Fluorescently labeled secondary antibody, goat-
anti mouse (Alexa Flour 633, Thermal Fisher), in 1% BSA (1:400 dilu-
tion) was later added.

Frozen sections were prepared for immunocytochemistry in a simi-
lar fashion except without antigen retrieval. Some of these slides were
also labeled with alpha-smooth muscle actin (SMA) antibodies at a dilu-
tion of 1:500. The secondary antibody was performed the same as in
the paraffin slides. All sections received one drop of antifade mounting
medium with DAPI (Vectashield) prior to the addition of a cover slide.

FIGURE 1 Rating of HLA and CD31+
Cells in COVR Implanted Tissue. The chart
provides an overview regarding the
presence of positively stained cells within
paraffin-embedded tissue. All animals that
were analyzed underwent COVR
implantation after injury. More than three

Few

2.5 | Western blot analysis
Frozen sections from operated vocal folds were scraped off
slides and collected for protein. Cells and tissue were lysed in an
SDS sample solution containing 2% SDS and 10% glycerol in
0.5 M Tris-buffer at pH 7.5. The lysates were snap-frozen in lig-
uid nitrogen to prevent degradation. Approximately 300 pL of
ice-cold lysis buffer was rapidly added to 5 mg of tissue, which
was then homogenized using an electric homogenizer. The lysate
was centrifuged at 12,000 rpm for 20 min at 4°C, and the super-
natant was collected. The lysate was then heated in a sample
buffer at 100°C for 5 min. Samples were loaded onto a 10%
Mini-PROTEAN TGX precast gel and resolved by SDS-PAGE at
120 V for 85 min. The resolved proteins were transferred from
the gel to a PVDF membrane at 100 mA for 1.5 h. The mem-
brane was blocked for 30 min and then incubated with the pri-
mary antibody, anti-SMA (1:2000), or B-actin as a loading
control, for 1.5 h at room temperature. After washing, the mem-
brane was incubated with the secondary antibody, Goat anti-
Mouse IgG-HRP (1:3000), for 75 min. Proteins were detected
using an ECL chemiluminescent system, with optimal exposure
time between 30-300 s.

Quantification of Western Blot lanes was done through the uti-
lization of ImageJ Software (https://imagej.net/ij/) and analysis was
performed through the Gel Analysis methods outlined in ImageJ!”

with reference to an identical protocol as discussed by Stael.*®

HLA+ CD31+

Cells Cells

Few Some

Some Some

Some Few

Some Some

Some Some

Few Few

Many Many non-
cellular

Some Many

images were taken from each slide and
were then visually inspected for the
presence of HLA and CD31-positive cells.
The diagram at the bottom of the chart
provides examples of the “Few”, “Some”,
and “Many” rating schemes.
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Individual bands of the gels were marked with rectangular selec- 3 | RESULTS

tions within the ImageJ Software. Intensity profile plots were then

created for each band, and total intensity was calculated using the 3.1 | Human leukocyte antigen expression

“Plot profile” function. The intensity of SMA was corrected by our

loading protein, B-actin, through utilization of the formula (SMA / HLA labeling was identified in scattered cells within the implant region
(SMA + B-actin)). in all animals receiving COVR (Figure 1). The frozen section findings

M-1

FIGURE 2 HLA and CD31 Labeling in
COVR Implanted Tissue After Two
Months. Microscopy from paraffin-
embedded larynges. M and F denote male
or female. Pentachrome stained sections
at 4X show the full section of the vocal
fold (VF), with the black box indicating the
specific region of the slide from which
images were taken. In the corresponding
immunohistochemistry (IHC) images,
HLA-positive cells are indicated with
violet, and CD31-positive cells are marked
with green. All images were taken at 40X
maghnification. The last row in the figure,
M-Day 0, demonstrates more widespread
HLA positivity in anthe animal that died
immediately postoperatively.
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(group 2, unilateral implant) were previously reported.’* Scar group
animals had no labeling for HLA, and BSA substitution for the HLA
primary antibody eliminated labeling. Day O sections, from the animal
suffering perioperative death, showed more HLA-positive cells than in
the other animals. Still, cells in the implant region did not uniformly
exhibit HLA, consistent with incomplete labeling due to antigen degra-

dation or variable HLA expression by the cells.

3.2 | Vascular endothelial structure

CD31 was selected as a marker of vascular endothelium. It is also
found in platelets and some types of leukocytes. Figure 2 demon-
strates sections from the FFPE larynges, in which all animals under-
went bilateral COVR implantation. All animals in this group
demonstrated both HLA and CD31+ in the same area, anatomically
corresponding to the implant site. The labeling quality was inadequate
to identify if both markers were present in the same cells.

Figure 3 depicts the expression of CD31 and HLA, in frozen sec-
tions taken 2 months after COVR implantation or sham surgery.*
CD31 expression was observed in all animals, whereas HLA-positive
cells were only present in the Chronic COVR group.

In the Chronic COVR group, both CD31 and HLA-positive cells
were present around lumenal structures that appear to be vascular
endothelial in nature. In each of those animals, examples were found
where HLA and CD31 appeared to be labeling the same cells in adja-
cent slides.

Scar

FIGURE 3 CD31 and HLA Expression
in Chronic COVR vs Scar. All images were
captured at 40X magnification. Each
image in the Chronic COVR group
represents a distinct animal. In the first
row (Scar), HLA cells are stained violet,
CD31 cells are stained red, and DAPI are
stained blue. In the second, third, and
fourth rows (Chronic COVR groups), HLA
cells are stained violet, whereas CD31
cells are stained orange, and DAPI stained
blue. The co-localization images were
obtained by overlaying the respective
HLA and CD31 images taken from
sequentially cut slides. In the co-
localization image for Chronic COVR-3,
arrows 1 and 2 highlight a potential
vascular structure where HLA-positive
and CD31-positive cells overlap. Arrow

3 indicates a cluster of HLA-positive cells
without co-localization of the CD31
marker.

Chronic Chronic
COVR-2 COVR-1

Chronic
COVR-3

3.3 | Fibroblast activation state

Slides and tissues from a previously reported study'* were probed
here for SMA expression by immunocytochemistry and Western blot.
Figure 4 shows IHC labeling for SMA and HLA in frozen sections
2 months after COVR implant or sham surgery. These markers were
observed in nearby regions but did not appear to co-localize in indi-
vidual cells in sequentially-cut sections. As anticipated, HLA was
absent in all scar sections, consistent with the absence of implanted
human cells. Figure 5 presents the quantification of SMA protein by
Western blot in the chronic COVR, acute COVR, and scar groups.
Expression levels varied in all groups, and there was no statistically
significant difference in SMA expression among the three groups.

4 | DISCUSSION
Regenerative medicine, led by the use of stem cells, has provided an
opportunity to develop treatments for tissue injury. Various cell lines
from bone marrow, hematopoietic, epithelial, and adipose tissue have
been derived. Compared to acellular or injection scaffolds, the COVR
implant is unique in its structure as a bilayer of epithelial and mesen-
chymal cells within a fibrin matrix.

Our previous studies with COVR implantation in rabbit VFs found
that human cells not only persisted in both acutely injured and chroni-

cally scarred VFs but that COVR also restored tissue microstructure

and biomechanics.*®>%* Our work with COVR was also extended to a
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Scar

FIGURE 4

SMA and HLA labeling 2 months after surgery. Each
treatment group is represented by a representative labeled

section from one animal. Frozen sections were imaged at 40X
magnification. All animals demonstrate positive staining for SMA. The
presence of HLA is only observed in acute and chronic COVR groups
with none visualized in scar. Co-localization of HLA and SMA within
individual cells was not observed.

SMA Expression in Western Blot

03—
- X
X
02+
X
x
X
01+ X
X X
0.0
Acute COVR  Chronic COVR Scar
FIGURE 5 SMA Western blot quantification. Each “X” on the

graph denotes one animal for which Western Blot was performed.;
n = 3 in each of the three groups. Y-axis values are band intensity
calculated via ImageJ analysis and normalized by a loading

control band.

swine model, where preliminary studies demonstrated improved LP
qualities, as well as improved acoustic parameters that reflected voice

recovery.r’ Ongoing questions remain regarding mechanisms of

functional improvement after COVR and ultimate cellular fates. This

study further explores those questions.

41 | Vascular endothelial structure

The structure of human vocal folds is unique, as only small vessels are
present near the vocal fold mucosa. This specific vascular structure,
where small vessels are located at the vocal fold edge and separated
from the vessels in other areas of the mucosa and muscle, helps to
minimize hypoxia and ensures adequate vibration.?° Assessing the
vascular structure is therefore critical when evaluating the efficacy of
vocal fold regeneration.

CD31, a common endothelial cell marker, plays an important role
in vasculogenesis.?! CD31+ endothelial progenitor cells have been
identified within the stromal vascular fraction (SVF) of adipose tissue,
from which hASCs are derived. Those cells were associated with the
luminal layer of small blood vessels, and have the capacity to prolifer-
ate and form vessel-like structures.???® SVF has separately been
found to have the ability to differentiate into both endothelial and adi-
pogenic cell types.2*

To assess whether the COVR implant assisted with revasculariza-
tion of the vocal folds, IHC labeling was performed for the endothelial
marker CD31. In paraffin embedded sections, HLA and CD31 positive
cells were visualized in similar areas. However, limited labeling in
these FFPE sections made it difficult to determine if the markers co-
localized. Frozen sections were then pursued because immunohisto-
chemical labeling is typically more robust with this method.

These frozen sections more clearly exhibited co-localization of
CD31 expression with hASC (as evidenced by HLA expression). This
finding suggests that cells within the implanted COVR not only sur-
vive but also may develop donor-derived vascular structures. Scar
group sections also demonstrated CD31 expression and vascular
structures, without HLA, confirming that neovascularization occurs in

the scar group during the normal wound healing process.

4.2 | Fibroblast activation state
Along the fibroblast-myofibroblast spectrum, myofibroblasts express
a-SMA, and also produce excessive collagen, both leading to stiffening
of the tissue.?> The vocal fold fibroblast expression of a-SMA has
been found to be decreased when the tissues were co-cultured with
stem cells from either adipose or bone marrow sources.2> Other previ-
ous work with mesenchymal stem cells has shown that their injection
into scarred vocal folds can decrease the a-SMA expression and con-
currently improve function.?®

In the current study, we utilized a-SMA as a marker for myofibro-
blast activation. We hypothesized that COVR implantation would
show a reduction in myofibroblast activation when compared to the

scar group immunohistochemistry showed variable regions of SMA
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expression within the implants and no co-localization with HLA. These
findings suggest that the human ASC did not differentiate from myofi-
broblast phenotypes. However, there was no statistically significant
difference in the bulk amount of SMA quantified among groups. We
found no evidence, then, that hASC reduces myofibroblast phenotype
among host cells in this system.

The variability observed could be due to intersubject differences
within each treatment group. Potential sources of this variability could
include different degrees of vocal fold injury as well as individual
animal-to-animal variations. Further investigation is needed to fully
elucidate the role of myofibroblasts and their activation state in the
context of vocal fold scarring and the effects of the COVR implant.

5 | CONCLUSIONS

These results collectively provide insights into the cellular dynamics
following COVR implantation after vocal fold resection in rabbits.
Human ASC did not differentiate into a myofibroblast phenotype,
although the COVR was not found to alter the overall SMA content
within the tissue. Human ASC did co-localize with CD31 expression,
suggesting that some implanted cells differentiated to a vascular
endothelial phenotype. This finding requires further investigation to
confirm. These findings continue to enrich our understanding of the
complex interactions between implant and host tissue, offering valu-
able perspectives on the mechanisms of tissue repair and regeneration
facilitated by COVR.
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