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Background: Stenosis and scar formation after repair of laryngeal tissue defects are serious problems that
can significantly influence a patient’s quality of life.

Objective: In this study, we evaluated the use of magnetic resonance imaging to assess the efficacy of
adipose tissue-derived mesenchymal stem cells (ASCs) on cartilaginous regeneration in an experimental
rabbit model.

Methods: Ten male white Dutch rabbits each had a 5 mm cartilaginous defect created surgically in the
right and left thyroid lamina. On the right side, ASCs labeled with iron oxide particles were infused. As a
control, the left side was left untreated. Repair of the defects were then evaluated by direct observation,
histological evaluation, and magnetic resonance imaging monitoring done on days 1, 7, 14, and 28.
Results: Histological examination revealed that compared with control, transplanted ASCs significantly
increased cartilage regeneration (P < 0.001), reduced inflammation (P < 0.001), and fibrosis (P=0.050).
Magnetic resonance imaging tracking showed accurate placement and viability of the infused ASCs, as
evidenced by low signal intensity onT2 weighted images at the level of the right thyroid cartilage.
Conclusions: Infusion of ASCs improved laryngeal regeneration of surgically induced cartilaginous defects
while decreasing fibrous tissue formation in this in vivo rabbit model. Furthermore, magnetic resonance
imaging was shown to be a useful, noninvasive method to track correct ASCs placement and viability in
cartilage regeneration in this animal model.
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Introduction Mesenchymal stem cells (MSCs) are widely used in regenerative

medicine and have shown promise in the treatment of cartilagi-

Stenosis and scar formation during the healing of cartilaginous
laryngeal defects are major clinical problems that can seriously in-
fluence a patients’ quality of life, and even survival. With vary-
ing degrees of success, numerous medications, materials, and tech-
niques have been used to minimize or prevent scarring and re-
stenosis following laryngeal repair.!
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nous defects.”3> MSCs can be isolated from various tissues, includ-
ing bone marrow,*> adipose tissue,%’ dental pulp,® synovium,®
placenta,'” and umbilical cord blood.!" MSCs can be made to pro-
liferate and differentiate into cells of mesodermal origin, such as
adipocytes, osteocytes, and chondrocytes.'?:'3 MSCs have local im-
munomodulatory properties on the innate and adaptive immune
systems.'#"16 As a result of their lack of certain cell surface mark-
ers (eg, CD-14, CD-34, CD-45, and HLA-DR), MSCs have low im-
munogenicity.'?-14.16.17

Immunomodulatory features of MSCs improve the tissue
microenvironment for cellular proliferation and differentiation.

0011-393X/© 2022 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)


https://doi.org/10.1016/j.curtheres.2022.100682
http://www.ScienceDirect.com
http://www.elsevier.com/locate/curtheres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.curtheres.2022.100682&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:iravanika@sums.ac.ir
https://doi.org/10.1016/j.curtheres.2022.100682
http://creativecommons.org/licenses/by-nc-nd/4.0/

K. Iravani, D. Mehrabani, A. Doostkam et al.

MSCs may influence host microenvironment conditions via Toll-
like receptors (TLRs). MSCs express some TLRs, including TLR2,
TLR3, TLR4, TLR7, and TLR9.'*'8.19 Inflammatory molecules and
pathogens can also stimulate TLRs resulting in release of TLR lig-
ands and activation of MSCs. The type of receptors stimulated de-
termines the response of activated MSCs. For instance, TLR3 stim-
ulation activates an anti-inflammatory response and TLR4 stimula-
tion activates a proinflammatory reaction of MSCs.4:20.21

We evaluated the efficacy of adipose tissue-derived mesenchy-
mal stem cells (ASCs) in the healing of cartilaginous laryngeal
defects in an animal model because of the limitations of doing
histopathological examinations in human beings and the lack of
approval for the use of ASCs for this indication in human beings.
In addition to histopathology, serial magnetic resonance imaging
(MRI) scans were used to noninvasively examine the viability and
retention of infused ASCs.

Materials and Methods

This study utilized some previously described non-MRI meth-
ods to evaluate animal cartilage regeneration.?2

Animal preparation

Ten male white Dutch rabbits aged 5 to 6 months with mean
(SD) weight 2.20 (0.2) kg, were obtained from the Center of Com-
parative and Experimental Medicine (Shiraz, Iran). Individual rab-
bits were kept at the animal laboratory center of Shiraz University
of Medical Sciences under controlled conditions, including tem-
perature (20°C +2°C), humidity, a 12-hour light/dark cycle every
day, and free access to food and water. The study protocols were
approved by the local Ethics Committee of Shiraz University of
Medical Sciences (IR.SUMS.MED.REC.1398.178) and performed ac-
cording to regulations of the Animal Care Committee of Veterinary
Medicine, Shiraz University.

In the operating room, after induction of anesthesia by intra-
muscular injection of ketamine (44 mg/kg) (Alfasan, Woerden, the
Netherlands) and xylazine (10 mg/kg) (Rompun; Bayer AG, Lev-
erkusen, Germany), a small horizontal incision was made over the
thyroid cartilage, and the strap muscles were separated from the
midline to expose the thyroid cartilage. On both the right and left
thyroid lamina, 5-mm diameter circular symmetric cartilage de-
fects were produced using a punch device (IndiaMART, Tamil Nadu)
with a round, cupped head to accurately excise and remove carti-
lage. On both sides, the inner perichondrium remained intact.

Cell isolation

We used allogeneic stem cells in our study. For isolation of
MSCs, a single 2.2-kg male white Dutch rabbit was selected in ad-
dition to the 10 rabbits mentioned above. Under general anesthe-
sia with ketamine and xylazine, the area between the shoulders on
the back was shaved and disinfected with povidone-iodine solution
(10%). A 5-cm incision was made on the skin, and 4 g subcutaneous
adipose tissue was removed. The incision site was sutured together
and postsurgical antibiotics (streptomycin, 3 x 105 U/d) given for 3
days.

The adipose tissue collected was then washed 3 times
with phosphate-buffered saline (PBS) containing 1% penicillin G-
streptomycin (10,000 U/mL).

Cell culture
The adipose tissue sample was chopped into pieces (2 x 2 mm)

and digested in 0.2% collagenase type II (Sigma-Aldrich, St Louis,
Missouri) at 37°C for 40 minutes on a shaker. The mixture was
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then filtered and centrifuged for 5 minutes, at 1200 rpm at room
temperature. The pellet was transferred into a 5-mL tube contain-
ing Dulbecco's Modified Eagle Medium F-12 (DMEM/F-12) (Gibco,
Waltham, Massachusetts) supplemented with 10% fetal bovine
serum and 1% penicillin-streptomycin.

The suspension was placed in an incubator with 5% carbon
dioxide and saturated humidity for 72 hours. Then, the culture
media was washed with PBS and resuspended in a 4 mL new
DMEM media supplemented with 10% fetal bovine serum, 1%
penicillin-streptomycin (1 mL in 99 mL culture media), and 2 mM
L-glutamine (Sigma-Aldrich, St Louis, Missouri). The medium was
changed every 3 days until the cell density reached 80% to 90% of
confluence. The logarithmic growth phase cells were assessed by
calculating the cell doubling time and counting using a hemocy-
tometer.2> All cells were suspended and then frozen in a solution
containing 10% dimethyl sulfoxide (MP Biomedicals, Santa Ana, Cal-
ifornia) and 90% PBS. The cell suspension was aliquoted into sterile
plastic cryo-vials, and the date, passage number, and freezing se-
rial number were recorded. The vials were all sealed and kept at
-20°C for 60 minutes, and then they were transferred to -80°C for
24 hours and ultimately into liquid nitrogen for storage.

For subculturing, cryo-vials were taken out of the liquid nitro-
gen tank and quickly thawed in the water bath at 37°C. When the
ice clump was thawed, 1 mL cell culture medium (88% DMEM, 10%
PBS, and 1% penicillin-streptomycin) was added and centrifuged at
1200 rpm and at room temperature. The cells were transferred to
a culture flask while being gently blown into a uniform single cell
suspension?* and put into an incubator at 37°C, with 5% carbon
dioxide and saturated humidity. At each passage, the morphology
and the amount of adherence to plastic of the ASCs was using a
microscope (Nikon, ECLIPSE, TS100-F, Tokyo, Japan).2®

Cell characterization

Cells were subcultured similarly up to the fourth passage, and
at the end of each passage, the live and dead cells were counted
with a Neubauer chamber, and the cells were stained with trypan
blue. To determine the growth behavior in vitro at the fourth pas-
sage, purified cells were seeded into 2 12-well culture plates at the
initial density of 3.75 x 10# cells per well. Then, the cells of 3 wells
were counted every 24 hours for 8 days, and the mean number of
cells at each time point was calculated. To determine the popula-
tion doubling time, the measured values were calculated using the
following formula: [T x (In2)] / [In (Xe / Xb)] where Xe, Xb, and
T were the cell number at the end point, cell number at starting
point, and the incubation time in any unit, respectively.

Real-time polymerase chain reaction (RT-PCR) was used to as-
sess the expression of markers on the ASCs and confirm that the
cells were mesenchymal. After total RNA was extracted using the
column RNA isolation kit (DENAzist-Asia, Mashhad, Iran) accord-
ing to the manufacturer’s instructions, the concentration of total
RNA was measured using nanodrop spectrophotometry.?® A com-
plementary DNA (cDNA) was provided from the RNA samples us-
ing AccuPower Cycle Script RT PreMix Kit (BioneerCo, Daejeon, Ko-
rea) as described by the manufacturer. In brief, 15 uL total RNA
was used for each reaction to reach a volume of 20 uL with
diethylpyrocarbonate-treated water. Twelve thermal cycles were
performed as follows: 30 seconds at 20°C for annealing, 4 minutes
at 42°C for cDNA synthesis, 30 seconds at 55°C for melting sec-
ondary structure and cDNA synthesis, and 5 minutes at 95°C for
inactivation.

In the next step, 1 L template (ie, cDNA) was mixed with PCR
buffer, deoxynucleoside triphosphate, magnesium dichloride, wa-
ter, Tag DNA polymerase, and both forward and reverse primers.
The primer sequences are as follows:

CD73 (sense 54 TACACCGGCAATCCACCTTC- 3°
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Antisense 5¢ CTTGGGTCTTCGGGAATGCT- 3) approximately 212
bp, CD34 (sense 5¢ ACCATCTCAGAGACTAGAGTC- 3’

Antisense 5¢ GAAAGTTCTGTTCTGTTGGC- 33 approximately 512
bp, CD45 (sense 5¢ CAGTACTCTGCCTCCCGTTG- 3°

Antisense 52 TACTGCTGAGTGTCTGCGTG) approximately 269 bp

The microtubules containing 20 ©L mixture were transferred to
a thermocycler (Mastercycler Gradient; Eppendorf, Hamburg, Ger-
many). Thirty amplification cycles were done, including 30 seconds
of denaturation at 95°C, 30 seconds of annealing at 64°C, and 30
seconds of extension at 72°C with 2 minutes at 95°C for primary
denaturation and 5 minutes at 72°C for the final extension. PCR
products were evaluated for the presence of any bands using gel
electrophoresis and DNA-safe stain in a 1.5% agarose gel medium.
Ultraviolet radiation was used?’ to visualize the bands obtained
and then the bands were evaluated using a gel documentation sys-
tem (UVitec, Cambridge, United Kingdom).?

For chondrogenic induction and cell characterization, about
1x 10* ASCs were transferred to a 35-mm culture dish (Corn-
ing, Berlin, Germany) containing control media composed of
DMEM supplemented with 10% fetal bovine serum, 1% penicillin-
streptomycin, and 1% L-glutamine and the chondrogenic media
of DMEM, 10% fetal bovine serum, 1% penicillin-streptomycin, 50
pug/mL ascorbic acid, 5 ng/mL fibroblast growth factor-2, 100
ng/mL insulin growth factor, and 6.25 pg/mL transferrin. The
medium was replaced every 3 days. After 3 weeks, the cultures
were fixed with 10% buffered formalin for 15 minutes, and the
cells were stained using conventional hematoxylin-eosin and Al-
cian blue methods. The cell layers were then observed using a light
microscope.??

Cell labeling

Labeling was done using dextran-coated superparamagnetic
iron oxide nanoparticles (SPIONs) (3.5 mg/mL) for 48 hours.??
SPIONs are approved materials for cell labeling and tracking by
MRI.SPIONs provide sufficient labeling without any cellular dam-
age or functional interference.?'-3? After incubation, 3 PBS washes
were performed to eliminate excess nanoparticles. To determine
the absorption efficiency of iron oxide particles in vitro, cells
were treated for 30 minutes with Perl’s reagent (Shimi Pajoohesh,
Tehran, Iran) and then counterstained with nuclear fast red. Using
95% ethanol and 10% formalin, cells labeled with iron oxide parti-
cles were fixed and permeabilized for 20 minutes at room temper-
ature. Then, the cells were subjected to a solution made of a 1 to 1
ratio of 20% aqueous solution of hydrogen chloride and 10% aque-
ous solution of potassium ferrocyanide at room temperature for 20
minutes.>?

MRI protocol

MRI was used to evaluate how well the transfused, labeled stem
cells incorporated into the rabbits’ laryngeal defects was a clinical
1.5 T MRI scanner (1.5 Tesla Magnetom MRI units, Siemens, Erlan-
gen, Germany). Images were acquired with the following parame-
ters: slice thickness: 3 mm, repetition time: 460 milliseconds, echo
time: 24 milliseconds, magnetic field strength: 1.5, flip angle: 25,
matrix size: 256 x 224, the field of view: 220 x 220. In each case,
images were acquired in orthogonal planes. T1 and T2 weighted
images were used to show the anatomy. Due to iron’s susceptibil-
ity impact, the T2* sequence was applied to emphasize the injec-
tion location and confirm the presence of iron inside the tissue.
Each picture was examined for low signal intensity induced by the
excessive T2 shortening influence of SPION-labeled cells in the re-
cipient tissue.3*
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Animal procedures

After the induction of the laryngeal defects as described above,
labeled ASCs (2.5 x 107) were infused into the right thyroid carti-
lage lamina defect. Left side laryngeal defects were used as con-
trols, and no infusion was performed on the left. Then, the treat-
ment and control sides were covered with approximated strap
muscles using 4-0 chromic sutures. The skin incision was sutured
with nylon 5-0. Prophylactic antibiotic treatment (streptomycin,
3 x 106 units/d) was given to all animals for 3 days.

MRI images were taken on days 1, 7, 14, and 28. To perform his-
tologic evaluations, 3, 3, and 4 animals were sacrificed on postop-
erative days 7, 14, and 28, respectively. Laryngeal specimens were
harvested after euthanasia by carbon dioxide inhalation by surgi-
cal excision,? and preserved in 10% formalin. Specimens were sec-
tioned (5 pum thickness) and stained with hematoxylin-eosin and
Masson trichrome after a visual inspection. The presence of iron
particles was confirmed by staining with iron pearls.>6
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Figure 1. (A) Inflammation, (B) cartilage regeneration, and (C) fibrosis mean (SD)
during 7, 14, and 28 days following adipose-derived mesenchymal stem cells appli-
cation (repeated measures ANOVA and Tukey multiple comparisons test) ?P < 0.001
represents a significant difference between week 4 versus week 1 in the case group.
bp < 0.05 represents a significant difference between week 4 versus week 2 in the
case group.
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Table 1
Histopathological criteria for inflammation, cartilage regeneration, and fibro-
sis grading

Grade Inflammatory cells  Cartilage regeneration (%)  Fibrosis (u)
0 0-10 <25 0

1 11-50 25-50 <400

2 51-100 51-75 400-800

3 >100 >75 >800

Histologic criteria

For histopathological evaluation, we used criteria of inflam-
mation, cartilage regeneration, and fibrosis for cartilage healing
following ASCs placement. Inflammation was evaluated by the
number of inflammatory cells (mainly chronic cell types such
as lymphocytes, plasma cells, and histiocytes) per microscopic
field (x 10). Cartilage regeneration was estimated by the per-
centage of defect area covered by newly formed hyaline car-
tilage. Fibrosis was assessed by the thickness of fibrous tis-
sue on the micrometer scale in the defect area.?%3’ Histo-
logic examination was done by an expert pathologist masked
as to the treatment side. Histologic criteria grading is shown in
Table 1.

Statistical analysis
We used repeated measures ANOVA and Tukey multiple com-

parisons test for statistical analyses. P values < 0.05 were consid-
ered to be statistically significant.

i

Current Therapeutic Research 97 (2022) 100682

Table 2

Case (ie, treated) and control numbers of different
types of inflammation, cartilage regeneration, and fi-
brosis grades for each group and week.

Variable =~ Week  Group Grade

1 2 3
Inflammatioh Case o 0 0 3
Control O O 0 3
2 Case 0o 0 2 1
Control 0 O 0 3
4 Case 0o 2 1 0
Control 0 O 3 O
Cartilage 1 Case 2 1 0 0
regeneration Control 3 0O 0 ©O
2 Case 0 1 2 0
Control 1 1 1 0
4 Case 0 0 1 2
Control O 1 2 O
Fibrosis 1 Case 3 0 0 O
Control 3 0o 0 O
2 Case 2 1 0 0
Control 1 2 0 O
4 Case 2 1 0 0
Control 1 2 0 O
Results
Histological findings

The regenerative effects of ASCs on cartilage healing are sum-
marized in Table 2; showing the distribution of results for treated
and control groups on days 7, 14, and 28. Results are shown for in-
flammation, cartilage regeneration, and fibrosis indexes. ASCs infu-

B

Figure 2. (A) Focal regeneration of cartilage (green arrow). (B) There was more tissue inflammation with destruction of cartilaginous tissue in control group. (A and B)
Hematoxylin-eosin stain (x 100). (C and D) There was no difference regarding collagen deposition as seen using Masson trichrome stain (x 100). Inflammation is indicated
by the yellow arrows, cartilage regeneration is indicated by the green arrows, and fibrosis or collagen deposition is indicated by the blue arrows.
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Figure 3. (A) The healing of cartilaginous defect is obvious in the case group. (B) In the control group, inflammation with cartilage defect is seen. (A and B) Hematoxylin-
eosin stain (x 100). (C and D) The collagen deposition is indicated by the blue arrow as shown by Masson trichrome stain (x 100). Inflammation is indicated by the yellow
arrow, cartilage regeneration is indicated by the green arrows, and fibrosis or collagen deposition are indicated by the blue arrows.

Figure 4. (A) The defect is completely replaced by normal tissue in the stem cell treated group. (B) In the control group, the defect is not completely replaced with normal
tissue. (A and B) Hematoxylin-eosin stain (x 100). (C and D) The collagen deposition is more obvious in the control group, as shown by Masson trichrome stain (x 100).
Inflammation is indicated by the yellow arrows, cartilage regeneration is shown by the green arrows, fibrosis or collagen deposition are shown by the blue arrows. (E) Iron
particles (blue dot) are present in the chondrocyte lacuna.
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sion was shown to significantly decrease inflammation (P < 0.001)
(Figure 1A) and fibrosis (P=0.050) (Figure 1C), and to improve car-
tilage regeneration (P < 0.001) (Figure 1B).

At the end of the first week after the administration of ASCs, in-
filtration of inflammatory cells, mostly chronic inflammatory cells,
was noted on both the treated side (Figure 2A and 2C) and the
opposite side (control side) (Figure 2B and 2D) of the cartilage
defect. However, the extent of this infiltration was greater on
the control side. By the end of the second week, cartilage re-
pair was more apparent on the ASCs treated side (Figure 3A and
3C), and inflammation was decreased more than on the control
side (Figure 3B and 3D). At the end of the fourth week, more
cartilaginous repair with less fibrosis and inflammation was ob-
served on the ASCS treated side (Figure 4A and 4C) than on
the control side (Figure 4B and 4D). The presence of iron parti-
cles in the chondrocyte lacunae was confirmed by iron staining
(Figure 4E).

MRI findings

Gradient echo T2 images in axial and coronal planes that were
obtained at 7-day intervals for 1 month were reviewed by a ra-
diologist who was blind to which side was the treated side and
which was the control side. Axial T2 and T2* images demonstrated
normal anatomy before infusion (Figure 5A and 5B).

The presence of iron was clearly confirmed on postinjection im-
ages, evident as low signal intensity on T2w and T2*w images, at
the level of the thyroid cartilage, in the right paratracheal location
(Figure 5C and 5D).

Discussion

This study suggests that ASCs significantly promoted laryn-
geal repair of surgically created cartilaginous defects in this rab-
bit model. This repair was accompanied by minimal scar tissue
formation. The results also demonstrated the valuable role of MRI
in tracking the repair, demonstrating that the ASCs were correctly
placed. MRI was also useful to track the fate of infused ASCs.

MRI is a noninvasive tool that can help monitoring placement
and integration of transplanted stem cells in the target area.’8-40
SPIONs were used as a contrast agent for MRIs in clinical and ex-
perimental situations. These nanoparticles, especially when coated
by dextran polysaccharide, have little or no effect on cell division,
viability, survival, and function of labeled cells.*!~#3 SPIONs have
also been approved by the Food and Drug Administration as safe
contrast agents for MRI.#4

Some studies have reported that labeled stem cells can interfere
with chondrogenic and osteogenic differentiation,*> but other stud-
ies have not shown any inhibitory effect of SPIONs on stem cell dif-
ferentiation to chondroblasts and osteoblasts.*6*’ The histopathol-
ogy results presented here suggest that there was an absence of in-
terference of SPIONs stem cell labeling on cartilage differentiation.
The results suggest ASCs have the potential to increase cartilage
regeneration. In addition to having the ability to transform bone,
cartilage, muscle, and adipose tissue in ASCs, like other MSCs, can
be harvested in large quantities with minimal donor morbidity.'?

Numerous studies have been performed on the use of ASCs in
the treatment of degenerative cartilage and bone diseases, such as
hip and knee osteoarthritis,*®-49 as well as cardiac diseases such as
ischemic heart disease.>®

Among the characteristics that make ASCs suitable for trans-
plantation, especially the allogenic type, is low immunogenicity in
terms of the low expression of major histocompatibility complex
class 11 molecules.”'->?

Among the prominent features of ASCs that enhances their abil-
ity to repair tissue is their secretion of mediators that control im-
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Figure 5. (A and B) Coronal T2 and T2* images of neck before injection. (A) Aster-
isk and white arrow indicate the trachea and level of the thyroid cartilage before
injection of the nanoparticles. (B) There is no significant susceptibility artifact in
paratracheal location as indicated by the arrow. (C and D) Coronal T2 and T2* im-
ages acquired 4 weeks after the injection. Asterisk and white arrow indicate the
trachea and level of the thyroid cartilage after the injection of the nanoparticles.
(D) T2* image confirms the presence of iron nanoparticles (small arrowheads) at
the injection site in the right paratracheal location.

munomodulation, inflammation, apoptosis, and angiogenesis.”>~>°
These mediators include anti-inflammatory cytokines such as inter-
leukin (IL) 10, IL-13, prostaglandin E2 immunosuppressor, vascular
endothelial growth factor messenger RNA, platelet-derived growth
factor, fibroblast growth factor, leptin, and collagen-1."5->8 Recent
studies indicated the prominent and promising role of exosomes
on MSCs cartilaginous regeneration.??-60

ASCs have a more significant immunomodulatory potential
than bone marrow-derived MSCs. The potential immunomodula-
tion ability of ASCs has been suggested to be related to secretion
of cytokines such as IL-6 and transforming growth factor-31.5!

A strength of our study is the histopathological examina-
tion and confirmation of the effect of ASCs on cartilaginous
regeneration. Moreover, the practical application of MRI track-
ing for transplanted cells has benefits compared with histo-
logical confirmation alone. Among the potential drawbacks of
this study was the short (1 month) duration of the investiga-
tion. However, the histologic alterations demonstrated on carti-
lage healing, suggests this is not a major issue. Being a pre-
clinical animal (ie, rabbit) model is another limitation. However,
these limitations must be viewed in light of the nature of the
research, ethical issues, and the statistical significance of the
findings.
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Conclusions

Laryngotracheal stenosis and scarring are major clinical con-
cerns. These results suggest that ASC perfusion of cartilaginous la-
ryngeal defects may have the potential to promote cartilage regen-
eration while decreasing fibrous tissue formation. This study also
showed the potential of MRI tracking to confirm correct ASC place-
ment and viability. This experimental pilot study can be used to
support future preclinical and then clinical trials.
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