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Abstract

Obijectives: Recently, our laboratory has discovered a self-innervating population of
muscle cells, called motor endplate-expressing cells (MEEs). The cells innately release
a wide variety of neurotrophic factors into the microenvironment promoting innerva-
tion when used as an injectable treatment. Unlike other stem cells, the therapeutic
potential of MEEs is dependent on the cells' ability to maintain phenotypical cell sur-
face proteins in particular motor endplates (MEPs). The goal of this study is to iden-
tify transport conditions that preserve MEE viability and self-innervating function.
Methods: Muscle progenitor cells (MPCs) of adult Yucatan pigs were cultured and
induced to generate MEEs. Effects of short-term cryopreservation methods were
studied on MPC and MEE stages. A minimally supplemented medium was investi-
gated for suspension-mediated transport, and MEEs were loaded at a constant con-
centration (1 x 107 cells/mL) into plastic syringes. Samples were subjected to varying
temperatures (4, 22, and 37°C) and durations (6, 18, 24, and 48 h), which was fol-
lowed by statistical analysis of viability. Transport conditions maintaining viability
acceptable for cellular therapy were examined for apoptosis rates and expression of
desired myogenic, neurotrophic, neuromuscular junction, and angiogenic genes.
Results: Cryopreservation proved detrimental to our cell population. However, a min-
imally supplemented medium, theoretically safe for injection, was identified. Trans-
port temperature and duration impacted cell viability, with warmer temperatures
leading to faster death rates prior to the end of the study. Transport conditions did
not appear to affect apoptotic rate. Any expression change of desirable genes fell
within the acceptable range.

Conclusions: Transport state, medium, duration, and temperature must be considered

during the transport of injectable muscle cells as they can affect cell viability and
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1 | INTRODUCTION

Cellular therapy has been at the forefront of research in regenerative
medicine for the past few decades. In recent years, numerous clinical
trials have begun to pave the way for transition from bench-side
research into mainstream clinical care.r™* Specifically, within the medi-
cal field of Otolaryngology, cellular therapy is being actively investi-
gated for its potential to address complex pathologies within the head
and neck region.>® Autologous muscle-derived cells (AMDCs) are a
particularly interesting cellular therapy because of unique ease of har-
vest (small muscle biopsy), incorporation into innate tissue, and poten-
tial to improve myogenic growth and function.” As an industrial leader
in this field, Cook Myosite is actively researching AMDCs, concur-
rently developing good manufacturing practice (GMP) procedures for
clinical trials.”

Our lab has studied AMDCs for laryngological applications includ-
ing laryngeal reconstruction and vocal fold paralysis.2*% Our initial
investigations used AMDCs alone, followed by genetically engineered
AMDCs that release neurotrophic factors.2°~2 With the goal of making
the model streamlined and safer, we then created a vector-free model
of a self-innervating muscle cells.’*1% In brief, AMDCs were differenti-
ated into myotubes (multinucleated cells), which were cultured to
induce the expression of aggregated cell surface proteins and motor
endplates (MEPs). As MEPs are most stable in the form of innervated
neuromuscular junctions (NMJs), the cells innately release various neu-
rotrophic factors triggering axonal sprouting/regeneration. Thus, we
refer to the cells as self-innervating or, more precisely, motor endplate-
expressing cells (MEEs). To date, we have found that MEEs innately
secrete neurotrophic factors, which encourage reinnervation in vivo,
lay down the framework for NMJ formation, and still holding the myo-
genic benefits of AMDCs.271315 Notably, our group recently discov-
ered that MEEs incorporate into native tissue and continue to have
functional gene expression even 1 month after the initial injection.'®
Despite both AMDCs and MEEs being derived from skeletal muscle
biopsies, widespread differences exist between AMDCs and MEEs,
including retention of “stemness” and trophic factor expression,
respectively. Thus, before MEE therapy can be brought into clinical tri-
als, there is a need to develop MEE-specific GMP protocols.

Integral to GMP protocol development includes understanding
cell reaction to transport. Depending on culture and administration
locations, cells may be subjected to varying transport times. Environ-
mental stressors are inherent, so understanding if MEE functionality
changes during transport holds the utmost importance. Furthermore,

an idealistic transport protocol would permit cells to be safely

expression of integral genes. These described factors are integral in the planning of
general cell transport and may prove equally important when the cell population uti-

lized for laryngeal injection is derived from a patient's own initial muscle biopsy.

autologous muscle-derived cells, laryngeal injection, neuro-muscular junction, neurotrophin

administered via injection directly upon arrival. Given the multiple
meticulous processing steps of freezing, thawing, and removing toxic
substances, cryofreezing already sits at a disadvantage.’” Suspended
state transport in commonly used cell culture media is also unaccept-
able considering toxic substances (phenol red) and other additives
(antibiotic-antimycotic molecules, animal serum) are not safe for
human injection. The former and latter, thus, reveal a need to identify
efficient and safe transport that maintains MEE viability and function-
ality, to optimize clinical application.

The effects of transport conditions have been studied for blood
products, whole organs, and a variety of stem cells.*®2° However, unlike
other stem cells, MEE transport conditions have to preserve both the cell
viability and the ability to maintain complex surface proteins (MEPs),
which result in their therapeutic benefit (the release of NFs). This is the
first study of its kind to investigate the ideal transportation conditions
for the MEE population. In this study, we investigate the effects of trans-
port state, medium, time, and temperature on cell viability, apoptosis,
and gene expression to better understand that the optimal manner

injectable MEEs can be transported for clinical administration.

2 | METHODS
21 | Autologous muscle progenitor cell isolation
and culture

A visual overview of the complete experiment is displayed in Figure 1.
Muscle progenitor cells (MPCs) were isolated from muscle biopsies of
Yucatan minipigs based on previously described methods.'*?* Further

detail available in Supporting Information S1.

2.2 | Differentiation and induction of MPCs
into MEEs

MPCs were cultured toward differentiation and subsequent induction
based on methods previously described by our group.'®?? Further

details are available in Supporting Information S1.

2.3 | Testing the effects of cryopreservation

In order to observe the effects of standard cryofreezing methods,

fresh MPCs were subjected to long-term (4 months) cryofreezing via
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standard methods, suspended in FBS with 10% DMSO (Sigma-Aldrich,
St. Louis, MO) at —80°C in 1.2 mL screw-top cryogenic vials.2® These
frozen MPCs were thawed, cultured to confluency, and then sub-
jected to our lab's MEE generation protocol. Relative gene expression
was measured in frozen MPCs, frozen-derived MEEs, freshly har-
vested MPCs, and fresh-derived MEEs. To further assess the effects
of such transport conditions on our cell population, MEEs created
from freshly harvested MPCs were cryopreserved for 24- and 48-h, in

order to see the effects on viability (n = 3).

24 | Selection of container for
suspension-transport

Plastic 1 mL slip tip syringes (Beckton, Dickinson and Company,
Franklin Lakes, NJ) were utilized rather than glass syringes or bottles
due to previously reported lack of difference in effect on stored cells,
lower cost, greater durability, and clinical ease of use.” Differing nee-
dle gauges were not tested, as our group has previously reported a
lack of difference in MEE survival.?4

2.5 | Selection of density utilized for
suspension-transport

A consistent density of 1 x 107 cell/mL medium was utilized through-
out this study, as this is the density our group continues to utilize dur-

ing in vivo studies.*>1¢

2.6 | Selection of temperature utilized for
suspension-transport

Temperatures of 4, 22, and 37°C were selected to stimulate the set-
tings of standard refrigeration, room temperature, and temperature at
which cultured cells are usually incubated.

2.7 | Selection of time utilized for
suspension-transport

Time points of 6, 12, 18, 24, and 48 h were selected to stimulate vari-

ous same-day, overnight, 1-day, and 2-day shipping.

2.8 | Selection of medium utilized in
suspension-transport

To maximize clinical utility and efficiency, transport medium
(TM) must be nontoxic to allow therapeutic injection upon arrival
at a health care site. Based on the previously reported efficacy
of high glucose Dulbecco's modified eagle medium (DMEM) in
the transport of cellular therapeutics, a minimally supplemented
medium of this base was utilized.?° Ultimately, MEEs were sus-
pended in either TM (high glucose DMEM with no phenol red,
no HEPES buffer, no fetal bovine serum (FBS), no sodium pyru-
vate [DMEM-m, Fischer], with 10 nM L-glutamine [Fischer]) or
1x phosphate buffered saline (PBS). PBS was incorporated into
the study to serve as a comparative control. Cell solutions were
then taken up into 1-mL plastic syringes through 16-gauge nee-
dles. Loaded syringes were capped and placed in environments
differing by temperature but free of light and supplemental CO,.
The pH was measured at 0, 24, 48, and 72 h to determine
changes in respective media via electronic probe or blinded pH

paper testing.

2.9 | Simulating MEE transport conditions

After determining that TM provided greater stability for physiologic
pH than PBS, additional testing was performed. MEEs suspended in
TM within syringes were placed in various temperatures (4, 22, and
37°C) and times (6, 12, 18, 24, and 48 h) free of light and supplemen-
tal CO5 (n = 3).

Thaw +
Culture Culture
Biopsy Cryopreserve 4 months Differentiation ::'
> P > > T — || —» -Gene Expression
1 nduction = |
N 4
Differentiation
FIGURE 1 lllustrative overview of the +Induction
experiment (created with BioRender.com). " 8h
Cryopreservation of MPCs and MEEs was ~TYODreserve, e 244 » -Viability
analyzed. Following the identification of a { N o
suitable transport medium, MEEs were | = 4°C
subjected to conditions of varying | N
. 2 " o -Viability
temperature and time (1 = fresh MPCs, Media @ 22°C 0-48h » -Apoptosis
2 = fresh derived MEEs, 3 = frozen Optimization = ¢ -Gene Expression
MPCs, and 4 = frozen derived MEEs). / 37°C
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FIGURE 2 (A) Gene expression profiles of fresh MPCs, MEEs derived from fresh MPCs (fresh d-MEEs), frozen MPCs, and MEEs derived from
frozen MPCs (frozen d-MEEs). Expression of (A-i) Myogenic Differentiation 1, (A-ii) Paired Box 7, (A-iii) Neurotrophin 3, (A-iv) Neurotrophin

4, (A-v) Docking Protein 7, (A-vi) Cholinergic Receptor Nicotinic Alpha 1 Subunit, and (A-vii) endothelial Nitric Oxide Synthase were measured

(n 2 3) (B) The percentage of MEEs (derived from fresh MPCs) alive following 24- and 48-h cryopreservation transport times, compared to the
viability of freshly harvested MEEs (n = 3) (*p < .05, **p < .01, ***p < .001, ****p < .0001, dotted line denotes fold change of one).

2.10 | Flow cytometry (cell viability and apoptosis
assessments)

Transported cells were initially characterized by assessing via-

bility and apoptosis rate via methods previously described by

our group.?* Of note, only samples above our established
viability threshold of 80% (10% above the Food and Drug

Administration's recommendation) were further analyzed for

apoptotic rate.?> Further details are available in Supporting

Information S1.
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2.11 | Polymerase chain reaction (apoptotic and
MEE-related gene expression)

Transport samples above the viability threshold were also tested for
gene expression as previously described by our group.’® Further
details are available in Supporting Information S1, including polymer-

ase chain reaction targets in Table S1.

2.12 | Statistical analysis

GraphPad Prism was utilized for data graphing and statistical analysis.
p < .05 was utilized throughout for statistical significance. Tukey or
Dunnett Multiple Comparison tests were utilized as appropriate for
viability and gene expression analysis. Regression lines (setting
y-intercepts at respective starting media pH's) were calculated when

analyzing media pH changes.

3 | RESULTS

3.1 | Effect of cryopreservation on MEE behavior
When MPCs were subjected to standard cryopreservation methods,
there proved to be detrimental effects on eventual gene expression.
Frozen-derived MEEs had significantly altered expression of numer-
ous myogenic, neurotrophic, NJM-formation, and angiogenic genes
when compared with MEEs derived from fresh MPCs (Figure 2A i-vii).
Additionally, cryopreservation proved significantly detrimental to the
viability of MEEs derived from freshly harvested MPCs, with drops of
17.01% and 17.55% at short-term 24- and 48-h transport times,
respectively (Figure 2B).

3.2 | MediapH test

The starting pH of TM and PBS were 8.32 and 7.30, respectively.
With the exception of cells suspended in TM at 37°C, this medium

had only modest changes in pH across the 48-h transport time when
used for cell suspension (Figure 3). Given the ability to remain above
average physiological pH (7.4) in the majority of transport tempera-
tures with fresh derived MEEs, the previously reported advantage of a
DMEM-based medium was confirmed, and TM was ultimately
selected as the TM for our study.*?

3.3 | Viability of fresh MEEs across transport
conditions

The proportion of fresh-derived MEEs lacking propidium iodine
(PI) positivity is reported as a percentage alive within a viability
plot (Figure 4). The starting viability of all samples averaged just
below 93%. A total of 4°C presented as the best transport temper-
ature, maintaining 80% of cells alive through 24 h. A total of 22°C
also proved to be a relatively effective transport temperature, with
maintaining the viability through 18 h. MEEs stored at 37°C quickly
dropped below 80% alive within the first 6 h. Significant differ-
ences in viability between freshly harvested MEEs (0 h) and those
stored at 4, 22, and 37°C were reached by 48, 24, and 6h

(respectively).

3.4 | Effects of transport on MEE apoptosis

The effects of transport time and temperature were analyzed to
understand the impact of these respective parts of the transport pro-
cess. With 4°C transport maintaining the highest viability throughout
the study, samples at this temperature were selected to examine the
effect of differing transport times. Additionally, given the viability of
MEEs was only close to the 80% threshold at the 6 h, samples at this
timepoint were selected to examine the effect of differing transport
temperatures. Neither transport time nor temperature led to signifi-
cant changes in the expression of apoptotic marker p53 (Figure 5A).
Such results were confirmed via flow cytometry, with only a small per-
centage of cells in each transport sample residing in early apoptosis
(Figure 5B).

Change in Media pH Over Time
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FIGURE 3 Media pH changes over 6 )
time at differing temperatures for fresh
derived MEEs suspended in DMEM-based
transport medium (TM) and PBS, displayed 5 T T T T
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multiple data points). Time (h)
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FIGURE 5 Apoptotic gene expression profiles of MEEs (derived from fresh MPCs) relative to freshly harvested MPCs that were freshly
harvested and those subjected to differing transport (A-i) times and (A-ii) temperatures (n > 3). Representative dot plots of MEEs at (B-i) latest
timepoint and at (B-ii) highest temperature (4°C 24 h and 37°C 6 h, respectively) displaying consistent relatively low percentages of cells in early
apoptosis (A = alive, D = dead [PI+], EA = early apoptosis [Annexin V-FITC+], N/LA = necrosis/late apoptosis [Pl+ and Annexin V-FITC+],

* = constant temperature of 4°C, # = constant time of 6 h). Interestingly, the expression of p53 in MEEs derived from frozen MPCs was similar
to that of freshly derived MEEs (Figure S2).
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3.5 | Effects of suspension transport on MEE gene
expression

Further analysis was conducted to examine the effect of transport on
fresh-derived MEE functionality. Transport time and temperature
appear to have a widespread effect on myogenic gene expression
(Figure 6A,B). Regarding neurotrophic genes, transport time and tem-
perature both had a widespread effect on NTF3 expression
(Figure 6C), but neither transport variable had a significant effect on
NTF4 expression (Figure 6D). Neither time nor temperature signifi-
related to NMJs
(Figure 6E,F). Temperature seemed to have a greater impact on angio-

cantly impacted the expression of genes

genic gene expression than time (Figure 6G).

4 | DISCUSSION

Critical to cellular therapeutic development is ensuring the cellular
product profile is maintained from creation on-site to clinical adminis-
tration off-site. MEEs present a special challenge given that self-
innervating ability is entirely dependent on the capacity to maintain
healthy but non-innervated MEPs. Thus, developing an effective
transport protocol for autologous MEEs must maintain cells and sur-
face MEPs in healthy states so they can actively release neurotrophic
factors. Such a protocol will facilitate MEE utility in the clinical setting.
Herein, we studied how MEE survival, health, and quality can be main-

tained through examining differences in transport state, medium, time,

(A) (B)

MYODI PAX7
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40

20

Fold Change (relative to fresh MPCs)
Fold Change (relative to fresh MPCs)

and temperature. Our study revealed that effective suspension-
mediated transport is plausible in a medium free of toxic or xeno-

graphic additives when kept at colder temperatures, for up to 24 h.

41 |
behavior

Effects of MPC cryopreservation on MEE

Despite its utility for long-term storage of skeletal muscle cells, we
found cryopreservation unsuitable for short-term transport.2® Cryo-
freezing at the MPC stage deterred desirable gene expression when
generating MEEs, as evident by statistical differences in all measured
genes (Figure 2A). The cryopreservation process imparts inherent
stress on cells through the freeze-thaw cycle leading to external
structural and internal functional damage.?” The upregulation of
NOS3 detected would be consistent with cellular strain, as NOS3 has
been shown to be related to oxidative and ischemic stress and is influ-
ential in angiogenesis.?®=3° Furthermore, our findings suggest
cryopreservation-related stress may impact gene expression through
multiple mechanisms: premature differentiation of MPCs or MPCs
dedifferentiation (initial or sustained). The former is supported by the
fact that MyoD expression returns to low levels near the end of
the myoblast differentiation process.® The latter is supported by the
upregulation of PAX7, potentially maintaining a pool of quiescent
undifferentiated progenitor (satellite) cells that retain the ability for
regenerative capacities, remodeling, and further proliferation.®%2

Regardless of the exact mechanism, a shift away from intentional
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FIGURE 6 Gene expression profiles of freshly harvested MEEs (derived from fresh MPCs) in comparison with MEEs stored at various times
and temperatures. Expression of (A) myogenic differentiation 1, (B) paired box 7, (C) neurotrophin 3, (D) neurotrophin 4, (E) docking protein

7, (F) cholinergic receptor nicotinic alpha 1 subunit, and (G) endothelial Nitric Oxide Synthase were measured and analyzed based on differences
in transport time or temperature (n = 3) (*p < .05, **p < .01, ***p < .001, dotted line denotes fold change of 1).
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differentiation during our MEE induction protocol was associated with
decreased expression of NMJ-induction genes and NTF3 (a factor in
muscle spindle differentiation), feasibly explained by a protective
physiologic shift toward premature differentiation or dedifferentia-
tion. 3334 Considering that NTF3 and NTF4 preferentially influence dif-
ferent receptor tyrosine kinase (Trk) pathways (TrkC and TrkB,
respectively), the fact that NTF3 expression declined while NTF4
simultaneously increased is not surprising.®® In contrast to NTF3,
NTF4 has been shown to be upregulated following injury, have pro-
tective effects, and assist in beneficial remodeling in aging
muscle.®>~%7 Thus, NTF4 upregulation, similar to NOS3, likely plays a

role in cellular stress response.

4.2 |
behavior

Effects of MEE cryopreservation on MEE

Cryopreservation at the MEE stage also revealed detrimental effects
at a cellular level, observed by the statistically significant fall in cell
viability at the studied timepoints (Figure 2B). Such falls in viability are
likely due to the stress of the fresh-thaw cycle and less from transport
time as similar end viabilities were observed at both 24 and 48 h in
the cryopreserved groups.27 Coupled with the fact that additional
washes would be required to rid cell samples of toxic cryoprotectant
additives to assure safety prior to injection, cryopreservation is not
optimal for short-term transport to a clinical setting. However, further
investigation is warranted to assess whether cryopreservation can sig-
nificantly impact differentiated MEEs past the point of revival follow-

ing long-term storage.

43 | MediapH test

With respect to its utility in suspension-mediated transport, a mini-
mally supplemented DMEM-based medium proved effective per its
buffering ability (Figure 3). DMEM contains alkaline bicarbonate,
which holds a greater capacity to balance acidic metabolites produced
by cells in anaerobic conditions when compared with PBS, which sim-
ply contains inorganic salts. By maintaining a medium pH above physi-
ologic pH (7.4) across preferable temperature conditions for 48 h with
cells in suspension, a cellular solution that is also free of toxic or xeno-
graphic additives would likely be safe to inject into humans after
transport.

44 | Viability of fresh MEEs across transport
conditions

When MEEs suspended in TM were formally subjected to differing
transport conditions, the temperature had an inverse relationship with
viability (Figure 4). This observation is consistent with the phenome-
non that metabolic rate is related to environmental temperature.®®

Our TM contains essential amino acids and glucose. When

temperature is low, plasma membranes are more rigid (limiting nutri-
ents crossing) and activation energies of enzymatic reactions are not
reached as easily.3® This creates an environment promoting basal sur-
vival rather than proliferation. When temperatures are high, the oppo-
site is true as illustrated by why many cells (including skeletal muscle)
are cultured at 37°C. Along with increased metabolism and cell turn-
over are increases in the related internal metabolic stress and medium
pH change (generating environmental stress). This explains why cell
viability is maintained longest at the coldest 4°C temperature. An
additional explanation for the apparent latent effect of transport time
on viability in the 4 and 22°C samples, includes the fact that MEEs are
being transferred from medium with serum (induction medium) to one
without serum (TM) as they are harvested from culture flasks and pre-
pared for transport. Such a change in preferred nutrient source, going
from aerobic to anaerobic environments, and being held in cooler
temperatures likely leads to changes in metabolism type occurring
within MEEs. Transitioning from oxidative breakdown of lipids in
serum to anaerobic glycolysis of glucose in serum-free medium takes
time as a cell needs to sense the environmental change and then

adjust internal mechanisms.

45 | Effects of transport on MEE apoptosis
Interestingly, apoptosis did not appear to be affected by transport
conditions of time nor temperature as evidenced by gene expression
and cell marker tagging (Figure 5). Despite this, there was an observed
increase in TP53 expression relative to MPCs. These observations
appear consistent with the proposed theory that differentiated skele-
tal muscle cells have increased resistance to apoptosis secondary to
increased expression of antiapoptotic factors, and as a result, prefer-
entially undergo programmed autophagy.>?*° This warrants attention,
demonstrating potential added robustness of skeletal muscle for cellu-
lar therapy. This could also serve as direction for future study, as
genes specifically upregulated in MEEs secondary to significant stress
would provide insight into cell behavior.

4.6 | Effects of suspension transport on MEE gene
expression

The FDA recommends that somatic cellular therapies should have at
least 70% viability when submitting for approval.2®> We imposed a cut-
off of 80% viability as suitable for MEE injection to further optimize
the efficacy of this cellular therapeutic. In transport samples that
maintained the viability cutoff, any change in gene expression (com-
pared with freshly harvested MEEs) was within the relative acceptable
range (Figure 6). NTF4, DOK7, and CHRNA1 expressions did not differ
significantly from freshly harvested MEEs in any of the analyzed sam-
ples. NTF3 expression did decline over time in many samples. How-
ever, the fold change dropped minimally from 2 to 1 suggesting the
drop may simply be a result of moving the MEEs out of the induction
medium. With respect to NOS3 expression, considering that at 4°C
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expression increases at 18 h but decreases back to comparable levels
at 24 h, such change is likely due to the slight inherent variability that
is associated with testing gene expression. However, when analyzing
NOS3 expression in samples where temperature increases above 4°C,
such observations are likely explained by the previously described
relationship between temperature and metabolism (and related oxida-
tive stress).?673% With the 18 h 4°C transport group being the only
sample (paying close attention to 24 h 4°C) significantly different from
fresh MEEs with respect to PAX7 expression, this likely was also due
to inherent variation of gene expression measurements. Despite wide-
spread minimal decreases in MyoD fold change being similar to those
seen in NTF3, it is worth mentioning that such an observation may be
the response of the MEEs securing a sufficient satellite precursor cell
pool as hypothesized in the cryopreserved samples.3 This is notewor-
thy, as this reveals the ability of MEEs to maintain desirable gene

expression and regenerative ability through the transport process.

5 | CONCLUSION

This study identifies a transport protocol for MEE cells to be shipped
overnight within a physiologic culture medium, thereby standardizing
bench-to-bedside processing. Our data reveal the robustness of MEEs
through maintained cell viability, desirable gene expression, and
regenerative capacity at cold temperatures (4°C) and various time-
points (up to 24 h), when suspended in a minimally supplemented
DMEM-based medium. When clinically translated, the MEE cells in
TM could be safely injected into the larynx upon arrival at any health-
care facility, thereby facilitating widespread distribution of this inject-

able therapy.

ACKNOWLEDGMENTS

We would like to thank the Purdue University Cytometry Laboratories
(K Ragheb), the Weldon School of Biomedical Engineering Preclinical
Studies Research Team (M Bible, T Moller, G Brock, L Carrell), and the
Yucatan minipigs from which muscle biopsies were harvested. This
research was funded in part by the National Institute of Deafness and
Communication Disorders (NIDCD) within the National Institutes of
Health through award numbers 5R01DC014070-08 (PI: S. Halum) and
5R01DC019632-02 (MPIs: S. Halum and S. Voytik-Harbin). Additional
support from this study was made possible through the Indiana Clini-
cal and Translational Sciences Institute (CTSI) Medical Student Train-
ing Applied to Research (MedSTAR) fellowship award, with partial
funding from grant number UL1TR002529 (MPIs: S. Moe and
S. Wiehe) from the National Institutes of Health, National Center for
Advancing Translational Sciences, Clinical and Translational Sciences
Award. This article's content is solely that of the authors and does not
necessarily represent the official views of the National Institutes of
Health.

ORCID
Samuel L. Kaefer = https://orcid.org/0000-0002-6629-4895

Lujuan Zhang ' https://orcid.org/0000-0001-8590-7987

Sarah Brookes ¥ https://orcid.org/0000-0003-1990-7254

Rachel A. Morrison = https://orcid.org/0000-0002-4700-5947

REFERENCES

1. Freitag J, Bates D, Wickham J, et al. Adipose-derived mesenchymal
stem cell therapy in the treatment of knee osteoarthritis: a random-
ized controlled trial. Regen Med. 2019;14:213-230.

2. Gjerde C, Mustafa K, Hellem S, et al. Cell therapy induced regenera-
tion of severely atrophied mandibular bone in a clinical trial. Stem Cell
Res Ther. 2018;9:213.

3. Moroni F, Dwyer BJ, Graham C, et al. Safety profile of autologous
macrophage therapy for liver cirrhosis. Nat Med. 2019;25:1560-
1565.

4. Grether-Beck S, Marini A, Jaenicke T, et al. Autologous cell therapy
for aged human skin: a randomized, placebo-controlled, phase-I study.
Skin Pharmacol Physiol. 2020;33:9-16.

5. Morisaki T, Kishimoto Y, Tateya |, et al. Adipose-derived mesenchy-
mal stromal cells prevented rat vocal fold scarring. Laryngoscope.
2017;128:E33-E40.

6. Nativ-Zeltzer N, Kuhn MA, Evangelista L, et al. Autologous muscle-
derived cell therapy for swallowing impairment in patients following
treatment for head and neck cancer. Laryngoscope. 2021;132:
523-527.

7. Jankowski RJ, Tu LM, Carlson C, et al. A double-blind, randomized,
placebo-controlled clinical trial evaluating the safety and efficacy of
autologous muscle derived cells in female subjects with stress urinary
incontinence. Int Urol Nephrol. 2018;50:2153-2165.

8. Brooke S, Voytik-Harbin S, Zhang H, Halum S. Three-dimensional
tissue-engineered skeletal muscle for laryngeal reconstruction. Laryn-
goscope. 2018;128:603-609.

9. Brookes S, Voytik-Harbin S, Zhang H, Zhang L, Halum S. Motor
endplate-expressing cartilage-muscle implants for reconstruction of a
denervated hemilarynx. Laryngoscope. 2019;129:1293-1300.

10. Halum SL, Naidu M, Delo DM, Atala A, Hingtgen CM. Injection of
autologous muscle stem cells (myoblasts) for the treatment of vocal
fold paralysis: a pilot study. Laryngoscope. 2007;117:917-922.

11. Halum SL, Hiatt KK, Naidu M, Sufyan AS, Clapp DW. Optimization of
autologous muscle stem cell survival in the denervated hemilarynx.
Laryngoscope. 2008;118:1308-1312.

12. Halum SL, McRae B, Bijangi-Vishehsaraei K, Hiatt K. Neurotrophic
factor-secreting autologous muscle stem cell therapy for the treat-
ment of laryngeal denervation injury. Laryngoscope. 2012;122:2482-
2496.

13. Paniello RC, Brookes S, Bhatt NK, Bijangi-Vishehsaraei K, Zhang H,
Halum S. Improved adductor function after canine recurrent laryngeal
nerve injury and repair using muscle progenitor cells. Laryngoscope.
2018;128:E241-E246.

14. Bijangi-Vishehsaraei K, Blum K, Zhang H, Safa AR, Halum SL. Microar-
ray analysis gene expression profiles in laryngeal muscle after recur-
rent laryngeal nerve injury. Ann Otol Rhinol Laryngol. 2016;125:
247-256.

15. U.S. utility patent application filed for PRF Ref. No. 67585 "Primed
muscle progenitor cells and uses" (67585-02) with the United States
Patent & Trademark Office (USPTO) on April 27. 2018.

16. Kaefer SL, Zhang L, Morrison RA, et al. Early changes in porcine laryn-
ges following injection of motor-endplate expressing muscle cells for
the treatment of unilateral vocal fold paralysis. Laryngoscope. 2024;
134(1):272-282.

17. Shu Z, Heimfeld S, Gao D. Hematopoietic SCT with cryopreserved
grafts: adverse reactions after transplantation and cryoprotectant
removal before infusion. Bone Marrow Transplant. 2014,;49:469-476.

18. Jansen J, Nolan PL, Reeves M, et al. Transportation of peripheral
blood progenitor cell products: effects of time, temperature and cell
concentration. Cytotherapy. 2009;11:79-85.


https://orcid.org/0000-0002-6629-4895
https://orcid.org/0000-0002-6629-4895
https://orcid.org/0000-0001-8590-7987
https://orcid.org/0000-0001-8590-7987
https://orcid.org/0000-0003-1990-7254
https://orcid.org/0000-0003-1990-7254
https://orcid.org/0000-0002-4700-5947
https://orcid.org/0000-0002-4700-5947

Laryngoscope
10 of 10 .

19.
20.

21.

22.
23.
24.

25.

26.

27.

28.

29.

30.

31.

KAEFER ET AL.

Guibert EE, Petrenko AY, Balaban CL, Somov AY, Rodriguez JV,
Fuller BJ. Organ preservation: current concepts and new strategies
for the next decade. Transfus Med Hemother. 2011;38:125-142.

Yu N, Chun SY, Ha Y, et al. Optimal stem cell transporting conditions
to maintain cell viability and characteristics. Tissue Eng Regen Med.
2018;15:639-647.

Liu L, Cheung T, Charville G, et al. Isolation of skeletal muscle stem cells
by fluorescence-activated cell sorting. Nat Protoc. 2015;10:1612-1624.
Brookes S, Zhang L, Puls TJ, Kincaid J, Voytik-Harbin S, Halum S.
Laryngeal reconstruction using tissue-engineered implants in pigs: a
pilot study. Laryngoscope. 2021;131:2277-2284.

Whaley D, Damyar K, Witek RP, Mendoza A, Alexander M,
Lakey JRT. Cryopreservation: an overview of principles and cell-
specific considerations. Cell Transplant. 2021;30:1-12.

Awonusi O, Harbin ZJ, Brookes S, et al. Impact of needle selection on
survival of muscle-derived cells when used for laryngeal injections.
J Cell Sci Therapy. 2022;14:1-14.

U.S. Food and Drug Administration. Content and review of chemistry,
manufacturing, and control (CMC) information for human somatic cell
therapy investigational new drug applications (INDs). Centers for Bio-
logics Evaluation and Research. Updated February 14; 2020. 20 p.
FDA-2008-D-0206. Accessed December 2, 2022. https://www.fda.
gov/regulatory-information/search-fda-guidance-documents/content-
and-review-chemistry-manufacturing-and-control-cmc-information-
human-somatic-cell-therapy

Grant L, Raman R, Cvetkovic C, et al. Long-term cryopreservation and
revival of tissue-engineered skeletal muscle. Tissue Eng Part A. 2019;
25:1023-1036.

Chow-shi-yée M, Grondin M, Ouellet F, Averill-Bates DA. Control of
stress-induced apoptosis by freezing tolerance-associated wheat
cryopreservation of rat hepatocytes. Cell Stress Chaperones. 2020;25:
869-886.

Zhen J, Lu H, Wang XQ, Vaziri ND, Zhou XJ. Upregulation of endo-
thelial and inducible nitric oxide synthase expression by reactive oxy-
gen species. Am J Hypertens. 2008;21:28-34.

Wu KK. Regulation of endothelial nitric oxide synthase activity and
gene expression. Ann N'Y Acad Sci. 2002;962:122-130.

Namba T, Koike H, Murakami K, et al. Angiogenesis induced by endo-
thelial nitric oxide synthase gene through vascular endothelial growth
factor expression in a rat hindlimb ischemia model. Circulation. 2003;
108:2250-2257.

Olguin HC, Pisconti A. Marking the tempo for myogenesis: Pax7 and
the regulation of muscle stem cell fat decisions. J Cell Mol Med. 2012;
16:1013-1025.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Olguin HC, Olwin BB. Pax-7 up-regulation inhibits myogenesis and
cell cycle progression in satellite cells: a potential mechanism for self-
renewal. Dev Biol. 2004;275:375-388.

Sakuma K, Yamaguchi A. The recent understanding of the Neurotro-
phin's role in skeletal muscle adaptation. J Biomed Biotechnol. 2011;
2011:201696.

Oakley RA, Lefcort FB, Clary DO, et al. Neurotrophin-3 promotes the
differentiation of muscle spindle afferents in the absence of periph-
eral targets. J Neurosci. 1997;17:4262-4274.

Malik SZ, Motamedi S, Royo NC, LeBold D, Watson DJ. Identification
of potentially neuroprotective genes upregulated by neurotrophin
treatment of CA3 neurons in the injured brain. J Neurotrauma. 2011;
28:415-430.

Van Westerlaak MG, Bar PR, Cools AR, Joosten EA. Malonate-
induced cortico-motoneuron death is attenuated by NT-4, but not by
BDNF or NT-3. Neuroreport. 2001;12:1355-1358.

Stemple JC, Andreatta RD, Seward TS, Angadi V, Dietrich M,
McMullen CA. Enhancement of aging rat laryngeal muscles with
endogenous growth factor replacement. Physiol Rep. 2016;4:e12798.
Chen T, Zhang S, Jin H, et al. Nonfreezing low temperatures maintains
the viability of menstrual blood-derived endometrial stem cells under
oxygen-glucose deprivation through the sustained release of autophagy-
produced energy. Cell Transplant. 2022;31:09636897221086971.

Xiao R, Ferry AL, Dupont-Versteegden EE. Cell death-resistance of
differentiated myotubes is associated with enhanced anti-apoptotic
mechanisms compared to myoblasts. Apoptosis. 2011;16:221-234.
Schwartz LM. Skeletal muscle do not undergo apoptosis during either
atrophy or programmed cell death-revisiting the myonuclear domain
hypothesis. Front Physiol. 2019;9:1887.

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Kaefer SL, Zhang L, Brookes S,
Morrison RA, Voytik-Harbin S, Halum S. Optimizing transport
methods to preserve function of self-innervating muscle cells
for laryngeal injection. Laryngoscope Investigative
Otolaryngology. 2024;9(6):€1259. doi:10.1002/1i02.1259


https://www.fda.gov/regulatory-information/search-fda-guidance-documents/content-and-review-chemistry-manufacturing-and-control-cmc-information-human-somatic-cell-therapy
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/content-and-review-chemistry-manufacturing-and-control-cmc-information-human-somatic-cell-therapy
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/content-and-review-chemistry-manufacturing-and-control-cmc-information-human-somatic-cell-therapy
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/content-and-review-chemistry-manufacturing-and-control-cmc-information-human-somatic-cell-therapy
info:doi/10.1002/lio2.1259

	Optimizing transport methods to preserve function of self‐innervating muscle cells for laryngeal injection
	1  INTRODUCTION
	2  METHODS
	2.1  Autologous muscle progenitor cell isolation and culture
	2.2  Differentiation and induction of MPCs into MEEs
	2.3  Testing the effects of cryopreservation
	2.4  Selection of container for suspension‐transport
	2.5  Selection of density utilized for suspension‐transport
	2.6  Selection of temperature utilized for suspension‐transport
	2.7  Selection of time utilized for suspension‐transport
	2.8  Selection of medium utilized in suspension‐transport
	2.9  Simulating MEE transport conditions
	2.10  Flow cytometry (cell viability and apoptosis assessments)
	2.11  Polymerase chain reaction (apoptotic and MEE‐related gene expression)
	2.12  Statistical analysis

	3  RESULTS
	3.1  Effect of cryopreservation on MEE behavior
	3.2  Media pH test
	3.3  Viability of fresh MEEs across transport conditions
	3.4  Effects of transport on MEE apoptosis
	3.5  Effects of suspension transport on MEE gene expression

	4  DISCUSSION
	4.1  Effects of MPC cryopreservation on MEE behavior
	4.2  Effects of MEE cryopreservation on MEE behavior
	4.3  Media pH test
	4.4  Viability of fresh MEEs across transport conditions
	4.5  Effects of transport on MEE apoptosis
	4.6  Effects of suspension transport on MEE gene expression

	5  CONCLUSION
	ACKNOWLEDGMENTS
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


