¢/

GLOBAL PEN

-1

A Novel, Sterilized Microvascular Tissue Product
Improves Healing in a Murine Pressure Ulcer Model

Jeffrey M. Gimble, MD, PhD*y}
Trivia Frazier, PhD*¥

Xiying Wu, MD*

Andrea Alarcon Uquillas, BS*
Claire Llamas, BSt

Theodore Brown, BS, MS+
Doan Nguyen, PhD

H. Alan Tucker, BS}

Douglas M. Arm, PhD§

Dale R. Peterson, PhD§
Bruce A. Bunnell, PhD+

Background: Processed microvascular tissue (PMVT), a human structural allograft,
is derived from lyophilized human tissue containing microcirculatory cellular com-
ponents. Since PMVT serves as a source of extracellular matrix (ECM), growth
factors, cytokines, and chemokines modulating angiogenesis, inflammation, apop-
tosis, and endogenous cell recruitment, we hypothesized its application would ac-
celerate wound regeneration in a validated pressure ulcer (PU) model developed
in C57BL/6 mice using two 24-hour cycles of skin ischemia/reperfusion created by
placement and removal of external magnets.

Methods: Two identical PU injuries (n = 50 female mice) were treated with (a) topical
particulate PMVT, (b) injected rehydrated PMVT, or (c) saline control injection, and
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assessed daily for closure rates, scab formation/removal, and temperature. A baseline
control cohort (n = 5) was euthanized at day 0 and treatment group cohorts (n = 5)
were killed at 3, 7, or 14 days postinjury. The PU injuries were collagenase-digested
for flow cytometric analysis of inflammatory, reparative, and stem cell frequencies and
analyzed by hematoxylin and eosin (H&E) histology and immunofluorescence.
Results: PMVT-accelerated wound closure, most notably, topical PMVT significant-
ly increased mean closure from d5 (13% versus -9%) through d13 (92% versus
38%) compared with phosphate-buffered saline (PBS) controls (P< 0.05). PMVT
also hastened scab formation/removal, significantly accelerated disappearance of
inflammatory myeloid (CD11b+) cells while upregulating o-smooth muscle actin,
vascular endothelial growth factor A, and placental growth factor and raised skin
temperature surrounding the PU site, consistent with increased blood flow.
Conclusions: These results indicate that PMVT has potential as an advanced
treatment for restoring normal tissue function in ischemic wounds and mer-
its clinical study. (Plast Reconstr Surg Glob Open 2018;6:¢2010; doi: 10.1097/
GOX.0000000000002010; Published online 21 November 2018.)

INTRODUCTION
The number of individuals at risk for pressure ulcers is
expected to increase considerably in the coming decades,
due to an increase in life expectancy in the United States and
abroad. In developed countries, up to 18% of nursing home
residents suffer from pressure ulcers and the resulting hos-
pital costs can account for up to 4% of a nation’s health care
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budget.'”® Current standard of care for pressure ulcer/inju-
ries relies on prevention, surgical debridement, skin flaps,
negative pressure wound vacuums, acellular dermal grafts
or bandages, and topical application of platelet-derived
growth factor (PDGF).** The latter therapy, marketed un-
der the trade name Regranex, is approved by the Food and
Drug Administration, but is accompanied by a “Black Box”
warning label due to the growth factor’s association with in-
creased cancer risk."” Thus, there remains a pressing need
for more efficacious and economical therapeutic options to
improve the quality of life for pressure injury patients and to
relieve the resulting societal healthcare burden.
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Preclinical rodent studies conducted by multiple labo-
ratories, including our own, have demonstrated that cyclic,
localized ischemia and reperfusion created by exposure
to magnets most closely mimics the human pressure ulcer
condition."”'* These models have been used successfully
to demonstrate the utility and efficacy of cell injections
or topical application of cytokines to accelerate and en-
hance the rate of wound healing in the rodent model. The
injection of syngeneic murine adipose-derived stromal/
stem cells (ASC) into the base of pressure ulcers has been
found to accelerate wound closure rates by up to 2 days in
both young (2—4 month) and old (22-24 month) female
C57BL/6 mice."*' Such cell-based therapies, by implant-
ing a living cell that can persist for an extended period of
time, offer the advantage of continuous delivery of secret-
ed factors at the site of injury. Nevertheless, the regulatory
approval process for cell therapy approaches is complex.
In addition, cell therapeutic products are subject to exten-
sive lot release criteria that may include tests of bacterial,
endotoxin, and viral contamination, functionality, surface
immunophenotype, and viability.!”

As an alternative to live cells, multiple independent
teams are exploring cell and tissue-derived products.'’®
Investigators have begun to use purified cell-derived exo-
somes and tissue-derived extracellular matrix products
as substitutes for live cells in wound repair models. The
current study sought to extend this body of literature by
evaluating the efficacy of a processed microvascular tissue
(PMVT) product. PMVT is a proprietary, aseptically pro-
cessed, lyophilized, and sterilized human tissue-derived
product manufactured by MicroVascular Tissues, Inc. un-
der the trade name of mVASC. It is obtained, processed,
and distributed in compliance with current Good Tissue
Practices and regulated by Food and Drug Administration
as a human tissue intended for transplantation. Both in
vivo and in vitro quantitative parameters were used to char-
acterize the temporal kinetics and histology of pressure ul-
cers in a murine ischemia/reperfusion injury model.

METHODS

Animal Welfare

This study was performed under a protocol entitled
“Adipose-Derived Stromal/Stem Cell Therapy for Pressure
Ulcers” (4303R) approved by the Tulane University Insti-
tutional Animal Care and Use Committee (May 31, 2016).
C57BL/6 female (6-8 week old) mice were purchased
from Charles River Laboratories (MA) and housed in the
Vivarium of the Tulane University School of Medicine De-
partment of Comparative Medicine with routine veterinary
oversight. Euthanasia was performed in accordance with
Association for Assessment and Accreditation of Laborato-
ry Animal Care (AAALAC)-approved methodologies (CO,
asphyxiation with secondary thoracic incision).?

‘Wound Induction

The pressure ulcer model used was previously report-
ed, and this study was conducted with slight modifications
to adjust for PMVT therapy.'*!* Briefly, mice were placed
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under anesthesia using a mixture of isoflurane and oxygen
delivered by mask, and the hair on the dorsum was shaved.
The dorsal skin was gently pulled up and placed between
2 circular 12-mm diameter magnets (Master Magnetics,
Inc., Castle Rock, CO, http://www.magnetsource.com)
for 12 hours and removed for 12 hours for 1 ischemia-
reperfusion (IR) cycle. Mice were exposed to 2 IR cycles,
corresponding to day -2 and day -1, respectively, resulting
in 2 wounds per mouse after 2 days of induction. Day 0
corresponds to the first day following the completion of
the IR and is used as the starting point for the remainder
of the study dates listed below (day 1 to 14).

Wound Healing Treatment and Evaluation

The 3 groups (n = 15 mice per cohort) within the study
were PMVT delivered by injection, topical application of
PMVT, and phosphate-buffered saline (PBS) injection as a
control. For the 2 injection groups, wounds were treated
by direct injection of 0.25ml of the resuspended PMVT
product (PMVT1) or PBS control per individual wound
site on the immediate day following the completion of the
ischemia reperfusion (day 0). PMVT was resuspended at
the time of injection by adding 0.5ml of water to 1 vial. In-
jections were performed with a 19-gauge needle. For the
topical PMVT group, wounds were treated by topical place-
ment of half a vial of the lyophilized PMVT product directly
to each individual wound bed (PMVTZ2) 2 days following
the ischemia reperfusion induction (day 2). Wounds in
all 3 experimental arms were covered with Adaptic Touch
dressings. For topical application, each vial of PMVT was
opened and the lyophilized product removed, weighed,
and separated into 2 equal amounts. The PMVT?2 treatment
was delayed 1 day relative to PMVT1 to allow for sufficient
exudate release within the wound bed to insure application
of the topical powder. Wounds were assessed daily for size
and closure. The wound closure was assessed relative to the
size/area of the wound at day 2 (2 days following ischemia/
reperfusion), which was defined as “0%” closure. The mice
were monitored daily by researchers until the day of sac-
rifice (groups of n = 5 mice per cohort were euthanized
on days 3, 7, or 14 following the completion of ischemia
reperfusion). A digital carbon fiber caliper (Thermo Fisher
Scientific) was positioned at the borders of the wounds to
measure the length and width of each wound. Wound size
was calculated based on the area of an ellipse = Radius of
the length x Radius of the width x 7 (3.14). On the day of
sacrifice, mice were euthanized by CO, asphyxiation.

Flow Cytometry

The expression profile of surface antigens was as-
sessed between the treatment groups by flow cytometry
at day 3, 7, and 14 following pressure ulcer induction in
dermal cells released by collagenase digestion (Figs. 1,
2). As an additional control, tissue from wounds harvest-
ed at day 0 (immediately following the completion of the
ischemia reperfusion cycles; DO control) was examined
(cohort of n = 5 mice). At each time point, sections of
the wound tissue were digested at 37°C with collagenase
type I overnight, the isolated cells were fixed and stained
with fluorochrome-labeled antibodies directed against
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Therapy Effects on Wound Healing
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Fig. 1. Therapy effects on wound closure: the experimental cohorts
(n =5 animals each) were monitored daily for wound closure based
on photographic measurements. The percentage rate of wound
healing was determined relative to the wound size as measured
on day 2 posttreatment, which was defined as 100 % wound area
(or maximal size of wounding). The healing rate percentages are re-
ported as the mean =+ SD. Statistical significance (P < 0.05) was de-
termined by Student’s t test and is indicated by “@” for MVT1 vs PBS
control,“$” for MVT2 vs PBS control and “+”" for MVT2 vs MVT1.

the surface antigens of interest (Table 1), and the cells
were subsequently analyzed by flow cytometry for detec-
tion of surface antigens. Flow cytometry was performed
using a Galios Flow Cytometer (Beckman Coulter, Brea,
Calif.) and analyzed with Kaluza software (Beckman
Coulter); a minimum of 5,000 events were collected for
each sample.”’

Table 1. Antibodies for Inmunofluorescence

Day 14 Effects on Skin Temperature

407 - PBS - MVT 1 - MVT 2
+
—_— $
[} : $
o, $
o 359 *
2
)
]
Q
30 -
£
D
-
25 T T T T T

T T T T T
2 3 4 5 6 7 8 9 10 11 12 13 14

Days Post Treatment
Fig. 2. Day 14 effects on skin temperature: the experimental cohorts
(n = 5 animals each) were monitored daily for skin temperature at
the pressure ulcer site. Temperature values are reported as the mean
+ SD. Statistical significance (P < 0.05) was determined by Student’s t

test and is indicated by “$” for MVT2 (topical therapy) vs PBS control
and by “+"for MVT2 vs MVT1 (injections).

Paraffin Embedding and Immuno Detection

In parallel, tissues surrounding the pressure ulcer
wounds were dissected and fixed in formalin for paraffin
embedding and sectioning.'*!* Tissue at the wound site in-
cluding a 5mm rim of unwounded skin was removed and
placed in 10% neutral buffered formalin for a minimum
of 24 hours. Samples were processed and paraffin embed-
ded. Slides from these paraffin blocks were deparaffinized
in xylene (Fisher Scientific, HistoPrep) and rehydrated
through graded ethanol washes (Fisher Scientific, Histo-
Prep). Heat-induced antigen retrieval was performed us-
ing a vegetable steamer. Incubation time in heat-induced

Antigen Catalogue # Ab Source/Type Dilution
PLGF Abcam ab196666 rabbit polyclonal 1:200
VEGFA Abcam ab52917 rabbit monoclonal 1:200
PDGF-BB Abcam ab23914 rabbit polyclonal 1:500
SDF1 Abcam ab18919 rabbit polyclonal 1:50
alphaSMA Abcam ab5694 rabbit polyclonal 1:300
Angiopoietin 1 Abcam ab94684 rabbit polyclonal 1:100
NSE Abcam ab53025 rabbit polyclonal 1:250
CD31 Abcam ab124432 rabbit polyclonal 1:1,000
VEGF receptor 2 Abcam ab45010 rabbit polyclonal 1:25
PDGF receptor 3 Abcam ab32570 rabbit monoclonal 1:50
Ankyrin G NeuroMab, clone N106/65,73-147 mouse monoclonal supernatant 1:5
Tubulin 33 Santa Cruz Biotech SC-51670 mouse monoclonal 1:200
NFH Proteintech 21471-1-AP rabbit polyclonal 1:100
F4/80 Cell Signaling Technologies rabbit monoclonal 1:250
#70076T
foxp3 Cell Signaling Technologies rabbit monoclonal 1:100
#12653
Substance P Abcam ab10353 guinea pig monoclonal 1:200
goat anti-rabbit IgG H&L Alexafluor 488 Abcam ab150077 1:1,000
goat anti-guinea pig IgG H&L alexa fluor 488 Abcam ab150185 1:1,000
goat anti-mouse IgG2b Alexa Fluor 647 ThermoFisher A21242 1:800
goat anti-mouse IgG H&L Alexa Fluor 568 ThermoFisher A11031 1:1,000
goat anti-rabbit IgG H&L Alexa Fluor 488 ThermoFisher A11034 1:1,000
normal goat serum, 50 ml Abcam ab7481

NSE, neuron-specific enolase.



antigen retrieval buffer started once buffer reached
a temperature of 95°C. After incubation, slides were
removed from steamer and the buffer allowed to cool for
20 minutes at room temperature. Slides were then rinsed
in running tap water for 10 minutes followed by a 5-minute
wash in 1x Tris Buffered Saline, pH 7.6 (TBS). Slides were
removed and area around tissue sections was dried using a
KimWipe. Sections were encircled using an ImmEdge wax
pen (Vector Laboratories, Inc., Burlingame, CA, USA). If
needed, permeabilization buffer was applied to each tis-
sue section. Slides were washed in 2-5 minute washes in
TBS-T (0.05% Tween-20 in TBS) then blocked in a wash of
blocking solution (10% normal goat serum, 1% bovine se-
rum albumin in TBS-T) for 1 hour at room temperature.
Primary antibody (Table 1) was applied and slides were
stored in a humidifying chamber overnight in the dark at
4°C. On the second day, slides were washed in TBS-T and
incubated with the secondary antibody for 1 hour at room
temperature. Slides were washed in TBS and coverslipped
using Vectashield DAPI mounting media (Vector Labs).
Immunofluorescent detection at 10x or 20x magnifica-
tion was performed using a Leica DMRXA2 deconvoluted
fluorescence microscope. As controls for immunofluores-
cence and immunohistochemistry, brain tissues were har-
vested and fixed in formalin for paraffin embedding and
sectioning as required.

Cell Profiler

The image analysis software CellProfiler 3.0 was used
to analyze fluorescent images taken with a deconvoluted
microscope at a 10x or 20x magnification.?® To analyze the
images, a pipeline was created in CellProfiler to convert the
fluorescent images into binary images and to identify and
quantify the number of nuclei present, the area of the im-
age occupied by the protein of interest, and the total area
of the image. Images for each antibody in question were
analyzed separately from each other. The data obtained
from the program were exported to an Excel spreadsheet
and arranged based on antibody, group (PMVT1, PMVT2,
and PBS), and time point (3, 7, 14 days). The ratio of the
area occupied by the protein of interest to the area occu-
pied by the nuclei was calculated with the data obtained.
Moreover, for each group and time point, the average and
SD of these ratios were calculated. The calculations were
analyzed to determine the presence of outliers. It was de-
termined that images containing fewer than 75 nuclei be-
haved as outliers. A new calculation for the averages and
SDs excluding the outliers was performed. ¢ Tests were cal-
culated to compare the data relative to day 3, to PMVT]I,
and to PBS. Excel’s Analysis Tool Pack was used to per-
form all the ¢tests. A bar graph was created for the data ob-
tained for each antibody showing the statistical significant
difference determined by Pvalues (P< 0.05).

Statistical Analyses

The values are presented as means = SD for in vitro
analyses or means + SEM for in vivo analyses. The statistical
differences among 2 or more groups were determined by
analysis of variance, followed by post hoc Tukey’s multiple
comparison tests. Statistical significance was performed
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using Prism 6.0 (GraphPad Software, Inc., San Diego, Ca-
lif., http://www.graphpad.com) or Excel (Microsoft, Red-
mond, Wash.).

RESULTS

Healing Morphology and Rate: Wound Closure

The dimensions of the wound were monitored visually
by photography and converted to areas based on an ellipti-
cal shape. Although the absolute initial size of the wounds
was larger at early time points in the injected (PMVT1)
and topical (PMVT2) conditions, the rate of wound heal-
ing displayed a trend toward acceleration with both PMVT
therapies relative to the PBS injection control (Fig. 3).
There was a significant difference in wound closure per-
centage between the PMVT treatments and PBS controls
through day 13. Most notably, topical PMVT significantly
increased mean closure from day 11 through day 13 com-
pared with PBS controls. In addition, there was a signifi-
cant difference between the injected and topical PMVT
therapies, beginning at day 10.

Healing Morphology and Rate: Skin Temperature

The skin temperature measured on the PMVT topical
therapy over the pressure ulcer site was generally elevated
throughout the study duration compared with the PBS in-
jection control and significantly elevated at both early and
late time points (Fig. 4). In contrast, although the PMVT
injection therapy showed a trend of elevated tempera-
ture compared with the PBS control at early and late time
points, there was no significant difference between them.

Healing Morphology and Rate: Eschar Removal

Figure 5 reflects the number of eschars/scabs that
fell off posttherapy within the 14-day study. By day 14,
40% of eschars fell off the wounds in the PBS control,
70% in PMVTI1, and 100% in PMVT2 cohorts. The ex-
isting literature documenting the scab removal timing in
pressure ulcer models is limited at best; this has not been
a parameter monitored previously to our knowledge.
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Fig. 3. Percent scab removal: The experimental cohorts (n =5 ani-
mals each) were monitored daily for the removal of the scab or
eschar from the site of the pressure ulcer. The percentage of each
cohort with scab removal at days 10-14 posttreatment are reported.


http://www.graphpad.com

Gimble et al. ® Microvascular Tissue Graft Improves Healing in a Pressure Ulcer Model

Therapy Effects on CD11b Expression
Day 3
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Fig. 4. Fluorescence-Activated Cell Sorting (FACS) profile: The detection of CD11b cell surface antigens on total cells isolated by collage-
nase digestion from the pressure ulcers at days 3, 7, and 14 posttreatment were determined by flow cytometry. The means + S.D. of n =
5 animals per cohort are reported. Statistical significance (P < 0.05) was determined by Student’s t test and is indicated by “$” for MVT2 vs
PBS control, “+"for MVT2 vs MVT1, “#"for day 0 vs MVT1, and “&" for day 0 vs MVT2.

We presume that the eschar removal reflects the epithe-
lialization of the underlying wound and processes associ-
ated with wound healing and closure. Although further
work will be required to validate this hypothesis and to
explore underlying mechanism, we will continue to evalu-
ate this parameter in future studies.

Flow Cytometric Antigen Profiles

The level of CD11b displayed the most pronounced sig-
nificant differences as a function of days following pressure
ulcer induction and therapy (Fig. 1). Relative to the day 0
conditions, the PBS treated controls showed a nonstatis-
tically significant reduction in CD11b levels only on day
14 following treatment without any significant difference
at days 3 or 7. In contrast, on day 14, the CD11b was sig-
nificantly reduced in the PMVTI injection groups relative
to day 0 controls; however, the relative difference between
PBS and PMVT]1 treatments was not statistically significant.
The most noteworthy impact was observed with PMVT2
topical therapy, in which the level of CD11b was signifi-
cantly reduced on day 3 and day 14 relative to both the day
0 and PBS treated groups. The next most robust changes
were observed for CD146 (Fig. 2). Relative to day 0, the
CD146 expression level in the PBS-treated group was sig-
nificantly reduced at day 3 and day 14 but not on day 7.
On day 3, both PMVT1 and PMVT2 treatment groups were
not significantly different than the PBS treatment control;
however, on day 7, levels of CD146 were significantly re-
duced in the PMVT1 and PMVT2 treatment groups rela-
tive to the PBS-injected control. On day 14, the PMVT1
levels of CD146 were not significantly different from the
PBS treated control while the PMVT?2 levels were increased
and approached the level displayed in the day 0 control.
Relative to day 0 controls at day 3, day 7 and day 14, the
PBS treatment displayed significantly reduced levels of
multiple leukocyte markers (CD4, CD8, CD14, CD25,
CD34, CD127, CD133). The PMVT?2 treatment group dif-
fered significantly from the PBS controls on day 3 only for
expression of CD4, CD25, and CD133. Otherwise, no sig-
nificant differences between the PBS, PMVT1, and PMVT?2
treatments were detected at day 7 or day 14.

Immunohistochemistry

Tissues harvested on days 3, 7, and 14 following isch-
emic injury were fixed and sectioned before immuno-
histochemical or immunofluorescence analyses with a
panel of antibodies detecting cytokines/growth factors,
surface antigens, and receptors (see figure, Supplement
Digital Content 1, which displays immunofluorescence,
http://links.lww.com/PRSGO/A921). The area of the cell
stained with antibody to each antigen was normalized
relative to the nuclear area stained with Hoescht dye us-
ing scans from a mean of 11.4+3.7 images at 20x mag-
nification. Relative to the PBS-treated controls at day 3,
only the levels of o smooth muscle actin (aSMA) and
platelet derived growth factor subunit B were induced
with PMVT2 but not PMVT1 treatment. Additionally, both
PMVT1 and PMVT2 displayed a trend toward induction
of glial fibrillar acidic protein relative to PBS treatment,
although this did not achieve statistical significance. By
day 7, both PMVT1 and PMVT?2 significantly induced the
levels of oSMA and stromal derived factor 1 (SDF1) rela-
tive to PBS treatment. Additionally, PMVT1 significantly
decreased Ankyrin G (AnkG) while PMVT2 significantly
decreased vascular endothelial growth factor A (VEGFA)
relative to PBS treatment. By day 14, both PMVT1 and
PMVT2 significantly increased expression of SDF1 and
VEGFA relative to PBS treatment while only PMVT2 in-
duced the level of platelet derived growth factor subunit
B. Although levels of 33 tubulin and neurofilament heavy
chain (NFH) did not achieve statistical significance rela-
tive to time matched PBS treated controls, PMVT1 showed
a pattern of increased expression for 33 tubulin at day 3
and increased expression for NFH at day 7. In contrast,
the levels of CD31, placental growth factor, PDGF recep-
tor B (PDGFRp), F4/80, Ankyrin B, and VEGF receptor
2 were not significantly different between PBS treatment
and either PMVT1 or PMVT2 treatments at any time dur-
ing the study period.

DISCUSSION
In the coming decade(s), the demographic of aged
individuals in the United States and internationally will
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Therapy Effects on Surface Antigen Expression: Day 3
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Fig. 5. FACS profile: The detection of CD133, CD34, CD146, CD14, CD127, CD25, CD4, and CD8 cell sur-
face antigens on total cells isolated by collagenase digestion from the pressure ulcers at days 3, 7, and
14 posttreatment were determined by flow cytometry. The means + S.D. of n = 5 animals per cohort are
reported. Statistical significance (P < 0.05) was determined by Student’s t test and is indicated by “$" for
MVT2 vs PBS control, “+" for MVT2 vs MVT1, “#" for day 0 vs MVT1, and “&” for day 0 vs MVT2.
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account for a far greater percentage of the overall popu-
lation. These individuals are at considerable risk for the
development of pressure injuries during their lifetime. In-
deed, the risk increases considerably upon confinement to
nursing homes or assisted care residences. Consequently,
pressure ulcers will continue to be a leading cause of mor-
bidity and mortality and will drain resources from each
nation’s healthcare economy. The current data derived
from a murine skin model of pressure injury demonstrate
that PMVT, delivered either by local injection or topically,
will accelerate and enhance the rate of wound closure
and eschar removal. This correlates with increased level
of expression of proteins associated with angiogenesis and
vascularity and the homing of reparative and regenerative
cells to the site of injury. Flow cytometric studies indicate
that the application of PMVT accelerates a reduction in
the number of CD11b" myeloid cells remaining within
the pressure ulcer site 14 days following the injury. Al-
though these findings are correlative, they suggest that the
PMVT acts mechanistically through the induction of cy-
tokine/growth factors promoting angiogenesis (PDGFp,
VEGFa) and stromal/stem cell homing (SDF1) at the site
of ischemic injury. The early (day 3) trend toward PMVT
induction of glial fibrillar acidic protein, a biomarker de-
tected on the surface of nonmyelinated and proliferating
Schwann cells, is consistent with ongoing reparative pro-
cesses. Likewise, the decrease of AnkG at day 7 suggests
injection of PMVT may have a beneficial effect in reduc-
ing pressure ulcer-related pain. Additionally, the patterns
of B3 tubulin and NFH following PMVT1 treatment are
consistent with axonal repair and regeneration. Further
studies will be necessary to determine the factors within
PMVT that account for the modulation of these regenera-
tive biochemical pathways.

Previous studies in the literature have examined cell-
and tissue-derived therapies in murine wound healing
models and obtained similarly promising results. The in-
jection of syngeneic murine ASC into a murine pressure
ulcer model demonstrated that the ASC accelerated re-
pair and regeneration in dose- and time-dependent man-
ner."*" The transplanted cells integrated and persisted in
the wound site for up to 20 days postinjury and contrib-
uted, in part, through their integration into the dermal
and adipose layers. Improved recovery was associated with
increased expression of cytokines and enzymes associated
with extracellular matrix remodeling, such as transform-
ing growth factor B and matrix metalloproteinases.'>!*
Clinical studies (n = 10 patients) by Carstens et al.? de-
termined that the localized injection of autologous hu-
man adipose-derived stromal vascular fraction (SVF) cells
around the vessels and diabetic foot ulcers improved vas-
culogenesis and resulted in limb salvage in patients with
ischemic lower extremities at high risk of amputation. It is
noteworthy that SVF cells are an abundant source of peri-
cytic cells, reflecting the microvascular nature of adipose
tissue.**? In a similar sized clinical study (n = 20 patients),
Cervelli et al.® determined that either autologous human
SVF cells or autologous fat grafting supplemented with
platelet rich plasma improved the reepithelialization rate
of lower extremity ulcers secondary to trauma. In a larger

cohort (n = 223 patients), this same group has reported
improved fat volume retention and wound repair when us-
ing platelet rich plasma enhanced fat grafting or lipotrans-
fer in patients with ulcers or related soft-tissue defects.*
To complement these reports, there is a growing body of
literature indicating that adipose-derived cells and tissue
exert regenerative properties through their secretion of
exosomes containing cytokines/growth factors, antioxi-
dants, and microRNAs.'$*% [t remains to be determined
if such regenerative factors can be concentrated, isolated,
and preserved for later delivery as a substitute for live cell
or tissue transfer. One or more of these agents could be
responsible for the wound healing enhancement exerted
by PMVT. Regardless, this published body of work demon-
strate the presence of reparative factors in microvascular-
derived cells or tissues capable of accelerating recovery in
animal skin wound models and human lower extremity
ulcers secondary to ischemia.

There are several potential limitations to the current
article and its study design. First, the study has employed
a murine skin wound ischemia reperfusion model of pres-
sure injury. Although this model has been validated in
multiple publications,'?'** the translatability of find-
ings in a murine skin model to the human condition
faces some challenges. Rodent skin healing occurs in part
due to contraction rather than reepithelialization. Some
investigators have advocated the placement of a silicon
ring around murine full thickness injury models to miti-
gate the contribution of contracture to the rate of wound
closure**'; however, others have questioned the need for
splinting and present data in 3 different murine strains
indicating that contracture accounts for, at most, 40-50%
of the healing rate.” Consequently, the model employed
in the current article remains both appropriate and valid.
Nevertheless, the reliance on monitoring of the skin sur-
face temperature and rate of eschar removal are limited
outcome parameters due to the absence of similar evalu-
ations in the literature. It would be desirable to include
noninvasive evaluation of blood flow by laser Doppler or
pulse oximetry measurements in future studies. A second
limitation of the current study is its reliance on a single
sex (female) and dosage and the analysis of a restricted
number of time points over a 2-week healing period. To
address this concern, future studies will need to include
both male and female mice, a dose curve response, and a
more expanded time course of repair. A third limitation
is that this proof of principle pilot study was strategically
restricted to focus on otherwise healthy, immunocompe-
tent young mice as previously published.'*!* Nevertheless,
it is well established that metabolic disease status, such as a
diabetic db/dbbackground or advanced age modulate skin
wound healing.'** Further studies evaluating the impact
of the PMVT product in either the db/db or aged mouse
model is warranted. A fourth limitation is the study’s re-
liance on quantitative analysis of immunofluorescent
detection of relevant proteins. Since such quantitative
metrics are a relatively new measurement made possible
by advanced imaging software, it would be advantageous
to include alternative established assays such as qRT-PCR
or western immunoblots as complementary quantitative
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outcome measures. Finally, in addition to these limita-
tions, another unanswered question remains, specifically,
does the PMVT product contain either exosomes or mi-
croRNAs that might contribute to its mechanism of ac-
tion? Further evaluation of the microRNA and exosome
content of the PMVT would address this issue. Together,
these limitations remain areas of interest and will be pur-
sued in further analyses that fall beyond the scope of the
current article.

In conclusion, the current work documents the ability
of PMVT, either topically or by direct injection, to increase
the rate of closure, accelerate eschar removal, decrease the
myeloid immune response, and increase vascularization of
a pressure ulcer injury in female mice. These actions are
associated with the increased early and late expression of
angiogenic and vasculogenic growth factors. PMVT also
modulated T-cell subsets and stem/progenitor cell pres-
ence and increased the number of vascular and some
neural cell populations in the wound site. Despite any po-
tential limitations, the current data provide a foundation
upon which to advance additional mechanistic evaluations
of PMVT’s underlying actions in support of clinical trials.
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