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Introduction

Chronic non-healing cutaneous wounds are defined as wounds that fail to close for four weeks or
longer, and common etiologies present as diabetic foot ulcers, burns, pressure ulcers, and venous ulcers
(Powers et al. 2019). These wounds continue to burden the healthcare system financially and significantly
reduce the quality of life for the affected patient population. Nearly 8.2 million individuals in the United
States suffer from non-healing wounds each year (Nussbaum et al. 2020). Patients often experience
debilitating symptoms such as severe pain, drastically reduced mobility, and emotional distress (Sen,
2020). This costs the United States alone over $50 billion annually to treat chronic non-healing wounds
(Barbul et al. 2020).

The repair of cutaneous wounds is a complex process which is separated into four stages of
wound healing: hemostasis, inflammation, proliferation, and tissue remodeling (Wilkinson et al. 2020).
Hemostasis takes place immediately after an acute insult to blood vessels to reduce blood loss via clot
formation. This is primarily accomplished with platelets, extracellular matrix (ECM) proteins and clotting
factors (Elnar et al, 2009). This is followed by the inflammatory phase, which is characterized as the
primary immune response to defend the body against pathogens and tissue damage. This is carried out at
the time of injury by vasodilation of surrounding blood vessels and the recruitment of a host of immune
cells to the wound site to activate and regulate the complex inflammatory pathway (Chen et al. 2017).
The proliferation phase is responsible for closing the wound. Hours following the injury, there is an
activation of endothelial cells, keratinocytes and fibroblasts that act to fill the wound and deposit ECM
(Chen et al. 2007). Finally, remodeling spans the entirety of the healing process and ultimately involves
primarily fibroblasts laying down a new ECM to replace the initial granulation tissue and restore proper
structure and function to the tissue (Diegelmann and Evans 2004).

Chronic wounds occur when there is a disruption at any point in the healing process. For
example, underlying metabolic conditions can cause a wound to remain in the inflammatory stage which
leads to ulceration (Atkin 2019). Burns, however, can have unchecked inflammatory pathways which
delay the transition into the proliferation stage and lead to hypertrophic scarring (Rowan et al. 2015). This
disturbance of inflammation and delay in wound closure also drastically increases the likelihood of
infection, necrosis, morbidity, and mortality (Church et al. 2006).

The clinical management of chronic wounds remains a major challenge. The vast majority of
treatments currently available either target an underlying etiology, reduce the likelihood of tissue necrosis
and infection, or create a moist environment that is conducive to healing. These techniques include
surgical debridement, proper wound cleansing, antibiotics, and moisture retentive dressings, in addition to
pain management (Shamsian 2021). As important as these treatments are, none of them address the core
issues that are preventing the wound from going through the proper stages of healing. More advanced
treatment options include skin grafts, negative-pressure wound therapy and hyperbaric oxygen (Sibbald et
al. 2021). However, these are only available to carefully selected, low risk patients with smaller wounds
and an established diagnosis. The rest of the population is left with therapies of limited efficacy supported
by weak to mixed evidence at best (Sibbald et al. 2021). For this large subset of the patient population, as
previously mentioned, chronic wounds often lead to chronic pain, severely reduced physical function,
social isolation, and poorer mental health outcomes (Olsson et al. 2019)

In an attempt to address this issue, stem cells have become an exciting focus in the field of
regenerative medicine. Stem cells have the ability to differentiate into different cell types, are self-
renewing and have been shown to secrete specific proteins related to cell-to-cell signaling, all of which
highlight their potential to be used to stimulate healing and accelerate wound closure (Kucharzewski et al.
2019). Many different stem cells exist, ranging from the totipotent embryonic morula, which can
differentiate into all the cell types in the body, to the adult unipotent satellite cells which can only produce
skeletal muscle cells (Kucia et al. 2007).
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Mesenchymal stem cells (MSC) are commonly being used in therapies since they are generally
more accessible to harvest while still being multipotent, meaning that they have the potential to
differentiate into a variety of mesodermal lineages (Pittenger et al. 1999). Historically, the most common
MSC used has been derived from bone marrow (BMSC) (Wu et al. 2007). In regards to wound healing,
BMSCs have been extremely promising as they have shown a tremendous ability to expedite the closure
of wounds on multiple occasions using either local injections, collagen matrices, or topical sprays (Kirby
et al. 2015). However, there are some drawbacks to the harvesting and abundance of BMSCs. Not only is
a bone marrow aspirate required, which can be quite painful and a source of morbidity, the amount of
BMSCs in each aspirate is typically only about 0.001-0.01% of the entire sample (Mohamed-Ahmed et
al. 2018).

Adipose-derived stem cells (ADSC) have recently been proposed as a substitute for BMSCs to
avoid some of these problems (Mazini et al, 2020). Adipose tissue samples are typically obtained through
minimally invasive procedures that cause little distress to patients. These are processed and through
enzymatic isolation, the stromal vascular fraction (SVF) can be acquired (Nguyen et al. 2016). The SVF
is the portion of adipose tissue which contains the ADSCs, and typically has a stem cell frequency of
between 1-3% (Chatterjee et al. 2015). In addition to ADSCs being more abundant and easier to harvest,
they have been shown to have very similar characteristics and potency to the BMSCs, and out preform
BMSCs in regards to paracrine signaling and cell-to-cell communication (Minteer et al. 2013).

While these MSC trials are promising, there is ongoing controversy regarding their effectiveness
and potential side effects (Bacakova et al. 2018). There is evidence to suggest that using MSCs
therapeutically could potentially increase one's risk of various types of cancer due to the stem cells’
proliferative potential (Mohr and Zwacka, 2018). Additionally, there is a considerable decline in stem cell
potency, life-span and overall effectiveness with increased patient age (Nigro et al. 2018). Lastly, stem
cell therapies must have either a matched allogeneic donor, which can be exceptionally difficult to find, or
an autologous graft which forces the patient to have two separate operations. The need for two procedures
is because the number of stem cells required is much greater than what can be acquired from harvested
tissue in the first procedure, and therefore must be cultured ex vivo to expand their numbers before being
administered therapeutically in a second procedure (Bura et al. 2014).

To avoid these issues, there has been a recent surge of research activities exploring the
mechanism by which these stem cells act to improve wound healing in order to determine whether the
physical stem cells need to be present at all. Already, studies have shown that MSCs are able to stimulate
proliferation and migration to aid in wound closure (Li and Fu 2012). Moreover, purified MSC exosomes
have been shown to be able to promote angiogenesis and re-epithelialization (Rani and Ritter 2016).
Certain molecular signaling pathways, such as PI3K/Akt and Wnt/p-catenin which are active in MSCs,
have also begun to be targeted as they may play a role in wound closure (Zhang et al. 2018; Mi et al.
2022).

Scratch assays are used as an in vitro model to study wound closure and can be used to examine
different treatments to improve wound healing. This technique involves various types of epithelial cells
being grown to confluency and this confluent plate is then scored with a pipette tip to simulate a wound
(Mouritzen and Jenssen 2018). With these assays, various experiments have been conducted to test the
efficacy MSCs have on wound closure, specifically examining MSC conditioned media and MSC
exosomes (Mayo et al. 2017). One study found that using BMSC conditioned media increased the closure
rate of both keratinocyte and fibroblast scratches and identified a couple of cytokines secreted in the
conditioned media that may be involved with the increased closure rate (Walter et al. 2010).

However, there are several shortcomings associated with current stem cell research. First, most of
these studies use immortalized cell lines of either keratinocytes or fibroblasts of human or rodent origin,
which are easier to work with since they are typically genetically and/or phenotypically modified (Smits
et al. 2017). In addition to this, because cell lines are modified at a cellular level, the results from this
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research are not entirely reflective of primary human cells (Smits et al. 2017). Thirdly, as exciting as the
experimentation is with conditioned media and purified exosomes collected from MSC only cultures,
these studies lack any information on a co-culture wound closure environment of MSCs with
keratinocytes or dermal fibroblasts. This type of co-culture could allow for communication in the
simulated wound environment, which may alter the secretome. The concept that paracrine cross-talk
between mammalian cells can alter their secretome has been shown before (Chatterjee et al. 2019).

This study conducted a scratch assay using primary human keratinocytes to test the effects of
ADSCs on wound closure, using a transwell insert to allow the cells to communicate without direct cell
contact, and to provide proof of principal that ADSCs and keratinocytes show a different secretome
profile during wound closure co-cultures. SVF cells were used as source of primary human ADSCs, as
opposed to bone marrow. Instead of immortalized cell lines, low passage primary human epithelial
keratinocyte-adult (HEKa) cells were used to simulate cutaneous wounds. To achieve the project’s
objective, SVF cells were plated on a transwell insert with a porous membrane fine enough to prevent cell
migration, but large enough to facilitate diffusion of cell secretions. These inserts were placed in wells
containing HEKa cells at the bottom, which were scratched, to allow for paracrine signaling between the
SVF cells and the HEKa cells during the entirety of the wound closure process.

The goals of the study were two-fold: a) demonstrate that ADSC-rich SVF could accelerate
primary keratinocyte wound closure and, b) identify secreted cytokines present during this primary human
keratinocyte wound closure caused by SVF-HEKa paracrine signaling.

Materials and Methods

Keratinocyte Cell Cultures

Primary human epidermal keratinocytes-adult (HEKa) cells were purchased from ThermoFisher
Scientific (C0055C) used as the cell model system (Figure 1). HEKa cells were grown in cell culture
plates containing Keratinocyte Growth Medium 2 (PromoCell) supplemented with bovine pituitary
extract 0.004mL/mL, EGF 0.125ng/mL, insulin 5pug/mL, hydrocortisone 0.33pg/mL, epinephrine
0.39ug/mL, transferrin 10ug/mL, and CaCl, 0.06mM. No antibiotics or fungizones were added to the
growth medium to ensure minimum alteration to these primary cells.

Stromal Vascular Fraction and Adipose-Derived Stem Cell Preparation

Patients that undergo breast reconstruction operations following mastectomies often have fat grafts used
as filler to improve contour and decrease scar tissue formation. Adipose tissue was harvested from
leftover abdominal flaps used in such procedures. These fat grafts were collected based on informed
patient consent as part of the Research Ethics Board approved protocol (HS24840 (H2021:165)). Samples
were processed as previously described (Chatterjee et al. 2015). Briefly, the excess skin was removed
from the abdominal flaps and the fat tissue was cut into 0.7-1.0 cm? pieces and subjected to enzymatic
and mechanical dissociation overnight in a shaker flask containing Dulbecco's Modified Eagle Medium
(DMEM), collagenase and hyaluronidase for 16-18h at 105-110rpm, 37°C. The fibrotic tissue was
removed, and samples washed with Hanks Balanced Salt Solution (HBS) containing 2% Fetal Bovine
Serum (FBS). Samples were then resuspended in freezing medium containing a 50/50 mix of DMEM and
FBS and 7% Dimethyl Sulfoxide (DMSO). The sample was cooled at — 80°C for a minimum of 2.5h
before being transferred to the vapor phase of a liquid nitrogen tank for long-term storage and future use.

On the day of experiments, frozen adipose tissue samples were thawed and further processed to
isolate the SVF, as previously described (Chatterjee et al. 2015). Briefly, samples were thawed and
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diluted in 10mL of Hanks containing 2% FBS before being centrifuged at 1200 rpm for 5min. The
supernatant was removed to isolate the cell pellet, which was then resuspended in 1-2 mL of warm trypsin
and gently mixed, before incubating for 5min in a 37°C water bath. The sample was diluted with 2%
Hank’s, and the released cells were pelleted centrifugation as described. The supernatant was aspirated,
and the pellet was resuspended in 1-2mL of dispase and 100-200 puL of DNase (1mg/mL) and incubated
in a 37°C water bath for 5min. After incubation, the sample was diluted in 10mL of cold 2% Hanks and
then filtered through a 40um cell strainer. This filtrate was then spun down at 1200 rpm for 5min, the
supernatant was discarded, and the pellet was resuspended in 1ImL of 2% Hanks. If the sample contained
red blood cells, 4mL of cold ammonium chloride (NH4CI) was added before centrifuging again and
resuspending in ImL of 2% Hanks. The concentration of the sample was calculated by mixing 10uL of
the sample with 10uL of trypan blue, plating on a hemocytometer and counting the number of cells per
guadrant.

Immunomagnetic separation was then used to isolate CD31 and CD45 cells and remove them
from the bulk population. CD31 and CD45 are cell surface markers found on epithelial cells and immune
cells respectively. After CD31 and CD45 cells were removed, the remaining heterogeneous cell mixture
was denoted as passage 0 SVF (POSVF) and was ready for seeding.

Stem Cell Potential Analysis

Adipose derived stem cells are defined through the following: a) adherent to tissue culture plates,
b) having the ability to differentiate into three different mesenchymal lineages, and c) ability to form
fibroblast colonies (CFU-F) of 50 cells or more (Dominici et al. 2006). All primary SVF cells used in this
project contained cells that were able to adhere to plastic tissue culture plates and were carried up to
passage 3 in vitro (P3-SVF). In order to measure the sample’s ability to form fibroblast colonies, 1000
PO-SVF or 200 P3-SVF cells were plated in each well of a 6-well plate containing MesenCult™ MSC
Basal Medium (Human), supplemented with MesenCult™ MSC Stimulatory Supplement (Human)
(StemCell Tech.) for 7-10 days. Cultures were then fixed in 1:1 mixture of acetone and methanol and
individual fibroblast colonies were visualized using crystal violet dye. Colonies, defined as a grouping of
over 50 cells, were counted using an inverted microscope (Figure 2a). The fibroblast colonies are used as
proxy for ADSC numbers in each SVF sample (Figure 2b). Ratio paired, one tail t-tests were used to
determine whether there was statistical significance between samples. Finally, the POSVF cells were
plated in a 24 well plate and grown separately for two weeks in growth conditions specifically designed to
allow them to differentiate into osteogenic, adipogenic, and chondrogenic lineages (StemCell Tech). After
two weeks, the cells were fixed in 4% formaldehyde and stained. The presence of bone matrix in these
cultures was determined using Alizarian Red, the presence of mature adipocytes was determined using
Oil Red O, and the presence of chondrocytes was determined using Alician Blue (Figure 3).

Transwell Scratch Assay

To set up the transwell scratch assay, a 24-well plate was plated with 50,000 keratinocytes
(Figure 1) per well and allowed to grow out to be approximately 80-90% confluent over 4-5 days in an
incubator, at 37°C containing 5% CO.. These HEKa wells would eventually be scratched as the simulated
wounds.

POSVF was plated at a density of 15,000 cells in transwell inserts with a porous membrane that
allows for the passage of secreted factors but does not allow cells to pass through (Figure 1). These
porous inserts allowed for paracrine communication between SVF and keratinocyte cells. SVF was plated
in MesenCult™ MSC Basal Medium (Human), supplemented with MesenCult™ MSC Stimulatory
Supplement (Human) (StemCell Tech.) for 24hrs in a similar incubator as described for the keratinocytes
to allow for adherence. No antibiotics or fungizones were added to the growth medium to ensure
minimum alteration to these primary cells.
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After HEKa cells became confluent in the 24 well plate, the media was changed to serum free
Keratinocyte Growth Medium 2 for 18-24hrs. This time period in serum starved media minimized cell
proliferation and aligns all cell cycles in all plates to the GO phase of the cell cycle, while causing
minimal harm to the cells (Khammanit et al. 2008).

After the allotted time, the serum free media was removed, the HEKa wells were rinsed gently
with phosphate buffered saline (PBS) and were then filled with fresh PBS. A scratch was introduced
vertically down the middle of the well with a 1 mL pipette tip to create the simulated wound (Figure 1).
This PBS was again gently mixed to remove any keratinocytes that may have been dislodged.
Subsequently 600mL of Keratinocyte Growth Medium 2 with a custom-made supplement (EGF
0.125ng/mL; insulin Sug/mL; hydrocortisone 0.33ug/mL; transferrin 10ug/mL; CaCl, 0.06mM) was
added to the well. This slight alteration of the supplement was made to avoid excess proteins in the media
S0 as to not dominate the secretome analysis that would follow. The SVF inserts were also washed with
PBS and had their media changed to 100uL of Keratinocyte Growth Medium 2 with the same custom-
made supplement previously described. The decision to switch all media to the custom keratinocyte
media was made since any amount of Mesencult in co-culture had adverse effects on the keratinocytes,
while the SVF cells were unaffected in the custom keratinocyte media for the duration of the scratch
assay. The inserts containing the SVF cells were then placed into wells containing scratched keratinocytes
at time zero (Oh) to act as the experimental condition (Figure 1). Controls in these experiments included
keratinocyte with scratches but without SVF inserts and SVF inserts in wells without keratinocytes. The
24 well plates containing the scratches were then placed in an incubator, at 37°C containing 5% CO for
36h. For the purposes of these experiments three different SVF samples were used (n=3), each with three
technical replicates.

Wound Closure Analysis

Images of each scratch were taken with an EVOS M5000 microscope at the same location at Oh,
12h, 24, and 36h, or until there was complete scratch closure. These images were used to compare the rate
of wound closure in the experimental co-culture of HEKa with SVF, against the HEKa alone control
scratches. The scientific image analysis software ImageJ was utilized with a custom macro that was
developed to measure the area of the scratch at each time point by identifying the scratch edge as well as
any migrating cells in the scratch (Figure 4). The measurements of each test were standardized to the
original scratch area and used to compare the percentage of wound closure in the HEKa alone controls
against the HEKa with SVF co-cultures. Ratio paired, one tail t-tests were used to determine whether
there was statistical significance between HEKa alone and HEKa with SVF samples at each time point.

ELISA Secretome Analysis

After 36hrs, the media from each well was transferred into Eppendorf tubes and frozen at —80°C.
These media were then sent to Eve Technology Corporation (Calgary) to analyze and compare the
secreted cytokines from HEKa scratches alone (control), SVF cells alone (control) and co-culture of
scratched HEKa scratches with SVF cells in transwell inserts (experimental arm). An enzyme-linked
immunosorbent assay (ELISA) was used which quantified the concentration of 71 different human
cytokines, chemokines and growth factors. To analyze the data, heat maps were generated to visualize the
upregulation of cytokines found. The change in cytokine concentrations in the HEKa scratches with SVF
cells in transwell inserts were normalized to HEKa scratches alone.

Statistical analysis was performed on targets of interest to determine whether the upregulation of
cytokines found in HEKa scratches with SVF cells in transwell inserts was significant compared to HEKa
scratches alone and SVF cells alone. Ratio paired, one tail t-tests were used to determine statistical
significance.
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P3 SVF Scratch Assay

Aliquots of 15,000 cells from each POSVF sample were grown out and replated until they reached
passage 3 (P3-SVF) to examine their effects on keratinocyte wound closure. Once grown out to P3SVF,
the same transwell scratch assay, image taking, and analysis was conducted as described above. In
addition, CFU-F and trilineage differentiation experiments were also performed to demonstrate the
stemness of P3 ADSCs.

Results
Primary non-cultured and cultured human SVF cells contain adipose stem cells

Three sets of experiments were conducted to determine the presence of ADSCs in SVF and to
distinguish whether there were any differences between PO-SVF and P3-SVF samples. First, all PO-SVF
and P3-SVF cells were successfully adhered to plastic tissue culture plates. Secondly, three specifically
designed growth conditions were used to determine the differentiation potential of cells from each SVF
sample to examine if they have the potential to differentiate into three mesenchymal cell lines. All PO-
SVF and P3-SVF samples equally demonstrated the ability to differentiate into osteogenic, adipogenic
and chondrogenic lineages (Figure 3). Finally, to determine the number of ADSCs in each SVF sample,
single-cell suspensions prepared from the PO- and matching P3-SVF were placed in CFU-F assays and the
fibroblast colonies were fixed, stained, and counted (Figure 2a). Approximately 2% of the PO-SVF cells
were able to form fibroblast colonies of at least 50 cells, as compared to ADSC-enriched P3-SVF where
nearly 25% of the cells were able to form fibroblast colonies (Figure 2b). This increase in ADSC
concentration was found to be statistically significant (p=0.03*) and represents more than a 10x increase
in ADSCs present in the P3-SVF compared to the initial PO-SVF.

ADSC-rich SVF shows accelerated keratinocyte wound closure

In order to examine whether SVF cells accelerate wound closure, the rate of gap closure in
transwell scratch assays set up with HEKa and SVF cells were observed and quantified over the course of
36 hours. In these experiments HEKa cells alone with a scratch and PO- or P3-SVF cells alone were used
as controls. The scratched area of the plates (simulated wound area) was photographed and analyzed at
0Oh, 12h, 24h and 36h to determine if SVF containing inserts increased keratinocyte wound closure (Figure
5). Compared to the rate of wound closure in HEKa cell alone, HEKa with PO-SVF scratches showed a
statistically significant increase in wound closure at 36h (Figure 6A, p=0.04*). Interestingly, P3-SVF
cells not only improved wound closure at both the 24h (p=0.005*) and 36h (p=0.008*) timepoints
compared to the HEKa alone scratches, but P3-SVF also showed enhanced closure compared to the
matched PO-SVF sample (Figure 6B).

In both PO-SVF and P3-SVF conditions, primary human keratinocyte wound closure was
accelerated compared to the HEKa alone condition. Moreover, the P3-SVF CFU-F (Figure 2b) and
scratch assay results appear to show that an increased number of ADSCs may correlate with an increased
acceleration of wound closure when compared to the matched PO-SVF sample and control data (Figure 6).

It is interesting to note that in these experiments, the SVF cells were plated in transwell inserts
with a porous membrane that only allowed the passage of media and secretions (Figure 1). This design
meant that there was never any cell-cell contact between HEKa cells and ADSCs, which indicates that the
accelerated rate of wound closure by the PO-SVF and P3-SVF scratch assays was caused by secreted
proteins. This is an essential finding which suggests that no direct cell-cell contact is required for SVF
cells to improve wound closure.
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SVF Cells and Keratinocytes have an altered secretome during wound healing

Since the transwell assays indicated that secreted proteins were responsible for the accelerated
wound closure in HEKa scratches with SVF cells, we decided to examine which cytokines and growth
factors were present during keratinocyte wound closure. For this purpose, growth media was collected
from transwells containing either HEKa cells alone with scratch, PO-SVF alone, and PO-SVF and HEKa
cells with scratch. The experiments were terminated when 80% wound closure was observed in the PO-
SVF and HEKa cells transwells. One of the transwells with PO-SVF and HEKa cells reached 80% wound
closure in 24 hours while the other 2 samples reached this endpoint in 36 hours. Growth media was also
collected from the HEKa cells alone with a scratch and the PO-SVF cells alone to provide a set of
controls. These growth media, that are also called conditioned media, were used in a multiplex ELISA
assay (Eve Technologies, Calgary) to quantify the presence of cytokines and growth factors in each
conditioned media. This is an immunological assay that detects and quantifies peptides, proteins,
antibodies, and hormones in complex mixtures using specific antibodies.

This ELISA array consisted of 71 human cytokines, chemokines, and growth factors. For data
analysis, priority was given to cytokines whose expression were significantly increased in PO-SVF/HEKa
transwells during wound closure compared to the PO-SVF and HEKa cells alone. This analysis revealed 5
cytokines and 1 chemokine whose expression was negligible in the conditioned media obtained from
HEKa and PO-SVF cells alone but showed statistically significant increase in the conditioned media
obtained from the PO-SVF/HEKa cells transwells during wound closure (Table 1). Five targets were
upregulated with statistical significance (p<0.05) and one trending toward statistical significance when
conducting ratio paired one tail t-tests were identified: 1L-6 (p=0.01*), GRO-a (p=0.02%), IL-8 (p=0.03*),
ENA-78 (p=0.04*), G-CSF (p=0.05*), and MCP-1 (p=0.08) (Figure 7).

These target cytokines were upregulated up to 175x during SVF-accelerated keratinocyte wound
closure (Figure 7). The increase in levels of these 6 cytokines only seen in the HEKa scratches with
POSVF conditions indicates that the secretome from POSVF and primary human Kkeratinocytes is altered
via paracrine signaling during wound healing. These observations are particularly interesting, since the
HEKa alone cells with a scratch also show some level of wound closure and yet the level of these
cytokines remains very low in these transwells.

As noted earlier, only two of the samples were taken to 36h and one was stopped at 24h due to
premature complete wound closure. However, secretome profile of the PO-SVF/HEKa cell transwells
show the same protein expression trends as the other two samples that showed wound closure in 36 hrs.
As seen in Figure 7, G-CSF for example, appears to accumulate to a 27x increase in the 36h samples,
while only having a 2x increase in the 24h sample.

The statistical analysis was based on the data obtained from all 3 biological samples from these
experiments.

Discussion

Throughout preliminary testing, the SVF cells showed an impressive ability to expedite wound
closure of primary human keratinocyte. Importantly, these results align with current wound healing
research with respect to stem cells obtained from the bone marrow being able to enhance cutaneous
wound closure (Mohamed-Ahmed et al. 2018). However, the data provided in this project shows that
SVF samples obtained from the patients’ fat grafts could provide beneficial effects on healing of the
severe burns and improving the clinical management of chronic non-healing cutaneous wounds.

By designing the experimental setup with primary human keratinocytes and SVF cells, the
accelerated wound closure results are much more representative of the cells involved in wound healing in
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living patients as opposed to the genetically modified immortal cell lines that are often used in similar
studies (Smits et al. 2017). This is crucial to highlight because it offers more clinical relevance to the
findings found here in our study.

Due to the heterogenic nature of SVF cells, it has been difficult to pinpoint exactly which cells or
molecular signals are responsible for the accelerated wound closure observed in these scratch assays.
However, by examining the HEKa scratches with P3-SVF compared to HEKa scratches with PO-SVF, we
are starting to see indications that the ADSCs may in fact be the key factor in SVF’s ability to accelerate
wound closure. This hypothesis stems from the P3-SVF data showing significantly accelerated
keratinocyte wound closure compared to the matched non-passage PO-SVF cells that contain 20x fewer
adipose stem cells. (Figure 2b and Figure 6).

Most importantly, our results indicate that in a simulated wound environment, there is paracrine
communication between SVF and primary human keratinocytes that alters their secretome. This paracrine
crosstalk resulted in upregulation of 6 secreted factors during wound closure. Previous studies have
shown that conditioned media from the bone marrow MSC’s grown alone could improve wound closure
and have even identified IL-6, IL-8, and MCP-1 as potential targets for wound healing (Walter et al.
2010). The data from our cytokine array also highlighted and identified these cytokines as being present
in the SVF media alone, but at significantly lower concentrations than in the HEKa with SVF co-cultures
during wound healing. Our data then indicates that the communication between the SVF cells and
keratinocytes caused a significant upregulation in these cytokines, further highlighting the significant role
paracrine signaling plays in wound closure. Additionally, our assay was able to identify ENA-78, G-GSF
and GROa as novel targets for further study into their role in wound healing. It would be very interesting
to examine if these six cytokines show significant upregulation in P3-SVF-accelarated keratinocyte
wound closure.

Due to time restraints, the project was limited to the study of three patients’ PO-SVF samples.
Furthermore, one of these samples had the scratch assay halted and the media frozen at the 24h mark, as
opposed to 36h. This decision was made since the wounds were already reaching full closure at 24h and
there was concern that letting the plates become over-confluent over the next 12 hours may have
detrimental effects on cell viability and subsequently on their secretome. The actual reason of this
accelerated wound closure remains unclear however it is likely due to a smaller scratch area at the start of
the experiment. Interestingly however, this discrepancy in wound closure time suggests that there may be
a significant surge in cytokine secretion between 24-36h (Table 1). By the 24h timepoint, the same trends
of upregulated cytokines of interest are seen, however they are closer to 1.5-2x fold increases, as opposed
to the 20x-175x upregulations of same cytokines at 36h. Unfortunately, we only have one 24h time point
and thus cannot draw any definitive conclusions in this regard.

Identification of the secreted factors responsible for the acceleration in wound closure is the next
step towards a truly cell-free therapy for over 8 million patients suffering from chronic non-healing
cutaneous wounds annually (Nussbaum et al. 2020). This type of cell-free, standardized therapy could
theoretically be given to any patient with a chronic, non-healing wound without the requirement to find a
matched donor, or obtaining autologous SVF samples, and it would eliminate the variability of current
stem cell treatments and the risk of immune reaction and rejection. Additionally, a standardized
preparation of these cytokines and growth factors could be utilized in emergency departments and trauma
centers to decrease wound closure time to try to reduce the incidence of infections, tissue necrosis, and
progression into chronic non-healing wounds.

Therefore, the immediate future of the project is to functionally test each of these cytokines of
interest, in all possible permutations and combinations, in wound closure assays set up with HEKa cells
and test their ability to increase the rate of wound closure. This type of testing will help narrow down
which secreted factors are responsible for the observed expedited wound closure, to then move on to
functional testing in more realistic skin equivalent models, in vivo animal wound healing models and
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eventually clinical trials. So far IL-6, IL8, ENA-78, MCP-1, G-CSF and GROa are exciting possibilities
that require more in-depth exploration.

Interleukin 6 (IL-6) is commonly involved in inflammation and immediate immune responses to
wounds (Tanaka et al. 2014). IL-8 is also involved in immune responses by guiding neutrophils to the
wound site to prevent potential infections (Brennan and Zheng 2007). ENA-78 (CXCLD5) acts similarly to
IL-8 as a potent chemoattractant and activator of neutrophils at wound sites (Walz et al. 1997). Although
it is not mentioned much in MSC wound healing literature, ENA-78 is associated with I1L-8 in other
physiologic signaling pathways (Walz et al. 1997). This could indicate that combination of ENA-78 and
IL-8 may be beneficial to wound healing. Monocyte chemoattractant protein-1 (MCP-1) is yet another
chemokine that plays a role in the recruiting and activation of immune cells, including lymphocytes,
neutrophils and monocytes (Deshmane, 2009). Granulocyte colony stimulating factor (G-CSF) has many
characteristics that make it an interesting target in stem cell research. It is primarily a growth factor that
stimulates the production of granulocytes, however it also stimulates bone marrow stem cells to produce
more stem cells and it acts as an attractant for stem cells in the body (Mickiene et al. 2020). Finally,
growth-regulated alpha protein (GROuw), also known as CXCL1, is known for being a neutrophil
chemoattractant which is released by keratinocytes (Frink et al. 2007).

While testing these selected cytokines, we also plan to subject these samples to an unbiased,
mass-spec proteomics analysis to further identify proteins, cytokines and growth factors that could be
responsible for the accelerated wound closure seen. It would be naive to assume that the 71 cytokines that
were tested are the only possibilities that could be responsible for the accelerated wound closure seen in
the HEKa scratches with SVF cells on transwell inserts.
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Figures

Figure 1. Transwell scratch assay. The stromal vascular fraction cells were obtained from patients’ fat
grafts and plated in transwells with a porous membrane and inserted into each well of 24-well tissue
culture plates with primary human keratinocyte (HEKa) cells with scratches. Scratches were made with a
1mL pipette tip to simulate a wound area.

Figure 2. Minimally passaged SVF cells contain a significant number of stem cells

A) non-passaged SVF cells were placed in colony forming unit-fibroblast (CFU-F) assays. A
representative fibroblast colony after 10 days is shown in the picture (10x magnification). B) Cells from
PO-SVF and matching P3-SVF cells were placed in CFU-F assays and the fibroblast colony counts were
used as proxies for ADSC numbers in each SVF sample. Mean and standard deviation from 3 SVF
samples are shown in a bar graph (p=0.03*).

Figure 3. Adipose-derived stem cells are capable of trilineage differentiation. PO-SVF and P3-SVF cells
were placed in specialized culture conditions and the presence of (A) bone matrix (xx, red color), (B)
adipocytes (yy, dark red stains), and (C) chondrocytes (zz, blue color stain) were determined.
Representative pictures from each culture are shown here. Pictures were taken at 10x magnification.
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Figure 4. Wound closure analysis. Digital pictures were taken at 10x magnification from the transwell
scratch assays on various hours and the image analysis software, ImageJ with a custom developed macro
was used to quantify the scratch area in each image. The software identified the wound edge (red lines)
and the area of the scratch at each timepoint was determined based on pixel intensity.

Figure 5. Sequential wound closure can be documented over 36h. Representative images showing
increased wound closure over 36h in the HEKa scratch assays with PO-SVF co-culture, scratch assays

with HEKa alone are depicted in the pictures (10x magnification).



Evan D. Kerr 12

50

% Wound Open

100-1\

-o- HEKa Alone
AN & HEKa with POSVF

T T T
12 24 36

Time (Hr)

% Wound Open

50

-o- HEKa Alone
-a- HEKa with P3SVF124
-4 HEKa with POSVF124

(e

.

J
24 36
Time (Hr)

Figure 6. SVF cells accelerate keratinocyte wound closure. Transwell scratch assays were set up with
HEKa cells alone or with PO-SVF (A) or P3-SVF (B) cells and wound closure rates were quantified and
shown as percent wound (scratch) remaining open. HEKA with PO-SVF showed significantly more
wound closure than HEKa alone in 36h (p=0.04*). Mean and standard error from 3 SVF samples are
shown. B) HEKa with P3-SVF showed significantly more wound closure than HEKa alone at 24h
(p=0.005*) and 36h (p=0.008*) and the HEKa cells with and the matching PO-SVF at 36h (p=0.008%).
Mean and standard error from 1 PO- and matching P3-SVF sample with 3 technical replicates is shown.

36h 24h
POSVF124 POSVF123 POSVF104
HEKa HEKa+ HEKa HEKa+ SVF HEKa HEKa+ SVF

Alone SVF Alone SVF Alone Alone SVF Alone
GRO« S73199 540.30 601.85 730.57 0.00 IS0 175.52 0.00
IL-6 0.84 296.89 0.80 117.71 0.62 0.26 7.08 0.31
MCP-1 6.29 172.79 6.61 210.83 13.96 5.34 6.29 0.19
IL-8 150.44 763.23 2.19 73.11 151.62 0.51
G-CSF 9.69 282.94 9.69 240.37 0.00 6.56 13.72 0.00
ENA-78 33.18 547.36 82.92 463.85 0.00 a2 21.33 0.00
IL-18 3.55 3.17 2.58 343 OOR < 4.90 6.85 OOR <
IL-1p 1.60 2.18 1.25 1.72 0.09 2.88 3.80 0.44
IFN-a2 20.71 15.81 5.95 12.48 OOR < 18.99 24.87 OOR <
1L.-22 31.96 26.27 19.78 22.99 OOR < 27.79 21.44 OOR <
BCA-1 0.28 0.28 0.28 0.20 0.36 0.31 0.36 0.15

Table 1. Cytokine array analysis of HEKa and PO-SVF conditioned media. Cytokine levels obtained from
an ELISA assay were reported as concentrations (pg/mL) based on standard curves. A subset of the 71-
plex array is shown here with the cytokines of interest highlighted in bold colors based on their higher
expression in HEKa with PO-SVF transwell scratch assays compared to HEKa or SVF alone cells.
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Figure 7. PO-SVF and HEKa cells show a different cytokine profile in transwell scratch assay. Increased
cytokine concentrations from figure 6 were calculated based on cytokine levels in HEKa transwell scratch
assays and shown in a graph. Based on ratio paired, one tail t-tests; IL-6* (p=0.012), GRO-a* (p=0.015),
IL-8* (p=0.0249), ENA-78* (p=0.0354), G-CS*F (p=0.052), and MCP-1 (p=0.082) levels were found to
be increased. This was pooled data from three different PO-SVF samples.
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