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Abstract

The high mortality rate of patients with diabetic foot ulcers is urging the appearance
of an effective biomedical drug. Senescence is one of the major reasons of aging-
induced decline in the diabetic wound. Our previous studies have demonstrated the
anti-senescence effect of secretomes derived from human fetal mesenchymal stem
cells (hfMSC). The present study tends to explore the potential role of hfMSC secre-
tome (HFS) in wound healing through anti-aging. Meanwhile, we try to overcome
several obstacles in the clinical application of stem cell secretome. A verticle bioreac-
tor and microcarriers are employed to expand hfMSC and produce the HFS on a large
scale. The HFS was then subjected to lyophilization (L-HFS). The PLGA (poly lactic-
co-glycolic acid) particles were used to encapsulate and protect L-HFS from degrada-

tion in the streptozotocin (STZ)-induced diabetic rat model. Results showed that
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1 | INTRODUCTION

Diabetes mellitus is one the most common metabolic diseases
leading to impaired chronic wound conditions. The 5-year mortal-
ity rate for patients suffering from DFU (diabetic foot ulcer) is even
higher than that of prostate or breast cancer.!~® Despite the great
clinical demand, there is only one biological drug (recombinant
human PDGF-BB, Regranex Ltd. Co, USA) and two biologic/
devices (Apligraf™ and Dermagraft™) have been approved by the
US Food and Drug Administration over the past 15 years* for DFU
treatment. DFU is an aging-related disease. Senescence, also
known as cellular aging has drawn a lot of attention recently.
Senescent cells usually lose their functions and induce inflamma-
tion of the vicinity normal cells by SASP (senescence associate
secretory pattern).” Eliminating or prohibiting senescence is a
promising strategy to promote wound healing. The function of
stem cells is mainly attributed to the cells and their secreted fac-
tors. Physical interaction is important because mesenchymal stem
cells (MSC) regulates macrophages/fibroblast proliferation and dif-
ferentiation in tissue repair through physical interaction.® Besides,
various studies have proved that stem cells could exert their func-
tion through paracrine signals. Our study makes use of the
secreted factors of the stem cells to mimic the regenerative micro-
environment in the wound area. The secretome inherited the pro-
angiogenesis and immune-modulation ability of the stem cells in
our study. Recently, it is recognized that the various positive
effects of MSCs are mainly attributed to their paracrine factors
in vivo.” The function of the secretome is differed and depends on
the origin of the cell.® Human first trimester (within 3-month
implantation) mesenchymal stem cells (hfMSC) exhibited longer
telomere and higher activity of telomerase allowing prolonged cul-
ture in vitro.” Our previous study found that transferring only one
mitochondrion from hfMSC to the recipient cell is sufficient to
induce anti-aging gene expression.'® The secretome derived from
hfMSC showed an anti-senescence effect on adult cells.t1?
Meanwhile, in contrast to salamanders who regenerate whole
limbs after amputation even in adulthood, scarless healing in
humans is only seen in fetal skins.'** The fetal wound healing

HFS-PLGA significantly enhanced wound healing by promoting vascularization and
inhibiting inflammation in the skin wound bed. We further analyzed the contents of
HFS. lsobaric tag for relative and absolute quantitation (ITRAQ) and label-free
methods were used to identify peptides in the secretome. Bioinformatics analysis
indicated that exosome production-related singling pathways and heat-shock protein

family could be used as bio-functional markers and quality control for stem cell secre-

bioreactor, diabetic wound healing, fetal mesenchymal stem cell secretome, PLGA particles,

process is different from the adult in many aspects, such as growth
factors, gene expression profiles, extracellular matrix (ECM), and
inflammatory responses.'>~17 Thus, studying the unique proteins
or factors of hfMSC secretome (HFS) may shed a light on the scar-
less healing in diabetic wounds.

Several studies have proven the effect of cell secretomes on tissue
repair and regeneration.*®-?2 Stem cell secretomes hold great potential in
clinical application. The present study focus on various obstacles that
stand in the way from bench to bedside. The traditional monolayer cul-
ture system is not sufficient to meet the requirement of the amount of
the secretome on a large scale. The limiting surface area in monolayer cul-
ture reduces the production rate of secretome as well as prolongs the
time to expand the stem cell. The bioreactor is an ideal choice for scaling
up the manufacturing of HFS. The presence of microcarriers provides
enough surface areas for cell attachment while shear stresses caused by
agitation stimulate cell proliferation.® Phosphate buffered saline (PBS)
Biotech (California, USA) has developed a vertical-peddle bioreactor pro-
viding optimized stir power and liquid shear force to the cells on microcar-
riers,>* which has been used for the successful expansion of MSCs and
inducible pluripotent stem cells.?>2¢ The PBS bioreactor system was used
in the present study, to produce HFS on a large scale. MSCs released at
least 44 biological factors (include TIMP2, FAS, MIP-3b, TRAIL R4, etc).?”
The bioactivities of the factors are of most importance in contributing to
the function of the secretome. Reciprocal freeze and thaw of secretome
during storage and transportation may compromise the function of HFS.
Freeze-drying is the most wide-accepted method to preserve the activity
of protein drugs.?® In our study, the bioreactor-produced HFS is subject
to lyophilization making it become an off-the-shelf product.

Systematic injection of secretome will require a large amount of
the factors while the side effect is hard to predict. Thus, local admin-
istration of secretome as a free drug is the most efficient way to
achieve effective dosage. However, the retention time of drugs in
the wound area is limited due to the blood flow and enzyme degra-
dation. Biomaterial-based particles have been used to retain and
release the drug over time. Polymeric particle is the optimized
option that can reach the therapeutic effect with reduced the effec-
tive dosage.?? PLGA (poly lactic-co-glycolic acid) particle has been
used for the controlled delivery of small molecule drugs and
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proteins. Especially, PLGA encapsulated drugs have been widely
used in clinics for reducing inflammation.° In our study, we encap-
sulated HFS in PLGA which is a mature drug release system to retain
the bioactivity of HFS and prolonged the required amount of secre-
tome during wound healing.

Recently, a study summarized clinical studies related to secre-
tomes which can be found on clinical.gov, only three of them were
completed without the availability of the result. Until now, there is no
clear regulations have been stated by FDA. The age of the donor or
the tissue sources of the cell is different, leading to the composition
of the secretome depending on the variable cell source.3! Allogenic
secretome therapy requires the standardization of internal quality
control to calibrate its effective dosage as the inter-donor variation
cannot guarantee the therapeutic effect. In the present study, we
compare the proteomic profile of the secretome from fetal stem cells

and adult stem cells for anti-aging-related proteins which can explain
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FIGURE 1

the superior function of the HFS. We used a high throughput proteo-
mic method (ITRAQ) to compare HFS with HAS (human adult stem
cell secretome). The data were analyzed using Cytoscape and ClueGO
for bioinformatics prediction,®? Our study identified that the heat-
shock protein family showed their pivotal role in promoting wound
healing and angiogenesis. These factors have the potential to be bio-

markers and quality control of secretome production on large scale.

2 | RESULTS
2.1 | Large-scale expansion of hfMSC
in vertical-wheel bioreactor

We use a vertical-wheel bioreactor combined with collagen-coated

microcarriers. We first optimized the ratio of the number of hfMSC to

(d) TGFp2

107 o hMSC
0s = haMsC T F *

TGFp2

= hfMSC
= haMSC

o

o
%

1
==

S 04

o 02

S 00

D1 D4 D7 D8 D12 D14
time

concentration (ug/ml)
concentration (pg/ml)

D15

MMP2

= hiMSC
2 haMSC

MMP2

1507, haMSC
= hfMSC -

80

60

*

40 T
20 J_

D15

concentration (ng/ml)
concentration (ng/ml)

i D1 D4 D7. D8 D12 D14
time
MMP1

- haMSC
8o{ = hfMSC

MMP1

mm hfMSC
2 haMSC

2
S

100

60

FN
S

40

20

concentration (ug/ml)
*

concentration (pg/ml)
3

o

D1 D4 D7 D8 D12 D14

time

D15

PDGF-BB

= hfMSC
8 haMSC

PDGF-BB

-»- haMSC
-= hfMSC

concentration (pg/ml)
concentration (ng/ml)

D1 D4 D7 D8 D12 D14

. D15
time

Large scale expansion of human fetal mesenchymal stem cells (hfMSCs) in a vertical-wheel bioreactor. (a) Cell viability of various density

of cells was measured using Alamar blue test. The data were normalized to negative control of all time points. Starting cell density was 1 x 106
cells/200 ml. N = 3; (b). Live/dead cell staining results showed that fetal MSCs and microcarriers formed aggregates and more than 90% of the cells
were alive at Day 14 culture; (c). Cell metabolic index changes during culture. The glucose concentration kept on decreasing during culture, indicating
that cells were actively proliferating. After change into serum-free media, at Day 15, lactate concentration was lower in the hfMSCs culture suggesting
hfMSC have a unique pattern of energy metabolism, N = 3; (d). During 14 days culture, ELISA results showed that the concentration of TGFp2, VEGF,
MMP1, and MMP2 were significantly higher in media of hfMSCs than those in haMSCs media; Statistic: Mann-Whitney U (unpaired, nonparametric
T-tests). N = 3, *p < 0.5. Brightness and contrast were adjusted for clear demonstrated contents of the representative pictures. TGFp2, Transforming
growth factor beta-2; VEGF, Vascular endothelial growth factor; MMP, matrix metalloproteinase.
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FIGURE 2 Lyophilized human fetal mesenchymal stem cell secretome (L-HFS) rejuvenated human adult skin cells into a fetal skin cells-like
phenotype. (a) Effects of L-HFS on the proliferation of human skin cells. L-HFS promoted cell proliferation of human keratinocytes and slightly
inhibited the cell proliferation of human fibroblasts at Day 1, but the cell proliferation of fibroblasts was enhanced at Day 3; (b) Scratch assay
results demonstrated that L-HFS significantly promoted gaps closure of human keratinocytes and fibroblasts. (c) Quantitative result of the gap
area. The data represent two-time points, 24 and 48 h after scratch. Areas were calculated by image J. N = 3, *p < 0.05; (d) Fibroblast populated
collagen lattice (FPCL) assay showed that HFS treatment reduced the shrinkage of FPCL. The surface area was measured by image J.

(e) Quantitative results of FPCL surface area, n = 3, *p < 0.05; (f) Gross view of H&E staining of the FPCL slice. The morphology of L-HFS group
is flattened while the control group appear obvious contraction. Scale bar = 500 pm; (g) Sirius red staining and polarized microscopy examination
showed that there was more green color in the L-HFS treatment group compared with the control group, indicating the higher intensity of type IlI
collagen. The green color indicates type Il collagen, while the yellow color indicates type | collagen; (h and i) Ratio of type | collagen to type IlI
collagen based on the color intensity was measured by image J. Immunohistochemistry staining showed decreased expression of pro-type lll
procollagen suggesting the maturation of type Ill collagen was enhanced after L-HFS treatment. Scale bar = 200 pm; Statistic: Mann-Whitney

U (unpaired, nonparametric T-tests). N = 3, *p < 0.5. Brightness and contrast were adjusted for clear demonstrated contents of the representative
pictures

the weight of microcarriers. A series of cell densities were tested. The microcarriers as our standard culture condition. And the culture
various numbers of hfMSCs and the microcarrier were mixed and medium will be half changed every 7 days. Usually, 1-2 weeks of cul-
co-cultured in 96 well plates. The Alamar blue result indicated that ture is sufficient for hfMSCs and microcarriers to form visible aggre-
when cell density was higher than 500 cells/100 pl medium (equal to gates, live/dead cell staining showed that more than 90% of cells
500 cells/0.03 g microcarriers), the hfMSCs kept proliferating at least were alive (Figure 1b). In bioreactor culture, the formation of the

for 1 week (Figure 1a). We, therefore, chose 1000 cell/0.03 g aggregates suggested that the culture system has reached its limits. A
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beads-to-beads passage is required to expand the culture scale. In
100 ml reaction volume, about 5 x 10° human bone marrow mesen-
chymal stem cells were seeded. The cell number increased to nearly
3 x 107 cells after 10-day cultures. We then calculate the doubling
time of hfMSC based on the number of cells. The result shows that, in
bioreactor culture, the doubling time of hfMSC is around 36 h which
is similar to that of the monolayer culture.
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Thus, we choose 2 weeks as our endpoint to collect the secre-

tome when we observed the formation of the aggregates. To monitor
the metabolic status of cells during culture, we tested the glucose and
lactate concentration of the culture media. Human adult mesenchymal
stem cells (haMSCs) were used as control. Compared to haMSCs,
hfMSCs utilized more glucose during culture, indicating that hfMSCs

have a more active metabolic status. On Day 15 in culture, despite
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the cell numbers of hfMSCs being significantly higher than that of
haMSCs, they only produced 1/10 of lactate in contrast to that of
haMSC (Figure 1c). We performed an ELISA test to measure several
well-established factors during 14 days of culture. hfMSCs produced
more TGF-p2, PDGF-BB, MMP1, and MMP2 in contrast to haMSCs
at all-time points (Figure 1d). Therefore, hfMSCs have higher prolifer-
ation ability and higher metabolic rate, they could produce higher con-
centrations of growth factors in HFS. The collected secretome was

then subjected to lyophilization to keep the bioactivity of the factors.

2.2 | Lyophilized HFS treatment rejuvenated
human adult skin cells into a fetal skin cells-like
phenotype

The migration and proliferation of skin cells are crucial for skin
regeneration. The effects of lyophilized HFS (L-HFS) on human kera-
tinocytes and fibroblasts migration and proliferation were tested.
Alamar blue assay was used to test the optimal dosage of L-HFS. An
effective concentration window (10-50 ng/pl) was selected as the
optimal dosage for the next steps (Figure 2a). Scratch assay con-
firmed that 50 ng/pl L-HFS promoted cell migration of keratinocytes
and fibroblasts when compared to the control group which is the
normal culture condition without the presence of L-HFS (Figure 2b,
c). Especially in the human keratinocytes, L-HFS treatment had led
to complete healing of the scratch at 48 h while the scratch gap
remained open in the control group. Myofibroblast contraction is a
crucial event that controls scar formation. We used the fibroblast
populated collagen lattice (FPCL) model to mimic fibroblast contrac-
tion. After incubating with L-HFS for 7 days, shrinkage of the colla-
gen lattice was suppressed, and the surface area of the L-HFS
treated lattice was significantly higher than that of the control (nor-
mal culture without L-HFS) group (Figure 2d,e). The collagen lattice
was subject to paraffin section and H&E staining to demonstrate the
structure of FPCL. Same with the gross view, the staining result indi-
cated that the L-HFS treatment inhibits cell contraction. We also
estimated the types | and Il collagen accumulation in FPCL slides

using picrosirius-red staining and polarized microscopy examination.

The L-HFS treatment group had less type | collagen and more type
Il collagen (Figure 2g,h). Procollagen type Ill is the precursor of colla-
gen type lll. We have also found the expression of pro-collagen type
Il in the L-HFS treated group was significantly decreased, suggesting
that L-HFS treatment promotes type lll collagen maturation. More
pro-collagen type lll has been transformed into collagen type Il in
the L-HFS group (Figure 2g,i). The fetal skin cell produces more type
Il collagen than the adult skin cell. The L-HFS treatment may sup-
press the scar formation and increase the ratio of type Ill/type | col-
lagen in the adult skin cell. These results suggest that L-HFS may
turn the adult cell into fetal cell status.

2.3 | HFS encapsulated in PLGA particles retained
bioactivities of HFS in vitro

In the wound area, direct application of HFS powder cannot retain its
bioactivities for long due to blood flushing or enzyme degradation.
We used PLGA particles to encapsulate L-HFS powder (HFS-PLGA).
The transmission electron microscopy (TEM) examination demon-
strated the spherical morphology of the particles (Figure 3a). We have
measured the particle size based on the microscopy pictures. The
diameter and number of particles were measured by ImagelJ. A total
of 4542 particles are included in the statistics. The mean diameter of
HFS-PLGA particles is 6.84 um. Min diameter is 1.41 um, Max diame-
ter is 69.03 pm. The encapsulation efficiency of PLGA is 19.5%
(Figure 3b). The accumulative release curve of the protein concentra-
tion in PBS indicated that HFS-PLGA kept releasing HFS for 8 days
(Figure 3c), and the HFS was gradually released along with the PLGA
shell dissolving. We also used a trans-well system to test the effects
of HFS-PLGA in primary cultured human fibroblast and keratinocyte.
After 3 days co-culture, Alamar blue test showed HFS-PLGA pro-
moted cell proliferation of fibroblast and keratinocyte (Figure 3d), and
HFS-PLGA attracted significantly more fibroblasts migration com-
pared to the PLGA-PBS group while we fail to observe the attraction
effect of HFS-PLGA to the human keratinocyte (Figure 3e,f). The ker-
atinocyte organotypic culture (KOC) model mimics the double-layer
structure of the skin. In the KOC model, HFS-PLGA treatment

FIGURE 3 Human fetal secretome-poly lactic-co-glycolic acid (HFS-PLGA) retains the beneficial effect of HFS on human skin cells. (a).
Transmission electron scanning microscopy showed spherical morphology of PLGA particles. The average diameter of the HFS-PLGA sphere is
around 10 pm. (b) Size distribution is measured with ImageJ based on the microscope picture of PLGA particles. The mean diameter of the
particles is 6.84 pm. (c). The accumulative releasing curve of HFS-PLGA showed that the HFS was kept releasing from PLGA particles up to

8 days. (d) Alamar blue results indicated that HFS-PLGA could promote human skin cells' proliferation ability in trans-well; (e) Crystal violet
staining showed that HFS-PLGA could attract human fibroblast during in the co-culture system; (f) Quantitative result of crystal violet staining.
Crystal violet were dissolved in 33% acetate and absorbance was measured at 570 nm. HFS-PLGA group showed significantly higher absorbance
compare to the PBS-PLGA group. N = 3; (g) Represented view of staining result of KOC slides and quantitative result. H&E staining showed that
HFS-PLGA increased the thickness of the keratinocyte layer in KOC. (h). Immuno-staining showed that HFS-PLGA decreased pro-collagen type Il
staining. The quantitative data was measured by image J; I-J. Immuno-fluorescence staining showed that HFS-PLGA increase the expression of
cytokeratin 10 and cytokeratin 14 in KOC model. The quantitative data were measured by image J; K. Sirius red staining and polarized
microscopy examination showed a higher ratio of collagen Ill to collagen | in HFS-PLGA group. The quantitative data were measured by image J
based on the polarized signaling, green color represents type Il collagen and yellow color represents type | collagen; Statistic: Mann-Whitney

U (unpaired, nonparametric T-tests). N = 3, *p < 0.5. Brightness and contrast were adjusted for clear demonstrated contents of the representative

pictures
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significantly increased the thickness of the keratinocyte layer promoted keratinocyte maturation compared to the control group.
(Figure 3g). We also found the cornified pearl in the keratinocyte layer Immunohistochemistry staining showed that the HFS-PLGA group
in the HFS-PLGA group. This result suggested that HFS-PLGA had reduced expression of type lll pro-collagen (Figure 3h). We use
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cytokeratin 10 (CK10) and cytokeratin 14 (CK14) as two proteins
marker of keratinocyte maturation. CK10 is localized in the suprabasal
layer and superficial layer of the epidermis of fetal skin.>® CK14 is
localized in the basal layer to interact with skin stem cells correspond-
ing to the proliferation and differentiation of keratinocytes.>* We per-
formed the IF staining on KOC slides of CK14 and CK10 to indicate
the maturation process of human keratinocytes (Figure 3i,j). The quan-
titative result shows that CK14 and CK10 are highly expressed in the
PLGA-HFS group. The proliferation and differentiation of keratino-
cytes are activated after our treatment. Same with the FPCL model,
HFS-PLGA treatment increases the ratio of collagen type Il to colla-
gen type | after Sirius red staining, indicating that PLGA particles pre-
serve the anti-aging effect of HFS(Figure 3k,).

24 | HFS-PLGA particles promoted dermal repair
in STZ-induced diabetes rats

Diabetic wound healing is impaired by high blood glucose. We then
test the effect of HFS-PLGA particles in vivo. After a one-time high
dosage i.p. injection, the STZ successfully elevated the blood glucose
to 18 mg/ml while the control group only have 6 mg/ml (Figure 4c). In
the STZ-induced diabetic rats, standard skin wounds were made by
surgery. HFS-PLGA particles were applied by mixing with medical
aqueous cream. HFS-PLGA treatment significantly reduced the wound
gap compared to the control group (PBS-PLGA) 14 days after the
wound creation (Figure 4a). Notably, the quantification result of the
wound area indicated that the HFS-PLGA group achieved a compara-
ble effect as to the PDGF-BB group (Figure. 4b). The skins of the
wound area were then collected and subject to a paraffin section for
staining. Masson trichrome showed represents the picture of the skin
in each group at 7 and 21 days post-surgery (Figure 4d). The quantifi-
cation result showed that the HFS-PLGA group had a longer epithelial
layer (Figure 4e) and at 21 days post-surgery, the HFS-PLGA group
had significantly less granulation area (Figure 4f). These results indi-
cated that HFS-PLGA accelerates the healing process in STZ-Rat.
Immunofluorescence results showed that both HFS-PLGA and PDGF-
BB treatment groups enhanced the alpha-SMA expression at 7 days

post-surgery, and the promoting effects on angiogenesis were only

seen in the HFS-PLGA group at 14 days post-surgery. Immunohisto-
chemistry staining showed that CD31 expression was significantly
elevated after HFS-PLGA treatment confirming that HFS-PLGA has a
pro-angiogenesis effect (Figure 4g-i). We also tested the NIMP-R14
expression at all time points. The immunofluorescence results showed
that, at 7 and 14 days post-surgery, HFS-PLGA significantly suppress
the neutrophils' migration to the wound bed. Immunohistochemistry
results showed that IL-1Bexpression was suppressed by HFS-PLGA
treatment (Figure 4j-1). NIMP-R14 is the neutrophil marker, the
absence of the immune cell and the inflammation factors suggest that

HFS-PLGA suppressed the inflammation response in wound area.

2.5 | Proteomics and bioinformatic analysis
identified YWHAZ, HSPAS8, and exosomes as
candidate factors for pro-angiogenesis effects of HFS

Our in vivo and in vitro studies have demonstrated that the HFS does
have unique factors that have rejuvenating effects. To establish a
functional biomarker of the secretome, we employed high-throughput
methods (ITRAQ and label-free) to identify the exact protein that con-
tained in the secretome. Highly differentially expressed proteins
(DEPs) were identified by comparing HFS and HAS which is shown in
Figure 5a. The ITRAQ method has been used for protein identification
in our previous study for monolayer cultured secretomes. In the pre-
sent study, we use a label-free method to identify the protein in the
secretome derived from bioreactor culture. Two datasets were com-
bined to remove the influence caused by the change of the culture
style (monolayer vs. bioreactor). Seven-hundred sixty six proteins
were upregulated in the bioreactor culture and 301 in the monolayer
culture in the HFS (vs. HAS), and 136 shared proteins, named as FEPs
(fetal enriched proteins), were selected for further analysis (Figure 5b).
Based on FEPs, a protein-protein interaction (PPI) network was con-
structed in cytoscape. The interaction information was extracted from
the STRING database. We then used CytoHubba, a plugin of cytos-
cape, to identify hub proteins. A hub network was established by
combining the hub proteins and their first-neighbor proteins. All the
proteins within the hub network were subject to Metascape for visu-

alization and further analysis. We identified six undestroyable sub-

FIGURE 4

human fetal secretome-poly lactic-co-glycolic acid (HFS-PLGA) promote angiogenesis in the dermal injury of streptozotocin (STZ)-

induced diabetic Rat. (a) Representative picture of dermal injure at 7,14,21 days post-surgery. Scalebar = 1.5 mm; (b) Semi-quantification result of
the wound area. HFS-PLGA group significantly reduced wound area compared to the control group. The relative wound area of all groups was
measured using image J. ANNOVA test, N = 4 *p < 0.05. (c) Higher blood glucose indicates that the STZ induction is successful. Mann-Whitney
U *p < 0.05. (d) Representative picture of Masson trichrome staining on wound tissue sections in all time points. Scalebar = 1 mm; (e, f) Semi-
guantification data based on the color intensity of Masson trichrome staining. HFS-PLGA treatment promoted re-epithelization at Day 7 post-
surgery and reduced granulation area at Day 22 post-surgery. Quantitative data were measured using image J. N = 4, Mann-Whitney U test,

*p < 0.05; g Representative picture of immunofluorescent staining of Alpha-SMA and immunohistochemistry staining result of CD31 result in the
wound bed. Scalebar = 100 um. (h,i) Semi-quantitative result of alpha-SMA and CD31 expression in the wound bed. HFS-PLGA group
significantly enhanced alpha-SMA expression at Days 7 and 14 post-surgery. CD31 were highly stained at Day 7 post-surgery in HFS-PLGA
group. N = 4. ANNOVA test, *p < 0.05. (j) Representative picture of immunofluorescent staining of NIMP-R14 and IL-1in the wound bed. HFS-
PLGA treatment suppress NIMP-R14 and IL-1Bexpression at Day 7 post-surgery. (J) The quantification results confirmed that HFS-PLGA particles
suppress the NIMP-R14 and IL-1pat the Days 7 and 14 post-injury. N = 4. ANNOVA test, *p < 0.05. Brightness and contrast were adjusted for

clear demonstrated contents of the representative pictures
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network within the hub network. The sub-networks, also known as
MCODE complexes, were labeled with various colors while the other
proteins were labeled with purple (Figure 5c). The MCODE complexes
were regarded as the core components of the hub network. The
Metascape also performed GO enrichment based on hub-network,
the proteins were enriched on several biological processes (BPs) in
the HFS (Figure 5d). Among which VEGFR1 pathway was highlighted
supporting that HFS has strong pro-angiogenic properties. We further
performed GO enrichment based on the regulators and the effectors
in ClueGo (Figure 5e). The enriched terms were divided into three cat-
egories. The first category was only enriched with the regulators such

(c)

(a) significant upregulation in fetal secretome
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as spliceosome, proteins targeting ER, and COVI-coated vehicles. The
second category was co-enriched with the regulators and the effec-
tors, including proteins in mitochondria, lysosome, and tRNA aminoa-
cylation for protein translation, responsible for signaling transduction
from the nucleus event to the cellular level. The third category is only
enriched by the effectors, two terms related to focal adhesion and
endosome transport were highlighted. FEPs enriched on the above-
mentioned terms suggested that hfMSCs had higher activities in cell
proliferation, migration, extracellular secretion, and protein synthesis
and degradation compared to those of haMSCs. The GO results sug-
gested that exosome secretion and protein degradation are the two
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FIGURE 5

10 12 14

ITRAQ analysis revealed that the exosome, Heat-shock proteins, and 14-3-3 proteins family play a core role in the fetal enriched

proteins (FEP) network. (a). The expression heatmap of differentially expressed proteins (DEPs). The genes were pre-selected base on Wilcoxon
signed-rank test. Only significantly highly expressed proteins (p < 0.05)were included in the heatmap. Rows represent individual proteins
identified and relatively quantified by iTRAQ. Columns represent the individual samples. For bioreactor culture, the intensity scale is green, black
and red. Green indicates lower and red higher expression in protein level. For monolayer culture, the intensity scale is blue, white, and yellow.
Blue indicates lower expression and yellow higher expression of individual protein. The Rows and columns of the heatmaps are clustered based
on Euclidean metric. Secretome from adult and fetal cells were successfully clustered together to each groups respectively. HAS: human adult
secretome. HFS: human fetal secretome. Totally, 902 peptides and 437 peptides were identified as highly expressed protein in HFS. (b). The Venn
diagram showing that 136 FEPs (fetal expressed proteins) were shared by bioreactor culture and monolayer culture. (c). A hub network was
constructed by Metascape, with default parameters, based on PPI (protein-protein interaction) data extracted from STRING. (Left-lower panel),
MCODE in Metascape analysis identified six complexes from this network. Red, blue, green, purple, brown, and yellow color represent various
sub-networks. The knots in each subnetwork represent genes while the line between them indicate physical interaction. The size of the nodes
indicates the degree of freedom of each gene. The Larger nodes indicates more genes were linked to this node. Hub genes: genes consist of
complexes 1-6. First neighbor: other genes in 136 shared genes except the hub genes. (d) GO (gene ortholog) enrichment analysis was used to
identify the biological meaning of the hub network. The statistically differentially expressed pathway was listed based on significant ranking. The
Darker brown color represents the higher significance of each term. The bars represent the significance of the terms.
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crucial properties of HFS (better) biological function (Figure 6). A contributors to the biological functions of the HFS, and they might be
physical network was constructed based on the physical binding potential biomarkers for quality controls of HFS production.

among proteins of the regulators and the effectors. Several proteins

were shared by the regulators and the effectors, such as HSPAS,

HSPA4, YWHAG, and YWHAH. These proteins might be responsible 2.6 | Intracellular exosomes, YWHAH, and HSPAS8
for the functions of the whole network since they are physically bind- regulate angiogenesis

ing to most of the complexes (Figure 7). Most of those proteins

belonged to the second category in the GO analysis result, and the We performed quantitative polymerase chain reaction (qPCR) to vali-
regulators might control the effectors through these switch proteins. date the expression of the candidate proteins selected from the bioin-
In summary, the bioinformatic result revealed that the exosomes, formatic analysis. The results showed that YWHAG, SFN, YWHAH,

14-3-3 family proteins, and heat-shock proteins might be the main HSPH1, HSPD1, HSPA8, and NEDD4 were highly expressed in
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FIGURE 6 Gene ortholog (GO) network of regulator and effector genes. (a) ClueGO analysis was applied to the regulators and the effectors
genes, respectively. The GO terms were shown as nodes and linked based on the kappa score (20.3). Only the most significant proteins enriched
in each term were shown in the plots. The node size represents the enrichment significance. The red color represents the regulator proteins, the
green color represents the effector proteins. The proportions of the two types of genes in mixed terms was visited as green and red color in one
node. The distribution of two groups visualized on network based on their kappa score level (20.3), where only the label of the most significant
term per group is shown as the smallest nodes. The larger node size represents the enrichment significance of this term
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physical binding between regulator and effector genes
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FIGURE 7 Physical network between regulator and effector genes. (a) Binding network was formed based on the gene ortholog

(GO) functional network. Only the proteins have binding with each other are shown in the network. The blue line represents the physical binding
between the proteins. The yellow line with the green arrow represents the positive regulation among the proteins. The plots were generated by
Cytoscape with yfiles organic layout. The regulators and the effector were labeled with red and green colors

hfMSCs (Figure 8a,b) compared to haMSCs. We also performed a
western blot to confirm the high expression of TSG-101 in HFS, an
exosome biomarker, indicating that HFS contained more exosomes
(Figure 8c). We performed a tube formation assay to verify the effects
of secreted exosomes and proteins on blood vessel formation. The
shRNA plasmids of HSPA8 and YWHAH were constructed and trans-
ferred into 293T cells and the gene knocking down 293T cells were
co-cultured with human umbilical vein endothelial cells (HUVECS) in a
trans-well culture system. GW-4869, an exosome biogenesis inhibitor,
was used to knock down the production of exosomes in cells. The

tube formation assay results showed that inhibition of cell-secreted

exosomes reduced tube formation of HUVECs in both shRNA and
GW-4869 treatment groups. GW-4869 treatment significantly
decreased the number of master junctions and the number of
branches, while the total length and number of meshes were not
affected, suggesting that the exosomes mainly regulated the migration
and proliferation of HUVECs. The sh-YWHAH and sh-HSPA8 groups
decreased the values of all four indexes, indicating that intracellular
YWHAH and HSPAS8 also controlled the elongation and tube forma-
tion, and angiogenesis process (Figure 8e-h). When GW-4869 and
shRNAs were applied to the cells together, no additional inhibitory
effects on angiogenesis were found, suggesting that HSPA8 and
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YWHAH might exert their functions independently in the exosome
(Figure 8d,e). These results indicated that the exosomes, HSPAS8, and
YWHAH in the HFS might be the angiogenic regulators, and the solu-
ble HSPA8 and YWHAH might be used as biomarkers for quality con-
trol for HFS production.

3 | DISCUSSION

The present study used bioreactors and microcarriers to culture
expand the hfMSC on large scale. HFS is lyophilized for long-term
storage, easy to transport and use. The L-HFS were encapsulated into
PLGA particles for slow-releasing purposes, and HFS-PLGA signifi-
cantly promoted wound healing in STZ-induced diabetic rats. Thus,
our study successfully developed a bioproduct that might facilitate
the treatment of diabetic foot ulcers. PDGF-BB is an FDA-approved
biological drug for wound healing management, it promotes healing
through stimulating granulation tissue formation, enhancing re-
epithelialization and vascularization as well as promoting collagen
production.®® In the present study, we found that HFS exerted com-
parable if not better effects than PDGF-BB. Cell source, in vitro
expansion, and quality control, are three major aspects that decide
whether the mesenchymal stem cell is suitable to be an Off-the-shelf
bioproduct. Our study tried to prove several new concepts focusing
on improving the production of stem cell secretome, which is a new
direction of stem cell therapy. The MSCs have been isolated from var-
jous tissues, bone marrow,3¢ adipose tissue,®” and umbilical cord®® are
most used for cell isolation. These adult tissue-derived MSC have a
common bottleneck, the cellular senescence limiting the cell expan-
sion. The long-term and low efficiency of the in vitro expansion
reduced the production rate of stem cell secretome. The human fetal
mesenchymal stem cell we used in the present study was isolated
from the bone marrow of a human fetus. Compared with the three
commonly used MSC, hfMSC was more proliferative and potency.
Studying the properties of the fetal cell might provide new clues to
improve the anti-senescence capabilities of the adult MSC in the
future. Our study proved that in the bioreactor culture, fetal cells pro-
duced more regenerative factors, such as PDGF-BB and VEGF com-
pared with the adult MSC. The hfMSC produced lactate is
significantly lower than that those of haMSC. A high concentration of
lactate in the culture medium indicates the cell metabolic status of the
adult MSC is close to the aerobic glycolysis.>’ The fetal cell may tend

to use oxidative phosphorylation pathway as a major energy supply.

This was supported by our previous study that transferred fetal cell
mitochondria triggered metabolic reprogramming of the adult cell.1®
The metabolic status of the MSC might correlate with cellular senes-
cence. Less acidified microenvironments might play an important role
in promoting in vitro expansion.

The fetal cell properties are not only beneficial for cell proliferation.
It is also important for tissue repair in terms of scarless healing in skin
wounds. One crucial event during skin wound healing is fibroblast-
myoblast transformation. Myoblast's contraction helps wound closure.
However, excessive myoblasts contraction could lead to scar forma-
tion.*° Contractures limit the normal growth of skin cells and impede the
fully functional recovery of skin wounds. Scarless healing in the early ges-
tation stage in mammals was reported in 1971, and the intrinsic proper-
ties of the fetal cells mainly contribute to the anti-scar ability.** It has
been known that fetal skin mainly consists of type Ill collagen while adult
skin mainly consists of type | collagen. Excessive deposition of type | con-
tributes to scar formation. A high ratio of Type Ill to Type | collagen indi-
cates better anti-contraction potential.*?> Our data have demonstrated
that HFS treatment inhibited fibroblast contraction and increased the
ratio of typelll/type | collagen. This result suggests that HFS might
endow some fetal cell properties to the adult skin cell.

There are two major types of bioreactors that have been used to
scale up the MSC expansion. The hollow fiber-based system*® and
microcarrier-based system.** These two systems both have been used
for the culture of various types of MSC. Compared with monolayer
culture, bioreactor culture could produce 15-20 fold of the cell using
the same volume of the culture medium. The stem cell properties
could be maintained during the large-scale expansion.*> The hollow
fiber system is static culture while the microcarrier system requires
the stirred tank to maintain the refreshment of oxygen and nutrition.
In our study, we choose the vertical stirred tank to scale up the
hfMSC since the tank is more convenient to collect the secretome as
more as possible. The culture medium did not need to be refreshed
too often during the culture period.

The microcarrier system is more widely accepted than the hollow
fiber system. Our present study chooses a small bioreactor with a
100 ml culture volume. We proved the feasibility of expanding MSC
in the bioreactor. The secretome we collected under this culture con-
dition kept its regenerative function unchanged. The bioreactor-
derived HFS showed a similar rejuvenating effect as the secretome
derived from monolayer culture. A recent study has scaled up the
MSC culture in a 50-L bioreactor using a microcarrier system.*® We

may scale up the current system in the future.

FIGURE 8

Exosome, YWHAH, and HSPAS8 controlled the angiogenesis in tube formation assay. (a,b) QPCR validation of the candidate

proteins. A 14-3-3 family and heat-shock protein are highly expressed in human fetal mesenchymal stem cells (hfMSC) comparing to HAMSC.

(c) Western blot result showed that TSG-101 is highly contained in human umbilical vein endothelial cells (HFS) comparing with HAS.

(d) Representative picture of tube formation of human umbilical vein endothelial cell (HUVEC) in the trans-well system. Data were taken from
three time points, 1, 9, and 16 h. Knockdown of exosome, HSPAS8, and YWHAH in 293T cell reduced tube-formation of HUVEC. (e-h)
Quantitative result of tube formation indexes. The angiogenesis analyzer® plugin in Image J was used for measurement. The number of branches,
total length, number of meshes, and number of masters junctions were measured based on the picture of tube formation. Statistic: Mann-

Whitney U (unpaired, nonparametric T-tests). N = 4, *p < 0.5
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The safety and effectiveness of MSCs therapy are still under debate,
there are concerns that injection of cells, as well as cellular components,
may induce side effects, such as immune responses and risks of infection
and disease transmission. It is well accepted that MSCs culture condi-
tioned media contain many biological active factors is responsible for
modulation of inflammation, cell recruitment, matrix deposition, and cell
proliferation.*” MSCs could release anti-inflammatory factors such as
IL-4, -6 and -10, and TGF—ﬁ.“s'49 Furthermore, MSCs stimulate the prolif-
eration and migration of various types of cells involved in wound healing
via paracrine factors.”® Thus, MSCs-derived secretory factors could be a
reliable sources for promoting wound healing. Moreover, our study ana-
lyzed the protein content in HFS through proteomics and bioinformatic
analysis. We had identified several key signaling pathways that might
contribute to the unique properties of hfMSC. Among these, heat-shock
proteins and 14-3-3 proteins were identified as two critical families cor-
responding to multiple cellular functions. We found that HSPA8 and
YWHAMH, unique contents of HFS, significantly promote angiogenesis,
were crucial in wound healing. We also found multiple biological pro-
cesses correlate with the biogenesis of exosomes in hfMSC. The 14-3-3
protein family was also regarded as a sub-family of heat-shock protein.
Usually, they exert their function together with the other heat-shock
proteins to protect the cell from physiological stress.>*>? The crucial role
of YWHAH and HSPAB8 in our protein network indicated that heat-shock
protein might play an important role in the superior role of hfMSC. Fur-
thermore, the heat-shock protein and cellular senescence were closely
correlated with each other. The fetal cells might have a unique cellular
defensive mechanism helping to fight against senescence.

Collectively, our study elucidated novel factors regulating angio-
genesis from the hfMSC secretome. The presence of exosomes,
HSPAS8, and YWHAH might be taken as unique biomarkers for quality
control of HFS, this is important for the standardization of production
of MSC secretome production.

Stem cell secretome is a mixture, current studies focused on verify-
ing its biological functions. The mechanisms behind these functions
remained largely unknown, which limits the wider clinical applications of
MSCs secretome. One possible research direction is to analyze the bio-
active contents of the secretome in detail. In the present study, we used
a high-throughput proteomics technique and determined that the main
components of secretomes are exosomes. Exomere is a newly founded
subclass of exosomes, that mainly contains proteins related to the glycol-
ysis pathway and mTORC pathway, suggesting that exomere is involved
in regulating energy metabolism and cell proliferation.”® To date, the bio-
logical functions of exomere derived from mesenchymal stem cells are
unknown and there are no universal biomarkers for exomere. The role of
exomere in tissue repair is interesting. One important finding of our
study was that we confirmed that HSPA8 mediated wound healing. In
HFS, we had identified that HSPA8 was highly expressed, which had also
been founded in the tumor as exomere.>® Thus, HFS contains exomere
that might regulate cell energy metabolism and other activities.

The Warburg effect is a well-known phenomenon in that cells tend
to utilize the tricarboxylic acid (TCA) pathway for energy metabolism
under physiological conditions and switch to anaerobic glycolysis when

they are under stress such as in tumorigenesis and anaerobic glycolysis

is regarded as a more efficient manner to use the limited ATP.>* The
production of lactate reflects the activity of glycolysis. Our ITRAQ anal-
ysis indicated that HFS contained factors that regulated glycolysis such
as HSPAS8. However, hfMSCs produced extremely lower lactate in bio-
reactor culture compared to the haMSCs, suggesting that hfMSCs had
unique and superior metabolic properties. Recently, studies reported
that glycolysis activity was up-regulated during tissue repair®® and the
glycolysis signals released from the tumor cells stimulated the growth
of surrounding mesenchymal tissues.®® Tissue repair and tumor
growth-share many common signaling pathways such as angiogenesis
and energy consumption. Topical application of HFS may directly regu-
late glycolysis and promote angiogenesis during wound healing. There-
fore, targeting the glycolysis pathway may be a new therapeutic
strategy for promoting tissue regeneration.

Stem cell secretome has the potential to be industrialized. However,
our production platform is still in its imperfect. Our study is currently lim-
ited to the laboratory. A larger scale is needed to meet the requirements
of industrialization. We need to enlarge the culture volume from 100 ml
to 3-5 L. A larger scale of culture not only requires increasing the input
of culture materials but also requires the real-time monitoring of CO,
and other cell physiological indexes. An advanced culture platform is
needed. The cell source is another obstacle to be overcome. In our study,
we used human fetal MSCs as the source of secretome due to their
unique properties. A high proliferation rate allows hfMSC to be suffi-
ciently expanded on a large scale while haMSC failed to do so. However,
hfMSCs have ethical issues in commercial applications. Human umbilical
stem cells (huMSCs) might be a suitable replacer for the production of
the secretome on a large scale.®” As a clinical waste, huMSCs have no
ethical issue. Especially, huMSC is derived from post-natal tissue, the
same with hfMSC, huMSC is derived from a relatively earlier develop-
mental stage compared with haMSC. A comparable regenerative prop-
erty is expectable in huMSCs secretome. Genetically modified cell lines
might be another solution to bypass the ethical issue. CRISPR systems
have been invented and draw wide attention with a huge potential in
translation medicine. U.S. FDA has approved using the CRISPR-based
method for rapid detection as well as the clinical trial for the treatment of

rare diseases.”®>?

4 | MATERIALS AND METHODS

41 | Isolation and characterization of hfMSCs

Human fetal bone tissues obtained from surgical termination of preg-
nancy (joint university-hospital ethics committee approval code:
CREC-2011.383 and patient's full consent) were harvested for
hfMSCs isolation. The fetal limbs as clinical waste were collected in
the surgical room, transported to the cleanroom (GMP standard), and
processed for the isolation of hfMSCs as previously described.'?
hfMSCs are cultured in Dulbecco's modified Eagle's medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 1% GlutaMax
(Life Technologies, Grand Island, NY, USA). Expanded hfMSCs are
subject to trilineage differentiation and flow cytometry for surface
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marker detection. All the MSCs were used before passage 5 to ensure
the cells retain sufficient stemness.

Large-scale production of hfMSCs secretion (HFS). The current
protocol for harvesting MSCs secretome from monolayer culture is
time- and labor-consuming which cannot meet the clinical need for
large-scale production of HFS. To enhance productivity, a vertical bio-
reactor is employed according to the previously reported methods.° In
brief, hfMSCs are pre-cultured in normal layer culture under the normal
culture condition. Until the cell number meets the requirement. The
cells were seeded on collagen-coated polystyrene microcarriers
(Solohill). The cells and micorcarriers were premixed and waited for 2 h
before the agitation started. A 100 ml complete alpha-minimum essen-
tial medium (x-MEM) containing 10% FBS and 1% antibiotics was used
to continue culture the cells during the bioreactor. The optimal culture
condition is 1 million cells/3 g microcarrier in a 100 ml culture medium,
After 2 weeks of culture, the cells-microcarriers a serum freea-MEM
for 24 h in the bioreactor system (PBS Mini, Vertical-Wheel™ Bioreac-
tors, 1183 Calle Suerte, Camarillo, California 93,012, USA). The
conditioned medium (CM) is then collected, and residual cells and
micro-carriers are removed by centrifugation at 1000g for 5 min at 4°C.
The supernatant is concentrated by lyophilization. The protein concen-
tration of concentrated CM, named HFS, is determined using Pierce™
BCA protein assay kit (Life Technologies, USA) at 562 nm as in-house
quality control. The concentrations of glucose, ammonia, lactate, and
pH in the bioreactor are monitored every 2 days to ensure healthy cell
growth. The optimal seeding density of hfMSCs is determined with an
Alarmar blue (Invitrogen, USA) test and two-color fluorescence EthD-
1/Calcian AM live/dead assay as per the manufacturer's instructions.
Alamar blue is used to measure the cell proliferation ability,

We have calculated the cell number before and after plating at
two-time points, 5- and 10-days post cell seeding. At each stage, sam-
ples were collected for quantification. In brief, 5 ml of well-mixed cell-
laden microcarrier suspension was transferred into 15 ml sample
tubes and allowed to settle. Samples were then washed twice with
5 ml PBS to remove the residue medium. After discarding the super-
natant, 2 ml 0.25% Trypsin-EDTA was added to the microcarriers to
allow the cells to detach from the microcarriers. 10uL cell suspension

was then applied to the hemocytometer.

4.2 | Protein identification of secretome from
a fetal and adult cell

All proteomics analyses were sent to BGI (Shenzhen, China). Three
biological replicates were carried out for each sample. We used the
previously described®® ITRAQ method to identify proteins for mono-
layer cultured secretome. Briefly, the HFS will be precipitated by ace-
tone at —20°C overnight to obtain a reduced and alkylated protein
mixture. A 100 pg of each sample solution is digested with Trypsin
Gold (Promega, Madison, WI, USA). After digestion, peptides are
labeled with an 8-plex iTRAQ reagent (Applied Biosystems, USA)
according to the manufacturer's protocol. An LC-20AB HPLC pump
system (Shimadzu, Kyoto, Japan) was used to separate each sample

into 20 fractions. Each fraction was re-suspended, then the peptides
are subjected to nanoelectrospray ionization followed by tandem
mass spectrometry (MS/MS) in a QEXACTIVE (Thermo Fisher Scien-
tific, San Jose, CA, USA) coupled online to the HPLC. Raw data files
acquired from the Orbitrap will be converted into MGF files using
Proteome Discoverer 1.2 (PD 1.2, Thermo-Fisher, USA). Protein iden-
tifications will be performed by using Maxquant with a search engine.
For protein identification, the parameters followed the published
study.®?

We use a label-free method to identify protein in the powder of
L-HFS. Due to protein concentration being reduced after reconstitu-
tion. It is no longer suitable for the ITRAQ procedure. BGI used a cus-
tomized procedure to enhance the sensitivity of protein detection.
Briefly, cold acetone was added to the L-HFS solution at a ratio of
1:5, to precipitate the total protein in L-HFS DTT was used to open
the disulfide bond. IAM was used to block the cysteines. Coomassie
blue and SDS-PAGE were used to examine the degradation status.
Subject samples to HPLC, 100 pg total proteins were subjected to
HPLC with the pretreatment of trypsin. The mixture was subjected to
Thermo Ultimate 3000 UHPLC with a trap column for desalted, and
then entered a self-packed C18 column and separated at a flow rate
of 300 L/min with various concentrations of the liquid phase. The
nanoliter liquid phase separation end was directly connected to the
mass spectrometer (MS). In MS, peptides were ionized by a nanoESI
source and then passed to a tandem mass spectrometer Q-Exactive
HFX (Thermo Fisher Scientific, San Jose, CA) for DDA (data-
dependent acquisition) mode detection. The ion fragmentation mode
was HCD, and the fragment ions were detected in Orbitrap. The raw
data from orbitrap will be processed to assemble the procedure of

monolayer culture.

4.3 | Bioinformatic analysis

For heatmap: Protein expression data from bioreactor culture and
monolayer culture were extracted and subjected to Mev4.0.9 to gen-
erate the heatmap. We selected proteins with fold changes higher
than four in bioreactor culture, and three times higher in monolayer
culture as DEPs. DEPs in two culture methods were cross-compared
to identify the FEPs. The name of FEPs was converted to the official
gene symbols using DAVID. They were subjected to Cytoscape to
generate a scale-free network. The linkage information was extracted
from the STRING database. The hub proteins were calculated using
Cytohubba with the default setting. The hub proteins and their first
neighbors were extracted from the scale-free network to construct a
hub network. The proteins in hub-work were submitted to Metascape
for MCODE analysis and GO enrichment. The MCODE results were
generated with the default setting in Medscape. The hub network
was divided into the regulators and the effectors. The two groups of
protein were submitted to ClueGO in Cytoscape separately to figure
out the linkage between groups. Biological process terms were used
to perform enrichment. The major perimeters are: kappa score = 0.3,

Terms fusion = true, Cluepedia = true, files organic layout.
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44 |
particles

Preparation of HFS encapsulated in PLGA

The HFS were frozen at —80°C in the ultralow freezer for 6 h. The
frozen samples were lyophilized in a freezer dryer (Labconco Free-
Zone Benchtop Freeze Dry System, Kansas City, MO, USA) for at least
48 h. HFS-PLGA nanoparticles were prepared with the double-
emulsion technique as previously described.®® In brief, 200 pl of 2%-
10% w/v HFS solution (dissolved with water) was mixed with 3.33 ml
3% w/v PLGA solution (dissolved with DCM, dichloromethane) and
sonicated at 30 W for 2 min. This mixture was added dropwise to
12 ml 2% polyvinyl alcohol (PVA) solution and sonicated at 20 W for
2 min, and then de-solvated by overnight stirring. Particle aggregates
were removed by centrifugation at 4000 rpm for 5 min. The HFS
encapsulated PLGA particles were washed and collected using ultra-
centrifugation and subject to lyophilization for prolonged storage.

The L-HFS and PLGA were weighed at 0.1 and 2 g, respectively
(weight ratio 1:20) to form HFS-PLGA particles by double emulsion
technique with lyophilization for 2 days. The optimized weight ratio is
1:20 in our present study. The percentage yield (the weight of lyophi-
lized HFS-PLGA/the weight of original material [L-HFS + PLGA] x
100%) is 64%. The total amount of HFS-PLGA is 2.1 g x 64% = 1.3 g.
Then, 0.5 mg HFS-PLGA particle preparation was suspended in 1.5 ml
PBS solution (pH 7.4) and maintained at a 37°C incubator to obtain its
releasing curve. Encapsulation efficiency was measured based on the
previous study.®* Encapsulation efficiency (%) = amount of drug
released from the lyophilized PLGA particles/amount of drug initially
taken to prepare the particles x 100. According to the releasing curve,
the HFS-PLGA particle could release the HFS for up to 8 days. The
final amount is 5 pg/ml. The total amount of HFS carried by 0.5 mg
PLGA particles is 5pg/ml x 1.5 ml = 7.5 pg. The encapsulation
% =7.5pg x (1.3g/0.5mg)/0.1 g x 100% = 19.5%.

4.5 | Cell proliferation and migration assays

The cell proliferation was determined with Alamar blue assay (Life Tech-
nologies, USA) as previously reported.!? Scratch assay was used for cell
migration assay according to the previously described methods. The abil-
ity of HFS to recruit MSCs was also evaluated by transwell assay as pre-
viously described.®® In brief, haMSCs were seeded in transwell inserts at
a density of 5 x 10* cells/cm? with 600-ul serum-free medium. The HFS
at various concentrations were then added into the bottom chambers of
the 24-well plates. The cells were cultured for another 16 h, and residual
cells on the upper surfaces of the inserts were removed with cotton
swabs, while the migrated cells on the lower surfaces were stained with

0.5% crystal violet and counted.

4.6 | Primary culture of human keratinocytes
and fibroblast

Primary human keratinocytes were prepared as previously described
with a few modifications.®® Normal human keratinocytes and

fibroblasts harvested from pediatric foreskins were used. Briefly, the
foreskin was surgically removed and cut into 1.0 x 0.5 cm strips, and
incubated with trypsin/EDTA solution at 4°C overnight. The epider-
mis was then separated and keratinocytes were collected by centrifu-
gation at 1400 rpm for 5 min and 2 x 10° keratinocytes were seeded
into a type IV collagen-coated plate and cultured in complete K-SFM
medium (Gibco, USA) at 37°C.

For fibroblast culture, cells were prepared according to previous
report.®” The dermis was mechanically separated from the epidermis.
The dermis was digested with dispase overnight and finely minced.
The resultant cell suspension was transferred to culture dishes and
subculture in DMEM supplemented with 10% FBS. Cells were stored
in liquid nitrogen.

4.7 | Fibroblast-populated collagen lattice

FPCL was prepared according to previously described protocols with
minor modifications.®® In brief, six-well plates were precoated with
1% agarose. Two milliliters of FPCLs containing 1.2 x 10° cells and
1.25 mg/ml type | collagen in complete medium (DMEM supplemen-
ted with 10% FBS) were cast in the plates. The gels were then poly-
merized at 37°C for 30 min. Afterward, the gels were gently detached
from the agarose surface to allow contraction, and 2 ml of complete
media with or without L-HFS was added per well.

48 | Keratinocyte organotypic cultures

The organotypic 3D keratinocyte-fibroblast co-culture was prepared
according to previously described protocols.®® A 5 mg/ml rat tail type
| collagen mixed with 3 x DMEM and neutralized with 5 N NaOH to
a final concentration of 3 mg/ml. A 600 ul each of this collagen solu-
tion was then loaded into the inserts (0.4 pm pore size) of the 12-well
transwell and incubated at 37°C for 2 h for gel polymerization. The
insert was equilibrated with KGM overnight (keratinocyte growth
medium), which is consists of a 1:3 mixture of Ham's F12 and DMEM,
10% FBS, 5 pg/ml insulin, 1.8 x 10~* M adenine sulfate, 1 x 107 °M
cholera toxin, 0.4 pg/ml hydrocortisone, 1 ng/mL EGF and 0.1% BSA.
KOC was created the next day after the FPCL was established. A
10 x 10 mm cell cylinder (Corning Incorporated, Acton, MA) was
placed on top of FPCL to enable keratinocyte seeding. A total of
2 x 10° keratinocytes suspended in 200 pl KGM were plated in the
cylinder. After 24 h, the cylinder was removed and the insert was
lifted to an air-liquid interface and cultured until used. HFS-PLGA and
PBS-PLGA were added into the lower chamber from the day when
the air-lifted culture started.

4.9 | Diabetic rat wound healing model

We have taken the gender effect into account when we designed the
experiment. According to the literature, the sensitivity to STZ is signif-
icantly (p < 0.001) higher in male rats compared to female. The



WANG ET AL.

BIOENGINEERING &
TRANSLATIONAL MEDICINEJﬂ;f20

estrogen could protect pancreatic p cell from apoptosis induced by
oxidative stress.®” We choose male rats in this study to increase the
success rate of the STZ model. To establish a diabetic rat model,
streptozotocin (STZ, Sigma-Aldrich, USA) prepared in 0.1 M citrate
buffer (pH 4.5) was injected intraperitoneally at the dose 50 mg/kg as
described previously. STZ could induce diabetes within 3 days by
destroying the p cells.”® The blood glucose was measured at 5 and
7 days after injection to confirm the onset of hyperglycemia. On day
10 following STZ injection the confirmed diabetic rats were used to
create skin wounds according to the methods previously reported.”*
In brief, under general anesthesia and sterile conditions, 4 circular
wounds with a diameter of 8 mm and a depth of 2 mm were made on
the back of a male SD rat (average bodyweight 250-280 g) with a
punch biopsy device (Biopsy Punch, Miltex Inc., Pennsylvania 17,402,
USA) on the upper back of each rat, and the skin flap was sutured with
a round-shaped silicone splint.

The HFS-PLGA were applied topically at the wound site in aque-
ous cream. In each rat, the 4 holes were treated as the following:
Hole 1: left untreated; Hole 2: covered by aqueous cream only; Hole 3:
covered by low-dose HFS encapsulated PLGA particles cream; Hole 4:
covered by aqueous cream containing PDGF-BB (1ug per wound).
PDGF-BB is used as a “positive” control in this study. A sterile dress-
ing was used to cover the splint to allow the tissue and dressing to
have no contact with each other. The dressing could prevent dehydra-
tion and contamination of the wound, the dressing was changed every

3 days.
410 | Histological analysis and immunostaining
examinations

All the control and treatment group pictures will be merged into one
picture before starting. This step allows regulating two groups' param-
eters together to avoid objective bias.

We use the following steps to measure the A.O.D (average optical
density).

1. The channel of the JPEG picture will be turned into RGB 8-bit
format.

2. Use the ROI tool to mark all the samples.

3. The threshold will be manually regulated based on one experience.

4. Set measurements-tick the box: area / mean gray value / inte-
grated density / limit to threshold.

5. Use the multi-measure function to measure all the ROI together.

6. For each ROI, the mean fluorescence intensity = Integrated Den-

sity/area.

After 7, 14, and 28 days, animals (n = 4 per time point per group)
were terminated, and the tissues at the wound area (8-mm diameter
including the complete epithelial margins) were harvested, and fixed
in 4% paraformaldehyde for paraffin embedding. The degree of re-
epithelialization and granulation tissue formation were evaluated on

histology sections by measuring the distance the epithelium across

the wound; the muscle edges of the panniculus carnosus are used as
an indicator for the wound margin; re-epithelialization is calculated as
the percentage of the distance of new epithelium covering the wound
area. For granulation tissue quantification, the area covered by highly
cellular tissues was determined and normalized with the distance of
muscle edges of the panniculus carnosus. Paraffin sections were used
for immunostaining examinations of inflammatory cells and blood ves-
sels with antibodies against NIMP-R14, IL-1p » CD31, and alpha-SMA,
respectively. Alexa fluo-conjugated or HRP-conjugated secondary
antibodies were used for fluorescent or IHC staining. The image were
acquired with microscope (DM5500, Leica Microsystems, Wetzlar,
Germany). Immunofluorescent or immuno histo-morphometry quanti-
fication was performed by image J. Semi-quantification was per-
formed by measuring positive signals in the region of interest (ROI).
Results are expressed as average optical intensity (AOD) calculated
with the equation. AOD = total fluorescence intensity of ROIl/area
of ROI.

4.11 | Statistical analysis

All the quantitative data were presented as mean and standard devia-
tion. After checking of normal distribution by Kolmogorov-Smirnov
test, all parameters were analyzed by ANOVA and post hoc Turkey's
HSD. For histological scoring, non-parametric Mann-Whitney U tests
were used for comparisons between groups. The statistical analysis is
calculated by SPSS (version 11; SPSS Inc, Chicago, IL, USA) and the

level of significance is considered at p < 0.05.

5 | CONCLUSION

In conclusion, we have developed a method to produce secretomes
from fetal MSCs on a large scale and demonstrated the unique charac-
teristics and bioactivities of HFS in vitro and in vivo. HFS-PLGA parti-
cles may be used for promoting wound healing or tissue repair in
future clinical applications. Exosomes and the heat shock protein fam-
ily could be used as a functional biomarkers of the pro-angiogenic
function of the HFS.

AUTHOR CONTRIBUTIONS

Bin Wang: Conceptualization (lead); data curation (lead); formal analy-
sis (lead); funding acquisition (lead); investigation (lead); methodology
(lead); project administration (lead); supervision (lead); visualization
(lead); writing - original draft (lead); writing - review & editing (lead).
Mengru Pang: Data curation (lead); formal analysis (equal); investiga-
tion (lead); methodology (lead). Yancheng Song: Formal analysis (sup-
porting); funding acquisition (supporting); investigation (supporting);
resources (supporting). Haixing Wang: Data curation (equal); formal
analysis (supporting); investigation (supporting); methodology (sup-
porting). Pan Qi: Data curation (supporting); formal analysis (support-
ing); investigation (supporting); methodology (supporting). Shanshan
Bai: Data curation (supporting); formal analysis (supporting); funding



BIOENGINEERING &
180f20 | G ATIONAL MEDICINE

WANG ET AL

acquisition (supporting); methodology (supporting). Xiaoxuan Lei:
Data curation (supporting); formal analysis (supporting); funding acqui-
sition (supporting); methodology (supporting). ShiKun Wei: Data cura-
tion  (supporting);  investigation  (supporting);  methodology
(supporting). Zhixian Zong: Data curation (supporting); formal analysis
(supporting). Sien Lin: Data curation (supporting); formal analysis (sup-
porting). XiaoTing Zhang: Data curation (supporting); investigation
(supporting); methodology (supporting). XiaoTong Cen: Formal analy-
sis (supporting); investigation (supporting); methodology (supporting).
Xia Wang: Data curation (supporting). YongKang Yang: Data curation
(supporting); formal analysis (supporting); investigation (supporting);
methodology (supporting). Yuan Li: Data curation (supporting); formal
analysis (supporting); investigation (supporting); methodology (sup-
porting). Yan Wang: Formal analysis (supporting); funding acquisition
(supporting); methodology (supporting); resources (supporting); super-
vision (supporting). Hongjie Xu: Formal analysis (supporting); investi-
gation (supporting); methodology (supporting); resources (supporting).
Lin Huang: Conceptualization (supporting); formal analysis (equal);
methodology (lead); resources (equal). Micky Tortorella: Conceptuali-
zation (supporting); funding acquisition (supporting); resources (sup-
porting); supervision (supporting). Biao Cheng: Conceptualization
(equal); funding acquisition (equal); resources (equal); supervision
(equal). Yukwai Lee: Data curation (equal); funding acquisition (equal);
investigation (equal); resources (equal); supervision (equal). Dajiang
Qin: Conceptualization (equal); investigation (equal); resources (equal);
supervision (equal). Gang Li: Conceptualization (lead); data curation
(lead); project administration (lead); resources (lead); supervision (lead);

writing - original draft (lead); writing - review & editing (lead).

ACKNOWLEDGMENTS

This work was fully supported by grants from the University Grants
Committee, Research Grants Council of the Hong Kong Special
Administrative Region, China (T13-402/17-N and AoE/M-402/20);
partially supported by grants from Hong Kong Innovation Technology
Commission Funds (PRP/050/19FX). This study also received support
from the SMART program, Lui Che Woo Institute of Innovative Medi-
cine, The Chinese University of Hong Kong. This work was also sup-
ported by grants from Guangzhou science and technology bureau,
CHINA (202102021247).

CONFLICT OF INTERESTS
All the authors declared no conflict of interest.

DATA AVAILABILITY STATEMENT
Data availability statement The data that support the findings of this
study are available from the corresponding author upon reasonable

request.

ETHICAL STATEMENT

Human fetal MSC was isolated from first-trimester fetal bone tis-
sues which were stored in the Cell Bank of the Prince of Wales
Hospital of the Chinese University of Hong Kong. Human ethics
approval was obtained from the Joint CUHK-NTEC Clinical

Research Ethics Committee of the Chinese University of Hong
Kong (Ref. No. CRE-2011.383). Human adult MSC was isolated
from adult bone tissue. The use of human adult samples was
approved by the Joint CUHK-NTEC Clinical Research Ethics Com-
mittee (Ref. No. CRE-2010.248). For animal studies, surgery was
carried out under the animal license issued by the Hong Kong SAR
Government and the approval of the Animal Experimentation
Ethics Committee of the Chinese University of Hong Kong
(Ref No. 17-145-ITF).

ORCID
Bin Wang "2 https://orcid.org/0000-0002-1348-1494
REFERENCES

1. Armstrong DG, Wrobel J, Robbins JM. Guest editorial: are diabetes-
related wounds and amputations worse than cancer? Int Wound J.
2007;4(4):286-287.

2. Aulivola B, Hile CN, Hamdan AD, et al. Major lower extremity ampu-
tation: outcome of a modern series. Arch Surg. 2004;139(4):395-399.
discussion 399.

3. Sargen MR, Hoffstad O, Margolis DJ. Geographic variation in Medi-
care spending and mortality for diabetic patients with foot ulcers and
amputations. J Diabetes Complications. 2013;27(2):128-133.

4. Maderal AD, Vivas AC, Eaglstein WH, Kirsner RS. The FDA and
designing clinical trials for chronic cutaneous ulcers. Semin Cell Dev
Biol. 2012;23(9):993-999.

5. Coppé J-P, Patil CK, Rodier F, et al. A human-like senescence-
associated secretory phenotype is conserved in mouse cells depen-
dent on physiological oxygen. PLoS One. 2010;5(2):€9188.

6. Manole E, Niculite C, Lambrescu IM, et al. Macrophages and stem
cells-two to tango for tissue repair? Biomolecules. 2021;11(5):697.

7. Vizoso FJ, Eiro N, Cid S, Schneider J, Perez-Fernandez R. Mesenchy-
mal stem cell Secretome: toward cell-free therapeutic strategies in
regenerative medicine. Int J Mol Sci. 2017;18(9):1852.

8. Fierabracci A, Del Fattore A, Muraca M. The Immunoregulatory activ-
ity of mesenchymal stem cells: 'State of Art' and 'Future Avenues'.
Curr Med Chem. 2016;23(27):3014-3024.

9. Guillot PV, Gotherstrom C, Chan J, Kurata H, Fisk NM. Human first-
trimester fetal MSC express pluripotency markers and grow faster
and have longer telomeres than adult MSC. Stem Cells. 2007;25(3):
646-654.

10. Shakoor A, Wang B, Fan L, et al. Automated optical tweezers manipu-
lation to transfer mitochondria from fetal to adult MSCs to improve
antiaging gene expressions. Small. 2021;17(38):e2103086.

11. Wang B, Lee WYW, Huang B, et al. Secretome of human fetal mesen-
chymal stem cell ameliorates replicative Senescen. Stem Cells Dev.
2016;25(22):1755-1766.

12. Xu J, Wang B, Sun Y, et al. Human fetal mesenchymal stem cell secre-
tome enhances bone consolidation in distraction osteogenesis. Stem
Cell Res Ther. 2016;7(1):134.

13. Lorenz HP, Longaker MT, Perkocha LA, Jennings RW, Harrison MR,
Adzick NS. Scarless wound repair: a human fetal skin model. Develop-
ment. 1992;114(1):253-259.

14. Rowlatt U. Intrauterine wound healing in a 20 week human fetus.
Virchows Arch A Pathol Anat Histol. 1979;381(3):353-361.

15. Adzick NS, Longaker MT. Animal models for the study of fetal tissue
repair. J Surg Res. 1991;51(3):216-222.

16. Adzick NS, Longaker MT. Scarless fetal healing. Therapeutic implica-
tions. Ann Surg. 1992;215(1):3-7.

17. Adzick NS, Lorenz HP. Cells, matrix, growth factors, and the surgeon.
The biology of scarless fetal wound repair. Ann Surg. 1994;220(1):10-18.


https://orcid.org/0000-0002-1348-1494
https://orcid.org/0000-0002-1348-1494

WANG ET AL.

BIOENGINEERING &
TRANSLATIONAL MEDICINEJ”;f20

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

Ajit A, Ambika Gopalankutty I. Adipose-derived stem cell secretome
as a cell-free product for cutaneous wound healing. 3 Biotech. 2021;
11(9):413.

An YH, Kim DH, Lee EJ, et al. High-efficient production of adipose-
derived stem cell (ADSC) Secretome through maturation process and
its non-scarring wound healing applications. Front Bioeng Biotechnol.
2021;9:681501.

Fernandes-Cunha GM, Na KS, Putra |, et al. Corneal wound healing
effects of mesenchymal stem cell Secretome delivered within a visco-
elastic gel carrier. Stem Cells Transl Med. 2019;8(5):478-489.

Park SR, Kim JW, Jun HS, Roh JY, Lee HY, Hong IS. Stem cell Secre-
tome and its effect on cellular mechanisms relevant to wound healing.
Mol Ther. 2018;26(2):606-617.

Fromer MW, Chang S, Hagaman ALR, et al. The endothelial cell secre-
tome as a novel treatment to prime adipose-derived stem cells for
improved wound healing in diabetes. J Vasc Surg. 2018;68(1):
234-244.

de Almeida Fuzeta M, de Matos Branco AD, Fernandes-
Platzgummer A, da Silva CL, JMS C. Addressing the manufacturing
challenges of cell-based therapies. Adv Biochem Eng Biotechnol. 2019;
171:225-278.

de Sousa Pinto D, Bandeiras C, de Almeida Fuzeta M, et al. Scalable
Manufacturing of Human Mesenchymal Stromal Cells in the Vertical-
Wheel Bioreactor System: An Experimental and Economic Approach.
Biotechnol J. 2019;14(8):1800716.

Sousa MF, Silva MM, Giroux D, et al. Production of oncolytic adeno-
virus and human mesenchymal stem cells in a single-use, vertical-
wheel bioreactor system: impact of bioreactor design on performance
of microcarrier-based cell culture processes. Biotechnol Prog. 2015;
31(6):1600-1612.

Rodrigues CA, Silva TP, Nogueira DES, et al. Scalable culture of
human induced pluripotent cells on microcarriers under xeno-free
conditions using single-use vertical-wheel™ bioreactors. J Chem
Technol Biotechnol. 2018;93(12):3597-3606.

Schinkothe T, Bloch W, Schmidt A. In vitro secreting profile of human
mesenchymal stem cells. Stem Cells Dev. 2008;17(1):199-206.
O'Fagain C, Colliton K. Storage and Lyophilization of pure proteins.
Methods Mol Biol. 2017;1485:159-190.

Dhanabalan KM, Gupta VK, Agarwal R. Rapamycin-PLGA microparti-
cles prevent senescence, sustain cartilage matrix production under
stress and exhibit prolonged retention in mouse joints. Biomater Sci.
2020;8(15):4308-4321.

Ahmad N, Ahmad R, Alrasheed RA, et al. A chitosan-PLGA based cat-
echin hydrate nanoparticles used in targeting of lungs and cancer
treatment. Saudi J Biol Sci. 2020;27(9):2344-2357.

Giannasi C, Della Morte E, Casati S, Orioli M, Gualerzi A, Brini AT.
Towards Secretome standardization: identifying key ingredients of
MSC-derived therapeutic cocktail. Stem Cells Int. 2021;2021:
3086122.

Bindea G, Mlecnik B, Hackl H, et al. ClueGO: a Cytoscape plug-in to
decipher functionally grouped gene ontology and pathway annotation
networks. Bioinformatics. 2009;25(8):1091-1093.

Stimer C, Boz Er AB, Dincer T. Keratin 14 is a novel interaction
partner of keratinocyte differentiation regulator: receptor-interacting
protein kinase 4. Turk J Biol. 2019;43(4):225-234.

Van Muijen GN, Warnaar SO, Ponec M. Differentiation-related
changes of cytokeratin expression in cultured keratinocytes and in
fetal, newborn, and adult epidermis. Exp Cell Res. 1987;171(2):
331-345.

Heldin CH, Westermark B. Mechanism of action and in vivo role of
platelet-derived growth factor. Physiol Rev. 1999;79(4):1283-
1316.

Friedenstein AJ, Deriglasova UF, Kulagina NN, et al. Precursors for
fibroblasts in different populations of hematopoietic cells as detected
by the in vitro colony assay method. Exp Hematol. 1974;2(2):83-92.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Zimmerlin L, Donnenberg VS, Pfeifer ME, et al. Stromal vascular pro-
genitors in adult human adipose tissue. Cytometry A. 2010;77(1):
22-30.

Van Pham P, Truong NC, Le PT, et al. Isolation and proliferation of
umbilical cord tissue derived mesenchymal stem cells for clinical
applications. Cell Tissue Bank. 2016;17(2):289-302.

Liao EC, Hsu YT, Chuah QY, et al. Radiation induces senescence and
a bystander effect through metabolic alterations. Cell Death Dis.
2014;5:e1255.

Bodnar RJ, Satish L, Yates CC, Wells A. Pericytes: a newly recognized
player in wound healing. Wound Repair Regen. 2016;24(2):204-214.
Moore AL, Marshall CD, Barnes LA, Murphy MP, Ransom RC,
Longaker MT. Scarless wound healing: transitioning from fetal
research to regenerative healing. Interdiscip Rev Dev Biol. 2018;7(2).
doi:10.1002/wdev.309.

Beanes SR, Hu FY, Soo C, et al. Confocal microscopic analysis of scar-
less repair in the fetal rat: defining the transition. Plast Reconstr Surg.
2002;109(1):160-170.

Rojewski MT, Fekete N, Baila S, et al. GMP-compliant isolation and
expansion of bone marrow-derived MSCs in the closed, automated
device quantum cell expansion system. Cell Transplant. 2013;22(11):
1981-2000.

Mizukami A, Fernandes-Platzgummer A, Carmelo JG, et al. Stirred tank
bioreactor culture combined with serum—/xenogeneic-free culture
medium enables an efficient expansion of umbilical cord-derived mesen-
chymal stem/stromal cells. Biotechnol J. 2016;11(8):1048-1059.

Santos F, Andrade PZ, Abecasis MM, et al. Toward a clinical-grade
expansion of mesenchymal stem cells from human sources: a
microcarrier-based culture system under xeno-free conditions. Tissue
Eng Part C Methods. 2011;17(12):1201-1210.

Lawson T, Kehoe DE, Schnitzler AC, et al. Process development for
expansion of human mesenchymal stromal cells in a 50 L single-use
stirred tank bioreactor. Biochem Eng J. 2017;120:49-62.

Chen L, Tredget EE, Wu PYG, Wu Y. Paracrine factors of mesenchy-
mal stem cells recruit macrophages and endothelial lineage cells and
enhance wound healing. PLoS One. 2008;3(4):e1886.

Aggarwal S, Pittenger MF. Human mesenchymal stem cells modulate
allogeneic immune cell responses. Blood. 2005;105(4):1815-1822.

Oh JY, Kim MK, Shin MS, et al. The anti-inflammatory and anti-
angiogenic role of mesenchymal stem cells in corneal wound healing
following chemical injury. Stem Cells. 2008;26(4):1047-1055.

Colwell AS, Beanes SR, Soo C, et al. Increased angiogenesis and
expression of vascular endothelial growth factor during scarless
repair. Plast Reconstr Surg. 2005;115(1):204-212.

Satoh J, Onoue H, Arima K, Yamamura T. The 14-3-3 protein forms a
molecular complex with heat shock protein Hsp60 and cellular prion
protein. J Neuropathol Exp Neurol. 2005;64(10):858-868.

Yano M, Nakamuta S, Wu X, Okumura Y, Kido H. A novel function of
14-3-3 protein: 14-3-3(C is a heat-shock-related molecular chaper-
one that dissolves thermal-aggregated proteins. Mol Biol Cell. 2006;
17(11):4769-4779.

Zhang H, Freitas D, Kim HS, et al. Identification of distinct nanoparti-
cles and subsets of extracellular vesicles by asymmetric flow field-
flow fractionation. Nat Cell Biol. 2018;20(3):332-343.

Samudio |, Fiegl M, Andreeff M. Mitochondrial uncoupling and the
Warburg effect: molecular basis for the reprogramming of cancer cell
metabolism. Cancer Res. 2009;69(6):2163-2166.

Wiley CD, Campisi J. From ancient pathways to aging cells-
connecting metabolism and cellular senescence. Cell Metab. 2016;
23(6):1013-1021.

Schworer S, Vardhana SA, Thompson CB. Cancer metabolism drives a
stromal regenerative response. Cell Metab. 2019;29(3):576-591.

Ding DC, Chang YH, Shyu WC, Lin SZ. Human umbilical cord mesen-
chymal stem cells: a new era for stem cell therapy. Cell Transplant.
2015;24(3):339-347.


https://doi.org/10.1002/wdev.309

BIOENGINEERING &
200120 | Qo ATIONAL MEDICINE

58.

59.
60.

61.

62.

63.

64.

65.

66.

WANG ET AL

Nimsamer P, Mayuramart O, Rattanaburi S, et al. Comparative perfor-
mance of CRISPR-Cas12a assays for SARS-CoV-2 detection tested
with RNA extracted from clinical specimens. J Virol Methods. 2021;
290:114092.

Epstein LR, Lee SS, Miller MF, Lombardi HA. CRISPR, animals, and FDA
oversight: building a path to success. Proc Natl Acad Sci U S A. 2021;118
(22):22004831117.

Lembong J, Kirian R, Takacs JD, et al. Bioreactor parameters for
microcarrier-based human MSC expansion under Xeno-free condi-
tions in a vertical-wheel system. Bioengineering (Basel). 2020;7(3):73.
Wang L, Shao C, Xu W, Zhou Q, Wang N, Chen S. Proteome profiling
reveals immune responses in Japanese flounder (Paralichthys oliva-
ceus) infected with Edwardsiella tarda by iTRAQ analysis. Fish Shell-
fish Immunol. 2017;66:325-333.

Cox J, Mann M. MaxQuant enables high peptide identification rates,
individualized p.p.b.-range mass accuracies and proteome-wide pro-
tein quantification. Nat Biotechnol. 2008;26(12):1367-1372.

Ravi S, Peh KK, Darwis Y, Murthy BK, Singh TRR, Mallikarjun C.
Development and characterization of polymeric microspheres for
controlled release protein loaded drug delivery system. Indian J Pharm
Sci. 2008;70(3):303-309.

Sun SB, Liu P, Shao FM, Miao QL. Formulation and evaluation of
PLGA nanoparticles loaded capecitabine for prostate cancer. Int J Clin
Exp Med. 2015;8(10):19670-19681.

Lee WY, Zhang T, Lau CP, Wang CC, Chan KM, Li G. Immortalized
human fetal bone marrow-derived mesenchymal stromal cell expressing
suicide gene for anti-tumor therapy in vitro and in vivo. Cytotherapy.
2013;15(12):1484-1497.

Gu H, Huang L, Wong YP, Burd A. HA modulation of epidermal mor-
phogenesis in an organotypic keratinocyte-fibroblast co-culture
model. Exp Dermatol. 2010;19(8):e336-e339.

67.

68.

69.

70.

71.

Poon VK, Huang L, Burd A. Biostimulation of dermal fibroblast by
sublethal Q-switched Nd:YAG 532 nm laser: collagen remodeling and
pigmentation. J Photochem Photobiol B. 2005;81(1):1-8.

Stark HJ, Baur M, Breitkreutz D, Mirancea N, Fusenig NE. Organoty-
pic keratinocyte cocultures in defined medium with regular epidermal
morphogenesis and differentiation. J Invest Dermatol. 1999;112(5):
681-691.

Navarro-Casado L, Juncos-Tobarra MA, Chafer-Rudilla M, de
Onzono LI, Blazquez-Cabrera JA, Miralles-Garcia JM. Effect of experi-
mental diabetes and STZ on male fertility capacity study in rats.
J Androl. 2010;31(6):584-592.

Akbarzadeh A, Norouzian D, Mehrabi MR, et al. Induction of diabetes
by Streptozotocin in rats. Indian J Clin Biochem. 2007;22(2):60-64.
Deka G, Wu WW, Kao FJ. In vivo wound healing diagnosis with sec-
ond harmonic and fluorescence lifetime imaging. J Biomed Opt. 2013;
18(6):061222.

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: Wang B, Pang M, Song Y, et al.
Human fetal mesenchymal stem cells secretome promotes
scarless diabetic wound healing through heat-shock protein
family. Bioeng Transl Med. 2023;8(1):e10354. doi:10.1002/
btm2.10354


info:doi/10.1002/btm2.10354
info:doi/10.1002/btm2.10354

	Human fetal mesenchymal stem cells secretome promotes scarless diabetic wound healing through heat-shock protein family
	1  INTRODUCTION
	2  RESULTS
	2.1  Large-scale expansion of hfMSC in vertical-wheel bioreactor
	2.2  Lyophilized HFS treatment rejuvenated human adult skin cells into a fetal skin cells-like phenotype
	2.3  HFS encapsulated in PLGA particles retained bioactivities of HFS in vitro
	2.4  HFS-PLGA particles promoted dermal repair in STZ-induced diabetes rats
	2.5  Proteomics and bioinformatic analysis identified YWHAZ, HSPA8, and exosomes as candidate factors for pro-angiogenesis ...
	2.6  Intracellular exosomes, YWHAH, and HSPA8 regulate angiogenesis

	3  DISCUSSION
	4  MATERIALS AND METHODS
	4.1  Isolation and characterization of hfMSCs
	4.2  Protein identification of secretome from a fetal and adult cell
	4.3  Bioinformatic analysis
	4.4  Preparation of HFS encapsulated in PLGA particles
	4.5  Cell proliferation and migration assays
	4.6  Primary culture of human keratinocytes and fibroblast
	4.7  Fibroblast-populated collagen lattice
	4.8  Keratinocyte organotypic cultures
	4.9  Diabetic rat wound healing model
	4.10  Histological analysis and immunostaining examinations
	4.11  Statistical analysis

	5  CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTERESTS
	DATA AVAILABILITY STATEMENT

	ETHICAL STATEMENT
	REFERENCES


