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Abstract

Diabetic foot ulcers are a major health care concern with limited effective therapies.

Mesenchymal stem cell (MSC)-based therapies are promising treatment options due

to their beneficial effects of immunomodulation, angiogenesis, and other paracrine

effects. We investigated whether a bioengineered scaffold device containing

hypoxia-preconditioned, allogeneic human MSCs combined with the beta-adrenergic

antagonist timolol could improve impaired wound healing in diabetic mice. Different

iterations were tested to optimize the primary wound outcome, which was percent

of wound epithelialization. MSC preconditioned in 1 μM timolol at 1% oxygen (hyp-

oxia) seeded at a density of 2.5 × 105 cells/cm2 on Integra Matrix Wound Scaffold

(MSC/T/H/S) applied to wounds and combined with daily topical timolol applications

at 2.9 mM resulted in optimal wound epithelialization 65.6% (24.9% ± 13.0% with

MSC/T/H/S vs 41.2% ± 20.1%, in control). Systemic absorption of timolol was below

the HPLC limit of quantification, suggesting that with the 7-day treatment, accumula-

tive steady-state timolol concentration is minimal. In the early inflammation stage

of healing, the MSC/T/H/S treatment increased CCL2 expression, lowered the pro-

inflammatory cytokines IL-1B and IL6 levels, decreased neutrophils by 44.8%, and

shifted the macrophage ratio of M2/M1 to 1.9 in the wound, demonstrating an anti-

inflammatory benefit. Importantly, expression of the endothelial marker CD31 was

increased by 2.5-fold with this treatment. Overall, the combination device success-

fully improved wound healing and reduced the wound inflammatory response in the

Hsin-ya Yang and Fernando Fierro contributed equally to this study.

Received: 6 November 2019 Accepted: 10 June 2020

DOI: 10.1002/sctm.19-0380

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2020 The Authors. STEM CELLS TRANSLATIONAL MEDICINE published by Wiley Periodicals LLC on behalf of AlphaMed Press

STEM CELLS Transl Med. 2020;1–12. wileyonlinelibrary.com/journal/sct3 1

https://orcid.org/0000-0002-5325-494X
https://orcid.org/0000-0002-2249-7244
https://orcid.org/0000-0001-7813-0858
mailto:rrisseroff@ucdavis.edu
http://wileyonlinelibrary.com/journal/sct3
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsctm.19-0380&domain=pdf&date_stamp=2020-07-28


diabetic mouse model, suggesting that it could be translated to a therapy for patients

with diabetic chronic wounds.

K E YWORD S

animal models, diabetes, hypoxia, mesenchymal stem/stromal cells (MSCs)

1 | INTRODUCTION

Chronic ulcers in patients with diabetes mellitus (diabetes foot ulcers or

DFU) are of increasing concern in the United States. There are over

25 million diabetics in the United States,1 and approximately 25% of

these individuals will develop a foot ulcer during their lifetime.2 Even

more striking, these ulcers are a causal factor for amputations in about

30% of patients,3 and of these patients with amputations, the 5 year sur-

vival rate is estimated at 39% to 68%.4 A recent comparison has shown

that among deadliest diseases, the 5-year mortality rate for DFU is the

same as that of colon cancer (48%).5,6 This dire outcome is coupled with

extensive US health care expenditures for DFU, of over $43 billion a

year.7 Yet, these expenditures for good standard of care result in healing

of only 30% of patients with DFU.8 This rather dismal cure rate has

prompted vigorous research for therapeutic alternatives, and advanced

wound care approaches including topical application of growth factors,

and extracellular matrix scaffold materials (reviewed in References 9-12).

Some of these scaffolds have achieved increased healing in diabetic

wounds, as compared with standard of care.13,14 These findings suggest

that an extracellular matrix scaffold may be a promising base on which to

further engineer a wound reparative product.

Indeed, bioengineered living tissue replacements with skin-

resident cells embedded within a scaffold that emulates skin compart-

ments have been developed.15,16 Currently, there are Food and Drug

Administration (FDA)-approved and clinically available medical devices

for DFU repair that contain viable fibroblasts (Dermagraft, Organo-

genesis Inc.), or fibroblasts and keratinocytes (Apligraf, Organogenesis

Inc, Canton, Massachusetts).17,18 These products have shown modest

improvement in healing rates for DFU as compared to the standard of

care at 12 weeks (56% with Apligraf vs 38% in control,17 and 30%

with Dermagraft vs 18.3% in control18). However, no FDA-approved

products are composed primarily of mesenchymal stem cells (MSCs),

cells that have been demonstrated to direct repair. MSC-based repar-

ative therapies may offer additional advantages over the currently

available cellular therapies by modulating the immune and inflamma-

tory response19 which is aberrant in DFU.20

Allogeneic MSCs isolated from rodents and human have been

demonstrated to improve wound closure and re-epithelialization in

diabetic mice.21-24 In limited clinical studies, both autologous and allo-

geneic MSCs have been examined for their ability to improve healing

of DFU.25,26 However, there are strong clinical translational advan-

tages for the use of allogeneic MSC: the isolated MSC can be

expanded and cryo-preserved to create an optimally therapeutic

master and working cell bank, pre-screened for their pro-reparative

secretome, and prepared for clinical applications in a short period of

time. Also, allogeneic MSCs have been shown to suppress local

immune responses, evade host rejection and persist in the tissue in

animal models.27 To capitalize on these advantages, the Integra Matrix

Wound Scaffold (MSC/T/H/S) device incorporates bone marrow-

derived MSC, which in contrast to MSCs from other sources (placenta,

umbilical cord, and adipose), have been very well-characterized and

already have a strong safety profile in the clinic.28,29 MSCs are

embedded and cultured on a cross-linked type I collagen and

chondroitin-6-sulfate porous scaffold that supports MSC adhesion

and survival (Integra Matrix Wound Dressing) that has FDA-

approval.30-34 MSCs remain viable in vitro when cultivated in this

scaffold for at least 15 days, and show limited expansion,32 which

allows for a clinical translational regimen of a 7 to 14 day treatment.

In addition, we previously demonstrated 85% of MSCs applied to

Integra scaffolds localize to the seeding side and are retained and via-

ble in culture for 15 days.35 Our prior work has also demonstrated

that hypoxia pretreatment increases MSC survival in vivo,36 which

would be predicted to improve cell retention at the wound site in clin-

ical applications. Subcutaneous injection of luciferase-expressing

MSCs into immune deficient NSG mice demonstrates that cell reten-

tion is enhanced when the MSCs are preconditioned under 1% hyp-

oxia for 48 hours.36 The hypoxic preconditioning decreases glucose

Significance statement

Chronic diabetic ulcers are a causal factor for amputations,

but the standard of care results in healing of only 30% of

patients. This study developed a bioengineered scaffold

containing hypoxia-preconditioned, allogeneic human mes-

enchymal stem cells (MSCs) combined with a beta-

adrenergic antagonist, timolol, to treat wounds in diabetic

mice. This is the first product that is composed primarily of

MSCs with timolol application. The optimized treatment

demonstrates promising results of improved healing and

decreased inflammation in diabetic wounds. This unique

approach provides significant, preclinical evidence

supporting the translation of this MSC-based treatment as a

therapy for patients with chronic wounds.
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consumption,36 thus resulting in longer survival in nutrient-deficient

environments.

The inclusion of timolol as a preconditioning element derives

from our prior body of work has demonstrated that wound tissues

can generate catecholamines37,38 and that these catecholamines can

impair healing by inhibiting keratinocyte migration and wound

epithelialization,37-40 altering fibroblast reparative phenotype,41,42

and sustaining an inflammatory environment within the wound by

increasing neutrophil dwell times43 and by increasing inflammatory

cytokines within the wound.43 The beta adrenergic antagonist, timo-

lol, a drug that is FDA-approved and clinically used with topical deliv-

ery for wide-angle glaucoma, has been shown to reverse these

deleterious catecholamine effects, and thus improve healing in multi-

ple in vitro, ex vivo, and in vivo wound models.37,39,40,43 Importantly,

we have also demonstrated that timolol pretreatment, abrogates epi-

nephrine, and bacterial TLR activators induced IL-6 secretion by

MSCs.44

These critical findings underpin our decision to incorporate MSCs

preconditioned with both hypoxia and timolol into an extracellular

matrix scaffold material. Here, we report the bioengineering of the

MSC/T/H/S combination device and its efficacy and immuno-

modulatory effects in an impaired healing, diabetic murine wound

model. We believe this is a unique approach that may provide supe-

rior healing responses in patients with diabetic wounds.

2 | MATERIALS AND METHODS

2.1 | MSC source

Fresh bone marrow aspirates were purchased from Stem Express

(Placerville, California) from five healthy donors. MSCs were isolated

using a Ficoll density gradient (Sigma-Aldrich, St. Louis, Missouri) and

based on their adherence to plastic.36 Cells were cultured in DMEM

with 10% fetal bovine serum (FBS, Atlanta Biologicals, Flowery

Branch, Georgia) and then expanded to up to passage 4 and

cryopreserved. Full characterization of cells is presented in Supple-

mentary Table 1 and Supplementary Figures 1-5.

2.2 | MSC/timolol/hypoxia/scaffold device
preparation

Five days prior to wounding, MSCs were thawed, washed, and seeded

on 8 mm circular matrix scaffolds (Integra-Wound Matrix, catalog #

54051T, Integra LifeSciences, Plainsboro, New Jersey, 0.5 mm thick-

ness, trimmed to the same sizes as the wounds) for 4 hours to over-

night. Integra (catalog # 52025, 1 mm thickness) was used in

Figure 1C, which resulted in a slightly lower rate of healing. The MSC-

Integra scaffolds were then incubated in 1 μM timolol at 1% Oxygen

(hypoxia) in the MSC culture medium at 37�C for at least 48 hours,

before being sealed in the culture medium in a hypoxic chamber and

transferred to the surgery room.

2.3 | Mouse model

Db/db mice (#00642 Wildtype for Dock 7m, Homozygous for Lepr db,

8-10 weeks old females from Jackson lab, Sacramento, California)

were used at 12 to 14 weeks. The mouse wounding protocol is

approved by the UC Davis IACUC (#20111) and is in accordance with

all AAALAC guidelines. The mouse weight (40-50 g) and blood glucose

(tested by the LifeScan OneTouch Ultra Blue Meter, Johnson and

Johnson, New Brunswick, New Jersey) were monitored for 1 to

2 weeks to confirm the blood glucose level was >200 mg/dL. Mice

that lost more than 20% weight during the experiments were

excluded. The final results were combined from 6 to 10 mice/treat-

ment in three repeated experiments.

2.4 | Wounding surgery and implanting scaffolds

The dorsal surface of the mice was shaved 24 hours before surgery.

The mice were anesthetized with 2.5% isoflurane, the weight and

blood glucose were measured again, and analgesic (Buprenex,

0.05 mg/mL, 1 μL/g body weight) was injected subcutaneously. After

betadine and alcohol washes of the mouse dorsum, two sterile silicon

splints (10 mm inner diameter, 16 mm outer diameter, 1.6 mm thick)

were glued (Superglue, 3M, Minnesota) at 35 mm from the base of

the skull, and 10 mm on either side of the spine on each mouse and

secured with eight sutures (6-0 Ethilon, #697G). A 6-mm full-thick-

ness, circular wound was created in the center of each splint by a

biopsy punch and surgical microscissors, as we have described45

(Figure 1A, day 0). The MSC/T/H/S scaffold device was removed from

culture medium and inserted into the wound bed with the cell-

application side facing down. A 16-mm circular plastic coverslip was

applied on top of the splint and the wound area was sealed with a

transparent, semi-permeable dressing (Tegaderm, 3M, Maplewood,

Minnesota). The wounds were monitored daily and the coverslips and

transparent dressings were replaced every 3 days. Daily timolol treat-

ment was injected into the space between the wound bed and the

coverslips.

2.5 | Topical administration of timolol

Derivation of the dose to apply topically to the wound was calculated

from FDA-approved dosing schedules for glaucoma of 0.5 mg/day

(1 drop of 0.5% solution/eye/twice/day, or 50 μL × 0.5% × 1 eye × 2

applications per day.46 For equivalent dosing of the wound, 0.047 mg

timolol/6-mm wound, or 50 μL of 2.9 mM timolol solution per wound

was used (Supplementary Methods).

2.6 | Wound tissue and blood collection

Wound tissue was collected on day 7 (Figure 1A). The Tegaderm, cov-

erslips, sutures, and splints were removed and a 1 × 1 cm2 section of
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skin tissue around the wounds was excised and fixed in 4% parafor-

maldehyde for 24 hours for histological analysis. Blood was collected

by cardiac puncture for HPLC analysis (Supplementary Methods).

2.7 | Quantitation of wound healing

After fixation, the wound tissue was paraffin-embedded, sectioned to

5 μm and H&E stained for determination of wound re-epithelializa-

tion. All the histological sections were imaged using a BioRevo

BZ-9000 inverted microscope (Keyence, Osaka, Japan) and measured

by an investigator blinded to treatment group with the BZ-II viewer

and analyzer (Keyence, Japan). The wound edges were defined by the

absence of underlying adipose tissue and wound healing is deter-

mined by the re-epithelialization of the epidermis layer.47,48 The out-

growth of the newly formed epidermis was tracked manually from the

wound edges and the percentage of the combined length of the

re-epithelialization to the total length of the wounds was calculated

(Figure 1B-D). Two-tailed Student's t test was performed to deter-

mine statistical differences between the treatment groups.

2.8 | Quantitation of plasma timolol
concentrations

An ultra-sensitive HPLC (UHPLC, Antec Scientific, Zoeterwoude, the

Netherlands) with UV-Visible absorbance detection at 284 nm (Antec

neurotransmitter analyzer) was used to detect timolol. Timolol was

quantitated with the lower limit of quantitation (LOQ) of 3.0 ng/mL

(Supplementary Methods). Plasma samples from 6 db/db mice were

examined in each treatment group.

2.9 | Quantitative PCR for cytokine expression

The mouse wound tissue was collected on day 3 post wounding,

stored in RNALater (Invitrogen, Carlsbad, California) at 4�C, and

homogenized using a Tissue Tearor homogenizer (Biospec, Bartles-

ville, Oklahoma) in the Qiazol Lysis Buffer (Qiagen, Venlo, the Nether-

lands). RNA was isolated with RNeasy Mini Kit (Qiagen) and

quantitative PCR was performed (Supplementary Methods). Each

sample was run in duplicate and mRNA levels of target genes were

F IGURE 1 The combined treatment
of MSC and timolol improves wound
healing in diabetic mice. A, in vivo
wounding assay. Bilateral 6 mm skin
excisional wounds were made with splints
to reduce skin contraction (left panel,
day 0) and the different treatment
matrices were inserted to the wound
beds (right panel, day 7). B, Quantitation

of wound healing. A representative image
of H&E staining of the day 7 wound is
shown. The original wound edge (yellow
dashed lines) on each side is determined
by the absence of subdermal adipose
tissue. Re-epithelialization (red arrows) is
defined by epithelial cell growth above
the Integra matrix (scale
bar = 1000 μm). C, MSC embedded in
Integra improve wound healing. The
mouse wounds were treated with
different concentrations of MSCs seeded
on Integra and collected on day 7. All the
MSC-Integra scaffolds significantly
improved wound epithelialization by
more than 70% relative to the Integra
alone group (*P < .05 as compared to the
Integra control). D, Timolol increases
wound healing. Treatment of wounds
post-implantation of MSC-Integra
scaffolds with either 1 μM or 2.9 mM
timolol increased wound
re-epithelialization as compared to
nontimolol treated controls (mean ± SEM,
n = 12 wounds from six mice in each
group, *P < .05)
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normalized to the reference gene, TBP. Fold change of the target

genes as normalized to normal skin was determined by 2(−ΔΔCt)

(ΔΔCt = ΔCt(target - reference) of sample − ΔCt(target - reference) of normal

skin). Each fold change dataset was analyzed by the Grubbs Tests to

remove outliers and by Student's t test to determine statistical

significance.

2.10 | Immunophenotyping the wound tissue

The mouse wound tissue was digested in the 0.4 U/mL Dispase II

(2 hours, 37�C) and 1 mg/mL Collagenase D (30 minutes, 37�C) in RPMI

1640 containing 10% FBS, and 50 μM beta-mercaptoethanol, and the

digestion was stopped by 10 mM EDTA. The cell suspension was filtered

with 100 μm cell strainers to remove tissue debris. Red blood cells were

removed via ammonium-chloride-potassium lysis. Before immuno-

staining, Zombie Red viability dye (Biolegend, San Diego, California) was

added to all cells, and Fc receptors were blocked with anti-CD16/32

(BD Biosciences, Franklin Lakes, New Jersey). Myeloid cells (neutrophils,

monocytes and macrophages) were stained with Brilliant Violet (BV)-711

conjugated anti-mouse CD11b antibodies, and peridinin chlorophyll pro-

tein (PerCP) conjugated anti-mouse CD45 antibodies (Biolegend). Within

the myeloid population, neutrophils were labeled with FITC or BV510

conjugated anti-mouse Ly6G antibodies (BD Biosciences and Biolegend),

inflammatory M1 monocytes/macrophages were stained with phycoery-

thrin (PE) conjugated anti-mouse Ly6C, and allophycocyanin Fire

750 conjugated anti-mouse MHCII (Biolegend) and anti-inflammatory

M2 monocytes and macrophages were stained with BV421 conjugated

anti-mouse CD206 (Biolegend). Cells were analyzed by an Attune flow

cytometer (Life Technologies, Carlsbad, California). The gating strategy

for neutrophils and macrophages is shown in Figure 4A-C,G. Live cells

were selected with Zombie red and immune cells were identified by the

CD45+. Neutrophils were identified as Ly6G+ CD11b+ and monocytes/

macrophages were identified as Ly6G− CD11b+ (Figure 4B,C). M1 and

M2 monocytes/macrophages were further identified with Ly6C and

CD206. M1 cells are Ly6C+ and M2 cells are CD206+ (Figure 4G).

2.11 | Analysis of wound angiogenesis

Wound tissue sections were de-paraffinized, rehydrated, subjected to

heat mediated epitope retrieval (Tris/EDTA, pH 9; Agilent DAKO,

25 minutes at 95�C), and blocked (0.1% Triton X-100, 1% BSA in PBS,

90 minutes) prior to incubation with Anti-CD31 or the isotype control

(Rabbit polyclonal antibodies, Ab124432, Abcam, Cambridge, Massachu-

setts; Rabbit IgG polyclonal Isotype Control, Abcam Ab171870)

followed by secondary antibody conjugated to Dylight 649 (1:200, Goat

anti-rabbit IgG; Vector Laboratories, Burlingame, California). Sections

were mounted with ProLong gold antifade mountant with DAPI

(Thermo Fisher Scientific, Waltham, Massachusetts) and imaged with a

confocal laser scanning microscope (Olympus Fluoview FV10i), and

the CD31 fluorescence was analyzed by an investigator blinded to

treatment group with Volocity software (PerkinElmer, Waltham, Massa-

chusetts). The wound bed area between the wound edges and below

the implanted MSC/matrix device was selected as region of interest,

intensity threshold was determined by histogram in each image to

include all the fluorescent signals, and the fluorescent objects sized

between 10 and 300 μm2 were counted and averaged to the wound

bed area. An ANOVA test was performed to determine statistical

significance.

3 | RESULTS

3.1 | MSC screening from donors

Bone marrow aspirates from five different donors were purchased

from a commercial vendor. Processing details are given in Supplemen-

tary Table 1, and vials of P1, and P2 were cryo-preserved as the Mas-

ter Cell Bank (MCBs). A single P2 vial of each MCB was thawed and

used for testing sterility (bacterial, mycoplasma and endotoxin levels),

secretion of pro-regenerative signals by enzyme-linked immunosor-

bent assays (ELISAs), proliferation, multipotent differentiation poten-

tial, karyotype stability, expression of surface markers and ability to

promote endothelial cell migration.

ELISAs of MSC conditioned medium were used to determine the

expression levels of key factors secreted by MSCs that could impact

wound repair, including Angiogenin, Angiopoietin-2, Transforming

Growth Factor β1 (TGF-β1), Interleukin 8 (IL-8), Vascular Endothelial

Growth Factor (VEGF), Wnt4, and serotonin. Results of these mea-

surements are shown in Supplementary Figure 1 and summarized in

Supplementary Table 1, as are proliferation rates (all five batches

showed comparable cell growth).

The master banks MSCWT3 and MSCWT5 selected to generate

the working cell bank (WCB) due to their similarity in secretion profile

also showed the same proliferation rate, with population doubling

(PD) rate of 0.66 per day (Supplementary Methods). Cell purity mea-

surements determined that all five MSC batches had less than a 0.2%

CD45+ and consistently expressed all MSC markers tested (CD73,

CD90, and CD105). All batches of MSCs exhibited tri-lineage differenti-

ation potential as determined using the respective differentiation

assays49 (Supplementary Figure 4), and all batches of MSCs showed the

normal male karyotype (46, XY), tested by UC Davis Karyotyping Core.

Functional assays were used to test the ability of all five MSCWT

batches for their ability to promote migration of endothelial cells.

Conditioned medium from all five MSC batches significantly induced

migration of human umbilical vein endothelial cells in a wound/scratch

assay (Supplementary Figure 5).

Although the five tested MCB batches showed substantial simi-

larities, the secretion profile of key factors was variable. In conse-

quence, we chose the two MCBs (MSCWT3 and MSCWT5) with the

most similar profiles for the generation of the WCBs. Cells from these

two WCBs were then exclusively used for all experiments described

below.

MSCs, INTEGRA, AND TIMOLOL PROMOTE WOUND HEALING 5



3.2 | Optimization of MSC and timolol
concentrations

We compared several MSC concentrations seeded on the dermal

matrices to determine the optimal MSC dosing in the diabetic mouse

wound model (Figure 1A without additional timolol treatment, or with

post-operational timolol treatment (Figure 1B). Analysis of wound

re-epithelialization (Figure 1C, day 7 tissue) suggests that the MSC-

containing scaffolds embedded with 0.83, 2.5 and 7.5 × 105 cells/cm2,

significantly improved wound epithelialization by 90%, 108% and 77%

at respectively (n = 12 wounds from 6 db/db mice, P < .05) when

compared with matrix (Integra) alone. Therefore, we chose to

F IGURE 2 Quantitation of systemic absorption of timolol. A, Timolol standard curve by UHPLC. A standard curve for UHPLC was prepared

with 3 to 300 ng/mL. The lowest value 3 ng/mL of the standard curve is the limits of quantitation (LOQ). B, Timolol and metoprolol peaks in an
UHPLC chromatograph. Timolol (100 ng/mL) and metoprolol (1000 ng/mL, control) were added to the untreated mouse plasma, extracted and
detected by UHPLC. The retention time of timolol is 6.7 and 8.3 minutes for Metoprolol. One ng/mL is the limits of detection (LOD) or the
minimal visible peak in the chromatograph. Any values between 1 and 3 ng/mL (between LOD and LOQ) are considered detectable, but not
quantifiable. C, Plasma timolol concentrations. The mouse blood samples were collected on day 7 and examined by UHPLC. Metoprolol (1000 ng/
mL) was added as internal standard. The daily accumulative timolol dose is 0.092 mg/mouse, but the detected timolol concentrations are
extremely low (mean ± STDEV, n = 6 mice in each group)
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continue investigations using the optimized MSC concentration of 2.5

× 105 cells/cm2 in the MSC/T/H/S device.

To determine the optimal concentration for the daily treatment of

timolol post application of the MSC/T/H/S device to the wound,

timolol solution (1 μM, 100 μM, and 2.9 mM, 50 μL/wound) or PBS

(control) was applied daily from day 0 until the day before tissue col-

lection. Both the 1 μM and 2.9 mM timolol treatments showed a sig-

nificant increase (Figure 1D, 74.9% improvement with 1 μM and

65.6% with 2.9 mM timolol, n = 12 wounds of 6 db/db mice, P < .05)

in wound re-epithelialization as compared to the control group

(Integra alone). There were no statistical differences between percent-

ages of healing with 1 μM and 2.9 mM. Since 2.9 mM is the concen-

tration derived from the approved clinical dosing of 0.5% timolol for

glaucoma (see Supplementary Methods), we chose this concentration

as the optimized dose. The trend for improved healing is sustained

with the MSC/T/H/S treatment at 14 days, however the statistical

significance to a P value of <.05 was not attained on the day 14 sam-

ples (Supplemental Figure 6).

3.3 | Systemic absorption of timolol

Oral and corneal administrations of timolol are approved by the FDA,

but the systemic absorption through an open skin wound has not yet

been evaluated. To determine the accumulated plasma concentration

of topically applied timolol, mouse blood was collected and analyzed

by UHPLC after 7 days of treatment. Standard curves of metoprolol

and timolol (Figure 2A) were established in each experiment.

Timolol was eluted at 6.7 minutes (Figure 2B, 100 ng/mL Timo-

lol added to mouse plasma for calibration) and the metoprolol reten-

tion time is 8.3 minutes (Figure 2B, 1000 ng/mL added). Timolol

concentrations in mouse plasma with the topical treatment were

detectable but below the LOQ (Figure 2C, MSC-Integra-Timolol,

1 ng/mL < Timolol concentration in plasma <3 ng/mL), suggesting

that the accumulated levels of timolol in circulation after a 7-day

topical treatment is minimal.

3.4 | Cytokine modulation

During the short-term stem cell therapy (7-14 days), MSCs likely do

not differentiate to repair the damage tissue.19,50 Instead, MSCs

secret cytokines to modulate reparative cellular functions. We exam-

ined cytokine expression in wound tissue on day 3 post wounding.

Among these cytokines, the change in the C-C motif chemokine ligand

2, CCL2, is particularly noteworthy (Figure 3A). CCL2, a chemokine

identified in MSC extracellular vesicles,51 recruits monocytes, memory

T cells, and dendritic cells.52,53 A recent study has shown that CCL2

concentration is decreased in diabetic wounds and topical application

of CCL2 improved the delayed healing in diabetic mice.54 Here, we

observed a similar effect, in that when the diabetic wounds healed

with the MSC/T/H/S device treatment, the CCL2 expression level in

the wound tissue was also significantly elevated compared to the con-

trol treatment (Figure 3A).

Two of the pro-inflammatory cytokines, interleukin 1 beta (IL-1β)

and interleukin 6 (IL-6)43 were significantly decreased in the MSC/T/H/S

device treated wounds (Figure 3B,C), supporting its immunomodulatory

functions. CXCL1 and CXCL2 are ligands for CXCR2 and promote neu-

trophil migration to the wound site. CXCR2 has been known to mediate

impaired healing in senescence and diabetes.55,56 Both the CXCL-1 and

CXCL-2 trended downward in the MSC/T/H/S device treated wounds

(Figure 3D,E). These results suggest that this treatment decreases inflam-

mation in the early wound, and likely is one of the mechanisms by which

wound healing is improved with this treatment protocol.

3.5 | Modulation of wound immunophenotype

To characterize the in vivo immune responses to the MSC/T/H/S

device treatment, single cells isolated from wounded tissues were

F IGURE 3 The MSC/T/H/S treatment decreases expression of
inflammatory cytokines in mouse wounds. The relative amounts of
cytokine mRNA on the day 3 wounds were measured by quantitative

PCR and normalized to unwounded mouse skin. A-C, CCL-2, IL-1β,
and IL-6 decreased significantly with the MSC/T/H/S treatment when
compared with the Integra control (*P < .05). D,E, CXCL-1 and
CXCL-2 show a trend of decreasing, but the fold changes are not
statistically significant (mean ± SEM, n = 12 wounds from six mice)
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examined by flow cytometry. Neutrophil infiltration is an early event

and associated with the inflammatory phase of wound healing and

was significantly decreased in the treated wounds (decrease in total

CD45+ immune cells at wounds by 38.8%, Figure 4A,D, P < .05).

Although the percentage of the neutrophils was similar across all

treatments (Figure 4E), the absolute neutrophil counts on day 4 post-

injury were decreased by 44.8% in the device treated wounds as com-

pared to the control (scaffold alone) (Figure 4F, 4.86 × 105 cells in

control vs 2.68 × 105 cells with the treatment; P < .05). In addition,

pro-inflammatory monocyte-derived macrophages (M1) are also pre-

sent during the early stages of wound healing contributing to the

inflammatory environment of the wound.57 As the wound heals, the

local macrophage population transitions toward the anti-inflamma-

tory/pro-repair (M2) phenotype.57 The relative percentage of pro-

inflammatory M1 (Ly6C+) macrophages was decreased (Figure 4H,

left panel, 44% in control vs 32% in the device treated wounds,

P < .05), whereas there were no significant changes in the relative

percentages of anti-inflammatory/pro-repair M2 macrophages

(Figure 4H, middle panel, 22% in control vs 31% in treated). These

changes result in a shift of the M2/M1 ratio from 1 in the scaffold

control wounds to 1.9 with MSC/T/H/S device treated wounds

(Figure 4H, right panel) on day 4 post-injury. The resultant decrease in

pro-inflammatory cells during the early phase of healing likely mini-

mizes the subsequent inflammatory sequelae and promotes wound

re-epithelialization.

3.6 | Modulation of wound angiogenesis

Mouse wound tissues collected on day 7 were processed for immuno-

fluorescence staining for the endothelial cell/angiogenesis marker

CD31. CD31 immunoreactivity was mostly observed in the wound

bed (Figure 5A-D, CD31 in red). Quantification of CD31 fluorescence

signals at the wound bed shows that CD31 immunoreactivity in the

MSC/T/H/S device treated wounds was increased by 256% when

compared with the control (Integra only, Figure 5E, P < .05). These

results suggest that applying the device to the wound improves angio-

genesis during wound healing.

F IGURE 4 The MSC/T/H/S treatment
decreases neutrophil numbers and shifts
macrophages to M2. A-C,G, Gating strategy to
identify neutrophils, monocytes, and M1 and M2

macrophages. D-F, Quantification of cell
populations. H, Shift of macrophages from M1 to
M2 phenotype. Representative dot plots to show
the gating strategy in flow cytometry in A. Live
cells were selected with Zombie red and the
immune cells were identified by the CD45+
population. Neutrophils were identified as Ly6G+
CD11b+ and monocytes/macrophages were
identified as Ly6G− CD11b+ in B,C. The CD45+
immune cells were decreased with the MSC/T/
H/S treatment in D (*P < .05). Panels E and F
were gated in Ly6G− CD11b+ neutrophil cells.
Decreased numbers of neutrophils are found in
the wounds treated with MSC/T/H/S compared
to Integra controls on day 4 post injury in F
(*P < .05). M1 and M2 monocytes/macrophages
were further subclassified as M1 cells (Ly6C+) and
M2 cells (CD206+) in G. On day 4, the
percentages of pro-inflammatory M1
macrophages (Ly6C+) are decreased and the
M2/M1 ratio increased with the MSC/T/H/S
treatment when compared to controls (Integra
alone) in (H) (*P < .05, mean ± STDEV, n = 10
wounds from five mice)
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4 | DISCUSSION

Our goal was to engineer a MSC-based cellular device optimized to

improve healing in diabetic wound by combining elements with

known pro-reparative functions. The optimized device combines hyp-

oxic preconditioning of MSC and beta adrenergic blockade with timo-

lol, prior to their incorporation into an extracellular matrix scaffold for

dermal regeneration. The optimization protocols were tested in an

impaired wound healing model in diabetic db/db mice. The db/db

mouse is widely used to model impaired healing in diabetes, despite

some of its shortcomings, primarily that the type 2 diabetes (T2D) in

the model is a function of a leptin receptor mutation, that is not the

primary pathogenesis of T2D in humans.58 Nevertheless, the db/db

mouse exhibits the most profound healing impairment relative to

other diabetic mouse models,59 as well as molecular similarities to

human diabetic wounds60 and has therefore been the mainstay of

pre-clinical diabetic wound investigations.58 Additionally, although

contraction is a major force in the healing of mouse skin human skin

wound healing rather than the re-epithelialization that is the mecha-

nism for healing in human skin, this difference is circumvented by the

use of the well-established splinted wound healing model that

restricts contraction.61

MSC persistence in the Integra scaffolds has been documented in

our previous study and cell metabolism was measured by MTT

assay.35 The MSC cells are retained for 15 days in the scaffolds,35

which coordinates with the wound healing period in this study. By

using the splinted wound model in the impaired healing db/db

mouse48 and histological analysis of re-epithelialization to assess

wound closure across the whole wound, the healing rates can be

quantified accurately in this model, which is critical for designing the

treatment regimens for clinical studies. We believe the 7-day

time point in this impaired healing murine model to be the most pre-

dictive one for clinical utility, because at later time points in all murine

mouse models of healing, the control and test wounds tend to reach

similar endpoints. The continued application of topical timolol daily to

the wound post MSC/T/H/S device implantation results in minimal sys-

temic absorption and systemic accumulation of timolol. The detected

timolol concentration in plasma is lower than 3 ng/mL, which is below

the lowest plasma level (4-100 ng/mL) detected in test subjects after

oral ingestion of 5 to 20 mg timolol62 that was associated with a

decrease in heart rate. The combined protocol enhances the anti-

inflammatory and pro-angiogenic functions and further improves on the

pro-reparative abilities in the diabetic wounds in vivo.

The ultimate goal of this preclinical work is translation to patients

with diabetic ulcers. There are there are no current US studies that

are recruiting and propose to use allogeneic stem cells for treatment

of diabetic ulcers, thus an unmet need to translate MSC wound proto-

cols into the clinic.63 The MSC/T/H/S device confers some advan-

tages that will aid in its potential translation: it is a topical

administered device, and incorporates bone marrow-derived MSC

that have been very well characterized and already have a strong

safety profile in the clinic.64-66 Having operational Standard Operating

Procedures for handling the marrow-derived MSCs at the Good

Manufacturing Practice facility can further expedite the translational

process.

It is likely that a number of safety concerns will have to be

addressed prior to full FDA approval of the MSC/T/H/S as Investiga-

tional New Drug. First, stem cell-based therapies for diabetic ulcers

are considered to be cell transplantation in which tumorigenicity of

the product is a possibility. Although MSC tumorigenicity is very rare

event and has been reported only once in a long-term (>5 weeks)

MSC culture,67,68 the concern can only be addressed pre-clinically in a

large animal model to mimic the treatment regimens to be used in

clinical trials. Long-term (8-12 weeks) treatment and monitoring of

wounds similar to DFU sizes69 (2.0-12.5 cm2 DFU wounds, healing

time from 7.2 to 8.8 weeks) in a large animal model, such as swine,

and histo-pathological analysis of the wound tissue will help reveal if

MSC application to the wound results in tumorigenicity. The skin

architecture and healing process in swine closely resemble that of

humans.70 The porcine skin wound model is noted by the FDA as one

F IGURE 5 Quantitation of angiogenesis. Anti-CD31 staining
across the entire wound section of day 7 mouse wounds with, A,
Integra control and, B, MSC/T/H/S treatments (scale bar = 500 μm).
CD31 signals are in red, nuclei in blue, and red blood cells in green in
the higher magnification (×60) images with, C, Integra control and, D,
MSC/T/H/S treatments (scale bar = 25 μm). E, Quantification of the
CD31 signals (CD31 positive objects/ wound area) in each treatment
groups. The MSC/T/H/S treatment significantly increased the CD31
staining at the wound bed (*P < .05, mean ± STDEV, n = 12 wounds
from six mice.)
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model of choice for preclinical efficacy in their guidelines for develop-

ing treatments for human chronic wounds,71 and porcine wound stud-

ies have a 78% concordance with human skin wound healing.71

Therefore, future assessment of wound healing and MSC retention

after MSC/T/H/S in a swine wound model will provide insights to the

design of the clinical treatments.

Second, there is a concern that the systemic levels of timolol dose

applied to the wound may reach concentrations that could induce

adverse effects, such as symptomatic bradycardia, wheezing, or ortho-

static hypotension. The timolol dosage used in this study is extrapo-

lated from the dosing recommendations for the commercially

available 0.5% timolol solution for the treatment of glaucoma. Previ-

ous studies have shown that application of timolol solution to the

ocular surface results in average plasma concentrations between 0.80

and 1.72 ng/mL with very little systemic effect,72,73 whereas orally

administered 5 to 20 mg timolol for the treatment of hypertension

produced plasma concentrations of 4 to 100 ng/mL.62,74,75 Because

the concentrations we observed in mouse plasma were between

1 and 3 ng/mL, we do not anticipate any systemic effects due to timo-

lol as a result of this treatment. Indeed, in a recent study comparing

plasma levels of timolol in patients after ocular administration for

glaucoma to those where timolol was administered topically to a

chronic wound, no difference in levels were found, and almost all

patient levels were in a range that is below that associated with

adverse effects.76 Timolol absorption from the short-term and long-

term MSC/T/H/S treatments will need to be monitored in future con-

tinued large animal tests to generate a safety profile for the clinical

studies.

5 | CONCLUSION

We demonstrate here a bioengineered device that combines hypoxia

and timolol preconditioned MSC embedded within a dermal replace-

ment extracellular matrix scaffold, and is demonstrated to promote

wound healing in diabetic mice. Additional advantages of the com-

bined device are enhanced anti-inflammatory and pro-angiogenic

functions. We believe that this wound care device will be beneficial

for the treatment of diabetic wounds and has the potential to be a

valuable addition to improve healing in diabetic patients.
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