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Exogenous calreticulin improves diabetic wound healing
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ABSTRACT

A serious consequence of diabetes mellitus is impaired wound healing, which largely
resists treatment. We previously reported that topical application of calreticulin
(CRT), an endoplasmic reticulum chaperone protein, markedly enhanced the rate and
quality of wound healing in an experimental porcine model of cutaneous repair.
Consistent with these in vivo effects, in vitro CRT induced the migration and prolif-
eration of normal human cells critical to the wound healing process. These functions
are particularly deficient in poor healing diabetic wounds. Using a genetically engi-
neered diabetic mouse (db/db) in a full-thickness excisional wound healing model,
we now show that topical application of CRT induces a statistically significant
decrease in the time to complete wound closure compared with untreated wounds
by 5.6 days (17.6 vs. 23.2). Quantitative analysis of the wounds shows that CRT
increases the rate of reepithelialization at days 7 and 10 and increases the amount of
granulation tissue at day 7 persisting to day 14. Furthermore, CRT treatment induces
the regrowth of pigmented hair follicles observed on day 28. In vitro, fibroblasts
isolated from diabetic compared with wild-type mouse skin and human fibroblasts
cultured under hyperglycemic compared with normal glucose conditions proliferate
and strongly migrate in response to CRT compared with untreated controls. The in
vitro effects of CRT on these functions are consistent with CRT’s potent effects on
wound healing in the diabetic mouse. These studies implicate CRT as a potential

powerful topical therapeutic agent for the treatment of diabetic and other chronic
wounds.

Failure to heal wounds, known as chronic wound healing, ABAM Antibiotic-antimycotic solution
occurs in over 8 million people in the US.' Chronic nonheal- BrdU Bromodeoxyuridine

ing wounds are a consequence of various diseases including CRT Calreticulin

pressure ulcers, venous stasis ulcers, and diabetes.' The preva- DAPI 4,6-diamidino-2-phenylindole

lence of diabetes mellitus, largely related to the surge in db/db
obesity, is 7.8% of the US population (23.6 million). Of the DFU
200 million people worldwide who have diabetes (projected DMEM
to reach 366 million by 2030), 15% develop chronic wounds, ECM

Leptin receptor-deficient diabetic mouse model
Diabetic foot ulcer

Dulbecco’s modified Eagle's medium
Extracellular matrix

usually diabetic foot ulcers (DFUs), the most serious compli- EG Epithelial gap
cation being amputation with an associated 2-year survival EP Epithelium _
rate of 50-60%.>* DFUs largely result from autonomic ER Endoplasmic reticulum
neuropathy, causing loss of protective sensation, and also FBS Fetal bovine serum
from peripheral arterial occlusive disease. Chronic nonheal-  ~GF Fibroblast growth factor
ing wounds are a growing global health problem and have S;SS g;llﬂéagglr;r:f:;esalt colution
become a serious unmet medical need requiring major thera- h . .
pf High-powered field

peutic intervention and are a significant economic burden.'

. . . .. HMGB1 High-mobility group box 1
. Normal Woul'{d healing is a dynaml.c process partltloned IACUC The Institutional Animal Care and Use Committee
into four essential phases*’: hemostasis/coagulation phase; LRP1 Lipoprotein receptor-related protein
inflammatory phase consisting of removal of dead cells MMPs Matrix metalloproteinase
and tissue; proliferative or tissue-forming phase involving PBS Phosphate-buffered saline
migration and proliferation of fibroblasts into the wound, PS Phosphatidy! serine
keratinocytes over the wound for reepithelialization, and TSP-1 Thrombospondin-1
neovascularization; and remodeling phase, characterized by VEGF Vascular endothelial growth factor

matrix and matrix metalloproteinase (MMP) production by wit Wild type
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fibroblasts, and finally, wound contraction. In contrast,
chronic wounds lack this continuity of healing and are
arrested in the inflammatory phase lasting more than 8 weeks,
not healing, or recurring.* These wounds have persistent
infections, and the constant influx of inflammatory cells,
which release cytotoxic enzymes, free oxygen radicals, and
other inflammatory mediators, cytokines, and MMPs causes
continued destruction of tissue and the accumulation of dead
cells and tissue."*® In addition to these problems, diabetic
wounds, largely DFUs, having defective cellular functions as
a consequence of systemic disease, are the most difficult to
heal of all chronic wounds. Particularly, diabetic wounds are
defective in cell proliferation, the migration of cells into the
wound including macrophage infiltration, extracellular matrix
(ECM) production, clearance of dead tissue and apoptotic
cells, and fibromyoblast differentiation.” As a result, diabetic
wounds are characteristically hypocellular, hypovascular, and
have decreased granulation tissue (GT) formation, which is
important in facilitating reepithelialization for wound closure.
Whereas intensive research for novel topical therapeutic
agents for impaired chronic and diabetic wound healing has
long been underway, effective wound healing agents to heal
these recalcitrant wounds are still not available.

Calreticulin (CRT) is a calcium-binding chaperone protein
of the endoplasmic reticulum (ER) that functions in directing
proper folding of proteins and in controlling many cellular
functions through homeostatic control of cytosolic and ER
calcium levels.® Interestingly, CRT and other classic intracel-
lular chaperones are emerging as proteins that also direct
biological activities from the cell surface and extracellular
space, thereby acting as important dual mediators of physi-
ological and pathological processes including the immune
response, phagocytosis, fibrosis, and tissue repair.” We previ-
ously reported that topically applied CRT markedly enhances
the rate and quality of cutaneous wound repair in a porcine
model of experimentally induced partial and full-thickness
wounds by affecting both the epidermis and dermis.' In vitro,
consistent with CRT’s positive vulnerary effects and histo-
logical evidence of hypercellularity, abundant GT in the
wound bed, and rapid wound resurfacing, exogenously added
CRT-stimulated proliferation of human keratinocytes and
fibroblasts and mediated concentration-dependent directed
migration of these cells and of monocytes and macrophages,
important in wound debridement.'” These data suggest that
CRT might specifically correct the inherent defects of diabetic
wound healing.

There is evidence for the involvement of CRT in nearly
every phase of wound healing, and recent studies clearly show
an important role for CRT in tissue remodeling.'-'> CRT
expression is increased by many cell stress conditions includ-
ing oxidative stress and hypoxia,*'*'> which are significant
in the wound environment. CRT is likely released by necrotic
cells within an injured site and, as an initial involvement in
wound healing, binds to the collagen-binding integrin 0231,
on platelets's; CRT might regulate clot formation by this inter-
action.” Released CRT interacts with matrix proteins and
thereby regulates tissue remodeling.”'”"® In addition, cell
surface CRT is required for the engulfment of apoptotic cells
and cancer cells by all phagocytes, which involves CRT asso-
ciation with phosphatidyl serine (PS), down-regulation of
cluster of differentiation (CD)47 on the dead cells, and the
binding of cell surface CRT on the dead cell to lipoprotein
receptor-related protein (LRP1) on the phagocytes, for
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signaling."”?” Both the accumulation of destroyed tissue and
cells and the lack of removal of this debris are major deter-
rents to wound healing and, particularly, in diabetic wounds,
which often require multiple surgical debridement of nonvi-
able tissue.

As the apparent effects of CRT on wound healing align
with the known defects associated with diabetic wound
healing,*”*'*** the current study was undertaken to determine
whether CRT could improve the rate and quality of diabetic
wound healing in vivo, using a genetically engineered leptin
receptor-deficient diabetic mouse model (db/db). Further-
more, in vitro functions of CRT important in wound healing
were performed using primary fibroblasts derived from these
mice compared with wild type (wt). The data reported herein
show that topical CRT directly improves the rate and quality
of murine diabetic cutaneous wound repair, which is sup-
ported by its effects at the cellular level on fibroblast cell
proliferation and migration, thereby suggesting that CRT has
the potential to be used as an effective therapeutic agent for
chronic wounds, including poor healing diabetic wounds.

MATERIALS AND METHODS

Materials

Recombinant His-tagged rabbit and human CRT were pre-
pared as described* and used interchangeably; endotoxin was
undetectable. CRT was stored in 10 mmol/L Tris containing
3.0 mmol/L calcium at pH 7.0 (termed buffer) to maintain the
calcium binding molecule’s proper conformation. Recombi-
nant human fibroblast growth factor (thFGF) was purchased
from R and D Systems (no. 233-FB; Minneapolis, MN).

Diabetic murine wound model and treatments

The (db/db) leptin receptor-deficient mouse strain (BKS.
Cg-m-+/+Lepr®; Jackson Laboratories, Bar Harbor, ME, stock
no. 000642) was used as a model for type II diabetes mellitus.
The mice were acclimated to their environment for at least 1
week prior to wounding. The experimental protocol was
approved by The Institutional Animal Care and Use Commit-
tee (IACUC) of New York University School of Medicine. For
wounding, female mice (10-12 weeks old) were individually
anesthetized by intraperitoneal injection of ketamine (75 mg/
kg), xylazine (15 mg/kg), and acepromazine (2.5 mg/kg).
Hair on the dorsum was removed by electric clipper followed
by a depilatory agent. The wound area was sterilized with
betadine and one full-thickness 6.0-mm excisional wound,
patterned by a sterile punch biopsy, was made on each side of
the dorsal midline using an iris scissor. The wounds extended
through the dermis and panniculus carnosus. Ten microli-
ters of CRT (5.0 mg/mL) in 10 mM Tris containing 3 mM
calcium, vascular endothelial growth factor (VEGF)
(1.0 mg/mL; 10 uL/wound, as previously described)” (R&D
Systems), as a positive control, or Tris-saline buffer (buffer:
10 mmol/L Tris, 150 mol/L. NaCl, 3 mmol/L CaCl, pH 7.0),
as a negative control, was applied to each wound. There were
six mice per treatment. To prevent wound contraction, a sili-
cone splint (0.5 mm thick; Grace Bio-Laboratories, Bend,
OR) with a diameter twice the size of the wound was aligned
around the wound according to the method of Galiano et al.>
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After treatment, the wounds were covered with an occlusive
dressing (Tegaderm, 3M, St. Paul, MN) and the animals were
placed in individual cages. The CRT and controls were
applied to the wounds each day for the first 4 days following
injury (total CRT, 200 ug; total VEGF, 40 ng) and redressed.
Each mouse received the same treatment to avoid any sys-
temic or crossover effect. The dressings were changed every 2
days throughout the time course. In one experiment, to deter-
mine whether CRT induced proliferation of cells in the
wounds of the mice receiving CRT compared with buffer
treatment, the mice were injected with bromodeoxyuridine
(BrdU) intraperitoneally at 4 hours before euthanasia and
tissue harvesting. Subsequently, these wound tissues were
immunostained with an antibody to BrdU (Invitrogen, Carls-
bad, CA) and proliferating cells quantified by light micros-
copy using three high-powered fields (hpfs) (200x) of the
tissue sections, which were photographed followed by count-
ing the cells within a defined area of the microscope lens (a
boxed area); the values were averaged.

Histological preparation and morphometric analysis
of the wounds

Time to closure

Digital photographs were taken of the wounds on the day of
surgery and every day thereafter. Time to closure, defined as
the time at which the wound defect was replete with new
dermal tissue and skin fully apposed, was quantified by
tracing the wound margin of the digital photograph with a
fine-resolution computer mouse. The pixel area was deter-
mined using Sigma Scan Pro Image Analysis Version 5.0
digital analysis software (Aspire Software International,
Leesburg, VA), and wound area was calculated as a percent of
the original wound area, which was normalized to the splint
representing a constant area. A completely closed gross
wound, considered to be equal to its area, received a value of
zero. There were six wounds per day.

Epithelial gap (EG)

The mice were euthanized and wound tissue was harvested on
days 3,4, 5,7, 10, 14, 21, and 28 (n = 6 mice for each group)
after injury. The wounds were analyzed for reepithelializa-
tion, defined as the reduction of the EG measured by light
microscopy. Briefly, the wounds were excised, sectioned
transversely (bisected) to allow measurement of the central
part of the wound (remaining EG), fixed in 10% buffered
formalin, and embedded in paraffin. The wound tissues, pro-
cessed and stained with hematoxylin and eosin, were photo-
graphed using a mounted digital camera (Olympus, Melville,
NY), images captured at 72 pixels/inch? and the distance
between the advancing edges of keratinocyte migration (EG)
over the wound bed quantified using SigmaScan software
(San Jose, CA) (linear value in single dimension). Three serial
sections were averaged for each wound. A completely reepi-
thelialized wound was zero.

GT

The total area of the GT (wound bed/neodermis) was quanti-
fied by tracing regions of GT, as described earlier, for time

Wound Rep Reg (2012) 20 715-730 © 2012 by the Wound Healing Society

Calreticulin improves diabetic wound healing

to closure. Tissue on the slides was stained with Masson
trichrome stain to visualize collagen fibers (cyano) and cell
nuclei (red) within the GT. The panorama tissue sections
shown in Figure 1C were photographed using an Aperio
ScanScope GL System (Aperio Technololgies, Vista, CA)
equipped with Aperio ImageScope Software at a magnifica-
tion of 20x.

Treatment of cells with CRT

Cell culture

Primary human fibroblasts

Cells were obtained either from neonatal foreskin (New York
University [NYU] School of Medicine institutional review
board approval) or purchased as primary human adult low
passage foreskin fibroblasts (CCD 1070SK; American Type
Culture Collection, Manassas, VA). Fibroblasts were prepared
from foreskin tissue samples by maceration in 1.0 mL of
Librase 3 (Roche, Basel, Switzerland) for 1 hour. Following
straining through a 70-uM sieve (BD Falcon, Bedford, MA),
these cells or the 1070SK cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Gibco/Invitrogen, Carls-
bad, CA) containing 10% fetal bovine serum (FBS; HyClone,
Logan, UT), and 1% antibiotic—antimycotic solution (ABAM,
Mediatech, Manassas, VA). The DMEM contained a final
concentration of either 1 g/L. (4 mM) or 4.5 g/LL (25 mM)
glucose to simulate normoglycemic and hyperglycemic dia-
betic serum glucose levels.”*"* When 60 to 70% confluent,
the cells were washed with phosphate-buffered saline (PBS),
removed for replating with 0.25% trypsin—2.21 mmol/L
ethylenediaminetetra-acetic acid (EDTA) (Mediatech), the
trypsin neutralized with 10% FBS in DMEM, and the cells
centrifuged and resuspended in complete DMEM containing
the normal or high levels of glucose at the cell densities
described in the assays below. The cells were cultured for at
least 3 weeks in DMEM containing the two different glucose
levels prior to use in proliferation and migration assays.

Primary murine fibroblasts

The following protocol was approved by the IACUC of NYU
School of Medicine. Cells were isolated from adult (8-12
weeks old) C57/B16J wt and db/db murine depilated skin from
the dorsum. Pieces (2.54 cm?) of full-thickness skin including
the panniculus carnosus were stripped of fat and washed with
PBS without Ca and Mg containing (2%) ABAM and placed
in trypsin/EDTA (0.25%/1 mM) containing phenol red in
Hank’s balanced salt solution (HBSS) without Ca or Mg
(Gibco, Invitrogen, no. 25200-056, Grand Island, NY) over-
night at 4°C. The tissue, placed in 1.0 mL complete media
composed of alpha-modified Eagle’s medium with Earle’s
salts, without ribonucleosides and deoxyribonucleosides
(Cellgro, Herndon, VA) containing 20% FBS, L-glutamine,
and ABAM, was minced into fine pieces (<1.0 mm) with a
curved iris scissor. Additional media were added slowly up to
5.0 mL, the tissue placed in a rotating shaker bath (New
Brunswick Scientific Co. Inc, New Brunswick, NJ) at 37°C
for 30 minutes, and then the cells were passed through a
70 um sieve filter (BD Falcon, no. 352350), centrifuged at
1,530 rpm (Eppendorf, Hauppauge, NY Model 5403) for
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Figure 1. Calreticulin (CRT) enhances the rate of closure and improves the quality of cutaneous wound healing in a diabetic leptin
receptor-deficient mouse (db/db; a model for type Il diabetes mellitus). (A) Time to closure graph defined as the time the wounds
were fully closed. Data were taken from daily digital photographs quantified as described (n =5 wounds/treatment). (B) Diabetic
db/db murine wound model, full thickness, 6.0 cm: CRT accelerates wound healing—gross images of diabetic (db/db) mouse
wounds shown on day 10 and 28 postinjury. Full-thickness 6.0 mm excisional wounds were created on each side of the dorsal
midline of the animal and following treatment with 10 puL of 5.0 mg/mL CRT, buffer, or vascular endothelial growth factor (VEGF)
(positive control), a splint was placed over the wound as described in detail in the materials and methods section. The mice were
treated every day for 4 days (two wounds/mouse, n= 6 mice in total). Wounds 10 days postwounding (top panel) and 28 days
postwounding (bottom panel). (C) CRT accelerates wound healing—histology of diabetic mouse wounds shown at days 3, 10, and
28 postwounding. Wounds were prepared and stained with hemotoxylin and eosin as described in the materials and methods
section. CRT-treated wounds exhibit earlier wound maturity than the buffer-treated wounds throughout repair. Downward black
arrows denote the epithelial gap (EG) between the migrating epithelium. Green upward-facing arrows denote the previously cut
interrupted panniculus carnosus. Buffer-treated wounds (left); CRT-treated wounds (right). Magnification: 20x (28 days wound
expanded by approximately twofold by computer zoom). GT, granulation tissue; Msl, muscle.

6 minutes at 4°C, washed, centrifuged, seeded on 60 mm
Primaria plates (BD Falcon) and grown to 60-70% conflu-
ency prior to replating (approximately 2 weeks). These cells
can be repassaged six to eight times, frozen in liquid nitrogen
in complete media and 10% dimethyl sulfoxide (DMSO),
thawed, and replated with 80% viability.

In vitro assay for cellular proliferation

Primary human (CCD 1070SK) or murine dermal db/db and
C57/Bl16] fibroblasts were seeded on 96-well plates (BD
Falcon) ata density of 2 x 10*/well in their respective complete
media. The human fibroblasts were cultured in normal or high
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glucose as described earlier. Both the mouse and human cells
were grown until 50-60% confluent (approximately 48 hours)
and switched to media containing 0.5% serum for 24 hours.
Increasing concentrations of rabbit or human CRT were added
to the cells and fibroblast growth factor (FGF; 5.0 ng/mL) or
5% FBS and 0.5% FBS served as positive and negative con-
trols, respectively. Treatments were performed in triplicate.
After 48 hours, 20 UL of (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl )-2H-tetrazolium
(MTS) solution (CellTiter96 assay, G3580, Promega, Madi-
son, WI) was added, and absorbance was read at 490 nm
(Bio-Rad 680, Benicia, CA). Percent growth stimulation was
determined by averaging the relative units of measurement in
the wells treated with CRT or FGF compared with the negative
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controls. Preliminary experiments utilized a wider range of
doses to determine optimal range.

Cellular migration

Wound healing scratch plate assay

Primary human dermal fibroblasts were seeded in 24-well
tissue culture plates (BD Falcon) at 2.0 x 10*/well and the
primary murine diabetic (db/db) and C57/B1J6 wt fibroblasts
were seeded in 24-well Primaria tissue culture plates at
3.0 x 10*/well. Both cell types were grown in their respective
complete media until approximately 70-80% confluent.
Wounds were created down the center of each well with a
200-pL plastic pipet tip and the wells washed with PBS to
remove displaced cells. A fine-tipped marker was used to
denote the edges of the artificial wound on the underside of
each well. Increasing concentrations of CRT in media were
added to each well in triplicate. FBS at 0.5% and at 5%
served as negative and positive controls, respectively. To
visualize the cells, at time zero, three wells were stained with
1.0 mL 0.025% Coomassie blue stain in 10% acetic acid,
45% methanol for 15 minutes. The experiment was termi-
nated at 24 hours by incubating the remaining wells with the
stain, the wells washed with PBS and the cells viewed under
an inverted light microscope (Axiovert s-100; Zeiss, Thorn-
wood, NY). Images were captured and cell migration was
calculated by measuring the area (pixels) unoccupied by
cells compared with the area of the original scratch at zero
time using Metamorph software version 7.1.3.0 (Molecular
Probes, Eugene, OR). As a control, all plates were normal-
ized with respect to cell density at a part of the plate distal
and lateral to the scratch. Initial experiments were performed
in the presence of 5 ug/mL mitomycin C, and as previously
shown,' proliferation did not contribute to the migratory
response.

Thin membrane chamber cellular migration assay

The thin polycarbonate membrane ChemoTx system (8.0 um
pore size, Neuroprobe Inc., Gaithersburg, MD) was used to
determine concentration-dependent directed migration in
response to CRT compared with positive and negative con-
trols as shown. The human fibroblasts, diabetic db/db and
C57/B1J6 wt murine fibroblasts were used, and the assay was
performed as described." The lower part of the chambers
was filled with a range of CRT concentrations as well as
5.0 ng/mL rhFGF as the positive control in 330 pL. All treat-
ments were prepared in the media specific for each cell type,
as described earlier, and each dose was performed in tripli-
cate. Fibroblasts and adherent macrophages were washed
with PBS, removed from the plates with 0.25% trypsin-
2.21 mmol/L EDTA in HBSS (Cellgro), the cells centrifuged
at 235 x g for 5 minutes, and pellets suspended in serum free
media. The frame was placed on top of the wells and 50 uL of
cell suspensions were placed on the membrane above each
well. Human and murine fibroblasts were used at a cell
density of 5 x 10*well and were incubated for 4 hours. Fol-
lowing incubation at 37°C and 5%, CO,, membranes were
washed with PBS, fixed in 4% paraformaldehyde for 5
minutes, removed from the apparatus, and applied to cover-
slips. The cells were stained using VECTASHIELD and
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4,6-diamidino-2-phenylindole (DAPI; Vector Laboratories,
Burlingame, CA). Each membrane was photographed at 200x
magnification in at least six fields and an average of three hpfs
was calculated for the number of cells/well using Kodak ID
software (Kodak, Rochester, NY).

Statistical analyses

For morphometric analysis of the area of GT formation, the
distance of EG, and the time to complete closure of the
wounds, the data were measured in pixels and presented as a
mean * standard error with units of pixels? (area), pixels (dis-
tance). The number of cells staining for BrdU in the wound
tissues and the number of DAPI-stained fibroblasts and mac-
rophages within the ChemoTx membranes was quantified/
counted and the data expressed as number of cells per hpf
(=200x) in at least three fields. Values in pixels obtained from
images of the unclosed wound area in the scratch plate assay
were obtained and subjected to analysis of variance. Statisti-
cal analyses were performed using SigmaStat Statistical Soft-
ware Version 2.03 (Aspire Software International). Statistical
significance was defined as p < 0.05 and was determined with
unpaired two-tailed r-tests. These statistical assays were
applied to all experiments and were performed using Graph-
Pad Prism version 4.02 (GraphPad Software, La Jolla, CA).

RESULTS

CRT enhances the rate of closure and improves the
quality of cutaneous wound healing in a diabetic
mouse model

Gross wounds

In contrast to human cutaneous wound healing, mice heal
by contraction of the panniculus carnosus, a muscle layer
beneath the dermis. To more closely simulate human healing,
mouse wounds were held open by a silicone stent,>** which
allows GT formation and epithelial migration. By convention,
we assessed wound healing by three major criteria: time to
complete closure, rate of reepithelialization (resurfacing), and
GT formation (neodermal remodeling) in experimental and
control groups. Time to closure is dependent on the latter two
criteria. Because impaired wound healing related to human
diabetes mellitus is characterized by specific physiological
cellular defects as a result of systemic disease,*”*"** we chose
a leptin receptor genetically null mouse (db/db) with physi-
ological characteristics of diabetes mellitus type II (hyper-
glycemia, obesity, hyperinsulinemia, impaired wound
healing) to determine whether CRT treatment of full-
thickness excisional wounds could improve impaired healing
of diabetic wounds. Following an initial dose-escalating
study, the optimal dose of CRT that induced the fastest reepi-
thelialization measured as the smallest remaining nonepithe-
lialized wound area or EG and greatest area of GT in the
wound bed, measured as dermal area, was 5.0 mg/mL (50 pg/
day for 4 days, total 200 pg/mL). Figure 1A illustrates that
there is a statistically significant decrease in the average
wound size/area (*) in the CRT-treated wounds compared
with the buffer-treated control on day 14 postinjury until full
closure was achieved in the CRT-treated wounds by 17.6 days

719



Calreticulin improves diabetic wound healing

Greives et al.

A C
000 OBuffer
8,000
7,000 ECRT
6,000
000

w 5’::: * *
g 4000 1 P
X 3,000 T
F 3,000
2,000
1,000
0

Day10

Pixels2 x 100,000

0
Day 3 Day 7 Day 10 Day 14 Day 28

Figure 2. Calreticulin (CRT) induces faster wound reepithelialization and increases granulation tissue (GT) formation in diabetic
db/db mice. (A) Epithelial gap: CRT induces faster closure of epithelial gap. The distance between the advancing edges of
keratinocyte migration over the wound bed was quantified on days 3, 7, and 10 postwounding, as described: day 3, n= 6 for CRT
and n=3 for buffer; day 7, n=6; day 10, n=6. (B) Day 4: CRT dose-dependently increases GT formation—4 days postinjury.
Wound tissues were stained with Masson trichrome: collagen fibers (cyano) and cell nuclei (red) are observed within the GT. Top
(left, right) panels: buffer; middle (left, right) panels: CRT 1.0 mg/mL; bottom (left, right) panels: CRT 5.0 mg/mL. Direction of
migrating epithelium is indicated by a black arrow. Depth of the GT is marked by a dotted yellow line perpendicular to the wound
surface. Magnification: left panels, 160x; right panels, 320x of same tissue. (C) Day 7: CRT dose-dependently induces greater GT
than buffer-treated or vascular endothelial growth factor (VEGF)-treated wounds—7 days postwounding. Wound tissue was
prepared as in (B). Photomicrographs of wounds were taken at 7 days postwounding. Top left panel: buffer control; top right panel:
VEGF; bottom left panel: CRT 1.0 mg/mL; bottom right panel: CRT 5.0 mg/mL. Magnification: 160x. (D) Granulation tissue (dermal
area): CRT induces greater GT. The total area of GT in the wound bed/neodermis was quantified on days 3, 7, 10, 14, and 28
postwounding on hematoxylin and eosin-stained tissues as described in the materials and methods section (n= 6/time point/

treatment (except day 3, buffer, n=3 experiments). BV, blood vessels.

compared with 23.2 days for the buffer control (p = 0.045;
n = 6/treatment) wounds. These calculations were based on
the average of the day postinjury that each wound was com-
pletely filled with new tissue and grossly fully closed. There-
fore, CRT induces wound closure 5.6 days earlier than the
buffer-treated controls. Differences in the gross wounds could
be observed at 3, 7, 10, 14, 21, and 28 days postwounding as
shown by the histology of the wound on day 3 postwounding
in Figures 1C and 2A. The increased rate of closure of the
CRT-treated (bottom panels) compared with the buffer-treated
control (top panels) wounds is clearly shown by photographs
of representative gross wounds at 10 days after injury in
which the epithelium (EP) of the CRT-treated wounds appears
intact compared with the buffer-treated control (Figure 1B,
top panel) and at 28 days postinjury in Figure 1B (bottom
panel; n = 6 mice). It is notable that the CRT-treated wounds
at 28 days postinjury display full-length black hair within the
stent surrounding the original wound (bottom panel).

720

Quantitative and qualitative analysis of wounds:
EG and GT formation

Migration of the keratinocytes over the wound, for reepithe-
lialization, and ample GT formation are critical early markers
for both qualitative and quantitative assessment of successful
wound healing. As shown in Figure 1C, the histological
analysis of the wounds is consistent with the increased rate of
wound closure of the CRT-treated wounds compared with the
buffer-treated controls. As early as 3 days after wounding, the
entire CRT-treated wound contains GT (upward black arrow;
right panel) and the distance of migrating EP (demarcated by
downward black arrows in all panels) from the wound margin
creates a smaller EG in the wound bed center compared to the
buffer-treated control (left). By day 10 postwounding, the EG
is reduced in the CRT-treated (right) wounds and the GT area
is greater compared with the buffer-treated controls (left). The
margins of the wounds are marked by green upward arrows
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showing the interrupted panniculus carnosus that was made
during wounding. As observed by light microscopy, both the
CRT and buffer-treated wounds were reepithelialized (but not
closed) by day 14 (not shown). By 28 days postwounding
(Figure 1C; Supporting Information Figure S1), the quality of
the CRT-treated (right) wound tissue more closely resembles
adjacent unwounded skin than the buffer-treated wounds
(left). Interestingly, epidermal appendages, including abun-
dant normal-appearing hair follicles, are observed in the CRT-
treated wound bed. The interruption in the panniculus
carnosus (green arrow) is the only evidence of the original
wound ensuring that the unusual and unexpected regrowth of
hair follicles is in the area of prior excisional wounding.

The graph in Figure 2A shows that the EG is significantly
smaller in the CRT-treated compared with the buffer-treated
controls on days 7 (p =0.039; n=6) and 10 (p = 0.012;
n = 6) postinjury. As illustrated in Figure 2B, at 4 days post-
wounding, a dose-dependent increase in GT formation was
observed in the CRT-treated wounds (middle [left and right]
and bottom [left and right] panels) compared with the buffer-
treated controls (left and right top panels). Figure 2B at 4 days
(bottom right) and, particularly in Figure 2C, at 7 days post-
wounding (middle right panel) illustrate the depth and hyper-
cellularity of the GT/neodermis, which is largely composed
of fibroblasts synthesizing ECM proteins. As shown in
Figure 2C, the buffer-treated wounds (top left panel) and the
lower concentration of CRT-treated wounds (middle left
panel; 1.0 mg/mL) are much less cellular (red) and contain
less collagen (cyano) than both the VEGF (top right panel)
and CRT-treated wounds (bottom right panel), indicating a
dose-response with respect to cellularity and collagen in the
CRT-treated wounds. However, CRT treatment did not appear
to increase the number of blood vessels compared with VEGF
(upper right panel compared with top right panel; white
arrow). Quantitative measurement of the area of GT of the
wounds (Figure 2D) indicated that the GT area was signifi-
cantly increased in the CRT-treated wounds on day 7
(152,226 + 27,816 vs. 87,624 = 25,773 pixels* p = 0.001)
and day 10 (301,418 * 36,244 vs. 181,924 = 58,200; p =
0.001), which persisted through day 14 (857,108 * 73,784
vs. 564,014 + 23,982 pixels? p = 0.004). The extent of GT of
the CRT-treated compared with the buffer-treated wounds did
not reach statistical significance on day 3 postwounding due
to animal death or infection in the buffer-treated control (n = 3
wounds). By day 28 postwounding, the extent of neodermis
was similar in the CRT-treated compared with the buffer-
treated wounds.

CRT induces cellular recruitment, cellular
proliferation, and collagen synthesis in murine
diabetic wounds

The consequences of diabetes in impaired chronic wound
healing at the cellular level have been well character-
ized.*7122272 These functions appear to be overcome by CRT
treatment of the murine diabetic wounds, which we show here
(Figure 3A) are highly cellular, implicating both recruitment
of cells into the wounds (migration) and cell proliferation to
populate the well-healing wounds. Compared with buffer-
treated wounds, which are largely composed of fat and a
paucity of GT (top right panel), the CRT-treated wounds were
highly cellular with ample GT, which was evident by day
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3 postwounding, as illustrated in Figure 3A (top left panel).
With higher magnification, cell types appear to be macroph-
ages (red arrows), leukocytes (yellow arrows), fibroblasts
(green arrows; bottom right panel)—collagen fibrils are
shown (cyano stain, black arrows). Furthermore, CRT appli-
cation to the wounds induced proliferation of cells in the
wounds as shown by the mice that received injections of
BrdU. At 10 days postwounding BrdU staining is present in
the basal and suprabasal keratinocytes of the epidermis and
numerous cells that appear to be fibroblasts, in the neodermis
(Figure 2B). Table 1 illustrates a statistically significant
increase in the number of epidermal and dermal cells in the
CRT-treated compared with the buffer-treated mouse wounds
analyzed on day 3 postwounding (44.1 = 2.86, n =5 wounds
compared with 23.6 = 4.75 cells per hpf n=3 wounds;
p = 0.0036).

Exogenous CRT stimulates proliferation and
induces migration of murine dermal fibroblasts
isolated from diabetic mice

We show here that topical CRT clearly enhances the rate and
quality of wound repair in the genetically diabetic murine
model (db/db) consistent with the profound effects observed
on wound histology. However, direct effects of CRT on the
proliferation and migration of diabetic cells in vitro would
provide a cellular level explanation for how CRT improves
diabetic wound repair. Therefore, we developed a novel
method to isolate adult dermal fibroblasts from the diabetic
(db/db) and wt mice to compare the effect of CRT on prolif-
eration and migration, in vitro. As shown by the graph in
Figure 4A, CRT dose-dependently stimulates proliferation of
wt murine fibroblasts with a statistically significant peak
response of 1.53-fold over the untreated control at 0.5 ng/mL
(»p = 0.0001). At this CRT concentration, the response of
the db/db fibroblasts is not significant at 1.17-fold over the
control; the difference between the wt and db/db cell response
at this concentration is significant (p = 0.0007). The db/db
fibroblasts are less sensitive with a peak response at 100 ng/mL
representing a 1.27-fold increase over the control (p =
0.0026). Both wt and diabetic fibroblasts respond with higher
magnitude to 10% serum at 1.99 (p = 0.0001) and 1.68-fold
(p = 0.0001) over the untreated control, respectively (n = 4).

The db/db murine fibroblasts were compared with wt fibro-
blasts for their migratory response to CRT using the scratch
plate in vitro wound healing assay and in a concentration-
dependent directed manner, using a thin membrane chamber
assay. The differences in morphology of the wt compared
with db/db fibroblasts are notable in Figure 4B and C, respec-
tively. The nuclear to cytoplasmic ratio appears higher in the
wt cells than the db/db cells, giving a false impression of
higher cell density in the former; the db/db nuclei appear
pyknotic and the cells more round. Figure 4D reflects the
wound closure data shown in Figure 4B and C. As shown by
the graph in Figure 4D (n = 4 experiments), 24 hours follow-
ing CRT treatment of wounded fibroblasts, a decrease in
motility of the db/db fibroblasts is illustrated by their inability
to close the wound to the same extent as the wt fibroblasts.
The diabetic cells require two times more CRT (100 ng/mL
compared with 50 ng/mL) than the wt cells for a peak migra-
tory response to achieve 57.6% (p = 0.017) compared with
87.4% wound closure (p =0.0009; n=4 experiments),
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Buffer

5.0 mg/mL CRT

Figure 3. Calreticulin (CRT) induces cellular recruitment, cellular proliferation, and collagen in murine diabetic (db/db) wounds. (A)
Day 3: CRT induces a highly cellular granulation tissue. The photomicrographs of CRT-treated wound tissue stained with trichrome
at 3 days postwounding. Top left, bottom left and bottom right panels: CRT 5.0 mg/mL; top right panel: buffer control. Bottom right
panel: macrophages (red arrows), leukocytes (yellow arrows), and fibroblasts (green arrows). Bottom (left, right) panels: collagen
fibrils (cyano stain, black arrows). Magnification: top left panel: 114x; top right and bottom left panels: 160x; bottom right panel:
320x. (B) CRT induces cellular proliferation. The mice were injected with bromodeoxyuridine (BrdU) 4 hours before harvesting the
wounds and the tissue immunostained with anti-BrdU. The wounds are shown at 10 days postwounding. Left panel: buffer
control; right panel: CRT 5.0 mg/mL, photomicrograph shows BrdU in basal and suprabasal keratinocytes of the epidermis (black

arrow) and in cells of the dermis. Magnification: 160x.

respectively. Wound closure for db/db fibroblasts at this peak
of activity (50 ng/mL) is 56% (p = 0.00004). CRT at
50 ng/mL induced 18% more wound closure/migration of wt
fibroblasts than 5% FBS (Figure 4D; p = 0.0021). In addi-
tion, the db/db fibroblasts respond less well than the wt to the
serum positive control (45.7% vs. 69.5%; p = 0.000058).
Taken together, whereas the db/db fibroblasts show a statisti-
cally significant increase in wound closure with CRT treat-
ment at the peak response (100 ng/mL), the cells are both
less sensitive and show a less robust response than their wt
counterpart.

As show in Figure 4E, using a chamber assay, CRT induces
concentration-dependent directed migration of murine wt
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fibroblasts, which is maximal at 10 ng/mL CRT giving a 4.2-
fold increase in migration over the untreated control
(p = 0.0136; n = 3 experiments). At 10 ng/mL CRT, the db/db
cells are 2.14-fold less sensitive than the wt (p = 0.034). In
contrast, the migratory response of the db/db cells is 10-fold
less sensitive than the wt cells with a peak response at
100 ng/mL CRT, which was 2.8-fold over the buffer control
(n=3; p=0.0041). Interestingly, CRT induces a greater
migratory response than the FGF positive control in wt and
db/db fibroblasts in this assay (3.3-fold for the wt
[p = 0.063]. Again, the db/db cells have a weaker response to
FGF than the wt fibroblasts (p = 0.101). According to these
data, whereas the db/db fibroblasts are less sensitive to CRT
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Table 1. Quantification of proliferating cells by immunohis-
tochemical analysis of bromodeoxyuridine (BrdU) incorpora-
tion in diabetic db/db murine wounds at 3 days postwounding

Buffer Calreticulin
Cells/hpf 23.58 4414
SE 4.75 2.86

Mice were injected with BrdU intraperitoneally at 4 hours
before harvesting the wounds. The wound tissue was pro-
cessed on slides and subsequently immunostained with an
antibody to BrdU for quantification of proliferating cells by light
microscopy, as described in the materials and methods
section. Three high-powered fields (200x) of the tissue sec-
tions were photographed, the cells counted within a boxed
area, and the values averaged. Calreticulin induced a statisti-
cally significant increase in the number of epidermal and
dermal cells in the wounds compared with buffer-treated
control (44.1 £ 2.86, n=5 compared with 23.6 = 475 n=3;
p = 0.01) cells per high-powered field.

and mount a less robust migratory response, CRT appears to
functionally correct the migratory defect.

Exogenous CRT stimulates proliferation of human
dermal fibroblasts and induces migration of
human dermal fibroblasts cultured in high glucose

To determine whether human dermal fibroblasts grown under
conditions that simulate serum glucose levels of hyperglyce-
mic diabetic patients would have blunted proliferative and
migratory responses to CRT, similar to the murine db/db
fibroblasts, we used an established model for inducing a dia-
betic phenotype in cells to compare with those cultured in
normal glucose.”** As shown in Figure 5A, whereas CRT
dose-dependently stimulated proliferation of fibroblasts in
normal glucose, with a peak response of 1.9-fold over the
untreated control at 1.0 ng/mL (untreated vs. treated,
p = 0.025; n=3 experiments; similar to the FGF control),
human fibroblasts in high glucose barely respond to both CRT
and FGF (1.2 compared with untreated control at 1.0, 10, and
50 ng/mL).

Using the wound healing scratch plate assay, as shown in
Figure 5B, CRT dose-dependently stimulates the migration
of the human “diabetic” fibroblasts with a peak response at
50 ng/mL, achieving 88% wound closure (compared with
untreated control, p = 0.0001), whereas the peak response of
fibroblasts in normal glucose is 50 times more potent yield-
ing 92% closure at 1.0 ng/mL (compared with untreated
control, p = 0.0004; n=35 experiments [one representative
experiment is shown]). Interestingly, fibroblasts in both high
and normal glucose had a greater response to CRT than to
5% FBS (CRT compared with FBS: 92% vs. 67% [for nor-
moglucose]; 88% vs. 83% [high glucose]). Similar results
were obtained using the chamber migration assay. Figure 5C
shows that CRT induces a dose-dependent increase in the
number of fibroblasts that migrated through the membranes
with a peak response of 10 ng/mL for the cells grown under
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normal glucose (compared with untreated control,
p = 0.033) and at 150 ng/mL for those in high glucose (com-
pared with untreated control, p = 0.0007). At 10 ng/mL
CRT, 63% less fibroblasts in high glucose migrated to CRT
than those in normal glucose (3.5-fold compared with
12-fold over the untreated control p = 0.030; n =35 experi-
ments). Similar to the experiments using the scratch plate
assay, the fibroblasts in normal glucose responded more
strongly to CRT than 5.0 ng/mL FGF (8.8-fold vs. 4.9-fold
over untreated control, respectively; p = 0.035), whereas the
diabetic simulated fibroblasts respond nearly equally to both
CRT and FGF at 4-fold and 5.5-fold, respectively, over
untreated control.

DISCUSSION

A lack of agents that can treat the severe complications asso-
ciated with poor healing of cutaneous wounds in patients
with diabetes mellitus remains despite the current under-
standing of differences in the physiology of healing in normal
vs. diabetic wounds. DFUs, the most common wound com-
plication of this disease, largely result from both neurologic
and vascular complications and overlying opportunistic
infections that persist due to defective wound healing.**?
In the current study, we used the leptin receptor-deficient
diabetic mouse as a paradigm to directly test the efficacy of
CRT in impaired diabetic wound healing. Of the many
murine models of diabetic healing, following excisional
wounding, the db/db mouse has been shown to be most
severely impaired, providing a longer window of time to test
new therapeutic agents for poor wound healing.* In addition,
the splinted wounds prevented wound contraction through the
panniculus carnosus muscle located immediately below
the dermis and provided more suitable model for human
cutaneous wound healing whereby the histology of wound
reepithelialization and GT formation could be observed
and measured.” Similar to previous studies using the db/db
mouse,*® full wound closure in the untreated mouse was
attained by day 23.2 postexcisional wounding. In contrast,
the wounds in the mice treated with CRT for the first 4 days
after wounding, closed an average of 6 days earlier at 17.6
days postwounding. Whereas all wounds were resurfaced
with EP by day 14 after wounding, the difference in gross
wound closure (total skin apposition) between the CRT-
treated and untreated wounds was statistically significant
each day after day 14 (p = 0.045).

The most remarkable morphological difference between
CRT- vs. buffer-treated db/db mouse wounds is that the
former exhibit more advanced healing both at day 10 after
wounding, when the wounds are resurfaced, and at day 28,
when the wounds are healed with full normal length hair.
Low-power microscopy revealed that the CRT-treated wounds
have formed GT on top of many layers of fat by 3 days
postwounding. This is in sharp contrast to the thick layer of fat
shown in the EG between the migrating epithelial tongues at
days 3 and 10 postinjury in the control wounds. Moreover,
newly formed collagen fibrils and abundant cellularity were
already observed by day 3 postwounding, and the histology of
the wounds shown at 4, 7, 10, and 28 days postwounding is
consistent with their mature wound macroscopic appearance.
Both the reduction in EG, indicating greater keratinocyte
migration, and an increase in GT formation in CRT-treated
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wounds were statistically significant over controls through
day 10 postwounding for EG and through day 14 in measure-
ments of extent of GT. Similar to the previous porcine studies,
in the current study, we showed a statistically significant
increase in proliferating keratinocytes, specifically in the
suprabasal and basal layers of the stratified epidermis, and in
fibroblasts in the CRT-treated mice compared with the control
after in vivo labeling with BrdU. Finally, abundant hair fol-
licles with normal length hair were observed at the 28 days
postwounding time point. Whereas regrowth of epidermal
appendages, such as hair follicles and sweat glands, does not
occur in adult mammals following removal of full-thickness
skin,* wounding of mouse skin has been shown to induce an
embryonic regenerative state in the skin conducive to hair
follicle neogenesis via the wingless integration (Wnt) path-
way. 3¢ These studies suggest that the follicles within the
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wound bed originate from epithelial cells (nonhair follicle
stem cells) and undergo an embryonic type of hair follicle
development through epithelial-mesenchymal interactions.
However, the new hair follicles lacked melanocytes (i.e.,
white hair in black mice) and follicle neogenesis required a
minimum wound size of 2.25 cm.* It is doubtful that the
buffer-treated wounds lacked hair at day 28 because of their
lag in healing compared with the CRT-treated wounds. Thus,
the black hair growth in our study implicates a novel
function of CRT to induce hair regrowth and other epidermal
appendages following cutaneous full-thickness damage.
Further experimentation is necessary to understand the
role of CRT in induction of stem cell-derived hair follicle
growth.

The dynamic specific spatial and temporal expression
of endogenous CRT suggests that this protein plays a
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Figure 4. Exogenous calreticulin (CRT) stimulates proliferation and induces migration of murine dermal fibroblasts isolated from
diabetic (db/db) mice. (A) Murine fibroblast proliferation: CRT stimulates proliferation of murine db/db and wild-type (wt) fibro-
blasts; db/db cells are less sensitive. Fibroblasts, isolated from the dorsal skin of db/db and wt mice, were grown to confluency,
trypsinized and reseeded onto 96-well plates as described in the materials and methods section. The cells were treated with
increasing concentrations of CRT (0.05 ng/mL-100 ng/mL) and after 48 hours, cell proliferation was determined using the CellTiter
96 MTS assay as described. Growth stimulation was determined by averaging the relative units of measurement as fold increase
of CRT-treated cells or 10% serum-treated cells (positive control) over the negative control of 0.5% fetal bovine serum (FBS) (value
of 1.0). All treatments were in triplicate (n =4 experiments). Statistical significance (p-values) compares wt vs. db/db at peak CRT
activity for wt (0.5 ng/mL) (*p = 0.0007); wt untreated vs. CRT peak activity (0.5 ng/mL) (**p = 0.0001); db/db untreated vs. at
peak CRT activity (100 ng/mL) (***p = 0.0026). (B-D) CRT dose-dependently induces migration of murine wt and diabetic db/db
primary fibroblasts in a scratch plate assay; the magnitude of the response is less in db/db cells. Murine dermal fibroblasts were
plated in 24-well Primaria tissue culture plates, grown to 70-80% confluency, cells switched to 0.5% serum, wounded with a
pipette tip, and then treated with increasing concentrations of CRT (0.5 ng/mL-100 ng/mL) all as detailed in the materials and
methods section. At 0 hours, and after 24 hours, the experiment was terminated by adding 0.025% Coomassie blue stain. Wound
closure was determined by capturing images and determining the open area compared to the original scratch at time zero, all as
described in the materials and methods section. (B) Murine wt fibroblasts; (C) murine diabetic fibroblasts. Increasing concentra-
tions of CRT are show in each panel. Five percent FBS is positive control. The panels represent one experiment included in the
graph (D). The percent closure of the wound on the plate is reflected in the graph (n=4 experiments). Statistical significance
(p-values) compares wt vs. db/db at wt peak CRT activity (50 ng/mL) (*p = .0.00004); wt untreated vs. CRT (50 ng/mL)
(**p = 0.0009); db/db untreated vs. CRT peak activity (100 ng/mL) (***p = 0.0.017). (E) CRT induces concentration-dependent
migration of murine WT and db/db fibroblasts in a chamber assay. Increasing concentrations (1-150 ng/mL) of CRT were added
to the bottom chambers of a thin polycarbonate membrane ChemoTx chamber migration system, the cells added to the top of
the membrane, and the cells incubated for 4 hours as described in the materials and methods section. The membranes were
stained with VECTASHIELD and 4,6-diamidino-2-phenylindole, photographed, and the number of migrating cells averaged for
three high-powered fields (hpf) as described. The experiments were performed in triplicate (n = 3 experiments). The values are
described cells/hpf. Statistical significance (p-values) compares wt vs. db/db at peak CRT activity for wt (10 ng/mL) (*p = 0.034);
wt untreated vs. CRT at peak activity (10 ng/mL) (**p = 0.0136); db/db untreated vs. CRT at peak concentration (100 ng/mL)

(***p = 0.004). FGF positive control is at 5 ng/mL.
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physiological role in the wound repair process. Similar to the
porcine wound healing study, we observed the identical tem-
poral and spatial changes in CRT expression in db/db murine
wounds (Supporting Information Figure S2). Whether the
change of expression of CRT in wounds is due to changes in
the intracellular chaperone function of CRT, known to be a
stress response protein®® and/or receptor-driven responses
from the outside in, we propose that CRT normally plays a
positive role in wound healing and that the additional amount
of CRT applied to the experimental animal wounds induces its
strong vulnerary effect.

Released CRT has been shown to interact with numerous
constituents of the ECM including collagens, laminin, and
thrombospondin (TSP)-1, which when tethered to the ECM
modify cell functions including fibronectin and MMP expres-
sion for tissue remodeling.”'”'"® Collagen and fibronectin are
important components of GT, contributing to its integrity and
delivery of tethered growth factors. Using CRT null mouse
embryo fibroblasts (lethal at embryonic day 13.5), it has
recently been reported that CRT is important in collagen I and
IIT transcription, trafficking through the ER, release, and
deposition into the ECM through a calcium-sensitive mecha-
nism."? Importantly, these studies show that CRT complexes
with collagen intracellularly and plays critical roles in mul-
tiple stages of collagen expression and processing. However,
the addition of exogenous CRT had no effect on collagen
release in the CRT null or wt murine embryonic fibroblasts.
This result is inconsistent with the increased effect of topical
CRT on collagen induction in vivo shown herein by trichrome
and picrosirius red staining (unpublished data) in both the
porcine'® and murine studies shown here. In addition, we
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show that CRT induces a dose-dependent increase in collagen
type I and fibronectin in cell lysates of adult human primary
dermal fibroblasts in vitro (unpublished data). The discrep-
ancy in induction of collagen by exogenous CRT may be
related to differences between the undifferentiated embryonic
cells vs. adult fibroblasts and/or species-specific effects and in
vivo to the presence of other accessory proteins and cells.
These results imply that factors in vivo may play a role in
collagen induction through cell surface receptor signaling.
Further in vivo and in vitro studies with different cell types are
necessary to determine whether exogenous CRT directly
functions to stimulate collagen release.

The molecular pathogenesis of impaired wound healing
in patients with diabetes mellitus, largely related to hy-
perglycemia, causes multiple dysfunctions at the cellular
level.'#721222 Diabetic fibroblasts show a lack of response to
the hypoxic conditions of the wound microenvironment in the
functions of migration, proliferation, and production of cyto-
kines, leading to insufficient GT.*? In addition, infection and
subsequent biofilm formation is a major problem due to lack
of macrophages to phagocytose bacteria."® The abundant and
cellular GT composed of proliferating cells (by BrdU uptake)
in the CRT-treated db/db mice compared with the wt sug-
gested that CRT might directly affect these important cellular
functions that are critically deficient in the poor healing of
diabetic wounds. Because CRT was shown to induce prolif-
eration and migration of normal human fibroblasts in vitro,'
the current studies were directed at determining whether
exogenous CRT could correct these reported defects® in
diabetic fibroblasts by comparing mouse primary db/db and
wt fibroblasts for their responsiveness to CRT. We show that
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Figure 5. Exogenous calreticulin (CRT) stimulates proliferation and induces migration of human dermal fibroblasts cultured in high
glucose. (A) Human fibroblast proliferation. CRT induces proliferation of fibroblasts grown in media containing normal levels of
glucose but not those grown under high glucose levels. Primary human fibroblasts were grown in tissue culture in media
containing normal levels of glucose (4 mM) or high glucose (256 mM) to simulate hyperglycemic serum levels of type Il diabetes,
as described in the materials and methods section.?®?” The cells were reseeded into 96-well plates at 2 x 10%well in media
containing the two glucose levels, synchronized, treated with increasing concentrations of CRT (0.1-100 ng/mL) for 24 hours and
cell proliferation determined using the MTS assay as described in the materials and methods section. Experiments were
performed in triplicate (n= 3 experiments). Statistical significance (p-values) compares fibroblasts grown in normal glucose vs.
fibroblasts grown in high glucose at peak CRT activity for normal (1.0 ng/mL) (*p = 0.0001); normal untreated vs. CRT (1.0 ng/mL)
(**p = 0.0249). Fibroblast growth factor (FGF) positive control is at 5 ng/mL. (B) Human fibroblast migration/scratch plate assay.
Human fibroblast grown in normal or high glucose migrates in response to CRT in an in vitro wound closure scratch plate assay.
Primary human dermal fibroblasts were plated, wounded, treated with increasing doses of CRT (0.5-100 ng/mL) and assayed for
wound closure 24 hours later as described in the materials and methods section. The experiments were performed in triplicate
(one representative experiment; n =5 experiments). Statistical significance (p-values) compare normal glucose untreated vs. CRT
at peak activity of 1.0 ng/mL (**p = 0.0001); high glucose untreated vs. CRT at peak activity (50 ng/mL) (***p = 0.0004). (C)
Concentration-dependent directed migration of human fibroblasts. CRT induces concentration-dependent migration of human
fibroblasts grown in normal or high glucose in a chamber assay. Increasing doses of CRT (1.0-100 ng/mL) were added to the lower
chambers, the cells applied to the membranes, and after 4 hours, the number of cells that migrated through the membrane
counted as described in the materials and methods section. Experiments were performed in triplicate (n=5 experiments).
Statistical significance (p-values) compare normal glucose with high glucose at peak activity of CRT for normal (10 ng/mL)
(*p = 0.030); normal untreated vs. CRT (10 ng/mL) (**p = 0.033); high glucose untreated vs. CRT at peak activity (10 ng/mL)
(***p = 0.007). FGF positive control is at 5 ng/mL.

fibroblasts isolated from db/db and wt mice were remarkably required twice as much CRT for this peak response. Similarly,
morphologically different. In contrast to the poor proliferative the magnitude of the chemotactic response was decreased in
response of the db/db fibroblasts to CRT in vitro, these cells the db/db compared with the wt cells (2.8-fold vs. 4.2-fold

showed similar sensitivity as the wt fibroblasts in the migra- over untreated control) in the chamber assay.
tory response to CRT. However, the db/db fibroblasts did not Similar to the db/db mouse fibroblasts, human fibroblasts
fill in the wound defect in the scratch plate assay to the same in high glucose (i.e., naturally or experimentally impaired)

extent as the wt fibroblasts (57.6% vs. 87.4%), and they responded less well to CRT stimulation of proliferation than
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Figure 6. Diagram depicting the effects of calreticulin on specific defects of healing diabetic wounds.

their wt/normal counterparts. This might be related to high
lactate in these cells as it has been shown that fibroblasts
directly isolated from diabetic wounds produce higher levels
of lactate compared with nondiabetic fibroblasts, and treat-
ment of the latter with high glucose similarly induced high
lactate in association with decreased proliferation.**® In con-
trast, human fibroblasts grown in high compared with normal
glucose levels were only moderately affected in their migra-
tory response in the in vitro wound healing scratch plate assay
(88% vs. 92% wound closure), but the cells were less sensi-
tive to CRT, requiring 50 times more CRT for this peak
response; the chamber assay showed a similar decreased
response as the fibroblasts in high glucose gave 54% less cells
migrating through the membranes with 15 times more CRT. It
has been shown that fibroblasts isolated from the nonhealing
edge of a chronic wound migrate more poorly than those
derived from the healing edge.* This suggests that the
molecular changes in the cells associated with the systemic
effects of diabetes might be reversible. Conversely, the fact
that db/db fibroblasts grown in media with normal plasma
levels of glucose are less responsive to CRT than wt, particu-
larly in their ability to proliferate, implicates the metabolic
and molecular defects associated with diabetes are an inherent
reflection of systemic disease and not readily reversible.
Taken together, our in vitro results suggest that CRT might
rescue the functional defects of fibroblasts in a chronic dia-
betic wound particularly with respect to their migration into

Wound Rep Reg (2012) 20 715-730 © 2012 by the Wound Healing Society

Calreticulin improves diabetic wound healing

Effects of CRT on diabetic wound

1 Decreases time to wound closure
! Increases rate of reepithelialization

Stimulates proliferation of keratinocytes and fibroblasts EpldeMIs
Promotes migration of keratinocytes and fibroblasts
Stimulates extracellular matrix production
Keratinocyte
| Mediates phagocytosis of necrotic cells . . I . . . . ' .
Dermis

Fibroblast

Macrophage

Endothelial cell

Subcutaneous fat

and throughout the wound bed to facilitate production of a
more normal GT to enable improved healing of diabetic
wounds.

Notably, the responses to topical CRT in vivo were more
robust than in vitro (mouse db/db cells and human in high
glucose). The blunted proliferative response in vitro is not
consistent with the in vivo studies in which CRT clearly
induced proliferation of fibroblasts in both the diabetic (db/
db) mouse wound healing model herein and the cortisone-
treated porcine model of impaired repair'® as shown by the
cellularity of the neodermis and staining for proliferation
markers in both studies. This suggests that other factors
present in vivo can act synergistically with CRT or affect
other dermal cells to produce growth stimulatory cytokines
and growth factors to stimulate proliferation of fibroblasts,
thereby contributing to the marked cellular GT and enhanced
wound healing observed and/or CRT functionally improves
other biological activities defective in diabetic wound repair
not tested in our in vitro assays. Interestingly, the migratory
response to CRT was similar to FGF suggesting that CRT
might be as potent a chemoattractant for fibroblasts as this
specific factor.

The mechanisms involved in partitioning CRT into various
cellular compartments to perform its diverse intracellular and
extracellular functions that span from the ER to the cyto-
plasm, cell surface, and extracellular space have been elusive.
CRT is a nonglycoslylated protein and is therefore not
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secreted from the cell by conventional routes. Despite much
investigation, the exit route from cells is still unknown.’
Recently, one report suggested an aminophospholipid trans-
locase, a calcium, and a PS-dependent flip-out mechanism
from the inner plasma membrane to the cell surface.” With
respect to wound healing, the mechanical release of CRT
upon cell death in the injured hypoxic wound microenviron-
ment contributes to the extracellular presence and physiologi-
cal action of CRT in wound healing. Interestingly, other
intracellular ER and cytosolic chaperone proteins such as heat
shock protein (Hsp)-90c., which exits cells by an exosomal
route, and Hsp-60, Hsp-47, Hsp-70, and Gp96, can induce
cellular functions that regulate wound healing.**' The intrac-
ellular chaperone high-mobility group box (HMGB) 1 has
been shown to be deficient in human and mouse models of
diabetic wound healing and topical application of this protein
rescued specific defects related to diabetic wound healing
with no effect on normal cutaneous healing.*> Notably,
HMGBI is released during necrotic and apoptotic cell death
as a pro-inflammatory factor,”** and CRT translocates to the
cell surface from the ER prior to Hsp-70, Hsp-90, and
HMGBI release during immunogenic cancer cell death.*
Thus, a cascade of release of intracellular chaperones appears
to play a greater role than previously known in biological
activities and cellular processes including phagocytosis, cell
migration and proliferation, the immune response, cancer, and
tissue repair.*!019-2046

Cell surface CRT lacks a transmembrane domain and
therefore does not itself engage in signal transduction. To
date, only one receptor, the low-density LRP1 has been iden-
tified as a signaling moiety for CRT-mediated extracellular
functions.” Both focal adhesion disassembly and resistance
to anoikis are dependent on LRP1 and the matrix protein
TSP-1 in a coreceptor complex with CRT.'®##¥ CRT likely
regulates wound healing through both its ER chaperone
activity and extracellular induction of functions through
LRP1 and likely unidentified receptor signaling via classic
intracellular signaling intermediates for target gene activa-
tion. Indeed, CRT is a requisite ER chaperone for integrins
involved in cell migration, as well as collagen transcription
and processing, and fibronectin synthesis, and release.'****°
We showed in vitro that exogenous CRT dose-dependently
induces these proteins in fibroblasts (unpublished data).
Therefore, our data underscore a dual role (i.e., intracellular
and extracellular) for CRT and other chaperone proteins in a
variety of cellular functions. Translating our data using the
db/db mouse model of impaired wound healing and fibro-
blasts derived from these animals, exogenous CRT amelio-
rates dysfunction characteristic of poor healing wounds of
patients with diabetes mellitus, particularly DFUs (Figure 6).
Therefore, our studies support a novel therapeutic applica-
tion of CRT to compensate for impaired healing of diabetic
wounds.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. Topical application of calreticulin (CRT)
accelerates wound healing wound healing in diabetic (db/db)
mice histology of wounds shown at 28 days postwounding.
Wounds were prepared as described in materials and methods
section and stained with hematoxylin/eosin (H&E). CRT-
treated wounds contained hair follicles in the original wound
bed, which is marked by upward facing green arrows denoting
the original cut into the panniculus carnosus. Magnifica-
tion =40x (scale bar=396 uM) (n=6 mice/twowounds/
mouse).

Figure S2. Spatial and temporal dynamic expression of
calreticulin is during diabetic murine wound healing. As an
ER chaperone protein that is up-regulated under stress condi-
tions,"* we proposed that CRT should play an important physi-
ological role in the wound repair process. Experimental
wounds were created, treated, and excised, as described in the
materials and methods section. The tissue was fixed in 10%
buffered formalin and slides prepared. Immunostaining for
endogenous CRT in buffer-treated wounds was determined at
4 and 10 days after wounding by immunohistochemical
analysis (IHC) using a polyclonal goat anti-rabbit CRT, as
described.” The tissues were blocked with normal rabbit
serum (S5000; Vector Laboratories, Burlingame, CA) in
Tris-buffered Saline (TBS) for 20 minutes. CRT antibody
(1 : 1000; pantropic goat anticalreticulin; from M. Michalak,
University of Alberta, Edmonton, Canada) in Tris-buffered
saline (TBS) containing 0.5% bovine serum albumin (block-
ing buffer), was incubated with the slides over night at 4 °C.
The secondary antibody was biotinylated rabbit anti-goat IgG
(Vector, BA5000). The Vector kit PK6200 and the substrate,
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0.05% 3,3-diaminobenzidine HCI (DAB, Sigma, D5637) was
used for detection (brown stain) and the slides were counter-
stained with hematoxylin (Fisher CS401-1D). CRT is spa-
tially and temporally expressed throughout the wound healing
process in the diabetic mice. In addition, compared with the
untreated control (panel A), the positive control, VEGF,
appears to increase CRT immunostaining in the granulation
tissue (GT) and epithelium (EP) shown at day 4 postwound-
ing (panel B). CRT continues to be up-regulated in the
granulation tissue and all layers of the epidermis at 10 days
postwounding (compare panel C with D). The insert in panel
C shows no immunostaining of the normal rabbit serum
(NRS) control. CRT is not present in the migrating epithelium
(black arrows; ME) in nontreated (panel G) or VEGF-treated
animals (panels B,D). CRT is highly expressed in the epider-
mis of unwounded skin (panel E), shows less expression at
day 4 postwounding (panel A) and is weakly expressed in the
hypertrophic epidermis (blue arrow) of the wound by day 10
postinjury (panel C). As shown in panels C and D, CRT is not
expressed in the proliferating basal and suprabasal layers of
the epidermis (green arrows) whereas interestingly, these
basal keratinocytes proliferate in response to topical CRT
(Figure 2B). Red arrow = putative macrophages in panels A
and F; blue arrow = hypertrophic epidermis (EP) in panel C;
black arrow = migrating epithelium (ME) in panels D and G;
Green arrow shows lack of immunostaining in basal epithe-
lium in panels C and D. Granulation tissue (GT). Magnifica-
tion: panels A-E: 160x (scale bar = 96 uM; panels F, G: 320x
(scale bar=48 uM; NRS control, panel C: magnifica-
tion = 110x (scale bar = 144 uM).

Please note: Wiley-Blackwell is not responsible for the
content or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the article.
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