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Extracellular functions of the endoplasmic reticulum
chaperone protein calreticulin (CRT) are emerging.
Here we show novel roles for exogenous CRT in both
cutaneous wound healing and diverse processes asso-
ciated with repair. Compared with platelet-derived
growth factor-BB-treated controls, topical application
of CRT to porcine excisional wounds enhanced the
rate of wound re-epithelialization. In both normal
and steroid-impaired pigs, CRT increased granulation
tissue formation. Immunohistochemical analyses of
the wounds 5 and 10 days after injury revealed
marked up-regulation of transforming growth fac-
tor-f3 (a key regulator of wound healing), a threefold
increase in macrophage influx, and an increase in the
cellular proliferation of basal keratinocytes of the
new epidermis and of cells of the neodermis. In vitro
studies confirmed that CRT induced a greater than
twofold increase in the cellular proliferation of pri-
mary human keratinocytes, fibroblasts, and micro-
vascular endothelial cells (with 100 pg/ml, 100 ng/
ml, and 1.0 pg/ml, respectively). Moreover, using a
scratch plate assay, CRT maximally induced the cel-
lular migration of keratinocytes and fibroblasts (with
10 pg/ml and 1 ng/ml, respectively). In addition, CRT
induced concentration-dependent migration of kera-
tinocytes, fibroblasts macrophages, and monocytes
in chamber assays. These in vitro bioactivities provide
mechanistic support for the positive biological effects
of CRT observed on both the epidermis and dermis of
wounds in vivo, underscoring a significant role for
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CRT in the repair of cutaneous wounds. (4m J Pathol
2008, 173:610—-630; DOI: 10.2353/ajpath.2008.071027)

Calreticulin (CRT) is a highly conserved major calcium-
binding protein of the endoplasmic reticulum (ER). Whereas
extracellular functions of CRT are constantly emerging, the
heralded functions of CRT are intracellular, in calcium ho-
meostasis and in binding N-linked oligosaccharide protein
intermediates to ensure proper glycoprotein conformation in
the ER.""* CRT has an amino terminal signal sequence, a
carboxy terminal KDEL ER retrieval sequence, multiple cal-
cium-binding sites and harbors three distinct domains N, P,
and C within its 46,000-da molecular mass (400 amino
acids).® Importantly, the release of calcium from the ER
regulates multiple calcium-driven intracellular signaling
pathways and protein actions.?

Novel extracellular functions of CRT continue to be
unraveled, portraying a protein with strong impact on
developmental, physiological, and pathological processes.?*
CRT has been localized to the surface of a variety of cells
including platelets, fibroblasts, apoptotic cells, and en-
dothelial cells. However, it is not clear whether CRT on
the cell surface is derived exogenously (from neighboring
cells or the circulation) and/or from within the cell. CRT
has been considered as a stress response protein that is
up-regulated following injury® and hypoxia,® which exist in
the wound environment.”® Although the mechanism(s) by
which CRT exits the cell are unclear, stress or injury-related
release of this protein may be a requisite step in the phys-
iology of wound repair.

Biological activities of CRT that can be considered
extracellular are largely related to cellular adhesion, mi-
gration, and phagocytosis; all are critical aspects of
wound healing. For example, CRT binds to the cytoplas-
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mic tail of «a integrins, acting as an escort through the ER,
and maintains appropriate calcium balance for integrin
signaling and adhesion-dependent functions of matrix
proteins with significant impact on regulating cell shape,
motility, and spreading.’®'? In addition, the integrin-
binding basement membrane protein, laminin, interacts
with CRT to mediate migration.'®'* The concentration-
dependent calcium-binding as well as the zinc and ATP-
binding ability of CRT are important in maintaining proper
conformation of the molecule for function within the ER'®
and likely its extracellular functions as well. Both overex-
pression of CRT and CRT deficiency affect matrix protein
expression, such as fibronectin, and cell adhesion and
spreading related to integrin function.®='® Anincrease in
vinculin and N-cadherin and a decrease in tyrosine phos-
phorylation of B-catenin are other adhesion related pro-
teins/events that CRT is deemed to regulate from the ER
in a calcium-dependent manner.?19:2°

Apart from the recognized inside-out cellular signaling,
CRT has been shown to engage in outside-in signaling
through its presence on the cell surface.®'2° As a cell
surface protein without signaling capability, CRT has been
shown to bind to the promiscuous low-density lipoprotein
receptor-related protein (LRP/CD91/a-2 macroglobulin re-
ceptor) and to thrombospondin-1 (TSP-1), a protein en-
gaged in actin cytoskeletal and focal adhesion reorganiza-
tion.?® Together, as a signaling complex, CRT, TSP-1, and
LRP mediate focal adhesion disassembly, important in the
migratory process. Accordingly, both CRT-null and LRP-null
fibroblasts lose their migratory response to TSP-1. A role for
CRT in immune cell function is implicated by its ability to act
as a cell surface coreceptor for C1g®” and in activating
human neutrophils. CRT is also up-regulated in the granules
of cytotoxic T lymphocytes.®?® Interestingly, CRT on the
surface of apoptotic cells engages the LRP receptor on
phagocytic cells as a requirement for their uptake and re-
moval.?® A concurring recent study shows that apoptotic
cancer cells are immunogenic and induce phagocytic up-
take on either exogenous addition of CRT or by induction of
its translocation to the cell surface.*®

Normal wound healing is a dynamic process that encom-
passes three essential phases after clot formation.®°=32 The
first is an inflammatory phase, which commences with leu-
kocytes and macrophages migrating into the wound to
phagocytose bacteria and remove dead tissue/cells (de-
bridement). Within 1 to 2 days after injury, keratinocytes
proliferate at the wound margins before starting to migrate
over the wound. Keratinocytes in the hair follicles and sweat
ducts begin migrating upward also to resurface the wound.
The subsequent proliferative or tissue formation phase is
aided by cytokines and growth factors, including transform-
ing growth factor (TGF)-B, FGF, vascular endothelial growth
factor (VEGF), and platelet-derived growth factor (PDGF),
secreted by macrophages that attract fibroblasts, connec-
tive tissue cells, and endothelial cells from the periwound
stroma. Release of cytokines continues with participation
from the cells that have newly arrived to the wound and from
the epidermal cells. In addition, the dermal cells produce
extracellular matrix proteins, such as collagens, to fill in the
wound defect and provide a provisional matrix (granulation
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tissue) for the continued migration of keratinocytes to re-
epithelialize the wound. A continued influx of macrophages
and fibroblasts providing growth factors for neovasculariza-
tion and matrix deposition in the wound bed, and proteases
for clot dissolution and tissue remodeling, proceeds be-
yond wound closure. Thus, numerous cell types and pro-
cesses must stochastically interact to bring about cutane-
ous repair.

Over 7 million people in the world develop chronic non-
healing wounds related to different causes, including pres-
sure ulcers, venous stasis ulcers, and diabetic neuropathy
leading to chronic foot ulcers.®® As the prevalence of dia-
betes, largely related to the surge in obesity, is 7% of the
United States population (approximately 21 million in 2005),
the morbidity of defective wound healing, the most critical
being amputation, has become a serious problem requiring
novel therapies/agents to improve wound healing rate and
quality. CRT was originally shown to be the biologically
active component of a hyaluronic acid isolate from fetal
sheep skin that accelerated wound healing in animal exper-
imental models of cutaneous repair.3>3° In consideration of
potential candidates for targeted therapy for impaired
wound healing, the present study was undertaken to deter-
mine whether CRT treatment could sufficiently improve
wound healing in a porcine model of wound repair. This
paradigm of tissue repair has been used to demonstrate the
efficacy of various wound healing treatments, because this
animal model most closely mimics human wound healing.®62”
For example, porcine and human skin share similar epi-
dermal and dermal-epidermal thickness ratios, mosaic
hair growth, and have similar hair and blood vessel dis-
tribution. To approach the problem of defective wound
healing posed by diseases such as diabetes, we also
sought to determine whether CRT would enhance repair
in steroid-treated pigs, as a model of impaired wound
healing. Moreover, since the mechanisms involved in the
ability of CRT to enhance wound repair are unknown, we
sought to interrogate the biological effects that enable
CRT-mediated repair.

Our studies show that topical application of CRT to
partial thickness porcine wounds positively affects both
epidermal and dermal aspects of cutaneous wound re-
pair. In general, the CRT-treated wounds show an in-
crease in the rate of re-epithelialization and a greater
degree of stratification of the epidermal layer and amount
of granulation tissue, reaching wound maturity earlier
than PDGF-BB -treated wounds, used as positive control.
Similar positive effects are observed in the dermis of the
CRT-treated wounds of steroid-treated pigs. Further-
more, in the CRT-treated wounds, TGF-83, an important
protein in driving matrix formation and inducing cellular
migration, including the influx of macrophages into the
wounds, is markedly increased in the dermis. In addition,
the CRT-treated wounds show a comparatively remark-
able increase in proliferating basal keratinocytes and
cells of the neodermis. The effects demonstrated in vivo
are substantiated by in vitro bioactivities showing that
CRT stimulates proliferation and migration of cells critical
to both wound resurfacing and remodeling.
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Materials and Methods

Materials

Recombinant rabbit calreticulin (from M. Michalak Univer-
sity of Alberta, Edmonton Alberta, Canada), expressed in
Escherichia coli as a his-tagged protein that was purified to
homogeneity by nickel-Sepharose chromatography, was
shown to be properly folded and migrated as a single band
at M, 50,000 by sodium dodecy! sulfate-polyacrylamide gel
electrophoresis, as described.®® Human CRT was obtained
from GenWay Biotech (10-288-22432F; San Diego, CA).
CRT was stored in 10 mmol/L Tris containing 3.0 mmol/L
calcium, pH 7.0 (termed buffer), to maintain proper confor-
mation of this calcium-binding molecule. Anti-peptide anti-
bodies (purified IgG) specific for each isoform of TGF-B8
(TGF-B1, TGF-B2, and TGF-B3) have previously been de-
scribed.®® Isoform-specific cytokeratin 14 antibody was
obtained from Accurate Scientific (Westbury, NY). Goat anti-
calreticulin (pantropic; BIOCAN/Jackson Immunochemicals)
was a gift from Marek Michalak (University of Alberta). Rabbit
anti-human Kinetichore nuclear protein (Ki-67) was from Nova
Castra Laboratories Ltd. (Newcastle, UK) and a monoclonal
mouse anti-human antibody specific for macrophages
(MAC387) was purchased from Serotec, Ltd, Raleigh, NC).

Porcine Wound Models and Treatments

Adolescent Yorkshire pigs weighing approximately 50 to 60
Ib were housed, fed, and treated in accordance with proto-
cols approved by the Institute Animal Care and Use Com-
mittee at Vanderbilt University Medical Center. Before sur-
gery, animals were anesthetized with a mixture of ketamine
(2.2 mg/kg), Telazol (4.4 mg/kg) and xylazine (2.2 mg/kg)
by intramuscular injection, subsequently intubated and
maintained on inhalation of oxygen and isoflurane. Cefazo-
lin antibiotic was administered intramuscularly immediately
before surgery and was given orally on subsequent days. In
preparation for surgical excision, the dorsal surface of the
pig was clipped, shaved from shoulder to flank, and disin-
fected with Betadine soap. In a sterile manner, four longitu-
dinal partial thickness wounds were created along the para-
vertebral region to a depth of 1560 um with a Zimmer
dermatome (Warsaw, IN). A series of individual 1.5 X 1.5
inch nonmeshed skin graft bridges secured with staples
separated the area into individual excisional partial thick-
ness wounds. CRT at 1.0 mg/ml and 5.0 mg/ml was topi-
cally applied to the wounds and the treated wound tissue
harvested at 5 and 10 days after wounding. To enable
harvesting the wounds at the same time, the wounds were
made in a reverse order. Accordingly, one-half of the
wounds were created at the onset of the experiment, and
the remaining wounds were created 5 days later, so that
each animal was euthanized on the 10th day following initial
wounding (n = 6 wounds/parameter studied). The commer-
cially available wound healing agent, Regranex (0.01%
PDGF-BB; Ethicon, Inc., Somerville, NJ) gel formulation was
used as positive control. Two wounds/treatment group/pig
were used. To prevent roll-off of the liquid, 0.05 ml of CRT or
buffer was applied to the animal lying on its side and the
wound dried for 1 minute before applying a K-Y gel formu-

lation for the maintenance of moist wound healing condi-
tions. The wounds were covered and protected with Op-Site
semiocclusive bandages. Each wound was cleansed daily
with saline and bandages replaced. Buprenex (intramuscu-
lar) was used for analgesic control during the initial postop-
erative period. To ensure sustained analgesic control, ani-
mals received 25 ug/hour Duragesic patches for 3 days
(fentanyl transdermal system). Topical treatments of CRT
and buffer controls were repeated daily for the first 4 days;
PDGF-BB was applied once at the time of wounding, since
in standard protocols this drug is not recommended for
daily dosage. To control for possible effects of wound loca-
tion on the rate of healing, wound placement patterns from
the various treatment groups were randomized.

For steroid-impaired wound healing, 48 hours before the
creation of the wounds, pigs were administered an intra-
muscular injection of 1 mg/kg dose of methylprednisolone
acetate (Depo Medrol; Henry-Schein, Melville, NY) and the
wounds prepared and treated as described above. Treat-
ment groups were the same for both the normal and im-
paired wound healing models. Animals were euthanized
and tissues collected for study after 6 days (two pigs) or 7
days (one pig) of healing; the wounds were completely
re-epithelialized at these time points.

Histological Preparation and Morphometric
Analysis

At the termination time for each experiment, wounds with an
adjacent margin of normal skin were excised, divided ver-
tically into three full-thickness tissue sections/wound, fixed
in 10% neutral buffered formalin for 24 hours, embedded in
paraffin, and 5.0-um-thick tissue sections mounted on glass
slides for histological analysis and immunohistochemistry.
The tissue sections were stained as described below and
the extent of re-epithelialization and dermal depth (granu-
lation tissue formation) of the wounds determined by mor-
phometric analysis. Serial images of wounds were captured
under a light microscope and displayed on a video screen
using an Olympus model AHBT camera. Quantitative mea-
surements were performed using Image-Pro Plus scientific
image analysis software (Media Cybernetic, Inc., Silver
Spring, MD.).

Re-Epithelialization

The wounds of the normal pigs were used to assess
re-epithelialization. Antibodies to cytokeratin 14 were
used to selectively highlight the newly resurfaced epithe-
lial islands and epidermal margins. The extent of re-
epithelialization of the wounds was determined on
wounds after 5 days of healing in the normal pigs by
measuring a composite of newly resurfaced epidermis
that migrated over the wounds from the wound edges
and epithelial islands derived from surviving epithelium
that migrated upward from hair follicles and sweat ducts,
compared to the total wound length. The data are ex-
pressed as a percentage of resurfacing as described.*°



Granulation Tissue/Neodermal Depth Assessment

Granulation tissue thickness was measured in trichrome-
stained tissue slides, extending from the non-re-epithe-
lialized surface of the granulating wound down to its
intersection with the underlying unwounded dermis. The
granulation tissue becomes converted into a neodermis
as re-epithelialization is nearly complete, which is mea-
sured as dermal depth. Dermal depth measurements
extend from the dermal-epidermal junction down to the
intersection of the newly formed granulation tissue with
the adjacent underlying unwounded dermis of these par-
tial thickness wound beds. To determine the average
thickness of the granulation tissue at 5 days of healing or
dermal depth, at 10 days of healing in the normal pigs,
and 6 to 7 days in the steroid-challenged pigs, five or
more random areas were measured in micrometers as
described.”® Data are expressed as means + SEM.

Assay for Wound-Breaking (Tensile) Strength

The effect of CRT on wound breaking strength was per-
formed using a rat incisional model as described.*' Four
full-thickness linear incisional wounds (3 cm in length)
were created in the dorsal skin of each rat. After hemo-
stasis was achieved, the edges of the wounds were
approximated with EX clips (Braintree Scientific, Brain-
tree, MA) and the wound incisions on each animal were
treated with CRT at 5.0 mg/ml and 10 mg/ml, buffer alone
or Regranex. The rats were sacrificed at 7, 14, 21, and 28
days (n = 10 rats/parameter/time point). Strips of skin,
1.0 cm X 5.0 cm in length, perpendicular to the incision
line were clamped into an Instron tensiometer (Canton,
MA) and tensile strength (breaking strength/cross-sec-
tional area) was determined.

Immunohistochemistry
Calreticulin Expression

The temporal and spatial expression of CRT during
wound healing was determined at 5 and 10 days of
healing by immunohistochemical localization using a
polyclonal goat anti-CRT. The slides were baked over-
night at 56°C and passed through graded alcohol with
the final concentration being 30% ethanol. The slides
were placed in Tris-buffered saline containing 0.3% Tri-
ton X-100 for 15 minutes, followed by 100% methanol for
1 minute, and then peroxidase activity was quenched
with 0.6% H,O, for 30 minutes, followed by 100% meth-
anol for 1 minute. The tissues were blocked with normal
rabbit serum (S5000; Vector Laboratories, Burlingame,
CA) in Tris-buffered saline containing 0.5% bovine serum
albumin (blocking buffer) for 20 minutes at room temper-
ature. The CRT antibody, diluted at 1:1000 in blocking
buffer, was incubated with the slides overnight at 4°C in
humido. After washes with Tris-buffered saline containing
0.1% bovine serum albumin, biotinylated rabbit anti-goat
IgG secondary antibody (Vector, BA5000) was applied to
the slides for 1 hour at room temperature. The slides were
washed and then incubated with ABC reagent (Vec-
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tastain kit PK6200) for 1 hour. After rinsing, the slides
were dipped in the substrate 0.05% 3,3-diaminobenzi-
dine HCI (DAB; Sigma Chemical D5637) solution until a
brown color appeared, counterstained with hematoxylin
(Fisher CS401-1D), dehydrated through increasing con-
centrations of alcohol, and mounted with Permount
(Fisher, SP15-100).

TGF-B Isoform Expression

To determine whether TGF-B isoform expression was
induced in CRT-treated wounds, tissue slides were incu-
bated separately with antibodies to TGF-g1, TGF-B2, and
TGF-B3. The antiserum was produced in rabbits to indi-
vidual peptides of each isoform and the IgG purified by
peptide affinity chromatography as described.*? Slides
were treated as described above, except before blocking
with goat serum (Vector Laboratories, S-1000), the tissue
sections were treated with hyaluronidase (1.0 mg/ml;
Sigma Chemical) in sodium acetate, pH 5.0, containing
0.85% NaCl for 1 hour at 37°C. Sections were then incu-
bated overnight with 2.5 ug/ml anti-TGF-B isoform anti-
bodies, incubated with biotinylated goat anti-rabbit sec-
ondary antibody (Vectastain kit Vector Laboratories), and
staining continued as described above.

Ki-67 Immunoreactivity

Actively proliferating cells in the epidermis and neo-
dermis were immunostained for Ki-67 antigen. The tissue
slides were subjected to antigen retrieval. Endogenous
peroxidase activity was neutralized with 6% H,O, for 20
minutes followed by blocking nonspecific reactivity with a
casein-based protein block (DAKO, Carpinteria, CA) for
10 minutes. The slides were incubated with rabbit anti-
human Ki-67 (NovaCastra Laboratories Ltd., Newcastle,
UK) diluted at 1:1400 for 60 minutes in Tris-buffered
saline. The rabbit Envision HRP system (DAKO) was used
with DAB as substrate and the slides counterstained with
hematoxylin.

Macrophage Detection

Macrophage infiltration into the wounds was assessed
by immunostaining using a specific antiserum for tissue
monocytes/macrophages (MAC,387,AbD; Serotec). The
tissue sections underwent antigen retrieval by boiling the
slides in 0.01 mol/L Tris-HCI, pH 10. Both quenching
peroxidase activity and blocking nonspecific immunore-
activity were performed as described above. A monoclo-
nal mouse anti-human antibody to a macrophage epitope
(MAC387) was used at 1:1000 for 1 hour. The mouse
Envision HRP System kit (DAKO) was used for detection
as described above.

In Vitro Effects of Calreticulin

Cell Cultures

Primary adult human epidermal keratinocytes (CC-
2501; Cambrex-Lonza, Inc., Walkersville, MD) were cul-
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tured in keratinocyte growth medium containing additives
from the BulletKit (Singlequots) (CC-4131; Cambrex-
Lonza), including gentamicin-1000 (Lonza). The cells
were subcultured at 50% confluency by washing with 30
mmol/L HEPES-buffered saline, treating with trypsin-
EDTA (0.025% trypsin- 0.02% EDTA; Cambrex-Lonza),
and neutralizing the trypsin with neutralizing solution
(TNS; Lonza). Following slow centrifugation, the cells
were resuspended in fresh medium and seeded at dif-
ferent cell densities depending on the experiments de-
scribed below. Primary human low passage foreskin fi-
broblasts (CCD 1070SK; American Type Culture
Collection, Manassas, VA) were grown in complete Ea-
gle’s minimal essential medium (MEM; (Gibco/Invitrogen,
Carlsbad, CA) containing 10% fetal bovine serum (FBS;
HyClone, Logan, UT), 2 mmol/L glutamine (Mediatech,
Manassas, VA), and antibiotic-antimycotic (ABAM; Medi-
atech). At 60 to 70% confluency, the cells were washed
with phosphate-buffered saline (PBS), removed for re-
plating with 0.25% trypsin-2.21 mmol/L EDTA (Mediat-
ech), the trypsin neutralized with 10% FBS in MEM, and
the cells centrifuged and resuspended in complete MEM
at the cell densities described in the assays below. Hu-
man dermal microvascular endothelial cells (Cambrex-
Lonza) were cultured in complete endothelial cell growth
medium (EGM; Lonza) supplemented with the EGM-MV
BulletKit (CC-3125; Lonza). The cells were subcultured
when approximately 70% confluent by washing with
HEPES buffered saline solution, treating with 0.025%
trypsin-0.01% EDTA, followed by neutralization with TNS,
and the cells then centrifuged and resuspended in com-
plete medium. The human monocyte cell line, THP-1
(American type Culture Collection TIB-202), was cultured
in suspension in RPMI 1640 medium (GIBCO/Invitrogen)
supplemented with 10% FBS, 1% L-glutamine, and 1%
penicillin-streptomycin. The cells were grown by remov-
ing medium from the cells and replenishing with fresh
medium every 3 to 4 days. The THP-1 monocytes, at a
concentration of 5 X 10%/ml in 10 ml of complete medium,
were differentiated into macrophages by the addition of
phorbol myristate acetate at 10 ng/ml for 48 hours.

Cellular Proliferation

The primary human keratinocytes were seeded in 96-well
tissue culture plates at a density of 2.0 X 10° cells/well in
keratinocyte growth medium and incubated for 48 hours
or until the cells reached 50-60% confluency. The cells
were washed with keratinocyte basal medium (KBM,
Cambrex-Lonza) and treated with increasing concentra-
tions of CRT (0-200 pg/ml) in KBM in triplicate. In certain
experiments, keratinocytes were synchronized by grow-
ing in KBM for 24 hours before treating. Human epider-
mal growth factor (EGF) (10 ng/ml; Invitrogen, Carlsbad,
CA) was used as a positive control, and KBM served as
a negative control. After 72 hours, metabolic activity as a
reflection of cell growth was determined using the Cell-
Titer 96 AQueous One Solution cell proliferation assay
(G3580, Promega, Madison, WI). The absorbance of the
soluble formazan chromophore was quantitated after 2
hours using a microplate reader (BioRad 680) at a wave-

length of 490 nm. The primary human dermal fibroblasts
in complete MEM were seeded in 96-well tissue culture
plate at a cell density of 2.0 x 10° cells/well. At approx-
imately 50% confluency (approximately 48 hours), the
cells were switched to MEM containing 0.5% serum for 24
hours, treated with increasing concentrations of rabbit or
human CRT (0-200 ng/ml) in triplicate for 72 hours, and
cellular proliferation assessed by the MTS assay. Human
fibroblast growth factor (FGF) (5.0 ng/ml; R & D Systems,
Minneapolis, MN) and MEM containing 0.5% serum were
positive and negative controls, respectively. Primary hu-
man microvascular endothelial cells were seeded in 96-
well plates at a cell density of 2 X 103/well in complete
EGM. On reaching approximately 60% confluence, the
cells were switched to basal EGM containing 0.5% serum
overnight and then increasing concentrations of CRT
(0-50 pg/ml) were added and cellular proliferation as-
sessed by the MTS assay after 24 hours. VEGF (10 ng/ml;
Genway Biotech, San Diego, CA), and basal EGM were
positive and negative controls, respectively. The concentra-
tions of CRT described for each of the three cell types were
predetermined by initially using a wider range of doses.

Wound Healing Scratch Plate Assay

The primary human keratinocytes and dermal fibro-
blasts were seeded in 24-well tissue culture plates at
2.0 x 10%well and 1.0 x 10%*well, respectively, in their
respective complete media and the cells grown to ap-
proximately 70 to 80% confluence. The keratinocytes
were washed with KBM and incubated in KBM for 18
hours before wounding. Wounds were created in each
well by drawing a line down the center of the well with a
200-ul plastic pipette and the plate washed with KBM or
serum-free MEM to remove the displaced cells. To de-
note the edges of the original wound, a dot was marked
with a black pen on the underside of the plate. Following
washing with medium, increasing concentrations of CRT
in KBM or MEM were added to keratinocytes (0—100
pg/ml) and to fibroblasts (0-10 ng/ml), respectively, in
duplicate wells. Human EGF (10 ng/ml) and 5% FBS were
used as positive control for keratinocytes and fibroblasts,
respectively. Negative controls were KBM for keratino-
cytes and MEM for fibroblasts. After 48 and 24 hours
incubation for the keratinocytes and fibroblasts, respec-
tively, the cells were stained with 0.025% Coomassie blue
in 10% acetic acid-45% methanol for 10 minutes and
washed twice with PBS or water. The wells were viewed
with an inverted light microscope (Axiovert S-100; Zeiss,
Thornwood, NY) and images captured using Metamorph
software (Molecular Probes, Eugene, OR). Wound clo-
sure (cellular migration) was determined using National
Institutes of Health Image J version 1.37 software by
outlining the front of cell migration into the wounds, cal-
culating the area of the scratch remaining unoccupied by
the cells and comparing this area to area in the original
scratch at time 0. Alternatively, percent wound closure
(migration) of the wound was determined by counting the
number of cells in 16 rectangles of set dimensions that
had migrated over the line of the original wound at time O
using Image J software.



Thin Membrane Chamber Cellular Migration Assays

A thin-membrane ChemoTx system (Neuroprobe Inc.,
Gaithersburg, MD) in a 96-well plate format and two differ-
ent cell-labeling methods were used to determine whether
CRT mediates directed migration of keratinocytes, fibro-
blasts, monocytes, and macrophages. The assay was per-
formed according to the manufacturer’s instructions. Fibro-
blasts and adherent macrophages were washed with PBS
and removed from the plate with 0.25% trypsin—2.21 mmol/L
EDTA in Hanks’ balanced salt solution (HBSS; Cellgro,
Herndon, VA), the trypsin activity neutralized with serum-
containing medium, and the cells centrifuged at 235 X g for
5 minutes. Keratinocytes were washed with HEPES-BSS
(Lonza, Walkersville, MD) and trypsinized, suspended in
TNS, and centrifuged as described above. All cell pellets
were suspended in their respective serum-free media. The
migration wells in the bottorn chamber were loaded with 330
wl of increasing dilutions of CRT in serum-free medium for
keratinocytes, fibroblasts, monocytes, and macrophages.
Treatments were performed in triplicate. Serum-free me-
dium was used as a negative control and EGF (10 ng/ml;
keratinocytes), FGF (5.0 ng/ml; fibroblasts), the phlogistic
agent, N-formyl-Met-Leu-Phe (fMLP, 1-100 nmol/L, mono-
cytes; Sigma Chemical Co, St. Louis, MO), and VEGF (100
ng/ml; Fisher Scientific) or fMLP (100 nmol/L macrophages)
were used as positive controls, as shown in individual ex-
periments. The frame of the apparatus containing the mem-
brane was carefully placed on top of the wells, 50 ul of cell
suspension was loaded onto the membrane above each
well bordered by a rubber gasket, the lid replaced, and the
cells incubated at 37°C, 5% CO.,. The number of cells/ well,
pore size of the polycarbonate Neuroprobe membrane, and
migration time period varied for each cell type as follows:
keratinocytes at 2.5 X 10%*well, 8 um pore size, 4 hours;
fibroblasts at 5.0 X 10%/well, 8.0 um, 4 hours; THP-1 mono-
cytes at 5 x 10%*well, 5 um pore size, 1 hour; THP-1 mac-
rophages at 2.5 x 10*well, 5.0 um pore size, 2 hours.
Following the respective incubation periods, the chambers
were dismantled, the membranes washed with PBS, the
cells fixed with 4% paraformaldehyde for 5 minutes, and the
membranes applied to coverslips, which were sealed and
stained using VECTASHIELD and 4,6-diamidino-2-phe-
nylindole (DAPI) (Vector Laboratories). Each membrane
was photographed at 200X magnification in at least 6 fields,
and an average of 3 high-power fields were calculated for
the number of cells/well using Kodak ID software. In certain
experiments, the THP-1 monocytes and phorbol 12-myris-
tate 13-acetate-induced differentiated adherent macro-
phages were labeled with 2 to 4 umol/L calcein AM (Mo-
lecular Probes, Eugene, OR) before applying the cells to the
membrane. The concentration of the fluorochrome and in-
cubation times varied for each cell type as follows: macro-
phages, 4 wmol/L calcein for 30 minutes; monocytes, 2
pmol/L calcein for 40 minutes. Following the incubation
times, the remaining cell suspension was aspirated, the
membrane carefully wiped with a cotton swab dipped in
PBS, treated with 20 um EDTA in PBS for 20 minutes at 4°C
and the plate centrifuged at 1500 rpm (Beckman model
J-6M, Fullerton, CA) for 10 minutes at 4°C to detach the cells
in the membrane into the lower chamber. The membrane
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was removed and fluorescence reflecting the number of
cells that migrated in and through the membrane into to the
bottom chamber was determined in a fluorimeter (Victor 3V
multilabel counter, Perkin Elmer, Waltham, MA) using exci-
tation and emission wavelengths of 485 nm and 535 nm,
respectively.

Statistical Analyses

For the morphometric analyses of the wounds, the values
obtained were subjected to the Kruskall-Wallis test for
nonparametric samples. A Mann-Whitney test was used
for comparison between individual samples. Statistical
analyses for all experiments were performed using SPSS
version 12 software (Chicago, IL).

Results

CRT Enhances Porcine Wound Healing

An accelerated rate of wound re-epithelialization of wounds
is one of the indicators of enhanced wound repair. After 5
days of healing, epithelial islands and epithelial wound
edges in CRT-treated wounds display a higher degree of
resurfacing and epidermal stratification compared to either
the wounds treated with buffer or PDGF-BB (not shown).
Regranex (PDGF-BB), the first and only Food and Drug
Administration-approved cytokine (protein) treatment for
cutaneous wound repair, was used as a positive control in
the wound healing experiments.3>4%44 The percentage of
epithelial resurfacing (percent re-epithelialized) with 5.0
mg/ml CRT (100 ug/wound) was 58% compared to 41%
and 44% for the PDGF-BB-treated and buffer-treated
wounds, respectively, at 5 days after injury (Figure 1A). As
shown, by 10 days after wounding, the CRT-treated and
control wounds were 100% re-epithelialized (Figure 2, A, B,
D, E). Both the increase in re-epithelialization of the CRT-
treated wounds at 5 days (Figure 1A) and the higher degree
of stratification and cornification at 10 days (Figure 2, A and
D) suggest that CRT increased the rate of epidermal matu-
rity. Quantitative analysis of epithelial resurfacing, based on
six wounds/treatment group, revealed a trend as shown by
the graph in Figure 1A but fell short of reaching statistical
significance (P = 0.058). From the histological observations
(compare Figure 2, A and D, to C and F) and the trend from
the quantitative data set, it appears that statistical signifi-
cance might have been achieved with a larger number of
wounds/group that was not feasible in this study due to lack
of sufficient supply of CRT for the large animal wounds.

Granulation Tissue Formation/Neo-Dermal
Depth

Restoration of dermal tissue is a dynamic process essen-
tial for remodeling the wound bed. The accrual of neo-
dermal connective tissue is largely mediated by fibro-
blasts recruited into the wound, the continued migration,
proliferation, and production of extracellular matrix pro-
teins by these cells, capillary ingrowth, and an influx of
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Figure 1. Graphs of quantitative morphometric analysis of CRT-treated por-
cine wounds at 5 and 10 days after injury. A: Re-epithelialization expressed
as percent healed of wounds in normal pigs after 5 days and 10 days of
healing. The exogenously applied treatments are: 1.0 mg/ml or 5.0 mg/ml
CRT, buffer or PDGF-BB. 5 days after wounding, CRT induced a trend toward
enhancing re-epithelialization (resurfacing) of the wounds (P = 0.58; n = 6
wounds/parameter). By 10 days after wounding, only the PDGF-BB-treated
wounds were not 100% re-epithelialized. The percent healed is presented as
the mean = SEM. B: Granulation tissue/neodermal depth measurements of
treated (as in A) wounds in normal pigs show that after 5 days of healing,
CRT induced a dose-dependent increase in dermal thickness (*P = 0.058;
n = 4). At 10 days of healing, the dermal depths of the 5.0 mg/ml CRT-treated
wounds were significantly smaller than the buffer (*£ < 0.05; n = 0) and
PDGF-BB-treated wounds (**P = 0.04; n = 06), reflecting the more advanced
healing observed by the histology of the CRT-treated wounds (compare
Figure 2, A and D, with C and F). In the steroid-impaired wounds, a
dose-dependent response was obtained with 5.0 mg/ml and 10 mg/ml CRT
at 7 days after wounding (**P =< 0.034; n = 6). The dermal depths are
presented as the mean = SEM.

inflammatory cells and progenitor cells from outside the
confines of the wound.®%° The extent of matrix formation
is a composite assessment reflecting the quality of the
dermal response. Early in the reparative process, before the
epidermis heals across the wound surface, the wound bed
is filled with a loose granulation tissue sparsely populated
with cells, which progressively forms a mature, compara-
tively dense, irregular connective tissue containing increas-
ing amounts of collagen.

In wounds examined 5 days after wounding, the neo-
dermal depth (granulation tissue) was thicker in the 5
mg/ml compared to 1.0 mg/ml CRT-treated wounds (Fig-
ure 1B; *P = 0.058). Surprisingly, the higher dose of CRT
induced a statistically significant greater neodermal
depth than PDGF-BB (Figure 1B; *P < 0.04). By 10 days
of healing, there was a dose-dependent compaction of

neodermal depth in the 1.0 mg/ml and 5.0 mg/ml CRT-
treated wounds, which was statistically significant com-
pared with the buffer and PDGF-BB-treated wounds (Fig-
ure 1B; *™*P = 0.05 and P = 0.04, respectively). Similar to
the greater degree of epidermal maturity, marked by
epidermal stratification of the CRT-treated wounds (Fig-
ure 2, A and D) compared to the buffer (Figure 2, B and
E) and PDGF-BB-treated wounds (Figure 2, C and F), the
decrease in dermal depth in the CRT-treated wounds
represents a neodermis that is found later in the wound
repair process. These more mature wounds show a char-
acteristic notable uniform distribution of collagen fibers
throughout the neodermis (Figure 2, A, D, G). The less
mature PDGF-BB-treated wounds have equally dense
collagen in the deepest regions of the dermis but less
collagen density near the top of the wound bed where the
epidermis has not quite resurfaced the wound (Figure 2,
C,F, .

Steroid-treatment of pigs is a well-established model
for impaired healing. Since the effects are generally me-
diated through macrophages with effects observed on
collagen synthesis, this model is more useful for detect-
ing effects in the dermis and thus is applicable to events
that frequently impair human healing.*® In steroid-chal-
lenged pigs, the wounds were harvested after 7 days of
healing. On histological examination, re-epithelialization
of the wounds was 100% complete, thereby obviating the
ability to determine the effect of the treatments on rate of
wound resurfacing. However, measurement of neoder-
mal depths show that the 5.0 mg/ml CRT- and PDGF-BB-
treated wounds were nearly equal (Figure 1B) and a
dose-dependent effect in dermal depth was achieved
with 5.0 mg/ml and 10.0 mg/ml CRT (Figure 1B; **P =
0.034). Although CRT at 10 mg/ml induced a greater
dermal depth than the buffer and PDGF-BB controls, this
apparent trend representing a small number of wounds
was not statistically significant.

Calreticulin Increases Wound Tensile Strength

The quantitative (Figure 1) and qualitative (Figure 2) ef-
fects of CRT on the granulation tissue/neodermis sug-
gested that the CRT-treated wounds might have greater
integrity of wound strength compared to the buffer and
PDGF-BB-treated wounds. Therefore, we analyzed the
impact of CRT on the wound tensile strength using a
well-established rat incisional model for wound breaking
tensile strength.*’ Using this assay, CRT at 5.0 mg/ml
after 21 days induced a statistically significant increase in
the breaking strength of the wounds compared to the
buffer or the PDGF-BB-treated wounds (Figure 3; *P =
0.019). The specificity of this biological response was sub-
stantiated by an even greater breaking strength of wounds
treated with 10 mg/ml CRT compared to both the buffer
(*P = 0.001) and PDGF-BB-treated wounds (**P = 0.027).
Wounds harvested at 7, 14, or 42 days of healing did not
show statistically significant differences in breaking strength
among the various treatment groups (Figure 3).
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Figure 2. Micrographs of trichrome-stained CRT-treated porcine wounds after 10 days of healing. Treatments were 5.0 mg/ml CRT (A, D, G); buffer (B, E, H);
PDGF-BB (C, F, D. Treatment with CRT resulted in a more mature stratified epidermis (A, D) as compared to buffer-treated (B, E) and PDGF-BB-treated (C, F)
wounds, showing incomplete re-epithelialization (arrows). The neodermis of the CRT-treated wounds (D, G) are slightly more cellular than the PDGF-BB treated
wounds (F, D. In addition to the more stratified epidermis in the CRT-treated wounds (D), the neodermis of these wounds (A) is much more compacted than
the buffer-treated (B) and PDGF-BB-treated (C) wounds. Thus, both the epidermis and dermis of the CRT-treated wounds (A, D, G) represent a higher degree
of maturity than either the buffer-treated (B, E, H) or PDGF-BB-treated (C, F, I,) wounds. Scale bars: A-C = 850 um; DI = 88 um. Cells are stained red and

collagen cyano-blue. e, epidermis; nd, neodermis.

CRT Is Dynamically Expressed during Wound
Repair

A dynamic expression of CRT during wound repair would
suggest a physiological role for this protein in tissue repair.
Moreover, the fact that exogenously applied CRT exerted
apparent effects on both the epidermal and dermal com-
ponents of the porcine partial thickness wounds supports
this idea. Therefore, we evaluated the spatial and temporal
distribution of endogenous CRT in the wound repair models
by immunohistochemistry. In unwounded (adjacent) skin,
basal and suprabasal keratinocytes layers of normal skin
show slight to no immunoreactivity in contrast to the more
differentiated stratum corneum, granulosum, and spinosum
upper layers of epidermis, which show intense immunore-
activity (Figure 4A). At 5 days following wounding, in the
buffer-treated control wounds, there is a notable absence of
CRT in the migrating keratinocytes both emanating from the
wound margins (not shown) and those migrating upward
from the hair follicles and sweat ducts (Figure 4B, arrow-

heads); these are the keratinocytes responsible for the for-
mation of the epithelial islands within a partial thickness skin
injury. In areas of mature stratified epidermis, CRT immuno-
reactivity is moderate, and still less than in unwounded
epidermis (not shown). In the granulation tissue, there is a
marked increase in the number of cells showing strong
immunoreactivity for CRT (Figure 4B). Morphologically,
these cells appear to be mainly fibroblasts and other con-
nective tissue cells including immune cells. At 10 days after
wounding, except the basal cells (arrows) and migrating
epithelium (arrowheads), the keratinocytes composing the
hypertrophic epidermis, particularly in the more differenti-
ated stratum spinosum layer, still express ample amounts of
CRT whereas the expression of CRT by the cells of the
neodermis has greatly waned (Figure 4C). In the steroid-
impaired animals, at 7 days after wounding, the wounds
appeared similar to the (normal) unimpaired wounds with
respect to the distribution of CRT immunoreactivity in the
epidermis (Figure 4F). The intensity and number of cells
expressing CRT in the neodermis appeared to be at inter-



618 Nanney et al
AJP September 2008, Vol. 173, No. 3

CRT Rat Study: Tensiometry
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Figure 3. The effect of calreticulin on wound tensile strength (breaking strength) in
a rat incisional model at 7, 14, 21, and 42 days after wounding. Four incisional
wounds were created on each rat, which were approximated with clips, and four
different treatments were applied: 5.0 and 10 mg/ml CRT, buffer, and PDGF-BB; 12 =
10 rats/treatment/time point. After the 7, 14, 21, and 42 days, wound breaking
strength was measured with a tensiometer. After 21 days treatment with 10 mg/ml
CRT induces greater wound breaking strength than either buffer *2 = 0.001) or
PDGF-BB (*P = 0.027), and CRT-treated (5.0 mg/ml) wounds are greater than
buffer alone (P = 0.019) but not greater than wounds treated with PDGF-BB.

mediate levels (Figure 4F) between the 10-day postinjury
wounds of the normal untreated nonimpaired pigs (Figure
4C), which was low, and the higher immunoreactivity ob-
served in the PDGF-BB-treated wounds (Figure 4, D and E).
Interestingly, cells of the dermis of the Regranex-treated
wounds expressed higher amounts of CRT (Figure 4, D and
E) than the buffer control wounds at both 5 and 10 days
after injury (Figure 4B and C). The very apparent up-regu-
lation of CRT in the healing dermis of the PDGF-BB-treated
wounds suggests that CRT is increased in wounds in which
wound healing is stimulated.

Topical Application of Calreticulin to Wounds
Induces the Expression of TGF-83

TGF-B isoforms are important regulators of many aspects of
wound healing, including induction of extracellular matrix
proteins, such as collagens and fibronectin, and chemoat-
traction of cells into the wound.*”~*° Moreover, TGF-8 iso-
forms are differentially up-regulated, temporally and spa-
tially, during wound repair, including in a porcine model of
repair*®%°1 indicating specific biological effects of the in-
dividual isoforms. Consistent with the apparent enhanced
dermal repair in the CRT-treated wounds (Figures 1 and 2),
using these same antibodies,®' we show that the specific
expression of the TGF-B3 isoform (Figure 5B) but not
TGF-B1 (Figure 5C) or TGF-B2 (Figure 5D) is strongly in-
creased in the dermal cells of the CRT-treated wounds
compared to the buffer-treated wounds Figure 5A, shown
here at 5 days after wounding. PDGF-BB- and buffer-
treated wounds show equal intensity of immunostaining at
this time point. Whereas a dose-dependent increase in
TGF-B3 immunoreactivity was observed in wounds at 10
days after wounding (not shown), the intensity of TGF-B3
immunoreactivity was diminished compared to the ear-
lier 5-day postinjury wounds.

Figure 4. Immunostaining for endogenous calreticulin in buffer-treated and Re-
granex-treated porcine wounds evaluated at 5 and 10 days after injury. Unwounded
skin (adjacent to a buffer-treated wound) (A); the wound at 5 days after wounding
(B); 10 days after wounding (CG-E); wounds from steroid-impaired pigs 7 days after
wounding (F); buffer-treated wounds (B, C, F); PDGF-BB-treated wounds (D, E).
Unwounded skin shows intense immunoreactivity within all of the differentiated
layers of the epidermis in sharp contrast to the proliferative basal and suprabasal
keratinocyte layer, which shows slight to no immunoreactivity (A). This lack of
immunoreactivity in the basal layer of the epidermis is also observed at 5 days (B)
and 10 days (C, D) after injury in normal wound healing (B) and after 7 days of
healing in the steroid-impaired pig wounds (arrows) (F). There is a lack of CRT
expression in the migrating epithelial tongue advancing over the wound (C, arrow-
head). Similarly, the keratinocytes migrating upward from the hair follicles and
sweat ducts to form epithelial islands lack CRT immunoreactivity (B, arrowheads).
In contrast, CRT immunoreactivity is notable in the stratified hypertrophic differen-
tiated epidermis of the buffer-treated wounds (C) and in the neodermis of the
PDGF-BB-treated (D, E) wounds shown here at 10 days after injury and in the
neodermis of the PDGF-BB and at 7 days postinjury in the steroid-challenged
wounds (F). Multiple dermal cells are strongly immunoreactive for CRT protein in
the buffer-treated wounds at 5 days after wounding (B). By 10 days, dermal
immunoreactivity has decreased in the buffer-treated wounds (C) in contrast to the
PDGF-BB-treated wounds (D, E). e, epidermis; nd, neodermis; arrows indicate
basal epidermal cells with weak immunoreactivity for calreticulin; arrowheads
indicate migrating epithelium. Brown represents DAB positive immunoreactivity
and the blue color is the hematoxylin counterstain. Scale bars: A-D, F = 500 wm;
E = 30 pum.

Topical Application of Calreticulin to Wounds
Stimulates Cellular Proliferation of Basal
Keratinocytes and Presumptive Fibroblasts of
the Dermis

Cellular proliferation of keratinocytes to resurface the denuded
wound and of fibroblasts to increase the number of cells en-
gaged in matrix production is critical to the wound repair
process. To assess the effect of CRT on the cellular prolifera-
tion in porcine wounds treated with CRT in vivo, tissues from
excised wounds were subjected to immunohistochemical
staining using a standard proliferative cell marker, kinetochore
nuclear protein 67 (Ki-67). After wounding, keratinocytes first
migrate over the wound and do not show evidence of prolifer-
ation in the regenerative suprabasal and basal layers until
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Figure 5. Immunostaining for TGF-B isoforms in calreticulin-treated normal porcine wounds. Immunoreactivity for TGF-B3 (A, B), TGF-B1 (C), and TGF-B2 (D)
after 5 days of healing. Buffer-treated wound (A); CRT-treated wounds (B-D). A marked intensity of immunoreactivity for TGF-B3 was observed in the granulation
tissue of the 5.0 mg/ml CRT-treated wounds at 5 days after injury (B) compared to the buffer-treated wounds (A); the magnified insets show the intense cellular
TGF-B3 immunostaining in the CRT-treated wounds. The newly forming epidermis was moderately immunostained for TGF-B3 (not shown). In contrast, neither
TGF-B1 (C) nor TGF-B2 expression (D) was induced by 5.0 mg/ml CRT in the neodermis. Whereas TGF-B2 immunoreactivity was shown in the newly forming
epidermis (D), no further induction by CRT was observed. Brown represents DAB positive immunoreactivity and the blue color is the hematoxylin counterstain.
Scale bars: A-D = 300 wm; insets = 30 um. e, epidermis; nd, neodermis.

resurfacing is complete. Wounds from the normal pig treated
with CRT at 5 days after injury show a dose-dependent re-
sponse in epidermal resurfacing and a corresponding intense
Ki-67 immunoreactivity in basal and suprabasal keratinocytes
(Figure 6, A and B, arrows). In contrast, there were markedly
fewer immunoreactive basal keratinocytes in the buffer-treated
(Figure 6C) and Regranex-treated (Figure 6D) wounds that
show variable and barely (delayed) resurfaced wounds.
Marked immunoreactivity is observed in dermal cells of the
CRT-treated and PDGF-BB-treated wounds Figure 6B and D.
With higher magnification, these dermal cells appear to be
largely fibroblasts. In the more mature wounds at 10 days after
wounding, proliferation in the neodermis subsided, being re-
placed by matrix production (not shown).

Similar to the results obtained with the normal pigs, in the
steroid-challenged pigs, CRT treatment induced a strong
dose-dependent effect on the proliferation of basal and
suprabasal keratinocytes (arrows) in the 7-day postinjury
re-epithelialized wounds and in dermal cells (presumptive
fibroblasts; Figure 6, E-G). As these wounds had re-epithe-
lialized, the buffer-treated and PDGF-BB-treated wounds
show equal numbers of proliferating cells in the basal layer
of the epidermis (Figure 6, H and 1), albeit notably less than
the CRT-treated wounds (Figure 6, E-G). The intensity of

immunoreactivity in the dermal cells was similar in the Re-
granex- (Figure 61) and 5 mg/ml CRT-treated wounds (Fig-
ure 6E). Therefore, topical application of CRT to porcine
wounds has a marked effect on cellular proliferation of both
the epidermal and dermal aspects of repair in both normal
and steroid-impaired wound healing. The specificity of CRT
on cellular proliferation in the epidermis and dermis during
wound healing is corroborated by the dose-response effect
obtained and the in vitro studies described below.

Calreticulin Stimulates Cellular Proliferation of
Human Keratinocytes, Fibroblasts, and
Microvascular Endothelial Cells

The intense immunostaining for Ki-67 antigen in basal
keratinocytes and dermal cells suggested that CRT might
directly stimulate cellular proliferation, an important char-
acteristic for both generating a stratified epidermal layer
and for populating the dermis with ample cells to produce
cytokines and extracellular matrix proteins. Therefore, we
tested the effect of CRT on human primary keratinocytes
and human dermal fibroblasts in vitro. Increasing doses
of CRT (0-200 pg/ml) were added to synchronized sub-
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Figure 6. Immunostaining for proliferating cells (Ki-67) in calreticulin-treated normal and steroid impaired porcine wounds. Wounds from normal pigs at 5 days after healing
(A-D); wounds from steroid-impaired pigs at 7 days after healing (B-D. Treatments: 1.0 mg/ml CRT (A); 5.0 mg/ml (B, E); 10 mg/ml CRT (F); 50 mg/ml CRT (G), buffer (C, H),
and PDGF-BB (D, D. CRT treatment induced a dose-dependent increase in the number of proliferating basal and suprabasal keratinocytes (arrows) (epidermal replenishment
compartment) in the immature epidermis of the CRT-treated normal wounds (A, B) compared to the buffer-treated (C) and PDGF-BB-treated (D) wounds, showing no epidermal
resurfacing. In the wounds of the steroid-challenged pigs, CRT at 5.0 mg/ml (E), 10 mg/ml (F), and 50 mg/ml (G) is shown to induce a dose-dependent increase in proliferating
keratinocytes in the basal layers of the epidermis compared to buffer-treated (H) and PDGF-BB-treated (I) wounds, which show relatively fewer Ki-67 positive nuclei in the
hypertrophic epidermis. There were numerous proliferating cells (presumptive fibroblasts) in the neodermis of both the wounds of the CRT- and PDGF-BB-treated normal (A,
B, D) and steroid-impaired (E-G, D pigs compared to the buffer controls (C, H). The dose-dependent response of the CRT-treated wounds was also evident in the neodermis
of the normal wounds (A, B). Arrows indicate Ki-67 positive proliferating basal keratinocytes. Brown represents DAB positive immunoreactivity and the blue color is the

hematoxylin counterstain. Scale bars: A-D = 445 um; EA = 225 um.

confluent human primary keratinocytes. After 72 hours, a
dose-dependent increase in cellular proliferation was ob-
tained, with a peak response of 2.2-fold over untreated
controls, with 100 pg/ml CRT (Figure 7A; n = 5) that
returned to normal control levels at 200 pg/ml. A similar
peak response was obtained in unsynchronized cultures
of keratinocytes that were incubated with CRT in basal
medium for 48 hours (n = 2). The response is compared
to human EGF (10 ng/ml) as a positive control which gave
a smaller peak response of 1.3-fold in both assays.

CRT (0-200 ng/ml) similarly stimulated synchronized
subconfluent human primary dermal fibroblasts in a
dose-dependent manner after 72 hours of incubation,
yielding a peak response, with 100 ng/ml CRT that was
2.4-fold higher than the untreated controls (Figure 7B;
n = 7). This response was similar to FGF (5.0 ng/ml) as a
positive control. It is notable that keratinocytes were more
sensitive to CRT, with a peak response 1000-fold less
than the fibroblasts (100 pg/ml versus 100 ng/ml). In one
experiment, we tested the effect of recombinant human
CRT on fibroblast proliferation and obtained the identical
specific activity as the recombinant rabbit CRT used for
all of the in vivo and in vitro experiments (Figure 7C).

CRT dose-dependently stimulated proliferation of human
microvascular endothelial cells after 24 hours of incubation of
the cells with 0 to 100 pg/ml CRT. Although the response
obtained was small, the endothelial cells were highly sensitive
to CRT with a consistent peak response of 30% increase in
proliferation over the control with 1.0 to 25 pg/ml CRT (Figure
7D; n = 5), which was equal to 10 ng/ml VEGF as the positive
control (not shown). In contrast, in vivo, neither CRT nor
PDGF-BB appeared to induce an increase in microvascular
density in either the normal or steroid-impaired porcine
wounds as assessed using an antibody to factor VIII (anti-
CD31) as a marker of endothelial cells (not shown). Possibly
the magnitude of the in vivo effect was too low to be statistically
significant in the small number of wounds in this study.

Calreticulin Induces Migration of Keratinocytes
and Fibroblasts

In the cellular context, re-epithelialization and dermal re-
modeling in vivo are dependent on, and thus largely reflect,
both the biological processes of cellular proliferation and
migration. A standard scratch plate assay to simulate
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Figure 7. Calreticulin induces cellular proliferation of primary human keratinocytes, fibroblasts, and microvascular endothelial cells. A: Keratinocytes. Increasing
concentrations of CRT (0-200 pg/ml) were added to subconfluent synchronized primary keratinocytes in KBM on 96-well plate for 72 hours, and the MTS
proliferation assay (CellTiter96) was performed in triplicate. EGF (10 ng/ml) was used as a positive control (not shown). The data are expressed as fold increase *
SEM compared to cells treated with KBM alone. Maximal stimulation of 2.2-fold was achieved with 100 pg/ml CRT and 1.3-fold with EGF (72 = 5). B: Fibroblasts.
Increasing concentrations of CRT (0-200 ng/ml) were added to human primary subconfluent synchronized fibroblasts in MEM containing 0.5% serum on a 96-well
plate for 72 hours, and the MTS assay performed in triplicate; FGF at 5.0 mg/ml was added as a positive control (not shown). The data are expressed as fold
increase = SEM over control in MEM. An equal peak response of 2.4-fold was obtained with both 100 ng/ml CRT and the FGF positive control (12 = 7). C: A similar
response was obtained using human recombinant CRT (7 = 1). D: Human primary microvascular endothelial cells. Increasing concentrations of CRT (0—-100
pg/ml) in EGM containing 0.5% serum were added to subconfluent synchronized human primary microvascular endothelial cells on a 96-well plate in triplicate
for 24 hours and the MTS assay performed. The data are expressed as fold increase over control cells incubated with 0.5% serum. VEGF at 10 ng/ml served as
a positive control (data not shown). A 30% increase in proliferation over the control was obtained with both 1 to 25 pg/ml CRT and VEGF (7 = 5).

wound healing in vitro was used to assess the effect of response was obtained with both the scratch plate and
increasing concentrations of CRT on migration/motility on directed migration assays using keratinocytes prelabeled
the human primary keratinocytes and fibroblasts.>>°® The with the fluoroprobe, calcein, or nuclei stained with DAPI
graph (Figure 8A) shows that CRT (0—100 pg/ml) induces a following the assay (Figure 8, B and C).

dose-dependent increase in the number of keratinocytes Similarly, CRT induced a dose-dependent increase in
(represented as percent wound closure) covering the migration of human fibroblasts in the scratch plate assay,
wound at 48 hours after treatment. A peak response of with a maximal response of 62% = 5.3 closure of the wound
16.8% = 1.53 wound closure with 10 pg/ml CRT was ob- at 24 hours with 1 ng/ml CRT. The CRT-induced response
tained compared to the EGF (10 ng/ml) positive control was greater than both the positive (5% FBS) and negative
yielding 11.6% closure, but statistically significantly more (MEM) controls (P = 0.002), which showed wound area
than the media control, at 2% closure (P = 0.003; n = 5). closure by 58% and 24%, respectively (Figure 9A; n = 10).
Similar results were obtained in experiments performed in A representative dose-response study is illustrated by the
the presence of 1to 5 ug/ml mitomycin C in the migration photomicrographs of the scratch plate assay in Figure 9C.
assay (data not shown) and thus, cellular proliferation did The affect of CRT on cellular migration of fibroblasts was
not appear to be a component of the migratory response to unaffected by the addition of 8.0 wmol/L mitomycin C. Using
CRT. Using a thin-membrane ChemoTx chamber system, the human fibroblasts in the thin-membrane ChemoTx
CRT (1-750 pg/ml) induces a concentration-dependent mi- chamber system, either prelabeled with calcein or stained
gration of keratinocytes through the membrane with an op- at the completion of the assay with DAPI, CRT (1.0-100
timal dose of 10 pg/ml, which represents an 18.43-fold ng/ml) induced directed migration of these cells in a con-
increase over the media control (Figure 8, B and C) and a centration-dependent manner with a peak response at 10
2.5-fold increase over EGF used as a positive control. The ng/ml as shown by the graph in Figure 9B. Counting the
dose-dependent response to CRT is clearly represented by cells/high power field, CRT induced a four-fold induction of
the DAPI-stained nuclei of the keratinocytes on the bottom migration compared to the negative media control with a
side of the membrane (Figure 8C) represented by the graph similar response elicited by the FGF positive control at

(Figure 8B, n = 5). It is notable that the identical peak 3.5-fold (n = 3).
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Figure 8. Calreticulin induces cellular migration of human primary keratinocytes in the scratch plate assay as an in vitro model of wound healing and elicits
concentration-dependent migration using a chamber assay. A: Scratch plate assay/graph. Primary human keratinocytes were seeded on 24-well tissue culture plates,
grown to 70 to 80% confluence in keratinocyte growth medium, and switched to KBM for 18 hours. The plate was scratched with a plastic pipette tip, and increasing
concentrations of CRT (0-100 ng/ml) added to the cells. After 48 hours, migration over the wound was measured as described in Materials and Methods. As shown by
the graph, CRT induces a dose-dependent increase in the number of cells that migrated into the wound with a peak response of 16.8% closure of the wound with CRT
at 10 pg/ml (P = 0.003 compared with medium alone; 7 = 5). EGF (10 ng/ml) as a positive control induced 11.6% closure. B: Chamber migration assay/graph.
Keratinocytes were washed, treated with trypsin, centrifuged, and applied to a membrane with an 8.0-wm pore size at a concentration of 2.5 X 10%/well (96-well plate;
ChemoTx migration system, Neuroprobe) in KBM as described in Materials and Methods. The bottom migration wells contained increasing dilutions of CRT (1-750 pg/ml)
in KBM. After 4 hours at 37°C, the membranes were removed from the wells, and the cells on the bottom of the membranes fixed with 4% paraformaldehyde for 5 minutes
and then applied to coverslips that were sealed and stained with VECTASHIELD DAPL The membranes were photographed at 200X and the number of cells counted
in at least 6 high-power fields. Treatments were in triplicate and EGF (10 ng/ml) served as positive control. The graph, shown as fold migration over the media control,
shows that CRT induces a concentration-dependent directed migration of keratinocytes with peak response at 10 pg/ml (identical to the scratch plate assay) (12 = 3). The
data show an 18.4-fold and 2.5-fold increase over the media and EGF control, respectively. Error bars represent SEM. C: Photomicrograph of keratinocyte migration in
one representative thin-membrane chamber migration assay demonstrating the concentration-dependent effect of CRT peaking at 10 pg/ml as illustrated by the red box
around the panel. It is notable that keratinocytes are more sensitive to CRT than the positive EGF control.

As with the proliferative response, keratinocytes demon-
strate greater sensitivity to CRT than the fibroblasts as a
10,000 times lower dose was required for the maximal mi-
gratory response (10 pg/ml versus 1 ng/ml; compare Fig-
ures 8A and 9A) in the scratch plate assays. In addition, in
this assay, it is shown that the migratory response was of a
higher magnitude with the fibroblasts than the keratinocytes

(80% versus 15%). This is likely related to the greater cell
density at the time of performing the scratch on the plate as
it is notable that the intensity of the response was not so
disparate between these two cell types in the chamber
migration assay. The proliferation and migration responses
obtained in vitro provide mechanistic support for the histo-
logical effects shown in the CRT-treated wounds.
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Figure 9. Calreticulin induces cellular migration of human primary fibroblasts in the scratch plate assay as an in vitro model of wound healing and elicits a
concentration-dependent migration using a chamber assay. Az Scratch plate assay. Primary human dermal fibroblasts were plated in 24-well plates grown to 70 to 80%
confluence in MEM containing 10% FBS for 24 hours, wounded, and increasing concentrations of CRT (0-10 ng/ml) in MEM added to the cells. After 24 hours, CRT was
shown to induce a dose-dependent increase in the number of cells that migrated over the wound with a peak response of 62% = 5.3 closure with 1.0 ng/ml CRT
compared to MEM alone at 24% (P = 0.002; n = 10). FBS, 5.0%, as a positive control induced 58% wound closure. B: Chamber migration assay. Fibroblasts were washed,
treated with trypsin, centrifuged, and applied to a membrane with an 8.0-um pore size at a concentration of 5.0 X 10%/well (96-well plate; ChemoTx Neuroprobe) in
serum-free MEM as described in Materials and Methods. The bottom migration wells contained increasing dilutions of CRT (1.0-150 ng/ml) in MEM. After 4 hours at 37°C,
the membranes were removed from the wells, and the cells were fixed and then stained with VECTASHIELD DAPI, and the number of cell/high power field counted
as described in Figure 8B. Treatments were in triplicate and FGF (5.0 ng/ml) served as positive control. The graph shows that CRT at 10 ng/ml induces a
concentration-dependent directed migration of fibroblasts with a four-fold peak over the media control (72 = 3), which was similar to the FGF positive control at 3.5-fold.
Error bars represent SEM. C: Photomicrographs of one representative scratch plate assay of human dermal fibroblasts (stained with Coomassie blue as described in
Materials and Methods) at the end of the 24-hour incubation time shows that CRT induces dose-dependent migration with a maximal response at 1.0 ng/ml.

Calreticulin Induces Influx of cumulation of dead cells and tissue are important re-

; tardants to the wound healing process, such a
Monocytes/Macrophages into the Wounas functional role for CRT in wound healing would be

CRT has the auspicious function of being the obligate unequivocally significant. Therefore, we analyzed the
mediator of apoptotic cell clearance by both “profes- effect of CRT on the influx of monocytes/macrophages,
sional” and “nonprofessional” phagocytes.?® Since ac- one of the major professional phagocytic cell types,
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Figure 10. Calreticulin induces macrophage influx into wounds in normal and steroid-impaired pigs shown at 5 days after injury. A: Immunohistochemistry for
monocytes and macrophages using MAC-387 antibody on wound tissue at 5 days of healing in the normal (A-D) and steroid-impaired pig at 7 days of healing
(E, F). Treatments: 1.0 mg/ml CRT (A); 5.0 mg/ml CRT (B, E); buffer (C, F); PDGF-BB (D). Macrophages are notable within the vasculature and ECM of the
neodermis following treatment with either 1.0 mg/ml (a) and 5.0 mg/ml (b) CRT. The inset highlights the distribution of macrophages in the capillaries. In
contrast, few macrophages are shown in the buffer-treated (C) and PDGF-BB-treated (D) wounds. CRT at 5.0 mg/ml increases macrophage influx into the wounds
of steroid-challenged pigs, which show many macrophages sequestered within the capillaries of the neodermis (E). A small number of macrophages was observed
in the buffer-treated wounds of the steroid-challenged pigs (F). Scale bars: A-F = 50 um; insets = 30 uwm. B-D: Quantitative morphometric analysis of MAC-387
positive macrophages in normal porcine wounds harvested after 5 days of healing. G: Graphs of the total number of monocytes/macrophages (in 300,000 pwm?)
in the porcine wound bed (both sequestered within the capillary network and extravascular). Treatment of the porcine wounds with either 1.0 or 5.0 mg/ml CRT
induced a more than threefold increase in the number of macrophages in the wound granulation tissue compared to the buffer or PDGF-BB control groups (P =
0.008). H: Graph of macrophages within the extracellular matrix excluding monocytes/macrophages within the vascular networks of the granulation tissue. The
numbers of macrophages in this compartment are approximately twofold more in the CRT-treated wounds than the buffer or PDGF-BB treatments (£ < 0.009).
I: Macrophages/monocytes that remained sequestered within the vascular network of capillary tissue is sixfold higher than buffer (P < 0.001; 7 = 6 wounds/

treatment).

into the porcine wounds. Immunohistochemical stain-
ing for macrophages revealed that wounds treated with
both 1.0 and 5.0 mg/ml CRT contained numerous mac-
rophages at 5 days after wounding, when macrophage
influx is typically at maximal levels (Figure 10A and B).
Quantitation of the number of macrophages in the tis-
sues revealed an average of 48 and 51 cells/ 300,000
wm? high power field following treatment with 1.0 and
5.0 mg/ml CRT, respectively. In contrast, an average of
19 and 15 macrophages/high power field was obtained
in the buffer and PDGF-BB-treated wounds (compare
Figure 10A, and B, to C and D; 10G). Thus, there was
approximately three times the number of macro-
phages/high power field in the granulation tissue of the
CRT-treated compared to the buffer or PDGF-BB-treated
wounds (Figure 10G; P = 0.008). Following examination
of the tissues from the steroid-challenged pigs at 7 days

after wounding, a similar increase in the influx of macro-
phages into the wounds was observed (Figure 10A, E
and F). After 10 days of repair in the normal wound
model, the prevalence of macrophages was markedly
diminished in all groups (data not shown), indicating that
CRT does not prolong or sustain the influx of macro-
phages past the normal resolution of the inflammatory
phase of repair.

Interestingly, many of the immunoreactive mono-
cytes/macrophage were sequestered within the lumen
of the capillary network of the neodermis in the healing
wounds from both the normal (Figure 10A, and B and
enlarged insets; Figure 10D), and steroid-challenged
pigs (Figure 10A, e and f). This prompted the counting
of macrophages that were localized within the extra-
cellular matrix of the neodermis (not inside capillaries)
(Figure 10H) and subtracting this amount from the total



(Figure 10G) thus, providing the number of macro-
phages sequestered within the dermal capillary net-
work (Figure 10I). A statistically significant effect of
both 1 and 5 mg/ml CRT in recruiting macrophages
within the vascular compartment (P = 0.001) and ex-
tracellular matrix of the neodermis (P = 0.09) was
obtained (Figures 10H and |) compared to the PDGF-BB-
and buffer-treated wounds.

Calreticulin Induces Concentration-Dependent
Directed Migration of Human Monocytes and
Macrophages

Since CRT treatment of both the normal and steroid-
impaired wounds appeared to have a profound affect on
recruiting monocytes/macrophages into the wound bed,
we performed ChemoTx chamber migration assays using
both human THP-1 monocytes and their phorbol 12-my-
ristate 13-acetate-induced differentiated macrophage
counterparts either prelabeled with calcein or stained at
termination of the migration assay with DAPI. As shown
by the graph in Figure 11A, monocytes that were prela-
beled with the calcein fluorescent probe, before perform-
ing the chamber migration assay, migrate in a concen-
tration-dependent directed manner in response to CRT
(0.5-50 ng/ml with a peak response of 1.0 ng/ml, which is
equal to the highest dose of fMLP (100 nmol/L) positive
control (n = 3). As illustrated by the DAPI-stained mac-
rophages that have migrated within the membranes to
0.5 to 50 ng/ml of CRT, (Figure 11C), CRT induces a
concentration-dependent directed migration of macro-
phages with a peak response between 1.0 and 5.0 ng/ml
(Figure 11B; n = 8). CRT at 5.0 ng/ml stimulated a seven-
fold increase in the number of cells that migrated through
the membrane compared to the media control and a
two-fold increase over the positive controls of fMLP and
VEGF, which were equal. Similarly, these in vitro results
strongly support our findings in vivo and show an impor-
tant role for CRT in the recruitment of monocytes from the
circulation into the wound bed for the critical functions of
cytokine production and wound debridement.

Discussion

Our studies show that the ER chaperone protein CRT
demonstrates widespread multicellular effects on critical
aspects of the wound healing process. Interestingly, sim-
ilar to CRT, a number of major stress-induced ER chap-
erone proteins containing KDEL ER retention sequences
demonstrate extracellular functions.®*~5¢ For example, as
we have found for CRT, exogenous application of either
hsp-90 or hsp-70 accelerated murine wound repair®6-%7
and hsp-47 is up-regulated during the wound repair pro-
cess.®® In addition, diabetic mice fail to up-regulate
hsp-70 as a consequence of delayed repair.®° Therefore,
stress-induced proteins such as CRT appear to have
separate intracellular and extracellular functions as phys-
iological mediators of wound healing. Specifically, we
envision that intracellular CRT is up-regulated during the
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oxidative stress of a wound environment by exerting a
positive influence in the production of protective pro-
teins.? Since an exit mechanism for CRT into the extra-
cellular compartment has been difficult to demonstrate,
we propose that on injury and cell death, CRT is spewed
into the microenvironment to function extracellularly by
induction of cellular activities required for healing
wounds, exemplified by our studies shown herein. In this
context, the dynamic expression of CRT that we show
during porcine wound healing might implicate an impor-
tant physiological role for CRT in the wound healing pro-
cess. The exogenous topical application and thus,
greater saturation of CRT at the wound site might en-
hance these effects providing potential use of CRT as a
therapeutic agent for enhancing wound repair. Con-
versely, it is possible that only extracellular CRT might
exert wound healing effects.

Topical application of CRT affected the two most im-
portant processes required for proper and efficient heal-
ing, re-epithelialization of the wound and granulation tis-
sue/neodermal formation. Re-epithelialization restores
the surface barrier on the skin to prevent continuous loss
of body fluids and proteins while impeding the entrance
of harmful pathogens. The CRT-treated wounds resur-
faced earlier than the buffer or PDGF-BB-treated wounds
and exhibited a stratified, more mature epithelium with an
intact stratum corneum. We anticipate that the beneficial
biological effects of CRT on wound healing might be
further enhanced if applied as PDGF-BB (Regranex) in a
formulated gel, which both protects and prolongs the
even release of proteins. Given that there were only six
wounds/parameter (due to limited supply of CRT), the
genetic heterogeneity among the pigs, that adolescent
pigs exhibit a robust healing response with a small mar-
gin for improvement, and the suboptimal delivery of CRT
in buffer, the trend represented by the graph might be
more significant. Importantly, the marked proliferation in
the basal and suprabasal keratinocytes coupled with the
in vitro studies showing that CRT dose-dependently in-
duces both migration and proliferation of keratinocytes at
femtomolar concentrations supports the specific and
strong effect of CRT on the epithelium. That PDGF-BB
failed to show an effect on re-epithelialization is consis-
tent with reports showing that the efficacy of this growth
factor in enhancing wound healing is variable and model
dependent and that it acts by stimulation of dermal
wound healing events such as angiogenesis and granu-
lation tissue formation and not through a direct mediation
of re-epithelialization.°-¢’

Ample granulation tissue formation in the dermis is an
important quality of wound repair. Fibroblasts are most
responsible for producing the granulation tissue extracel-
lular matrix (ECM), which both fills in the wound defect
but first provides the scaffolding for the influx of cellular
constituents such as keratinocytes, which use the matrix
for migration to re-epithelialize the wound. CRT treatment
of both the normal and steroid-impaired porcine wounds
induced a dose-dependent increase in granulation tis-
sue. The wounds were more cellular and the depth of
granulation tissue exceeded the PDGF-BB-treated con-
trols in the normal pigs at the earlier time point. However,
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Figure 11. Calreticulin induces concentration-dependent migration of human monocytes and macrophages. A: Monocytes in a chamber migration assay. Human
monocytes (THP-1 cell line) were incubated with 2.0 umol/L calcein for 40 minutes, washed in PBS, and added to a membrane with a 5.0-um pore size at a
concentration of 5.0 X 10%/well (96-well plate; ChemoTx Neuroprobe) as described in Materials and Methods. The bottom migration wells contained increasing
concentrations of CRT (1.0-50 ng/ml) in RPMI 1640. After 1 hour at 37°C, the cells on top of the membrane were removed, and the plate was centrifuged to detach
the cells lodged in the membrane into the bottom chamber. Fluorescence in the bottom wells was measured at excitation and emission wavelengths of 485 and
535 nm, respectively. Increasing concentrations of fMLP (1.0-100 nmol/L) served as a positive control and serum-free medium as a negative control. Treatments
were performed in triplicate. As shown, CRT induces a concentration-dependent directed migration of the monocytes with a peak response at 1.0 ng/ml, which
was equal to the fMLP control (100 nmol/L) in this one representative experiment (72 = 3). The error bars represent SEM for one experiment. B: Macrophages
in a chamber migration assay. THP-1 monocytes were differentiated into macrophages by the addition of phorbol myristate acetate at 10 ng/ml for 48 hours. The
cells were washed with PBS and then RPMI 1640 added to a membrane with a 5.0-um pore size at a concentration of 2.5 X 10* cells/well (96-well plate; ChemoTx
Neuroprobe) as described in Materials and Methods. Increasing concentrations of CRT (0.5-50 ng/ml) were in the bottom wells. After 2 hours of incubation, the
membrane was removed from the chambers, the cells on the bottom of the membrane fixed and then stained with VECTASHIELD DAPI, and the number of cells
per high power field counted as described in Figure 8B. Both fMLP (100 nmol/L) and VEGF (100 ng/ml) served as positive controls and media alone as a negative
control. CRT at 5.0 ng/ml induces concentration dependent migration of macrophages with a peak response of sevenfold increase in the number of migratory
cells compared to fMLP and VEGF, which both elicited a twofold response in different experiments (72 = 8). The error bars represent SEM. C: Photomicrograph
of macrophage migration in one representative thin-membrane chamber migration assay demonstrating the concentration-dependent effect of CRT peaking at 1.0
to 5.0 ng/ml as illustrated by the red boxes around the panel, which is comparable to the VEGF positive control.

as observed in the healing epidermis, the CRT-treated
wounds demonstrated a more mature compacted dermis
than the buffer or PDGF-BB-treated wounds at the later
time point, reflecting the accelerated rate of repair.
Whereas both CRT and PDGF-BB-treated wounds ap-
pear to contain similar amounts of collagen, the breaking
strength (tensile strength) data from the rat incisional
wound model provide support that CRT enhances the
quantity of collagen within the ECM. Surprisingly, these
data reached statistical significance compared with
PDGF-BB-treated wounds. The increase in collagen ac-

cumulation in the wound bed is likely related to the in-
crease in numbers of morphologically appearing fibro-
blasts in the healing dermis and the marked increase in
the expression of TGF-B3, known for its inductive effects
on most matrix proteins.*?:52:6% Furthermore, the in vitro
studies show a direct effect of CRT on human dermal
fibroblast proliferation and migration thereby providing
functional biological correlates to the enhanced dermal
effects observed during wound repair.

The increased expression of CRT in dermal cells in
response to cutaneous injury during wound healing and



greater induction of CRT by PDGF-BB purports a physi-
ological role for this ER protein in promoting granulation
tissue formation. It is notable that the effects of CRT on
both the epidermal and dermal aspects of cutaneous
wound repair may synergize, translating into the more
profoundly positive effect observed by CRT treatment
compared to PDGF-BB in our studies. Interestingly, CRT
expression was not increased in the neoepidermis (hy-
pertrophic) and was completely absent in the migrating
epithelium and proliferating basal and suprabasal kera-
tinocytes, which proliferated and migrated in response to
CRT in vitro. It has been shown that calcium modulates
keratinocyte proliferation and differentiation with higher
concentrations promoting terminal differentiation.®* A
calcium gradient is shown to increase threefold from the
epidermal basal layer upward to the most differentiated
stratum corneum of the epidermis. Therefore, a possible
explanation for the lack of CRT in the basal keratinocytes
that compose the proliferative cell renewal epidermal
compartment is that the presence of CRT, as a calcium-
binding protein, would lead to differentiation rather than
replenishment of the epidermis for epidermal healing. In
contrast, the lack of CRT in the migrating epithelium is
surprising in light of the importance of the calcium-
dependent function of integrins in migration. Nonetheless, it
is possible that the anti-CRT antibody does not recognize a
particular conformation of intracellular or extracellular CRT
involved in proliferation and/or migration.

Expectedly, the basal and suprabasal keratinocytes
that appeared void of CRT were immunoreactive for the
proliferative marker Ki-67. Consistent with the profound
effect of CRT on increasing the rate of epithelial stratifi-
cation, CRT induced a marked increase in the number of
basal and suprabasal keratinocytes that were undergo-
ing proliferation compared to the buffer and PDGF-BB-
treated controls. The lack of Ki-67 immunoreactivity in the
keratinocytes engaged in migrating over the wound bed
is consistent with the fact that actively migrating cells do
not proliferate. Different populations of cells throughout
the wound are thus dynamically proliferating and migrat-
ing throughout the repair process. In the steroid-impaired
porcine model, the apparent strong and specific effect of
CRT in stimulating proliferation of the basal keratinocytes
is important with respect to the potential for CRT to over-
come defective or impaired healing, such as diabetic
wounds. In contrast, buffer control and PDGF-BB-treated
steroid-impaired wounds have equally low numbers of Ki-67
positive basal keratinocytes but there are equal numbers of
immunoreactive dermal cells in the CRT and the PDGF-BB-
treated wounds, expected since PDGF-BB only targets the
dermis.

Consistent with the marked increase in granulation
tissue formation in the CRT-treated wounds, TGF-B3 but
not TGF-B1 or TGF-B2 was dose-dependently and dy-
namically highly up-regulated, particularly in cells of the
dermis in the wounds 5 days after injury, which de-
creased by 10 days. All three mammalian isoforms of
TGF-B have been shown to be fibrogenic and induce
matrix proteins, such as fibronectin and colla-
gen?9:62:65.6¢ critical to the newly forming dermis. How-
ever, TGF-B3, but not the other isoforms, has been shown

Calreticulin Enhances Wound Repair 627
AJP September 2008, Vol. 173, No. 3

to be involved in collagen gel matrix contraction (to stim-
ulate wound contraction),®” mitogenic behavior of cells,®®
acceleration of wound healing with decreased scar-
ing,®3%°~"" induction of hyaluronan, an important com-
ponent involved in neodermal formation,”"”? and in-
creasing the expression of the collagenases MMP2 and
MMP9, temporally important in wound ECM remodel-
ing.”® Importantly, TGF-B3 is considered to be the master
protein involved in “traffic control” of both epidermal and
dermal cell motility during cutaneous repair.”* We have
recently confirmed that CRT directly and dose-depen-
dently increases TGF-B3 and fibronectin protein in cul-
tures of human dermal fibroblasts (unpublished results).
In addition, TGF-B3 is the only isoform that has a HIF-1-«
response element and thus, both TGF-837° and CRT are
proteins responsive to up-regulation under the hypoxic
conditions of the wound environment. Taken together, the
effect of CRT on ECM formation in neodermal remodeling
is potently escalated by its direct effect on TGF-B3 pro-
viding an explanation of the strong dermal influence of
CRT consistent with enhanced and accelerated repair in
the porcine and rat wounds.

In vitro we show that CRT dose-dependently stimulates
proliferation of human keratinocytes and dermal fibro-
blasts and, to a lesser extent, human microvascular en-
dothelial cells. In addition, the proliferative response to
CRT, which was greater than the EGF and FGF controls,
underscores the potent effect of CRT on cellular prolifer-
ation that we observed by Ki-67 staining of the excised
wound tissue. CRT has been localized to the surface of
platelets, where it binds the collagen integrin receptor
«2B1,7% and it has been shown that CRT binds to the Bb
chain of fibrinogen to mediate fibroblast proliferation.””
Therefore, CRT might induce fibroblast proliferation on
initial injury and fibrin clot formation during platelet gran-
ule release. Whereas CRT has been found associated
within the nucleus”®7° and to be integral to the stability of
nuclear localization of p53, a stress response protein that
blocks the cell cycle protein,®° our results are the first to
show that CRT directly affects cellular proliferation and
are novel with respect to any effect on keratinocytes. In
addition, we show that CRT induces both keratinocyte
and fibroblast migration in vitro into the wounded area of
a scratched (wounded) plate in a dose-dependent man-
ner that surpassed the positive EGF and 5% FBS controls,
respectively. Further, using a thin-membrane chamber as-
say, CRT similarly induces a concentration-dependent
directed migration of human keratinocytes and fibro-
blasts with similar peaks of activity as shown for each cell
type in the scratch plate assay. Keratinocytes show a
magnitude greater sensitivity to CRT than fibroblasts in
both the proliferative and migratory responses indicating
that there are concentration-dependent cell-type specific
responses to CRT. The inclusion of mitomycin C, showing
little effect on migration, coupled with the results obtained
with the chamber assay, ensure that the wound closure
observed in the scratch plate assay is not due to cellular
proliferation. As migration of keratinocytes over the
wound is essential for wound resurfacing and the migra-
tion of fibroblasts into the wound is considered to be the
rate-limiting step in granulation tissue formation,°:32:44
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the in vitro studies provide mechanistic support for
the profound effect of CRT on wound healing
in vivo.

Numerous reports indicate that CRT is essential for
integrin-mediated calcium signaling, which regulates cell
shape and adhesion/migration on substratum® %2 as
well as fibronectin matrix assembly.®' CRT binds to the
KXGFFKR sequence of the cytoplasmic tail of « integrins
and both, functions in ensuring proper protein folding
and in clustering integrins in focal contacts for substra-
tum adhesion."? Accordingly, overexpression of CRT in-
creases cell-cell and cell-substratum adhesion by in-
creasing vinculin levels and g-catenin/Wnt signaling.'®2°
Cells underexpressing CRT have increased expression
of calmodulin, activated CAMKII (calmodulin-dependent
kinase Il), and c-src, causing weak adhesion and spread-
ing via focal contacts.’®2°82 Furthermore, CRT null
mouse embryo fibroblasts demonstrate decreased ability
to migrate on fibronectin and laminin."” Whereas GFP-
CRT expression was not localized to focal contacts, one
study shows that CRT and another ER-resident protein,
RAP (low-density LRP receptor-associated protein) are
associated with integrin-based cellular adhesion com-
plexes that link to the cytoskeleton, containing such sig-
naling proteins as vinculin, talin, paxillin, focal adhesion
kinase, and a-actinin.®® Nonetheless, our studies in
which CRT induced motility/migration via an exogenous
route suggests this response is a separate extracellular
function of CRT that is mediated through putative recep-
tor(s). Thus, CRT may affect integrin function related to
migration by both its intracellular and extracellular
mechanisms. In a coreceptor complex with LRP/CD91,
by specifically interacting with the hep | domain of
TSP-1 via its N-terminal sequence 19-36. CRT on the
cell surface of fibroblasts and endothelial cells pro-
motes focal adhesion disassembly for migration
through both Gi-coupled signaling and PI3K-depen-
dent ERK activation.?*2° Currently, we are studying
whether TSP-1/CRT, in conjunction with integrins or
independently, operate to promote cellular migration in
CRT-mediated wound healing in vivo.

Once monocytes egress from the circulation and ma-
ture into macrophages within the wound milieu, they se-
crete a plethora of cytokines and growth factors that
function in inducing migration, proliferation, neovascular-
ization, and extracellular matrix proteins to orchestrate
the reparative process. Macrophages normally reach
peak numbers between days 3 and 5 after healing.** One
of the most interesting observations in our studies, unique
to both the normal and cortisone-impaired CRT-treated
wounds, is a more than threefold increase in the influx of
macrophages into the wound bed compared to the
PDGF-BB and buffer-treated wounds. Interestingly, more
than 50% of these cells were sequestered within the
microvasculature, suggesting that the process of macro-
phage recruitment by CRT is continuous, at least through
5 days of healing. The finding that CRT-treated steroid-
impaired wounds contained greater numbers of macro-
phages than the control wounds suggests that CRT is
able to overcome the significant impairment of the inflam-
matory response, due, in part, to decreased recruitment

of macrophages in both steroid-treated animal wound
models and human patients. Thus, taken together with
the ability of CRT to induce keratinocyte and fibroblast
proliferation in the steroid-impaired porcine wounds, the
use of CRT may have potential to aid in healing of im-
paired chronic and diabetic wounds. Importantly, CRT
appears to have at least a dual effect on macrophage
function crucial to wound repair. First, the observed em-
igration of macrophages into the wounds appears to not
only be related to cytokine release by fibroblasts and
other dermal cells but by directed migration, as we show
that CRT induces concentration-dependent migration of
both monocytes and macrophages in a chamber migra-
tion assay. That CRT appears to attract both monocytes
and macrophages suggests its involvement in both
recruiting monocytes from the circulation and the mi-
gration of macrophages throughout the wound bed.
Second, CRT is shown to have an obligate role in the
removal of apoptotic cells by both professional (mac-
rophages, neutrophils, etc) and nonprofessional
phagocytes (eg, fibroblasts).?® As necrotic tissue/cells
ranks with infection as an important deterrent to wound
healing, requiring debridement to enable repair to pro-
ceed, taken together with the role of CRT in stimulating
migration and proliferation of wound cells, this calcium-
binding, stress-induced ER protein is thus portrayed as
a pivotal protein in the repair of injured skin.

Failure to heal wounds from overwhelming injury or
impaired healing, as in diabetes-induced neuropathic
wounds, has become an increasingly serious global
problem with significant morbidity and expense.*° The
healing impairment of these chronic wounds is due to the
formation of biofilms, the presence of necrotic tissue,
poor vascularization, and a diminished immune re-
sponse. Although novel wound-healing agents, skin sub-
stitutes, and devices are continually emerging, their utility
for clinical application remains limited as few chronic
wounds are actually healed. Our wide-ranging studies
show that topically applied CRT has the potential to serve
as a multifunctional agent that targets both the epidermis
and dermis for induction of diverse key aspects of tissue
repair. The complementary in vitro experiments showing
the effect of CRT on cellular migration and proliferation,
two key processes that enable wound repair, provide a
mechanistic explanation for the accelerated and en-
hanced effect observed of CRT on porcine wound repair.
In companion studies, in which we used a diabetic mu-
rine model of excisional cutaneous repair,*®* we ob-
tained the same biological effects with the identical phar-
macological dose (5.0 mg/ml) of CRT on parameters of
wound repair as shown herein in the porcine model.
Further understanding the mechanisms of action of CRT
(eg, receptors, signaling pathways, domain structure/
function) on keratinocytes, fibroblasts, endothelial cells,
and monocytes/macrophages from both intracellular and
extracellular perspectives is important for a better under-
standing of the in-depth role of CRT as a stress/injury-
induced protein with significant impact on a diverse
range of reparative responses.
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