Overview of the Role for Calreticulin in the
Enhancement of Wound Healing through
Multiple Biological Effects
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Calreticulin (CRY), an intraceltular chaperone protein crucial for the proper folding and wransport of proteins
through the endoplasmic reticulum, has more recent acclaim as a oritical regulator of extracellular functions,
particularly in mediating cellular migration and as a requirement for phagocytosis of apoptotic cells. Consistent
with these functions, we show that the topical application of CRY has profound effects on the process of wound
healing by causing a dose-dependent increase in epithelial migration and granulation tissue formation in both
murine and porcine normal and impaired animal models of skin injury. These effects of CRT are substantiated,
in vitro, as we show that CRT strongly induces cell migrationfwound closure of human keratinooytes and
fibrobiasts, using a8 wound/scratch plate assay, and stimulates celiular proliferation of human keratinocytes,
fibroblasts, and vascular endotheliad cells, providing mechanistic insight into how CRT functions in repair.
Similarly, in hoth animal madels, the histology of the wounds show marked proliferation of basal keratinpoytes
and dermal fibroblasts, dense cellularity of the dermis with notably increased numbers of macrophages and
well-organized collagen fibrit deposition. Thus, CRT profoundly affects the wound healing process by recruiting
cells essential for mpair inte the wmmd, s’timulaﬁng cell grmwth, and increasing extracefhdar matrix production.
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CRT to their ovfoplasoiic domains i Gghtly regulated by
intraceltiular calcium leveds required for integrin signaling,
important in regulating cell shape, adhesion, spreading. and
matility (Coppeding et al, 1 ‘W?‘; Bworr ef al, 20005
ir,.rmnpnonai,uiwdimn of the CRT gene, itself, is regulaied
by the modulation of cytosolic m!s du sonsentration r}\muw
and Michalak, 19971 In addition, CRT has buen shown to
affect cell adbesion through  calmoeduling and  calciume
mediated kinase (Bedard o af., 2003). As the BR s contigunus
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the endoplasmic reticulum ER: ensurdog ':rog:n»‘r protein
fulding and preventing aggregation (Krause and dichatak,
1947 fohnsan ef al, 2001 Bedard of al, 2005% A fectin site
on CRT recognizes Nedinked oligosaccharide processing
rtermediates of giya.e}pn:nieins and profonged interaction
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chaperoning ghycoprateins through

provides  the

with misfolded proteins initlates rejection amd subsequent

direction to the protessone for degradation. CRT ako
engages in direct protebreprotein interactions, Another major
function of URT is 1o maintain intracethdar caloiom home-
ostasts (Arnaudeau e al, 20025 important in signading,
particularhy of mts\, s, which require calcium for protain
interactions and functions, In this regard, CRT specifically

chaperones alpha integeins through the ER and the binding of

with the nuclear mermbrane, which also stores calciom, CRY
has been shown to be nvolved in nuclear functions including
gene transcription and nucleotytoplasmic fransport, particu-
farly of p33 and mvocyte enhancer factor2 (Lynch e af,
20053, associated with a decrease in apoptosis (Ashby and
Tepikin, 2001 interestingly, CRT directly binds o the
identical amino-acid sequence, GFFKR, in the alpha integrin
oytoplasmic tails a8 In the DINA-binding region of many
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Calreticulin nhdm es Wound Healing
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seroid reveptirs, o inhibit steroid-sensitive gene activation,
as 3 major nuclesr function of this protein § Pmnk el al, 1994a, by
Dadhar, 1994; Dadhar et af, "%‘M Michalak of al, 1996),
CRT i3 & vhiquitoes cellelar protedn and its Importance in
et m\(.isnn fs underscored by the fact that CRT ¢DNA s
canserved in most organisms, thal there is 90% amino-acid
horsology among mammmads, and that CRT null mice die mid-
gestation, notably with severe cardiac abrormalities Mesach
et af., 1994 Rauch ef al, 2000; johrson et af, 2001 CRT s
a 46kD¥a ghrooprotein that s divided into three domains,
preceded by an amino-terminal hydrophobic (ERY signad
sequence. The P-domain contalns the lectin site and a high-
affinlty Ca-binding region. The acidic carboxy-terminal G-
domain containg the high-capacity, low-affinive Ca®7,
binding sequence and terminates in a KDEL dysine, aspartic
ackd, }Ju apic acid, leucine) sequence for ER ratrisval
{Keause and Michalak, 1997, Bedard ef al, 2005. Most
recently, for the fiest time, CRT was shown o exist ouiside the
ER by retratramsiocatim w the Ovtoplasm (Alshae et ad,
2008). However, despite @ major effort (o determine how
CRY is transpovted out of the cell, 1o date, this mystery has not
heen solved. Althoagh CRT has been found in the Golgi and
may exit the cell p(\sswef\ by binding 1o other proteins, this is
still only speaudative. Nonetheless, a maltitude of extracel
talar functions have heen ascribed to CRT and it has beon
localized to the celf swrface of many mammalian cell types
gohnson of al., 2001; Bedard ot al, 2005}
The overexpression of CRT causes an
fibronectin and call spreading as well
the oytoskeletal protein, vinculin IRNA and profeini, in
fraead .‘mhm(» w onntacts, all contributing o increased adbe-
sion. Whersas the adbesion function is believed tn be
segulated by CRT fromy within the ER {Opas et af, i)
other functions important in foth migration and Jhags\siiy»
tosts, hings on staunchly supported evidence for extracellular
functions of TRT {Goicoechea ef ¢f, 2000, 2002; Murphy-
Cilleich, 2000, Qrr et af, 2002, 20034, b; Gardal et al, 2005
fn fact, CRY is considerad to be a cell surface receptor for
thrombspondin-1 {TSP-1} on bovine anterial endothelial cells
{Gotcoechen of al, 2000 and for complement component

norense  in

Clg MeGeeal and Gasque, 2002; Ghiran ef al, 2003),
Further, cell surace URT hinds to the carbohvdrate consti-

twent imannose! of the cell adhesion and basement mern-
brane protein, laminip, impaortant in cell migration through
integrin binding {White ef al, 1995; McDonnell e 2, 19961

1;11;’:0(?{5;’1&& a sevies of studies has showr that celdl surface
CRY interacts with the hepano-binding domain 1 of TSP
raediate focal adhesion disassembly, for migration. The
binding sife in the N-terminus of CRT that hinds heparin-
binding domain {, 1o mediate TSP-1 signaling, has been
ocalized to amino-acid resicues 19-36, and ac cordingly, this
peptide blocks focal adhesion disassembly iy brobias 5 angd
endothellal cells (Golcoeches of al, ;20{3,-:J. Phosphatidy-
Hnositol 3-kinase is activated during the interaction of CRT
with TSP as well as guanine nucleotide protein and
extracellular signal-regulated ki iphosphorylation} pathe
ways (o promole the cytoskeletal changes assoviated with this
process of de-adhesion. This is termed an “intermediate
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as an upregulation of

adhesive state” that aids in the ability of zells to respond
microsnvironmental  stirmull Murpha-Ulleeh, 2008, Qo
af al, 2002, 20032k CRT mdl mouse smbryo fibroblasts do
not r«;*spond i TSP-Vheparin-binding domain 1, i)uf can be
rescund with exogenous CRT {Goicoachea et al, ¢
cedf surface CRT, as a receptor facks a transmembrane domam
hofor @ coereceptar that might mediate it astion
revealed an interaction between CRT and the “promiscuous”
lowe-density Hpoprotein receptor-rolated protein (LRP/cluster
domain C A-macroglobudiny (Orr et al, 20032k Finally,
the role for the TSP-LCRTARP receptor in mmpie\-' -inchiced
focal adhesion disassembly, as a component nex v for cell
migration, was elegantly ilustrated using hoth CRT and LRP
nuif mouse eptbrvo fbroblasts that failed 1o grgrate in
response to TSP-1 (O et af, 200343
LRP interacts with CRT o the same cell {ois-intevaction} fo
enable cellular migration. Most recently, it bas been shown
that the LRP on Dh.wm'\m cells iy antivated by xnts‘ra({m@
with CRT arud phosphotidylserine on the surface of apoptotic
cells {rans-interaction), as 8 defaull signal for their engulf-
mnent by both professional and non-professional phagnoytes,
such ag fibroblasts {Gardat e al, 20051 This discovery of
CRT as a “universal” mediator of apoptotic cell clearance
was prompted by CRT.deficient dead cells that were not
phagooyiosed by macrop h:agesa without the addition of
exogenously supplied CRT. In these studies, the activation
of LRP by solu ble CRT stimulates nuCropinocyiosis, activates
vac-1, and induces the vm;;:limi\ni of cells passively bound by
the phagoovte. Although CRT is on the surface of both live
and dead cells . the p:“tis(?iii.& of D47 integrineassociated
protein JARH blocks the uptake of live cells by phagocyies.
Therefore, the dow m(lauldinm of CI7 s essential for CRT 1o
activate LRP on tiw phagacyte 1o signal uptake of dead cells,
and aceordingly, live vell are t‘!hit[ ferd b\ simply blucking
CP47. This func i:on of {CRT has obwious ?@nvh(mi applica-
tion in wound healing for debriding injured tissue and studies
are underway to determine w hc\*hor(i T may, in addition, be
required or at least enhance the dearance of bacteriad
contaminants of the wound bed. As another function, URY
has been shown to exert a protective effect on damaged
blood vessels through the C-domain dobnsan ef al, 2001,

G KR

Theredore, one can ascertain that these extracetiular activities
are consistent with a role for CRY in wounl rEpair, and
imporiantly, provide mechanistic insight of s action i this
PFOCESS,

fith the bac <ﬂmund knnuic‘hgo of CRT, prmnma.mmiv as
an intracelludar protein with no evidence for secretion, our
rationale for the use of this protein i wound healing studies
deserves explanation. In previous studies, it was shown that
hyaluronic acid (HAY lsolated from fetal sheep ac leiemieo‘
repalr in @ rat animal modell Howeser, the bheneficial effects
were obviated by heat ;md prtease hmi merd but not b\-‘
hyaluranidase (Burd ef 3f, 19913 The active protein wa

termed hyaluronan protein coraplex (HAPCY deE\sh.mdtui
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et al, 1992 Cabwera et af, 1995, and subseruently,
fullowing puwrification and amino-acid seguencing, the active
protein compopent of the MA isalate was determined 1o be
{RY, in the following wound healing shadies desoribed
herein, a reconhinant his-tagged protein produced in £, coli
Haksh et af, 1992}, as described, was ased, Our apgroach
involved the use of murine and porcine modals of wound
repalr as well as in vitro studies that investigated the effects of
URT on proliferation and migration of human keratinooyvies
and fibroblasts, As this overview is a report from a meeting

presentation,  the experimental detall will be  desoribed
briedly.
Although fnnad bairy animals such as roddends offer

goad animal roodel systerns to study wourd healing for many
reasons, including large trial numbers, they do not heal fike
Furans as the panaicudus carnosus rauscle directly below the
skin causes contraction pravanting the evaluation of wound
resurfacing o re-epithelialization. In contrast, pigs heal more
fike humans for many reasons including healing by epithelial
migration over the wound bed, the concentration of hair
follicles, and the presence of sweat glands Bennett of af,
2001 Sulbbvan et al, 20011 Therefore, we chose to
determine the effects of CRT on wound healing in both
animal models, cormparing the effects of CRT with the
positive controls, vascular endothelidd cell growth factor
VEGHR, an sngiogenic growth factor and platelet-derived
growth factor (PDGF, BB chain, 2 growth factor for
fibvoblasts and endothelial cells {n a formulation/vehicls
krtown ss Bevaplermin or Regranex gely (Embil ef al, 2000
Nagal and Ernbil, 2002}, in the murine and porcing modeds,
respectively. Both factors have beneficial effects on wound
sepair by tondyl targeting the dermis through increasing
grardation tssue formation (Embil o al, 2000, Nagal and
Eradsil, 200%; Galiano of af,, 2004, Michasls ef af, 20051
The extent of granulation tssue formation results from
secruitment of cells info 2 wound, profiferation of the cells
that inhabit the newly forming dermis, and production of
axtracetfular matriy proteing by the composite cells. Re-
epithelialization of the wounds, resuiting from epithelial
rofgration, 8 aided by an abundant provisional matrind
granulation tissue, As CRT s a calcium-binding proteln, we
reasoned thal the appropriste conformation of the reolecule
for biological activity might require calciurm. Wesunds treated
with CRT in bhufier (0w Tris) without or with calcium
(3.0 showed no statistically dgnificant difference in any
parameters  measwred  for healing, Therefore, the  data
reponted herein used huffers containing calcium, The profo-
cols for both the musine and porcine studiies were approved
by the stitutional Animal and Use Committes 0ACUC of
New York Liniversity School of Medicine and Vanderbilt
Uinhversity Medical Center, respectively,

Murine stadies
At increased effect on wound healing by any agent has raredy
been observed in the nomnal mouse, Theretore, we wsed 8 t©

<
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12-week-old divtb mice (BKSL-m -+ Aepr™ - feptin receptor-
deficient madel of type I disbetes mellitusy that have
inpaired wound healing (Colernan, 1982). Normal CS7BL/
6f mive of the same age were also tested, A novel improved
method that move closely simuolates human healing by
minimizing wound contraction in the mouse was used, as
described (Galiane ot al, 20048). Briefly, & circudar donut-
shaped splint centered shown as orange swrrounding the
wound i Figure 1) over the wound pormits healing by
epithelial migration over the newly produced provisional
matrix to close the wound gap. The splint allows direct
application of the CRT and visibility for digital phatographs
used to measure wound closure, CRT at 1.0 aned 5.0mpgiml in
Toows Tris containiog 3ros Ca, buffer alore, phosphate-
buffered saling, and VEGE (1.0 mg/mi} in & volume of 0.07 oy
were separately applied to two S-mavdiamater full-thickness
excisional wounds at the onset of wouwrsding and everyday
thereafier for 4 days (Galiano ef af, 2004h; Michaels et al,
20051 The wounds were measwed daily and days o full
closues determined. Time o closere i defined as the time
{dday) the wound bed is complataly closeddfitted and epithelial
gap s defined as the area of the wound uncovered by
migrating epithelia {note: a wound is re-epithelialized before
it is completely closed). The dlosure of the wounds, epithelial
gap, and granulation dssue ewly formed dermis! were
measired  morphometricaliy and the analysis of wound
measurements and statistics were performed, as described
{Michaels ot af, 200351 To measure cell prodiferation in vive,
mice were injected with bromodenmyuridine at 4 howrs
befare harvesting the wounds, As expected, there was ro
difference in any parameters of healing measured among
CRT, buffer, or VEGF trestments in normal mice. Howeves,
using the dbedh impared model of wound repair, the CRY
(3.0 my/mb-reated wounds showed a statistically significant
difference in the axtert of wound dosure, measured 3¢
pereent of the original size, from day 14 onmwards, compared
to control wounds, as shown in Table 1. The CRV-treated
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Table 1. Days fo closure

Table 2. Depth of granulation bssue
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mrice showed average complete wourd closuare at 17,60 days
post-wisunding o rmhdwd W the control \.\-'mmds with an
average of 23.2 days o closure (P 0.045; n==5 at each time
pointl, Figuee 1 1 shows a representative comparison betwesn
a CRY andd buffer-treated wound at 14 days post-wounding,
Stitarhy, CRT induced a statistically significant difference in
axtent of epithelial migration aver the wousid tepithelial gap
measurementst af day 7 P03 ns 6 but not at day 3
post-injury (=6} by day 14, the epit h shial gaps were closed,
Furthermore, CRT induced a greater area of granulation tissue
beneath the wounds, which was s:tatastfcaiiy significant at the
higher dose at day 7 post-wounding in one sei of experiments
Table 2; PO001; n=9 wounds) and at day 14 in another
set of experiments.,

Using picrosirius red staining for collagen, Figire I shows
the dc:sse»-de;:se:\m.sem nCrease in g‘;rdnu‘iatmn tissue at 1.0 and
S0 mynd compared 1o the buffer control and VEGF {deseri-
hed helow), Whereas these experiments are preliminary funpub-
Hshed? and ongoing, the data show that TRY, using 200 pgf
mouse, over 4 days, showed positive effects on improving
hoth the rate and guality of wound healing in an Impaired
surine model, The results using VEGE bave been reported
elowhere {Gallano o al, 200 Fi Michaels et af, 2005
These results suggest ;mtem:ai :\iiw s of CRT on reigration
and probieation of cells invalved in repair of the darna e
epidermis and dermis in a dinbetic wound healing mz.sdeL

Joumal of ovestigative Dermatolopy Symposiam Proceedings (2

ik

G eav asad i con

Porcine studies
These swidies were performed op six Yorkshire pigs: three
normal and theee rendered steroid impaired by injection of
methyiprednisclone 2 days hefore wounding. Four long-
ituchnal partial thickness wounds, removieg ()8[‘}" pant ol the
dermis (1560 um deepl separatad by pieces of intact skin
secarad with sttures {as bridges between wounds) were
(:rmm(i on i‘h@ dersum of the pigs, as desoribed (Bennett
et al, 20011 The wounds were treated with CRT {1.0-5.0mg/
mil, buft&., or faeg;‘an&x ELOT%) at the onset of wounding,
and then treated for three more successive days ICRT: 1 O(}
and 500 ng total per pigh. Wounds for harvesting at 10 day
feight wounds) were prade fist and another set {mg. t
wonndst was made 5 days later. In the normal pigs, ve-
epithelialization was complete by 7 days post- mmn(im" A3
in the human, keratinoeyvies that re-ey ntheimiiz(‘ the xuundﬁ
migrate from both the wound marging and hair follicles,
umhmo istaruds of epithedialized surfoce. The wial coverage
Fthe wound resulting from both epithelial migration and
proiifwaﬁnn was quantitated morphometrically dmage Pro
Plust and expressed as percent headed. Data were expressed
as mean+SE and statistical significance was determined by
anabysis of variance and Bonferroni's post hoc test. Sheart of
reaching statistical significance, atday 5 after wounding, the
CRT-treated wounds appeared more mature shoving greaos
stratification compared o Regranex {percent healed: 1.0 my/
mi  CRT = 58%  werssus  Regranexs 0% imgjsortamiy,
whereas the CRT-treated wounds were conpletely resurfaced
by 10 days, the Regransx-treated wounds were nob re-
epithefialized ai this fime point {n=6 wounds pey CRIERONYL
CGranulation tissue formation, maasured morphometrically as
dermal depth {distance between the newly formed dermis,
from the junction of the epidermis extending 10 the dermis
that was feft unwounded), showed a statistically significant
increase in the CRT 5.0 mgfmireated wounds compared o
Regranex at 5 days postwaounding (P<O04; n=6) More
over, a dose response in the CRT-reated wounds (1.0 versus
5.0mginll was obtained indicating the specilicity of the
H‘\hxmwe P 0.058; I owas noted that the steroid-
impaired pigs siaoweci varied inherent differences in healing,
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Polarized light

Figure 2 Colagen deposition by picrosivius red staining of CRY (L8mg/mb; 3.0 mginl), VEGF (Lo mg/md, and buffer-treated mouse wounds at 18 days
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The differences in percent healed and depth of granulation
tissue of these wounds harvested at 6 days postwounding
vas unremarkable {n=06-8 per calegory), except a2 more
dense/compacied gramdstion Hssue was noted in the CRT-
treated wounds, possibhy indicating that these wounds were
IO FRature.

Both the murine and porcine studies provided evidence
that CRT had positive efiects ore wourdd bealing egual 1o o
better than the chosen positive controls, Hosever, the
histalogy of the wounds showed remarkalsly unique chara-
cteristics in the URT-reated wounds indicative of a more
profound effect on wound healing.

gt

YR ; SRS RN
The histology of the wounds was highly inwpressive, and
importantly, the murine and porcine models showed similar
unigue characteristics in the CRT-reated wounds. Evidence
for a strong effect and dose-dependent effect of CRT an both
the eotdermis and dermmis comsistent with improved woind
repatr compared to the negative controls was shown in both
animal models. Furthermore, as desoribed below, CRT induced
markedhy different effects on aspecss of wound healing and,
particularly, in cells imvolved in remodeling compared to the
positive controls, VEGE imousel and PDRGE ipig,

CRT strongly and dose-dependently induces ceflular
proliferation in hasal keratinocytes and dermal cells
The hematoxvlin—-ecosin-stained wounds revealed o dose-
dependent increase i cellularity in the remodeling wound
bed in the CRT-weated murine wounds, particudarly on days
314, which was greater than the VEGFareated wounds, This
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high degree of cellularity was contributed by a higher rate of
profiferation of the cells of the entire wound bed observed
foltowing immunostaining for bromadersoyuridine tnwounds
harvested at 3 days post-wounding.

This greatly increased cellularity of the dermis was also
shownt in the nomeal and impaired CRT-treated porcine
wounds, interestingly, there was a unique dose-dependent
increase i kinetichore auclear protein §7  {marker of
peodiferation) immunosaining that was localized to the nearly
all hasal and some suprabasal keratinocytes in both the
noral porcine wounds, at 5 davs, when an epithelial gap
still revained open, and in the closed steroid-treated pigs at 7
days postawvounding, This specific pattesn of kinetichore
nuclear protein 67-positive cells was &lso observed in the
unclosed murine wounds examined at 7 days after wounding,
Moreover, there were many more proliferating cells in the
dermis {appeared to be fibroblasts) in both the porcine and
murine wound models reated with CRT than in either the
negative of positive controls at all inwe points examined. As
showen previously, the keratinocyies of the migrating epithe-
Hal trhgue were not kinstichors nuclear protein #7-positive,
as cells that migrate do oot proliferate (Wemer and Munz,
2000; Gauma et af, 20011 The strong proliferative effect of
CRY on the basal keratinocytes before and after re-epitheliza-
fion may indicate that these cells contirue to be involved in
wouned remodeling (Usai et all, 2005), which we show herein
is enhanced by CRY,

CRT-ireated wounds had increased granulation tissue and
evenly distributed collagen compared fo the positive control

A dose-dependent inceease in collagen deposition that was
evenly dispersed within the highly cellular dermis as well as
an increase in the area of granulation fissue {as shown in
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Tabbe 21 was evident in the CRYT treated murine wounds at all
time paints after 4 days by both trichrome and picrosinus red
waining Figure 23 Ploosidus red staining provides codor-
deperdent information regarding collagen organization and
materily iNporlarder et al, 2002 Cottle & al, 20051 A<
shown i Figure 2 right pacels) of wounds 10 days after
injury, hoth CRT (5.0mgiel and VEGF ioduced a robust
deposition of collagen; a dose-dependent response is shiown
in the CRT-treated wounds, After day 7 and through day 14
post-injury, the collagen fibrils appeared more yellow-green
in the CRT-freated wounds totom right panel, suggesting a
better-organized and less orosstinked collagen matrix com-
pared o a redwvellow pattern In the VEGF-weated wounds
fupper fght pasell, which is consistent with bigher cross-
finking and potentially scarring. In addition, as a markee for
granulation tissue formation, fibronentin was increased in the
CRT-treated mouse and porcine wounds {data not showni.
The incressed dermal depth of the CR¥-freated wounds,
stiown by both bright Geld (Figure 2, 1ol and polarieed light
Figure 2, rightl, b owing o Both increased celliarity and
roatrix deposition. The VEGF-treated wounds similarly show
abundant collagen deposition, but were not as cellular as the
CRT-treated wounds (not ohvious with this staining techni-
quel. The possibility that CRT induced a2 better quality of
healing as an example of an antiscarring effect deserves
further Investigation In appropriate models.

CRY aniquely induced an influx of macrophages inlo the
wounds

The CRT-treated porcine wounds demonstrated a deluge of
macrophages drawn into the wound bed, as determined by
immunoreactivity using MACIE? antibody, By morphometric
analysis of the norvivpaired porcine wounds at 5 days after
jury, a 3-fold increase i the total number of macrophages
was observed throughout the wounds treated with both 1.0
and S.0mginl CRT compared to the condrol or Regranex
P0008; n==6-8L Interestingly, 0% mow macrophages
appeared o remain within the microvasoular structures of the

dermis than in the extracetiular madrix. in the iropaired mode!
of wounding, this identical pattern was ebserved on day 6

post-injury wounds, We have not examined the effect of CRT
on monsoyledmacrophage reigration in vitro, However, there
is the possibility that the effect may be indirect through CRY-
induced oytokine release by cells of the demis including
immune cells (Olayama et al, 2004}, The uniguely interest-
ing effect of macrophages sequestered in blood vessels s not
understond at this fime. Nonetheless, considering that CRT
ecently has the auspicious funcion as the “universal”
mediator of phagooyvtosis of apoptotic cells {Gardal et al,
2005, exogenous CRT in the treated waunds may have a
2-tokd function: firsst, to altract andior mediate the migration
of macrephages and other phagooyies into the wound, and
subsequenity, 1o enhance their ability to debride the wound.

CRY is dynamically expressed after skin injury and throughout
wound repair

Whether CRT plays a physiological role in wound healing
woubd be substantiated by its dynamic expression during the

pracess of skin repair after injury, which could puatively be
enhanced with therapeutic applications of the pratein. Using
an antibody o CRT {from M. Michalak), sindlar teraporal and
spatial changes in the expression of CRY were observed
doring wound healing in both the poecine sad murine
wounds, Briefly, CRT imrounoreactivity was decreased in the
epidermis after wounding with no immunustaining o the
migrating epithelium, which in the porcine wounds was
evident in the keratinooytes migrating from the wound
marging as well as those migrating up the hair follicles to
re-epithelialize the wounds {data not shown). Irterestingly,
the basal keratlocyies in both the adjacent uowounded and
woninded  skin, including the hypertrophic epidermis of
completely resurfaced wounds ot 310 days postwounding,

ligible arsounts of CRT. As these are the same
of the epidermis that profiferated in response fo
CRT, this result, although provocative, cannot be explained at
this time. Thus, as basal keratinoovtes respond to CRT, but do
sl appear e express the protein (or no fonger detected by
the anti-CRT antibodyy, this poird may clearly represent an
extracellular function for CRT, requiring specific receptor
activagion. URT was greatly increased in the cells of the
dermis in wounded compared to unwounded skine Most
notably, fibroblastic-type colls showed intense aytoplasmic
bnmunoreactivity, and macrophages were notably highly
immunoreactive whereas unwounded  skin showed  fiftle
dermal Immwmostaining. I Hght of these resulls, it will be
inferesting o determine the funcional mlevance of the
expression of CRT in specific cell types in the wounds
and whather they are intracelbilar- or extracellidar-driven
F CRT.

o

responses of

=
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CRY induces migration of buran keratinocytes and human and
wmouse fibroblasts

Primary human  beratinovvies from breast skin, Kindly
supplied by Marfana Tomic Departoents of Dermatology
and Microbiology, NYU School of Medicingd and 2 human
fony passage dermal fibroblast cell fine, CCIRTOTOSKs (ATTG
were usad 1o interragate whether epidermal and dermal cells
could migrate in response to CRT, in vitre, The scratch plate
assay is the standard and siraple weil-used in vitro model for
wound re-epithalialization, which tests the function of
migration, albenr, noo-divectad migration (Huang et al,
1998, Lampugnani, 1999 Mooalayers of keratinnovtes o
fibroblasts on plastic tissue culture plates were wounded, as
describied in Figure 3. The cells ware treated with CRY in
3.0msm calcium, and affer 24 or 48hours, the plates were
photographed and percemt wound dosure determined, as
described i Figuye 3.

CRY {(1-100 pgimd) induced maximum wound closure of
keratinueytes © 153% at 10pgml in 48 hours compared fo
both buifer confaining calclum and media, ab 2% closwre
epidermal growth factor (EGF (Hng/miby used as a positive
control induced 12% closure {n= 53 Calcium was shows io

A
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Figure 3. CRT induces migration of mouse fibroblasts using th»e -:cratsh jlate
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be required to maintain the proper conformation of CRT for
the furction of inducing migration in both the fibroblasts and
keratinooytes testedd in our studies. We found that the effect of
CRT, but not EGF, on keratinocyte migration was partially
inbibited in the presence of mitomyein . Therefore, the
paigration of keratinovytes in response to CRT may, inpart, be
refated W CRT induction of profiferation as wall as rigration
i keratinocyies. Howsver, classic pigration/chemotatic
assays using transwells are necessary 10 veri ify this point.
CRT induced fitroblast migration with an optireal dose of
100 ng/mi, a 10,000 tmes %m: e dose than was required for
Lumimm\weé Whereas the keratinocytes appeared more
sensitive, the filroblasts migrated af o faster rale as they
covered 35""‘» of the wound in 24 hours mmparwd to the
buffer at 1.5% and EGF &t 36% closare (0= 100, The 373
fHase en‘thr}»‘n fibroblast cell line was more sensitive 1o (RT
than the human fibroblasts as CRY induced maximal closure
of 36% ab 50 pgrml compared to 2% and 36% {after 48 hmus~,
in the buffer and mouse EGF control, respectively
shesen in Figure 31 A true migrdory response 10 CRT was
abtatned with the fibroblasts as mitomycin € did not
raodulate migration. As TAP-1-indluced migration is mediated
by cell surface CRT {exogennusly added o sxpessedd by
endothelial cells and ahmuﬁa*\?w and the LRP (Golcoachea
at al, 2000; O er gk, 2002, 20034, b; Barker af af, 2004,
we hypothesize that the cells that migrate inte the wound
mmay utifize foced adbesion dissssembdly as & mechanism of
migration. Both the processes of migration and cellular
proliferation likely contribnge to the highly cellular granula

o sl
N

Calreticulin Enhances Wound ¥ fealing

.

tion fissue we observed in the CRT-teated wounds, We
presume that the abundance of these cells in the granulation
tissue wintdd positively inpact the rate and quality of soursd
remodeling,

CRY induces preliferation of human keratinocytes and
fbroblasls

The intense celluladiy of the demis and kinetichore suclear
prafein 67 impwnostaining in the keratinocvtes and cells of
the dermis suggestert that CRT suight directly induce cellular
prafiferation. The prireary keratinoc vtes and fibroblast cell
line described above wen tested for their prdiferative
resporse 1o CRT using the CaliTher 96 assay (Fromega,
Madison, WL CRY -200pgimly, diluted i buffer with o
without 3mw calcium, added to the cells dn triplicatel under
serumn-free conditions induced @ 2. 24ald increase in keragi-
nocytes proliferation at @ maxivum dose of 100 pgiml after
72 howrs, which was decreased at 200 pg/mi, giving a typical
bedl-shaped distribution (== 4) For comparison, EGF {posi-
tive control; T0ng/mll stimulated proliferation 1o 1.3-fold
aver the untreated cobntrol. Sinslarly, the fibroblasts were
induced to profiferate e CRT (0150 ng/mbl with & maxiveal
resprnse {1 ngiml (E\Tr W hr( hwas §.2-fold higher than
the unirsated u}mmf\ =41 BGEF (10ng/mb indured a 7.8-
fold increase in pi()mem.n,n‘a. Unlike the CRT-induced
migratory/motility response in pur experiments,
was not required for the profiferative rsspanse. This suggests
that the Ca-depaadent conformation of CRT may not be
recuired for profiferation and that perhaps a different domain
of the molecule may be involved, Whereas it has been shown
that fibrinogen heta chain-induced fibroblast proliferation is
mediated by cell surface CRT {Gray er al, 1995), the effect of
CRT on keratinooyies protiferation is an intevesting and novel
finding, opening a new area of investigation that undoubtedly

calcium

will be refevant to many phvsiologic ai processes. Potentially,
furetions may include the reguiation of celf cvele proteing as
CRT has heen shown .n function in the nuclens {iohnson
et al, 2007

Bedasd ef al., 2005

fhus: mr‘tih.n( \§ medis*s*d respanses are divected rom the
ER or mediated extraceliularly including differant recentors
and signaling infermediates, in the context of tissue renair, is
an important future direction. The queson of how CRT exits
the cell 1o exert the positive effects on wound repalir is an
apen question. Cerainly, as injury 1o tissues induces cell
death, CRT would be passively released as a2 normal
requirement for wound repair. In addition, CRYT is redeased
fromn nesttrophils upon their activation and from Qvtotoxic
bymnphocvies upon association with wrget cells Burms &t all,
1992; Dupds ef al, 1993; Andrin er al, 1998; Cho ef al,
1999, ‘we\pamu.iv, fowas also shown that CRT i 3 cell sudace
receptor on newirophils that prmrmti\‘ signaling via a G-
protein for activation of these cells, as evidenced by the
generation of superoxide safor (Cho et al, 1999 In this
context, the oxidative stress as

ssociaterd with injury, lkewise,
causes mitochondrial redease of reactive oxygen spedies and

wiww jidordineorg
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ER siress, thershy causing CRT to upregulate the production
of protective proteins {Bedard er al, 20081 CRT has a
profaund  effect on altering the il cellular levels of
phasphotyrosine directed from within the ER {Hurddpge and
Fath, 198%; Burndge et al., 1992; Burridge amnd (. hrmnrm ska-
Wodricka, 1996; Daniel and l\eyno[dx 1997 Schneider
e afl, Y998, Fadel et 4l, 1999, 200%; {unwgc:, 20051 As
such, an effert on general asz,nahno mechanisms involved in
meeaptor activation for both migration/adhesion and pro-
feration may be important in the dynamic stochastic events
requirad for wound repair.

We show that CRT exens mxa jve biotogical effects on
both epidermal and dermal healing processes promauoting an
acceleraterd tirme o wound closure and an nereased armount
of highly cellular granutation tssue. Specifically, the in vito
and in vivo data purport effects of CRT on migration of cells
into the wiound, profiferation of cells to populate the wound,
production of extracethudar matrix for remodeling the wound,
and evendy dispersed colfagen to possibly fessen searring.
addition, critical o wourd repair, the removal of dead cells is
a R (‘pem‘fen- pznu~<< Eh:& m(imp :aue!&,em & ;‘mtm)?iai

Ihls muim,:u‘ﬁ,{}mi eﬂem m‘ (.E(} on wound hmhn;,, we
propose that CRT treatment may have therapeutic benefit o
patients, such as diabetics with severe o delaved wound
healing.

human kera’:ﬁnn{‘\r‘tm angl
calreti-

that

show
fitwoblasts migrated to 8 concentration gradient of
culin {CRTY using ChernoTx chambers .0 #01, membranes;

Rm (1 n experiments §

Newraprober with optimal doses of T0pg/ml {1840ld
increase over controll and T0ng/mi {109old increase over
convoll in heratinooytes {n= 31 amd fibroblasts {n= 5y,
sapertively, These exporimants show that CRT induces
directed migration of human keratinooytes and fibroblasts,
ft s notable thar similar optimal concentrations of CRT
1 plate assay,

indduced non-directed migration using the scratch
as described hevein.
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