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Abstract

In orthopaedics, the use of factors that enhance granulation tissue formation and prevent or delay
new bone regeneration is sometimes desirable. Calreticulin (CRT), a unique endoplasmic reticulum
luminal Ca®*-binding chaperone widely distributed in eukaryotic cells, is involved in many cellular
functions. Among them, CRT has an important influence in cutaneous wound healing and diverse
processes associated with cutaneous repair, inhibition of angiogenesis, promotion of cell adhesion
and antitumour effect. One of the molecules involved in several aspects of the host—parasite interplay
is Trypanosoma cruzi calreticulin (TcCRT), which is highly homologous to human calreticulin
(HuCRT). Here, recombinant (r)HuCRT and rTcCRT are compared on their abilities to affect fibroblast
behaviour in a scratch plate assay, and wound healing in in vivo skin rat models. In molar terms,
rTcCRT is three orders of magnitude more efficient than rHuCRT in increasing proliferation and
migration of human fibroblasts in vitro. A similar effect was observed in vivo on rat skin wounds
and inhibition of bone gap bridging in rabbit unicortical bone osteotomies. Copyright © 2012 John
Wiley & Sons, Ltd.
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normally found during natural skin wound healing
(Nguyen et al., 2009) and can be modulated by the admin-
istration of different chemical agents (Bae et al., 2005;
Okwueze et al., 2007).

Found originally in rabbit muscle cells (Ostwald and
MacLennan, 1974), calreticulin (CRT) is a unique endoplasmic
reticulum (ER) Ca®*-binding chaperone widely distrib-
uted in eukaryotic cells. It plays a role in many cellular
functions, such as lectin-like chaperoning, Ca®** storage,
and signalling and regulation of gene expression (Michalak
et al., 2009). CRT is expressed in different mammalian cells
and its extracellular functions, have been tested in several
in vivo and in vitro assays, showing that CRT has an impor-
tant influence in cutaneous wound healing and diverse
processes associated with cutaneous repair (Gold et al.,
2006, 2010; Nanney et al., 2008), inhibition of angiogenesis
(Lépez et al., 2010; Toledo et al., 2010), promotion of cell
adhesion (Papp et al., 2007) and antitumour effects (Lopez
et al., 2010; Toledo et al., 2010; Ramirez et al., 2011a).

Extracellular biological activities of CRT are mainly

1. Introduction

In orthopaedics the main efforts are focused on achieving
the regeneration of bone or joint injuries. However, in
veterinary orthopaedics the opposite may be required.
This is the case in radius curvus, where ulnar ostectomy
is performed to free the proximal end of the ulna from
the radial shaft, allowing the normal growth of the radius
with the formation of interposed granulation tissue. A similar
situation occurs in osteoarthritis in hip dysplasias, where the
femoral head and neck are excised to control pain. This is
accomplished by means of inducing a fibrous pseudoarthro-
sis formation in the coxo-femoral joint, thus effectively
functioning as a salvage hip joint (Lippincott, 1992).
Therefore, the use of factors that enhance granulation tis-
sue formation and avoid or delay new bone bridging is
desirable (Arias et al., 2008). Such granulation tissue is
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related to cellular adhesion, migration and phagocytosis,
which are critical aspects of wound healing (Nguyen
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et al., 2009). In fact, CRT was originally shown to be the
biologically active component of hyaluronic acid isolates
from fetal sheep skin that accelerated wound healing in
animal experimental models of cutaneous repair (Burd
et al., 1991; Bakshandeh et al., 1992; Cabrera et al., 1995).

Increasing interest on this molecule comes from its
discovery in the flagellated protozoan Trypanosoma cruzi
(Aguillén et al., 2000; Ramos et al., 1991), a parasite
responsible for Chagas’ disease (Chagas, 1909). Unlike
other trypanosomes, such as blood-borne Leishmania and
Trypanosoma brucei, T. cruzi cycles between extracellular
and intracellular stages. This constant seeking of the micro-
organism to hide inside mammalian cells is linked to the
fact that intracellular parasites are less susceptible to drugs
and humoral immune responses (Ferreira et al., 2004b).
T. cruzi molecules involved in immune and non-immune
modulation of the chronic progression of this disease are
important, not only to understand the basic biological
aspects of its relationships with the host but also to
allow the development of possible treatment strategies
(Ramirez et al., 2011a).

One of the molecules involved in several functions of
host-parasite interactions is T. cruzi calreticulin (TcCRT)
(Ferreira et al., 2004a, 2004b; Ribeiro et al., 2009; Lépez
et al., 2010; Valck et al., 2010; Ramirez et al., 2011a,
2011b). TcCRT is 50% homologous to human calreticulin
(HuCRT), an exceedingly pleiotropic chaperone molecule
(Ferreira et al., 2004a). This protein has been found inside
the ER, on the surface of the parasite membrane and
outside the parasite (Ferreira et al., 2004b; Ramirez
et al., 2011b). Extracellular TcCRT functions, such as
antiangiogenic effects, have also been reported (Ferreira
et al., 2005; Molina et al., 2005; Ramirez et al., 2011a).

TcCRT shares several functions with HuCRT. However,
some differences have been reported, e.g. TcCRT does
not bind to laminin (Lépez et al., 2010) or to H-Ficolin.
Functionally, TcCRT is more efficient, in equimolar terms,
than its human counterpart. Thus TcCRT displays stronger
antiangiogenic and anti-tumoural effects, as determined
in ex vivo and in vitro experimental set-ups (Lépez et al.,
2010). The sharing of several functional domains by
vertebrate and parasite CRT, and the differences of effi-
ciency in the concentrations needed to evidence their
effects on different tissues, encourages further investiga-
tion to understand the function of this molecule in wound
healing.

Chitosan, a mucopolysaccharide with structural charac-
teristics similar to glycosamines, is a natural cationic
polymer, biologically renewable, biodegradable, bio-
compatible, non-antigenic, non-toxic and biofunctional.
This biopolymer, produced by deacetylation of chitin, is
derived from the exoskeleton of crustaceans. Chitosan
has been used as a wound dressing in burns, where it
promotes proliferation and activation of inflammatory
cells in granulation tissue, thus accelerating wound healing
(Ueno et al., 1999, 2001; Howling et al., 2001; Lai et al.,
2003). Other laboratories (Sezer et al., 2007, 2008a,
2008b) have also successfully used a chitosan-based matrix
containing Fucoidan as an approach to treat skin wounds.
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The role of mammalian CRT in wound healing is well
established (Gold et al., 2010). Here, rHuCRT and rTcCRT,
absorbed in a chitosan sponge, are compared on their
abilities to modulate skin and bone wound healing, both
in vitro and in vivo.

2. Materials and methods
2.1. Calreticulin

rTcCRT was cloned, amplified and expressed as previously
described (Ferreira et al., 2004b). Briefly, DNA coding for
TcCRT was isolated from a genomic library in the Xgt1l
phage. TcCRT, without its leader and KEDL endoplasmic
reticulum retention sequence, was amplified by PCR and
ligated in the pET-28b* vector (Novagen, Darmstadt,
Germany) in EcoRI restriction sites. DNA coding for HuCRT
(a kind gift of Professor Wilhelm Schwaeble, Leicester
University, UK) was also amplified and expressed following
standard procedures.

2.2. Fibroblasts

Human skin fibroblasts (kindly provided by Dr M. Fernandez,
Institute of Nutrition and Food Technology, University of
Chile) were obtained from fresh child preputial skin, as
published elsewhere (Palma et al., 2002). The dermal
fibroblasts were grown in complete Eagle’s minimal
essential medium (MEM); containing 10% fetal bovine
serum (FBS) 2 mMm glutamine and antibiotic—antimycotic
(ABAM). At 60-70% confluence, the cells were washed
with phosphate-buffered saline (PBS) and removed for
replating with 0.25% trypsin/2.21 mm EDTA (Mediatech);
the trypsin was neutralized with 10% FBS in MEM and
the cells centrifuged and resuspended in complete MEM
at densities described below.

2.3. Wound-healing scratch plate assay

The wound-healing scratch plate assay is a well-accepted
in vitro correlate of important parameters of the in vivo
process (Nanney et al., 2008). Primary cultures of dermal
fibroblasts were seeded in 24-well tissue culture plates at
1.0 x 10%*/well in complete medium and the cells grown
to approximately 70-80% confluence. Scratches in each
well were performed by drawing a line down the centre
of the well with a 200l plastic pipette and the plate
washed with serum-free MEM to remove the displaced
cells. Then increasing concentrations (0—40pg/ml) of
HuCRT and TcCRT solutions in PBS were added to fibro-
blasts in quadruplicate wells. After 24h of incubation,
the cells were stained with 0.025% Coomassie blue in
10% acetic acid/45% methanol for 10 min and washed
twice with PBS. The wells were viewed with an inverted
light microscope (Nikon TMS) and images captured using
Motic Images Plus v 2.0. Scratch closure (cellular migration)
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was determined using National Institutes of Health ImageJ v
1.37 software, by colouring the cells migrating into the
wounds area (Figure 1) and calculating the percentage of
closure according to the following equation:

number of pixels of the coloured migrating cells

- - - x 100
number of pixels in the scratch area at time 0

% closure

2.4. Cell proliferation assay (MTT)

For cell proliferation estimation, a colorimetric MTT method
(Invitrogen®) was used. Yellow MTT [3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide], a tetrazole, is
reduced to purple formazan in the mitochondria of living
cells. This reduction takes place only when mitochondrial
reductase enzymes are active, and therefore conversion
can be directly related to the number of viable (living)
cells. Briefly, the primary cultures of dermal fibroblasts
were seeded in 24-well tissue culture plates at 2.0 x 10%/well
and cultured for 24h at 37°C in 5% CO, Then, 1 ml
culture medium plus 100 ul 0.5% MTT were added and
incubated for an additional 3 h. After removing the MTT
reagent, a lysis solution (10% SDS in DMSO/HCI) was
added and incubated for 5 min to allow cell lysis. 200 ul
lysate were added to 96 micro-ELISA plate wells and then
absorbance was read at 550 nm on an ELISA plate reader
to determine the cell number + standard error of the
mean (SE) per construct by comparison to a standardized
cell proliferation curve.

2.5. Preparation of glutaraldehyde-crosslinked
chitosan sponges

The scaffolds were prepared as follows: a solution of 2%
low molecular weight chitosan (20-200 cps; Aldrich),
86% deacetylated, in 5% acetic acid was shaken for 24 h
at room temperature and then filtered to remove non-
dissolved chitosan and impurities (Ferndndez et al.,
2012). Chitosan sponges were obtained by freeze-drying
the chitosan solution with the addition of 0-5% glutaral-
dehyde (crosslinker agent) in liquid nitrogen and then
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lyophilized repeatedly for 48h. 4mm? pieces, with an
average weight of 20 ng, were then cut and individually
packed and sterilized by EThO gas. A single batch of this
preparation was used in all experiments reported herein.

2.6. Swelling test of crosslinked chitosan
sponges

The swelling ability of glutaraldehyde-crosslinked chitosan
sponges was determined by incubating the sponges with
0-5% glutaraldehyde in simulated body fluid (SBF), pH
7.4, at 37 °C. A known weight of the sponge was placed in
the medium. The wet weight of the sponge was determined
at 12, 24, 48 and 96 h by first removing water on the surface
with filter paper and then weighing immediately on an
electronic balance. The percentage water absorption of
chitosan sponges in the medium was calculated as follows:

Egw = [We — Wo/W,] x 100

where Eg,, is the percentage water absorption of a sponge
at equilibrium, W, denotes the weight of the sponge at
equilibrium water absorption and Wy, is the initial weight
of the sponge. Each experiment was repeated three times,
and the average value was taken as the percentage
water uptake.

2.7. Chitosan sponge SEM morphology

The morphology of chitosan sponge was investigated by
scanning electron microscopy (SEM; Tesla BS 343A). The
specimens were coated with a 20 nm thick gold layer, using
an EMS-550 automated sputter-coater at 25 mA for 4 min.
Surface morphology, pore size and structure of the scaffolds
were examined under SEM, operating at 15 kV.

2.8. Chitosan sponges loaded with HuCRT
and TcCRT

Loading of CRT in each chitosan sponge was accomplished
by soaking the 20 pg chitosan sponge cubes with 40 pl low
(2.5ng/pul) and high (1 pg/pl) doses of rHuCRT and
rTcCRT. After each sponge was soaked, it was implanted
in the corresponding skin wound or bone defect, as

Figure 1. The wound-healing scratch plate assay, as applied to the CRT study: digital microphotographs (x40) of a human fibroblasts
primary culture with scratch plate wound not stained (left), after 48 h of culture and stained with Coomassie blue (centre) and with
dark digital stain of the migrating fibroblast in the scratch wound area (right)
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described in the next section. After 24 h of incubation, the
cells were stained with 0.025% Coomassie blue in 10%
acetic acid/45% methanol for 10 min and washed twice
with PBS. The wells were viewed with an inverted light
microscope (Nikon TMS) and images captured using Motic
Images Plus v 2.0. Scratch closure (cellular migration) was
determined using National Institutes of Health ImageJ v
1.37 software, by colouring the cells migrating into the
wounds area (Figure 1) and calculating the percentage of
closure according to the equation shown in section 2.3.

2.9. In vivo skin wound assay in rat model

Adult male Sprague-Dawley rats weighing 300-350 g were
divided into two experimental groups (three rats/group).
The rats were anaesthetized by inhalation anaesthesia with
2% isoflurane. The dorsal skin was shaved, washed with
0.05% chlorhexidine and wiped with 75% ethanol solution.
Using a 5 mm diameter circular excisional biopsial punch,
six full-thickness skin wounds were made in the dorsal
thorax, three on each side, and small subcutaneous blunt
dissection was carried out lateral to the skin wounds to
bed the chitosan sponge implants under the excision.
Chitosan sponges were used alone or loaded with 40 pul high
(1.0 ug/ul) and low (2.5ng/ul) concentrations of HUCRT
and TcCRT, as shown in Figure 2.

These wounds were allowed to heal by secondary
intention for 5 and 10 days. At the end of each experiment,
wounds with an adjacent margin of normal skin were
excised, divided vertically into three full-thickness tissue
sections/wound, fixed in 10% neutral buffered formalin
for 24 h and then embedded in paraffin, and 5.0 um tissue
sections were cut and mounted on glass slides for histo-
logical analysis.

All protocols for both rat and rabbit studies, as described
above, were approved by the Committee of Animal Bioethics

Chitosan Sponge
+ 1pg/pl TeCRT

Chitosan Sponge
+ 1pg/ul HuCRT

Chitosan Sponge Empty

Chitosan Sponge
+2.5ng/pl TeCRT

Chitosan Sponge
+ 2.5ng /Wl HuCRT

Figure 2. In vivo rat experimental wound distribution. Six full-
thickness 5mm skin wounds were performed in the dorsal
thorax (three on each side) in each rat. Chitosan sponges were
used alone or loaded with 40 pl high (1.0 pg/pl) and low
(2.5ng/pl) concentrations of either rHuCRT or rTcCRT

Copyright © 2012 John Wiley & Sons, Ltd.
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of the Faculty of Medicine, University of Chile, which is in
accordance with the International Guiding Principles for
Biomedical Research Involving Animals, developed by
the Council for International Organizations of Medical
Sciences (CIOMS).

2.10. Granulation tissue formation/neodermal
depth assessment

Granulation tissue thickness was measured in haematoxylin
and eosin (H&E)-stained tissue slides. The granulation
tissue converts into a neodermis as re-epithelialization is
nearly complete, as measured by dermal depth. Neodermal
depth measurements extend from the dermal-epidermal
junction down to the intersection of the newly formed gran-
ulation tissue with the adjacent underlying discontinuous
panniculus muscle. The results were expressed in pm and
compared with normal hypodermis depth (1.5 4+ 0.62 mm).

2.11. Dermis cell density comparison

Dermis maturity is reflected by dense connective tissue that
contains collagen and elastin fibres, and fewer fibroblasts,
macrophages and adipocytes, as well as nerves, glands
and hair follicles. The cell number present between the
collagen fibres of the dermis connective tissue of the wound
site was determined by digitally colouring their nuclei,
while density was expressed as number of cells/mm?. Data
were compared with the average number of cells of normal
rat dermis (0.9 cells/ mm?).

2.12. Re-epithelialization histological analysis

Tissue sections were stained with H&E and the extent of
re-epithelialization and height of the stratified squamous
epithelium of the skin wounds determined by morphometric
analysis. Serial images of wounds were captured under a
Nikon Eclipse E-400 light microscope and displayed on a
video screen, using a NIKON DS-SMc camera. Quantitative
measurements were performed using Nikon Image System
Elements Basic Research v 3.2 digitalizing software.

The extent of re-epithelialization of the wounds was
determined after 5 and 10 days of healing in the rats. This
was achieved by measuring a composite of newly resur-
faced epidermis that migrated over the wounds from the
wound edges and epithelial islands derived from surviving
epithelium that migrated upward from hair follicles. These
measurements considered the total wound length. The data
were expressed as a percentage of resurfacing, as described
elsewhere (Okwueze et al., 2007).

2.13. In vivo rabbit limbs bone defects

Six 2-3 month-old male New Zealand White rabbits, weight
3-4kg, were divided into three time period groups (one
defect for each tibia, femur and humerus). The rabbits were

J Tissue Eng Regen Med 2015; 9: 41-54.
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anaesthetized and maintained with isoflurane inhalation,
and operated under standard aseptic techniques. Limbs were
shaved and washed with 0.5% chlorhexidine gluconate.
The bone surfaces were exposed via a skin incision and
subperiosteal dissection. Unicortical bone defects were made
with a high-torque, low-speed trephine burr (5mm outer
diameter) under constant saline irrigation. On each rabbit,
one bone defect (negative control) was left to heal spontane-
ously, while the other five were implanted with 4 mm? CRT-
free chitosan sponges, or chitosan sponges embedded with
40pl 1.0 pg/ml or 2.5ng/ml of either rTcCRT or rHuCRT,
respectively. Wound closure was accomplished by a simple
discontinuous subcutaneous pattern (4-0 polyglactin 910)
and with a simple discontinuous skin pattern (4-0 nylon).
Ketoprofen (1mg/kg every 24h for 3days) and tramadol
(3mg/kg every 24 h for 7 days) were administrated as anti-
inflammatory and analgesic treatments, respectively. The
rabbits were injected with 5mg/kg enrofloxacin, daily for a
week. The animals were euthanized at 1, 2 and 4 weeks.
Implanted and negative control limb bones were retrieved
with the surrounding soft tissues and fixed in a 10%
formaldehyde for 2 h. Then they were trimmed to 2-3 cm
sections (to approximately 0.5cm above and below the
defect site) using an Isomed Diamond Blade Low Speed
Saw (Buehler), and then fixed in 10% formaldehyde for
1 week. After washing with tap water for 48 h, decalcifying
with Anna Morse solution (10% formic acid:5% sodium
citrate, 1:1; Morse, 1945) for 1week and washing for
another 48 h, processing of the bone and surrounding tissue
sections was continued by sequential immersion in increas-
ing ethanol concentrations and embedding in paraffin.
Serial sagittal sections (5um) were made through the
lesion, stained with H&E and Mallory and examined by
light microscopy for qualitative histological evaluation of
inflammation, fibrosis and osteogenesis.

2.14. Histomorphometric analysis

Different adjacent areas, located in the centre of the lesion,
were photographed at x40 magnification. A composite
photograph was then prepared, using Corel® Paint Shop
Pro v 12, and quantitative measurements were performed
using Nikon Image System Elements Basic Research v 3.2
digitalizing software. The centre of the lesion was
established at the point where the maximum distance
between the cortical lesions was measured, as described
by Canettieri et al. (2009). For statistical purposes, from
that slide, two cuts in front and two behind were se-
lected to be photographed, composed and measured be-
tween the bone bridging ends.

The linear distance between the two bone ends was
then measured, using the calibrated point-to-point scale
present in the Nikon Image System for a magnification
obtained with a x4 objective. These measurements were
then recorded in an Excel spreadsheet for later statistical
analysis. If the mean differences between the five mea-
surements of each of the two rabbits that were part of

Copyright © 2012 John Wiley & Sons, Ltd.
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the same sample group did not show significant statistical
differences in the measurements, then they were used as
one group with 10 samples.

2.15. Statistical analysis

Scratch plate and fibroblast proliferation assays were per-
formed in duplicate and the results were expressed as mean
SE for n = 3. Statistical analysis was performed on the two
treatments and the two controls along the increasing doses
of CRT, using factorial analysis of variance (ANOVA).
For neodermal depth, cell density and re-epithelization
morphometric analyses, the values obtained were subjected
to the Kruskall-Wallis test for non-parametric samples. A
Mann-Whitney test was used for comparison between indi-
vidual samples. Statistical analyses for all experiments were
performed using SPSS v 12 software (Chicago, IL, USA).
Statistical analysis was performed to compare the new
bone bridging for the different treatments and evaluation
times (1, 2 and 4 weeks), by the use of ANOVA and Tukey
multiple comparison test (Zar, 1999). Statistical analyses
for all experiments were performed using Infostat software
(Coérdoba, Argentina).

3. Results

3.1. TcCRT is more effective than HuCRT in
increasing migration of human fibroblasts in the
scratch plate assay

rHuCRT induced a dose-dependent increase in migration
of human fibroblasts in the scratch plate assay, with a
maximal response of 49.6 + 8% closure of the wound at
24h at 20 pg/ml (Figure 3a). Differently from rHuCRT,
rTcCRT showed an inverse dose-dependent increment in
migration of human fibroblasts, with a peak migration
when the lowest concentration (50.9 +1.8% at 0.01 pg/ml
r'TcCRT) was used. However, HuCRT reached a plateau when
concentrations > 0.5 pg/ml were used. Both CRT-induced
responses were higher than the positive (10% FBS) and
negative (MEM) controls (p = 0.002), which showed wound
area closures of 18.6% and 12.1%, respectively.

3.2. TcCRT is more effective than HuCRT in
promoting cellular proliferation of human
fibroblasts

40 pg/ml rHuCRT stimulated synchronized subconfluence
of human primary dermal fibroblasts in a dose-dependent
manner after 48 h of incubation, reaching a 3.9-fold higher
effect than the controls at the maximal concentration used
(Figure 3b). Differently from HuCRT, rTcCRT showed a
maximal effect at 0.01 pg/ml, 3.5-fold higher than the
controls, reaching a plateau at 0.1 pug/ml.

J Tissue Eng Regen Med 2015; 9: 41-54.
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Figure 3. rTcCRT is more effective than rHuCRT in promoting in vitro repair and proliferation of fibroblasts. Scratch plate (left) and
proliferation assays (right), are shown after 48h of culture. After incubation, the cells were stained and viewed by inverted light
microscopy. Scratch closure (cellular migration) was determined by colouring the cells migrating into the wound areas and calculating

the percentage of closure

3.3. Water uptake ability of chitosan sponges

The water uptake ability of the crosslinked chitosan
sponges is illustrated in Figure 4. Increasing concentrations
of glutaraldehyde, used as crosslinker, correlates with a
progressively lower water uptake. 0.5% crosslinker was
chosen in order to absorb 40 pl of the CRT solutions for each
20 pg chitosan sponge cube.

3.4. Sponge morphology

A SEM image (Figure 5) shows the highly porous construct
of the crosslinked sponge, with multiple open and
interconnected 30-200 pm diameter pores and delimited
by thin transverse septa.

3.5. Morphological changes on skin wound
healing induced by CRT

Dorsal rat skin is formed by subcutaneous panniculus
striated muscle, the corium or dermis (connective tissue)

45 Water Uptake

00 + % Water Uptake

y = 290,58e-0:324x
R? = 0,975

% WATYER UPTAKE

0 1 2 3 4 3 6
% OF CROSSUNKER AGENT ADDED

Figure 4. As the degree of glutaraldehyde crosslinking concen-
tration increases, the chitosan matrix water uptake decreases.
The swelling ability of glutaraldehyde-crosslinked chitosan
sponges was determined by incubating sponges with a crosslin-
ker agent. Increasing concentrations of glutaraldehyde (0-5%)
show a progressively lower water uptake. 0.5% crosslinker was
chosen in order to absorb 40 pl CRT solution for each 20 pg chit-
osan sponge cube

Copyright © 2012 John Wiley & Sons, Ltd.

and epidermis (epithelium). The epithelial appendages
are mostly hair follicles and sebaceous glands. Contrarily
to human skin, sweat glands are not observed in rats.
The epidermis of the normal rat dorsum is formed by four
or five cell thick basal, spinous, granular and cornified
layers. Histologically, the dermis is a thick layer of connec-
tive tissue composed mainly of collagen fibres, with a low
population of cells including adipocytes. At the junction
with the epidermis, the dermis forms dermal papillae
(Figure 6).

When an excisional full-thickness experimental wound is
made in the dorsal rat skin, a secondary-intention healing
process occurs. After 5days of normal secondary intention
healing, or when a chitosan sponge was implanted subcuta-
neously under the full-thickness excision, there is still a
discontinuity of the subcutaneous panniculus carnosus
muscle, with a vascularized granulation tissue filling out
the excision space. There is also a demarcation line under
the residual fibrin clot, with necrotic debris on the surface
of the wound and a thickening of the epidermis at its cut
edges, but with no complete re-epithelization process
(Figure 7a, c). At 10days of healing, under normal and
chitosan-implanted conditions, partial bridging of the
excised pannicular muscle is evident. A more mature
dermis is characterized by new intermingled extracellular
fibres, with fewer blood vessels and the occurrence of adipo-
cytes. Also, an almost completely finished re-epithelization
process, but without hair follicles, sebaceous glands and
dermal papillae, can be observed (Figure 7b, d).

On the other hand, CRTs affect the wound-healing pro-
cesses. In fact, after 5days of excisional wound healing in
the presence of a low dose of TcCRT, a discontinuity of the
subcutaneous panniculus muscle was observed. However,
an almost mature dermis, with intermingled extracellular
fibres and a partially finished re-epithelization process, was
observed in spite of the presence of a fibrin clot network
on the wound surface (Figure 8a). However, after 10 days,
an incipient bridging of the excised pannicular muscle, an
almost mature dermis with intermingled extracellular fibres
and a completely finished re-epithelization process, includ-
ing the occurrence of well-developed dermal papillae, was
detected (Figure 8b). When comparing low with high doses

J Tissue Eng Regen Med 2015; 9: 41-54.
DOI: 10.1002/term



Human and Trypanosoma cruzi calreticulin in wound healing

47

Figure 5. Morphology of a chitosan sponge as seen by scanning electron microscopy. The specimens were coated with a gold layer

Figure 6. Photomicrograph of a normal dorsal rat skin trans-
verse section. The epidermis (Ep), dermis (D) with hair follicles
(hf), sebaceal glands (sg), dermal papillae (dp) and panniculus
muscle (M) can be observed; H&E, x40

of TcCRT after 5 days, the same morphological changes were
observed, but with a completely finished re-epithelization
process, including the occurrence of abundant hair follicles
and sebaceous glands and without fibrin clot network on
the surface of the wound (Figure 8c). After 10days of
excisional wound healing in the presence of high-dose TcCRT,
a partial bridging of the excised pannicular muscle and a
more mature dermis with intermingled extracellular fibres,
fewer cells and blood vessels was evident. However, abundant
dipocytes and a completely finished re-epithelization pro-
cess, with an increased number of epithelial cell layers
and hyperkeratosis, hair follicles, sebaceous glands and
dermal papillae, were present (Figure 8d).

On the other hand, after 5days of excisional wound
healing and a low dose of HuCRT, a discontinuity of the sub-
cutaneous panniculus muscle, a scarce granulation tissue

Copyright © 2012 John Wiley & Sons, Ltd.

(that did not filled out the excisional space) and a fibrin clot
network with necrotic debris on the surface, with no signs
of re-epithelization, were apparent (Figure 9a). After
10days, a discontinuity of the subcutaneous panniculus
muscle, an immature vascularized dermis and a residual
fibrin clot network on an incipient re-epithelization was
observed (Figure 9b), although after 5days of excisional
wounds healing in the presence of high-dose HuCRT, a
discontinuity of the subcutaneous panniculus muscle was
detected. There was also evidence of mature dermis with
interspersed extracellular fibres, fewer cells and blood ves-
sels, together with a completely finished re-epithelization
process, including the occurrence of hair follicles and
sebaceous glands. Additionally, no fibrin clot network on
the surface of the wound was detectable (Figure 9c). After
10 days, full regeneration of the skin, remodelling of muscle
healing, maturation of dermis and full re-epithelization of
epidermis, increased number of epithelial cells, hyperkera-
tosis, hair follicles, sebaceous glands and well developed
dermal papillae were observed (Figure 9d).

3.6. CRT effect on granulation tissue formation,
dermal cell density and re-epithelization

After 5days of healing in untreated wounds, or those
treated with a lower dose of HuCRT, dermal depth reached
only 13% of normal (1.5+ 0.62mm). CRT-free chitosan
sponge-implanted wounds reached 40% of normality, as
compared to 75% in those treated with low or high TcCRT
doses. However, on treatment of wounds with a higher dose
of HuCRT, 100% normality was achieved (Figure 10a).
After 10 days of treatment almost all the wounds reached
near-normal values of dermal thickness, except with lower
doses of both HuCRT and TcCRT, reaching 52% and 66%
respectively (Figure 10a).

After 5days of healing, in almost all wounds the
neodermis had a three-fold cell density when compared
to normal dermis, except when a CRT-free chitosan or
low-dose TcCRT sponges were implanted, reaching almost
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Figure 7. Micrographs of H&E-stained rat skin wounds after 5 (left) and 10 (right) days. Negative control wounds (a, b) and CRT-free
chitosan sponges (c, d) can be observed. At 5days both treatments (a, c), residual blood clots (bc), partial re-epithelization and
granulation tissue filling the excisional space (D) can be observed. At 10days (b, d), both conditions showed a higher
degree of maturity in the neodermis (D) and an almost complete re-epithelization (Ep); Ch, chitosan; M, panniculus muscle; hf, hair

follicles; x40

two-fold cell density (Figure 10b). At 10 days, in almost all
wounds the neodermis had a significantly higher cell
density when compared to normal dermis, except with a
low TcCRT dose, which tended to normality, and high-dose
HuCRT, which reached normal cell density values
(Figure 10b).

After 5 days of healing in untreated and CRT-free chitosan
sponge implanted wounds, a significantly low percentage
of epithelial resurfacing (percentage re-epithelialized)
was observed, while a low HuCRT dose almost completely
inhibited re-epithelization. Thus, the low TcCRT dose was
more effective than the high dose for epithelial resurfacing.
A high HuCRT dose promoted 100% re-epithelization
(Figure 10c). After 10 days all the wounds reached normal
values of re-epithelization, except with a low HuCRT dose
(87 £4%) (Figure 10c).

Copyright © 2012 John Wiley & Sons, Ltd.

3.7. CRT inhibits bone defect bridging

When analysing the micrographs of stained decalcified
negative control after 1week, a partial 1.5mm closure of
the original defect can be observed (Figure 11a). After
4weeks of normal healing of the experimental 5mm
diameter lesion made in the rabbit limbs, new bone tissue
bridged the gap (Figure 11b). After 1 week of bone healing
in the presence of chitosan implants soaked with high
rHuCRT doses, a minimal closure (0.4 mm) of the original
defect can be observed (Figure 12a). At 2 weeks, a partial
closure (£ 1.6mm) of the defect can be observed
(Figure 12b). At 4 weeks, the defect shows no appreciable
difference from the 2 week micrograph (Figure 12c). After
1 week of bone healing in the presence of chitosan implants
soaked with low doses of rTcCRT, a minimal closure
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Figure 8. rTcCRT promotes neodermis formation and epithelization. Micrographs of H&E-stained rat skin wounds after 5 (left) and
10 (right) days. Chitosan sponges loaded with low (a, b) and high (c, d) doses of rTcCRT can be observed. At 5 days, the low-dose
treatment (a) showed an almost mature neodermis and a partial epithelization process. This is also observed in high-dose treatment
(c), but with a complete re-epithelization. At 10 days, the low-dose treatment (b) induced incipient bridging of the pannicular muscle
(M), almost mature neodermis (D) with dermal papillae (dp) and re-epithelized epidermis (Ep). The high-dose-treated samples
(d) showed partial bridging of the musculature, a more mature neodermis with adipocytes (ad), hair follicles (hf), sebaceous glands

(sg) and dermal papillae (dp); x40

(0.5mm) of the original defect, similar to the results
obtained with high-dose rHuCRT, can be detected.
(Figure 13a) At 2 (Figure 13b) and 4 weeks (Figure 13c),
a similar+1.0mm closure of the defect is evident. The
bone-healing process when only chitosan sponge is
implanted showed that, after 1week, a minimal closure
(+ 0.3 mm) of the original defect (Figure 14a) was evident.
At 2 weeks, a partial closure (+ 2mm) of the defect can be
observed (Figure 14b). At 4weeks, the defect shows a
progressive bridging of the bone gap, leaving only a + 2 mm
gap between the bone ends (Figure 14c). As shown in
Figure 15, both HuCRT and TcCRT have inhibitory proper-
ties on bone bridging. However, CRT from an
evolutionarily distant species, such as the protozoan
T. cruzi, is notoriously (about 400 times) more efficient
in this function.

Copyright © 2012 John Wiley & Sons, Ltd.

4. Discussion

The role of CRT in healing processes has been well estab-
lished. Thus, a positive effect of CRT on fibroblasts prolifer-
ation and migration has been reported (Gold et al., 2006;
Nanney et al., 2008). These authors show that mammalian
(human and rabbit) CRT exerts positive biological effects on
both epidermal and dermal healing processes promoting
accelerated wound closure and an increased amount of
highly cellular granulation tissue. Specifically, in vitro and
in vivo data indicate that CRT acts on cell migration and
proliferation into the wound. Dead cells will be removed,
extracellular matrix will contribute to wound remodelling
and evenly dispersed collagen will reduce scarring. In
this regard, the effect on fibroblasts is of utmost interest.
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Figure 9. Micrographs of H&E-stained rat skin wounds After 5 (left) and 10 (right) days. Chitosan sponges loaded with low
(a, b) and high (c, d) doses of rHuCRT are shown. At 5days, the low-dose samples (a) showed an almost absent neodermis
(D) an abundant blood clot (bc) and no signs of re-epithelization. On the other hand, the high-dose samples (c) showed
mature neodermis with adipocytes (ad), hair follicles (hf), sebaceous glands (sg) and dermal papillae (dp), with complete re-epitheliza-
tion (Ep). This was also observed at 10 days with the high-dose samples (d) but with a complete regeneration of the skin. The low-dose
samples (b), in this period, showed an immature vascularized neodermis and a residual blood clot; Ch, chitosan; M, panniculus
muscle; x40
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Figure 10. rTcCRT and rHuCRT in low and high concentrations, respectively, promote in vivo wound healing at 5 and
10 days after injury. (a) Granulation tissue/neodermal depth measurements (um), (b) Dermal cell density (cellsymm?), (c)
re-epithelialization (%). Treatments: negative control (NC), where no treatment was applied and CRT-free chitosan sponge
(Ch); CRT treatment was in low (L) and high (H) doses (100ng and 40 pg of rCRT per chitosan sponge, respectively). Four
additional experimental groups were generated: HuCRTL, HuCRTH, TcCRTL and TcCRTH. Normal rat skin (Normal) was also
included. In each column, values with the same letter are not significantly different, as determined by the least square means
test (p <0.05)
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Figure 11. Bone defect closure assessed at 1 and 4 weeks of treat-
ment. Micrographs of Mallory-stained decalcified negative control
rabbit bone sections: At 1 (a) and 4 (b) weeks, partial and almost
complete closure, respectively, can be observed. Orange (B), ma-
ture bone; light blue (nb), new bone; bm, bone marrow tissue;
arrows, pathway of the original defect; This figure is available in
colour online at wileyonlinelibrary/journal/term; x40

These cells produce the extracellular matrix granulation
tissue, which fills in the skin wound defect and provides
the scaffolding for the migration of keratinocytes, essential
to re-epithelization. CRT induces an overexpression of
TGFf (Nanney et al., 2008) and an increase in the number
of fibroblasts in the healing dermis. Since TGFf is known
for its inductive effects on most matrix proteins needed for
attachment and migration of cells (Sporn and Roberts,
1993; O’Kane and Ferguson, 1997; Kinbara et al., 2002), it
could be responsible for the acceleration of wound healing.
Gold et al. (2006) and Nanney et al. (2008), in experiments
for enhancing wound healing, used repeated treatments
directly into the wound in higher concentrations of CRT
than those used here.

In spite of the fact that rTcCRT presents a high degree
of identity to CRT from humans and other vertebrates
(Ferreira et al., 2004a), our in vitro study shows interest-
ing differences between these two molecules. In human
fibroblast migration, rTcCRT needs 2500 times less
concentration than rHuCRT to obtain approximately
50% wound healing in vitro (Figure 3a). When analysing
fibroblast proliferation in vitro, rTcCRT needed 4000
times less concentration to obtain equivalent results
(Figure 3b). The results reported here agree with previous
ones obtained when the anti-tumour effects of these CRTs
were compared (Lépez et al., 2010). These in vitro

Copyright © 2012 John Wiley & Sons, Ltd.
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Figure 12. Bone defect closure assessed at 1, 2 and 4 weeks of
treatment in the presence of rHuCRT. Micrographs of Mallory-
stained decalcified rHuCRT-loaded chitosan sponges in rabbit
bone sections: While at 1week (a) a minimal closure
(0.3mm) of the original defect can be observed, at 2weeks
(b) a partial closure (+ 2.0mm) occurs. At 4weeks (c) the
defect shows no appreciable difference from the 2week
micrograph. Orange (B), mature bone; light blue (nb), new bone;
bm, bone marrow tissue; Ch, chitosan sponge; arrows, pathway of
the original defect; This figure is available in colour online at
wileyonlinelibrary/journal/term; x40

differential effects of CRTs correlate with those
obtained in vivo. Thus, on equimolar terms, rTcCRT
was more effective than rHuCRT in accelerating skin
wound healing (Figure 10). An accelerated rate of
wound re-epithelialization indicates enhanced wound
repair (Nanney et al., 2008). After 5days of healing,
we detected that epithelial islands and epithelial wound
edges, in some CRT-treated wounds, display a higher
degree of resurfacing and epidermal stratification
(Figure 10c¢). In fact, early wound repair was observed
after only 5 days of treatment with high doses of HuCRT
and low doses of TcCRT. The presence of mature dermal
connective tissue with hair follicles, sebaceal glands and
a full-thickness epidermal layer was also evident
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Figure 13. Bone defect closure assessed at 1, 2 and 4 weeks of
treatment in the presence of rTcCRT. Micrographs of Mallory-
stained decalcified rTcCRT-loaded chitosan sponges in rabbit bone
sections: While at 1 week (a) a minimal closure (0.5 mm) of the orig-
inal defect can be observed, at 2 (b) and 4 (c) weeks a similar 1.5 mm
closure of the defect can be observed. Orange (B), mature bone;
light blue (nb), new bone; bm, bone marrow tissue; Ch, chitosan
sponge; arrows, pathway of the original defect; This figure is avail-
able in colour online at wileyonlinelibrary/journal/term; x40

Figure 14. Bone defect closure assessed at 1, 2 and 4 weeks of
treatment in the presence of CRT-free chitosan sponges.
Representative microphotographs of H&E-stained decalcified
chitosan sponges in rabbit bone sections: While at 1 week (a), a
minimal closure (0.3 mm) of the original defect can be observed,
t 2 (b) and 4 (c) weeks progressive closure of the defect can be
observed (2 and 3 mm, respectively); B, mature bone; nb, new
bone; bm, bone marrow tissue; Ch, chitosan sponge; arrows,
pathway of the original defect; This figure is available in colour
online at wileyonlinelibrary/journal/term; x40

Copyright © 2012 John Wiley & Sons, Ltd.
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(Figure 9). Whether the differential effect on fibroblast
proliferation and spreading and skin wound healing
corresponds, among other possibilities, to non-homologous
domains of the human and parasite CRTs or, alter-
natively, to conformational differences, are open
questions.

The use of chitosan-based scaffold biomaterials for
different tissue engineering applications is well known
(Fernandez et al., 2012; Kim et al., 2008). Because of
the chitosan swelling behaviour and other biocompat-
ible properties (Yazdani-Pedram et al., 2003), its use
as an implant embedded with human or parasite CRTs
was explored. Chitosan acts as a slow drug-delivery
device, thus increasing the CRT wound-healing efficiency,
allowing the use of lower doses and no treatment
repetitions. A similar effect could explain the results
obtained on bone bridging inhibition, as reported here
(Figures 11-13).

It is well known that the critical-sized defect of rabbit
limb bones is 8 mm, the smallest size that does not heal
spontaneously (Aaboc et al., 1994). Therefore, if any
factor added to a < 8 mm unicortical bone defect produces
a delay in the bone bridging, this effect should be caused
directly by the factor implied. Although we do not know
the precise mechanisms by which CRTs affects osteoblast
differentiation, here we demonstrate that CRTs inhibit
bone bridging in vivo. As shown in Figure 15, TcCRT is
about 400 times more effective than the human counter-
part in delaying bone bridging. The Wnt intracellular
signalling pathway controls bone mass (Gong et al., 2001;
Glass et al., 2005; Krishnan et al., 2006) and regulates
osteoblastogenesis (Bodine and Komm, 2006; Hartmann,
2006), their activity and apoptosis (Bodine et al., 2005).
p-Catenin, the intracellular canonical Wnt signalling route
(Willert and Nusse, 1998; Kikuchi, 2000; Olkku and Maho-
nen, 2009), both acts as a transcription factor and, bound to
cadherin, regulates cell adhesion and migration. HuCRT
alone inhibits Wnt activity in vitro in these cells, possibly
involving extensive phosphorylation events. Alternatively
or concomitantly, HuCRT could, through calcium signalling,
modify the nuclear export and calpain-mediated degrada-
tion of f-catenin in the cytoplasm (Li and Iyengar, 2002;
Benettiet al., 2005). Our results indicate that, in this respect
and for still unknown reasons, the parasite-derived mole-
cule (TcCRT) is more efficient, in equimolar terms, than
the HuCRT.

In synthesis, recombinant calreticulin from T. cruzi is
three orders of magnitude more efficient than its human
counterpart in its capacity to increase proliferation and
migration of human fibroblasts in a wound-healing scratch
plate assay, which correlates well with the acceleration of
rat skin wound healing and the delay of new bone bridging
in rabbits, as reported here. However, new experimental
approaches must be tested to use CRT in order to avoid new
bone bridging and enhance fibrous tissue for orthopaedic
purposes. Also, additional basic research is needed in order
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Figure 15. Quantitative analysis of rabbit bone defect bridging is downregulated at high rHuCRT and low rTcCRT concentrations: NC,
negative control; Ch, CRT-free chitosan sponge; HuL and HuH, low (100 ng) and high (40 pg) rHuCRT treatments, loaded per chitosan
sponge; TcL and TcH, low (100 ng) and high (40 pg) rTcCRT treatments, loaded per chitosan sponge. Experimental times are 1, 2 and
4 weeks after surgery. In each column, values with the same letter are not significantly different, as determined by the least square

means test (p < 0.05)

to map, in the TcCRT amino acid sequence, the domains

responsible for these modulatory activities.
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