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Migration inhibitory factor (MIF) responds to tissue
damage and regulates inflammatory and immunolog-
ical processes. To elucidate the function of MIF in
cutaneous wound healing, we analyzed MIF knockout
(KO) mice. After the excision of wounds from the
dorsal skin of MIF KO and wild-type (WT) mice, heal-
ing was significantly delayed in MIF KO mice com-
pared to WT mice. Lipopolysaccharide treatment sig-
nificantly increased [’H]thymidine uptake in WT
mouse fibroblasts compared to MIF KO mouse fibro-
blasts. Furthermore, there was a significant reduction
in fibroblast and keratinocyte migration observed in
MIF KO mice after 1-oleoyl-2-lysophosphatidic acid
treatment. We subsequently examined whether MIF-
impregnated gelatin slow-release microbeads could
accelerate skin wound healing. Injection of more than
1.5 ng/500 pl of MIF-impregnated gelatin microbeads
around a wound edge accelerated wound healing
compared to a single MIF injection without the use of
microbeads. MIF-impregnated gelatin microbeads
also accelerated skin wound healing in C57BL/6 mice
and diabetic db/db mice. Furthermore, incorporating
MIF-impregnated gelatin microbeads into an artificial
dermis implanted into MIF KO mice accelerated pro-
collagen production and capillary formation. These
findings suggest that MIF is crucial in accelerating
cutaneous wound healing and that MIF-impregnated
gelatin microbeads represent a promising treatment
to facilitate skin wound healing. (Am J Pathol 2005,
167:1519-1529)

The process of wound healing is complex, comprising
inflammation, granulation tissue formation, and remodel-
ing of tissues. Several growth factors/cytokines play im-
portant roles in tissue repair and enhance the wound-
healing process. The expression of the proinflammatory
cytokines, interleukin (IL)-1«, IL-18, IL-6, and tumor ne-
crosis factor-a during wound repair are up-regulated dur-
ing the inflammatory wound-healing phase.' Polymor-
phonuclear leukocytes and macrophages were shown to
be major sources of these cytokines, but expression was
also observed in some resident cell types.>® The coor-
dinated up-regulation of these cytokines is likely to be
important in normal tissue repair because the expression
of these genes is markedly reduced after wounding in
both healing-impaired glucocorticoid-treated mice and
genetically diabetic db/db mice.*

The cytokine macrophage migration inhibitory factor
(MIF) was first identified more than 30 years ago as a
T-cell-derived factor that inhibits the random migration of
macrophages.®® MIF was recently re-evaluated as a
proinflammatory cytokine and has been shown to be a
pituitary-derived hormone that potentiates endotox-
emia.”® Subsequent work showed that T cells and mac-
rophages secrete MIF in response to glucocorticoids as
well as on activation by various proinflammatory stimuli.2
This protein is ubiquitously expressed in various organs,
including the skin, brain, and kidney.'® Recently, it was
reported that MIF mRNA expression was up-regulated
during peripheral nerve regeneration.'” We demon-
strated that MIF is an immunoregulatory protein in the
pathophysiology of skin disease.'®'® Furthermore, ultra-
violet B exposure in vivo increased the production of MIF,
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suggesting its involvement in tissue injury. ' To date, MIF
responses to stimuli such as wounds and infections have
been observed, and these responses are considered to
contribute to the regulation of inflammatory and immuno-
logical responses to tissue damage.'®'® Based on the
previous findings, it is probable that MIF is closely asso-
ciated with the wound-healing processes.

In the skin, MIF is expressed in the epidermis, partic-
ularly within the basal keratinocyte layer.'” We have pre-
viously demonstrated that an increase in MIF expression
during the cutaneous wounding process and MIF pro-
duction in wounded fibroblasts could be initiated by lipo-
polysaccharide (LPS) stimulation.’® MIF also had a che-
motactic effect on keratinocytes and the administration of
anti-MIF antibodies induced a delay in mouse wound
healing.' Moreover, thrombin and factor Xa induced MIF
expression in human dermal microvascular endothelial
cells, suggesting that MIF contributes to the inflammatory
phase of the wound-healing process.'® However, a re-
cent report indicated that MIF-deficient wound healing
was not significantly different compared with wild-type
(WT) mice."® In the present study, to further elucidate the
function of MIF during the wound-healing process, we
studied the cutaneous wounding process using MIF
knockout (KO) mice that were recently established. We
assessed the effects of adding exogenous MIF-impreg-
nated gelatin microbeads providing a controlled release
of MIF during the experimental time course. Our obser-
vations clearly indicated that MIF is crucial for cutaneous
wound healing and MIF-impregnated gelatin microbeads
show every indication of becoming a possible therapy for
increasing the rate of wound healing.

Materials and Methods

Materials

The following materials were obtained from commercial
sources. Rat monoclonal antibody against anti-mouse
CD31 was purchased (PharMingen, San Diego, CA); anti-
B-actin antibodies were purchased from Sigma-Aldrich
Co. (St. Louis, MO); Dulbecco’s modified eagle medium
(DMEM), keratinocyte/serum-free medium containing bo-
vine pituitary extract, and recombinant epidermal growth
factor were from Invitrogen (Groningen, The Nether-
lands); the Isogen RNA extraction kit was from Nippon
Gene (Toyama, Japan); Tissue-Tek OCT compound was
from Miles Scientific (Elkhart, Naperville, IL); 1-oleoyl-2-
lysophosphatidic acid (LPA) and LPS were from Sigma-
Aldrich Co.; [®H]thymidine (35 Ci/mmol) from Amersham
Biosciences Corp. (Piscataway, NJ); terminal dUTP nick-
end labeling (TUNEL) assay kit from Takara Bio Inc.
(Shiga, Japan). Rho family GTPase activity was assessed
using a commercially available kit (Cytoskeleton, Inc.,
Denver, Co) and transwell chambers with 8-um pore-
sized membranes from Kurabo (Osaka, Japan). Recom-
binant rat MIF was expressed in Escherichia coli BL21/
DE3 (Novagen, Madison, WI) and was purified as
described previously.' The purified MIF contained less
than 1 pg of endotoxin per ug of protein, as determined

by chromogenic Limulus amoebocyte assay (BioWhit-
taker, Walkersville, MD). The artificial dermis (Pelnac;
Gunze Co., Kyoto, Japan) used in the present study was
composed of an outer silicone layer and inner collagen
sponge layer. All other chemicals were of reagent grade
or higher.

Mice

Using targeted disruption of the MIF gene, a novel mouse
strain (bred on a C57BL/6 background) deficient in MIF
was established.'® We repeated backcrossing the
BALB/c background mice, originally established by
Honma and colleagues,®® with C57BL/6 mice, and used
10th generation mice that were genetically pure. C57BL/6
mice and db/db mice, a rodent model of type 2 diabetes
were purchased from Japan Clea (Shizuoka, Japan) and
maintained under specific pathogen-free conditions. All
animal procedures were conducted according to the
guidelines set out by the Hokkaido University Institutional
Animal Care and Use Committee under an approved
protocol. All experiments were performed on 8- to 10-
week-old female adult mice.

Assessment of Wound Healing

For wound-healing experiments, we assessed the rate of
wound healing.?" MIF KO and WT mice were anesthe-
tized with 40 mg/kg of sodium pentobarbital solution
(intraperitoneally) and their dorsal hair clipped. Four full-
thickness, round skin wounds (5-mm-diameter round
punch biopsies) were prepared using a disposable skin
biopsy punch (Maruho Co., Ltd., Osaka, Japan) (on day
0). The four wounds were separated 1 cm from each
other. Then the wound diameter was measured every day
until healing was completed. We examined the appear-
ance of the skin wound until the full epithelial surface in all
four wounds was restored in each mouse. In some ex-
periments, to pathologically evaluate the skin regenera-
tion state, MIF KO and WT mice samples were obtained,
fixed, and processed for paraffin embedding and with
hematoxylin and eosin staining at 5 days after wounding.

Cell Culture

Skin was obtained from the dorsal surface of newborn
MIF KO mice and WT mice. The back of the mouse skin
was excised and fibroblast cultures were obtained using
a standard explant technique as previously described.??
Briefly, the skin was cut into between 3- to 5-mm pieces
and placed onto a large Petri dish with the subcutaneous
side down and the tissue was incubated for 1 week in a
humidified atmosphere of 5% CO, at 37°C. Once a suf-
ficient number of fibroblasts had migrated out from the
skin sections, pieces of skin were removed and the cells
passaged by trypsin digestion in the same manner as
wound-harvested fibroblasts. Fibroblasts were grown in
DMEM containing 10% fetal calf serum and 1% penicillin/
streptomycin. For keratinocyte isolation the epidermis
was separated from dermis using dispase, and the ker-



atinocytes cultured in keratinocyte/serum-free medium
containing bovine pituitary extract (30 ug/ml), recombi-
nant epidermal growth factor (0.1 ng/ml), and 0.02
mmol/L CaCl,. The fibroblast and keratinocytes cells
(passage number 3) were used for the experiments.

Fibroblast Proliferation Assay

Skin was originally isolated from the backs of baby mice
derived from both MIF KO and WT mice, and maintained
in DMEM (Invitrogen) supplemented with 10% fetal calf
serum and 0.01% penicillin/streptomycin. Mouse fibro-
blasts were seeded in 96-well plates at densities of 1000
cells/well in DMEM/10% fetal calf serum. The culture
medium was changed to DMEM/0.4% fetal calf serum
(subsequently designated as basal medium for these
studies) after 12 hours. After 24 hours, LPS was added to
give a range of final concentrations from 0 to 1.0 ug/ml.
Cells were further incubated for 3 days and 1 uCi of
[®H]thymidine, was introduced into each well. After 24
hours, the medium was removed and cells were washed
twice each with PBS and ice-cold trichloroacetic acid
(5%). The precipitated material was dissolved in 0.3 N
NaOH-solution and incorporated [*H]thymidine was de-
termined in a scintillation counter.

Fibroblast Apoptosis Assay

The number of apoptotic cells was determined by the
TUNEL assay using a commercial kit. Fibroblasts from
both MIF KO and WT mice were cultured and stimulated
by LPS (1.0 ug/ml) in eight-well plates (5 x 10° cells per
well) for 24 hours. The numbers of TUNEL-positive cells
per 100 cells in a field were counted under the
microscope.

Collagen Gel Contraction Assays

Collagen gel contraction assays were performed as de-
scribed by Basu and colleagues.?® Briefly, six-well tissue
culture plates were made with a nonadhesive coating of
1% agarose. One volume of a solution of 3 mg/ml of
bovine type | collagen was combined with 1/6 vol of 7X
DMEM and sufficient 1X DMEM added to yield a final
collagen concentration of 0.75 mg/ml. A suspension of
fibroblasts from both MIF KO and WT mice at 2 x 10°
cell/mlin DMEM was added to 9 vol of the type | collagen
solution, and fetal bovine serum added to provide a
concentration of 2% fetal bovine serum in the final solu-
tion. The resulting cell suspension was dispensed into
agarose-coated wells (2 ml/well) and polymerized for 2
hours at 37°C. DMEM (2 ml) with 2% fetal bovine serum
was subsequently added to the wells and the gels were
gently detached from the walls to float the collagen disks.
The collagen/cell mixtures were incubated in humidified
air at 37°C and gel contraction monitored throughout 48
hours. The assay was performed six times. The area of
gels was calculated from the final average diameter of
the experiments and expressed as a percentage of the
initial collagen gel area.
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Migration Assay

The fibroblast migration assay was examined by the
method of Mannino and colleagues.?* Briefly, after the
initial plating of fibroblasts from MIF KO and WT mice for
48 hours on culture dishes, cells were then scraped off
using a yellow pipette tip. LPA (0 and 10 umol/L) in
DMEM containing 0.2% fatty acid-free bovine serum al-
bumin was added to the culture dishes. Subsequently at
6 and 12 hours, the numbers of cells that had moved from
the baseline were counted at high (X40) magnification. In
each experiment, the numbers of cells that had migrated
from four high-power fields from each well were counted.
The Boyden chamber cell migration assay was also per-
formed for fibroblast and keratinocyte migration using
transwell chambers with 8-um pore-sized membranes.
The chambers were inserted into 24-well culture plates
containing 0 and 10 umol/L of LPA in DMEM containing
0.2% fatty acid-free bovine serum albumin or keratino-
cyte/serum-free medium. The cells (1 X 10%) were loaded
into the upper volume of Boyden chambers. Subse-
quently at 6 hours, nonmigrating cells were removed with
a cotton swab, and cells were fixed in methanol for 15
minutes and stained with crystal violet. The migrating
activity was quantified by blind counting of the migrating
cells on the lower surface of the membrane of 10 fields
per chamber using a 100X objective lens microscope.

RhoGTPase Activation Assay

The effect of LPA on activated GTP-RhoA, GTP-Cdc42,
and GTP-Rac1 in fibroblasts was assessed using a com-
mercially available pull-down assay. This assay utilizes
the Rho-binding domain from the effector protein Rho-
tekin as a probe to specifically isolate the active forms of
RhoA, Cdc42, and Rac1, the activity was detected by the
method recently described by Benard and colleagues.®®
Cells (2 x 10°) were seeded in 10-cm dishes. After cells
were stimulated by LPA (10 umol/L) in a time-dependent
manner, beads were washed, eluted in sample buffer,
and analyzed by Western blotting using monoclonal an-
tibody against anti-RhoA (1:500) or polyclonal antibodies
against Rac1 and Cdc42 (1:500).

Gelatin Hydrogels Incorporating MIF

A biodegradable hydrogel matrix (in the form of gelatin
microbeads) was prepared by a chemical cross-linking
of acidic or basic gelatin that was gradually enzymatically
degraded in the body throughout time. The degradation
is controllable by changing the extent of crosslinking,
which, in turn, produces different hydrogel types with
different water contents. The time course of the MIF pro-
tein release correlates well with the rate of hydrogel deg-
radation.?® Recombinant rat MIF (30 ug/20 ul) was dis-
solved in 2 mg of acidic gelatin microbeads (isoelectric
point = 5.0) and was centrifuged, then the pellet stored
for 30 minutes at room temperature. To examine whether
recombinant rat MIF was actually impregnated into the
gelatin microbeads, the putative MIF-impregnated gela-
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tin microbeads were dispersed in 6 ml of phosphate-
buffered saline (PBS) and stored for 48 hours. The MIF
content in the PBS (the supernatant after the centrifuga-
tion) was then determined by MIF enzyme-linked immu-
nosorbent assay (ELISA). As a control, free MIF (30 wg/20
wl) was dissolved in 6 ml of PBS. After it was confirmed
that MIF was impregnated in the gelatin microbeads, we
used the MIF-impregnated gelatin microbeads in the fol-
lowing protocols.

Effect of MIF-Containing Hydrogel Microbeads
in Mice

To examine the effect of MIF-containing hydrogel mi-
crobeads in MIF KO mice, four full-thickness, round skin
wounds (5-mm-diameter round punch biopsies) were
prepared using a disposable skin biopsy punch on day 0
as described above. On day 1, MIF-impregnated gelatin
microbeads (0 to 6 ug/500 ul) were inserted around the
wound edge (n = 10 in each group). As a control, 3
1g/500 wl of MIF in PBS without hydrogel microbeads
was directly injected into the wound edges (n = 10).
Wound-healing assessment was performed as described
above. Similarly, C57BL/6 mice and db/db mice were
used to assess the wound healing with MIF-containing
hydrogel microbeads. In some experiments, 3 wg/500 wl
of MIF in hydrogel microbeads or 3 ug/500 ul of MIF in
PBS without hydrogel microbeads were injected into the
backs of MIF KO mice on day 0. On day 10, 5-mm-
diameter skin biopsies were obtained and subjected to
Western blot analysis.?”:2®

Implantation of Artificial Dermis

Full-thickness (dermis and epidermis) square skin
wounds (10 mm in diameter) were prepared on the backs
of MIF KO mice. MIF-impregnated gelatin microbeads
(150 wg/100 wl) were injected into an artificial dermal
scaffold (10 X 10 mm) (Pelnac, Gunze Co.). We then
implanted an artificial dermal scaffold containing the MIF-
impregnated gelatin microbeads into the wound bed.
After the implantation of the artificial dermis, the extent of
epidermal tissue regeneration over the artificial dermis
was evaluated and compared with that of an artificial
dermis containing MIF-free hydrogel microbeads. Seven
days after implantation, the mice were sacrificed and the
artificial dermis and the surrounding tissue harvested.
After removal, tissues were immediately embedded and
frozen in Tissue-Tek OCT compound (Miles Scientific),
and 4-um-thick sections cut. Microvessel staining for
CD31 was then performed. Briefly, the tissue sections
were incubated with rat anti-mouse CD31 antibody di-
luted 1:500 overnight at 4°C. Specific binding was de-
tected through avidin-biotin-peroxidase complex forma-
tion using a biotin-conjugated goat anti-rat IgG
(Vectastain ABC Kkit; Vector Laboratories, Burlingame,
CA) and diaminobenzidine as a chromogen substrate.
Counterstaining using hematoxylin to detect nuclei was
performed. Seven days after implantation of the artificial
dermis, CD31-positive cells were assessed by light mi-

croscopy in areas of the implanted, artificial dermis, and
the number of these positive cells was determined in six
fields at X200 magnification (n = 10 in each group).
Similarly, the microvessel density evaluation in the tissue
samples was also performed by measuring the number of
capillaries in six fields at X200 magnification (n = 10 in
each group). For mRNA analysis, artificial dermis at 7
days was harvested, snap-frozen, and stored at —80°C.
All experiments were repeated three times.

Western Blot Analysis

Skin at the wounded edge (5 mm around the wound) was
disrupted and homogenized with a Polytron homogenizer
(Kinematica, Lausanne, Switzerland). The protein con-
centrations of the cell homogenates were quantified us-
ing a Micro BCA protein assay reagent kit. Equal amounts
of homogenates were dissolved in 20 ul of Tris-HCI, 50
mmol/L (pH 6.8), containing 2-mercaptoethanol (1%), so-
dium dodecyl sulfate (SDS) (2%), glycerol (20%), and
bromophenol blue (0.04%), and the samples were
heated to 100°C for 5 minutes. The samples were then
subjected to SDS-polyacrylamide gel electrophoresis
(PAGE) and electrophoretically transferred onto a nitro-
cellulose membrane. The membranes were blocked with
1% nonfat dry milk powder in phosphate-buffered saline
(PBS), probed with anti-MIF antibodies and subsequently
reacted with secondary goat anti-rabbit IgG antibodies
coupled with horseradish peroxidase. The resultant
complexes were processed for the detection system
according to the manufacturer’s protocol (Cell Signaling
Technology, Beverly, MA).

ELISA

The ELISA was performed as previously described.'®
Briefly, the anti-rat MIF antibody was added to each well
of a 96-well microtiter plate and left for 1 hour at room
temperature. Before the addition of the antibody, all wells
had been filled with PBS containing bovine serum albu-
min (1%) for blocking and left for 1 hour at room temper-
ature. Samples were then added in duplicate to individual
wells and incubated for 1 hour at room temperature. After
the plate was washed three times with PBS containing
0.05% Tween 20 (washing buffer), samples were again
added in duplicate to individual wells and incubated for 1
hour at room temperature. After the plate was washed
three times, 50 wl of biotin-conjugated anti-MIF antibody
(IgG fraction) was added to each well. After incubation
for1 hour at room temperature, the plate was again
washed three times with washing buffer. Then, avidin-
conjugated horseradish peroxidase was added to each
well, followed by addition of IgG antibody and incubation
for 1 hour at room temperature. Fifty ul of substrate
containing o-phenylenediamine and hydrogen peroxide
in citrate-phosphate buffer (pH 5.0) were added to each
well. After incubation for 20 minutes at room temperature,
the reaction was stopped with sulfuric acid, and the
absorbance at 492 nm was measured using an ELISA
plate reader (model 3550; Bio-Rad, Hercules, CA).



Reverse Transcriptase-Polymerase Chain
Reaction (RT-PCR) Analysis

The fibroblasts from WT mice were incubated with or
without LPA (0 to 10 wmol/L). Total RNA was extracted
with an Isogen RNA extraction kit (Nippon Gene) accord-
ing to the protocol provided by the manufacturer, and
MIF mRNA expression was analyzed. The reverse tran-
scription of the RNA was performed with M-MLV reverse
transcriptase using a random hexamer primer and sub-
sequent amplification using TagDNA polymerase. PCR
was performed for 35 cycles with denaturation at 94°C for
1 minute, annealing from 55 to 65°C for 1 minute, and
extension at 72°C for 1 minute using a thermal cycler
(Gene Amp PCR system 9700; PE Applied Biosystems).
MIF primers used were 5'-GTTTCTGTCGGAGCTCAC-3'
(55 to 72) (forward) and 5'-AGCGAAGGTGGAACCGT-
TCCA-3' (215 to 236) (reverse). Glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) was used as a positive
control. Primers used were 5'-GAAGGTCGGTGT-
GAACGGATTTG-3’ (6 to 28) (forward) and 5’-GTCCAC-
CACCCTGTTGCTGTAGC-3' (949 to 971) (reverse). After
PCR, the amplified products were analyzed by 2% aga-
rose gel electrophoresis.

Northern Blot Analysis

Total cellular RNA was isolated from MIF-impregnated
artificial dermis or control artificial dermis using an Isogen
extraction kit according to the manufacturer’s protocols.
RNA (10 ng) was resuspended in TE (10 mmol/L Tris-
HCI, 1 mmol/L ethylenediamine tetraacetic acid, pH 7.4),
and denatured and electrophoresed on 1% agarose
formaldehyde gel. The RNA was then transferred to nylon
membranes and cross-linked by UV irradiation. Prehy-
bridization was performed in 0.75 mol/L NaCl, 0.02 mol/L
Tris-HCI (pH7.5), 2.5 mmol/L ethylenediamine tetraacetic
acid, 0.5x Denhardt’s solution, 1% SDS, and 50% form-
amide at 42°C for 4 hours. Then hybridization was per-
formed in the same buffer containing 10% dextran sul-
fate, salmon sperm DNA (250 ng/ml), and a radiolabeled
probe at 42°C for 20 hours. The radiolabeled probe was
prepared using human procollagen a1 or vascular endo-
thelial growth factor (VEGF) cDNA as a template and
labeled with a random primer labeling kit using
[-32P]dCTP. Procollagen a4 primers used were 5’ AAAG-
GCTGGAGAGCGA-3', and the reverse primer was 5’
AGCAGGACCTGGGGGA-3'.2° VEGF (826 bp) primers
used were 5'-GGA CCC TGG CTT TAC TGC-3’ (forward)
and 5'-CGG GCT TGG CGA TTT AG-3’ (reverse).° The
membrane was washed twice with 2X standard saline
citrate (16.7 mmol/L NaCl, 16.7 mmol/L sodium citrate) at
22°C for 5 minutes, twice with 0.2X standard saline ci-
trate containing 0.1% SDS at 65°C for 15 minutes, and
twice with 2X standard saline citrate at 22°C for 20 min-
utes before autoradiography. Quantitative densitometric
analysis was performed using an MCID image analyzer
(Fuji Film, Tokyo, Japan). The density of VEGF and pro-
collagen o4 bands was normalized by the intensities of
GAPDH.
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Statistical Analysis

Differences between the various treatments were statis-
tically tested using the Student’s t-test and the Mann-
Whitney U-test. For comparisons of multiple groups, one-
way analysis of variance was applied to the data. P
values of <0.05 were considered statistically significant.
Data in the figures are shown as the mean * SEM of
several experiments.

Results

Wound Healing and Skin Chemokine Expression
in MIF-Deficient Mice

We first examined whether MIF is important in the cuta-
neous wound-healing process in vivo using MIF KO mice.
The number of mice showing complete healing of four
skin lesions was plotted at different time points after
penetrating (full thickness) wounds through both epider-
mis and dermis. Fifteen MIF KO and WT mice were ex-
amined in each group. After the excision of a 5-mm-
diameter round wound from dorsal skin of MIF KO mice
and WT mice, healing was significantly delayed in MIF
KO mice compared to WT mice (Figure 1a) (P < 0.0001).
Healing was apparently delayed in MIF KO mice com-
pared with that of WT mouse skin (Figure 1b). Wounded
MIF KO mice appeared to induce significantly less gran-
ulation tissue formation compared to WT mice.

Fibroblast Proliferation, Apoptosis, and
Collagen-Gel Contraction in MIF KO Mice

An important step in wound repair is the infiltration of
fibroblasts into the wound site, where fibroblasts synthe-
size extracellular matrix components and remodel the
damaged tissue. Fibroblast proliferation is an essential
event during wound repair. LPS treatment at a concen-
tration more than 0.05 pg/ml in the culture medium sig-
nificantly increased [®H]thymidine uptake in WT mice,
when compared to the effects in MIF KO mice fibroblasts
after incubation throughout 3 days (Figure 2a). The pos-
sibility remains that reduced fibroblast proliferation may
reflect cell apoptosis in MIF KO mice. We therefore mea-
sured the induction of apoptosis after LPS stimulation
using the TUNEL assay. Stimulation with LPS had little
effect on fibroblast apoptosis on both MIF KO and WT
mice (Figure 2b). These results confirmed previous re-
ports that LPS does not directly induce fibroblast apopto-
sis.®! Another important event during wound healing is
contraction of the newly formed granulation tissue wound
bed by fibroblasts to bring together the edges of the
wound. Type | collagen diameter was measured at vari-
ous time points after incorporation of fibroblasts in the
collagen gel, and WT mouse fibroblasts showed a signif-
icantly greater contractile property compared with MIF
KO fibroblasts (P < 0.01) (Figure 2c).
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Figure 1. Wound healing in the skin of MIF KO mice. a: The percentage
frequency of completely healed skin lesion was plotted at different time
points after skin wounding. Fifteen MIF KO (l) and WT mice (@) were
examined in each group after the excision of a 5-mm biopsy wound from
dorsal skin. MIF KO versus WT mice; P < 0.0001. b: Microphotograph taken
at 5 days after wounding in MIF KO and WT mouse. Healing was apparently
delayed in MIF KO mouse compared with that of WT mouse skin. Wound
margins indicated by arrows. Scale bar, 50 wm.

MIF KO Mouse Fibroblast and Keratinocyte
Migration

We next examined whether MIF had the potential to affect
fibroblast and keratinocyte migration. Skin fibroblasts
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Figure 2. Proliferation and apoptosis in MIF KO mouse cultured fibroblasts after
LPS treatment. a: Fibroblasts were incubated with the indicated concentrations of
LPS for 3 days and pulsed with [PHlthymidine. [*Hlthymidine incorporation into
DNA was determined. LPS treatment significantly stimulated cultured fibroblast
proliferation in WT mice compared to MIF KO mice fibroblasts. Results are
expressed as mean = SEM of three experiments performed in duplicate. *P <
0.05, *P < 0.001, **P < 0.0005. b: Quantitative analysis of fibroblast apoptosis
after LPS stimulation. The number of TUNEL-positive cells was counted in WT
mice, and compared with MIF KO mouse fibroblasts. Both MIF KO and WT
mouse fibroblasts showed few apoptotic cells after LPS treatments. Each value
represents the mean * SEM of six specimens. ¢: Contraction of collagen gels by
WT and MIF KO fibroblasts. Cells were incorporated in collagen gels and
incubated in DMEM plus 2% fetal bovine serum and contraction was monitored
for 48 hours. The area of gels was calculated from the average diameter of the
experiments and expressed as a percentage of the initial area. Results are
expressed as mean = SEM of six experiments. *P < 0.01.

and keratinocytes were obtained from MIF KO and WT
mice. After the initial plating of the fibroblasts, cells were
scraped off using a yellow pipette tip (in vitro wound).
Subsequently at 6 and 12 hours, the numbers of migrat-
ing cells from the baseline were measured after 10-
pwmol/L LPA stimulation. The result showed that an in-
crease in fibroblast migration was observed in WT mice
fibroblasts compared to MIF KO mice cells at both 6 and
12 hours after LPA stimulation (*P < 0.005) (Figure 3, a
and b). The decreased cell motility in MIF KO fibroblasts
was further confirmed by a Boyden chamber assay. In-
deed, MIF KO mouse fibroblasts showed a reduced abil-
ity to migrate through 8-um pore-sized membranes (P <
0.001) (Figure 3c). Keratinocyte migration was also ana-
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Figure 3. Migration of MIF KO mouse cultured fibroblasts or keratinocytes after LPA stimulation. a: After the initial plating of fibroblasts obtained from both MIF KO and
WT mice, the cells were scraped off. Subsequently at 6 and 12 hours, the numbers of cells migrating into the cleared area from the baseline were measured after addition
of LPA (10 umol/L) to the medium. Results are expressed as mean = SEM of five different experiments. *P < 0.005. b: Representative migration rates for cultured
fibroblasts are depicted after 6 hours of fibroblast migration. Migration of MIF KO fibroblasts was reduced in comparison to WT mice. Dashed line indicates the edge
of the wound created at 0 hours. ¢: The Boyden chamber assay was performed using 8-um pore-sized membranes. Migration activity was quantified by blind counting
of the migrating cells on the lower surface of the membrane in 10 high-power microscope fields per chamber using a X100 objective. The difference in fibroblast
migration levels between MIF KO and WT mice was statistically significant (**£ < 0.001). (This experiment was repeated a third time with similar results.) d: Chemotaxis
of keratinocytes in response to LPA (10 umol/L) was performed using a Boyden chamber assay as described above. The difference in keratinocyte migration levels
between MIF KO and WT mice was statistically significant (**£ < 0.001). (This experiment was repeated a third time with similar results.)

lyzed by Boyden chamber assay. A significantly lower
keratinocyte migration was observed in MIF KO mice,
compared to that of WT mice (P < 0.001) (Figure 3d).

LPA-Induced Rho GTPase Activation

We then examined whether LPA could induce MIF mRNA
expression in normal C57BL/6 mouse fibroblasts. The result
showed that LPA-induced MIF mRNA expression in mouse
fibroblasts was dose-dependent (Figure 4a). Next, we mea-
sured the intracellular levels of the GTP-bound active forms
of Rho family using the pull-down assay system. In WT
mouse fibroblasts, the level of GTP-bound RhoA, Rac1, and

Cdc42 was elevated after the addition of LPA and reached
a peak 15 minutes after LPA addition, whereas activated
GTP-Rho family proteins (RhoA, Rac1, and Cdc42) were
significantly reduced in MIF KO mouse fibroblasts after LPA
treatment (Figure 4b).

Recovery of Normal Wound-Healing Rate after
Treatment with MIF-Impregnated Gelatin
Microbeads

To examine whether exogenous MIF could accelerate
wound healing, we used MIF-impregnated gelatin mi-
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Figure 4. MIF mRNA expression and RhoA activation induced by LPA in MIF
KO mouse skin fibroblasts. a: RT-PCR analysis of the expression of MIF
mRNA in response to LPA. LPA (0, 1.0, and 10 umol/L) was added to the
medium of normal CS57BL/6 fibroblasts. After 24 hours, the total RNA was
extracted and subjected to RT-PCR analysis. b: Activated GTP-RhoA, GTP-
Cdc42, and GTP-Racl in C57BL/6 fibroblasts were assayed by Western
blotting. Cells were stimulated with LPA (10 wmol/L) for 0 to 30 minutes.
Aliquots of respective lysates served as controls for analyzing the total
amount of RhoA, Racl, and Cdc42 protein. The data shown are representa-
tive of two independent experiments.
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30

crobeads in the next series of experiments. We first ex-
amined the in vitro release of recombinant MIF from within
the acidic gelatin hydrogel microbeads. Approximately,
5% of the MIF was released into the PBS buffer solution
within the initial 1 hour after the start of the test, but
thereafter, no substantial release was observed until 48
hours (Figure 5a). To confirm whether MIF was released
from the hydrogel microbeads in vivo, 3 ug/500 ul of the
MIF-containing hydrogel microbeads or 3 ug/500 wl of
MIF in PBS without hydrogel microbeads were injected
into the back skin (10 mm in diameter) of the MIF KO mice
on day 0. On day 10, the central area of skin was re-
moved and subjected to Western blot analysis. The data
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Figure 5. Recovery of normal rates of wound healing after treatment with
MIF-impregnated gelatin hydrogel microbeads in MIF KO mice. a: MIF-
impregnated gelatin microbeads (30 pug MIF in 2 mg of gelatin beads)
dissolved in 6 ml of PBS were stored for 48 hours. Then, the MIF content of
the solution/medium was determined by MIF ELISA. MIF-impregnated gela-
tin microbeads (M) and free MIF (30 ug/20 ul) were dissolved in 6 ml of PBS
(@). b: MIF (3 pg/500 ub) in hydrogel microbeads or 3 ug/500 ul of MIF in
PBS without hydrogel microbeads were injected to a dermal area of the back
of MIF KO mice on day 0. On day 10, a central area of skin (5 X 5 mm in
diameter) was obtained and subjected to Western blot analysis (150 ug
protein in each group). The data shown are representative of three indepen-
dent experiments. ¢: MIF (0 to 6 ug/500 ul) in hydrogel beads were injected
around the wound edge of MIF KO mice (7 = 10 in each group). For
controls, a solution containing 3 ng/500 ul of MIF in PBS without hydrogel
beads were injected around the wound edges (7 = 10). On day 6, the
percentage of wound closure was examined (7 = 10 X 4 in each group).
*P < 0.05, * P < 0.005. d: Frequency of completely healed skin lesions was
plotted at different time points after skin wound (7 = 10 in each group); (HD),
3 ug/500 ul of MIF-impregnated gelatin microbeads injection group and (),
3 g/500 ul of MIF in PBS injection without gelatin microbeads group. P <
0.005 for MIF-impregnated gelatin microbeads versus MIF in PBS.

demonstrated that MIF was detected in the skin in the MIF
hydrogel microbead-treated group by Western blot anal-
ysis (Figure 5b). Conversely, MIF levels in the PBS-
treated group showed no detectable background levels
of MIF.

We next examined the effect of MIF-impregnated gel-
atin microbeads around the skin wounds. Concentrations
of MIF (0 to 6.0 ug/500 wl) incorporated into hydrogel
microbeads were injected around the edge of wounds on
the back of MIF KO mice at day 1. As a control, 3 ug/500
wul of MIF in PBS not associated with hydrogel mi-
crobeads was injected directly into or around the wound
edges. On day 6, extent of epidermal wound closure was



[72]
8 100+
c
=2
o
2 75
T
K
8 50
o 4
2
2 25 |
[
o
R

0 -

5 10 15
Days

Figure 6. Recovery of wound healing after treatment with MIF-impregnated
gelatin hydrogel microbeads in db/db mice. Frequency of completely healed
skin lesions was plotted at different time points after skin wounding (7 = 6
in each group); (M), 3 ng/500 wl of MIF-impregnated gelatin microbeads
application treatment group and ([, 3 pg/500 wl of MIF in PBS direct
injection group (without using gelatin microbeads). P < 0.05 for MIF-
impregnated gelatin microbeads versus MIF in PBS treatments.

measured (as a percentage of the initial wound area).
Significantly faster wound closure was observed after
treatment in groups treated with more than 1.5 ng/500 wl
of MIF hydrogel microbeads compared with the un-
treated group and the group that was directly injected
with MIF (3 ug/500 wl) in PBS (*P < 0.05 and **P < 0.005,
respectively) (Figure 5c). Complete healing was seen
between 8 and 12 days in the 3.0 ng/500 ul of MIF
hydrogel microbead-treated group, whereas it was ob-
served between 10 and 15 days for mice directly injected
with 3 ug/500 ul of MIF/PBS (P < 0.005) (Figure 5d).
To test whether MIF-impregnated gelatin microbeads
are useful for optimizing wound healing in C57BL/6 and
diabetic model (db/db) mice, we analyzed the effect of
MIF-impregnated gelatin microbeads around wounded
skin in control/WT C57BL/6 mice and db/db mice, a ro-
dent model of type 2 diabetes. Complete wound closure
was observed after 6.6 = 0.3 days in the MIF (3 ng/500
wl)-impregnated  gelatin  microbead-treated  group,
whereas it was seen on day 8.3 * 0.3 in control group (3
1g/500 ul of MIF in PBS) (n = 6 in each group, P < 0.01).
Similar results were also observed when we used db/db
mice. Complete wound closure was seen between 8 and
12 days in the 3.0 ug/500 ul of MIF hydrogel microbead-
treated group, whereas it was observed between 11 and
14 days for mice directly injected with 3 ug/500 ul of
MIF/PBS (P < 0.05) (Figure 6). These facts indicate that
MIF-containing hydrogel microbeads are better at stimu-
lating wound healing more than direct MIF injection.

Accelerated Tissue Regeneration after
Incorporation of MIF-Impregnated Gelatin
Microbeads into an Atrtificial Dermis in MIF KO
Wounded Mice

Angiogenesis and collagen synthesis are important in
wound repair. Seven days after the implantation of an
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Figure 7. Counting of CD31-positive cells and RT-PCR analysis of procolla-
gen al and VEGF in artificial dermis of the MIF-impregnated gelatin mi-
crobead-treated group in MIF KO mice. a: Cryostat sections of artificial
dermis 7 days after implantation were stained with anti-CD31 antibody and
representative sections were shown of MIF-free gelatin microbeads-only
treated group implanted into an artificial dermis (control) and MIF-impreg-
nated gelatin microbead-treated group placed into an artificial dermis. Ar-
rows show the vertical orientation of the artificial dermis. b: The frequency
of CD31-positive cells and microvessel density evaluation were performed in
the artificial dermis using views from six fields at X200 (7 = 10 in each
group). *P < 0.0001. (This experiment was repeated a third time with similar
results.) ¢: The increase in procollagen al and VEGF mRNA levels in the
artificial dermis of the MIF-impregnated gelatin microbead-treated group
were compared with the control group (artificial dermis without MIF) by
Northern blot analysis on day 7. The density of procollagen a1 and VEGF was
normalized to the GAPDH signal. Scale bar, 50 um (a).

artificial dermis into MIF KO mice, the implanted artificial
dermis and the surrounding tissue were harvested. Then,
the implanted artificial tissue samples from each experi-
mental group then underwent CD31-positive cell counts
and microvessel density evaluation. All endothelial cells
were stained with anti-rat CD31 antibody. After MIF-im-
pregnated gelatin microbead treatment, the artificial der-
mis showed a statistically significantly higher CD31-pos-
itive cell count and microvessel density when compared
with control artificial dermis treated with gelatin mi-
crobeads without MIF (P < 0.0001) (Figure 7, a and b).
Northern blot analysis of the mRNA levels in MIF-impreg-
nated artificial dermis showed enhanced procollagen a1
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and VEGF expression when compared with control artifi-
cial dermis (Figure 7c).

Discussion

The wound repair process is a highly ordered series of
events that encompasses hemostasis, inflammatory cell
infiltration, tissue regrowth, and remodeling. An important
process in normal wound healing is the generation of an
inflammatory reaction, which is characterized by the dep-
osition of platelets and the sequential infiltration of neu-
trophils, macrophages, and lymphocytes.3? It is known
that various growth factors, cytokines, and chemokines
function in the wound-healing process.'*® Genetically
modified mouse studies have helped to elucidate the
roles that many cytokines and chemokines play during
wound repair.®* Excisional wounds in IL-6 KO mice took
up to three times longer to heal than those of WT mice,
and were characterized by a dramatic delay in re-epithe-
lization and granulation tissue formation.®® IL-6 is a pleio-
tropic cytokine that is involved in the growth and differ-
entiation of numerous cell types, and is mitogenic for
keratinocytes. Recently, one of the chemokine KO
models (MCP-17/7) also showed significantly delayed
wound re-epithelization, angiogenesis, and collagen
synthesis.3®

MIF was originally identified as a proinflammatory cy-
tokine. Now, MIF is known to be involved in a variety of
biological processes, including cell proliferation, angio-
genesis, and chemotactic effects in cells.>'© In the
present study, we have shown that wound healing was
significantly delayed in MIF KO mice compared to WT
mice. Wounds in MIF KO mice seemed to induce signif-
icantly less granulation tissue formation compared to WT
mice. LPS treatment significantly increased cultured fi-
broblast proliferation in WT mice compared to MIF KO
mouse fibroblasts. Moreover, we have demonstrated that
MIF KO skin fibroblasts contracted collagen lattices more
slowly than WT mice fibroblasts. Because fibroblasts syn-
thesize the matrix components that comprise granulation
tissue, we regard a deficiency in fibroblast matrix synthe-
sis as one possible cause of wound repair delay. Addi-
tionally, a significant increase in fibroblast and keratino-
cytes migration was observed in WT mice compared to
MIF KO mice. Excessive expression of MIF may directly
or indirectly stimulate cell proliferation, contracted colla-
gen lattices, and migration, which profoundly modulate
the wound-healing process. LPA is a product of activated
platelets and white cells and has diverse actions on
target cells. LPA is a mitogen for a number of cell types,
including fibroblasts.®” In general, cell migration is driven
by signaling pathways controlled by the Rho family
GTPases, RhoA, Rac1, and Cdc42, acting in a coordi-
nated manner.®® We found that LPA-induced MIF mRNA
expression was up-regulated in fibroblasts because LPA
activates Rho family GTPases in WT mice fibroblasts but
not in MIF KO fibroblasts. These results indicate that MIF
is important in fibroblast migration in a Rho GTPase-
dependent manner.

We previously found that neutralizing anti-MIF antibody
significantly delayed skin wound healing, suggesting the
involvement of MIF in skin regeneration after wounding.'®
In this report, we further confirmed the participation of
MIF in the skin wounds using MIF KO mice that showed
delayed wound healing compared with WT mice. In con-
trast, Ashcroft and colleagues'® reported that no differ-
ence in the rate of healing was observed between MIF
KO and WT mice. The reason why this contrary result was
obtained is currently unclear, although, it might be as-
sumed that some differences in experimental procedure
may lead to this result. For example, the wound-healing
protocols were different, as we examined full wound clo-
sure (four full-thickness 5-mm-diameter round wounds)
extensively during which process of skin regeneration is
completed, whereas they judged wound healing on day
3, 7, and 14 after wounding (two equidistant 1-cm full-
thickness incision wounds).'®

We have also demonstrated the sustained release of
MIF using slow-release gelatin microbeads accelerates
the process of wound healing. These MIF-impregnated
gelatin microbeads might not only be useful for correct-
ing MIF KO mice but also enhance normal C57BL/6 mice
and diabetic model mice (db/db mice) rates of wound
healing. The time course during which the protein is
released correlates with the rate of hydrogel degrada-
tion.®® It is very likely that the protein-drug complex as-
sociated with the gelatin hydrogel, is released as a result
of its biodegradation. Thus the gelatin hydrogel system
releases the protein drug only under conditions in which
there is maintenance of biological activity. Therefore, sus-
tained release of the growth factor from the gelatin hy-
drogel is made more effective in exerting its biological
functions under our test conditions.3? Our studies further
demonstrated that the use of MIF-impregnated gelatin
microbeads in mouse skin with defective MIF increased
both the levels of angiogenesis and of collagen mRNA
expression, compared with control artificial dermis un-
dergoing comparable control saline treatment. This arti-
ficial dermis has previously been used for the treatment
of full-thickness skin defects resulting from injures and
burns. It is well known that VEGF especially has many
biological activities that stimulate capillary endothelial
cells and promote angiogenesis.*® Previously Chesney
and colleagues®’ and we*? demonstrated that MIF in-
duced angiogenesis and that MIF also up-regulated
VEGF expression. Taken together, these results suggest
that wound-associated MIF production plays an impor-
tant, functional role in neovascularization and in the de-
velopment of granulation tissue, both of which are key
events in wound repair. In addition to these findings,
gelatin microbeads containing MIF continue to show con-
siderable promise in treatment to accelerate the rate of
skin wound healing.
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