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Beta defensin-3 engineered epidermis shows highly
protective effect for bacterial infection

D Sawamura', M Goto', A Shibaki', M Akiyama’', JR McMillan', Y Abiko? and H Shimizu®
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Defensins are small cationic proteins that harbor broad-
spectrum microbicidal activity against bacteria, fungi and
viruses. This study examines the effects on pathogens of the
epidermis engineered to express human beta-defensin 3
(HBD3) to combat bacterial infections. First, we examined
the localization of HBD3 in the epidermis and observed
HBD3 in the intercellular spaces and lamellar bodies of the
upper epidermal layers. This result showed HBD3 expressed
and assembled in the outer layers of the epidermis was
suspected to counter the invading microorganisms. Next, we
established a keratinocyte cell line that stably expressed
HBD3 and found that the culture medium showed antibacter-
ial activity. Furthermore, we prepared an epidermal sheet
of these cells with the HBD3 gene and grafted this onto

Keywords: keratinocyte; skin; infectious disease; psoriasis

The skin is always exposed to invading microorganisms,
and is accordingly armed with several efficient defence
systems. The synthesis of small, antimicrobial peptides
was discovered within the last decade and these peptides
are highly effective in directly killing microorganisms.
The small (3-5 kDa) cationic defensins represent a critical
peptide group among a growing number of microbicidal
peptides that are capable of a broad spectrum of
antimicrobial activity against many Gram-negative and
Gram-positive bacteria, fungi, and certain viruses.'?
Mammal defensins comprise genetically distinct
o- and PB-subfamilies of cationic tri-disulfide bridges. In
humans, four types of human B-defensins (HBD), HBD1
through to 4 have been characterized thus far*>* HBD1,
2 and 3 have been identified in human skin and
keratinocytes. HBD1 was initially isolated from hemofil-
trates® and found to be constitutively expressed in
various epithelia.” However, HBD1 does not appear as
abundantly in the epidermis and is not upregulated in
response to inflammation as are the other defensins.”
HBD2 was isolated from the skin of patients with
psoriasis and its expression was found in epithelial cells
of the skin and the lung. HBD2 is inducible upon
treatment with proinflammatory cytokines including
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060-8638, Japan
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a dermal wound on a nude rat. The HBD3 engineered
epidermis demonstrated significant antimicrobial activity.
Skin ulcers without epidermis are constantly exposed fo
invading microorganisms. Biopsy samples of re-epithelizing
epidermis from patients with skin ulcers were collected,
and HBD3 mRNA level measured in the epidermis. The
epidermal samples from the ulcer skin expressed 2.5 times
higher levels of HBD3 transcript than those in the control
skin. These results, taken together, indicate that the
therapeutic introduction of the HBD3 gene into somatic cells
may provide a new gene therapy strategy for intractable
infectious diseases.

Gene Therapy (2005) 12, 857—-861. doi:10.1038/
sj.gt.3302472; Published online 24 February 2005

TNF-o and interleukin 1, and when in contact with
Pseudomonas  aeruginosa  bacteria.® HBD3 has also
been isolated from psoriatic skin.” HBD1 and HBD2
shows antimicrobial activity predominantly against Gram-
negative bacteria and these peptides are inactivated
in physiologic salt concentrations, while HBD3 has a salt-
insensitive broad spectrum activity that kills both Gram-
negative and -positive bacteria including P. aeruginosa,
Streptococcus pyogenes, multiresistant Staphylococcus aureus,
and vancomycin-resistant Enferococcus faecium.

The use of conventional antibiotics provides the most
powerful means to treat bacterial infections. However,
the development of bacterial resistance against conven-
tional antibiotics has emerged as a major public health
concern. The appearance of resistant bacteria has been
directly linked to the misuse and overuse of antibiotics
in humans as well as in farm animals. This situation
calls for the development of alternative strategies and
therapies to fight infection. Defensins may turn out to
be antibacterial agents with low susceptibility to resis-
tance mechanisms, and thus gene therapy using these
or the related genes is of great potential for treating
intractable infectious diseases.” "

As mentioned above, HBD3 is salt-insensitive and is
effective for Gram-positive bacteria, which are common
cause of the skin infection. In this study, we introduced
the HBD3 gene into a keratinocyte cell line and prepared
the epidermal graft overexpressing HBD3 to determine
the usefulness or feasibility of HBD3 engineered epi-
dermis as a novel antibacterial therapy.
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We first examined the localization of HBD3 in normal
human control skin. Immunohistochemical analysis
demonstrated that HBD3 was located predominantly in
the upper spinous and granular layers of the epidermis
(Figure l1a). Immunoelectron microscopy showed gold
particles in the intercellular spaces of the stratum
corneum (Figure 1b). Additionally, gold staining was
observed in intracellular membrane-bound vacuoles,
close to the apical surface of the granular layer plasma
membrane presumed to be lamellar bodies (Figure 1c).
Also we used cathepsin D antibodies as control, because
cathepsin D is a well-known component localized within
lamellar bodes.’>"* Immunoelectron microscopy of simi-
lar sections (Figure 1d) stained with both these anti-
bodies showed that cathepsin D was also expressed
within the lamellar body-like membrane-bound vacuoles
just beneath the apical granular layer plasma membrane
similar to HBD3.

Recently, HBD2 has also been shown to localize to the
lamellar bodies and keratinocyte intercellular spaces.'*
Lamellar bodies used to be thought of as discrete
granules that transport the contents from the Golgi
apparatus to intercellular space. Recent evidence, how-

Figure 1 (a) The localization of HBD3 was examined. Skin cryosections
were cut from the biopsy skin specimens taken from normal volunteers and
were incubated with the anti-human HBD3 rabbit polyclonal antibody
(Novus Biologicals, Littleton, CO, USA). The second antibodics were goat
anti-rabbit imnunoglobulins conjugated to fluorescein (FITC). Immunos-
taining was detected as green (FITC) and the nuclear stain was observed as
red (propidium iodide). HBD3 was located predominantly in the spinous
and granular layers of the epidermis. (b—d) Inmunoelectron microscopic
analysis was performed. Normal skin samples were cryofixed with liquid
propane cooled nitrogen, cryosubstituted at —80°C and low temperature
embedded at —60°C in Lowicryl K11 M resin undergoing UV polymer-
ization. Ultrathin sections were cut and immunogold stained using a 5 nin
gold conjugated secondary (British Biocell, Cardiff, UK)."” The anti-
human HBD3 antibody and the anti-human eathepsin D rabbit polyclonal
antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) were used as
primary antibodies and then a goat anti-rabbit I3G gold-conjugated
secondary antibody (British Biocell, Cardiff, UK) was used. Gold particles
were observed in the intercellular spaces of the stratum corneum (—) and
in lamellar bodies of intracellular spaces (V) often seen immediately
beneath the apical plasma membrane of granular layer keratinocytes.
Magnification: HDB3; (b) 25000 x, (c) 60000 x ; cathepsin D; (d)
60 0000 x .
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ever, has suggested a membrane folding model, in which
the trans-Golgi network, lamellar bodes and intercellular
space are all part of the same continuous membrane
structure.”®'” In this system, the synthesized molecules
are easily released into the extracellular space through a
cell surface pore via a continuous membrane-bound
tube. Since the lamellar body was first found exclusively
associated with the outer surface of the stratum
granulosum, a lamellar body-related secretory system
must be present to enable high concentration of HBD2
and HBD3 molecules to reach the outer layer of the
epidermis and form a defensive barrier containing
enough HBD2 and 3 to be effective.

To establish a keratinocyte cell line that stably
expresses HBD3, we first introduced the plasmid
pFRT /lacZeo (Invitrogen, Carlsbad, CA, USA) into a
human keratinocyte cell line, HaCaT cells, and subse-
quently prepared the Flp-In-HaCaT cells with the
integrated Flp recombination target (FRT) site, which
were also stably expressing B-galactosidase from the
plasmid. Then, HBD3 cDNA was integrated into the FRT
site already in the Flp-In-HaCaT cell genome, resulting in
the establishment of an HBD3-HaCaT cell line. Immu-
nostaining using anti-HBD3 antibodies showed that the
cultured HBD3-HaCaT cell line expressed significant
amounts of HBD3 (data not shown).

Our ultrastructural study showed that HBD3 was
normally secreted though a special secretory system
closely related to or identical with lamellar bodies in vivo
(Figure 1). We then wondered whether this transgene
synthesis and transfer from keratinocytes was released
HBD3 into the culture medium. Before examining
the culture medium, the activity of synthetic HBD3
was estimated using Gram-positive S. aureus strains
ATCC6538 (AT), SAQ0I5 (SA-1) and SA092 (SA-2).
Synthetic HBD3 showed almost the same antimicrobial
activity against the three S. aureus strains (Figure 2a). It
started to show killing activity in the microgram order
and the concentration necessary to kill 50 % bacteria of
SA-1 was approximately 8 pg/ml. Subsequently, colony-
forming assays were performed to determine the anti-
bacterial activity of HBD3-HaCaT cell culture medium.
The apparent antimicrobial activity found from the
25 x concentrated sample and 50% Kkilling activity
was observed in the 100 x concentrated sample in SA-1
(Figure 2b). The supernatant of Fip-in-HaCaT cells as a
control exhibited no killing activity against the bacteria.
To determine the precise concentration of HBD3 in the
culture medium, we performed immunodot blot analy-
sis. The concentration of HBD3 in HBD3-HaCaT cell
culture medium was 9.2 ng/ml (Figure 3c), while those
of HaCaT and the Flp-In-HaCaT cells showed little or no
detectable amount. Comparison with the result of
synthetic HBD3 (Figure 2a) suggested that recombinant
HBD3 from HaCaT cells had more antimicrobial activity
than synthetic HBD3.

An epidermal sheet of HBD3-HaCaT cells was
prepared and grafted onto an artificially induced ulcer
in a nude rat (Figure 3a (1-3)). Immunohistochemical
analysis using an anti-HBD3 antibody found strong
reactivity in the graft, HBD3 engineered epidermis, while
little or no reactivity was seen in the control epidermis of
grafted Flp-In-HaCaT cells (Figure 3a (4,5)). The expres-
sion of HBD3 was stronger in the upper layers than
the lower layers of the epidermis. On the other hand,
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Figure 2 (a) Peptide HBD3 was chemically synthesized according to the cDNA sequence.” Bacterial strains, Gram-positive S. aureus: ATCC6538 (AT),
SA015 (SA-1) and SA092 (SA-2), used for experiments. SA-1 and SA-2 were isolated from patients with skin infection that was sensitive to antibiotics and
kindly given by Fujisawa Pharmaceutical Co., Ltd, Osaka, Japan. The bacteria were incubated with synthetic HBD3 in 200 pl of 10 mM sodium phosphate
buffer (pH 7.4) containing 1% trypticase soy broth for 3 hat 37°C. We measured the antimicrobial activity of HBD3 using the same media as used in the
previous paper.” The antibiotic activity was estimated by plating serial dilutions of the incubation mixture and calculation of the colony-forming unit
(CFU) after 24 h. (b) The lnunan keratinocyte cell line HaCaT™ was maintained in Dulbecco’s modified Eagles’s medium with 10% fetal bovine serum. Flp-
In system (Invitrogen, Carlsbad, CA, USA) was utilized for generating stable expression cell line. In this system, Flp recombinase-mediated recombination
occurs between specific Flp Recombination Target (FRT) sites. To integrate the FRT site into the genome of HaCaT cells, we first introduced plasmid pFRT]/
lacZeo and selected for Flp-In-FHaCaT cells by meditm containing zeocin. Fip-in-HaCaT cells expressed a lacZ-Zeocin fusion gene could be also detected by
B-galactosidase staining. To amplify the coding regions of HBD3 cDNA by PCR, we synthesized two primer sets, 5-TTTAAGCTTAGCAGCTATGAG
GATCC-3' and 5'-GGGCTCGAGGGTTTTTATTTCTTTC-3 for the HBD3 ¢DNA. PCR was performed with oligo-(dT)-priined human keratinocyte
c¢DNA as template. The PCR fragments were digested with restriction enzymes and subcloned into a inulticloning site of plasmid pcDNAS(FRT, in which
the inserted cDNA was driven by the CMV promoter. We performed co-transfection of the pcDNASJFRT with HBD3 ¢DNA and the Flp recombinase
expression vector pOG44. Finally, Flp-In-HaCaT cells with integration of HBD3 ¢cDNA were selected by medium containing hygromycin. The cell line was
referved as HBD3-HaCaT cell. The culture medium without antibiotics and fetal calf serum collected, treated with Centricon YM-3 Centrifugal Filter Unit
(Millipore: Bedford, MA, USA) for concentration and desalting and subjected to colony-forming assay. Each value shown represents the mean +s.d. of three
individual samples. (@ 8) HBD3-HaCaT cell, (O O) Flp-In-HaCaT as control. (c) The concentration of HBD3 in the culture mediwm was determined by
immunodot blot analysis."® Positive control and standard curve were generated with synthetic HBD3 peptides. Briefly, 5 1 of the concentrated medinm
(from the above samples) and serially diluted synthetic HBD3 were dotted in triplicate on nitrocellulose membrane. The membrane was incubated with the
anti-humnan HBD3 rabbit polyclonal antibodies at 4°C overnight, and then reacted with goat anti-rabbit antibodies conjugated with peroxidase at room
temperature for 2 h. The resultant dot complexes were processed for Phototope HRP Western Blot Detection System (Cell Signaling, Beverly, MA, USA)
according to the manufacturer’s protocol. The amount shown represents the mean +s.d. of three individual samples.

a

<
Figure 3 (a) In nude rats (F344/N Jcl-rnu), the sites for transplantation
were prepared by excising a 2 cm? area of dorsal epidermis and dermis. The
confluent cultures of HBD3-HaCaT and control Flp-In-HaCaT were
treated with dispase (1 nlfinl:Godo Shusei, Japan), and the floating
epidermal sheet was placed on the prepared site of the nude rat. An
occlusive dressing was quickly placed over the graft to hold it in position
and to prevent it from drying. After 7 days, the skin sample was taken by
excision. Afterwards, routine hematoxylin-cosin staining (1-3), immuno-

b ] q staining of the HBD3 antibody (4,5) and f3-galactosidase staining (6,7)
125+ were performed. (1) normal rat; (2,4,6) the skin from Flp-In-HaCaT;

= ; ‘l- (3,5,7) the skin from HBD3-HaCaT. (b) At 5 days after transplantation,
% 1004 P<0.01 the serial dilution of bacterial culture of SA-1 was applied to the graft and
5 l ' was overlaid with an occlusive dressing in wet condition. After 81
£ 75 incubation, the samples were collected from the surface of the graft with a
E-o ] sterile cotton swab, and transferred to the culture medium. The CFU was
£ 50 measured by plating. In each experiment, the CFU from the sample of
2 ] HBD3-HaCaT was expressed as the rate against that of control Flp-In-
8 254 HaCaT. Each group consisted of five rats and each value shown represents
1 the meants.d. of five individual samples. The student t-test detected a

0 . A J— significant difference, P<0.01; Cont versus HBD3. (c) We excised the rat

Cont HBD3 epidermis surrounding both the control and HBD3 grafts. Epidermal

sheets were obtained from the skin samples by treatment with 10 mgfml
dispase (3 hat 37°C)."* Keratinocyte suspensions were obtained from these
epidermal sheets by a further 0.25% trypsin treatment (30 min at 37°C).
Total RNA was extracted from cultured cells and first strand cDNA was
synthesized with reverse transcriptase (Life Sciences Inc., St Petersburg,
FL, USA) using an oligo-dT primer. PCR was performed using following
primers: 5'-GACACCAATCTCTACCGTCT-3" and 5'-ACCGGAAAGG
CTGTATACCA-3' for rat CRAMP (GenBank accession 1no. AF484553);
5-ATTTCTCCTGGTGCTGCTGT-3' and 5'-CTTGCAGCATCTCACTC
TAG-3' for rat BD3 (NM 022544); 5-AGCTGAACGGGAAGCTCACT-3
and 5'-CATTGAGAGCAATGCCAGCC-3' for rat GAPDH (NM 017008)
as control. (M) 100 bp size marker, (1) BD3 (147 bp), (2) CRAMP
(250 bp), (3) GAPDH. (246 bp).
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B-galactosidase staining showed strong activity in the
control epidermis, but not in the HBD3 engineered
epidermis (Figure 3a (6,7)). To ascertain the precise
antimicrobial activity of the engineered skin, we applied
bacteria SA-1 to the grafted epidermis and performed
a colony-forming assay. The results demonstrated that
significant antibacterial activity (P <0.01) was present in
the HBD3 engineered epidermis compared with the
control epidermis (Figure 3b). We examined the effect of
the rat’s endogenously produced antimicrobial peptides
from the surrounding skin of the HBD3 and control
grafts, but could not detect difference in expression of rat
cathelicidine cathelin-related antimicrobial peptide
(CRAMP) or BD3 (Figure 3c).

We demonstrated HBD3 killing activity in the culture
medium; however, the HBD3 concentration in the
supernatant was only 9.2 ng/ml, which was insufficient
for significant antimicrobial activity. Therefore, we
postulated that this HBD3 engineered epidermis might
not show any significant antibacterial activity in vivo.
However, our results showed that the HBD3 gene
transfected epidermis formed an effective barrier that
could withstand the attack of invading bacteria. These
data suggested that the conditions in vivo might be a

40 + P<0.01
2 20 )
g 30+ T
g‘ A
5 20 -
L= ]
g ]
B
8 10 -
g 10
= b
0 - ,
Cont Ulcer

Figure 4 The skin samples were collected from six patients with skin ulcer
resulting from trauma and deep dermal burn during treatment at the
Hokkaido University Hospital. Informed consent was obtained from
individual subjects. We selected the patients with re-epithelizing ulcers at
the healing stage, but the ulcer was so large that complete epithelization
was expected to take a considerable time and to lead to hypertrophic scar
formation. During operations we removed the skin smmples from the ulcer
with 0.5 cm margin. To prepare keratinocytes, we first separated the
epidermis from dermis and subcutancous tissue. Normal skin samples were
obtained from seven patients undergoing reconstructive plastic surgery.
Epidermal sheets were obtained from the skin samples by treatment with
10 mg/ml dispase (3 h at 37°C)."? Keratinocyte suspensions were obtained
from these epidermal sheets by a further 0.25% trypsin treatment (30 min
at 37°C). Total RNA was extracted from cultured cells and first strand
cDNA was synthesized with reverse transcriptase (Life Sciences Inc.,
St Petersburg, FL, USA) using an oligo-dT primer. Assays-on-Demand™
Products for HBD3 and GAPDH were purchased from Applied
Biosystems (Foster City, CA, USA). The 50 pl reaction in each well
contained 1 pl of total cDNA, 300 nm of sequence-specific primers and
200 nm of dual-labeled fluorogenic probe in 1 Tagman Universal PCR
master mix (Applied Biosystems). A negative PCR control without
template and a positive PCR control with a template of known
amplification were included in each assay. The reaction was performed in
an ABI PRISM 7700 Sequence Detection System. The HBD3 specific
signal was normalized by constitutively expressed GAPDH and expressed
as arbitrary scale. Ulcer: ulcer skin samples, Cont: norinal skin samples.
Each wvalue indicated the mean+s.d. The student’s t-test detected a
significant difference, P <0.01; Cont versus Ulcer.
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more suitable environment for keratinocytes to produce
HBD3 and also utilize a more ‘normal’ lamellar body-
related secretory system already in place for HBD3 in the
appropriate position to prevent or protect from micro-
organism attack.

One of the worst situations for preventing the tissue
from bacterial invasion is in skin ulcers without any
epidermal covering. If HBD3 plays a critical role in
defending bacterial invasion in the skin, we hypothe-
sized that re-epithelizing epidermis surrounding the
ulcer wound might express a much higher level of
HBD3. We therefore collected skin samples from patients
with skin ulcers and examined the expression of HBD3
mRNA levels in the epidermis. As we expected, the
epidermal samples in the ulcer skin expressed 2.5 times
higher levels of HBD3 transcript than those in control
skin (Figure 4). This result also suggested an increase in
defensin expression as one of the major antimicrobial
defense systems that can form an effective response to
protect tissue from bacterial invasion.

Atopic dermatitis is a chronic inflammatory intract-
able skin disorder with unknown etiology. Atopic
dermatitis skin lesions are often associated with higher
than normal bacterial and viral infections, and atopic
dermatitis skin has demonstrated a significant decrease
expression of cathelicidin LL-37 and HBD2.'® This
evidence also led us to introduce the HBD3 gene into
the epidermis and we have proved that the HBD3 gene
transfected epidermis had a highly protective shield
against bacterial invasion. The gene therapeutic intro-
duction of HBD3 gene or the related genes into somatic
cells may provide a new strategy for gene therapy for
intractable infectious diseases.
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Promoter region polymorphism of macrophage migration

inhibitory factor is strong risk factor for young onset of

extensive alopecia areata
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We have demonstrated that serum macrophage migration inhibitory factor (MIF) was significantly elevated in patients with
extensive alopecia areata (AA). Recently, functional polymorphisms have been identified in the MIF promoter region. To
address the functional and prognostic relevance of the —173G/C and —794[CATT]s_s repeat polymorphisms in MIF genes in
patients with extensive AA, 113 patients with extensive AA and 194 healthy controls were genotyped. We found that
MIF—173*C was a risk factor for early onset (< 20 years) of extensive AA (odds ratio for GC heterozygotes with — 173G/C was
4.88 (95% Cl, 2.04-11.8), P=0.00038; odds ratio for CC homozygotes with —173G/C was 10.42 (95% Cl, 2.56-43.5),
P=0.0011). We found no statistically significant differences in the genotype frequencies of the —794[CATT]s_, repeat
polymorphism and extensive AA. These results suggest that polymorphisms within the MIF—173*C allele confer an increased
risk of susceptibility to the extensive forms of AA, especially with an early onset of disease. MIF is therefore suggested to be
closely implicated in the pathogenesis of the more extensive forms of AA.
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Introduction

The pathogenesis of alopecia areata (AA) is still
uncertain. The immune system has been implicated in
its pathogenesis and certain immunomodulatory cyto-
kines may play an important role in this disease. The
contribution of cytokines thought to be involved in the
pathogenesis of AA has been well studied. Several lines
of clinical and experimental data point toward cytokines
such as interleukin (IL)-1 and tumor necrosis factor
(TNF)-a, as being crucial inducers of hair loss in AA. The
distribution of hair loss in patients with the TNF-«
phenotype —308 was different between patients with the
patchy form of disease and patients with alopecia totalis
(AT) or alopecia universalis (AU) disease.' Recently, a
strong association was reported between polymorphisms
in the IL-1 receptor antagonist gene (ILIRN) at position
+4734, ILIRN +2018 and AA.2 In these studies, the
presence of a genetic heterogeneity was suggested to
account for the differences in disease severity and to
influence the age of onset of AA.
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Macrophage migration inhibitory factor (MIF) was the
first lymphokine reported to prevent the random
migration of macrophages®> A recent finding demon-
strated that MIF functions as an initiator of inflammation
and the immune response by regulation of a number of
proinflammatory cytokines, including TNF-o and IL-1.*
In human inflammatory diseases, MIF has a regulatory
role in acute respiratory distress syndrome, asthma,
rheumatoid arthritis and additionally in skin inflamma-
tory diseases, such as atopic dermatitis.* Recently,
functional polymorphisms have also been identified in
the MIF promoter region; single nucleotide polymorph-
isms (SNPs) at position —173 (G to C) and in a
tetranucleotide CATT repeat beginning at nucleotide
position —794 have been associated with altered levels of
MIF gene transcription in vitro.*”

We previously reported that serum MIF is increased in
patients with extensive AA and postulated that MIF
might play a key role in the pathogenesis of extensive
AA® In the present study, we examined whether MIF
gene promoter polymorphisms contribute to the risk of
more extensive or early-onset forms of AA.

Results

The distribution of MIF-173G/C and —794[CATTl
repeat polymorphisms in extensive AA and controls is
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shown in Table 1. The genotype distribution for each
polymorphism was in Hardy-Weinberg equilibrium in
patients with extensive AA as well as in control subjects.
None of the MIF-173G/C and —794[CATT]; s promoter
genotypes were associated with the development of
extensive AA patients (Table 2). We also related these
polymorphisms to subgroups of patients with AA
stratified by disease severity or age of disease onset. A
severity of alopecia tool (SALT) score was used to
subdivide the severity of AA,” which were AA multiplex
(SALT score S; and S,) and AT/AU (SALT score Ss). We
found that the MIF—173*C is a risk factor for disease
early onset (<20 years); GG homozygotes odds ratio
(OR) for GC heterozygotes of the —173G/C polymorph-
ism was 4.88 (95% confidence interval (CI), 2.04-11.8;
P=0.00038) and the OR for CC homozygotes of the
—173G/C polymorphism was 10.42 (95% CI, 2.56-43.5;
P=0.0011), calculated wusing the SYSTAT software
(Table 2). Individuals with the GC or CC genotype had
significantly higher risk for early age at onset of AA
(<20 years); compared with GG homozygotes, odds

ratio (OR) for GC genotype (OR, 5.5; 95% CI, 2.35-12.9;
P =0.00009). Compared with the older onset of AA, the
GC or CC genotype was also significantly frequent in the
younger onset of the disease (OR, 30.3; 95% (1, 7.5-121.8;
P <0.00001). In contrast, the —~794[CATT]s; repeat poly-
morphism was associated with none of the AA sub-
groups (Table 2).

Analysis using the haplo.em program showed that the
—173G/C and —794[CATT]s s promoter polymorphisms
were in significant linkage disequilibrium with the
~173C allele strongly associated with the 7-CATT repeat
allele (the likelihood ratio statistic=217.8, df=2,
P <0.000001). Haplotype analyses using the haplo.score
program for early age at onset of AA (<20 years)
revealed that the global score statistic was 64.102 (df = 6,
P <0.0001, Global stimulation P =0.0002, based on 20 000
simulation repetitions) and the empirical P-value for the
max-statistic was 0.0024 (Table 3). As judged by the
haplotype-specific scores, the G/5-CATT haplotype was
associated with a lower risk of AA (P=0.0001). On the
other hand, C/5-CATT and C/7-CATT haplotypes were

Table 1 MIF—173G/C and 794 [CATT]s , repeat polymorphism in extensive AA patients and controls®

Controls AA AA young AA old AT/AU AA multiplex
(n=194) (n=113) (1=>55) (n=58) (n=067) (n=46)
Age at onset <20 years Age at onset =20 years
-173G/C
G/G 112 (57.8) 62 (54.9) 18 (32.7) 44 (75.9) 29 (43.3) 33 (71.7)
G/C 74 (38.1) 43 (38.0) 30 (54.6) 13 (22.4) 31 (46.3) 12 (26.1)
c/c 8 (4.1) 8 (7.1) 7 (12.7) 10.7) 7 (10.4) 1(2.2)
—794 [CATT]s 5
55 31 (16.0) 8 (7.1) 6 (10.9) 2(34) 6 (9.0) 2{4.3)
5,6 60 (30.9) 40 (35.4) 11 (20.0) 29 (50.0) 22 (32.8) 16 (39.1)
57 33 (17.0) 19 (16.8) 14 (25.5) 5 (8.6) 17 (25.4) 2 (4.3)
538 1 (0.5) 0 ) 0 (0 0 0 (0) 00)
6,6 37 (19.1) 24 (21.2) 8 (14.5) 16 (27.6) 7 (10.4) 17 (37.0)
6,7 25 (12.9) 19 (16.8) 13 (23.6) 6 (10.4) 12 (17.9) 7 (15.3)
6,8 1 (0.5) 0O 0 (0 0 (0) 0 (0) 0
7,7 6 (3.1) 32.7) 3 (5.5) 0O 3 (4.5) 0

*Values are number (%).
AT: complete loss of all hair on the scalp; AU: complete loss of the entire body hair (SALT score S5); AA multiplex patients can involve more
than 50% hair loss of the scalp (SALT score S, and S)).

Table 2 Impact of Ml F~173G/C and —794 [CATT]. repeat polymorphisms on AA patients

AA (n=113) AA young (1=>55) AA old (n=58) ATIAU (n=67) AA multiplex (n=46)
OR (95% CI) P OR (95% CI) p OR (95% CI) p OR (95% CI) P OR (95% CI) P
-173G/C
GG 1 Ref 1 Ref 1 Ref 1 Ref 1 Ref
GC 1.03 (0.6, 1.75) 0920 4.88 (2.04, 11.8) 0.00038* 0.41 (0.20, 0.84) 0.015 1.82 (0.93,3.57) 0.08 0.55(0.26,1.16) 0.12
cC 1.61 (0.53, 4.89) 0400 10.42 (2.56,43.5) 0.0011* 0.25(0.03,2.17) 021 3.03 (0.89, 10.0) 0.07 0.34 (0.04, 2.94) 0.33
—794CATT
55 1 Ref 1 Ref 1 Ref 1 Ref 1 Ref
5X 2.56 (1.02, 6.44) 0.046  1.43 (0.44, 4.55) 0.55 4.76 (1.10,21.7) 0.041 252 (0.85,7.40) 0.09 3.03 (0.65,13.9) 0.160
XX 2.75 (1.10, 7.08) 0.036 2.91 (0.87, 10.0) 0.083 426 (0.92,19.6) 0.064 2.14 (0.69, 6.60) 0.19 5.26(1.12,23.8) 0.036

AA: alopceia areata; OR: odds ratio; CI: confidence intervals.
The analysis of AA was adjusted for disease severity (AA multiplex and AT/AU) and early disease onset.
*P <0.01 after correction for multiple comparison.
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Table 3 Frequencies of estimated CATT-MIF-173 haplotypes in
extensive AA patients (age at onset <20 years)

Haplotype Hap-Freq (%) Hap-Score P-values (empirical)
G/5-CATT 33.4 —3.81 0.0001
C/5-CATT 54 3.28 0.0019
G/6-CATT 37.9 ~0.74 0.47
C/6-CATT 22 —0.62 0.56
G/7-CATT 1.8 1.07 0.30
C/7-CATT 18.9 3.24 0.0011

Total 100.0

The analysis was adjusted for sex and age. Global statistic =64.102,
df =6, P<0.0001; global simulation P =0.0002; max-statistic simula-
tion P =0.0024; number of simulations = 20 000.

associated with an increased risk of AA (P=0.0019 and
0.0011, respectively) (Table 3). When the frequencies of
the C/7-CATT haplotype and the other haplotypes
combined were compared, higher frequency of the
C/7-CATT haplotype was found in early age at onset
of AA than that in controls (x*=5.17, P=0.023) or in
older age at onset of the disease (x> =12.45, P =0.00042).

We then examined luciferase activity using the Dual-
Luciferase Reporter Assay System, and found that
transfection of the clone containing the C/7-CATT
haplotypes into CEMC7 cells resulted in significantly
increased luciferase activity relative to cells containing
G/5-CATT haplotype (P <0.001) (Figure 1).

Discussion

In the present study, we have demonstrated that
MIF-173*C is a risk factor for early onset extensive form
of AA (<20 years). Furthermore, the MIF-C/7-CATT
haplotype was closely associated with an increased risk
of extensive AA in early-onset patients. Transfection of
the clone containing the C/7-CATT haplotype into a
T-lymphoblast cell line resulted in significantly increased
luciferase activity compared to that of G/5-CATT
haplotype, supporting these findings. MIF was originally
identified as a lymphokine that concentrates macro-
phages at inflammatory loci, is a potent activator of
macrophages in vivo and is considered to play an
important role in cell-mediated immunity.>'® Since the
molecular cloning of MIE" this cytokine has been re-
evaluated as a proinflammatory cytokine and pituitary-
derived hormone that potentiates endotoxemia.'>'® It has
been shown that T cells and macrophages secrete MIF in
response to various proinflammatory stimuli such as
endotoxins.*

It is evident that the mechanisms of hair follicle
dysfunction in AA are immunological and controlled by
activated T cells." Hair loss is associated with a
perifollicular lymphocytic infiltrate made up primarily
of CD4+ cells, along with a CD8+ intrafollicular
infiltrate. Although the function of these T cells in
disease pathogenesis is not fully understood, cytokines
released from T cells seem to be important mediators
leading to AA hair loss. Proinflammatory cytokines lead
to reductions in growth factor secretion by dermal
papilla fibroblasts and result in premature catagen stage
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Figure 1 Analysis of MIF reporter activity. MIF promoter activity
was determined by dual-luciferase assays, the results of which are
expressed as relative luciferase activities. N = 6 number of replicates
were examined, *P <0.001.

development, which is characterized by an abnormal
pattern of cell degeneration and apoptosis.'® IL-1 and
TNF-o may play a particular role in the AA pathophy-
siology of inflammatory hair loss. IL-1 has been shown to
inhibit hair growth in vitro and may be one of the factors
triggering the arrest of hair growth in vive.'* TNF-« also
inhibits hair follicle growth in vitro.'” The IL-1 and TNF-a
gene polymorphisms have been previously investigated.
Galbraith et al"® found evidence of increased suscept-
ibility to AA with certain IL-1/immunogloblin « light-
chain genotypes. The association has been reported
between the severity of AA and the inheritance of allele
2 of a five-allele variable number tandem repeat
polymorphism in intron 2 of the ILIRN."™ A stronger
association with ILIRN was observed in patients with
severe AA and in those with early-onset disease (<20
years).? A TNF-a polymorphism was also studied in AA
and a significant difference was found in TNF-308
genotype between patients with patchy disease and
those with AT/AU.! These previous studies strongly
suggested the presence of genetic heterogeneity in the
more extensive forms of AA.

It was speculated that MIF may be produced by
multiple cellular sources in inflammatory and autoim-
mune diseases such as activated T lymphocytes and
monocytes.?** We have previously demonstrated that
serum MIF was elevated in patients with extensive AA,
and immunohistochemical MIF staining was positive for
perifollicular-infiltrated lymphocytes in telogen hair
follicles in patients with extensive AA.® On the basis of
our results, we speculate that activated T cells might be a
potential source of serum MIF. MIF levels may reflect the
inflammatory symptoms in extensive AA. The direct
pathogenic mechanism of MIF in AA is still unclear.
Recently, the growth-inhibiting effects induced on
fibroblasts by MIF has been reported.” Imbalance
between proinflammatory cytokines and cytokine anta-
gonists or inhibitors is one of the factors that may
predispose patients to the initiation or perpetuation of
autoimmune diseases including AA. It is known that the
proinflammatory mediators IL-1 and TNF-o are potent
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inhibitors of hair follicle cell proliferation, with a
concomitant inhibition of hair growth.'” MIF is upregu-
lated by TNF-¢, and MIF in turn augments the secretion
TNF-a.#* Therefore, these inflammatory cytokines may
be implicated in the induction or continuation of damage
to hair follicles, and MIF may play an important part in
the pathophysiology of inflammatory hair loss as in AA.
The MIF gene maps to chromosome 22q11.2, and an
SNP (G to C transition) in the 5-flanking region at
position 173 of the MIF gene is associated with
susceptibility to adult inflammatory arthritis.* Donn
et al*>2¢ initially reported that individuals possessing the
C allele had an increased risk of systemic-onset juvenile
idiopathic arthritis (JIA), and later, that the MIF—-173*C-
CATT7 haplotype was associated with all JIA indepen-
dent of subgroup. This polymorphism also has the
potential to be associated with an increased expression
of MIF via production of an activator protein-4 response
element in the MIF promoter. A CATT tetranucleotide
repeat element beginning at —794, within the MIF
promoter, also appears to play a role in determining
susceptibility to rheumatoid arthritis.?* Recently, both
MIF-173G/C and —794[CATT]; ; repeat polymorphisms
in the MIF promoter region have been associated with
altered levels of MIF gene transcription, and significant
association between the —173G/C and —794{CATTls_,
repeat polymorphisms and atopy in a sample of the
Japanese population was found.*” In inflammatory skin
diseases, the presence of the MIF—173*C polymorphism
or the —794[CATT];s, repeat polymorphism was posi-
tively correlated with psoriasis in Caucasian patients.?
Our findings support evidence that polymorphisms in
the MIF—-173*C allele confer an increased risk of
susceptibility to the more severe or extensive forms of
AA in the Japanese population, especially in early-onset
disease subtypes. Since these cytokine-related alleles are
clearly associated with AA, our present study further
implicates a vital role of MIF in the pathogenesis of AA.

Materials and methods

Patients and controls

SALT scores were used to subdivide the severity of AA,
and we defined more than 50% hair loss of the scalp
(SALT score Si;-5;) as extensive AA in this study.”
Peripheral blood samples were obtained, with informed
consent, from 113 Japanese patients with extensive AA
recruited from dermatology clinics in Hokkaido Uni-
versity, Sapporo, Japan. The age range was 5-76 years
(mean 32.2) and included 40 male and 73 female subjects.
All subjects gave written, informed consent for enroll-
ment in the study and all associated procedures. The
Ethics Committee of the Hokkaido University School of
Medicine approved this study. AA multiplex patients can
involve more than 50% hair loss of the scalp (SALT score,
S; and 5,). Six ophiasis type AA patients were included
in this group. In more severe disease cases, the alopecia
can progress to complete loss of all hair on the scalp, AT,
or further to cause a complete loss of all body hair, AU
(SALT score, Ss). Clinical information was updated at
follow-up examinations. No family history of extensive
AA (SALT score, S;~S;) was observed. We also divided
the AA patients into two subgroups on the basis of age of
disease onset, as previously described.” DNA samples
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from healthy controls were also obtained from 194
consecutive blood samples (aged 18-72 years, mean age
41.6 years; 115 male and 79 female subjects). Concomi-
tant autoimmune diseases including thyroid diseases,
and atopic dermatitis patients diagnosed according to
the criteria of Hanifin and Rajika®” were excluded in this
study.

Screening for MIF polymorphism

For each individual, we genotyped the —173G/C
promoter polymorphisms using the assay that combines
kinetic (real-time quantitative) polymerase chain reaction
(PCR) with allele-specific amplification in which primers
were designed®® (Primer Express software; PE Applied
Biosystems, Foster City, CA, USA) to specifically amplify
either the —173G or —173C allele in separate PCRs
(-173G forward primer, 5-CCGCCAAGTGGAGAA-
CAGG-3'; —173C forward primer, 5-CCGCCAAGTGGA
GAACAGC 3'; —173G reverse primer, 5-GGCGCACCG
CTCCAAC-3; —173C reverse primer, 5-GGCGCACCGC
TCCAAG-3'). The PCR products were detected using the
ABI 7700 Sequence Detection System with a dsDNA-
specific fluorescent dye SYBR Green ! (PE Applied
Biosystems). For typing of the CATT tetranucleotide
repeat polymorphism beginning at —794, DNA was
amplified by PCR using a carboxyfluorescein-labeled
reverse primer (forward primer, 5-TGCAGGAACCAA
TACCCATAGG-3/; reverse primer, 5-AATGG
TAAACTCGGGGAC-3). The PCR products were
separated by electrophoresis through a performance-
optimized polymer-4 gel using an ABI 310 DNA
sequencer (PE Applied Biosystems). For each individual,
allele sizes were calculated using the Genescan Analysis
computer program (PE Applied Biosystems).

Luciferase reporter gene assay

Two plasmids were constructed, corresponding to the
three prevalent haplotypes: G/5-CATT and C/7-CATT as
previously described.?”” The human T-lymphoblast cell
line, CEMCY7 cell, was obtained from the Health Science
Research Resources Bank (Osaka, Japan). CEMC7 cells
(1 x10°) were then transfected with 0.1ug of one of the
three constructs and 0.1 pug of pRL-TK vector, an internal
control for monitoring transfection efficiency. After 24 h,
we measured luciferase activity using the Dual-Lucifer-
ase Reporter Assay System (Promega, Tokyo, Japan).

Statistical analysis

The association of MIF promoter polymorphisms was
measured using an OR with 95% CI, as estimates of
relative risk for development of AA. The —794[CATT]s.
genotypes were combined into three categories: 5, 5
genotype; 5, X genotypes; and X, X genotypes (allele X
represents any allele other than five repeats of CATT).
ORs were adjusted for sex and age. These analyses were
conducted using the SYSTAT program (SPSS Inc.). We
used the Hardy-Weinberg equilibrium program to
compare observed numbers of genotypes with the
numbers of genotypes expected under the normal
Hardy-Weinberg equilibrium.? To evaluate linkage
disequilibrium between —~173G/C and —794CATT repeat
polymorphisms, we used the haplo.em function in the
Haplo.Stats program, which calculated the likelihood
ratio statistic for linkage equilibrium by estimating haplo-
type frequencies. Haplotype analysis was conducted



using the haplo.score function in the Haplo.Stats
program to test statistical association between the MIF
haplotypes and AA, which performed adjustment for
covariates and computation of simulation P-values for
each haplotype* All reporter gene data points were
represented as the mean+s.em. results of multiple,
independent experiments. Differences were tested by the
Student’s t-test and were considered statistically sig-
nificant at P<0.05.
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Abstract: We have previously shown that human epidermal keratino-
cytes express macrophage migration inhibitory factor (MIF) mRNA,
and immunohistochemical studies showed that MIF is expressed in
human epidermis. To explore the possible pathophysiological roles of
MIF in skin during rat fetal development, we examined the expression
patterns of MIF during rat epidermal development using Northern blot
analysis and in situ hybridization. Expression of MIF mRNA was first
detected by in situ hybridization in the developing epidermis and hair
germ cells from embryonic day (ED) 16. From ED 19, moderate levels
of MIF expression were detected in the epidermis and epithelial sheath
cells of growing hair follicles. In postnatal rat skin, higher MIF
expression was detected in the epidermis and hair follicles on postnatal
day 3. These observations were also confirmed by Northern blot
analysis. Immunohistochemical analysis with an anti-MIF antibody
showed a similar distribution to that of the mRNA. Our results suggest
that MIF is associated with epidermal and hair follicle development.

Tadamichi Shimizu', Akihiko
Ogata’, Ayumi Honda', Jun
Nishihira®, Hirokazu Watanabe!,
Riichiro Abel, Yunan Zhao' and
Hiroshi Shimizu'

"Department of Dermatology, Hokkaido
University Graduate School of Medicine,
Sapporo, Japan;

2Department of Neurology, Hokkaido University
Graduate School of Medicine, Sapporo, Japan;
SGeneticLab Co., Ltd. Sapporo, Japan

Key words: development — in situ
hybridization — macrophage migration inhibitory
factor — rat

Tadamichi Shimizu

Departments of Dermatology

Hokkaido University Graduate School of
Medicine

Sapporo 060-8638

Japan

Tel.: +81117161161x5962

Introduction

Macrophage migration inhibitory factor (MIF),
which was originally identified as a lymphokine
attractant for macrophages at inflammatory loci,
is a potent activator of macrophages and is
thought to play an important role in cell-mediated
immunity (1). MIF was reportedly mainly
expressed in T lymphocytes and macrophages;
however, current studies revealed that this protein
is ubiquitously expressed in various cells (2,3).
Recently, it was reported that endotoxin treatment
affects the expression of MIF protein and mRNA
in various rat tissues (4). To date, MIF responses
to stimuli such as wounding and infection are
thought to contribute to the regulation of inflam-
matory and immunological tissue repair (1,4). In a
previous study, we have shown using reverse

Abbreviations: ED, embryonic days; MIF, macrophage migration inhi-
bitory factor; PD, postnatal days.
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transcription-polymerase chain reaction analysis
that human epidermal keratinocytes express MIF
mRNA, and our immunohistochemical studies
showed that MIF is expressed in the human epi-
dermis, especially within the basal layer (5).
Although the pathophysiological function(s) of
MIF in skin remains ambiguous, the fact that
MIF is produced by keratinocytes points to a likely
biological relevance in cutaneous inflammatory
responses and cell growth and differentiation. To
explore the possible pathophysiological roles of
MIF in skin, we have examined the expression of
MIF mRNA during rat fetal development using
Northern blot analysis and in situ hybridization.

Materials and methods
Animals

Fischer rats, used in this study, were purchased from Nippon
Clea (Shizuoka, Japan). Embryos were obtained from
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pregnant rats at embryonic days (ED) 13, 16, and 19. They
were rinsed briefly with 4% paraformaldehyde in 0.1 M
phosphate buffer (PB) (pH 7.4) and fixed in the same solu-
tion at 4°C overnight. In addition, postnatal day (PD) 3 rats
were used. Under ether anesthesia, they were perfused with
4% paraformaldehyde in 0.1 M PB (pH7.4) and then fixed
with solution at 4°C overnight.

Northern blot analysis

Total cellular RNA was isolated from the skin (epidermis plus
dermis) of rats at ED 16, 19, and PD 3 using an [sogen extrac-
tion kit (Nippon Gene, Toyama, Japan) according to the manu-
facturer’s protocols. Northern blot analysis was carried out as
previously described (6). In brief, RNA (20 mg) was separated
by electrophoresis on agarose gels containing 0.6 M formalde-
hyde and blotted onto nylon membrane filters. Hybridization
was carried out with a rat MIF cDNA probe, radiolabeled with
[¢-*2P]dCTP by use of a random primer labeling kit. The hybrid-
ization was performed in a solution containing the radiolabeled
rat MIF c¢cDNA probe, 50% formamide, 0.75M NaCl, 0.1%
sodium dodecyl sulfate (SDS), 20mM Tris-HCl (pH7.5),
2.5mM ethylenediaminetetraacetic acid (EDTA), 0.5x
Denhardt’s solution (1x Denhardt’s solution: 2.5 mM EDTA,
0.5x albumin, 0.2% polyvinylpyrolidone, 0.2% Ficoll), and
10% dextran sulfate at 42°C overnight. After hybridization,
the filters were washed with 0.2x standard saline citrate (SSC)
(Ix SSC: 0.15M NaCl, 0.015M sodium citrate), 0.1% SDS at
65°C and subjected to autoradiographic analysis. As a control,
the filters were probed with radiolabeled glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). Hybridization signals
were digitized and quantified with MCID Image Analyzer
(Fuji Film, Tokyo, Japan). The density of MIF bands was
normalized by the intensities of GAPDH.

In situ hybridization

A Digoxigenin (DIG)-labeled RNA probe complementary to the
rat MIF mRNA was prepared using DIG RNA labeling kit
(Boehringer Mannheim, St. Louis, MO, USA) as previously
described (7). To prepare the template DNA for the rat MIF
probe, the full-length sequence was subcloned into pBluescript
SK(-) plasmid. This plasmid was either linearized with EcoRI and
transcribed with T7 RNA polymerase to prepare an antisense
probe or linearized with Hind III and transcribed with T3 RNA
polymerase to prepare a sense probe. Using this probe, hybridiza-
tion was carried out as previously described by Hirota et al. (8). In
brief, slides (the skin of rats at ED 13, 16, 19, and PD 3) were
hydrated and digested with 10 ug/ml protease K (Sigma, Tokyo,
Japan) after deparaffinization. They were fixed with 4% parafor-
maldehyde in 0.1 M PB. Then, they were treated with 0.2 M HCIl
to inactivate endogenous alkaline phosphatase and were acety-
lated by 0.25% acetic anhydride in 0.1 M triethanolamine
(pH 8.0). Following dehydration under air, they were incubated
in hybridization buffer at 50°C overnight in a moistened chamber.
The hybridization solution contained 50% deionized formamide,
10 mM Tris-HC1 (pH 7.6), 200 pg/ml tRNA, 1x Denhardt’s solu-
tion, 10% dextran sulfate, 600 mM NaCl, I mM EDTA pH 8.0,
and 1 pg/mlof the RNA probe. Following this, slides were washed
with 5x SSC(1x SSC: 0.15M NacCl, 0.015M sodium citrate) and
then with 2x SSC, 50% formamide at 50°C. After the treatment
with RNase A, the sections were blocked with a 1% blocking
reagent (Boehringer Mannheim) and treated with anti-DIG anti-
body conjugated with alkaline phosphatase diluted to 1:500
(Boehringer Mannheim) at room temperature for 1h. Nitroblue
tetrazolium chloride and 5-bromo-4chloro-3-indolyl phosphate
were used to visualize any positive signal. As a negative control,
hybridization was also performed using a sense probe.
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Immunohistochemistry

A polyclonal anti-rat MIF antibody was generated by immuniz-
ing New Zealand white rabbits with purified recombinant rat
MIF as described previously (6). Rat skin of 13, 16, and 19 ED,
and PD 3 was embedded in Tissue-Tek OCT Compound and
snap frozen in liquid nitrogen and stored at —~80°C. The {rozen,
embedded tissues were cut into 4-pm sections which were col-
lected to slides and fixed in acetone for 10 min at room tem-
perature. They were stained using an avidin-biotin peroxidase
complex procedure using a Vector ABC Kit according to the
manufacturer’s protocol. In brief, the sections were incubated
overnight at 4°C with the anti-rat MIF antibody (1:500 dilu-
tion). After three washes with phosphate-buffered saline (PBS),
the samples were treated with biotinylated goat anti-rabbit
immunoglobulin G (IgG) (Cell Signaling Technology, Inc.,
Beverly, MA, USA)(10 pg/ml) in PBS containing 1% bovine
serum albumin and 0.05% NalN; for 30 min at 37°C. The slides
were washed three times with PBS and were incubated with
peroxidase-conjugated streptavidin (100 pg/ml) in PBS at
room temperature for 30 min. The reaction was developed in
3,3-diaminobenzidine tetrahydrochloride containing hydrogen
peroxide (0.01%), and the tissue samples were mounted in
alkylacrylate. Non-immune rabbit [gG was used as a negative
control.

Results

Mild expression of MIF mRNA was first detected
at ED 16 in the developing epidermis and develop-
ing hair germs (Fig. la). Mesenchymal cells in the
dermis also expressed MIF mRNA. ED 13 samples
failed to show MIF mRNA expression in the devel-
oping epidermis (data not shown). From ED 19
onwards, moderate MIF mRINA-expression levels
were detected in the developing epidermis and
epithelial hair follicle sheath cells (Fig. 1b,c).
Sense RNA probes (negative control) showed no
MIF mRNA expression in the epidermis (Fig. 1d).
Immunohistochemical analysis with anti-MIF anti-
body at ED 13 failed to show staining in developing
skin (data not shown). At ED 16, the anti-MIF
antibody showed weak staining in the developing
epidermis (Fig. le) and moderate staining in the
epidermis and hair follicles at ED 19 (Fig. 1f).
Non-immune I[gG (negative control) failed to
show any skin staining at ED 19 (Fig. 1g). In rat
skin at PD 3, high expression of MIF mRNA was
detected in the epidermis (Fig. 2a), and consistent
expression was detected in the hair follicles
(Fig. 3b). Immunohistochemical analysis with
anti-MIF antibody at PD 3 showed a similar dis-
tribution to that seen in the in sifu hybridization
analysis (Fig. 2c). Northern blot analysis showed
that MIF mRNA could be faintly detected in ED
16 skin (Fig. 3). MIF mRNA was up-regulated by
ED 19 and was clearly detected in PD 3 skin
(Fig.3). Tablel summarizes the MIF mRNA
expression patterns in developing rat skin.
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Figure 1. Expression of macrophage migration inhibitory factor
(MIF) mRNA and protein in the embryonic stage. In situ
hybridization using Digoxigenin (DIG)-labeled antisense MIF
RNA probe on rat embryo skin sections. On embryonic day
(ED) 16, MIF mRNA was first detected in the developing
epidermis and hair germs {arrow head) (a). Mesenchymal cells
in the dermis also expressed MIF mRNA. On ED 19, the
mRNA signal was moderate in both the epidermis (b) and the
hair follicles (arrow head) (c). Negative control sections incu-
bated with the DIG-labeled sense MIF RNA probe failed to
show any staining in skin at ED 19 (d). An immunohistochem-
ical study using ED 16 rat skin with the anti-MIF polyclonal
antibody showed less MIF staining in the developing epidermis
(e). At ED 19, MIF was moderately stained in the epidermis
and hair follicles (arrow head) (f). Non-immune immunoglobu-
lin G showed no skin staining at ED 19 (g). Bar =50 pm.

Discussion

MIF was the first lymphokine reported to pre-
vent the random migration of macrophages and
recruit them to inflammatory loci (9). MIF has
long been considered as exclusively expressed in
activated T lymphocytes; however, it is now clear
that a variety of cells and tissues have the poten-
tial to produce this immunoregulatory protein.
From these findings, novel immunological and
hormonal MIF functions have been reported
including those in the skin (10). Bernhagen et al.
(11) reported that the administration of neutral-
izing anti-MIF antibodies in mice significantly
inhibited the development of delayed-type hyper-
sensitivity reactions, affirming the central role of
MIF in the immunological response. MIF also
counteracts the anti-inflammatory actions of the
glucocorticoids (12) and plays an essential role in
T-cell activation (13). Recently, we have identi-
fied the involvement of MIF in cutaneous wound
healing (14,15). We found that MIF is critical for
cutaneous inflammatory reactions and immune
responses in the defense against ultraviolet B

MIF developmental expression

exposure (16). The two MIF-related protein of
the S100 family are also expressed in epithelial
cells under inflammatory conditions (17). These
findings together suggest that MIF plays a criti-
cal role in skin inflammation and immunity.
The present study is the first report describing
the expression of MIF during skin development.
It is known that the epidermis is simple in its
structure before ED 13.5 in the rat and that the
embryonic epidermis becomes stratified after ED
16 (18). MIF mRNA expression was first detected
in the developing epidermis at ED 16, indicating
that MIF may be important for epidermal devel-
opment. High MIF mRNA-expression levels
were also detected in mesenchymal cells in the
dermis at ED 16 and 19. It has been reported
that ED 16 mesenchymal cells are able to induce
greater numbers of hair bulbs than ED 14

50 um

Figure 2. Expression of macrophage migration inhibitory factor
(MIF) mRNA and protein in postnatal rat skin. At postnatal
day (PD) 3, MIF mRNA signal was strikingly expressed in the
epidermis of the skin (a). The MIF mRNA signals were also
highly expressed in hair follicles (arrow head) (b). An immuno-
histochemical study using PD 3 rat skin with the anti-MIF
polyclonal antibody showed a similar distribution in the epider-
mis to that of the in situ hybridization (arrow indicate the
epidermal basal layer) (c). Bar = 50 um.
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Figure 3. Northern blot analysis of macrophage migration inhi-
bitory factor (MIF) mRINA in embryonic day (ED) 16, 19, and
postnatal day (PD) 3 skin. Whole skin (epidermis plus dermis) was
subjected to Northern blot analysis as described in the Materials
and methods section. The densities of MIF bands were normalized
to the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) sig-
nals. MIF mRNA was first detected on ED 16 skin. MIF mRNA
was markedly up-regulated on PD 3 skin.

mesenchymal cells (19). These observations are
consistent with the timing of MIF mRINA expres-
sion and support the idea that MIF is also
involved in the generation of dermal cells such
as dermal papilla cells which are able to induce
hair follicle progression and development (20). In
the present study, MIF mRNA expression levels
were detected in the hair germ at ED 16 at the
start of hair bud formation.

MIF is expressed in highly proliferative tissues
such as the corneal epithelium (21), osteoblasts
(22), leukemia cells (23), and the early embryonic
chicken lens (24). Expression of MIF in rat brain
during fetal development was examined using in
situ hybridization (7). It is hypothesized that MIF
expression may be involved in the generation of
both neurons and glial cells (7). Besides the central
nervous system, MIF may play an important role
in the development of the chicken lens in the eye,

Table 1. Summary of macrophage migration inhibitory factor mRNA expres-
sion in developing rat skin

Stage Epidermis Hair follicle
ED 13 - -

ED 16 + -

ED 19 + +

PD 3 ++ ++

-, negative; -+, positive; ++, strongly positive; ED, embryonic day; PD,
postnatal day.
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where MIF mRNA expression correlates with dif-
ferentiation of lens cells (24). Moreover, MIF
mRNA was also expressed in ovulated ooctyes,
zygotes, the two-cell embryo, eight-cell embryo
stages, and blastocysts (25). Conversely, targeted
disruption of the MIF gene in mice causes no
detectable developmental abnormalities (26,27).
However, morpholino oligomer-mediated knock-
down of MIF caused a severely altered phenotype,
which demonstrated that MIF is an essential factor
in Xenopus embryogenesis, and suggested the
importance of mammalian MIF in the develop-
ment of mammals (28). A detailed MIF expression
pattern during mouse embryogenesis was also
reported (29). The report suggests the involvement
of MIF in the development of various tissues,
although skin development was not proposed
(29). Although the precise molecular function of
MIF in skin development remains to be elucidated,
these findings support the general idea that signifi-
cant MIF expression may be directly or indirectly
associated with the development of epidermis and
hair follicles.

Acknowledgements

This research was supported by a Grant-in-Aid for research
(No. 11670813 and 13357008) from the Ministry of Education,
Science, and Culture of Japan. We thank Dr James
R. McMillan for proofreading this manuscript.

References

1. Calandra T, Bernhagen J, Mitchell R A, Bucala R. The
macrophage is an important and previously unrecog-
nized source of macrophage migration inhibitory factor.
J Exp Med 1994: 179: 1895-1902.

2. Lanahan A, Williams J B, Sanders L. K, Nathans D.
Growth factor-induced delayed early response genes.
Mol Cell Biol 1992: 12: 3919-3929.

3. Imamura K, Nishihira J, Suzuki M et al. Identification
and immunohistochemical localization of macrophage
migration inhibitory factor in human kidney. Biochem
Mol Biol Int 1996: 40: 1233-1242.

4. Bernhagen J, Calandra T, Mitchell R A et al. MIF is a
pituitary-derived cytokine that potentiates lethal endo-
toxaemia. Nature 1993: 365: 756-759.

5. Shimizu T, Ohkawara A, Nishihira J, Sakamoto W.
Identification of macrophage migration inhibitory fac-
tor (MIF) in human skin and its immunohistochemical
localization. FEBS Lett 1996: 381: 188-202.

6. Suzuki T, Ogata A, Tashiro K et al. A method for
detection of a cytokine and its mRINA in the central
nervous system of the developing rat. Brain Res Brain
Res Protoc 1999: 4: 271-279.

7. Suzuki T, Ogata A, Tashiro K, Nagashima K, Tamura
M, Nishihira J. Augmented expression of macrophage
migration inhibitory factor (MIF) in the telencephalon
of the developing rat brain. Brain Res 1999: 16: 457-462.

— 190 —



11.

12.

13.

14.

15.

16.

17.

18.

Hirota S, Ito A, Morii E et al. Localization of mRNA
for c-kit receptor and its ligand in the brain of adult
rats: an analysis using in site hybridization histochem-
istry. Brain Res Mol Brain Res 1992: 15: 47-54.
Bloom B R, Bennett B. Mechanism of a reaction in vitro
associated with delayed-type hypersensitivity. Science
1966: 153: 80-82.

. Shimizu T. Role of macrophage migration inhibitory

factor (MIF) in the skin. J Dermatol Sci 2005: 37: 65-73.
Bernhagen J, Bacher M, Calandra T et al. An essential
role for macrophage migration inhibitory factor in the
tuberculin delayed-type hypersensitivity reaction. J Exp
Med 1996: 183: 277-282.

Calandra T, Bernhagen J, Metz C N et al. MIF as a
glucocorticoid-induced modulator of cytokine produc-
tion. Nature 1995: 377: 68-71.

Bacher M, Metz C N, Calandra T et al. An essential
regulatory role for macrophage migration inhibitory
factor in T-cell activation. Proc Natl Acad Sci USA
1996: 93; 7849-7854.

Abe R, Shimizu T, Ohkawara A, Nishihira J.
Enhancement of macrophage migration inhibitory fac-
tor (MIF) expression in injured epidermis and cultured
fibroblasts. Biochim Biophys Acta 2000: 1500: 1-9.
Shimizu T, Nishihira J, Watanabe H et al. Macrophage
migration inhibitory factor (MIF) is induced by throm-
bin and factor Xa in endothelial cells. J Biol Chem 2004:
279: 13729-13737.

Shimizu T, Abe R, Ohkawara A, Nishihira J.
Ultraviolet B radiation up-regulates the production of
macrophage migration inhibitory factor (MIF) in
human epidermal keratinocytes. J Invest Dermatol
1999: 112: 210-215.

Leukert N, Sorg C, Roth J. Molecular basis of the
complex formation between the two calcium-binding
proteins SI00A8 (MRP8) and S100A9 (MRP14). Biol
Chem 2005: 386: 429-434.

Oomizu S, Sahuc F, Asahina K et al. Kdap, a novel
gene associated with the stratification of the epithelium.
Gene 2000: 256: 19-27.

- 191 —

19.

20.

21.

22.

23.

24.

25.

26.

21.

28.

29.

MIF developmental expression

Osada A, Kobayashi K. Appearance of hair follicle-
inducible mesenchymal cells in the rat embryo. Dev
Growth Differ 2000: 42: 19-27.

O’Shaughnessy R F, Christiano A M, Jahoda C A. The
role of BMP signalling in the control of ID3 expression
in the hair follicle. Exp Dermatol 2004: 13: 621-629.
Matsuda A, Tagawa Y, Matsuda H, Nishihira J.
Expression of macrophage migration inhibitory factor
in corneal wound healing in rats. Invest Ophthalmol Vis
Sci 1997: 38: 1555-1562.

Onodera S, Suzuki K, Matsuno T, Kaneda K,
Kuriyama T, Nishihira J. Identification of macrophage
miigration inhibitory factor in murine neonatal calvariae
and osteoblasts. Immunology 1996: 89: 430—435.
Nishihira J, Koyama Y, Mizue Y. Identification of
macrophage migration inhibitory factor in human leu-
kemia HL-60 cells and its induction by lipopolysacchar-
ide. Biochem Mol Biol Int 1996: 40: 861-869.

Wistow G J, Shaughnessy M P, Lee D C, Hodin J,
Zelenka P S. A macrophage migration inhibitory factor
is expressed in the differentiating cells of the eye lens.
Proc Natl Acad Sci USA 1993: 90: 1272-1275.

Suzuki H, Kanagawa H, Nishihira J. Evidence for the
presence of macrophage migration inhibitory factor in
murine reproductive organs and early embryos.
Immunol Lett 1996: 51: 141-147.

Bozza M, Satoskar A R, Lin G et al. Targeted disrup-
tion of migration inhibitory factor gene reveals its
critical role in sepsis. J Exp Med 1999: 189: 341-346.
Honma N, Koseki H, Akasaka T et al. Deficiency of the
macrophage migration inhibitory factor gene has no
significant effect on endotoxaemia. Immunology 2000:
100: 84-90.

Suzuki M, Takamura Y, Maeno M et al. Xenopus laevis
macrophage migration inhibitory factor is essential for
axis formation and neural development. J Biol Chem
2004: 279: 21406-21414.

Kobayashi S, Satomura K, Levsky J M et al. Expression
pattern of macrophage migration inhibitory factor dur-
ing embryogenesis. Mech Dev 1999: 84: 153-156.

823



Available online at www.sciencedirect.com

SGIENOE(JDIREOT'

Colloids and Surfaces A: Physicochem. Eng. Aspects xxx (2005) Xxx-Xxx

COLLOIDS
AND
SURFACES

www.elsevier,conmvlocate/colsurfa

Effect of honeycomb film on protein adsorption,
cell adhesion and proliferation

Hiroshi Sunami®*, Emiko Ito®, Masaru Tanaka®®,
Sadaaki Yamamoto®®, Masatsugu Shimomura®-°
® Creative Research Initiative “Sousei” (CRIS), Hokkaido University, Hokkaido, Japan

b CREST, Japan Science and technology Corporation (JST), Japan
¢ Nanotechnology Research Center, Research Insiitue for Electronic Science, Hokkaido University, Hokkaido, Japan

Received 1 November 2005; received in revised form 8 November 2005; accepted 10 November 2005

Abstract

This article describes novel methods for controlling of cell adhesion by using micro porous polymer films. Recently we found the highly ordered
micro porous films were formed when poly(e-caprolactone) (PCL) solution was cast on substrates at high atmospheric humidity. The micro porous
film has regular honeycomb morphology with a size of 5 um per cell (honeycomb film). Endothelial cells grew rapidly on the honeycomb film.
After 24 h cell culture, the cell number on honeycomb films was lager than that on PCL fiat films. Tn order to elucidate the effect of honeycomb
films as a scaffold for cell culture, the adsorbed proteins on honeycomb films under cell culture condition were observed. After conditioning
of the honeycomb film and the flat film in DMEM containing 10% foetal bovine serum (FBS) for 72h at 37C in 5% CO, atmosphere, the
adsorbed fibronectin-FITC and albumin-Texasred on the honeycomb films was observed by using confocal laser scanning microscope (CLSM).
The observation revealed that fibronectin showed site-selective adsorption behavior on the honeycomb film. Albumin adsorbed on the honeycomb
film non site-selectively, while fibronectin mainly adsorbed on inside of honeycomb pores. On the flat film, fibronectin was hardly observed. Since
the honeycomb film accelerate the adsorption of fibronectin which is a typical protein as a cell adhesion molecule, the film could be a scaffold with

excellent cell adhesion properties.
© 2005 Elsevier B.V, All rights reserved.

Keywords: Honeycomb film; Cell adhesion; Cell proliferation; Fibronectin; Tissue engineering; Self-organization

1. Introduction

Cell behaviors such as growth, apoptosis and differentiation
are controlled by micro-patterned cell adhesive surface [1-3].
Therefore, micro-patterning of cell adhesive regions attracts
much attention. A large number of methods for preparing micro-
patterned cell adhesive surface have been developed by pho-
tolithography and related techniques [1-18],

We have reported that micrometer size patterned polymer film
(honeycomb film) can be prepared by self-organization [19].
The honeycomb film possessing a hexagonal array of micro-
pores could be obtained by solution casting of various types
of polymers on a solid substrate in @ humid atmosphere, This
method is simple and does not require special instrumentation

* Corresponding author. Tel.; +81 11 706 9255
E-mail address: sunami@poly.es.hokudai.ac.jp (H. Sunami).

0927-7757/% ~ see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.colsurfa.2005.11.041

in comparison with the photolithography method. Recently, we
reported that honeycomb film could be utilized for the micropat-
terned cell culture substrate [20-22]. The honeycomb film can
modulate cell adhesion and concomitant behavior such as mor-
phological change and expression of cell function [23-26]. In-
order to elucidate the effect of honeycomb films as a scaffold for
cell culture, the adsorbed proteins on honeycomb films under cell
culture condition were observed. Since adsorption of proteins on
substrates is thought to be an initial process for cell adhesion and
growth, it is important to reveal the protein adsorption on hon-
eycomb film. In this research, adsorbed proteins on honeycomb
films were determined by immunostaining, and their topological
structure were observed by confocal laser scanning microscopy.

2. Experiment

The honeycomb film was fabricated by applying a moist
air to a spread polymer solution containing biodegradable

COLSUA-13484; No. of Pages 4
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Fig. 1. SEM image of honeycomb film (PCL, pore size 5 jum).

polymers (poly(e-caprolactone) (PCL)) 1 and an amphiphilic
polymer (co-carboxyhexyl acrylamide (CAP)) 2 (10:1 wt.%)
(Scheme 1). A chloroform solution (§ mg/ml) containing PCL
(MW =70,000-100,000) and CAP (MW =20,000) were used.
Evaporative cooling lead to the formation of hexagonally-
packed water droplets on the polymer solution. The honeycomb
structure with pore diameter of 5 um and a wall thickness of
8 um was prepared on disk-type cover grass (& 15 mm) (Fig. 1).
Flat films made from the same materials, were prepared as a
reference. These honeycomb films and flat films were immersed
in 1-propanol for 12 min to remove the CAP.

After conditioning (pre-incubation) of the honeycomb films
and the flat films in Dulbecco’s modified Eagle’s minimal

essential medium (DMEM; SIGMA Co. Ltd, St. Louis, MO,
USA) supplemented with 10% heat-inactivated fetal bovine
serum (FBS; Thermo Trace Ltd., Melbourne, Australia) and 1%
Penicillin—-Streptomycin (Gibco; Grand Island, NY, USA) for
72hat37 °Cin 5% CO; atmosphere, adsorbed fibronectin-FITC
and albumin-Texas red on the honeycomb films was observed
in PBS by using confocal laser scanning microscope (FV-300,
Olympus. Co., Tokyo, Japan). Fibronectin and albumin in the
FBS previously were immunostained by anti-fibronectin FITC
conjugate (Biogenesis Ltd., UK) and anti-albumin Texas red
conjugate (Rockland immunochemicals, Inc., USA).

Porcine aortic endothelial cells (ECs, passage 2) were pur-
chased from DAINIPPON PHARMACEUTICAL Co., Ltd. The
honeycomb films and the flat films were insert to 24-well plates
(IWAKI Microplate; IWAKI Glass Co., Funahashi, Japan). The
ECs were used at passage 6 to seed the 24-well plate at a
concentration of 1.5 x 10% cells/cm? (cells/ml) in 1 mI DMEM
supplemented with 10% FBS and 1% Penicilli-Streptomycin.

Honeycomb film

Flat film

0 5 10 15
Cell number [x10%]

Fig. 3. Number of ECs on honeycomb film and on flat film after 24 h incubation.

Fig. 2. Fluorescence images of adsorbed protein after 72 h conditioning on flat film and on honeycomb film. Green points are adsorbed fibronectin. Red points are

adsorbed albumin.
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Fig. 4. (a) Superposition image between differential interference image of honeycomb film and immnostained vinculin of EC on the honeycomb film. Comparison
of focal adhesion points of EC between on (b) honeycomb film and (c) flat film. White dots are outline of an EC. Red points are immnostained vinculin cluster (Alexa

Fluor 546).

After 24 h the ECs culture, the number on the each substrate
was evaluated with the Cell Proliferation Reagent WST-1 (F.
Hoffmann-La Roche Ltd., Basel, Switzerland). All cell cul-
tures were maintained in a humidified incubator at 37°C in 5%
C0,/95% air.

After 24 h on the substrates, cells were washed with PBS and
fixed with 10% formalin in PBS for 10 min, The cells were made
permeable with 1% Triton-X for 30 min, washed with 0.05% T-
PBS for § min, and incubated with a 1:100 dilution of mouse
anti-vinculin monoclonal antibody (CHEMICON international,
Inc., Temecula, CA, USA), respectively, for 90 min at 37°C,
After washed with 0.05% T-PBS for 5 min, the cells were labeled
with a 1:1000 dilutions of Alexa Fluor 546 rabbit anti-goat IgG
(Molecular Probes, Inc., Eugene, OR, USA) in PBS for 60 min at
37°C. The cells were visualized with the confocal laser scanning
microscope (FV-300, Olympus. Co., Tokyo, Japan).

3. Results and discussion

After 72h conditioning, the fluorescence images of the
adsorbed fibronectin-FITC and the albumin-Texas red on the
honeycomb films and the flat films are shown in Fig. 2, The
observation revealed that the fibronectins show characteris-
tic adsorption behavior on the honeycomb film, However, the
fibronectins (green points) hardly adsorbed on the flat films,
the large amount of fibronectin adsorbed on the honeycomb
film. Albumin (red points) adsorbed on the honeycomb film non
site-selectively, while fibronectin mainly adsorbed on inside of
honeycomb pores. It should be noted that clearly difference was
observed for the adsorbed fibronectin structure between the hon-
eycomb films and the flat films, although the surface chemical
compositions are the same.

After 24 h incubation, the number of ECs on the honeycomb
film was compared with that of ECs on the flat film (Fig. 3). The
cell number on the honeycomb films was nearly four times lager
than that on the flat films. The honeycomb film is expectedtobe a
good scaffold for an EC culture system, because the honeycomb
film could accelerate the EC proliferation.

The cell proliferation is highly regulated by cell-adhesion
behavior onto biomaterials, Focal adhesion, which plays a cru-
cial role in cell-adhesion behavior, is major cellular sites respon-
sible for celi-protein attachment. The focal adhesion points (vin-

culin cluster) are mainly observed in inside of honeycomb pores
(Fig. 4a). The site-selective distribution of focal adhesion points
indicates that ECs adhere to adsorbed fibronectin molecules in
the honeycomb pores. The morphology of focal adhesion points
was clearly different between the honeycomb film (Fig. 4b) and
the flat film (Fig. 4c¢), it was suggested that the difference of
cell proliferation properties between these films is caused by the
difference of focal adhesion points, The honeycomb film can
control cell adhesion and proliferation by regulating the protein
adsorption. This makes honeycomb film effective cell culture
scaffold with high adhesion properties.

4. Conclusion

We reported that the site-selectively fibronectin adsorbed
honeycomb film plays vital roles in cell adhesion and prolifera-
tion, The honeycomb film was demonstrated influencing cellular
attachment and growth via the site-selective adsorption structure
of fibronectin molecules. Hence, the honeycomb film could be
an excellent scaffold with accelerating properties of cell adhe-
sion and proliferation. These results indicate that a new method
of controlling the protein adsorption, and, ultimately mediat-
ing cell adhesion and cell proliferation by using honeycomb
film.
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