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Abstract Alopecia areata (AA) is a common autoimmune
disease characterized by non-scarring hair loss. Previous
studies have demonstrated an association between AA and
physiological/psychological stress. In this study, we investigat-
ed the effects of heat treatment, a physiological stress, on AA
development in C3H/Hel mice. Whereas this strain of mice are
predisposed to AA at low incidence by 18 months of age, we
observed a significant increase in the incidence of hair loss in
heat-treated 8-month-old C3H/HeJ mice compared with sham-
treated mice. Histological analysis detected mononuclear cell
infiltration in anagen hair follicles, a characteristic of AA, in
heat-treated mouse skin. As expected, increased expression of
induced HSPA1A/B (formerly called HSP701) was detected in
skin samples from heat-treated mice. Importantly, increased
HSPA1A/B expression was also detected in skin samples from
C3H/HeJ mice that developed AA spontaneously. Our results
suggest that induction of HSPA1A/B may precipitate the
development of AA in C3H/HeJ mice. For future studies, the
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Abbreviations

AA Alopecia areata

DC Dendritic cell

DEBR Dundee experimental bald rats

HPA Hypothalamic—pituitary—adrenal

HSP Heat shock protein

HSPA HSP70

HSPA1A/B  Inducible HSP70, HSP70i

MICA Major histocompatibility complex class I
chain-related A

NK Natural killer

Introduction

With a lifetime risk estimated at 1.7%, alopecia areata (AA) is
one of the most common organ-specific autoimmune diseases
(Safavi et al. 1995). AA is non-scarring, and can affect any
hair-bearing region of the body. The most common
presentation of AA is isolated, round areas of complete hair
loss on the scalp without clinical signs of skin inflammation
(Wasserman et al. 2007). Increasing evidence suggests that
AA is a T-cell mediated disease brought about by a collapse
of the hair follicle’s immune privilege (Paus et al. 2005;
King et al. 2008). In affected areas, anagen (growth phase)
hair follicles show peri- and intra-follicular lymphocytic
infiltrates that include both CD8" and CD4" T lymphocytes
(Perret et al. 1984; Ranki et al. 1984; Paus et al. 2005), with
a predominance of CD8" cells (Bodemer et al. 2000; Gilhar
et al. 2002; Cetin et al. 2009).
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Strong evidence suggests that AA is a multigenic disease
modified by epigenetic factors. Observations in support of a
genetic component include increased familial incidence
among affected patients (Hordinsky et al. 1984; van der
Steen et al. 1992; Green and Sinclair 2000; Duvic et al.
2001; Martinez-Mir et al. 2007; Ahmed et al. 2008) and an
association of AA with several major histocompatibility
complex (MHC) class II alleles (Green and Sinclair 2000;
Martinez-Mir et al. 2007; Barahmani et al. 2008). Alterna-
tively, environmental factors, such as psychological and
physiological stress, have been suggested as a trigger for the
onset and/or exacerbation of AA. A significant correlation
between a preceding acute stressful life event and the
development of AA has been reported in both adults and
children (Garcia-Hernandez et al. 1999; Kakourou et al.
2007; Manolache and Benea 2007; Willemsen et al. 2009).
In addition, AA has been associated with conditions that may
activate cellular stress responses, such as exposure to
chemicals (Roselino et al. 1996), increased lipid peroxidation
and alterations in the oxidant-antioxidant enzymatic system
(Akar et al. 2002; Koca et al. 2005), and recent Epstein—Barr
virus infections (Rodriguez and Duvic 2008).

Animal models have greatly advanced our understanding
of AA. The C3H/HeJ inbred mice develop spontaneous hair
loss that mimics human AA both grossly and histologically,
and are the most widely used rodent model in the
investigation of the pathogenesis and genetics of AA
(Sundberg et al. 1994; McElwee and Hoffmann 2002; Sun
et al. 2008). Phenotype typically manifests as multiple
patches of spontaneous hair loss on the scalp and dorsal
pelage. Histologically, peri- and intra-follicular mononucle-
ar cell infiltrates are present in anagen hair follicles
(Sundberg et al. 1994; Sun et al. 2008). The frequency of
AA-like phenotype in these mice can reach up to 20% by
18 months of age (Sundberg et al. 1994; McElwee and
Hoffmann 2002). Although genetically identical, variability
in time of onset, incidence, and extent of AA in the inbred
C3H/HelJ mice is indicative of epigenetic factors that may
affect susceptibility to AA (McElwee and Hoffmann 2002;
McElwee et al. 2003).

In this study, we investigated the effects of heat
treatment, a physiological stress, on AA development in
C3H/HeJ mice. We also examined expression of HSPA1A/B
in heat-treated mice as well as mice that developed AA
spontaneously.

Materials and methods
Mice and treatment

All animal care and use procedures were approved by the
University of Miami Institutional Animal Care and Use
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Committee (IACUC). Retired C3H/He] breeders were
purchased from the Jackson Laboratory (Bar Harbor, ME).
Mice were given rodent chow and water ad libitum. To
ensure that heat was applied evenly, we pre-treated mouse
skin with petrolatum at the site, and subsequently admin-
istered heat using an insulated copper cylinder and tubing
connected to a precision circulating water bath. The copper
cylinder and tubing are wrapped with insulation material so
that the actual temperature of the bottom of the copper
cylinder is less than 0.1°C lower than the set temperature of
the water bath. Eight-month-old mice were heated on the
entire trunk, including dorsal and ventral areas, with 48.5°C
circulating water for 20 min daily for 12 consecutive days,
and 18-month-old mice were heated at the same tempera-
ture and duration once a week for 6 weeks as previously
described (Jimenez et al. 2008). Control mice were sham-
treated with room temperature water. Both groups were
monitored for hair loss throughout the course of treatment.
Eight-month-old C3H/HeJ mice were randomized into two
groups: 35 mice received heat treatment while 40 received
sham treatment. To determine the statistical significance, an
unpaired Student ¢ test was conducted after the last
treatment to evaluate AA frequency between the two
groups.

Histological analysis

Skin samples from the trunk of heat- and sham-treated
mice, as well as areas of hair loss in mice with spontaneous
AA, were collected and fixed in 10% formalin. Paraffin-
embedded sections (5 pm) were stained with hematoxylin
and eosin. The stained slides were subsequently evaluated
using an Axio Observer D1 microscope (Carl Zeiss
Microimaging, Thornwood, NY).

Western blot analysis

Protein extraction and Western blot analysis were carried out
as previously described (Garcia et al. 2006). Briefly, skin
samples (1 cm?) were excised from mice, and subcutaneous
fat was removed. Skin samples were homogenized in lysis
buffer (75 mM of HEPES, 0.5% of Triton X-100, 50 pug/ml
of aprotinin and 100 mM of PMSF) for 1 min. Tissue lysates
were cleared by centrifugation and subjected to SDS-PAGE
and Western blot analysis. Inducible HSP70 (HSPA1A/B,
formerly called HSP70i) was detected using a mouse
monoclonal antibody (Assay Designs, Ann Arbor, MI) and
secondary antibodies conjugated with alkaline phosphatase
and color reaction. Images of the blots were captured and
quantitated with a Bio-Rad digital imaging system and
Quantity One software (Bio-Rad Laboratories, Hercules,
CA). The relative adjusted intensities (ODu/mm?) were
plotted.
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Results
Incidence of AA in heat- and sham-treated C3H/HeJ mice

All C3H/HeJ mice had a normal appearing hair coat upon
arrival to our facility. In the first experiment, we investigated
whether heat treatment, as an external stressor, increased the
incidence of AA. Eight-month-old mice were heated on the
trunk with 48.5°C circulating water for 20 min daily for 12
consecutive days (Jimenez et al. 2008). Control mice were
sham-treated with room temperature water. At the end of
treatment, eight of 35 (23%) heat-treated 8-month-old mice
developed AA, whereas only three of 40 (7.5%) sham-treated
mice developed AA (Fig.1a). The increase in the incidence
of AA in the heat-treated group was statistically significant
(»<0.0001). We also heat- or sham-treated 18-month-old
mice once a week for 6 weeks (Jimenez et al. 2008). Similar
hair loss pattern was observed in heat-treated mice and mice
that developed AA spontaneously (Fig. Ic and d).

Among the mice that developed alopecia after heat
treatment, alopecia was observed in the trunk area that was
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Fig. 1 a Development of alopecia areata in 8-month-old C3H/HeJ mice
upon heat treatment once daily for 12 consecutive days. Number of heat-
treated mice=35; number of sham-treated mice=40. The percentages of
mice with AA are shown for heat- and sham-treated mice (p<0.0001). b—d
Heat-induced alopecia areata in an 18-month-old C3H/HeJ mouse after
six weekly heat treatment on the trunk (¢) compared with a sham-treated
mouse (b) and a mouse that developed AA spontaneously (d)

treated with heat (Fig. 1¢). Additionally, 50% of these mice
developed alopecia in areas not exposed to heat (data not
shown). Among the three 8-month-old mice that developed
alopecia after sham treatment, hair loss was observed in the
ventral and dorsal skin and scalp (data not shown). AA in
heat-treated mice was confirmed histologically by the
presence of mononuclear cell infiltrates in anagen hair
follicles, similar to AA that developed spontaneously
(Fig. 2c-f). Age- and location-matched sham-treated skin
sections from mice that did not develop AA lacked
inflammatory infiltrates (Fig. 2a and b). These results suggest
that AA ensued from heat treatment is similar to AA that
developed spontaneously in C3H/He] mice. In addition,
these results demonstrated that heat treatment may signifi-
cantly increase the incidence of AA in genetically susceptible
C3H/Hel mice, as well as induce AA in much younger mice
(eight months old versus 18 months old).

HSPA1A/B expression in C3H/Hel mice

In the second experiment, we compared HSPA1A/B (induc-
ible HSP70, HSP70i) expression in heat-treated mice with
and without AA with sham-treated control mice with no AA,
as well as mice that developed AA spontaneously. HSPA1A
and HSPAIB are two of the most heat-inducible HSPs
(Kampinga et al. 2009). Since we cannot predict whether an
8-month-old non-phenotypic mouse will develop AA

Fig. 2 Histological analysis of skin sections stained with hematoxylin
and eosin from a C3H/HeJ sham-treated mouse (a, b), a mouse that
developed AA upon heat treatment (¢, d), and a mouse that developed
AA spontaneously (e, f). Arrows point to mononuclear cell infiltrates
in anagen hair follicles in mice that showed AA (d, f). Panels b, d and
f are images photographed at higher magnification
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spontaneously as it ages, we employed 18-month-old mice,
at which time the incidence of AA-like phenotype peaks in
C3H/HeJ mice (Sundberg et al. 1994; McElwee and
Hoffmann 2002). In this experiment, HSPA1A/B was used
as a molecular marker for the cellular stress response induced
by heat treatment. Western blot analysis was carried out to
detect HSPA1A/B expression in skin samples from heat- and
sham-treated mice, as well as mice with spontaneous AA
(Fig. 3). Sham-treated mouse skin exhibited a low baseline
level of HSPA1A/B expression, while skin samples from
mice with spontaneous AA and from heat-treated mice with
AA showed a threefold increased expression of HSPA1A/B
(Fig. 3a and b). Interestingly, skin samples from heat-treated
mice that did not develop AA also showed increased
expression of HSPA1A/B than sham-treated mice (Fig. 3a
and b). This is consistent with our previous observation that
increased HSPA1A/B expression was detected by immuno-
histochemistry throughout the hair follicles after heat
treatment of skin at 48.5°C for 20 min compared with
control (Jimenez et al. 2008). These results suggest that
increased HSPA1A/B expression may predispose genetically
susceptible mice to AA development.

Discussion

In this study, we investigated whether heat shock, a
physiological stress, plays a role in the development of AA
in C3H/Hel mice, a strain predisposed to AA at advanced age
(18 months). We demonstrated that heat treatment significant-
ly increased the incidence of AA in C3H/HelJ mice at 8 months
of age. In addition, we showed that expression of HSPA1A/B,
a major HSP induced by heat shock, was up-regulated in heat-
treated mice as well as mice that developed AA spontaneously.

The use of inbred rodent models such as the C3H/HeJ mice
and the Dundee experimental bald rats (DEBR) has greatly
facilitated our understanding of AA (Michie et al. 1991; Oliver
et al. 1991; Sundberg et al. 1994; Sun et al. 2008). Among
several strains of mice, the C3H/HeJ mice show the highest
frequency of spontaneous AA, and are the most commonly
used mouse strain for the study of AA (Sundberg et al. 1994;

Fig. 3 Western blot analysis of
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Sun et al. 2008). Penetrance of AA in this strain remains low,
with the highest frequency of spontaneous AA reaching 20%
by 18 months of age (Sundberg et al. 1994; McElwee and
Hoffmann 2002). However, full-thickness skin grafts from
affected mice to non-phenotypic C3H/HeJ mice transfers the
AA-like phenotype in host skin 7~10 weeks after grafting at a
much higher incidence, 15 of 15 mice (100%) in one study
and 43 of 50 mice (86%) in another study (McElwee et al.
1998; 2003). Such grafting-induced onset of AA provides
investigators with the ability to control onset of the disease in
a large number of animals. It has facilitated investigations
into the role of non-genetic factors that may affect AA
susceptibility, such as gonadal steroid hormones and diet
(McElwee et al. 2001; McElwee et al. 2003). In the current
study, we applied heat treatment to C3H/HeJ mice to analyze
how stress plays a role on the development of AA. We
showed that with heat treatment, C3H/HeJ mice can develop
AA at a much earlier age, 8 months instead of 18 months,
and at a higher incidence. Therefore, in addition to grafting,
heat treatment may provide another approach to obtain C3H/
Hel mice with AA phenotype at a younger age, in a larger
number. Additionally, C3H/HeJ mice with heat treatment
may also be a useful tool to study stress response in AA.
There have been a number of studies investigating the role
of stress in AA development. Correlations between a preceding
acute stressful life event and the development of AA have been
reported in both adults and children (Garcia-Hernandez et al.
1999; Kakourou et al. 2007; Manolache and Benea 2007,
Willemsen et al. 2009). However, it is not an easy task to
reliably distinguish “stress” as a genuine disease trigger from
disease-induced distress, given the tremendous psychosocial
burden in AA patients (Gulec et al. 2004; Tucker 2009).
Studies in mice have shown that psychoemotional stress can
indeed negatively impact hair growth, and the C3H/HeJ mice
predisposed to AA have a significantly blunted systemic
hypothalamic—pituitary—adrenal (HPA) response to acute
physiological stress, as well as a defective adaptation to
repeated psychological stress (Paus and Arck 2009; Zhang et
al. 2009). However, the altered HPA activity was likely a
consequence of the immune response associated with AA. In
this study, the increased incidence of AA in 8-month-old
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C3H/HeJ mice after heat treatment suggests that heat stress
may precipitate AA development. Whereas the underlying
mechanism remains unclear, recent association of the MHC
class I chain-related gene A (MICA) antigen with AA in
humans provides insight into how stress may trigger AA
development in predisposed individuals. The stress-induced
MICA molecule has been associated with several other
autoimmune diseases such as diabetes mellitus and psoriasis
(Barahmani et al. 2006), and it was identified as a potential
candidate gene and part of an extended HLA haplotype that
may contribute to susceptibility of AA in humans (Barahmani
et al. 2006). MICA is expressed on the surface of epithelial
cells of the gastric and intestinal mucosa (Stephens 2001),
endothelial cells, fibroblasts, monocytes (Zwirner et al. 1999),
and keratinocytes within the epidermis and hair follicles (Tay
et al. 2000). It is also a ligand for receptor NKG2D found on
natural killer (NK) cells, v T cells and CD8™ T lymphocytes
(Bauer et al. 1999). The interaction of the NKG2D receptor
with MICA has been reported to enhance NK and T-cell
responses (Bauer et al. 1999). Thus, the immunogenic function
of MICA provides some implications for the role of cellular
stress in triggering autoimmunity in predisposed humans.
The cellular stress response is characterized by an elevation
of heat shock proteins (HSPs) (Park et al. 2005; Voellmy
2006). HSPs are a family of stress-responsive proteins that
deal with thermal and other proteotoxic stresses including
ultraviolet light, heavy metal, inflammation, and oxidative
stress (Kampinga et al. 2009). The heat shock response is
triggered by the accumulation of nonnative proteins in
stressed cells, resulting in an increased synthesis of HSPs,
which facilitates the subsequent refolding of denatured
proteins by acting as chaperones and blocking caspase-
dependent apoptosis (Milani et al. 2002; Voellmy 2006).
Through active secretion or cell death, HSPs are released
into the extracellular spaces, where they may influence both
the innate immune response as well as the adaptive immune
response. HSPs conjugated to antigenic peptides are taken up
by antigen presenting cells such as dendritic cells (DCs), and
the peptides may then be transferred to MHC class I
molecules, leading to T-cell activation through CD8" T
lymphocytes (Calderwood et al. 2007). HSPs can also act
independently from associated peptides, stimulating the
innate immune system (Milani et al. 2002). HSPA
(HSP70), in particular, may efficiently prime circulating T
cells, evidenced by their promotion of DC function and,
together with antigen, triggering autoimmune diseases such
as diabetes mellitus (Milani et al. 2002; Millar et al. 2003).
In addition, HSPA has been shown to induce the expression
of NKG2D ligand MICA on DCs, and activate NK cells to
kill target cells expressing MICA in an NKG2D-dependent
manner (Elsner et al. 2010). Furthermore, HSPA-augmented
IFN-gamma release was abrogated by antibody against
MICA (Qiao et al. 2008). Thus, extracellular HSPA released

during either stress or inflammatory cell death may serve as a
critical link between NK and DCs in mounting immune
responses against infections, cancers, and self-antigens (Qiao
et al. 2008). HSPA may also play a role in the development
of vitiligo, a T-cell mediated autoimmune disease character-
ized by skin depigmentation. HSPA was shown to be
released by stressed melanocytes in culture, which may
mediate DC activation that led to killing of stressed
melanocytes (Kroll et al. 2005).

Whereas increased HSPA expression has been associated
with various autoimmune diseases such as vitiligo and
autoimmune diabetes mellitus (Millar et al. 2003; Kroll et al.
2005; Denman et al. 2008), our study is the first to
demonstrate a significant association between HSPA and
AA. Interestingly, in our study, HSPA1A/B expression was
increased in all mice with AA and heat-treated mice. Thus,
induction of HSPA1A/B by heat treatment suggests a
mechanism by which cellular stress may increase C3H/HelJ
mice susceptibility to AA. Furthermore, a correlation between
increased HSPA1A/B expression in heat-treated mice with
AA and mice with spontaneous AA could imply that
HSPA1A/B may be a predisposing factor for AA develop-
ment. Future studies are required to determine the nature of
HSPA1A/B involvement in human AA development.
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