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With our current view of alopecia areata as an autoim-
mune disease, it is probable that disease development
in an individual is dependent on multiple genetic and
environmental factors interacting in a complex system.
Rodent models a¡ord the opportunity to investigate
alopecia areata development and to de¢ne the signi¢-
cance of the di¡erent factors involved. Recently, rodent
model characterization has been conducted using £ow
cytometry, microarray analysis, and functional studies.
From these a pattern of events in alopecia areata devel-
opment has emerged. Although the preliminary activa-
tion events for the onset of alopecia areata remain
unknown, the response of the immune system is char-
acterized by antigen presentation and costimulation of
lymphocytes in the lymph nodes and skin, a de¢ciency
of CD4þ/CD25þ regulatory cells, and an action of
activated lymphocytes on hair follicles via Fas/FasL sig-

naling and cytokines. Thus, onset of disease may re-
quire appropriate (or inappropriate) expression of
stimulatory antigens within the hair follicle, the break-
down of the putative hair follicle immune privilege, the
presentation of antigens to the immune system, a failure
of immune system regulation, and the ability of the
activated immune system to disrupt anagen-stage hair
follicles. Once the sequence of events is initiated, it
may become a self-perpetuating cycle, with epitope
spreading leading to a wider range of targets in chronic
alopecia areata. Rodent model studies have provided
signi¢cant insight into alopecia areata, but much more
remains to be explained about the mechanisms of
disease development. Keywords: in£ammation/autoim-
mune disease/mouse model. JID Symposium Proceedings
8:182 ^187, 2003

H
uman alopecia areata (AA) is clinically, pathologi-
cally, and genetically a heterogeneous disease de-
¢ned by a number of criteria (Ho¡mann and
Happle, 1999). It most likely comprises several dis-
ease subsets that may be caused by multiple patho-

genic mechanisms. There are now several candidate AA models
available, including SCID/human xenograft, spontaneous disease
development in a variety of domesticated species, and sponta-
neous and induced disease in inbred rodent strains (Gilhar et al,
1998; McElwee et al, 1998a; McElwee et al, 1998b; McElwee et al,
1999a; Smyth and McNeil, 1999). Each of these models has the
potential to provide signi¢cant insight into the mechanisms of
human AA. As with research on other autoimmune diseases
(Gri⁄ths and Remmers, 2001), each model may not re£ect the
full range of highly variable clinical and pathological presenta-
tions observed in humans; however, collectively they may de¢ne
common, fundamental parameters and individually yield infor-
mation on particular subforms of the disease. The most exten-
sively characterized model to date is the C3H/HeJ mouse
(Sundberg et al, 1994). This model meets the basic criteria of AA:
The disease is tissue speci¢c, a¡ecting anagen-stage hair follicles;
hair follicle morphology is disrupted, but no scar tissue is formed

in response to the in£ammatory in¢ltrate; no persisting infectious
agents have been found that could explain in£ammation; and the
disease is chronic but potentially reversible with immunomodu-
latory treatments or by spontaneous remission. Most recently, this
model was extensively examined using £ow cytometry and mi-
croarray analysis and subsequent functional studies. From these
studies an understanding of mouse AA development has emerged
(McElwee and Ho¡mann, 2002).
Currently, AA is generally regarded as an autoimmune disease,

although the antigenic target(s) of attack has not yet been proved
(McElwee et al, 1999b). Classically, autoimmune diseases are con-
trolled through a complex interaction between multiple genetic
and epigenetic factors. The activity of these components working
synergistically and antagonistically likely determines the degree
of disease susceptibility, actual disease onset, severity, duration,
and potential spontaneous or treatment-induced resolution of
the condition. Genes and environmental modulation of autoim-
munity can operate within the individual at three primary levels:
the overall reactivity of the immune system, the speci¢c antigen
and its presentation, and the target tissue itself (Marrack et al,
2001). For an understanding of AA as an autoimmune disease,
each of these areas requires investigation.

IMMUNE SYSTEM REACTIVITY

Environmental stressors The events that lead to autoimmune
disease in humans remain unresolved. It has been postulated
that antigenic determinants of pathogens that cross-react with
target organ^expressed antigens may trigger an autoimmune res-
ponse by molecular mimicry and that this ultimately leads to
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autoimmune disease (Oldstone, 1998; Hiemstra et al, 2001).
Alternatively, an infectious agent could induce cellular injury
and release self antigens, generating cytokine-mediated by-
stander activation of self-reactive lymphocytes that cross-react
with additional, but genetically distinct, self antigens (Horwitz
et al, 1998; Regner and Lambert, 2001). Similar events have been
postulated and discounted for AA over many years, and research
on C3H/HeJ mice has failed to de¢ne a candidate infectious agent
(Sabouraud, 1896; Ikeda, 1967; Skinner et al, 1995; Jackow et al,
1998; McElwee et al, 1998c). It is possible, however, that the
inciting agent is only transiently expressed and that analysis of
individuals or models downstream of the activating event yields
a negative result. The viral or microbial infection that initiates
the autoimmune phenomenon may not be present by the time
overt disease develops (Oldstone, 1998). Thus, the possibility of
exogenous agent involvement in AA onset cannot be ruled out.
It is also possible that the general viral and vaccine load on the
immune system may raise sensitivity and reactivity and increase
the probability of an inappropriate immune response in an
immune system with genetically determined instability.
Other exogenous immune system stimuli may be involved in

AA susceptibility. In the mouse model, diet, speci¢cally soy oil
content, has been identi¢ed as one factor capable of increasing
resistance to AA development. Mice fed a diet high in soy oil
were less likely to develop AA after skin grafting, a known
method of transferring AA between a¡ected and una¡ected
animals (McElwee et al, 1998b). In part, this resistance may be
due to soy iso£avones such as genistein. The challenge from the
skin graft and the subsequent failure of overt AA development
lead to an alteration in the immune system with a possible
increase in activation-induced cell death in the spleen (McElwee
et al, 2002). Gonadal hormones have been identi¢ed as a fur-
ther AA susceptibility^modifying factor in the mouse model.
While estrogen supplementation may increase disease severity,
testosterone supplementation can inhibit disease onset in the
skin graft^induced model (McElwee et al, 2001). These and other
studies demonstrate that, while AA susceptibility in rodent
models and humans is genetically determined, signi¢cant input
from the environment may modulate disease onset, severity,
persistence, and remission, in part because of modulating general
immune system reactivity.
AA frequency and severity are apparently associated with a

greater frequency of allergies as compared to the general
population (Muller and Winkelmann, 1963; Ikeda, 1965; Penders,
1968; De Waard-van der Spek et al, 1989; Weise et al, 1996). It
remains to be seen whether there is a direct relationship whereby
an allergic response is capable of increasing immune system
sensitivity and instability such that AA susceptibility increases,
or whether the increased frequency of allergies in AA patients is
merely a re£ection of genetically determined immune system
sensitivity. In rodent models, the incidence of allergies has not
been investigated, although the DEBR model has a high degree
of sensitivity to anesthesia (McElwee, in press). Stress has been
suggested as a potential instigator of autoimmune diseases,
possibly through glucocorticoid modulation of in£ammatory
cytokine expression (Elenkov and Chrousos, 2002). Stress has
also been postulated as a potential in£uence on AA develop-
ment, but, although the circumstantial evidence is signi¢cant,
little direct evidence is available in support of the claim
(Mehlman and Griesemer, 1968; Colon et al, 1991; Liakopoulou
et al, 1997; Kavak et al, 2002). Other promoters of the immune
system in autoimmune diseases may include drugs and toxins
(Bigazzi, 1994; Elkayam et al, 1999; Holsapple, 2002; Lawrence
and McCabe, 2002). In principle, one or more of these factors
may modulate the immune system in AA, but in practice little
is known about the e¡ects of environmental stimuli on rodent
models or humans.

Autoreactive leukocytes For hair follicles to be targeted and
overt hair loss to occur, relevant autoreactive cell subsets must be

present in an activated state and in signi¢cant numbers such that
the follicles are adversely a¡ected. The primary cell types found
around and within human and rodent AA-a¡ected hair follicles are
CD4þ and CD8þ (Ranki et al, 1984; Zhang and Oliver, 1994).
Recent £ow cytometry studies de¢ned a signi¢cant
skin in¢ltrate of these cells, whereas skin-draining lymph
nodes contain an increased percentage and total number of
antigen-presenting cells (Z˛ller et al, 2002; McElwee et al, 2002).
The high numbers of CD4þ and CD8þ lymphocytes circum-
stantially suggest their involvement in hair follicle dystrophy.
CD4þ lymphocytes of the Th1 subset are responsible for
transfer of experimental autoimmune encephalomyelitis in
rodent models (McDonald and Swanborg, 1988; Karpus and
Swanborg, 1989; Mustafa et al, 1991). In experimental
autoimmune encephalomyelitis, activated pathogenic T cells
cross the blood^brain barrier and secrete proin£ammatory
cytokines and chemokines that attract other leukocytes to the
local environment. Similarly in mouse AA, the putative
immune privilege of the anagen-stage hair follicle is quickly
broached by skin-draining lymph node cells derived from AA-
a¡ected mice transferred to non-AA-a¡ected littermates (Carroll
et al, 2002). Investigations to de¢ne the relevant subsets of
immune cells capable of transferring AA are in progress.
However, preliminary studies in which CD4þ or CD8þ cells
were targeted in rodent models demonstrated that removal of
one or the other population from AA-a¡ected individuals is
associated with hair regrowth. With recovery of the cell
population, there is a reinitiation of hair loss (McElwee et al,
1996; McElwee et al, 1999c; Carroll et al, 2002). The SCID/human
xenograft model has also provided data supporting a
collaboration between CD4þ and CD8þ cells to promote AA
(Gilhar et al, 2002). These and other studies suggest that CD4þ

and CD8þ cell subsets are capable of perpetuating the AA lesion.
In mouse and rat models, there is a clear division in distribution
between the CD4þ and CD8þ cell populations. CD4þ cells are
almost exclusively perifollicular, whereas CD8þ cells readily
penetrate the hair follicle to take up intrafollicular residency.
As such, these cells are likely to be the population with the
greatest pathogenic potential, leaving CD4þ cells possibly
providing CD8þ cell support and directly acting on the follicles
through intermediaries, including hair growth^inhibiting
cytokines, secretory Fas, and granzymes (Carroll et al, 2002; Z˛ller
et al, 2002; Freyschmidt-Paul et al, 2003).

Immune system regulation Subsequent to immune system
activation, other mechanisms of regulation must fail for AA
to develop and be perpetuated. CD4þ/CD25þ cells have been
identi¢ed as one of probably several lymphocyte regulatory cell
subsets that can restrain pathogenic cell activity. They are
essential for maintaining homeostasis, they are able to sup-
press the induction of autoimmune disease and suppress CD4þ/
CD25� cells, and they inhibit the e¡ector function of
autoreactive CD8þ cells (Suri-Payer et al, 1998; Gao et al, 1999;
Annacker et al, 2001). Little is currently known about immune
regulatory mechanisms in human AA. Recent studies in the
skin graft^induced AA mouse model revealed that CD4þ/
CD25þ cell levels drop signi¢cantly on activation of AA and
prior to the onset of overt hair loss (Z˛ller et al, 2002). In con-
trast, sham-grafted mice are able to maintain CD4þ/CD25þ

cell numbers and quickly recover normal in£ammatory cell
numbers after injury. This apparent active depression of
regulatory cells in AA-challenged mice may be a key factor in
AA susceptibility. This and other regulatory methods may be
defective in AA development, and their investigation may yield
further insight into the mechanisms of the disease.

ANTIGEN AND PRESENTATION

MHC restriction For autoimmune disease to occur, a sustained
activation of autoreactive lymphocytes is required. The amount
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and localization of the antigen presented, along with the
background responsiveness and regulation of the immune sys-
tem and the availability of high-avidity autoreactive lympho-
cytes, are de¢ning parameters in successful disease induction
(Ludewig et al, 2001). For the most part, lymphocytes recognize
antigenic peptides only in association with self MHC molecules
and are initially activated exclusively in lymphoid organs (Karrer
et al, 1997). Retrieval, processing, and presentation of antigenic
peptides are conducted by professional antigen-presenting cells.
The number of these cells, the duration of presentation, and the
quality of presentation help determine whether autoimmunity
occurs. Antigen-presenting cells are equipped with MHC class II
for presentation of antigens to T helper, CD4þ cells (Inaba et al,
1998) and particular MHC alleles are known to be associated with
autoimmune disease susceptibility (Nepom and Erlich, 1991). The
structural nature of the MHC molecule can permit preferential
binding of speci¢c antigenic peptides and may consequently
increase the level of antigen presentation to the degree that
autoimmunity may develop (Wucherpfennig et al, 1995;
Wucherpfennig, 2001). Studies with humans have de¢ned several
HLA gene alleles in association with the AA phenotype (de
Andrade et al, 1999; Colombe et al, 1999). In a genome-wide
analysis of the C3H/HeJ mouse model, a susceptibility locus for
AAwas identi¢ed within the region of H2, the mouse equivalent
of the human HLA region (Sundberg et al, 2003). More recently,
dendritic cells have been characterized as expressing MHC class I
and have the capacity to present antigens derived from apoptotic
cells via MHC I direct to CD8þ cells (Albert et al, 1998; Larsson
et al, 2001; Fonteneau et al, 2002). Although attempts to associate
MHC class I gene alleles with the AA phenotype have so far met
with little success, CD8þ cells are fundamentally involved in the
development of AA in rodent models (McElwee et al, 1996;
Carroll et al, 2002). Thus, in addition to MHC class II, MHC I
restriction may be important, and the presentation of antigens in
association with MHC I on dendritic cells may play a role in the
onset of AA.

Costimulation For AA to develop, the immune system must
be receptive to activation. Assuming that AA is an autoimmune
disease, this requires the presence of antigen-presenting cells pro-
viding excitatory stimuli for lymphocytes within the individual.
For successful lymphocyte stimulation to occur, antigen-
presenting cells must express costimulatory molecules, primarily
B7.1, B7.2, ICAM-1, and LFA3. These bind ligands CD28,
CTLA4, LFA1, and CD2 on naive lymphocytes, and this, in
association with MHC- restricted antigen presentation, induces
full lymphocyte activation. Recent £ow cytometry analysis
revealed signi¢cant changes in expression of costimulatory
molecule expression in both skin-in¢ltrating lymphocytes and
skin-draining lymph node-derived cells (Z˛ller et al, 2002).
Other studies have shown that monoclonal antibodies against
the costimulatory antigens B7.1 and B7.2 can inhibit the onset of
AA in the skin graft-induced mouse model, demonstrating the
importance of antigen-presenting cells in AA induction (Carroll
et al, 2002). Use of the same monoclonal antibodies in mice that
already overtly express AA has little e¡ect, however, indicating
that chronic AA involves multiple redundant pathogenic
mechanisms. Removal of one part of the pathogenic system is
not enough to block the perpetuation of the disease. This may
have implications for future treatment development and suggests
that a multitarget therapeutic approach may be superior to
targeting a single aspect of the immune system’s activity.

TARGET TISSUE

Loss of immune privilege The hair follicle is regarded as an
immune-privileged site (Westgate et al, 1991; Paus et al, 1999). In
human and rodent model AA, disease onset is associated with
increased expression of MHC class I and class II in the lower,

transient portion of anagen-stage hair follicles (Messenger and
Bleehan, 1985; Br˛cker et al, 1987; Zhang and Oliver, 1994).
Previously, it was postulated that a loss of immune privilege
through an abnormal increase in hair follicle MHC expression
might be the inductive factor for AA (Paus et al, 1993). However,
no evidence of constitutive MHC expression has been de¢ned in
rodent models in the transient portions of anagen-stage hair
follicles prior to in£ammatory cell in¢ltration of AA-a¡ected
hair follicles. Sham-graft injury that induces a localized
expression of MHC class II in hair follicles does not activate AA
(Z˛ller et al, 2002; McElwee, personal observations), and AA can
be readily transferred from a¡ected mice to normal-haired
recipient mice by skin grafting or by lymph node^derived cell
transfer (McElwee et al, 1998b; Carroll et al, 2002). This suggests
that hair follicle MHC expression is a consequence of
in£ammation, rather than a cause, probably because of the high
levels of IFN-g and TNF-a known to be expressed by
in£ammatory cells (Z˛ller et al, 2002). The expression of MHC
molecules by hair follicle keratinocytes is nonetheless likely to
be very important for the in¢ltration and disruption of hair
follicles by autoreactive lymphocytes.
Hair follicle immunoprotection is likely transient due to the

nature of the hair follicle cycle. Research suggests that the onset
of catagen is associated with an in¢ltration of immune cells;
candidate antigen-presenting cells (Parakkal, 1969; Westgate et al,
1991; Paus, 1996; Eichmˇller et al, 1998). Regression of the hair
follicle in catagen involves high levels of apoptosis and
signi¢cant remodeling of the lower, transient portion of the hair
follicle (Weedon and Strutton, 1981; Lindner et al, 1997). It is thus
possible that the immune system is constantly exposed to low
levels of hair follicle^derived antigens as the follicles cycle
through catagen and given the ability of dendritic cells to
present apoptosis-derived antigens. Autoimmune disease is not
regarded as an all-or-nothing event. Rather, there are degrees of
autoreactivity and a threshold level above which overt
autoimmune disease is induced (Ludewig et al, 2001; McElwee
et al, 1999b). A re£ection of this may be the low level of hair
follicle^speci¢c antibodies found in some humans and rodents
in the absence of overt AA (Tobin et al, 1994a; Tobin et al, 1994b;
Tobin et al, 1997). If, however, catagen regression became
disordered and the immune cell in¢ltrate associated with
catagen inappropriately presented antigenic peptides in associa-
tion with expression of costimulatory molecules, antigen
presentation to the immune system might breach the threshold
for stimulation of autoreactive cells. In a genetically susceptible
individual, resident in a permissible environment, AA might
follow. In the C3H/HeJ mouse model, AA is rapidly induced in
a normal-haired mouse by transplantation of AA-a¡ected skin,
indicating that what hair follicle immune privilege there may be
is little defense against the aggression of an activated immune
system (McElwee et al, 1998b).

Hair follicle defects The involvement of hair follicle defects in
susceptibility to human AA has been postulated and may be
involved in rodent model AA (Bystryn and Tamesis, 1991;
Goldsmith, 1991). Several studies based on AA models indicate
that the primary hair loss^inducing component of AA is the
immune system rather than a potential functional hair follicle
defect with in£ammation developing as a secondary event
(McElwee et al, 1996; McElwee et al, 1998b; McElwee et al, 1999c;
Carroll et al, 2002). However, it is possible that antigens are
inappropriately expressed within the hair follicles of AA-a¡ected
individuals such that the immune system is challenged. The
target antigen may be expressed at a higher density than is
appropriate, or the antigen may be expressed transiently at a
point within the hair follicle cycle at which it should not
normally be expressed. Alternatively, the inciting antigen may
be genetically or environmentally modi¢ed such that it is more
stimulatory to the immune system. Studies indicate that
structural modi¢cation of peptides can enhance binding to
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MHC molecules or alter T cell receptor (TCR) recognition and
so increase the degree and nature of antigen presentation
(Wucherpfennig, 2001). Thus, hair follicle defects in themselves
may not promote the clinical AA phenotype, but it is possible
that they may increase the chance of peptide recognition by
autoreactive cells and maintain antigen presentation at a high
level once autoimmune disease begins.

Hair follicle disruption While high cytokine expression in
isolation is not known as a trigger factor for autoimmune
disease development, high expression around and within the
target tissue in conjunction with other stimuli can enhance
disease pathogenesis (von Herrath et al, 1995). The in£ammatory
in¢ltrate in rodent models expresses high levels of both Th1-
and Th2-type cytokines (Z˛ller et al, 2002), some of which may
act directly on the hair follicle. TNF-a binding to its receptor is
required to promote apoptosis in experimental autoimmune
encephalomyelitis and in£ammatory bowel disease (Piguet et al,
1998; Kassiotis and Kollias, 2001). Similarly, TNF-a activity in
AA may have a negative impact on the survival of hair follicle
keratinocytes in AA. While the Th2-type cytokine IL-10 is
commonly regarded as a potential regulator of autoimmunity,
recent studies identi¢ed its pathogenic potential in the NOD
mouse model for autoimmune diabetes (Balasa et al, 2000). One
study using the mouse model and histocompatible mice de¢cient
in IL-10 suggests that IL-10 may also contribute to AA
susceptibility (Freyschmidt-Paul et al, 2002). IFN-g may promote
keratinocyte expression of MHCmolecules that aid other in£am-
matory mechanisms. Other cytokines may negatively regulate
keratinocyte cell proliferation and encourage hair follicles to
truncate their growth cycle and enter a telogen resting state
(Randall, 2001). Overall, cytokines may be signi¢cant modu-
lators of hair follicle disruption.
Cytotoxicity may also be mediated through Fas/Fas Ligand

(FasL) interaction. Expressed on activated lymphocytes, the
binding of Fas expressed on target cells by FasL on activated
lymphocytes, or released in a secretory form, results in apoptosis
for the target cell. This mechanism of tissue destruction is not
MHC restricted and has the potential to damage innocent
bystander cells not directly targeted by the pathogenic
lymphocyte clones. Fas/FasL signaling is also believed to
promote antigen presentation. Thus, Fas has multiple roles
(Siegel et al, 2000). In the C3H/HeJ mouse model for AA, Fas
and FasL are signi¢cantly di¡erentially expressed in skin-
in¢ltrating lymphocytes, and Fas is highly expressed on
dystrophic hair follicle keratinocytes (McElwee et al, 2002;
Freyschmidt-Paul et al, 2003). Histocompatible mice de¢cient in
Fas or FasL are comparatively resistant to the induction of AA,
a result similar to that de¢ned for insulin-dependent diabetes
mellitus models (Itoh et al, 1997; Su et al, 2000). This
resistance was in part localized to the skin as Fas- and FasL-
de¢cient skin transplanted to AA-a¡ected mice resisted im-
mune activity and continued to grow hair (Freyschmidt-Paul
et al, 2003). The possibility of an autocrine and paracrine action
of Fas and FasL within and between hair follicle keratinocytes
may add to the action of the in£ammatory in¢ltrate and may
explain why FasL-de¢cient hair follicles were also relatively
resistant to AA.
Lymphocytes may also e¡ect tissue damage through direct

cell-speci¢c mechanisms. Perforin, produced by cytotoxic cells,
is a potent mediator of cell lysis (Russell and Ley, 2002). For
perforin-induced lysis of target cells to occur, the TCR of
an autoreactive cell must ligand with the relevant antigenic
peptide presented in conjunction with MHC on the target cell.
Whether perforin-mediated cell destruction occurs in AA is
unknown, but the presence of highly activated CD8þ cells
within dystrophic hair follicles and the high expression of
MHC molecules on hair follicle keratinocytes circumstantially
suggest that MHC-restricted, perforin-mediated tissue damage
can occur in AA. Other cytotoxic cell mechanisms may also be

involved. Granzymes, which may gain access to target cells via
perforin or induce apoptosis independent of perforin through
binding cell surface receptors (Motyka et al, 2000), have been
identi¢ed by microarray analysis as highly expressed in human
AA (Carroll et al, 2002). Inducible nitric oxide synthase
expression is apparent during mouse AA development and may
suggest a role for nitric oxide in disease pathogenesis (McElwee,
personal observation).

Resistance to pathogenic mechanisms Hair follicles may
have some methods of resistance against these e¡ector mecha-
nisms of tissue damage. They may avoid total destruction by
entering a telogen resting state, where antigen expression is
much more limited. There is some argument as to whether there
is a signi¢cantly increased frequency of telogen-stage hair follicles
associated with human AA. In rodent models, AA progression is
typically characterized by an initial increase in dystrophic anagen
follicles, but, as individuals reach the chronic stable phase of
AA, most follicles are in a telogen state (McElwee, personal
observation). The natural properties of hair follicles and their
regenerative ability may also provide resistance to the destructive
capacity of cytotoxic lymphocytes. As long as dermal papilla cells
survive and remain in close communication with keratinocytes,
hair follicles may be reformed if in£ammation is removed.
In this way, despite the aggressive nature of the peri- and
intrafollicular in£ammation and the severe disruption of the hair

Figure1. Mechanism of alopecia areata. Unknown events lead to the
uptake and processing of antigens by antigen-presenting cells (APC) that
migrate to regional lymph nodes. The inciting antigens are o¡ered to a
receptive immune system in association with appropriate costimulation
to activate autoreactive T helper (Th) and T cytotoxic (Tc) lymphocytes,
whereas T regulatory (Tr) cells are depleted. Further stimulus through cy-
tokines may recruit antibody-producing (B) lymphocytes. Activated cells
migrate to the skin utilizing adhesion molecules and surround anagen-
stage hair follicles. Loss of hair follicle immune privilege permits in£am-
matory cell in¢ltration, hair follicle disruption, and uptake of antigen deb-
ris by APC that may lead to epitope spreading with disease progression.
Hair follicles may avoid irreversible damage by entering prolonged telo-
gen, whereas immune surveillance ensures truncation of any future anagen
initiation events.
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follicle unit, the possibility of spontaneous or treatment-elicited
recovery from AA is possible.

CONCLUSIONS

In our current understanding of rodent models, the development
of AA fundamentally involves a general genetic susceptibility
with possible supplementation by a variety of minor disease se-
verity^modifying genes. However, the actual onset of the disease
along with its extent, persistence, and resistance to treatment in a
given individual rodent or human may be modulated by epige-
netic factors, including diet, gonadal hormones, pathogens, and
other environmental in£uences. Both genetic and environmental
factors will modulate AA at three levels. The responsiveness of
the immune system may be in£uenced through pathogen, aller-
gen, stress, and toxin load, with sensitivity to each de¢ned by
genetics. The speci¢c inciting antigens and how they are pre-
sented to the immune system may be de¢ned by environment-
derived cross-reactive antigens or by inappropriate antigen expo-
sure in the hair follicle cycle, while genes may dictate the thresh-
old level required for stimulating autoreactive cells through the
nature of the inciting or cross-reactive self antigens, MHC,
TCR, costimulatory molecules, and regulatory cells.Within the
skin, the failure of anagen-stage hair follicle immune privilege
may be modulated by local resident pathogens or by physical
trauma, and the subsequent adhesion molecule expression, cell
in¢ltration, cytokine milieu, and hair follicle disruption may
involve a complex gene interaction.
Onset of AA is dependent on a sequence of events (Fig 1)

involving the presence of autoreactive lymphocytes with high
a⁄nity and avidity for hair follicle antigenic epitopes; antigen
retrieval, processing, and carriage to lymphoid organs; appropri-
ate antigen presentation in association with costimulation; de¢-
ciency of lymphocyte regulation; breakdown of immune
privilege in hair follicles and perhaps other hair follicle-speci¢c
defects; and failure of the hair follicle unit to resist the onslaught
of focal in£ammation. The primary mechanism of hair follicle
disruption in rodent AA is e¡ected by CD8þ lymphocytes in a
manner dependent on Th1 CD4þ lymphocytes. Although a
Th1-mediated mechanism is fundamental to AA development,
Th2 cell activity is also involved, particularly in the chronic
stages of disease. Without knowing the source of the speci¢c
antigen epitopes that trigger AA onset, it is not possible to
conclusively de¢ne AA as fundamentally autoimmune in
nature. However, rodent model research has produced signi¢cant
evidence consistent with this hypothesis.

REFERENCES

Albert ML, Sauter B, Bhardwaj N: Dendritic cells acquire antigen from apoptotic
cells and induce class I-restricted CTLs. Nature 392:86^89, 1998

de Andrade M, Jackow CM, Dahm N, Hordinsky M, Reveille JD, Duvic M: Alope-
cia areata in families: Association with the HLA locus. J Invest Dermatol Symp
Proc 4:220^223, 1999

Annacker O, Pimenta-Araujo R, Burlen-Defranoux O, Barbosa TC, Cumano A,
Bandeira A: CD25þ CD4þ T cells regulate the expansion of peripheral CD4
T cells through the production of IL-10. J Immunol 166:3008^3018, 2001

Balasa B,Van Gunst K, Jung N, et al: Islet-speci¢c expression of IL-10 promotes dia-
betes in nonobese diabetic mice independent of Fas, perforin,TNF receptor-1,
and TNF receptor-2 molecules. J Immunol 165:2841^2849, 2000

Bigazzi PE: Autoimmunity and heavy metals. Lupus 3:449^453, 1994
Br˛cker EB, Echternacht-Happle K, Hamm H, Happle R: Abnormal expression of

class I and class II major histocompatibility antigens in alopecia areata: Modu-
lation by topical immunotherapy. J Invest Dermatol 88:564^568, 1987

Bystryn J-C, Tamesis J: Immunological aspects of hair loss. J Invest Dermatol 96:88s^
89s, 1991

Carroll JM, McElwee KJ, King LE, Byrne MC, Sundberg JP: Gene array pro¢ling
and immunomodulation studies de¢ne a cell-mediated immune response un-
derlying the pathogenesis of alopecia areata in a mouse model and humans.
J Invest Dermatol 119:392^402, 2002

Colombe BW, Lou CD, PriceVH:The genetic basis of alopecia areata: HLA associa-
tions with patchy alopecia areata versus alopecia totalis and alopecia universalis.
J Invest Dermatol Symp Proc 4:216^219, 1999

Colon EA, Popkin MK, Callies AL, Dessert NJ, Hordinsky MK: Lifetime preva-
lence of psychiatric disorders in patients with alopecia areata. Compr Psychiatry
32:245^251, 1991

De Waard-van der Spek FB, Oranje AP, De Raeymaecker DM, Peereboom-Wynia
JD: Juvenile versus maturity-onset alopecia areata ^ A comparative retrospec-
tive clinical study. Clin Exp Dermatol 14:429^433, 1989

Eichmˇller S, van derVeen C, Moll I, Hermes B, Hofmann U, Muller-Rover S, Paus
R: Clusters of perifollicular macrophages in normal murine skin: physiologi-
cal degeneration of selected hair follicles by programmed organ deletion. J His-
tochem Cytochem 46:361^370, 1998

Elenkov IJ, Chrousos GP: Stress hormones, proin£ammatory and antiin£ammatory
cytokines, and autoimmunity. Ann N YAcad Sci 966:290^303, 2002

Elkayam O,Yaron M, Caspi D: Minocycline^induced autoimmune syndromes: An
overview. Semin Arthritis Rheum 28:392^397, 1999

Fonteneau JF, Larsson M, Bhardwaj N: Interactions between dead cells and dendritic
cells in the induction of antiviral CTL responses. Curr Opin Immunol 14:
471^477, 2002

Freyschmidt-Paul P, McElwee KJ, Botchkarev V, et al: Fas de¢cient C3 MRL-
Tnfrsf6lpr mice are not susceptible to alopecia areata after grafting of alopecia
areata-a¡ected skin from C3H/HeJ Mice. J Invest Dermatol Symp Proc 8:
104^108, 2003

Freyschmidt-Paul P, McElwee KJ, Kissling S, Wenzel E, Sundberg JP, Happle R,
Ho¡mann R: Interleukin-10 de¢cient mice are less susceptible to the induction
of alopecia areata. J Invest Dermatol 119:980^982, 2002

Gao Q, Rouse TM, Kazmerzak K, Field EH: CD4þCD25 cells regulate CD8 cell
anergy in neonatal tolerant mice.Transplant 68:1891^1897, 1999

Gilhar A, Landau M, Assy B, Shalaginov R, Sera¢movich S, Kalish RS: Mediation
of alopecia areata by cooperation between CD4þ and CD8þ T lympho-
cytes: transfer to human scalp explants on Prkdc (scid) mice. Arch Dermatol
138:916^922, 2002

Gilhar A, UllmannY, Berkutzki T, Assy B, Kalish RS: Autoimmune hair loss (alo-
pecia areata) transferred byT lymphocytes to human scalp explants on SCID
mice. J Clin Invest 101:62^67, 1998

Goldsmith LA: Summary of alopecia areata research workshop and future research
directions. J Invest Dermatol 96:98s^100s, 1991

Gri⁄ths MM, Remmers EF: Genetic analysis of collagen-induced arthritis in rats: A
polygenic model for rheumatoid arthritis predicts a common framework of
cross-species in£ammatory/autoimmune disease loci. Immunol Rev 184:
172^183, 2001

von Herrath MG, Allison J, Miller JF, Oldstone MB: Focal expression of interleukin-
2 does not break unresponsiveness to ‘self ’ (viral) antigen expressed in beta cells
but enhances development of autoimmune disease (diabetes) after initiation of
an anti-self immune response. J Clin Invest 95:477^485, 1995

Hiemstra HS, Schloot NC, vanVeelen PA, et al: Cytomegalovirus in autoimmunity.
T cell crossreactivity to viral antigen and autoantigen glutamic acid decarbox-
ylase. Proc Natl Acad Sci USA 98:3988^3991, 2001

Ho¡mann R, Happle R: Alopecia areata. 1: Clinical aspects, etiology, pathogenesis.
Hautarzt 50:W222^W231, 1999

Holsapple MP: Autoimmunity by pesticides a critical review of the state of the
science.Toxicol Lett 127:101^109, 2002

Horwitz MS, Bradley LM, Harbertson J, Krahl T, Lee J, Sarvetnick N: Diabetes in-
duced by Coxsackie virus. Initiation by bystander damage and not molecular
mimicry. Nat Med 4:781^785, 1998

Ikeda T: A new classi¢cation of alopecia areata. Dermatologica 131:421^445, 1965
Ikeda T: Produced alopecia areata based on the focal infection theory and mental

motion theory. Dermatologica 134:1^11, 1967
Inaba K, Turley S, Yamaide F, et al: E⁄cient presentation of phagocytosed cellular

fragments on the major histocompatibility complex class II products of dendri-
tic cells. J Exp Med 188:2163^2173, 1998

Itoh N, Imagawa A, Hanafusa T, et al: Requirement of Fas for the development of
autoimmune diabetes in nonobese diabetic mice. J Exp Med 186:613^618, 1997

Jackow C, Pu¡er N, Hordinsky M, Nelson J,Tarrand J, Duvic M: Alopecia areata and
cytomegalovirus infection in twins: Genes versus environment? JAm Acad Der-
matol 38:418^425, 1998

KarpusWJ, Swanborg RH: CD4 suppressor cells di¡erentially a¡ect the production
of IFN-g by e¡ector cells of experimental autoimmune encephalomyelitis.
J Immunol 143:3492^3497, 1989

Karrer U, Althage A, Odermatt B, et al: On the key role of secondary
lymphoid organs in antiviral immune responses studied in alymphoplastic
(aly/aly) and spleenless (Hox11 (-)/-) mutant mice. J Exp Med 185:
2157^2170, 1997

Kassiotis G, Kollias G: Uncoupling the proin£ammatory from the immunosuppres-
sive properties of tumor necrosis factor (TNF) at the p55 TNF receptor level:
Implications for pathogenesis and therapy of autoimmune demyelination.
J Exp Med 193:427^434, 2001

Kavak A,Yesildal N, Parlak AH: E¡ect of two consecutive earthquakes on outbreaks
of alopecia areata. J Dermatol 29:414^418, 2002

Larsson M, Fonteneau JF, Bhardwaj N: Dendritic cells resurrect antigens from dead
cells.Trends Immunol 22:141^148, 2001

186 MCELWEE ETAL JID SYMPOSIUM PROCEEDINGS



Lawrence DA, McCabe MJ Jr: Immunomodulation by metals. Int Immunopharmacol
2:293^302, 2002

Liakopoulou M, Ali¢eraki T, Katideniou A, KakourouT,Tselalidou E,Tsiantis J, Stra-
tigos J: Children with alopecia areata. Psychiatric symptomatology and life
events. J Am Acad Child Adolesc Psychiatry 36:678^684, 1997

Lindner G, BotchkarevVA, Botchkareva NV, Ling G, van der Veen C, Paus R: Ana-
lysis of apoptosis during hair follicle regression (catagen). AmJ Pathol 151:1601^
1617, 1997

Ludewig B, Junt T, Hengartner H, Zinkernagel RM: Dendritic cells in autoimmune
diseases. Curr Opin Immunol 13:657^662, 2001

Marrack P, Kappler J, Kotzin BL: Autoimmune disease. Why and where it occurs.
Nat Med 7:899^905, 2001

McDonald AH, Swanborg RH: Antigen-speci¢c inhibition of immune interferon
production by suppressor cells of autoimmune encephalomyelitis. J Immunol
140:1132^1138, 1988

McElwee KJ: Dundee experimental bald rat (DEBR) model for alopecia areata. In:
Chan LS (ed). Animal Models of Human In£ammatory Skin Diseases. Boca Raton:
CRC Press, in press

McElwee KJ, Boggess D, Burgett B, Bates R, Bedigan HG, Sundberg JP, King LE:
Murine cytomegalovirus is not associated with alopecia areata in C3H/HeJ
mice. J Invest Dermatol 110:986^987, 1998c

McElwee KJ, Boggess D, King LE Jr, Sundberg JP: Experimental induction of alo-
pecia areata-like hair loss in C3H/HeJ mice using full-thickness skin grafts.
J Invest Dermatol 111:797^803, 1998b

McElwee KJ, Boggess D, Miller J, King LE Jr, Sundberg JP: Spontaneous alopecia
areata-like hair loss in one congenic and seven inbred laboratory mouse strains.
J Invest Dermatol Symp Proc 4:202^206, 1999a

McElwee KJ, Boggess D, Olivry T, et al: Comparison of alopecia areata in human
and nonhuman mammalian species. Pathobiology 66:90^107, 1998a

McElwee KJ, Ho¡mann R: Alopecia areata ^ Animal, models. Clin Exp Dermatol
27:414^421, 2002

McElwee KJ, Ho¡mann R, Freyschmidt-Paul P,Wenzel E, Kissling S, Sundberg JP,
Z˛ller M: Resistance to alopecia areata in C3H/HeJ mice is associated with
increased expression of regulatory cytokines and a failure to recruit CD4þ

and CD8þ cells. J Invest Dermatol 119:1426^1433, 2002
McElwee KJ, Silva K, BeamerWG, King LE Jr, Sundberg JP: Melanocyte and gonad

activity as potential severity modifying factors in C3H/HeJ mouse alopecia
areata. Exp Dermatol 10:420^429, 2001

McElwee KJ, Spiers EM, Oliver RF: In vivo depletion of CD8þ T cells restores
hair growth in the DEBR model for alopecia areata. Br J Dermatol 135:
211^217, 1996

McElwee KJ, Spiers EM, Oliver RF: Partial restoration of hair growth in the DEBR
model for Alopecia areata after in vivo depletion of CD4þ Tcells. Br J Derma-
tol 140:432^437, 1999c

McElwee KJ, Tobin DJ, Bystryn J-C, King LE, Sundberg JP: Alopecia areata: An
autoimmune disease? Exp Dermatol 8:371^379, 1999b

Mehlman RD, Griesemer RD: Alopecia areata in the very young. Am J Psychiatry
125:605^614, 1968

Messenger AG, Bleehen SS: Expression of HLA-DR by anagen hair follicles in alo-
pecia areata. J Invest Dermatol 85:569^572, 1985

Motyka B, Korbutt G, Pinkoski MJ, et al: Mannose 6-phosphate/insulin-like growth
factor II receptor is a death receptor for granzyme B during cytotoxic T cell-
induced apoptosis. Cell 103:491^500, 2000

Muller SA,Winkelmann RK: Alopecia areata. An evaluation of 736 patients. Arch
Dermatol 88:290^297, 1963

Mustafa MI, Diener P, H˛jeberg B,Van der Meide P, Olsson T: T cell immunity and
interferon-g secretion during experimental allergic encephalomyelitis in Lewis
rats. J Neuroimmunol 31:165^177, 1991

Nepom GT, Erlich H: MHC class-II molecules and autoimmunity. Annu Rev Immu-
nol 9:493^525, 1991

Oldstone MB: Molecular mimicry and immune-mediated diseases. FASEB J 12:1255^
1265, 1998

Parakkal PF: Role of macrophages in collagen resorption during hair growth cycle.
J Ultrastruct Res 29:210^217, 1969

Paus R: Control of the hair cycle and hair diseases as cycling disorders. Curr Opin
Dermatol 3:248^258, 1996

Paus R, ChristophT, Muller-Rover S: Immunology of the hair follicle: A short jour-
ney into terra incognita. J Invest Dermatol Symp Proc 4:226^234, 1999

Paus R, Slominski A, Czarnetzki BM: Is alopecia areata an autoimmune-response
against melanogenesis-related proteins, exposed by abnormal MHC class I ex-
pression in the anagen hair bulb? Yale J Biol Med 66:541^554, 1993

Penders AJ: Alopecia areata and atopy. Dermatologica 136:395^399, 1968
Piguet PF,Vesin C, Guo J, Donati Y, Barazzone C:TNF-induced enterocyte apoptosis

in mice is mediated by the TNF receptor 1 and does not require p53. Eur J Im-
munol 28:3499^3505, 1998

Randall VA: Is alopecia areata an autoimmune disease? Lancet 358:1922^24, 2001
Ranki A, Kianto U, Kanerva L,Tolvanen E, Johansson E: Immunohistochemical and

electron microscopic characterization of the cellular in¢ltrate in alopecia (area-
ta, totalis, and universalis). J Invest Dermatol 83:7^11, 1984

Regner M, Lambert PH: Autoimmunity through infection or immunization? Nat
Immunol 2:185^188, 2001

Russell JH, Ley TJ: Lymphocyte-mediated cytotoxicity. Annu Rev Immunol 20:323^
370, 2002

Sabouraud R: Sur les origines de la pelade. Annales Dermatologie Dermatologie Syphili-
graphie 3:253^277, 1896

Siegel RM, Chan FK, Chun HJ, Lenardo MJ:The multifaceted role of Fas signaling
in immune cell homeostasis and autoimmunity. Nat Immunol 1:469^474, 2000

Skinner RB Jr, LightWH, Bale GF, Rosenberg EW, Leonardi C: Alopecia areata and
presence of cytomegalovirus DNA. JAMA 273:1419^1420, 1995

Smyth JR Jr, McNeil M: Alopecia areata and universalis in the Smyth chicken mod-
el for spontaneous autoimmune vitiligo. J Invest Dermatol Symp Proc 4:211^215,
1999

Su X, Hu Q, Kristan JM, et al: Signi¢cant role for Fas in the pathogenesis of auto-
immune diabetes. J Immunol 164:2523^2532, 2000

Sundberg JP, Boggess D, Silva KA: Major locus on mouse chromosome 17 and min-
or locus on chromosome 9 are Linked with alopecia areata in C3H/HeJ Mice.
J Invest Dermatol 120:771^775, 2003

Sundberg JP, Cordy WR, King LE Jr: Alopecia areata in aging C3H/HeJ mice.
J Invest Dermatol 102:847^856, 1994

Suri-Payer E, Amar AZ, Thornton AM, Shevach EM: CD4þ /CD25þ T cells in-
hibit both the induction and e¡ector function of autoreactiveTcells and repre-
sent a unique lineage of immunoregulatory cells. J Immunol 160:1212^1218, 1998

Tobin DJ, Orentreich N, Bystryn J-C: Autoantibodies to hair follicles in normal in-
dividuals. Arch Dermatol 130:395^396, 1994b

Tobin DJ, Orentreich N, Fenton DA, Bystryn J-C: Antibodies to hair follicles in
alopecia areata. J Invest Dermatol 102:721^724, 1994a

Tobin DJ, Sundberg JP, King LE Jr, Boggess D, Bystryn JC: Autoantibodies to hair
follicles in C3H/HeJ mice with alopecia areata-like hair loss. J Invest Dermatol
109:329^333, 1997

Weedon D, Strutton G: Apoptosis as the mechanism of the involution of hair folli-
cles in catagen transformation. Acta DermVenereol 61:335^339, 1981

Weise K, Kretzschmar L, John SM, Hamm H: Topical immunotherapy in alopecia
areata. Anamnestic and clinical criteria of prognostic signi¢cance. Dermatology
192:129^133, 1996

Westgate GE, Craggs RI, Gibson WT: Immune privilege in hair growth. J Invest
Dermatol 97:417^420, 1991

Wucherpfennig KW: Insights into autoimmunity gained from structural analysis of
MHC-peptide complexes. Curr Opin Immunol 13:650^656, 2001

Wucherpfennig KWYuB, Bhol K, et al: Structural basis for major histocompatibility
complex (MHC)-linked susceptibility to autoimmunity. Charged residues of a
single MHC binding pocket confer selective presentation of self peptides in
pemphigus vulgaris. Proc Natl Acad Sci USA 92:11935^11939, 1995

Zhang JG, Oliver RF: Immunohistological study of the development of the cellular
in¢ltrate in the pelage follicles of the DEBR model for alopecia areata. Br J
Dermatol 130:405^414, 1994

Z˛ller M, McElwee KJ, Engel P, Ho¡mann R: Transient CD44 variant isoform ex-
pression and reduction in CD4 (þ )/CD25 (þ ) regulatoryT cells in C3H/HeJ
mice with alopecia areata. J Invest Dermatol 118:983^992, 2002

ALOPECIA AREATA 187VOL. 8, NO. 2 OCTOBER 2003




