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The collapse of major histocompatiblity complex
(MHC) class-I-dependent immune privilege can lead
to autoimmune disease or fetal rejection. Pragmatic
and instructive models are needed to clarify the as yet
obscure controls of MHC class I down-regulation in
situ , to dissect the principles of immune privilege
generation, maintenance, and collapse as well as to
develop more effective strategies for immune privi-
lege restoration. Here, we propose that human scalp
hair follicles, which are abundantly available and eas-
ily studied, are ideally suited for this purpose: inter-
feron-� induces ectopic MHC class I expression in the
constitutively MHC class-I-negative hair matrix epi-
thelium of organ-cultured anagen hair bulbs, likely
via interferon regulatory factor-1, along with up-reg-
ulation of the MHC class I pathway molecules �2mi-
croglobulin and transporter associated with antigen
processing (TAP-2). In the first report to identify nat-
ural immunomodulators capable of down-regulating
MHC class I expression in situ in a normal, neuroec-
toderm-derived human tissue, we show that ectopic
MHC class I expression in human anagen hair bulbs
can be normalized by treatment with �-MSH, IGF-1,
or TGF-�1, all of which are locally generated, as well
as by FK506. These agents are promising candidates
for immune privilege restoration and for suppressing
MHC class I expression where this is clinically desired
(eg, in alopecia areata, multiple sclerosis, autoim-
mune uveitis, mumps orchitis, and fetal or allograft
rejection). (Am J Pathol 2004, 164:623–634)

A select number of mammalian tissue sites, namely the
brain, cornea, anterior chamber of the eye, testis, liver,
fetotrophoblast, and the hamster cheek pouch, display a

fascinating phenomenon called “immune privilege.”1–5

This name reflects that these tissue environments can
award allotransplants relative protection from rejection by
the host immune system.1,2

Immune privilege is generated and maintained by a
number of mechanisms.1–7 These mechanisms include
down-regulation or absence of major histocompatibility
complex (MHC) class Ia expression, which serves to
sequester (auto-) antigens in these sites so as to prevent
their presentation to autoreactive CD8� T cells, local
production of potent immunosuppressants such as trans-
forming growth factor (TGF)-�1, interleukin (IL)-10 and
�-melanocyte stimulating hormone (MSH), functional im-
pairment of antigen presenting cells, absence of lym-
phatics, construction of extracellular matrix barriers to
hinder immune cell trafficking,2,5 and expression of non-
classical MHC class Ib molecules.5,6,8 Immune privilege
collapse may bring about (auto-) immune disease, such
as multiple sclerosis,9 autoimmune uveitis,3,10 mumps
orchitis,11 alopecia areata,7,12 autoimmune chronic ac-
tive hepatitis,13,14 and fetal rejection.4,5,15

More than three decades ago, Billingham et al16 rec-
ognized that actively growing (anagen) hair follicles in
guinea pigs provide a special milieu which allows trans-
planted allogeneic epidermal melanocytes to escape
elimination by the host immune system. Only much later,
it became recognized that the proximal epithelium of
anagen hair follicles in humans, mice and rats indeed
displays one of the key features of immune privilege, ie,
absent or very low levels of MHC class I expression.17–20

The hair follicle immune privilege appears to be largely
restricted to the lower (proximal) hair follicle epithelium,
since the follicular connective tissue sheath and the der-
mal papilla are clearly MHC class I� in murine and hu-
man anagen VI hair follicles.18,20–22 Compared to the
epidermis and the distal follicle epithelium, the proximal
anagen hair follicle (especially the hair matrix) also dis-
plays substantially fewer antigen-presenting cells (ie,
CD1a� or ultrastructurally identified Langerhans cells),
which are functionally impaired since they do not express
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MHC class II antigens.18 The anagen hair bulb also lacks
a lymphatic system and almost devoid of intraepithelial T
cells.18,23,24 And finally, anagen hair bulbs locally gener-
ate potent immunosuppressants, such as TGF-�1,25,26

insulin growth factor (IGF)-127 and �-MSH.28,29 Taken
together, this makes the hair follicle an excellent, easily
accessible, and experimentally easily manipulated im-
mune privilege model.7,18,21

To optimally exploit the human hair follicle for studying
general principles of how immune privilege is generated,
maintained, lost and restored in situ, a pragmatic and
reductionist approach was chosen. Justified by the central
role these parameters play in immune privilege generation
and maintenance,1,3,7 we focused on the constitutive ex-
pression and the experimentally induced up- and down-
regulation of MHC class I mRNA and antigen in situ, and on
the MHC class I-pathway-related molecules transporter-
associated with antigen processing (TAP)2 and �2micro-
globulin, which are critical for proper presentation of (self-)
peptide via MHC class I.30–33 Previously, we had found
that, compared to IL-1 and tumor necrosis factor (TNF)-�,
IFN-� is the most potent inducer of ectopic MHC class I
expression in murine anagen hair bulbs in vivo.22 Also in
tumor immunology studies, IFN-� is frequently employed to
up-regulate MHC class I and II expression.34,35 Therefore,
immune privilege collapse in human scalp hair follicles was
simulated by treating microdissected, organ-cultured ana-
gen hair bulbs with IFN-�. Organ culture of normal human
scalp hair follicle, as pioneered by Philpott et al,36 was
chosen since this is readily available surplus material from
plastic surgery and allows facile and well-controlled exper-
imental manipulations in vitro. We then studied whether or
not selected candidate molecules reported in the in vitro
literature as down-regulators of MHC class I expression in
selected cultured cell types, namely, TGF-�1,37 IGF-1,38

�-MSH,39 or IL-1040 could down-regulate ectopic, IFN-�-
induced human leukocyte antigen (HLA)-A/B/C expression
and/or the expression of TAP2 and �2microglobulin in or-
gan-cultured human scalp hair follicles in situ.

Materials and Methods

Specimen

Skin biopsies were obtained after informed consent from
normal human scalp skin as samples during routine plas-
tic or hair transplantation surgery. The specimen used for
cryosections were snap-frozen in liquid nitrogen, and
stored at �80°C until use. Before staining, specimens
were embedded and processed for longitudinal cryosec-
tions (8 �m) as described before.18 Skin samples, used
for hair follicle microdissection and organ culture, were
collected and stored in refrigerator at 4°C.

Hair Follicle Organ Culture

The hair follicles microdissected from human scalp skin
samples36 were cultured in William’s E medium (Bio-
chrom AG, Berlin, Germany), which was supplemented

with insulin (10 �g/ml) (Sigma, Taufkirchen, Germany),
hydrocortisone (10 ng/ml) (Sigma), penicillin (Sigma),
streptomycin (Sigma) and L-glutamine (2 mmol/L)
(Sigma) using 24-well culture plate according to the well-
established Philpott model.41 Control hair follicles were
cultured with vehicle for 4 days. Test groups were treated
with 75 IU/ml IFN-� (Peprotech, Rocky Hill, NJ) for 4 days.
In addition, 25, 50, 75 and 100 ng/ml IGF-1 (Sigma),42,43

0.2 �g/ml or 0.4 �g/ml �-MSH (Peprotech),44 100 ng/ml
IL-10 (Peprotech),45 15 ng/ml or 30 ng/ml TGF-�1 (R&D
Systems, Wiesbaden-Nordenstadt, Germany)46 and
10�8 M FK506 (LC Laboratories, Woburn, MA)47 were
added on day 2 in each group. These doses were chosen
on the basis of their use for keratinocytes in vitro.42–47

Four days after microdissection, these follicles were em-
bedded in cryogel and frozen in liquid nitrogen and were
processed for cryosectioning.

Immunohistology

Cryosections of normal human scalp skin and of cultured
human hair follicles were immunostained, using a mono-
clonal mouse antibody against human HLA-A/B/C
(DAKO, Hamburg, Germany), a monoclonal mouse anti-
body against human �2microglobulin (BD Biosciences,
San Jose, CA), a polyclonal rabbit antibody against hu-
man TAP2 (Santa Cruz Biotechnology, Santa Cruz, CA),
and calnexin (Santa Cruz), using the extrasensitive
DAKO EnVision ADAAP technique (DAKO). Staining in-
tensity of MHC class I-immunoreactivity was scored as:
�, absent; �, weak; ��, moderate; ���, strong. The
quantification of immunoreactivity (Figure 2, C to E) was
performed in a blinded manner (ie, in ignorance of the
group assignment of the analyzed section) by a different
observer than the one who had generated and pho-
todocumented the immunostains. This light microscopic
technique was complemented with a highly sensitive im-
munofluorescent tyramide signal amplification (TSA)
technique (PerkinElmer Life Sciences, Boston, MA).48

Briefly, sections of normal human scalp skin and cultured
human hair follicles were immunostained using the mono-
clonal mouse antibody against human HLA-A/B/C
(DAKO), the monoclonal mouse antibody against human
HLA-DP/DQ/DR (DAKO), monoclonal mouse antibody
against human �2microglobulin (BD Biosciences, Heidel-
berg, Germany), the monoclonal rabbit antibody against
human interferon regulatory factor (IRF)-1 (Santa Cruz)
and the polyclonal goat antibody against human TAP2
(Santa Cruz), as the primary antibodies diluted in TNB
blocking buffer for 60 minutes at room temperature, fol-
lowed by incubation with the biotinylated antibody
against mouse IgG (Jackson ImmunoResearch Labora-
tories, West Grove, PA) (1:200 in TNB, 30 minutes at room
temperature). Next, streptavidin horseradish peroxidase
was administrated (1:50 in TNB, 30 minutes at room
temperature). Finally, the reaction was amplified by tet-
ramethylrhodamine- or fluorescein isothiocyanate-tyra-
mide amplification reagent at room temperature for 3
minutes (1:50 in amplification diluent provided with the
kit). The TSA signals were visualized under a fluorescent
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microscope (Zeiss, Jena, Germany) with CCD camera
(Hamamatsu Photonics, Hamamatsu, Japan). The mean
fluorescence intensity was measured at four previously
defined reference areas in the hair matrix of anagen hair
bulbs (Figure 1) by NIH image, and the average mean
fluorescence intensity was calculated (n � 60 hair folli-
cles/each group, derived from more than 3 patients).

HLA-B Probe

A HLA-B cDNA plasmid (450 bp) cloned in pSPT 19 was
kindly provided by Dr. Elisabeth H. Weiss (Munich, Ger-
many).49 This plasmid recognizes all MHC class Ia tran-
scripts. The plasmid was transformed into Epicurean coli
XL1-Blue (Stratagene, La Jolla, CA). Plasmid DNA was
isolated by QIAGEN Plasmid Mini Kit (QIAGEN, Hilden,
Germany). The sense probe was prepared using the PstI
cut fragment (Roche, Mannheim, Germany) and the SP 6
promoter. Antisense probe was prepared with the PuvII
cut fragment (Roche) and T7 promoter. Sense and anti-
sense HLA-B probes were labeled with biotin dUTP by
Biotin Labeling Mix (Roche).

In Situ Hybridization

In situ hybridization was performed by a kit for the detec-
tion of biotinylated probes (DAKO), following the manu-
facturer’s instructions. Briefly, biotinylated DNA probes
were hybridized with acetone-fixed cryosections of hu-
man scalp or cultured hair follicles for 90 minutes at 56°C.
The slide was immersed for 30 minutes at room temper-
ature in a stringent washing buffer (provided in the kit),
followed by incubation with streptavidin-alkaline phos-
phatase for 20 minutes. Finally, hybridization products
were visualized by BCIP/NBT substrate solution for 60
minutes.

RT-PCR Analysis of HLA-B mRNA in Cultured
Human Hair Follicles

The expression of mRNA for the HLA-B in cultured hair
follicles was determined by semiquantitative reverse tran-
scription-polymerase chain reaction (RT-PCR). 15 hair
follicles were obtained from each group from more than 3
patients. (Vehicle, IFN-� 75 IU/ml, IFN-� 75 U/ml � IGF-I
100 ng/ml). The total RNA was extracted from proximal
hair bulbs using the RN easy kit (QIAGEN). The extracted
RNA was reverse-transcribed cDNA by first-strand cDNA
Synthesis Kit for RT-PCR (Roche) and was amplified in
the UNO-Thermoblock (Biometra, Gottingen, Germany).
The primers used in this study were as follows: HLA-B,
sense: 5�-CCG GAC TCA GAA TCT CCT CAG-3�, anti-
sense: 5�-AAA CAC AGG TCA GCA TGG GAA C-3�;
�-actin, sense: 5�-CGA CAA CGG CTC CGG CAT GTG
C-3�, anti-sense: 5�-CGT CAC CGG AGT CCA TCA CGA
TGC-3� (Sigma ARK, Germany).50 Hot start (5 minutes
at 94°C), and 30 cycles of amplification at 94°C for
30 seconds, 55°C for 1 minute, and 72°C for 1 minute,

followed by a final extension at 72°C for 10 minutes. The
obtained PCR products were analyzed by electrophore-
sis on a 2% agarose gel. The gel was stained with 20
ng/ml ethidium bromide visualized by the ultraviolet tran-
silluminator. The photographed bands were quantified by
NIH image. The intensity of mRNA expression was mea-
sured by calculating the relative density of PCR bands
against �-actin in the same sample.

Results

Normal Anagen Hair Bulbs Express Very Low
MHC Class I Protein and mRNA

Low or absent expression of MHC class I protein in the
proximal hair follicle epithelium, namely in the keratino-
cytes of the hair matrix, is the hallmark of hair follicle
immune privilege (Figure 1A), compared with the MHC
class I expression of the distal outer root sheath (ORS)
and epidermal keratinocytes in normal human scalp skin
(Figure 1B).7,17,18 However, it had been unknown
whether this reflects an unusually low rate of MHC class
I transcription. Here, we show by in situ hybridization that
HLA-B-related transcript signals in the anagen hair matrix
and the proximal ORS (Figure 1C) are substantially
weaker than in the epidermis (Figure 1D) or the distal hair
follicle epithelium (distal ORS) (Figure 1E) in normal hu-
man scalp skin sections.

�2microglobulin and TAP2 Mirror the Follicular
Expression of MHC Class I

The stable assembly and the cell surface expression of
functional MHC class I molecules not only require intra-
cellular uptake of a self peptide (eg, autoantigen, viral
proteins in virus infected cells, mutated cells in tumor
cells) but also a complex, tightly regulated sequence of
interactions with MHC class I pathway molecules, includ-
ing �2microglobulin, TAP1, and TAP2.31–33 Therefore, we
also studied the follicular expression of these MHC class
I pathway molecules by immunohistology. �2microglobu-
lin and TAP2 immunoreactivity mirrored the low or absent
expression level of HLA-A/B/C molecules in the proximal
ORS and hair matrix of anagen hair bulbs (Figure 1, F and
G), compared with distal ORS and epidermis (Figure 1, H
and I) in the normal human scalp skin sections. Therefore,
this immunoprivileged region of the skin epithelium is char-
acterized by a down-regulation not only of HLA-A/B/C, but
also of major MHC class I pathway molecules. This mirrors
the situation in murine hair follicles in vivo22 and underscores
the relative defect of these follicular tissue compartments in
the presentation of self-peptides to CD8� T cells: the few
MHC class I molecules that may be expressed here are
likely to form an unstable, functionally impaired antigen-
presentation MHC class I complex.51–53
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Experimental Imitation of Immune Privilege
Collapse: IFN-� Up-Regulates Ectopic MHC
Class I Gene and Protein Expression in Normal
Human Hair Follicles

To imitate one key event of immune privilege collapse, ie,
the ectopic expression of MHC class I molecules in pre-
viously MHC class I-negative tissue sites, normal human
scalp hair follicles in the active/growth stage of the hair
cycle (anagen VI)54,55 were microdissected and organ-
cultured, and treated with low-dose IFN-� (75 IU/ml).
IFN-� was chosen because we had previously shown in
murine back skin that, compared to other cytokines that
reportedly act as potent up-regulators of MHC class I
expression (eg, IL-1�, TNF-�), only IFN-� served as
strong MHC class I inducer in anagen hair bulbs in vivo.22

By careful titration studies, 75 IU/ml IFN-� were iden-
tified as the minimally effective dose of IFN-� that sufficed
to induce the ectopic MHC class I expression in organ-
cultured human anagen hair bulbs, while higher doses
(100 to 1000 IU/ml IFN-�) also caused significant, pre-
mature hair follicle regression (catagen) in vitro. Since
hair follicles physiologically lose their immune privilege
during each catagen phase,7,19,23 because the hair fol-
licles involute during catagen primarily by apoptotic de-
letion of hair bulb keratinocytes that were those previ-
ously MHC class I negative,23,55,56 catagen induction
was undesired and had to be avoided for the purpose of
this study. Therefore, 75 IU/ml IFN-� were used in all
subsequent experiments.

We evaluated the MHC class I expression in cultured
hair follicles using two complementary techniques, TSA
(Figure 1, K, M, U, and W, Figure 2, A and B) and DAKO
EnVision (Figure J, L, T, and V, Figure 2, C to E). Both
techniques revealed that low-dose IFN-� (75 IU/ml)
strongly up-regulated not only MHC class I immunoreac-
tivity in areas of the hair follicle epithelium with previously
low or absent MHC class I expression (in particular in the
proximal hair matrix), and further enhanced MHC class I
in constitutively positive hair follicle compartments (eg,
tissue sheath, dermal papilla), but also up-regulated
HLA-B mRNA expression in situ in these regions (Figure
3, A and B) in vitro. Given the central importance of MHC
class I-mediated autoantigen presentation in immune dis-
orders characterized by immune privilege collapse,7,13,14

this ectopic, IFN-�-induced MHC class I expression in the
proximal epithelium of organ-cultured human anagen hair
follicles was exploited as a highly reductionist, yet very
pragmatic, easily reproducible, and well-standardized
general model for experimentally imitating and manipu-
lating one key event during immune privilege collapse:
the ectopic MHC class I expression on the gene and
protein level.

IFN-� Likely Up-Regulates MHC Class I in the
Anagen Hair Bulb via IRF-1

In vitro studies, eg, in neural cells, have established that
IFN-�-induced MHC class I expression is primarily medi-
ated via interferon regulatory factor-1 (IRF-1).57,58 Inter-
estingly, by immunohistology, IRF-1-like immunoreactivity
was very weak in the proximal hair matrix and the proxi-
mal ORS of anagen hair bulbs in normal human scalp
skin sections (Figure 4A), but very prominent in the distal
ORS (Figure 4B), the basal layer epidermis (Figure 4C)
and throughout the epithelium of catagen follicles (Figure
4D). Instead, compared to vehicle controls (Figure 4E),
the hair matrix and proximal ORS of IFN-�-treated hair folli-
cles show strong expression of IRF-1 (Figure 4F) in vitro.
This suggests that IFN-� likely up-regulates MHC class I in
the anagen hair bulb via IRF-1, and that IRF-1 is an impor-
tant element in the generation, collapse, and restoration of
the immune privilege of anagen hair follicles.

TGF-�1, IGF-1, �-MSH, and FK506 Restore
Hair Follicle Immune Privilege

Next, we attempted to restore the hair follicle IP by ap-
plying a number of agents to the medium that had been
reported to down-regulate MHC class I expression in cell
culture such as TGF-�1,37 IGF-1,38 �-MSH,39 IL-10,40

and FK506.59 Among the surprisingly few recognized
MHC class I suppressors, we selected natural bioregu-
latory compounds that we and others had shown before
to be locally generated in normal murine or human ana-
gen hair bulbs, ie, TGF-�1,25,26 IGF-1,27 and �-MSH,28,29

and also chose IL-10, which was originally characterized
as an immunosuppressive cytokine,60,61 hypothesizing
that one or several of these factors may be involved in

Figure 1. A to I: Anagen hair bulbs express very low epithelial MHC class I and its pathway molecules in normal human scalp skin sections. A: Extra-sensitive
APAAP-based immunohistology techniques (EnVision) show very low or absent MHC class-I-like immunoreactivity in the hair matrix, inner root sheath (IRS), and
proximal ORS. Dermal papilla cells show marked variation in MHC class I immunoreactivity between individuals. Some dermal papilla cells have strong
immunoreactivity for MHC class I and others have only weak immunoreactivity. B: The epidermis, distal ORS, and the connective tissue sheath of anagen VI scalp
hair follicle have high MHC class-I-like immunoreactivity. In the ORS, MHC class I immunoreactivity declines from distal to proximal. C: On in situ hybridization
technique, the proximal ORS and matrix keratinocytes show very little detectable HLA-B gene expression, supporting the MHC class I protein expression data (A).
D and E: Note the strongly positive HLA-B mRNA signals in the epidermis (human scalp skin) and the distal ORS. F: Proximal ORS and hair matrix keratinocytes
show low or absent expression level of �2microglobulin immunoreactivity similar to the expression of MHC class I. In comparison with proximal ORS and hair
matrix keratinocytes, dermal papilla cells express moderate expression of �2microglobulin. G: Proximal ORS, hair matrix, and dermal papilla cells show low
expression of TAP2 immunoreactivity. H: Distal ORS and epidermis show high levels of �2microglobulin immunoreactivity. I: Distal ORS shows high level of TAP2
immunoreactivity. J to Y: IGF-1, �-MSH, TGF-�1, and FK506 down-regulate IFN-�-induced ectopic MHC class I protein expression in vitro. J and K: EnVision (J)
and Tyramide signal amplification (TSA)46 (K) show the low expression of MHC class I in the vehicle-treated control follicle matrix and proximal ORS in cultured
human hair follicles. L and M: 75 IU/m IFN-� induces the ectopic MHC class I expression in human hair matrix and proximal ORS. N to S: 100 ng/ml IGF-1 (N
and O), 0.4 �g/ml �-MSH (P and Q), and 30 ng/ml TGF-�1 (R and S) down-regulate the IFN-�-induced ectopic MHC class I expression in human hair matrix
and proximal ORS. T to Y: In comparison with vehicle-treated control hair follicles (T and U), 75 IU/ml IFN-�-treated human hair matrix has a strong MHC class
I immunoreactivity (V and W), which is down-regulated by 1 � 10�8 FK506 (X and Y) in vitro. The mean fluorescence intensity (MFI) was measured at four
previously defined reference areas in the hair matrix of anagen hair bulbs (N and O) by NIH image, and the average MFI was calculated [n � 60 hair follicles
(HFs) from 3 patients/group]. �2m, �2microglobulin; CTS, connective tissue sheath; DP, dermal papilla.
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generation and/or maintenance of the normal immune
privilege of the anagen hair bulb. If so, we reasoned that
they should be capable of suppressing ectopic MHC
class I expression. For greater simplicity, IFN-�-induced
ectopic expression of MHC class I in the proximal hair
matrix was taken as an indicator of “immune privilege
collapse”, while its down-regulation was interpreted as a
sign of (at least partial) “immune privilege restoration”.

As shown in Figure 1, N (EnVision) and O (TSA), IGF-1
substantially down-regulated IFN-�-induced the ectopic
MHC class I expression in the proximal hair matrix of
normal, organ-cultured human anagen hair bulbs in a
dose-dependent manner in vitro (Figure 2A). Both of En-
Vision and TSA technique confirmed that a similar down-
regulation was seen with 0.2 �g/ml or 0.4 �g/ml �-MSH,
15 ng/ml or 30 ng/ml TGF-�1, and 10�8 M FK506 (Figure
1, P to S, X, and Y, and Figure 2, B, C, and E) (0.2 �g/ml
�-MSH, 15 ng/ml TGF-�1; data not shown) but not with
100 ng/ml IL-10 (Figure 2D) in vitro. In addition, a variable
degree of MHC class I down-regulation was seen also in

other constitutively MHC class-I-positive-hair follicle com-
partments, and in (non-immunoprivileged) areas of the
follicle mesenchyme where IFN-� treatment had strongly
up-regulated MHC class I expression (this phenomenon
was particularly prominent with �-MSH and TGF-�1; see
Figure 1, P to S). This is the first evidence that two growth
factors (IGF-1, TGF-�1) and a proopiomelanocortin-de-
rived neuropeptide (�-MSH) can down-regulate MHC
class I expression in a normal human tissue in situ. It is
intriguing to note that the same agents are also constitu-
tively expressed in the proximal hair follicle epitheli-
um.25–29

IGF-1, �-MSH, and FK506 Inhibit Ectopic MHC
Class I Transcription

To clarify whether IGF-1, �-MSH and FK506 also inhibit
MHC class I mRNA transcription, in situ hybridization and
RT-PCR were used. In situ hybridization revealed that 75
U/ml IFN-� induced ectopic MHC class I mRNA signals in
the hair matrix compared with control (Figure 3, A and B).
Corresponding to our immunohistological findings on the
protein level (Figure 1, J to Q and T to Y), 100 ng/ml
IGF-1, 0.4 �g/ml �-MSH, and 10�8 M FK506 all down-
modulated ectopic MHC class I mRNA-related signals
(Figure 3, C to E) in cultured hair follicles. The mean
intensity of the expression was measured by NIH image
(Figure 3F). Semiquantitative RT-PCR on mRNA ex-
tracted from microdissected, cultured hair bulbs sup-
ported that IGF-1, �-MSH, TGF-�1, and FK506 indeed
inhibit IFN-� induced MHC class I mRNA transcription
(Figure 3, G and H).

IGF-1 Possibly Down-Regulates MHC Class I
Expression via IRF-1

To probe the mechanism of MHC class I down-regulation,
we studied how IGF-1 affected IRF-1 expression. As
shown by immunohistology, the immunoreactivity for
IRF-1 was down-regulated in IGF-1-treated hair matrix
and proximal ORS in vitro (Figure 4G), compared to the
hair follicles that had been treated only with IFN-� (Figure
4F). Even though conclusive evidence for this remains to
be provided, this is in line with the concept that MHC
class I protein expression is suppressed by IGF-1 via
direct or indirect IRF-1 down-regulation, since IRF-1 has
recently been identified as the most important enhancer
of MHC class I gene promoter activity.57,58

IGF-1 Down-Regulates IFN-�-Induced Ectopic
�2microglobulin and TAP2 Expression in the
Hair Matrix

Furthermore, we checked whether IGF-1 also modulates
the expression of the important MHC class I pathway
molecules, �2microglobulin and TAP2, since this would
further impair potential (auto)antigen presentation via
MHC class I molecules. Because IGF-1 had given the
strongest and best-reproducible MHC class I down-reg-

Figure 2. IGF-1, TGF-�, �-MSH, and FK506 can down-regulate IFN-�-in-
duced ectopic MHC class I expression in hair matrix. A: IGF-1 (25 to 200
ng/ml) down-regulates the fluorescent mean intensity of MHC class I in hair
matrix by dose dependent manner. B: TSA, which is high-sensitive immu-
nohistochemical technique, revealed that 30 ng/ml TGF-�1 and 0.4 �g/ml
�-MSH significantly down-regulate the mean intensity of MHC class I in the
hair matrix. C and D: EnVision also shows that 100 ng/ml IGF-1, 30 ng/ml
TGF-�1, 0.4 �g/ml �-MSH significantly down-regulate the staining intensity
of MHC class I in the hair matrix. D: IL-10 fails to down-regulate the
IFN-�-induced ectopic MHC class I expression. E: The expression of MHC
class I was significantly down-regulated in hair matrix treated by 10�8 M
FK506. The MFI of MHC class I expression was measured at four previously
defined reference areas in the hair matrix of anagen hair bulbs by NIH image,
and the average MFI was calculated (n � 60 HFs from 3 patients/group).
Staining intensity of MHC class I-immunoreactivity was scored as follows:
�, absent; �, weak; ��, moderate; ���, strong (n � 60 HFs from 3
patients/each group), indicated as mean values � SEM (n � 60 HF/group
from 3 patients). *, P � 0.05 versus IFN-�-treated hair follicles; **, P � 0.01
versus IFN-�-treated hair follicles.
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ulatory effects, we studied hair follicles that had first been
treated by IFN-�, followed by IGF-1. �2microglobulin im-
munoreactivity, which is very low in the matrix of control
hair follicles, was up-regulated by 75 U/ml IFN-� com-
pared to controls (Figure 4, H and I). This ectopic expres-
sion in the hair matrix was down-regulated again by 100
ng/ml IGF-1 in vitro (Figure 4J).

In vitro, TAP is generally stimulated by IFN-�.62,63 Here
we show that IFN-� indeed up-regulates TAP2 also in
immunoprivileged areas of the human hair follicle epithe-
lium, ie, in the hair matrix and the proximal ORS (Figure 4,
K and L), exactly as we had previously seen in murine
back skin hair follicles in vivo.22 After IGF-1 treatment,
TAP2 immunoreactivity declined in the hair matrix and

proximal ORS (Figure 4M). This suggests that IGF-1 can
also suppress effective self-antigen presentation via in-
hibiting the TAP-mediated transport of proteasome-di-
gested autoantigenic peptides into the endoplasmic re-
ticulum, where they are taken up by MHC class I.30–33

Interestingly, constitutively MHC class I� fibroblasts of
the follicular dermal papilla (Figure 1A), whose level of
MHC class I expression is further augmented by IFN-�
treatment (Figure 1, L, M, V, and W), became virtually
TAP2-negative after IGF-1 treatment in vitro (Figure 4M).
IGF-1 treatment may, therefore, also impair antigen pre-
sentation to CD8� T cells in this crucial mesenchymal
“command center” of the hair follicle54,55 since it would
be expected that (auto)antigens cannot be transported

Figure 3. HLA-B gene expression is down-regulated by IGF-1, �-MSH, TGF-�, and FK506. A: In situ hybridization revealed that HLA-B mRNA expression was
very low in control hair matrix and proximal hair ORS which is same as the result shown in Figure 1. B: 75 U/ml IFN-� strongly up-regulated HLA-B mRNA
expression in matrix. C: 100 ng/ml IGF-1 repressed the number of ectopic HLA-B mRNA-like signals. D: 0.4 �g/ml �-MSH repressed the number of ectopic HLA-B
mRNA-like signals. E: 1 � 10�8 M FK506 repressed the number of ectopic HLA-B mRNA-like signals. F: The mean intensity of mRNA expression by in situ
hybridization was evaluated by NIH image in matrix and distal ORS. G and H: Semiquantitative RT-PCR supports the result by immunohistochemistry that shows
IGF-1, FK506, �-MSH, and TGF-�1 inhibits 75 IU/ml IFN-�-induced ectopic HLA-B mRNA transcription. The mean intensity of each amplified signals were
measured and compared with that of �-actin using NIH image software. The level of mean intensity ratio was down-modulated in HF treated with 100 ng/ml IGF-1,
1 � 10�8M FK506, 0.4 �g/ml, and 30 ng/ml TGF-�1. *, P � 0.05 versus IFN-�-treated hair follicles; ** P � 0.01 versus IFN-�-treated HFs.
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Figure 4. A: HF matrix has absent or low IRF-1-like-immunoreactivity in anagen hair bulb. B: In anagen hair follicle, IRF-1 immunoreactivity is declined from
epidermis to distal ORS. C: Basal layer epidermis shows IRF-1 strong immunoreactivity in human scalp skin. D: Very prominent immunoreactivity throughout the
epithelium of catagen follicles. E: Control HF shows low immunoreactivity of IRF-1. F and G: 75 IU/ml IFN-� up-regulated IRF-1 immunoreactivity in matrix and
proximal ORS (F), which is restored by 100 ng/ml IGF-1 (G). H to P: IFN-�-induced ectopic MHC class I pathway molecules and MHC class II immunoreactivity
was down-regulated by IGF-1. H: TSA revealed that control HF has very low immunoreactivity of �2microglobulin like MHC class I expression. I and J: 75 IU/ml
IFN-� up-regulate �2microglobulin immunoreactivity in hair follicle matrix, and down-regulated by 100 ng/ml IGF-1. K to M: IFN-�-induced ectopic TAP2
immunoreactivity was also down-regulated by 100 ng/ml IGF-1. IGF-1 also down-regulates IFN-�- induced MHC class II expression. N: The expression of MHC
class II in control HFs were very low in matrix and proximal ORS. O to P: Control HF shows a few MHC class-II-positive cells in the connective tissue sheath;
75 IU/ml IFN-� prominently induced MHC class II expression not only in the connective tissue sheath but also in the proximal ORS (keratinocytes), which could
be down-regulated again by 100 ng/ml IGF-1 (P).
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into the endoplasmic reticulum because of insufficient
availability of TAP2.51–53 This finding is particularly in-
triguing in the context of the most frequent autoimmune
disease of human hair follicles alopecia areata,7,12 where
an autoimmune attack on the follicle mesenchyme (ie, the
dermal papilla) has also been implicated in the patho-
genesis.64

IGF-1 Also Down-Regulates IFN-�-Induced
Ectopic MHC Class II Expression

In normal skin epithelium, MHC class II is only expressed
on professional antigen presenting cells (Langerhans
cells).65 However, MHC class II is not expressed on the
very few Langerhans cells that can occasionally be de-
tected in human anagen hair bulbs by electromicroscopy
or CD1a staining, which suggests that these are function-
ally impaired in this immunoprivileged region of the hair
follicle.7,18 Under pro-inflammatory conditions, namely af-
ter IFN-� stimulation, many skin cell types (including ker-
atinocytes) can become non-professional antigen pre-
senting cells via up-regulation of MHC class II.66,67 If this
happens in an area of relative immune privilege, this must
be expected to further accelerate and aggravate immune
privilege collapse.7,12,67

Therefore, it is interesting to note that control hair fol-
licles, as expected, show MHC class-II-positive cells only
on a few cells in connective tissue sheath in vitro (Figure
4N). Then, 75 U/ml IFN-�, as expected, prominently in-
duces MHC class II expression in the proximal ORS
(Figure 4O), which can be down-regulated again by 100
ng/ml IGF-1 in cultured hair follicles (Figure 4P).

Discussion

Here, we propose that human scalp hair follicles offer an
ideal, far-too-long ignored model for the dissection of
general principles of immune privilege generation, main-
tenance, and collapse. We show that this model also
helps to identify novel, and hopefully more effective strat-
egies for immune privilege restoration via MHC class
I-down-modulation wherever this would be clinically ben-
eficial (eg, multiple sclerosis,9 autoimmune uveitis,3,10

mumps orchitis,11 alopecia areata,7,12 autoimmune
chronic acute hepatitis,13,14 and fetal rejection4,5,15). Fur-
thermore, this new immune privilege model allows one to
dissect the essentially unknown controls of MHC class I
down-regulation in neuroectodermally derived human tis-
sue compartments in situ.

Our data indicate that hair matrix and proximal ORS
are largely negative for MHC class I not only on the
protein, but also on the mRNA level (Figure 1, A and C)
and that this is accompanied by a relatively low expres-
sion of important MHC class I pathway molecules (TAP2
and �2microglobulin) (Figure 1, F and G). Since TAP
subunits are critical for MHC class I assembly and
thereby for antigen translocation into the endoplasmic
reticulum, while �2microglobulin is needed for the stabi-
lization of MHC class I and endogenous antigen com-

plex, this coordinated down-regulation of MHC class I,
TAP2 and �2microglobulin molecules in the anagen hair
matrix can be expected to severely hinder (self-)antigen
presentation in the human anagen hair bulb. Since all
keratinocytes in the anagen hair bulb arise from MHC
class I� stem cells in the bulge region of the ORS or the
secondary hair germ,55,68,69 spontaneous anagen devel-
opment55 actually offers a most intriguing natural model
that only awaits exploitation in molecular and ultrastruc-
tural studies how exactly MHC class I transcription/trans-
lation and surface expression as well as the expression of
associated MHC class I-pathway molecules are cyclically
shut-down in selected “transit amplifying” cells that arise
from this epithelial stem cell pool.68,69 Due to the virtual
impossibility of studying early stages of anagen develop-
ment in the human hair follicle, we are currently exploring
this in depilation-induced anagen during the murine hair
cycle. Since the data reported here designate �-MSH,
TGF-�1, and IGF-1 reasonable candidates as major con-
stitutive, anagen-associated MHC class I suppressors,
we are focusing on expression switches of the corre-
sponding genes in the bulge and secondary hair germ
during anagen I-III.

We show that the prototypic pro-inflammatory cytokine
IFN-� is a key inducer of ectopic MHC class I expression
(Figure 1, L, M, V, and W), likely via IRF-1 (Figure 4F), the
most important enhancer of MHC class I gene promoter
activity.57,58 That IFN-� also up-regulates the MHC class
I pathway molecules �2microglobulin and TAP2 in the
anagen hair bulb (Figure 4, I and L) underscores the
potency of this cytokine as an instigator of immune priv-
ilege collapse and designates IFN-�-induced signaling a
prime molecular target for immune intervention in MHC
class I-dependent autoimmune disease and transplant
rejection. Recently, IFN-�, a novel type I interferon, was
identified in human keratinocytes, which is significantly
enhanced by IFN-�.70 Therefore, IFN-� may also play a
role in our current model.

While the relative immune privilege of the anagen hair
bulb had been noted before,17,19 it has remained elusive
how the low or absent MHC class I expression that ap-
pears to be at the basis of hair follicle immune privilege is
controlled.7 Intriguingly, the current study suggests that
locally generated, secreted molecules, which have pre-
viously been recognized as potent modulators of hair
follicle growth cycling and/or pigmentation,55,71,72 ie,
TGF-�125,26 IGF-1,27 �- MSH,28,29 are likely candidates
as constitutive down-modulators of MHC class I expres-
sion in the proximal hair follicle epithelium (Figure 1, N to
S). This is the first report to identify natural immunomodu-
lators capable of down-regulating MHC class I expres-
sion in situ in a normal, neuroectoderm-derived human
tissue. IGF-1 even suppresses the MHC class I pathway
molecules TAP2 and �2microglobulin (Figure 4, J and M)
as well as ectopic MHC class II expression (Figure 4P),
thus underscoring its potency as an “immune privilege
restorer”.

This finding is exciting since, to the best of our knowl-
edge, this is not only the first report implicating this well-
known growth factor for fibroblasts and keratinocytes73 in
immunosuppressive activities, but also since IGF-1 is
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locally generated in the hair follicle, where it is recog-
nized as a key hair growth modulator: IGF-1 mRNA and
protein are abundantly expressed in various hair follicle
compartments, including the human hair bulb,27 which
also expresses IGF-1 receptors.25,42 Physiological con-
centrations of IGF-1 are potent stimulators of hair follicle
growth, and suppress hair follicle regression (catagen).74

Though it remains to be dissected how IGF-1 down-
regulates IFN-�-induced ectopic MHC class I expression,
in the current study, IRF-1 expression in situ was inhibited
by IGF-1 (Figure 4G), suggesting a key role for IRF-1.

TGF-�1 is also locally expressed in murine and human
hair follicles,25,26 and is a potent immunosuppres-
sor.3,75,76 That TGF-�1 can down-regulate IFN-�-induced
follicular MHC class I expression in situ (Figure 1, R and
S) fits well to the available in vitro data.37 The proopiomel-
anocortin-derived neuropeptide �-MSH is expressed
prominently in the hair matrix,71,72 and is also appreci-
ated for its potent immunosuppressive activity.77,78,79 For
example, �-MSH down-regulates the activity or produc-
tion of many cytokines, including IL-1�, IL-6, TNF-�, and
IFN-�, and may as a natural cytokine antagonist.77,80

Here, we provide the first available evidence that this
melanocortin also is an effective suppressor of ectopic
MHC class I expression in situ (Figure 1, P and Q, Figure
2, B and C, and Figure 3, D, F, G, and H), which strongly
supports an isolated preliminary report of MHC class I
inhibition by �-MSH in an epithelial cell line (A431) in
vitro.39

In contrast, the potent natural immunosuppressant IL-
10,81,82 which reportedly can down-regulate MHC class I
expression in human melanoma cells in vitro40 and thus
may aid in tumor escape from immunosurveillance, failed
to suppress IFN-�-induced ectopic MHC class I expres-
sion in the human hair bulb in situ (Figure 2D). Interest-
ingly, IL-10-deficient mice are actually less susceptible to
developing alopecia areata than wild-type controls,83

while transgenic expression of IL-10 in pancreatic islet
cells of non-obese diabetic mice accelerates autoim-
mune insulinitis and diabetes.84 Together with these re-
ports, the failure of IL-10 to inhibit MHC class I expression
in the human hair bulb further questions the conventional
wisdom of IL-10 as an “immunosuppressant.”81,82

That the potently immunosuppressive immunophilin li-
gand, FK506, markedly down-modulates epithelial MHC
class I expression in organ-cultured human hair follicles
(Figure 1, X and Y, and Figure 2E) is a clinically most
encouraging finding: on the one hand, FK506 is already
widely used in clinical medicine, eg, for the suppression
of liver transplant rejection,85 on the other, FK506 has
already been shown to reverse hair loss in murine and rat
models of alopecia areata.86 Therefore, the current study
identifies with FK506 a widely available, registered drug
that could, in principle, be tested immediately for its MHC
class I down-regulating capacity in a wide range of clin-
ical conditions where this is therapeutically desirable (eg,
multiple sclerosis,9 autoimmune uveitis,10 mumps orchi-
tis,11 autoimmune chronic active hepatitis,13,14 and alo-
pecia areata7,12). In addition, the natural, locally gener-
ated MHC class I suppressors IGF-1, TGF-�1, and
�-MSH, also are promising candidates for immune privi-

lege restoration and for MHC class I suppression when-
ever this is clinically desired. In particular, �-MSH carries
a very low risk of toxicity, since the systemic administra-
tion of �-MSH in man is very well tolerated.87,88

Although the role of NK and NK-T cells in MHC class-
I-negative hair follicle immune privilege remains to be
elucidated,7 the current study already opens new thera-
peutic perspectives not only in alopecia areata, where
MHC class I suppression may well be the key to achiev-
ing the long-awaited, yet still elusive therapeutic break-
through,12 but also in other clinical conditions where an
efficient down-regulation of MHC class-presented self- or
non-self-antigens would be of great therapeutic value.
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