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ABSTRACT

Background: The so-called antikeratin antibodies and
the antiperinuclear factor are the most specific serologi-
cal markers of rheumatoid arthritis (RA). They were
recently shown to be largely the same autoantibodies
and to recognize human epidermal filaggrins and pro-
filaggrin-related proteins of buccal epithelial cells (collec-
tively referred to as (pro)filaggrin).
Materials and Methods: To further characterize the
target antigens, we investigated their expression by nor-
mal human epidermal keratinocytes cultured in differ-
entiating conditions, using immunofluorescence and
immunoblotting with RA sera and three different mono-
clonal antibodies to (pro)filaggrin.
Results: On the comified, stratified epithelial sheets ob-
tained in vitro, RA sera with anti(pro)filaggrin autoanti-
bodies (AFA) produced granular staining of the stratum
granulosum and diffuse staining of the stratum comeum.
The antigens recognized by RA sera strictly colocalized

with (pro)filaggrin in keratohyalin granules. Following
sequential extraction of the proteins from the epithelial
sheets, the RA sera and the three monoclonal antibodies
to (pro)filaggrin, recognized a series of low-salt-soluble
molecules, including a neutral/acidic isoform of filaggrin
and several proteins with sizes and pI intermediates be-
tween this isoform and profilaggrin. They also recog-
nized urea-soluble high-molecular-weight profilaggrin-
related molecules.
Conclusions: These results show that in vitro epidermal
keratinocytes express various molecular forms of (pro)
filaggrin that bear epitopes targeted by AFA of RA sera,
and that some of these are absent from epidermis. More-
over, these epitopes, which are present on the keratohy-
alin granules of buccal epithelial cells but not on those of
epidermal cells, are present on the granules of the cul-
tured keratinocytes. This work completes the molecular
characterization of the proteins targeted by AFA.

INTRODUCTION
Numerous circulating antibodies, including
rheumatoid factors (1) and antibodies to various
cellular components (2,3) have been described in
sera from patients with rheumatoid arthritis
(RA). Most of the antibodies, however, are also
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present in sera from patients with other autoim-
mune diseases and therefore cannot be used as
reliable criteria for the diagnosis of RA. An ex-
ception is the antiperinuclear factor that deco-
rates perinuclear granules in the superficial cells
of the human buccal mucosa epithelium, which
for 30 years has been considered to be specifically
associated with RA (4,5). Similarly, the G immu-
noglobulins, first described by Young et al. (6) to
label the stratum corneum of the rat esophagus
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epithelium and called "antikeratin antibodies,"
have also been found to be highly specific mark-
ers of the disease (5,7-10). Recent evidence has
indicated that antikeratin antibodies and the an-
tiperinuclear factor are essentially the same au-
toantibodies (1 1). These genuine autoantibodies,
which also label the stratum corneum of human
epidermis (6,12-14), have been detected with
high titers in rheumatoid synovial fluids (7,15)
and have been shown to appear precociously and
even precede the clinical symptoms of the dis-
ease (16,17). This suggests that these autoanti-
bodies could be involved in the pathophysiology
of RA.

Characterization of the rat esophagus epithe-
lial antigens showed that these antibodies do not
recognize cytokeratins, the major protein com-
ponent of the stratum corneum, but rather, three
late epithelial differentiation proteins immuno-
logically related to rat (pro)filaggrin (18). In the
stratum corneum of human epidermis, evidence
including data from immunoabsorption experi-
ments indicates that the epidermal filament-ag-
gregating protein filaggrin and its neutral/acidic
isoform are the targets of these antibodies (19).
Moreover, these antibodies also detect (pro)filag-
grin-related proteins in buccal epithelial cells.
Based on these data, we propose naming them
"antifilaggrin autoantibodies" (AFA) (1 1).

Filaggrin is a histidine-rich cationic protein
present in the cornified layers of mammalian
epidermis (20,21). It is synthesized in the stra-
tum granulosum, the epidermal layer located
just below the stratum corneum, as a high-mo-
lecular-weight phosphorylated precursor, pro-
filaggrin, consisting of 10 to 12 filaggrin units
separated by linker peptides. This precursor is
located in the keratohyalin granules of the stra-
tum granulosum and is processed into filaggrin
monomers by dephosphorylation and proteolysis
(22-24). Extraction from epidermis of profilag-
grin and of the mature basic filaggrin, which
aggregates the cytokeratins, requires high urea
concentrations, whereas isolation of the neutral/
acidic isoform of filaggrin can be achieved using
a low-salt buffer (19). All of these forms are
collectively referred to as (pro)filaggrin.

A recent study showed that epidermal pro-
filaggrin is not recognized by RA sera (12). Fur-
thermore, in the noncornified buccal epithelium,
the molecule recognized by RA sera corresponds
neither to epidermal profilaggrin nor to any of
the isoforms of filaggrin described above but to a
modified profilaggrin (1 1).

To further characterize the (pro)filaggrin-

borne RA-associated antigens, we analyzed their
in vitro expression by human epidermal kerati-
nocytes. The cells were cultured in conditions
allowing expression of the terminal differentia-
tion program up to cornification (25,26) and
thus the synthesis of the late differentiation pro-
teins including (pro)filaggrin. Using selected RA
sera and original mouse monoclonal antibodies
directed to human epidermal (pro)filaggrin (27),
we analyzed the histological location of the tar-
geted molecules by indirect immunofluorescence
and described their characteristics by sequential
extractions and immunoblotting.

MATERIALS AND METHODS
Cultures
Culture of normal human keratinocytes was per-
formed as previously described (28) with some
modifications. Briefly, breast skin samples were
obtained from plastic surgery and cultured on
mitomycin C-treated 3T3 feeder layer according
to Rheinwald and Green (25,26). The culture
medium consisted of Dulbecco's modified Eagle
medium (DMEM) and Ham F12 (v/v:5/1, Gibco
BRL, Life Technologies, Paisley, Scotland) sup-
plemented with 0.4 jig/ml hydrocortisone, 2 x
10-9 M triiodothyronine, 10-10 M cholera toxin,
5 ,ug/ml insulin, 1.2 mg/ml adenine, 5 mg/ml
human transferrin (Sigma, St Louis, MO),
50 U/ml streptomycin/penicillin (Gibco BRL)
and 10% heat-inactivated fetal calf serum (FCS;
Institut Jacques Boy S.A., Reims, France). The
medium was changed at Days 2, 4, 6, 8, and 10.
From Day 2 to Day 12, epidermal growth factor
(Sigma) was added at a final concentration of 10
ng/ml. When the keratinocytes reached conflu-
ence (Day 12), they were further cultured for 7
days in retinoic acid-free medium to induce ke-
ratinocyte differentiation. This medium was the
same as above except that the FCS, which was
heat-inactivated then depleted in retinoic acid by
delipidization (29), was used at only 5%. The
culture medium was renewed at Days 14, 16,
and 18.

Human Sera and Monoclonal Antibodies
Human sera were obtained from four healthy
donors (control sera) and from eight patients
with RA classified according to the criteria of the
American Rheumatism Association (30). We
chose RA sera with a high titer of antikeratin
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antibodies, and with a low titer of naturally oc-
curring autoantibodies to cytokeratins assayed
by indirect immunoflorescence and ELISA, re-
spectively, as previously described (10, 1 3). Their
reactivity to human filaggrin was confirmed by
immunoblotting as previously reported (19). The
murine monoclonal antibody (MAb) AKH1
(IgGl, ascitic fluid), specific for human epidermal
filaggrin and profilaggrin (31), was purchased
from Biomedical Technologies (Stoughton, MA).
The two MAbs AHFI and AHF7 (IgGl) are part
of a series of seven MAbs to human (pro)filag-
grin recently produced and characterized in our
laboratory (27). AHF1 specifically recognizes
filaggrin and its precursor, while AHF7 only rec-
ognizes filaggrin. EE21-06, a murine MAb also
produced in our laboratory, is directed against an
epitope shared by the human cytokeratins KI,
K2, K9, and K1O/11 (32).

Histology
Cultured keratinocytes were detached from flask
bottoms with dispase (2.4 U/ml; Boehringer Mann-
heim, Mannheim, Germany). Culture sheets
were fixed for 24 hr in Dubosq-Brasil solution
(45% ethanol v/v, 0.45% picric acid w/v, 36%
formol v/v, 7% acetic acid v/v), paraffin embed-
ded, and cut into 4-,um sections. The sections
were deparaffinized in toluene, rehydrated in a
graded series of ethanol, and stained with he-
malum-eosin. The slides were observed with an
Olympus BH-2 microscope (Tokyo, Japan).

Immunohistology
Dispase-treated epidermal sheets and normal hu-
man skin were frozen embedded in Tissue-Tek
medium (Reichert-Jung, Heildeberg, Germany),
cut into 4-,m sections, and stored at - 30°C until
used. Indirect immunoflorescence was per-
formed as previously described (13,28). Briefly,
the first antibodies diluted in phosphate-buffered
saline (PBS; 150 mM NaCl, 7 mM K2HPO4,
1.5 mM KH2PO4, pH 7.4), were incubated for
45 min at 37°C; human sera were diluted to 1:50,
AKH1 to 1:200, AHF1, AHF7 and EE21-06 to
5 ,ug/ml. After washing, sections were incubated
for 30 min in the same conditions with the
relevant fluorescein isothiocyanate-labeled an-
tibodies diluted in PBS: either goat antibodies
to mouse IgG (Southern Biotech, Birmingham,
AL) diluted to 1:200 or goat antibodies to hu-
man immunoglobulin heavy chains (Biosys,
Compiegne, France) diluted to 1:100. The slides

were then mounted with Fluoprep medium (Bi-
omerieux, Marcy l'Etoile, France) and observed
under an Olympus BH-2 microscope with UV
epi-illumination. For double staining experi-
ments, sections were first incubated with AKH1
and revealed with tetramethylrhodamine iso-
thiocyanate-labeled goat antibodies to mouse
IgG (Sigma). After washing, the slides were in-
cubated for 20 min at 37°C with an RA serum,
and human IgG were detected with the fluores-
cein isothiocyanate-labeled goat antibodies to
human IgG.

Sequential Protein Extraction
Frozen skin fragments were incubated for 5 min
at 560C in PBS containing 0.5 mM phenylmeth-
ylsulfonyl fluoride and 5 mM EDTA. A second
incubation in the same buffer without EDTA was
performed for 5 min at 40C. Epidermis was then
easily separated from dermis with forceps. Cul-
tured keratinocytes were detached by scraping,
centrifuged for 10 min at 200 X g and the pellet
frozen at -300C. For sequential protein extrac-
tions, human epidermis or cultured keratino-
cytes were homogenized on ice in 40 mnM Tris-
HCI, pH 7.4, 150 mM NaCl, 5 mM EDTA, 0.5%
Nonidet P-40, 0.1 mM phenylmethylsulfonyl
fluoride, and 2 ,ug/ml pepstatin A. The lysates
were centrifuged at 15,000 X g for 15 min at 4°C
and the supernatants ("low-salt extracts") were
recovered and kept at - 300C. The pellets under-
went the same treatment twice. Then they were
homogenized on ice in 50 mM Tris-HCl, pH 7.6,
10 mM EDTA, 8 M urea, 0.1 mM phenylmeth-
ylsulfonyl fluoride, and 2 ,ug/ml pepstatin A. The
suspensions were centrifuged at 15,000 X g for
15 min at 40C and the new supernatants ("urea
extracts") were recovered and stored at -300C.
Protein concentrations were measured using the
Coomassie Plus protein assay (Pierce, Rockford,
IL).

Electrophoreses
Proteins of the low-salt extracts were precipi-
tated by ethanol and collected by centrifugation.
For one-dimensional electrophoresis, dried pel-
lets were dissolved in 10 mM Tris-HCl, pH 7.4,
2% SDS, 1% 2-mercaptoethanol, and 0.01%
bromophenol blue. For two-dimensional electro-
phoresis, pellets were dissolved in distilled water
with 0.01% bromophenol blue. Proteins of the
urea extracts were precipitated by acetone and
collected by centrifugation. For one-dimensional
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electrophoresis, dried pellets were dissolved in
20 mM Tris-HCl, pH 7.6, 6 M urea, 4% SDS, 1%
2-mercaptoethanol, and 0.01% bromophenol
blue. For two-dimensional electrophoresis, pel-
lets were dissolved in 50 mM Tris-HCl, pH 7.6,
8 M urea, and 0.01% bromophenol blue. SDS-
PAGE was performed using a PhastSystem (Phar-
macia, Uppsala, Sweden) with precast 8-25%
polyacrylamide gels following the procedures
suggested by the manufacturer. Protein markers
from Bio-Rad Laboratories (Richmond, CA) were
used as molecular weight references. For two-
dimensional electrophoresis of the low-salt ex-
tracts, proteins were separated by isoelectrofo-
cusing in the first dimension using PhastGels
with ampholytes generating a 3-9 pH gradient.
The isoelectrofocusing calibration kit from Phar-
macia was used as an isoelectric point (pl) refer-
ence. Proteins from the urea extracts were sepa-
rated by nonequilibrium pH gel electrophoresis
in the first dimension because with isoelectrofo-
cusing, the very basic filaggrin would migrate out
of the gel. PhastGels were dried and rehydrated
in 6 M urea, 0.5% Nonidet P-40, containing
ampholytes generating a 5-8 pH gradient as de-
scribed by the manufacturer. The two-dimen-
sional calibration kit of Bio-Rad was used to as-
sess the pl of the proteins. SDS-PAGE was
performed in the second dimension.

Immunoblotting
After electrophoresis, proteins were electrotrans-
ferred onto nitrocellulose. They were probed as
previously reported (28): briefly, membranes
were incubated in blocking buffer (10 mM Tris-
HCI, pH 8, 150 mM NaCl with 0.05% Tween 20,
and 0.5% skimmed dried milk). Nitrocellulose
membranes were incubated overnight with the
first antibodies diluted in blocking buffer (AKH1
and human sera were diluted to 1:100, AHF1
and AHF7 at 5 ,ug/ml, and EE21-06 at 2.5 ,ug/
ml). After exhaustive washing in blocking buffer,
the membranes were incubated for 90 min with
the second antibodies diluted in blocking buffer:
peroxidase-conjugated rabbit F(ab')2 fragments
to mouse IgG (Zymed, San Francisco, CA) di-
luted to 1:200, or peroxidase-conjugated goat
antibodies to human IgG (Southern Biotechnol-
ogy) diluted to 1:400. Peroxidase was visualized
with 4-chloro- 1 -naphthol (Bio-Rad). Alterna-
tively, after nonequilibrium pH gel electrophore-
sis/SDS-PAGE, immunoblotting was performed
with the ECL Western blotting method (Amer-
sham, Buckinghamshire, U.K.), following the

procedures suggested by the manufacturer.
AHFI and AHF7 were used at 600 ng/ml and
1 Ag/ml, respectively. AKH1 was diluted to
1:1,000, human sera were diluted to 1:250, and
secondary antibodies were used at 1:2,000.

RESULTS

Histological Observations
After 19 days of culture, including 7 days in
differentiating conditions, keratinocytes consti-
tuted stratified and morphologically differenti-
ated epidermal sheets. All layers of normal epi-
dermis were present, in particular, a stratum
granulosum that contained numerous keratohy-
alin granules and a stratum corneum of rather
heterogeneous thickness with one to four lay-
er(s) of corneocytes. In contrast to normal epi-
dermis, some of the corneocytes were parakera-
totic, containing pycnotic nuclei (Fig. 1).

Immunohistological Observations

RHEUMATOID ARTHRITIS SERA (FIG. 1). In the cul-
tured epidermal sheets, the eight RA sera tested
recognized granules in the granular layers and
diffusely stained the stratum corneum. This pat-
tern was very different from that obtained using
the same sera on normal human epidermis,
where only the stratum corneum was intensely
and diffusely labeled. The normal control sera
only produced weak and diffuse labeling of the
cytoplasm of living cells, both in the cultured
keratinocytes and in human epidermis (not
shown), due to the low-titered autoantibodies to
epidermal cytokeratins (13).

MONOCLONAL ANTIBODIES (FIG. 1). Antibodies
AKH1 (not shown) and AHF1, directed against
both profilaggrin and filaggrin, and AHF7, only
directed against filaggrin, produced an intense,
granular labeling in the stratum granulosum in
the cultured epidermis. The labeling was also
present, although weaker and more diffuse, in
the stratum corneum. In normal epidermis,
AKH1 (not shown) and AHF1 strongly stained
the keratohyalin granules and, in a more diffuse
manner, the lower part of the cornified layer,
whereas AHF7 only stained the stratum cor-
neum and did not recognize the keratohyalin
granules.
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CULTURES
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B
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FIG. 1. Histological features and indirect im-
munoflorescence analysis of cultured human
keratinocytes (left) and normal human epider-
mis (right) using an RA serum and MAbs AHF1
and AHF7 directed toward (pro)filaggrin and
filaggrin, respectively
Cultured epithelial sheets (A) show a stratified archi-
tecture similar to that of normal epidermis (B). In
the cultured epithelial sheets, the RA serum and the
AHF MAbs produce labeling that is diffuse and of
varying intensity in the stratum corneum and al-
ways intense and granular in the stratum granulo-
sum where it labels the keratohyalin granules. In
normal epidermis, the RA serum produces laminated
labeling restricted to the stratum corneum, AHF1
stains the keratohyalin granules of the stratum
granulosum and weakly recognizes the lower corni-
fied layers of the stratum corneum, and the filag-
grin-specific MAb AHF7 only stains the stratum cor-
neum. Dotted lines denote the dermo-epidermal
junction or the basal limit of the cultured epithelial
sheets. SC, stratum corneum; SG, stratum granulo-
sum; KHG, keratohyalin granules. Bars =

50 p.m except in B = 100 ,um.

FIG. 2. Double indirect immunoflorescence
analysis of cultured human keratinocytes with
AKH1, a MAb to (pro)filaggrin, and an RA
serum

The labeling of AKHl is revealed with tetramethyl-
rhodamine isothiocyanate-conjugated anti-mouse
IgG (A, C) and that of the RA serum with fluores-
cein isothiocyanate-conjugated anti-human IgG
(B, D). The MAb and the RA serum label the same
granules (arrows). Dotted lines denote the basal
limit of the cultured epithelial sheets. Bar = 200 ,um
(A, B); 50 p.m (C, D).

DOUBLE STAINING WITH RHEUMATOID ARTHRITIS SERA
AND AKHI (FIG. 2). Since in cultured epidermal
sheets the indirect immunoflorescence distribu-
tions of RA-associated antigens and of (pro)filag-
grin were similar, we localized them by double
indirect immunoflorescence staining using an
RA serum and AKH1. The RA-associated anti-
gens and (pro)filaggrin colocalized in the kerato-
hyalin granules of the epidermal sheet granular
layer. When a thick stratum corneum was
present, the antigens also colocalized at this level
(not shown).

Immunochemical Studies

ONE-DIMENSIONAL IMMUNOBLOTTING ANALYSIS (FIG. 3).
The RA sera and all the anti(pro)filaggrin MAbs
showed the same reactivity to the low-salt ex-
tracts obtained from cultured keratinocytes.
They recognized an antigen ranging in size from
-70 kDa to >200 kDa, and additional bands at
40-43 kDa. This reactivity was observed neither
with the control sera nor with the control MAb
EE21-06. In the low-salt extracts of epidermis,
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FIG. 3. One-dimensional immunoblotting reactivity of MAbs, RA sera, and control sera to proteins
extracted with low-salt buffer or with urea from cultured keratinocytes and normal human epidermis
Proteins were extracted either with a low-salt buffer ("LS extracts") or with high concentrations of urea ("Urea
extracts"), from cultured keratinocytes (left) and from normal human epidermis (right). In each case, after SDS-
PAGE, immunoblotting analysis of the extracted proteins was performed with anti-mouse IgG alone as a control
(lane 1); EE21-06, a MAb to cytokeratins 1, 2, 10/11 (lane 2); AKH1 and AHF1, MAbs to (pro)filaggrin (lanes 3,
4); AHF7, a MAb to filaggrin (lane 5); anti-human IgG alone as a control (lane 6); RA sera (lanes 7-10); normal
human sera (lanes 11-14). Within the LS extracts, the RA sera and the anti(pro)filaggrin MAbs detect both 40-43
kDa bands and a diffuse high-molecular-weight antigen from 70 up to 200 kDa and above in the cultured kerati-
nocytes, while only a diffuse 40 kDa band corresponding to the neutral/acidic isoform of filaggrin is detected in
normal epidermis. Within the urea extracts, the RA sera and the anti(pro)filaggrin monoclonal antibodies reveal a
diffuse antigen with molecular weight >100 kDa in the cultured keratinocytes, while they all detect the urea-solu-
ble filaggrin in normal epidermis, AKHI and AHFI showing an additional diffuse reactivity towards the urea-solu-
ble precursor profilaggrin. Note that in the urea extracts, EE21-06 as well as human sera are reactive towards cy-
tokeratins in the 50-66 kDa zone (lanes 2, 7-14); in extracts of normal epidermis, some of them are also reactive
towards aggregated cytokeratins in the 66-200 kDa zone (lanes 2, 7-10, 14). Molecular weight markers are on the
left of each series of immunoblots. The migration of filaggrin is indicated on the right (arrow, F).

the RA sera and all the anti(pro)filaggrin MAbs
recognized only a diffuse band at around 40 kDa,
which corresponds to the low-salt-soluble neu-
tral/acidic isoform of epidermal filaggrin (19).

In the urea extracts from cultured keratino-
cytes, in spite of the proteins being concentrated,
reactivity around 40 kDa was not observed, nei-
ther with MAbs nor with RA sera, indicating that
the mature basic filaggrin was not expressed in
vitro. At higher molecular weights, a diffuse re-
activity above 100 kDa was observed with the
RA sera and with the three anti(pro)filaggrin
MAbs. All the sera, including the controls,
weakly recognized proteins of about 50 and 66
kDa, which proved to be cytokeratins KI and

K10/11 since they were also reactive with the
MAb EE21-06. In the urea extracts from normal
epidermis, the RA sera and the three anti(pro)
filaggrin MAbs recognized a protein of about
37-40 kDa corresponding to the basic filaggrin.
AKH1 and AHF1 exhibited an additional diffuse
reactivity towards a high-molecular-weight anti-
gen >200 kDa, which corresponds to profilag-
grin. Reactivity was not observed in this zone,
neither with AHF7, which does not to recognize
profilaggrin, nor with the RA sera. The control
MAb EE21-06 and the human sera reacted with
the cytokeratins in the 50-66 kDa zone. Some of
the human sera and EE21-06 also exhibited an
intense reactivity ranging from 66 to >200 kDa.
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FIG. 4. Immunoblotting reactivity of RA serum and MAbs AHF1 and AHF7 on low-salt extracts of
cultured keratinocytes and normal human epidermis separated by two-dimensional isoelectrofocus-
ing/SDS-PAGE
In the extracts from cultured keratinocytes (upper half), the RA serum and the AHF monoclonal antibodies stain a

series of antigens exhibiting an S-shaped migration pattern (pl ranging from 5.5 to 7.3 and molecular weights
ranging from 40 up to >200 kDa). In the extracts from normal epidermis (lower half), the RA serum and the AHF
MAbs stain the comma-shaped neutral/acidic isoform of filaggrin (pI ranging from 6 to 7.4 and molecular weights
ranging from 37 to 40 kDa). Molecular weight markers are on the left, pI markers are on the top of each mem-
brane. IEF, isoelectrofocusing.

This reactivity resulted from cytokeratin aggre-

gation, induced by overloading polyacrylamide
gels to improve the sensitivity of immunodetec-
tion of (pro)filaggrin.

TWO-DIMENSIONAL IMMUNOBLOITING ANALYSIS: Low-

Salt Extracts (Fig. 4). In the cultured keratino-
cyte extracts, RA sera immunodetected a series
of low-salt-soluble molecules exhibiting an S-
shaped migration pattern. These molecules
showed the same charge heterogeneity, with pl
values ranging from 5.5 to 7.3 and increasing
molecular weights ranging from 40 to above 200
kDa. All the MAbs directed against (pro)filaggrin
had a reactivity similar to that of the RA sera. In
the control extracts from normal epidermis, both
the RA sera and the AHF MAbs showed reactiv-
ity to a comma-shaped molecule located be-
tween 37 and 40 kDa and with pI values ranging
from 6 to 7.4. This molecule is the neutral/acidic

isoform of epidermal filaggrin we recently de-
scribed as the target of antikeratin antibodies
(19). It partially colocalized with the S-shaped
proteins of the lowest size, ranging from 40 to 70
kDa. Thus, the RA-associated epitopes expressed
in vitro are borne by several low-salt-soluble mo-
lecular forms of (pro)filaggrin, including in part
the neutral/acidic filaggrin of normal human epi-
dermis.

Urea Extracts (Fig. 5). The urea extracts were

separated in nonequilibrium pH gel electro-
phoresis as the first dimension (since isoelectro-
focusing separation would have caused the very

basic filaggrin to leave the gel) and in SDS-PAGE
as the second dimension. Reactivity to the 37-40
kDa basic filaggrin was not detected in the cul-
tured epithelium extracts, neither with the RA
sera nor with the AHF MAbs. However, the RA
sera detected diffuse molecules with molecular
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FIG. 5. Immunoblotting reactivity of RA serum and MAbs AHFI and AHF7 on urea extracts of cul-
tured keratinocytes and of normal human epidermis separated by two-dimensional nonequilibrium
pH gel electrophoresis/SDS-PAGE
In the extracts from cultured keratinocytes (upper half), the RA serum and the AHF MAbs detect a diffuse protein
spot (migration-like pI markers ranging from 5.4 to 5.9 and molecular weight above 100 kDa). AHFI detects an
additional group of molecules with lower molecular weight and more basic pI (ranging from 70 to 100 kDa and
from pI 6 to 7). In the extracts from normal epidermis (lower half), AHFl detects profilaggrin (molecular weight
above 200 kDa and pI from 5.4 to 5.9), comma-shaped filaggrin (molecular weight of 37-40 kDa and pI from 6 to
9) and a series of molecules of intermediate size and charge. AHF7 detects a protein doublet corresponding to the
most acidic part of the urea-soluble filaggrin. Like AHF7, the RA serum weakly detects the most acidic part of the
urea-soluble filaggrin (arrowhead) and recognizes the same intermediate molecules between filaggrin and profilag-
grin like AHF1. Molecular weight markers are on the left and migration of pl markers are on the top of each
membrane. NEpHGE, nonequilibrium pH gel electrophoresis.

weights >100 kDa that migrated like protein
markers with pls ranging from 5.4 to 5.9. These
proteins were related to (pro)filaggrin since they
were also detected by the anti- (pro)filaggrin
MAbs. An additional group of molecules of lower
molecular weights, from 70 kDa to 100 kDa, and
with more basic pIs, was detected only by AHF 1.
In the urea extracts obtained from epidermis, the
acidic profilaggrin of >200 kDa, the basic filag-
grin of 37-40 kDa, and additional molecules of
intermediate sizes and charges, were clearly
identified with AKHI (not shown) and AHFl
(Fig. 5). In contrast, AHF7 only detected a pro-
tein doublet corresponding to the most acidic
fraction of the urea-soluble basic filaggrin. The
RA sera did not recognize profilaggrin, but like
AHFl, detected numerous molecules of sizes and

charges that were intermediate between those of
profilaggrin and filaggrin, and like AHF7, only
the most acidic fraction of the urea-soluble basic
filaggrin.

DISCUSSION
We have immunohistologically analyzed the re-
activity of RA sera containing high titers of AFA
toward cultured, normal epidermal keratino-
cytes. The keratinocytes were cultured in differ-
entiating conditions, whereby epithelial sheets
exhibiting a morphology roughly similar to that
of epidermis were obtained. The RA sera labeled
the cornified layers of the cultured epidermis, as
observed on normal epidermis. However, the RA
sera labeling of granules in the granular kerati-
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nocytes was not observed on normal epidermis
(12). Double-staining experiments confirmed
that the antigens recognized by the RA sera co-

localized with the (pro)filaggrin recognized by
the AKH1 antibody, thus confirming that the
labeled granules are keratohyalin granules. Con-
sistent with this result, the AHF7 antibody,
which is specific for an epitope borne by epider-
mal filaggrin and not by profilaggrin, did not
label the epidermal keratohyalin granules but did
label the granules of cultured epidermis. This
suggests that the antigenic molecules expressed
in vitro in the keratohyalin granules are different
from the profilaggrin normally present in epider-
mal keratohyalin granules in vivo. The kerato-
hyalin granules of cultured keratinocytes proba-
bly contain (pro)filaggrin-related molecules with
antigenic determinants which are present on

filaggrin in normal epidermis but are absent or

masked on profilaggrin, the main component of
keratohyalin granules.

In agreement with these immunohistochem-
ical observations, new molecular forms of (pro)
filaggrin were identified in the cultured epider-
mis by means of a sequential extraction pro-

cedure and immunoblotting. In the urea extracts
of the cultured sheets, neither the AHF MAbs
nor the RA sera immunodetected the mature
basic epidermal filaggrin detected in normal epi-
dermis. In contrast, all of them detected high-
molecular-weight molecules sharing the bio-
chemical characteristics of epidermal profilaggrin
(molecular size, pI, and urea requirement for
extraction). These molecules were nevertheless
different from epidermal profilaggrin since they
were recognized by the RA sera and by AHF7,
both of which do not recognize the epidermal
filaggrin precursor (12,27). In the low-salt ex-

tracts from the cultured epidermis, AKH1, AHF 1,
AHF7, and the RA sera also recognized other
(pro)filaggrin-related proteins that exhibited a

wide heterogeneity in both charge and size. The
low-salt- and urea-soluble (pro)filaggrin-related
molecules probably result from various biochem-
ical modifications of profilaggrin. Some of these
molecules (probably the urea-soluble high-mo-
lecular-weight proteins) could be present in the
keratohyalin granules, whereas others (probably
the most processed, i.e., the lowest-molecular-
weight molecules extracted in a low-salt buffer)
could be present in the stratum corneum and
would be responsible for its labeling by AHF7
and the RA sera.

The two-dimensional electrophoresis migra-
tion of the low-salt-soluble antigenic proteins, as

a series of molecules exhibiting the same
S-shaped pattern, resembles that of a multimeric
system composed of monomeric proteins and
various polymeric associations of these mono-
mers. Similar S-shaped profilaggrin-related mol-
ecules were previously described by Asselineau
et al. (33) using one-step urea extracts of human
keratinocyte cultures grown in differentiating
conditions. Aberrant migration due to extensive
post-translational modifications could explain
such an S-shaped pattern. The low-salt-soluble
neutral/acidic isoform of filaggrin extracted from
normal epidermis partially colocalized with the
lowest size monomer extracted under the same
conditions from the cultured epidermis. Thus,
the multimeric system might correspond to mol-
ecules formed by one to 12 neutral/acidic filag-
grin units. These molecules might accumulate in
culture epidermis because of an interruption or
decrease in profilaggrin processing which, in
normal epidermis, involves several proteases and
phosphatases (for a review, see ref. 23). A low
level of phosphatase(s) activity in the cultured
epidermis could cause an incomplete dephos-
phorylation of the precursor and therefore mod-
ify the susceptibility of the linker peptides to
proteolysis, resulting in an accumulation of par-
tially dephosphorylated and proteolyzed pro-
filaggrin.

These immunohistological and immuno-
chemical results show that the RA-associated an-
tigenic molecules expressed in our cultures share
the same characteristics of antigenic molecules
previously identified in buccal epithelium and in
epidermis. Indeed, some of the molecules ex-
pressed in vitro are located in the keratohyalin
granules of the granular cells as in buccal epi-
thelium. The high-molecular-weight, low-salt-
soluble S-shaped molecules also exhibit similar
biochemical properties to the 200-400 kDa pe-
rinuclear antigen of the buccal epithelial cells
(1 ). On the other hand, the 40-70 kDa
S-shaped protein partially comigrates in two-di-
mensional electrophoresis with the comma-
shaped neutral/acidic filaggrin extracted from
normal human epidermis. These data suggest
that the cultured epithelial sheets in our in vitro
model reach a stage of differentiation that is an
intermediate between that of buccal epithelium
and of epidermis, giving rise to new molecular
forms of (pro)filaggrin.

The present study underlines the complexity
of the events that occur during epidermal pro-
filaggrin maturation. It illustrates the difficulty in
obtaining basic filaggrin expression in cultures of
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human keratinocytes, owing to the difficulty in
achieving terminal differentiation in vitro. The
conversion of profilaggrin into mature filaggrin
had been proposed to occur in human keratino-
cytes grown on a collagen matrix at the liquid-
air interface and after extensive removal of reti-
noids from the culture medium by serum
delipidization (33). However, in this study, pro-
tein extraction with urea was performed as a
one-step procedure, and filaggrin expression was
determined by two-dimensional, nonequilib-
rium pH gel electrophoresis/SDS-PAGE. It is
known that this method does not allow discrim-
ination between the basic and the neutral/acidic
isoforms of filaggrin. Evaluation of the pl range
of the molecules extracted or isolation of a basic
filaggrin by anionic exchange chromatography
would be necessary to definitively conclude that
mature basic filaggrin is indeed expressed in this
type of culture. Regardless, this in vitro model
will be useful to analyze the antigenicity of the
molecules toward AFA.

Various factors are involved in the regulation
of keratinocyte differentiation. In human epider-
mal keratinocytes cultured on emerged fibro-
blast-collagen lattices, retinoic acid was shown to
be able to provoke metaplasia and to prevent
keratinization of the tissue (34). Kautsky et al.
(35) showed that this negative regulation of oral
keratinocyte differentiation by retinoic acid
could be modulated by the origin of the fibro-
blasts underlying the epithelial cells: fibroblasts
from the noncornified zones of oral mucosa po-
tentiated the effects of retinoic acid, compared
with fibroblasts from cornified zones of the mu-
cosa.

These data indicate that keratinocyte differ-
entiation and consequently, profilaggrin process-
ing are not only tissue-specific but also closely
depend on the conditions of keratinocyte cul-
ture. This may explain the results obtained by
Hoet and co-workers (36) that appear to contra-
dict ours. These authors analyzed the expression
of the antiperinuclear factor antigens in human
buccal mucosa keratinocytes cultured on a 3T3
fibroblast feeder layer that were induced to dif-
ferentiate by addition of 12-0-tetradecanoyl-
phorbol-13-acetate. This treatment induced the
appearance of granules in the cultured buccal
epithelial sheets and of (pro)filaggrin-related
molecules in the granules. However, molecules
reacting with RA sera were not detected. We
assume that 12-0-tetradecanoylphorbol-13-ace-
tate only allowed the expression in the kerato-
hyalin granules of a molecular form of profilag-

grin similar to phosphorylated epidermal
profilaggrin and that, as in human epidermis, the
molecule was recognized by AKH1, a monoclo-
nal antibody to (pro)filaggrin, but not by RA
sera. Further maturation of profilaggrin, which is
necessary to generate the epitopes recognized by
AFA, probably did not occur in this in vitro
model. Pulse-chase labelings with 32P-ortho-
phosphate on various models of keratinocyte
cultures will allow us to test whether dephos-
phorylation is a crucial event in the appearance
of the epitopes recognized by AFA on the (pro)
filaggrin-related antigens. Such studies might
also contribute to the elucidation of the mecha-
nisms of profilaggrin maturation, which are well
known in the mouse and the rat (24,37-39), but
poorly understood in humans.

In conclusion, we have described the anti-
genic molecules targeted by the RA-associated
AFA, which are expressed by normal human
epidermal keratinocytes cultured in differentiat-
ing conditions. We have shown that these mol-
ecules are immunologically and biochemically
related to epidermal (pro)filaggrin and are ex-
posed on keratohyalin granules, just as antipe-
rinuclear factor antigens are exposed on kerato-
hyalin granules of human buccal epithelial cells
and borne by profilaggrin-related molecules. The
identification of the epitopes recognized on the
various differentiation-specific molecular forms
of filaggrin and profilaggrin is now under inves-
tigation. This identification will allow the search
of putative cross-reactive autoantigens in syno-
viocytes and chondrocytes. It will also help to
illuminate the mechanism(s) of autoantibody
production. Lastly, it might open the way toward
specific immunosuppressive and/or preventive
therapeutics of RA.
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