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Lymphocyte infiltration of salivary and lacrimal
glands leading to diminished secretion and gland de-
struction as a result of apoptosis is thought to be
pivotal in the pathogenesis of Sjögren’s syndrome
(SS). The cytoskeletal protein �-fodrin is cleaved dur-
ing this apoptotic process, and a strong antibody (Ab)
response is elicited to a 120-kd fragment of cleaved
�-fodrin in the majority of SS patients, but generally
not in other diseases in which apoptosis also occurs.
Little is known about the anti-�-fodrin autoantibody
response on a molecular level. To address this issue,
IgG phage display libraries were generated from the
bone marrow of two SS donors and a panel of anti-�-
fodrin IgGs was isolated by selection on �-fodrin im-
munoblots. All of the human monoclonal Abs
(hmAbs) reacted with a 150-kd fragment and not with
the 120-kd fragment or intact �-fodrin, indicating that
the epitope recognized became exposed after �-fo-
drin cleavage. Analysis of a large panel of SS patients
(defined by the strict San Diego diagnostic criteria)
showed that 25% of SS sera exhibited this 150-kd
�-fodrin specificity. The hmAbs stained human cul-
tured salivary acinar cells and the staining was redistrib-
uted to surface blebs during apoptosis. They also stained
inflamed acinar/ductal epithelial cells in SS salivary tis-
sue biopsies, and only partially co-localized with mono-
clonal Abs recognizing the full-length �-fodrin. Our
study shows that in SS patients, neoepitopes on the
150-kd cleaved product of �-fodrin become exposed to
the immune system, frequently eliciting anti-150-kd
�-fodrin Abs in addition to the previously reported anti-

120-kd Abs. The anti-150-kd �-fodrin hmAbs may serve
as valuable reagents for the study of SS pathogenesis
and diagnostic analyses of SS salivary gland tissue.
(Am J Pathol 2004, 165:53–61)

Sjögren’s syndrome (SS) is the second most common
autoimmune rheumatic disease, causing ocular and oral
dryness and extraglandular manifestations in three to four
million people in the United States alone.1–3 The disease
is characterized by lymphocytic infiltrates and destruc-
tion of the salivary and lacrimal glands, and systemic
production of characteristic autoantibodies. Xerostomia
and keratojunctivitis sicca are the common clinical signs,
but the San Diego SS diagnostic criteria also require a
positive salivary gland biopsy or the presence of autoan-
tibodies to the ribonucleoprotein SS-A/Ro for diagnosis;4

these requirements are not included in the European
Economic Committee diagnostic criteria.5,6 The typical
histopathological findings of SS salivary and lacrimal
gland tissues include glandular attrition in acinar and
ductal epithelia concomitant with lymphoplasmacytic in-
filtration consisting of predominantly CD4� cells, but also
CD8�, B cells, and plasma cells. Several immune and
inflammatory effector pathways seem to be implicated in
the ongoing pathology of SS, but our understanding of
the initiation factors and the precise mechanism of epi-
thelial cell damage and dysfunction remains limited.

Recent studies have indicated a 120-kd fragment of
�-fodrin as a potential important autoantigen in the patho-
genesis of primary SS in both a mouse model and in
humans.7–11 Fodrin is an abundant component of the
membrane cytoskeleton of most eukaryotic cells. It is
composed of heterodimers of an � (240 kd) and a � (235
kd) subunit that share homologous internal spectrin re-
peats, but have distinct amino- and carboxyl-terminal
regions. The �-fodrin subunit is an actin-binding protein
that may be involved in secretion12–14 and has been
shown in apoptotic cells to be cleaved by calpain,
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caspases, and an unidentified protease present in T-cell
granule content.15–18 Indeed, treatment of mice with
caspase inhibitors prevents induction of SS.19 Autoanti-
bodies to the 120-kd cleavage fragment of �-fodrin have
been detected in patients with primary and secondary SS
but also in a few systemic lupus erythematosus (SLE)
patients without SS.7,9,20–22 Different diagnostic criteria
for SS have been used in the various studies and differ-
ences in the specificity of 120-kd �-fodrin for SS have
been observed, which has rendered the importance of
120-kd �-fodrin as a diagnostic marker controversial.

Here, we have further evaluated the incidence and
specificity of anti-�-fodrin Ab response in American SS
patients and found a correlation between anti-�-fodrin Ab
and SS, but a lower prevalence of anti-120-kd �-fodrin
Abs in American versus Japanese SS patients. We also
found that �25% of SS sera contained Abs against the
150-kd cleavage fragment of �-fodrin. To examine these
Abs at a molecular level, we cloned and characterized a
panel of hmAbs from SS patients using phage display
technology that specifically recognized the 150-kd �-fo-
drin neoepitope. The anti-150-kd hmAbs were shown to
detect 150-kd �-fodrin in apoptotic acinar and ductal
salivary gland cells in cell culture, and in SS salivary
gland tissue sections, indicating that the hmAbs may be
useful diagnostic reagents in SS pathology.

Materials and Methods

Patients

Sera were obtained from 60 SS patients (42 American
and 18 Japanese) who fulfilled the San Diego criteria for
the diagnosis of SS;23 12 rheumatoid arthritis (RA) pa-
tients; 12 SLE patients, diagnosed based on American
College of Rheumatology criteria; and 10 healthy individ-
uals. Bone marrow from two Caucasian American pa-
tients with secondary SS (designated SS23 and SS30)
were obtained for Ab library construction.

Western Blot Analysis

�-Fodrin was purified from mouse brain tissue using the
method of Cheney and colleagues24 yielding �95% pu-
rity. Mouse �-fodrin exhibits 94% amino acid sequence
identity to human �-fodrin. Coomassie staining of mouse
brain �-fodrin separated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) on a 10%
Tris-HCl gel (Bio-Rad, Hercules, CA) showed an intense
band at 240 kd corresponding to intact �-fodrin, but also
weaker bands at 180, 150, 120, 80, 50, and 30 kd that
corresponded to cleaved �-fodrin because of low levels
of constitutive apoptosis, as previously report-
ed.14,17,24,25 Mouse brain �-fodrin separated by SDS-
PAGE was also electroblotted onto polyvinylidene difluo-
ride membrane (Immobilon P; Millipore, Bedford, MA),
the membrane was blocked with 5% nonfat dry milk
(Bio-Rad) in phosphate-buffered saline (PBS), pH 7.0, for
30 minutes, and incubated with serum (diluted 1:1000 in
PBS), human recombinant Fabs (1 to 20 �g/ml) or mouse

anti-�-fodrin mAb AA6 (Affiniti, Exeter, UK) for 1 hour on
a rotator. mAb AA6 predominantly recognizes the 240-kd
intact form of �-fodrin, but also the 120- and 150-kd
cleaved form of �-fodrin. The membrane was washed
three times (10 minutes/wash) in PBS and bound serum
Ab was detected with horseradish peroxidase-conju-
gated goat Fab anti-human IgG (H�L) Ab (Bio-Rad). A
patient serum was used as internal control in each blot-
ting experiment to adjust for band intensity variations
between gels. The intensity of the bands was scored (1 to
5) based on quantification by densitometry. Bound hu-
man recombinant Fabs were detected with horseradish
peroxidase-conjugated goat anti-human IgG F(ab�)2 Ab
and bound mouse mAb detected with horseradish per-
oxidase-conjugated goat anti-mouse IgG Ab (both Jack-
son) diluted in blocking solution and incubated for 1 hour
at room temperature. After washing for 45 minutes with
PBS, membranes were rinsed briefly in MilliQ water, and
bound enzyme-labeled Ab was visualized using chemi-
luminescent substrate (SuperSignal, WestPico; Pierce,
Rockford, IL) according to the manufacturer’s instruc-
tions and autoradiographic film (Eastman Kodak, Roch-
ester, NY). All incubations were done at room tempera-
ture. As controls, all experiments were performed using
the anti-Ebola virus Fab ELZ510, the anti-HIV-1 gp120
Fab b12, normal sera or by omitting the primary Ab.

Analysis of Patient Sera and Human Fabs by
Enzyme-Linked Immunosorbent Assay (ELISA)

Mouse brain �-fodrin (2 �g/ml) and ovalbumin (4 �g/ml)
(Pierce) were coated onto microtiter wells (Costar, Cam-
bridge, MA) at 4°C overnight. Wells were washed with
PBS; blocked with 4% nonfat dry milk in PBS for 30
minutes; and incubated with patient serum (diluted 1:100
and 1:400 in PBS), human Fabs, or mouse anti-�-fodrin
mAb AA6 for 1 hour at 37°C. Wells were washed six times
with PBS-0.05% Tween and bound Ab was detected with
alkaline phosphatase-conjugated goat IgG anti-human
IgG F(ab�)2 Ab or anti-mouse IgG F(ab�)2 Ab (both 1:500
in 1% bovine serum albumin/PBS, Pierce) and visualized
with nitrophenol substrate (NPP substrate) (Sigma, St.
Louis, MO) by reading absorbance at 405 nm.

RNA Isolation and Library Construction

RNA was isolated from bone marrow of two American SS
patients (designated SS23 and SS30) by a guanidinium
isothiocyanate method, as described previously.26 Se-
rum samples from each donor were drawn concomitantly.
After reverse-transcription, the �1 (Fd region) and � and
� chains were amplified by polymerase chain reaction and
phage-display libraries were constructed in the phage-dis-
play vector pComb3, as described previously.27–29

Ab Library Selection

Libraries were selected against �-fodrin blotted mem-
brane. Mouse brain �-fodrin was separated by SDS-
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PAGE using a 10% Tris-HCl gel and transferred to poly-
vinylidene difluoride membranes. After blocking with 5%
nonfat dry milk/PBS for 30 minutes, the membrane was
incubated with phage (1011 pfu) resuspended in PBS
containing 1% bovine serum albumin for 2 hours at room
temperature. The membrane was washed and the bound
phage, enriched for those bearing antigen-binding sur-
face Fabs, were eluted with 0.2 mol/L glycine-HCl buffer,
pH 2.2, as previously described.29–31 The eluted phages
were amplified by infection of Escherichia coli and super-
infection with M13 helper phage. The libraries were
panned for four consecutive rounds with increasing
washing stringency (2 � 10 minutes for first panning
round and 4 � 10 minutes thereafter). Phagemid DNA,
isolated after the last round of panning, was digested with
NheI and SpeI restriction endonucleases and religated to
excise the cpIII gene. The reconstructed phagemid was
used to transform XL1-Blue cells (Stratagene, La Jolla,
CA) to produce clones secreting soluble Fab fragments.
Positive Fab clones were purified from bacterial super-
natants by affinity chromatography as previously de-
scribed.32

Nucleic Acid Sequencing

Nucleic acid sequencing was performed on a 373A or
377A automated DNA sequencer (ABI, Foster City, CA)
using a Taq fluorescent dideoxy terminator cycle sequenc-
ing kit (ABI). Sequencing primers were as reported.33 Com-
parison to reported Ig germline sequences from GenBank
and EMBL was performed using the Genetic Computer
Group (GCG) sequence analysis program.

Confocal Laser-Scanning Microscopy Analysis
of Human Cells and Tissue Biopsies

Human salivary gland (HSG) cells were grown in mini-
mum essential medium, Eagle’s, in Earle’s balanced salt
solution (EMEM) medium supplemented with 10% fetal
calf serum and allowed to adhere to chambered cover-
slips (Nunc, Kamstrup, Denmark) for 48 hours at 37°C,
5% CO2, to form monolayers. Apoptosis of HSG cells was
induced by incubating the cells with 100 ng/ml of tumor
necrosis factor-� (Upstate Biotechnology, Lake Placid,
NY) and 1 �g/ml of cycloheximide for 3 to 15 hours at
37°C/5% CO2. Untreated cells or those induced to un-
dergo apoptosis were fixed by 96% ice-cold ethanol for 5
minutes at 4°C or by 4% paraformaldehyde for 10 min-
utes at room temperature. Paraformaldehyde-fixed cells
were washed in PBS before being permeabilized in
0.005% saponin for 10 minutes at room temperature.
After washing in PBS and blocking with 5% normal goat
serum for 1 hour, cells were incubated with Ab. Fresh-
frozen tissue was obtained from labial biopsies of pa-
tients with active SS and healthy controls. Freshly cut
5-�m sections were dried overnight, fixed by ice-cold
96% ethanol for 5 minutes at 4°C or by acetone for 10
minutes at room temperature, and blocked with 5% nor-
mal goat serum. HSG cells and tissue sections were
incubated with human Fabs (10 �g/ml in PBS), or mouse

anti-�-fodrin mAb AA6 (Affiniti) for 1 hour. In some exper-
iments apoptotic cells were stained with Annexin V-FITC
(Pharmingen, La Jolla, CA) for 1 hour before fixation. The
slides were washed with PBS and incubated with fluores-
cein isothiocyanate-labeled (Fab�)2 goat anti-human IgG
(Fab�)2 Ab (Jackson), and Texas Red-labeled goat anti-
mouse IgG Ab (Jackson), or propidium iodine (Sigma) for
1 hour. The slides were again washed with PBS for 5
minutes and mounted with Slow Fade in PBS/glycerol
(Molecular Probes, Eugene, OR) before analysis using a
Zeiss Axiovert S100 TV confocal laser-scanning micro-
scope (Zeiss, New York, NY). All incubations were per-
formed at room temperature unless otherwise indicated.
As controls, all experiments were performed using the
human Fab b12 to HIV-1 gp120 or by omitting the primary
Ab. Adjacent tissue sections were hematoxylin and eosin
stained or stained with anti-CD3 (DAKO, Carpinteria,
CA), and anti-cytokeratin 18 (CY-90; Sigma-Aldrich)
mAbs to determine the cell type present.

Results

Serological Analysis of �-Fodrin Autoantibodies
in SS Patients

To investigate the specificity and sensitivity of anti-�-
fodrin Abs for SS, serum from patients with SS, RA, SLE,

Figure 1. Sera from SS patients contain anti-�-fodrin Abs, as measured by
ELISA. Sera, diluted 1:400 in PBS, from 42 American SS patients, 17 Japanese
SS patients, 16 RA and SLE patients, and 10 healthy individuals were tested for
binding to mouse brain �-fodrin by ELISA. Samples with A405 values more than
twice the mean of the control normals (�0.33) were considered positive.
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and healthy individuals were tested for binding to mouse
brain �-fodrin by ELISA. A secondary Ab capable of
detecting both IgG and IgA was used, because anti-�-
fodrin Ab of both the IgG and IgA have been suggested
to be elevated in SS sera. As shown in Figure 1, elevated
�-fodrin Ab levels were observed in both American and
Japanese SS patients compared to the RA and SLE
patient groups and healthy individuals. Positivity was de-
fined as an OD405 value greater than twice the mean of
the normal controls (�0.33) at a serum dilution of 1:400.
Sera from all of the American SS patients and all but one
of the Japanese SS patients were positive for �-fodrin
Abs (98%), whereas only 1 of 16 RA/SLE patients (6%),
and none of the healthy donors, were positive. The mean
level of anti-�-fodrin Ab in both the American (OD405 nm,
0.57 � 0.12) and Japanese SS patients (OD405 nm,
0.46 � 0.08) were significantly higher than healthy con-
trols (0.17 � 0.02, P � 0.0001) or the RA/SLE patients
(0.20 � 0.04, P � 0.0001). The mouse anti-�-fodrin mAb
AA6 was included in each experiment as a control (OD405

nm, 0.8).
The frequency of SS sera with Abs specific for the

120-kd fragment of cleaved �-fodrin was determined by
assessing binding to Western blots of mouse brain �-fo-
drin. Fifteen of 42 American SS sera (36%) (diluted
1:1000) exhibited reactivity against the 120-kd fragment
of �-fodrin (Table 1). In addition, 10 sera showed reac-
tivity with a 150-kd fragment of cleaved �-fodrin (24%),
while 7 showed reactivity with a 180-kd fragment and
other cleaved products of �-fodrin. As shown in Table 1,
some patient sera reacted with multiple �-fodrin frag-
ments, whereas the Western blot for other sera revealed
reactivity with only one of the fragments. Overall, 22
American SS sera (52%) reacted with at least one form of
cleaved �-fodrin. When the 17 Japanese SS sera were
tested by Western blotting, the prevalence of anti-�-fo-
drin Ab reactivity was found to be significantly higher
than in the American SS sera (12 of 17 positive, 70.6%;
P � 0.01). All of the �-fodrin-reactive sera from the Jap-
anese patients recognized 120-kd, but five also bound to
the 150-kd �-fodrin (29.4%) (Table 1). Serum of 8 RA
patients, 8 SLE patients, and 10 healthy individuals was
also tested by Western blot analysis. Only one SLE serum
was found to react with the 120-kd fragments of �-fodrin
and none reacted with the 150-kd fragments of �-fodrin.

Isolation of Human IgG mAbs Against the 150-
kd Form of Cleaved �-Fodrin from SS Patients

To characterize the anti-150-kd �-fodrin Abs response at
a molecular level, IgG1 �/� Ab phage display libraries
were generated from two patients (SS23 and SS30),
whose sera predominantly recognized the 150-kd cleav-
age fragment of �-fodrin and also reacted with extract of
human SS salivary gland tissue. As starting material for
the Ab library construction, bone marrow was obtained
from patients SS23 and SS30. Bone marrow has been
shown to be a major repository for the plasma cells that
produce the Abs found in the circulation. The Ab libraries
from patients SS23 (�6 � 106 members) and SS30

(�8 � 106 members) were panned against mouse brain
�-fodrin consisting of mostly intact �-fodrin, but also a
small amount of apoptotic cleaved �-fodrin. The �-fodrin
preparation was either separated by SDS-PAGE and

Table 1. Binding of American (ASSP) and Japanese (JSSP) SS
Patient Sera to Cleaved Mouse Brain �-Fodrin by
Western Blot Analysis

Patient Intensity* of bands Fragment size (kd)

ASSP1 	
ASSP2 	
ASSP3 1� 150
ASSP4 	
ASSP5 	
ASSP6 1� 120
ASSP7 3� 180
ASSP8 3� 120, 150, 50
ASSP9 2� 120
ASSP10 	
ASSP11 	
ASSP12 1� 150, 80, 30
ASSP13 	
ASSP14 	
ASSP15 	
ASSP16 	
ASSP17 	
ASSP18 	
ASSP19 1� 120, 150
ASSP20 1� 120, 150
ASSP21 	
ASSP22 2� 150, 180
ASSP23 4� 120, 150
ASSP24 	
ASSP25 2� 150
ASSP26 	
ASSP27 2� 150
ASSP28 3� 120, 180
ASSP29 2� 120, 180
ASSP30 5� 150
ASSP31 3� 120
ASSP32 	
ASSP33 	
ASSP34 3� 120
ASSP35 2� 120, 180, 50
ASSP36 1� 120
ASSP37 	
ASSP38 	
ASSP39 1� 120, 180, 50
ASSP40 	
ASSP41 2� 120, 180, 80
ASSP42 2� 120, 50
JSSP1 3� 120
JSSP2 2� 120
JSSP3 2� 120, 150
JSSP4 2� 120
JSSP5 2� 120, 150
JSSP6 1� 120
JSSP7 1� 120, 150
JSSP8 1� 120
JSSP9 1� 120
JSSP10 1� 120, 150
JSSP11 1� 120
JSSP12 1� 120, 150
JSSP13 	
JSSP14 	
JSSP15 	
JSSP16 	
JSSP17 	

*The intensity was evaluated at a scale 1 to 5; 5 being the most
intense.
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transferred to a polyvinylidene difluoride membrane or
coated on microtiter wells. After four rounds of biopan-
ning against �-fodrin blotted on a polyvinylidene difluo-
ride membrane, a significant increase in eluted phage
was observed, indicating enrichment for antigen-binding
Fab-phages. Individual clones, expressed as soluble
Fabs by excising the gene III from the pcomb3 phagemid
DNA from the last round of selection, were tested for
binding to �-fodrin by Western blotting. This analysis
yielded 19 Fabs that exhibited strong binding to the
150-kd fragment of cleaved �-fodrin and no binding to
intact �-fodrin (240 kd), although present in significant
excess, or the 120-kd cleaved form of �-fodrin (Figure 2).
The Fabs also failed to react with Western blots of HeLa
lysate, which contained intact �-fodrin, but not 120- or
150-kd �-fodrin, as determined by staining with mouse
mAb AA6. Sequencing the DNA encoding the heavy
chain variable region of the 19 Fabs revealed that 4 Fabs
isolated from patient SS23 (SK402, SK415, SK460, and
SL420) and 2 Fabs isolated from patient SS30 (RK412
and RK413) were unique, whereas the remaining se-
quences were repeats of the six sequences (Table 2).

The IgG-Derived Anti-150-kd �-Fodrin Fabs Are
Derived as a Result of an Affinity-Matured
Antigen-Driven Antibody Response

Next, the variable heavy and light chain genes of the
IgG-derived anti-150-kd �-fodrin Fab fragments were

compared with the closest germline sequences in the
GenBank database (Table 2). The Ab heavy chain is the
major contributor to antigen-binding in many instances
and so detailed analysis was focused on this chain. All of
the variable heavy chain region genes of the anti-150-kd
�-fodrin IgG Fabs were highly mutated, and exhibited a
high replacement (R) to silent (S) mutation ratio (R/S ratio)
for the complementarity determining regions (CDRs)
(CDR1 and CDR2) compared to the framework regions
(FR) (FR1, FR2, and FR3), characteristic of an affinity-
matured antigen-driven Ab response. No particular re-
striction in the VH or JH gene usage of the anti-150-kd
�-fodrin IgG Fabs was observed (Table 2), neither did the
analysis reveal any restriction in the germline usage
within the context of the VH families used. Unequivocal
identification of the closest germline D segment proved
impossible because of significant somatic modification.

Epitope Characterization

To pinpoint the epitopes recognized by the anti-150-kd
�-fodrin human Fabs, three polypeptides spanning �-fo-
drin were coated on ELISA wells and tested for reactivity
with the Fabs. The polypeptides included JS-1 (1 to 1784
bp), 2.7A (2258 to 4884 bp), and 3�DA (3963 to 7083 bp).
None of the tested Fabs recognized any of the peptides,
suggesting that the Fabs either recognized regions or
partial conformational epitopes of �-fodrin not repre-
sented by the peptides.

Subcellular Distribution of 150-kd �-Fodrin in
HSG Cells

To determine the subcellular distribution of the 150-kd
fragment of cleaved �-fodrin, HSG cells were stained with
selected human Fabs and examined by laser-scanning
confocal microscopy. As shown in Figure 3, Fab SK415
and SK460 exhibited cytoplasmic staining, whereas no
staining was observed with a control Fab. Similar cyto-
plasmic staining was also observed with mouse mAb
AA6 recognizing both intact and cleaved �-fodrin (Figure
3I). As previously reported, the cytoplasmic staining of
the mouse mAb AA6 was particularly intense, corre-
sponding to the plasma membrane, but this was not
observed with the human anti-150-kd �-fodrin Fabs. The
fixation method of the HSG cells (ethanol or paraformal-
dehyde/saponin) did not seem to influence the staining
patterns of Fab SK415 and mAb AA6.

Figure 2. Binding of human monoclonal IgG Fabs to purified mouse �-fo-
drin brain extract by Western blot analysis. All of the Fabs specifically bound
to the 150-kd fragment of cleaved �-fodrin and did not react with 240-kd
intact �-fodrin. The human monoclonal anti-Ebola virus Fab ELZ510 was
used as a negative control.

Table 2. Deduced Amino Acid Sequences of the Heavy Chain CDR3 Region and Adjacent Framework Regions of Anti-150 kd,
�-Fodrin IgGs

Fab VH/germline FR3 CDR3 FR4 JH

SK402 (3) VH1–8 YYCAR EGWPPTNDY WGQ JH4
SK415 (1) VH3–21 YFCVR DLCGGRDS WGQ JH5
SK460 (2) VH3–33 YLCAR EAWHDIGEYDGRRTLGSVPSLDL WGQ JH5
SL420 (1) VH3–21 YYCAR DGDGYRDY WGQ JH4
RK412 (8) VH1–69 YYCAR GFGGEDAYYDNFGYYASTEF WGL JH3
RK413 (4) VH4–4 YYCAR WGPRDLSGRSGGFDP WGP JH4

Number in parentheses denotes the number of Fabs that had the same heavy-chain CDR3 sequence. The closest germline gene, VH and JH
families for each clone are also shown.
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Cleaved 150-kd �-Fodrin Is Present in Blebs of
Apoptotic HSG Cells

Previous studies have shown that �-fodrin is cleaved by
different apoptotic enzymes, but the question remained
as to how �-fodrin, an intracellular protein, became ex-

posed to the immune system. One possibility is that
150-kd fragments of �-fodrin are exposed on the cell
surface during the morphological and biochemical pro-
cess of apoptosis. Recent reports have demonstrated
that certain SS-associated autoantigens, including La,
translocate during apoptosis to the cell surface, and par-
ticularly to cell surface blebs.34–36 To determine whether
150-kd �-fodrin fragments become concentrated at the
surface of apoptotic HSG cells, apoptosis was induced in
HSG cell cultures by tumor necrosis factor-� and cyclo-
heximide, and the cells stained with the anti-150-kd �-fo-
drin Fab SK415 or anti-HIV-1 gp120 Fab (negative con-
trol), and propidium iodine (PI). Apoptotic cells were
visualized by the binding of fluorescein isothiocyanate-
annexin V to phosphatidylserine on the cell surface be-
fore fixation and by morphological appearance, including
nuclear condensation, surface blebbing, and cell shrink-
age (Figure 3, G and H). HSG cell cultures induced by
tumor necrosis factor-� and cycloheximide to undergo
apoptosis were also analyzed by Western blot and
showed increased levels of cleaved 120- and 150-kd
�-fodrin (Figure 3J, 6H) compared to noninduced HSG
cell cultures, which contained only low amounts of con-
stitutive apoptotic cells, as previously reported (Figure
3J, 0H).14,17 Confocal analysis demonstrated that anti-
150-kd �-fodrin translocated to cell surface blebs of
apoptotic HSG cells (Figure 3G). No staining was ob-
served with a control human Fab Ab against HIV-1
gp120 (data not shown).

Localization of 150-kd Cleaved �-Fodrin within
SS Salivary Gland Tissue

To determine the distribution of 150-kd fragments of �-fo-
drin in salivary tissue from patients with active SS, fresh-
frozen labial biopsies from three SS patients were ob-
tained and examined by immunohistochemistry. Cryostat
tissue sections were stained with anti-150-kd �-fodrin
Fab SK415 and a mouse anti-�-fodrin mAb AA6 (Figure
4, A and B). Laser-scanning confocal microscopy of the
SS-infiltrated salivary gland using SK415 revealed in-
tense staining of the acinar epithelia cells, with intensifi-
cation at the cell surface and co-localization with the
mouse anti-�-fodrin mAb (Figure 4C, solid arrows). How-
ever, SK415 also exhibited intense patchy staining cor-
responding to the lymphocytic infiltrate immediately sur-
rounding the affected acini, an area not stained by the
mAb AA6 or the fluorescein isothiocyanate-labeled anti-
human F(ab�)2 Ab alone (Figure 4, open arrows). The
SK415 staining in this area was not confined to cells, but
seemed to be associated with 150-kd �-fodrin, which had
leaked from inflamed glandular cells. The unaffected
duct cells were stained by mAb AA6 (Figure 4, arrow-
heads), but only weakly by Fab SK415. Similarly, duct
cells from normal salivary gland tissue were stained by
mAb AA6, but not, or only weakly, by Fab SK415 (Figure
4D). The fixation method of the labial biopsy sections
(ethanol or acetone) did not seem to influence the stain-
ing patterns of Fab SK415 and mAb AA6.

Figure 3. Subcellular distribution of intact and cleaved �-fodrin in human
salivary cells. Ethanol-fixed human salivary HSG cells were stained with the
human anti-150-kd �-fodrin Fabs SK415 (A) and SK460 (C), a human anti-
HIV-1 gp120 Fab, b12 (E, negative control), and the mouse anti-�-fodrin
mAb AA6 (I). Intense cytoplasmic staining with Fabs SK415 and SK460 and
mouse mAb AA6 was observed in the permeabilized cells, although only
partial co-localization between the human and mouse mAbs was observed.
The cells were also stained with propidium iodine (B, D, F, H). Apoptotic
HSG cells, exhibiting increased levels of cleaved 120- and 150-kd �-fodrin (J,
6H) compared to nonapoptotic cells (J, 0H), were also stained with Fab
SK415 (G) and showed intense staining at the surface blebs.
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Discussion

Lymphocyte infiltration in the salivary glands leading to
glandular destruction is a common finding in SS patients.
The infiltrate consists of predominantly T cells as well as
large numbers of B and plasma cells that actively pro-
duce immunoglobulin with autoimmune reactivity. To elu-
cidate the components of this immunopathology, we ex-
amined the Ab response to �-fodrin in SS patients using
serology and phage display cloning.

In the initial study proposing anti-�-fodrin Abs as a
disease marker of SS, Western blot analysis of a large
panel of Japanese SS patients showed that IgG Ab to
120-kd cleaved �-fodrin could be used as a marker for
SS, because it exhibited high sensitivity (95%) and spec-
ificity (100%).7 Subsequently, anti-120-kd �-fodrin Abs
were also found in some patients with SLE without SS.9

The high sensitivity and specificity of anti-�-fodrin Ab as
a diagnostic marker of SS has been questioned,21 al-
though other investigators have also found good corre-
lation between SS and anti-�-fodrin Abs, although the
sensitivity was lower than in the Japanese study.11,37 We
investigated a panel of SS patients fulfilling the strict San
Diego criteria by evaluating serum panels by both ELISA
and Western blotting using purified mouse brain �-fodrin,
similar to the antigen source used in the initial Japanese
study. This antigen preparation contains both intact (240
kd) and cleaved forms (eg, 120 kd, 150 kd) of �-fodrin,
and thus will also be recognized by Abs that specifically
bind epitopes accessible only on the cleaved forms of
�-fodrin, such as those cloned in this study. Our study
demonstrated significant differences in sensitivity be-
tween ELISA and Western blotting, suggesting that a
major part of the �-fodrin Ab response is directed against
conformational epitopes, or that the affinity of the anti-�-
fodrin Ab in some SS patients was not sufficient to allow
detection by Western blotting. Nearly all (98%) of the SS
patients were positive for �-fodrin by ELISA, whereas
anti-�-fodrin Ab reactivity by Western blotting was signif-
icantly lower (52%), and only 36.0% stained the 120-kd
�-fodrin fragment. Some differences in �-fodrin Ab pro-
files were observed between the American and the Jap-
anese SS patient groups, probably because the two

groups represent two distinct populations with different
genetic and environmental influences.

Interestingly, we found that �25% of both the Ameri-
can and Japanese SS sera recognized a 150-kd frag-
ment of cleaved �-fodrin, an Ab specificity not previously
evaluated. This specificity was not seen in a panel of sera
from healthy individuals and patients with SLE or RA. Mo-
lecular analysis of the anti-150-kd Ab response using IgG
Ab phage display libraries generated from two of anti-
150-kd seropositive SS patients yielded a panel of hmAbs
that specifically recognized the 150-kd form of cleaved
�-fodrin and not 120-kd or intact �-fodrin. The specificity of
these hmAbs is distinct from that of the currently available
mouse anti-�-fodrin mAbs recognizing 150-kd �-fodrin,
which also bind 120-kd �-fodrin and intact �-fodrin.

In the NFS/sld SS mouse model, dysregulation of anti-
fodrin CD4� T cells leads to Fas-mediated apoptosis of
salivary gland epithelial cells and a corresponding in-
crease in clinical symptoms.8 In humans, a similar sce-
nario has been proposed, and increased apoptosis has
been observed in SS salivary glands. Fas expression in
the salivary gland cells and FasL on the infiltrating CD4�

T cell in SS patients have been reported, although their
roles in disease pathology remain to be elucidated.38 In
addition, CTL-mediated lysis/apoptosis though the gran-
zyme and perforin pathways may be involved in salivary
gland destruction.2 In the mouse model,8 the increased
apoptosis was accompanied by an increase in cleaved
120-kd �-fodrin in the affected tissue, as well as in serum
anti-120-kd Ab levels, similar to our observation of
cleaved 150-kd �-fodrin in SS patients. Indeed, treatment
of mice with caspase inhibitors prevented induction of
SS,19 suggesting that �-fodrin cleavage and anti-�-fodrin
Ab production is more that an epiphenomenon. We found
the 150-kd �-fodrin fragment within affected acinar epi-
thelial cells, and also in the surrounding lymphocytic
infiltrate. In the latter areas, the staining was not confined
to cells, suggesting leakage of the 150-kd �-fodrin frag-
ment from the apoptotic acinar/ductal epithelial cells into
the surrounding interstitium. Interestingly, leakage of
150-kd fragments of �-fodrin has also been observed in
tissue cultures of apoptotic human neuroblastoma

Figure 4. Distribution of cleaved and intact �-fodrin in salivary gland tissue of a SS patient with active disease. Tissue sections from salivary gland biopsies of
patients with SS were stained with human anti-150-kd �-fodrin Fab SK415 (A, green) and mouse anti-�-fodrin mAb AA6 (B, red) and analyzed by laser-scanning
confocal microscopy. Intense staining corresponding to acinar epithelia cells, and with intensification at the cell surface was observed with SK415 (solid arrows).
Only partial co-localization was observed between Fab SK415 and mAb AA6 (C), because Fab SK415, but not mAb AA6, also stained areas corresponding to the
lymphocytic infiltrate surrounding the affected acini (open arrow), whereas AA6, but not SK415, stained unaffected ducts (arrowhead). Duct cells from a normal
salivary gland were stained with AA6, but not, or only weakly, with SK415 (D). No staining of the salivary gland tissue sections was observed with the negative
control Fab b12 or a fluorescein isothiocyanate-labeled anti-human F(ab)2 alone (not shown).
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cells.39 In contrast, the anti-150-kd Fabs stained normal
salivary cells with lower intensity than a mouse mAb
recognizing both intact and cleaved �-fodrin. Our obser-
vation seems to support earlier findings that low levels of
120-kd and 150-kd are present in normal cells, but are
significantly increased during apoptosis.14 Our study
also suggests that 150-kd �-fodrin is translocated to cell
surface blebs in apoptotic HSG cells, similar to Ro/
SSA,35,36 thereby possibly presenting it to the immune
system and eliciting an Ab response. Previous studies
have shown �-fodrin to be cleaved by calpain in apopto-
tic T cells, and by calpain and caspases in anti-Fas-
stimulated Jurkat cells and/or neuronal apoptosis.15–17 In
human SS, the 150-kd �-fodrin fragments are most likely
the result of caspase cleavage,18,19 but this requires
further analysis. In addition, �-fodrin can be cleaved by
an unidentified protease present in granules of CD8�

CTLs.18 Interestingly, membrane blebbing during apo-
ptosis has been suggested to be partially due to fodrin
cleavage.14

In conclusion, our data supports the theory that in SS
patients, �-fodrin is cleaved during apoptosis in the in-
flamed salivary gland tissue and elicits an Ab response to
the cleaved products. Our study also showed that the Ab
response to �-fodrin in SS patients is not limited to Abs
against the 120-kd fragment, but includes other cleaved
products, such as the 150-kd fragment. Inclusion of these
Ab specificities would likely increase the sensitivity of the
anti-�-fodrin Ab test, and enhance its usefulness as a
diagnostic marker of human SS. The isolated human
monoclonal Abs to cleaved �-fodrin may serve as useful
reagents for diagnostic immunohistochemical analysis of
SS salivary gland tissue and study of SS pathogenesis.
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