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antigen.'*® Antibody units were calculated from the 0D,
results, based on a standard curve obtained from serial con-
centrations of pooled plasma with a high titer of 1gG anti-
GPIIb/1IIa antibodies at dilutions ranging from 1:50 to 1:6400.
One unit of anti-GPIIb/IIla antibody was defined as the amount
present in the pooled plasma diluted 1:3200. All samples were
examined in duplicate, and the results were calculated as the
mean ol two values. An abnormal value for platelet-associated
antibody was defined as = 3.3 unils and an abnormal valuc for
plasma anti-GPIIb-Ila antibody was defined as = 5.0 units,
based on 5 standard deviations above the mean obtained from
40 healthy persons.

Evaluation of platelet turnover

Reticulated platelets were detected by staining platelets with
thiazole orange (Retic-COUNT, Becton Dickinson, San Jose,
Calif) followed by the flow cytometric analysis described pre-
viously.*"** The fluorescence histogram was analyzed using a
linear gate set to capture 1% of the reticulated platelet counts.
This standard gate was used to analyze data from all samples
and measure the percentage of thiazole orange-positive plate-
lets in this gate. When a single such marker was used to
analyze a series of 40 healthy control samples to determine the
variability of the technique, the average percentage of reticu-
lated platelets was 0.85% = 0.23% (range, 0.2% to 1.5%). An
abnormal value for the percentage of reticulated platelets was
defined as greater than the mean plus 5 standard deviations
(2.0%) in our assay system. Possible day-to-day variability was
assessed in 2 healthy control subjects; the inter-assay coeffi-
cient of variation was 9.6%, and the intra-assay coefficient of
variation was 5.4%. The plasma thrombopoietin level was
measured using a commercially available enzyme-linked im-
munosorbent assay kit (Quantikine; R&D Systems, Minneap-
olis, Minn) according to the manufacturer’s protocol. The
mean plasma thrombopoietin level in 30 healthy persons was
83.9 + 11.7 pg/mL (range, 50 to 126 pg/mL). A thrombopoi-
etin level of = 142 pg/mL was defined as abnormal based on
a normal mean plus 5 standard deviations.

Statistical analysis

Confidence intervals were calculated for each sensitivity, spec-
ificity, positive predictive value, and negative predictive value.
Comparisons between 2 patient groups were tested for statis-
tical significance using the nonparametric Mann-Whitney test
or the chi-squared test, as appropriate.

Results

Clinical diagnosis of patients
with thrombocytopenia

For the 62 patients, the clinical diagnosis was ITP in 46
patients (74%), myelodysplastic syndrome in 8 (13%),

aplastic ancmia in 2 (3%), and amegakaryocytic thrombo-
cytopenia in 1 (2%). Five paticnts (8%) did not have a
definitive final diagnosis at the last observation (observation
period ranged from 11 to 23 months), because they contin-
ued (0 have reduced megakaryocytes in the bone marrow,
alone or in combination with other lineages, without mor-
phologic evidence for dysplasia. These patients were tenla-
tively diagnosed as having reduced platelel production, with
or without other cytopenias, and without dysplasia or evi-
dence for platelet destruction. Among the 46 patients with a
diagnosis of ITP, 32 received corticosteroids and showed a
subsequent partial or complete response. Three patients who
were refractory to corticosteroid therapy underwent sple-
nectomy, which successfully increased the platelet count.
All 6 patients who were treated with intravenous immuno-
globulin experienced an increase in platelet count. Five
patients with ITP were treated for Helicobacter pylori, and
3 showed a significant increase in platelet count after the
successful eradication.

Clinical and laboratory findings in ITP
versus non-ITP

The initial findings for evaluation of anti-GPIIb/Illa anti-
body responses and platelet turnover were compared ac-
cording to final clinical diagnosis (Figure). High levels of
anti-GPIIb/Illa antibody-producing B cell frequency, plate-
let-associated anti-GPIIb/IIa antibodies, and the percentage
of reticulated platelets were detected almost exclusively in
patients who later received a final diagnosis of ITP. The
plasma thrombopoietin level was normal or slightly
increased in patients with ITP, but more than half the pa-
tients with myelodysplastic syndrome, aplastic anemia,
amegakaryocytic thrombocytopenia, or reduced platelet
production, with or without other cytopenias, without dys-
plasia or evidence for platelet destruction, had an extremely
high plasma thrombopoietin level. An increased level of
plasma anti-GPIIb/Illa antibodies was found in only a small
number of patients, irrespective of the final diagnosis.

The 46 patients with a final diagnosis of ITP tended to be
younger than the 16 patients with other diagnoses (Table 1).
Six laboratory findings, including the presence or absence of
anemia, the leukocyte count, the frequency of anti-GPIIb/
illa antibody-producing B cells, the platelet-associated anti-
GPIIb/Ia antibody level, the percentage of reticulated
platelets, and the plasma thrombopoietin level, were differ-
ent at presentation in patients later diagnosed as having ITP
than in other patients. The initial platelet count was mar-
ginally lower in ITP compared with other diagnoses. The
sensitivity, specificity, positive predictive value, and nega-
tive predictive value for each of these laboratory findings
(Table 2) showed that no single test was sufficient to diag-
nose ITP in patients with thrombocytopenia. The combina-
tion of 3 simple and inexpensive tests (anemia, leukocyte
count, and reticulated platelets) also had a low sensitivity
and negative predictive value, but the addition of any one of
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the substantially more coslly tests improved sensitivity and
negative predictive value (Table 3). When the presence of 3
or more of the 6 initial ITP-associated laboratory findings
was regarded as possible ITP, a positive result was detected
in 44 of 46 patients ultimately diagnosed as ITP (96%) but
in only 1 (6%) of 16 patients without ITP, indicating a
sensitivity of 96%, specificity of 94%, positive predictive
value of 98%, and negative predictive value of 88%.

Discussion

This prospective study demonstrates that 6 laboratory tests
(erythrocyte count, leukocyte count, anti-GPIIb/ITla anti-
body-producing B cells, platelet-associated anti-GPIIb/I]a
antibodies, reticulated platelets, and plasma thrombopoietin
level) performed at the first visit are useful to predict a
future diagnosis of ITP. These laboratory findings associ-
ated with the diagnosis of ITP are categorized into 3 groups
that individually reflect different aspects of the disease: a
lack of abnormality in myeloid and erythroid lincages, the
presence of autoantibody response to platelet-specific
GPIIb/I1a, and preserved platelet production. Three simple
and inexpensive tests plus at least 1 of the other more costly
ITP-associated laboratory tests measured together at first
visit were a relatively sensitive and specific way to discrim-
inate between the future diagnosis of ITP as compared with
other conditions. However, it was difficult to determine
which combination was most reasonable, probably because
the number of patients examined in this study was relatively
small. Further multicenter studies involving larger patient
cohorts are necessary to make a decision regarding the least
expensive and more efficient combination of laboratory
tests to detect ITP.

To evaluate the autoimmune nature of the disease, the
autoantibody response to GPIIb/Illa, a major target of an-
tiplatelet autoantibodies, was examined using 2 different
methods that have complementary advantages and disad-
vantages. The enzyme-linked immunospot assay is very
sensitive, but this assay system detects B cells that produce
antibodies reacting with immobilized GPIIb/IIla irrespec-
tive of their capacity to bind platelet surfaces. This assay
would therefore give a false-positive result in patients who
have antibodies that react with GPIIb/IIIa but fail to bind
platelet surfaces, ie, antibodies that recognize a cytoplasmic
domain of GPIIla.*® This result may have occurred in 1 of
the patients with myelodysplastic syndrome, who showed
highly positive results with anti-GPIIb/IIla antibody-pro-
ducing B cells and plasma anti-GPIIb/Illa antibodies but
who did not have platelet-associated anti-GPIIb/IIla anti-
bodies. Conversely, immunologic assays for platelet-asso-
ciated anti-GPIIb/HIa antibodies specifically detect antibod-
ies capable of binding platelet surfaces, although the
sensitivity is somewhat low.”1%%* The plasma anti-GPIIb/
IIfa antibody level was not useful in the diagnosis of ITP, as
reported previously,??* because the majority of pathogenic

ant-GPIb/IIIa antibodies capable of binding platelets are
present on platelet surfaces, rather than in the circulation,
An increase in sensitivity might be achieved by simulta-
neously measuring the autoantibody response to other plate-
let-specific GP, such as GPIb/IX.®

Reticulated platelets are young platelets that have been
recently released into the circulation and contain elevated
levels of nucleic acid components.”® The proportion of
reticulated platelets among circulating platelets reflects
platelet turnover.?"*? Thrombopoietin is a principal regula-
lor of megakaryo-thrombopoiesis, and its circulating level is
inversely correlated with the absolute number of bone-
marrow megakaryocytes and platelets.”® These parameters
are rapid, noninvasive tests that provide information about
activity of the megakaryocytes in the bone marrow and
platelet life span. Our prospective study showed that these
convenient tests are useful for discriminating between TP
and hypoplastic thrombocytopenia, consistent with previous
reports.]z“15

In summary, initial laboratory findings that predicted
future diagnosis of ITP identified in this study could poten-
tially be included in future diagnostic criteria for adult ITP.
Because the various combinations of diagnostic tests were
retrospectively classified in this study, prospective evalua-
tion of the same diagnostic criteria on another, independent
set of patients is necessary.
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Donor Fibroblast Chimerism in the Pathogenic Fibrotic
Lesion of Human Chronic Graft-Versus-Host Disease

Yoko Ogawa, b2 Hiroaki Kodama,® Kaori ](ameyama,’/‘ Kazuto Yamazalez‘,/"
Hidekata Yasuoka,” Shinichiro Okamoto,” Hidetoshi Inoko,” Yutaka Kawakami,' and

Masataka Kuwana'

Purrose. Tissue atrophy and excessive fibrosis are prominent
histologic features of chronic graft-versus-host disease (GVHD)
after allogeneic hematopoietic stem cell transplantation, but
the underlying mechanism remains unknown. The current
study was undertaken to investigate whether the increase in
fibroblasts at the site of pathogenic fibrosis originated from
transplanted donor cells in patients with chronic GVHD.

Mernops. Lacrimal gland biopsy specimens were obtained
from nine patients with chronic GVHD. The male-specific se-
quences detected by fluorescein in situ hybridization (FISH)
and in situ hybridization (ISH) were used as markers for the
donor cells in seven female patients who had received a trans-
plant from male donors. Primary fibroblast cultures were gen-
erated from lacrimal gland biopsy specimens and examined for
mismatched genetic markers between recipients and donors.

Resurrs. In lacrimal gland specimens obtained from seven fe-
male patients who received a sex-mismatched transplant,
13.4% to 26.7% of CD34™ fibroblasts that accumulated in the
fibrotic lesion were donor derived, as determined by FISH for
the Y-chromosome. The male-specific mRNA was also detected
in the lacrimal gland fibroblasts by ISH. Primary lacrimal gland
fibroblast cultures were generated from four patients with
chronic GVHD and further examined for mismatched genetic
markers between recipients and donors. As a result, the pres-
ence of donor origin of the fibroblasts was demonstrated by
detecting the Y-chromosome sequence and donor-specific mi-
crosatellite genetic markers.

Concrusions. These findings together indicate the chimeric
status of accumulated CD34™ fibroblasts in the lacrimal gland
of patients with chronic GVHD. Fibroblasts originating from
circulating donor-derived precursors may participate in the
excessive fibrosis in these patients. (Invest Opbthalmol Vis Sci.
2005;46:4519 ~4527) DOL:10.1167/i0vs.05-0227

raft-versus-host disease (GVHD) is a2 major cause of mor-
bidity and mortality in patients undergoing allogeneic
hematopoietic stem cell transplantation (HHSCT) for hemato-
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fogic malignancies.' Acute GVHD is a distinctive syndrome of
dermatitis, hepatitis, and enteritis that occurs soon after
HSCT.! The pathogenic process of acute GVHD is explained as
an alloimmune response of donor lymphocytes to recipient
cells, followed by dysregulated cytokine production and the
recruitment of additional effector cells.? In contrast, chronic
GVHD is a more pleiotropic syndrome that develops several
months after transplantation and frequently affects the skin,
lung, liver, gastrointestinal tract, mouth, and eye.' The main
histologic feature of chronic GVHD is widespread tissue atro-
phy and fibrosis with lymphocytic infiltration,® but less is
understood about the pathophysiology of the condition.'*

Dry eye has been recognized as a major complication in
patients in whom chronic GVHD develops after allogeneic
HSCT.>” In most cases, severe dry eye progresses rapidly after
the onset of symptoms and sometimes leads to blindness.
Because of the increasing number of long-lived survivors who
have received allogeneic HSCT, dry eye has a significant impact
on these patients’ quality of life. However, the pathogenic
process of dry eye associated with chronic GVHD remains
largely unknown.

We have been examining the pathogenesis of chronic
GVHD by focusing on lacrimal gland involvement, one of the
most frequent complications in the disease.””® The main his-
tologic findings in the affected lacrimal gland are marked fibro-
sis of the interstitium and a prominent increase in the number
of CD34" fibroblasts accompanied by mild lymphocytic infil-
tration. Clinically, the severity of the dry eye correlates with
the degree of fibrotic changes, rather than of lymphocytic
infiltration, indicating that excessive extracellular matrix accu-
mulation primarily contributes to the exocrine dysfunction.
The CD34" fibroblasts at the interstitium also play a role in
inflammation, in which the fibroblasts attach to lymphocytes
and express human leukocyte antigen class II and costimula-
tory molecules. These findings together indicate that CD34"
fibroblasts play an important role in the pathogenesis of lacri-
mal gland chronic GVHD.

Recently, several studies have reported the presence of
donor-derived nonhematopoietic cells in various organs of
HSCT recipients. These include neurons of the central nervous
system,’® gastric and intestinal epithelium,"'* subepithelial
myofibroblasts of the intestine,’* hepatocytes, keratinocytes, '
and buccal epithelial cells.'* These donor-derived cells are
thought to play a role in regenerating the damaged tissues, but
their proportion is very small. Several in vivo studies involving
animal models, however, indicate that bone marrow- derived
fibroblasts contribute to wound repair'®> and even to the de-
velopment of pathogenic fibrosis.'® These observations led us
to hypothesize that a subset of the fibroblasts increased at the
chronic GVHD lesion originated from transplanted donor cells.
To test this hypothesis, we evaluated the origin of the CD34"
fibroblasts that accumulate in the chronic GVHD lacrimal gland
by detecting mismatched genetic markers in tissue specimens
as well as in primary cultures of fibroblasts.
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MATERIALS AND METHODS

Study Subjects

We studied nine allogeneic HSCT recipients who had clinically signif-
icant dry eye'” and who had a diagnosis of chronic GVHD.'® Lacrimal
gland biopsy specimens that had been obtained for diagnostic pur-
poses were available in all patients. Seven patients were women who
had received sex-mismatched HSCTs from male donors (male-to-female
recipients) with full donor lymphohematologic engraftment. A male
patient who had received an HSCT from a male donor (male-to-malc
recipient) and a female patient who had received an HSCT from a
female donor (female-to-female recipient) principally served as control
subjects. All recipients underwent a myeloablative regimen consisting
of total body irradiation in combination with cytosine arabinoside or
cyclophosphamide, or a combination of fludarabine and melphalan.
Peripheral blood mononuclear cells, bone marrow cells, and Epstein-
Barr virus (EBV)-transformed B-cell line (BCL) obtained from recipients
before and after HSCT as well as donor-derived peripheral blood
mononuclear cells and bone marrow cells were used as a source of
genomic DNA. Dry eye was diagnosed according to the diagnostic
criteria proposed by Lemp,'” with some modifications: Any sign of tear
film instability (tear break-up time [BUT] =5 seconds, Schirmer test <5
mm, or cotton thread test =10 mm), and any abnormality of the ocular
surface (rose-bengal score =3, fluorescein score =1), and/or symp-
toms of ocular irritation. Severe dry eye was defined as reduced reflex
tearing (Schirmer test with nasal stimulation =10 mm) and ocular
surface abnormality (rose-bengal score =3 and/or fluorescein score
=1).7' In some experiments, the lacrimal gland tissue obtained from
a female patient with Sjégren’'s syndrome was used as a control.
Written informed consent was obtained in advance from all patients in
accordance with the principles expressed in the Declaration of Hel-
sinki. This study was approved by the Keio University Institutional
Review Boards.

Lacrimal Gland Specimens

Lacrimal gland tissues obtained by biopsy were divided into pieces and
subjected to histologic analysis and primary culturing of fibroblasts. For
culture, a portion of the tissue was placed on fibronectin-coated plastic
plates and cultured in Dulbecco’s modified Eagle’s medium (Sigma-
Aldrich, St. Louis, MO) with 10% heat-inactivated fetal bovine serum
(RH Biosciences, Lenexa, KS), 50 U/mL penicillin, and 50 pg/mlL
streptomycin without any exogenous growth factor. Proliferating ad-
herent cells were passaged and expanded, and the cells at the third to
fifth passage were used as cultured fibroblasts. In some experiments, a
primary culture of fibroblasts generated from the skin biopsy of a
female volunteer was used as a control.

Immunohistochemistry

Formalin-fixed, paraffin-embedded specimens were subjected to hema-
toxylin and eosin staining or CD34 immunostaining. For diaminoben-
zidine staining, anti-CD34 monoclonal antibody (mAb; NU-4A1;
Nichirei, Tokyo, Japan) and peroxidase-conjugated secondary Ab (En
Vision+; Dako, Glostrup, Denmark) were used in combination with
nuclear staining with hematoxylin. For fluorescent staining, a fluores-
cein isocyanate (FITC)-conjugated anti-CD34 mAb (43A1; Calbiochem,
San Diego, CA) was used in combination with TO-PRO-3 nuclear
staining (Molecular Probes, Eugene, OR) for 1 hour at room tempera-
ture. Double staining of frozen sections was also performed with
FITC-conjugated anti-CD34 mAb in combination with mouse anti-CD45
(PD7/26; Dako) or anti-CD90 mAb (AS02; Dianova, Hamburg, Ger-
many) followed by inoculation with Alexa 568-conjugated rabbit
anti-mouse IgG antibody (Molecular Probes) for 1 hour at room tem-
perature. Isotype-matched mAbs to irrelevant antigen were used as
controls in all tissue staining. The sections were mounted and exam-
ined with a confocal microscope (LSM5 Pascal; Carl-Zeiss Meditec,
Gottingen, Germany).
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Cultured fibroblasts were ixed with 4% paraformaldehyde for 10
minutes at room temperature and incubated with FITC-conjugatcd
anti-CD34 mAb {or 1 hour at room temperature. The cells were also
incubated with mouse mAb to CD90, vinientin (V9; Dako), collagen
type I (I-8H5; Daiichi Fine Chemical, Takaoka City, Japan), CD45, or
pancytokeratin (mAb cocktail; Triton Bioscience, Alameda, CA), or
rabbit polyclonal Ab to factor VIII (Dako) in combination with a
tetramethylrhodamine isothiocyanate isomer R (TRITC)-conjugated an-
ti-mouse or anti-rabbit IgG antibodies (Dako) for 1 hour at room
temperature. Isotype-matched antibodies to the irrelevant antigen
were used in control experiments. Fluorescent images were obtained
with a confocal laser fluorescence microscope.

Fluorescein In Situ Hybridization Analysis for
the Y-Chromosome

Fluorescein in situ hybridization analysis (FISH) for the Y-chromosome
was performed principally according to the published method.'?2¢
Briefly, we performed a two-step procedure on G-pm-thick paraffin-
embedded sections: immunostaining with FITC-conjugated anti-CD34
mAb and TO-PRO-3, followed by FISH of the same section using a DNA
probe for the Y-chromosome (Vysis, Downers Grove, IL) and restaining
with TO-PRO-3. The slides were observed under a confocal laser
fluorescence microscope. The fields of the immunostaining and FISH
images were matched according to the location and architecture of the
tissue, especially the nuclear distribution, to be as close to each other
as possible. CD34™ spiridlc-shaped cells with an oval nucleus residing
in the interstitium were regarded as fibroblasts, whereas cells with a
single Y-FISH signal in the nucleus were regarded as donor-derived
male cells. Three observers blindly evaluated at least 100 nonoverlap-
ping fibroblasts. The frequency (%) of donor-derived fibroblasts was
calculated according to the after following formula: the number of
Y-FISH™ fibroblasts divided by the number of fibroblasts. At least three
different fields of three to four sections were analyzed by three inde-
pendent observers and the results expressed as the mean * SD.
Cultured fibroblasts were also analyzed with a combination of X- and
Y-specific probes (Vysis).

In Situ Hybridization for Detection of
Male-Specific mRNA

Donor-derived male cells were further detected by in situ hybridization
(ISH; GenPoint System; Dako).?! The Smcy gene was used as a male-
specific marker,”® and an antisense probe (5'-TTGTCTTAGTG-
CAGGGCTCTAGGCTCAAGTGCTGCT-3") and the corresponding sense
probe were labeled with digoxigenin at the 5’ end and incubated with
consecutive sections.

Detection of the Y-Chromosome by PCR

Genomic DNA was extracted from freshly isolated cells or cultured
cells by proteinase K digestion, followed by phenol extraction and
ethanol precipitation. The Y-chromosome-specific TSPY gene®® was
amplified by PCR with a sense primer (5'-CTTCCACCTTCAGCCAC-
CGCCTCCTCT-3") and an antisense primer (5-CTGTTGTGCGCTGC-
CTTGACGACCCAG-3"). The PCR condition was 40 cycles of 30 sec-
onds at 95°C, 30 seconds at 66°C, and 1 minute at 72°C.%¢ The PCR
products were resolved by electrophoresis on 1.5% agarose gels and
visualized by staining with ethidium bromide. The PCR procedure was
repeated at least two times.

Detection of Mismatched Microsatellite Markers

Microsatellite polymorphic markers were determined by PCR using
fluorescein-labeled primers followed by analysis of the length of the
products using a capillary automated sequencer (Prism 310; Applied
Biosystems, Inc. [ABI], Foster City, CA).?> The polymorphic microsat-
ellite markers evaluated were DJ0S674, DI10S518, DI10S466,
chrl0.fa.O7frz. 20604262, AL157895.3_20342, D10§595, DI10S211,
and D7081228 on chromosome 10.%° Mismatched polymorphic mark-
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ers were identified by comparing the peaks generated from the sam-
ples with those obtained using control donor and recipient-derived
cells. All microsatellite analysis was repeated at least two times.

REesuLrs

Clinical Characteristics of Patients with
Chronic GVHD

Demographic and clinical characteristics of nine HSCT recipi-
ents arec summarized in Table 1. Allogeneic grafts were derived
from the bone marrow in seven patients and from the G-CSF-
mobilized peripheral blood in two patients. An interval be-
tween HSCT and lacrimal gland biopsy and an interval between
onset of dry eye and the biopsy were various among the
patients. All patients had symptomatic dry eye and ocular
findings typical of chronic GVHD. The degree of dry eye was
severe in five patients. Seven patients had additional chronic
GVHD lesions in areas such as the mouth, intestine, liver, lung,
and skin.

Lacrimal Gland Histology

The lacrimal gland of ali the patients represented various de-
grees of fibrosis in the interstitium and irregular cell loss of the
acini with mild lymphocyte infiltration (Fig. 1A). CD34 immu-
nostaining showed marked expression in the periductal inter-
stitium (Fig. 1B). Most CD34™" cells had a spindle-shaped mor-
phology with an oval nucleus, consistent with fibroblasts.
Typical z-series images for CD34 expression showed that the
CD34™ cells had a complex morphology. They were spatially
distributed but connected to each other, forming a reticular
network (Fig. 1C). CD34 was originally found to be expressed
on hematopoietic stem cells and endothelial cells, but was later
shown also to be expressed on a subset of stromal fibroblasts
in normal exocrine glands.?® To confirm whether CD34™ cells
accumulated in the chronic GVHD lacrimal gland were fibro-
blasts, we subjected lacrimal gland tissue to double-staining for
CD34 in combination with CD90 or CD45. Most CD34 ™ cells in
the interstitium coexpressed a fibroblast marker CD90,%” but
only half of CD90™ fibroblasts expressed CD34 (Fig. 1D),
indicating that there were CD34" and CD34 ™ fibroblasts in the
facrimal gland from patients with chronic GVHD. In contrast,
none of the CD34™ cells simultaneously expressed a hemato-
poietic marker CD45, whereas many CD45™ round cells were
located around spindie-shaped CD34™ cells (Fig. 1E). Taken
together, these findings indicate that most CD34” spindle-
shaped cells that accumulate in the interstitium of lacrimal
gland are nonhematopoietic fibroblasts.

Detection of Donor-Derived CD34% Fibroblasts in
the Lacrimal Gland Tissue

To evaluate the origin of the fibrobiasts that accumulated in
the lacrimal gland tissue, we used the Y-chromosome as a

<.
g

FiGure 1. Typical histologic findings of the lacrimal gland in patients
with chronic GVHD. (A) Hematoxylin and eosin staining of a section
from patient 14. D, duct. B) CD34 immunostaining of the consecutive
section of (A). Inset: A high-magnification view. (C) The z-series images
of CD34 immunostaining on a 10-um-thick paraffin-embedded section
from patient 13. A scries of 1.67-pm optical images is shown. CD34
expression was demonstrated by FITC (green), whereas nuclei were
counterstained with TO-PRO-3 (blue). Arrows: one particular CD34*
fibroblast appeared on multiple consecutive sections. (D) Immunoflu-
orescent double-staining of CD34 (green) and CD90 (red) on a lacrimal
gland section from patient 17. Nuclei were counterstained with TO-
PRO-3 (blue). (B) Immunofluorescence double-staining of CD34
(green) and CD45 (red) on a lacrimal gland section from patient 17.
Nuclei were counterstained with TO-PRO-3 (blue). Original magnifica-
tion: (A, B) X100; (A, fset) X400; (C-E) X630.
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CD34

Y-FISH

FiGgure 2. Representative CD34 immunostaining and Y-FISH images
of the same lacrimal gland sections from patients with chronic GVHD.
Left: CD34 staining (green), right: Y-FISH (red) with TO-PRO-3 staining
(blue) of the same region. (A) Male-to-male recipient 15. (B) Female-
to-female recipient 2. (C) Male-to-female recipient 17. (D) Male-to-

Donor-Derived Fibroblasts in Lacrimal Gland Chronic GVHD 4523

marker for the donor cells in male-to-female recipients. As a
marker for fibroblasts, we sclected CD34 expressed by most
accumulated fibroblasts. We first made sure that our proce-
dure for identifying Y-FISH* fibroblasts was reliable by ex-
amining positive and negative control cells. Lacrimal gland
sections from male-to-male recipient 15 provided the posi-
tive control and sections from female-to-female recipient 2
served as the negative control. In sections from the positive
control, a Y-FISH signal was detected in nearly half of the
nuclei of the CD34 7 fibroblasts (Fig. 2A), and the frequency
of Y-FISH™ fibroblasts was 45.2% * 5.0%. The low sensitivity
is probably due to truncation of the Y-chromosome se-
quence during sectioning and/or incomplecte hybridization.
The positive frequency of Y-FISH" cells in the male tissue
was comparable to the value in previous reports.'>*® In
contrast, no Y-FISH signal was detected in the negative
control sections (Fig. 2B). We next evaluated lacrimal gland
tissue from seven male-to-female recipients. Representative
images for CD34 immunostaining and Y-FISH of the same
section are shown in Figures 2C and 2D. Donor-derived
fibroblasts with a Y-FISH signal were found around medium-
sized ducts (Fig. 2C) and blood vessels (Fig. 2D), where the
number of fibroblasts was increased. The proportion of
donor-derived cells in the CD34™" fibroblasts ranged from
13.4% to 26.7% (Table 2), but this observed frequency was
underestimated because the frequency in the male-to-male
recipient was only 45.2% * 5.0%. We also noted Y-FISH"
donor-derived cells negative for CD34 in the interstitium and
in the epithelia of acini and ducts. Most these ceills were
probably lymphocytes (Fig. 2C and Fig. 2D, arrowheads),
but some may have been CD34" fibroblasts and epithelial
cells.

For the seven male-to-female recipients, there was no
significant association of the donor-derived fibroblast fre-
quency with the donor type (related versus unrelated), in-
terval between HSCT and biopsy, interval between onset of
dry eye and biopsy, the degree of dry eye (severe versus
mild), or the presence of other clinically affected chronic
GVHD lesions. The frequency of donor-derived CD34™ fi-
broblasts in patients 16 and 17, who received a transplant of
peripheral blood stem cells, was comparable to the fre-
quency in the other patients, who underwent transplanta-
tion of bone marrow cells.

We further examined the presence of donor-derived fibro-
blasts in the lacrimal gland by in situ hybridization for the
male-specific Smcy gene. To verify the assay system, we eval-
uated lacrimal gland sections from male-to-male recipient 15
and a female patient with Sjogren’s syndrome. As expected, a
positive signal was detected for the antisense probe in the male
control (Fig. 3A) but not in the female control (Fig. 3B).
Representative results of male-to-female recipient 1 showed
donor-derived fibroblasts (arrows) and endothelium (arrow- -
heads) in the periductal area (Fig. 3C). The consecutive section
incubated with the sense probe showed negative staining. The
sections from four additional male-tofemale recipients all
showed positive staining specific for the antisense probe in the
interstitial fibroblasts (Table 2). In consecutive sections from
male-to-female recipient 17, Smcy-positive fibroblasts around a

female recipient 14. (C, D, bottom) High-magnification views of le-
sions shown in dotted squares. Arrows: CD34™ fibroblasts with a
Y-FISH signal; arrowbeads: Y-FISH' cells negative for CD34. Red blood
cells in the vascular lumen showed nonspecific autofluorescence.
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TABIE 2. Ideatification of Donor-Derived Fibroblasts in the Chronic GVHD Lacrimal Gland Tissue

Gender of Donor

%Y-FISH* CD34"

Y-Chromosome*

Case and Recipient Fibroblasts® Fibroblasts by ISH

1 Male-tofemale 13.4 £ 29 Present
3 Male-to-female 26.7 * 9.4 Present

11 Male-to-female 20.0 = 0.0 Not tested

13 . Male-to-female 13.4 1.2 Present

14 Male-to-female - 20.1 £ 3.0 Present

16 Male-to-female 172 6.8 Not tested

17 Male-to-female 147 £25 Present

15 Male-to-male 452+ 50 Present
2 Female-to-female 0 Absent

* The mean = SD of three independent observations of more than 100 fibroblasts.

medium-sized duct were confirmed to be positive for CD34
and Y-FISH signals (Fig. 3D).

Detection of Donor-Derived Cells in Primary
Fibroblast Cultures Generated from Lacrimal
Gland Biopsy Specimens

Primary fibroblast cultures generated from lacrimal gland
biopsies were used as a source material for confirmation of
the presence of donor-derived fibroblasts. This primary cul-
ture was successfully generated from four patients with
chronic GVHD, including three male-to-female recipients
and one male-to-male recipient (Table 3). All the cells in
these cultures had a spindle shape and were positive for
vimentin, collagen type I, and CD90 (Fig. 4A), consistent
with the fibroblast phenotype. None of the cells were pos-
itive for CD45, cytokeratin, or factor VIII, indicating no
contamination by cells of hematopoietic, endothelial, or
epithelial origin. The cultured fibroblasts were heteroge-
neous in terms of CD34 expression (Fig. 4A), and the pro-
portion of CD34™ cells ranged from 40% to 88% at the fifth
passage in the cultures from four patients.

FISH was performed on cultured fibroblasts with probes
for X- and Y-chromosomes (Fig. 4B). The culture from male-
to-male recipient 15 showed that the detection sensitivity of
cells positive for a set of X- and Y-FISH signals was 50%. In
contrast, control dermal fibroblasts generated from a female
individual exhibited one or two X-FISH signals and no Y-

antisense sense

) ‘& SGI‘IE“)@ ,

sense antisense CD34

antisense

FISH signal in all cells. In two male-to-female recipients
(patients 16 and 17), the frequency of donor-derived fibro-
blasts with a set of X- and Y-FISH signals in a total of 200
cells was 2% and 4%, respectively. The frequency of donor-
derived fibroblasts in the primary culture was much lower
than that observed in the tissue, probably because of the
predominance of the residential fibroblasts of recipient ori-
gin that had grown in the in vitro culture. When Y-FISH was
combined with CD34 immunostaining, donor-derived fibro-
blasts were detected in both CD34™ and CD34"~ cell popu-
lations (data not shown). In situ hybridization for the Smcy
antisense probe also demonstrated the presence of donor-
derived fibroblasts in male-to-female recipient 17.

Genomic DNA was extracted from the cultured fibro-
blasts and used in assays to detect genetic markers that are
different between recipients and donors. First, the Y-chro-
mosome-specific TSPY gene was used as a marker for male
cells in PCR. In a representative male-to-female recipient,
patient 14, the TSPY gene was not amplified in the recipient
before HSCT BCL, but was amplified in cultured lacrimal
gland fibroblasts obtained after HSCT, donor peripheral
blood and bone marrow cells, and post-HSCT recipient BCL
(Fig. 4C). Analogous findings were obtained in two addi-
tional male-to-female recipients (patients 16 and 17).

Microsatellite markers were also used to test for a chi-
meric status based on variation in the length of the PCR
products (Fig. 4D). In male-to-female recipient 14, lacrimal

FIGURE 3. In situ hybridization for
the detection of Y-chromosome-spe-
cific Smcy mRNA in lacrimal gland
tissue sections from patients with
chronic GVHD. Consecutive sections
using sense and antisense probes are
shown for individual specimens. (A)
Male-to-male recipient 15. (B) A fe-
male patient with Sjogren’s syn-
drome. (C) Male-tofemale recipient
1 (diaminobenzidine staining). Ar-
rows: donor-derived fibroblasts posi-
tive for the antisense signal, arrow-
bead: donor-derived endothelia of
the small vessel. (D) Consecutive
sections from male-to-female recipi
ent 17 (immunofluorescent staining)
that were subjected to in situ hybrid-
ization for Srncy mRNA, diaminoben-
zidine immunostaining for CD34, flu-

@ sense antisense

CD34 Y-FISH

orescent immunostaining for CD34, and Y-FISH. Fluorescent immunostaining for CD34 and Y-FISH were performed on a single section. Arrows:
CD34* fibroblasts with a Y-FISH signal. Original magnification: (A, B, D) X200, (C, diaminobenzidine staining) X400; (D, immunofluorescent

staining) X630.
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TasLe 3. Identification of Donor-Derived Cells in Fibroblast Primary Cultures Derived from the Lacrimal
Gland in Chronic GVHD

Y-Chromosome’  Y-chromosome™ Mismatched
Gender of Donor % Y-FISH" Fibroblasts Fibroblasts Microsatellite
Case and Recipient Fibroblasts* by ISH by Y-PCR Markerst
14 Male-to-female Not tested Present Present 1/8
16 Male-to-female 2 Not tested Present 1/8
17 Male-to-female 4 Present Present 0/8
15 Male-to-male 50 Present Present 3/3

Y-PCR, Y-chromosome polymerase-chain reaction.
* Frequency of cells positive for both X- and Y-FISH signals in 200 cultured cells.
+ The number of microsatellite markers mismatched between donor and recipient divided by the total

number of markers examined.

gland fibroblasts displayed a combination of the recipient
pattern observed in the recipient before HSCT BCL and the
donor pattern observed in the donor peripheral blood
mononuclear cells and bone marrow cells as well as in the
recipient after HSCT BCL. The donor-specific peak in cul-
tured lacrimal gland fibroblasts was lower than the recipient-
specific and shared peaks, due to a low abundance of
donor-derived cells in the cultured fibroblasts. Theoretically,
this method should allow us to detect donor-derived cells
in cultured fibroblasts, irrespective of the combination of
donor-recipient genders. In fact, a combination of the
donor and recipient peaks was detected in the cultured
lacrimal gland fibroblasts derived from male-to-male recipi-
ent 15. Analogous findings were obtained in an additional
recipient 16, but no donor-recipient-mismatch marker was
detected among the markers used in another recipient (pa-
tient 17).

Discussion

In this study, the chimeric status of accumulated CD34"
fibroblasts in the lacrimal gland of chronic GVHD patients
was clearly demonstrated by a series of experiments using
facrimal gland tissue specimens and lacrimal gland-derived
cultured fibroblasts. Nearly half of the CD34™ fibroblasts at
the site of pathogenic fibrosis were of donor origin, and the
proportion of donor-derived cells in the fibrotic chronic
GVHD lesion is considerably higher than the proportions
reported for other donor-derived nonhematopoietic cells
engrafted in tissues of HSCT recipients.’®~*# Although both
CD34™ and CD34" fibroblasts accumulate in the lacrimal
gland from patients with chronic GVHD, we had to use
CD34 as a marker for fibroblasts because there is no reliable
fibroblast marker that can be used in the tissue. This limita-
tion should be considered on interpreting our findings. In
addition, there are several other limitations in our study for
ethical reasons. The study lacks specimens from non-GVHD
transplant recipient control subjects and serial specimens
for evaluating a potential association between influx of do-
nor-derived fibroblasts and disease progression. The role of
donor-derived fibroblasts in the pathogenesis of chronic
GVHD should be further examined in animal models.
Recent studies suggest that hematopoietic stem cells may
spontaneously fuse with other cells and give the appearance
of differentiation.?®® In this regard, Tran et al.'* reported
that more than 9700 buccal epithelial cells obtained from
HSCT recipients showed no evidence of fusion, with only a
few exceptions, indicating that cell fusion is a rare event in
vivo in humans. Given the relatively high frequency of
donor-derived CD34" fibroblasts in the chronic GVHD lac-

rimal gland, the fusion of donor-derived hematopoietic cells
with residential fibroblasts was unlikely, although we could
not entirely exclude the possibility that cell fusion was
partly responsible for our observations.

Although the donor-derived fibroblasts that accumulate
in the lacrimal gland chronic GVHD lesions apparently orig-
inated from the transplanted donor bone marrow or mobi-
lized peripheral blood cells, the precise origin of these cells
is presently unknown. The potential cell source includes
mesenchymal stem cells with a capacity for self renewal and
the potential to give rise to the various mesenchymal cells
identified in human bone marrow,?" but whether such stem
cells circulate in the blood is not known. In fact, two
patients with the significant chimeric status of fibroblasts in
the lacrimal gland received transplantation of peripheral
blood cells. Alternatively, donor stem cells that are commit-
ted to differentiation primarily along the hematopoietic lin-
eage may switch to the fibroblast lineage under the influ-
ence of signals from the local environment. In this regard,
mesenchymal cells can be differentiated from a distinct
hematopoietic lineage termed fibrocytes’® and from circu-
lating monocytes.??

Our findings address important questions in the patho-
genesis of chronic GVHD. It was originally considered to be
a later phase of acute GVHD due to allorecognition by donor
T cells, but several recent studies suggest that an autoim-
mune-like process induced by dysfunctional immunologic

‘recovery also plays some roles.’ In addition, the fibrotic

process is apparently accelerated and the resultant exces-
sive fibrosis leads to functional impairment in various or-
gans, including the lacrimal glands.® Our findings suggest
that donor-derived fibroblasts may be involved in this pro-
cess. It has been postulated that, in HSCT recipients, tissue
injury caused by acute GVHD, a conditioning regimen, or in
some other way facilitates the homing of circulating stem
cells or precursors and their differentiation into various
tissues under the signals of the local environment.>® There-
fore, it is likely that the persistent fibrotic environment in
chronic inflammatory lesions promotes the recruitment and
mobilization of donor-derived fibroblast precursors, which
may have unlimited growth potential or may be constantly
supplied from the circulation in chronic GVHD. This possi-
bility is supported by a murine sclerodermatous GVHD
showing massive fibrosis, in which infiltration of macro-
phages and T cells into the tissue preceded fibrosis in the
skin and lung.>? Because no specific treatment has been
shown to be effective for lacrimal gland chronic GVHD,
strategies that inhibit the recruitment of fibroblast precur-
sors into the affected lesion could be a novel therapeutic
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FiGuRe 4. Detection of donor-de-
rived cells in primary fibroblast cul-
tures generated from the lacrimal
gland of patients with chronic GVHD.
(A) Cultured fibroblasts derived from
patient 17 were stained for vimentin,
collagen type I, CD90 (TRITC; red),
and CD34 (FITC; green). lIsotype-
matched control mAbs to irrelevant
antigens were used instead of the pri-
mary mAb as isotype controls. Nuclei
were counterstained with TO-PRO-3
(blue). (B) FISH for the Y (red)- and
X (green)chromosome with TO-PRO-3
staining (blue). Cultured fibroblasts
from male-to-male recipient 15 were
used as the positive control, whereas
dermal fibroblasts from a female sub-
ject were used as the negative con-
trol. Results obtained from male-to-
female recipients 16 and 17 are
shown. Arrows: fibroblasts with both

X- and Y-FISH signals. (C) PCR for the
& detection of the Y-chromosome-spe-

Donor PBMC Recipient pre-HSCT PBMC
2000
1000
[EZRaD)] 25634
Donor BM Recipient pust-HSCT BCL

- =

cific TSPY gene in various cell sources
obtained from male-to-female recipi-
ent 14 and her related donor before
- and after HSCT. Lane I: donor PBMC;
E: lane 2: donor bone marrow (BM) cells;

lane 3, recipient pre-HSCT BCL; lane

Exez

Recipient pre-HSCT BCL

Rccipient post-HSCT BCL

2

Recipicnt post-HSCT LG fibrobrasts

E

approach to the fibrotic process in lacrimal gland chronic
GVHD.

It has been shown recently that bone-marrow-derived
precursors can serve as a source for fibroblasts in a mouse
model of pulmonary fibrosis.’® Our study demonstrates, for
the first time, the presence of bone-marrow- derived fibro-
blasts in pathogenic fibrosis of the human disease. This
finding leads us to propose a hypothesis that bone-marrow-
derived fibroblasts may contribute to the pathogenesis of
human fibrotic diseases, such as pulmonary fibrosis, cirrho-
sis of the liver, scleroderma, and ocular cicatricial pemphi-

) 4, recipient post-HSCT BCL; lane 5,
recipient post-HSCT lacrimal gland
(LG) fibroblasts; lane 6, male BCL as

100 the positive control; lane 7, female
4 phog BCL as the negative control; and
[ZEn]eeEr lane 8, no-template DNA. (D) The

analysis of polymorphic microsatel-
lite marker D1051228 in various cell
sources obtained from male-to-fe-
male recipient 14 and male-to-male
recipient 15 before and after HSCT.
The x- and y-axes show the product
length in bases and signal strength,
respectively. Arrows: indicate the
donor-specific peak detected in the re-
cipient peak pattern. Original magnifi-
cation: (A, B) X400.

goid. It would be interesting to evaluate further the chimeric
status in multiple chronic GVHD tissues and potential asso-
ciations between the chimeric status and response to vari-
ous therapeutic regimens.
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Abstract

Sera from patients with myasthenia gravis (MG) were screened for autoantibodies to skeletal muscle-specific antigens by
immunoprecipitation assay, using thabdomyosarcoma and leukemia cell lines. Eleven of 61 MG sera immunoprecipitated a
rhabdomyosarcoma-specific 70-kDa protein, which was identified as the voltage-gated K* channel 1.4 (Ky1.4). This antibody specificity
was not detected in 30 patients with polymyositis/dermatomyositis, 9 with thymoma alone, or 30 healthy controls. Clinical features
associated with anti-Ky1.4 antibody included bulbar involvement, myasthenic crisis, thymoma, myocarditis, and QT prolongation on
electrocardiogram. These findings suggest that anti-Ky1.4 antibody is a novel autoantibody associated with a severe MG subset and

thymoma.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Autoantibodies; Immunoprecipitation; Myasthenia gravis; Voltage-gated potassium channel

1. Introduction

Myasthenia gravis (MG) is an organ-specific autoim-
mune disorder characterized by dysfunctional neuromuscu-
lar junctions (Drachman, 1994). Autoantibodies to the
nicotinic acetylcholine receptor (AChR) are detected in
80-90% of MG patients, and are thought to play a primary
role in the pathogenesis of MG. The anti-AChR antibody is
specific to MG, and thus used as a diagnostic marker in
clinical settings. MG is heterogeneous in terms of its disease
expression, ranging from an ocular form to a generalized
form requiring intensive immunosuppressive treatment, but
the serum concentration of the anti-AChR antibody does not
always correlate with the disease severity (Drachman,
1994). This could be because the conventional radio-

* Corresponding author. Tel.: +81 3 3350 3567; fax: +81 3 3350 3567.
E-mail address: kuwanam@sc.itc.keio.ac.jp (M. Kuwana),

0165-5728/% - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.jneuroim.2005.08.017

immunoassay used for detecting anti-AChR antibodies does
not adequately quantify the antibodies with pathogenic
activity. Another possibility is that additional antibodies that
modify the pathogenic process are present in MG patients.
In this regard, autoantibodies against proteins that are highly
expressed in the skeletal muscle, such as titin and ryanodine
receptor, have been detected in MG sera in conjunction with
anti-AChR antibodies (Williams and Lennon, 1986; Aarli et
al., 1990; Mygland et al., 1992). Moreover, autoantibodies
to the receptor tyrosine kinase MuSK were found in patients
with seronegative MG (Hoch et al., 2001). The measure-
ment of anti-titin antibodies is reported to have limited
clinical use in predicting the presence of thymoma in MG
patients below age 60 (Buckley et al., 2001), but the clinical
associations of these MG-related autoantibodies are gen-
erally weak (Drachman, 1994; Buckley et al., 2001).

To identify additional skeletal muscle-specific autoanti-
bodies in MG sera, we applied an immunoprecipitation
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assay using radiolabeled cellular extracts; this assay is
highly sensitive and can detect autoantibodies to a broad
range of cellular components i their native conformation
(Mimori et al., 1984). The rhabdomyosarcoma cell line RD
and leukemia cell line K562 were used as antigen sources,
and profiles of the proteins immunoprecipitated by MG sera
were compared between assays using these two different
cell sources. The proteins immunoprecipitated from the RD
extracts, but not from the K562 extracts, were regarded as
potential skeletal muscle-specific autoantigens. Using this
system, we identified a novel autoantibody to Ky 1.4, one of
the a-subunits of voltage-gated K (Kv) channels, in the
sera from MG patients. We further examined the clinical
associations of the anti-Ky 1.4 antibody and the expression
of Ky1.4 in various human tissues, including abnormal
thymus from MG patients.

2. Material and methods
2.1. Patients and controls

We studied serum samples from 61 patients with MG (25
males and 36 females) who were followed at Keio
University Hospital, Tokyo, Japan. The diagnosis of MG
was based on clinical, electrophysiologic, and immunologic
criteria (Drachman, 1994). The mean age at disease onset
was 43.9%19.2 years and the mean disease duration at
examination was 8.7 £5.5 years. Ocular MG was diagnosed
in 20 of the patients, and the remaining 41 patients had
generalized MG. The MG severity was graded according to
the Task Force of the Medical Advisory Board of the
Myasthenia Gravis Foundation of America (Jaretzki et al.,
2000). Trans-sternal extended thymectomy was performed
in 34 patients, and histopathologic examination revealed one
normal thymus, 12 cases of thymic hyperplasia, and 21
cases of thymoma. Serum anti-AChR antibody was quanti-
tatively méasured by a conventional radioimmunoassay
(Drachman, 1994). Fifty-four patients (88%) were positive
for anti-AChR antibody at least once during the disease
course (range 0.7-440 nM) and the remaining 7 were
seronegative. Serum samples were obtained from all MG
patients within one year after first visit when their disease
was active, and 29 sera were obtained after thymectomy.
Clinical information was retrospectively obtained on all MG
patients by reviewing their clinical charts. An electrocardio-
gram was recorded for 56 patients, and the findings were
blindly evaluated by cardiologists (Braunwald et al., 2001).
Two groups of sera were used as disease controls: sera from
30 patients with definite polymyositis or dermatomyositis
(PM/DM), who satisfied the criteria proposed by Bohan and
Peter (1975), as a contro] for autoimmune disease affecting
the skeletal muscle; and sera from 9 patients with thymoma,
but without MG (2 had pure red cell aplasia, but none had
acquired neuromyotonia), as a contro! for thymoma which is
frequently accompanied by MG. Sera from 30 healthy

volunieers were also used as a control. All blood samples
and clinical information were collected after the patients and
controls gave their written informed consent as approved by
the Keio University Institutional Review Boards.

2.2. Immunoprecipitation assay using radiolabeled cellular
extracts

Serum autoantibodies were detected by immtfnoprecipi-
tation assay using *°S-labeled cellular extracts as reported
previously (Kuwana et al., 1993) with some modifications.
Two cultured cell lines, RD and K562, were used as sources
for total cellular extracts. In brief, RD and K562 cells
(5% 10° and 107 per sample, respectively) were cultured in
methionine-free DMEM (Sigma, St. Louis, MO) containing
3% heat-inactivated fetal bovine serum in the presence of 20
uCi/mi **S-methionine for 14 h. The **S-labeled cells were
resuspended in an ice-cold buffer containing 500 mM NaCl,
0.1% Nonidet P-40, 10 mM Tris—HC], pH 8.0 (IP buffer) in
the presence of a cocktail of protease inhibitors (COM-
PLETE; Roche, Mannheim, Germany), and sonicated
intermittently on ice for a total of 90 s. The supematant,
containing **S-labeled soluble proteins originating from the
nuclei, cytoplasm, and cellular membrane, was recovered by
centrifugation (14,000 g for 15 min) and used as the antigen
source. Two milligrams of protein A-Sepharose CL-4B
(Pharmacia Biotech, Stockholm, Sweden) was incubated
with 10 pl of a human serum sample in 500 pl of IP buffer
for 14 h. The immunoglobulins that were bound to protein
A-Sepharose beads were then incubated with the **S-labeled
cellular extracts for 2 h. The immunoprecipitated material
was resolved by electrophoresis on SDS-8.5% polyacryla-
mide gels, which were subsequently treated with 0.5 M
sodium salicylate to enhance the radioactivity, dried for 1 h
with a gel dryer (Biorad Laboratories, Philadelphia, PA),
and evaluated by autoradiography using the BAS-5000
system (Fuji film, Tokyo, Japan). The gels were exposed to
the film for 24 h (short exposure) and then for 72 h (long
exposure). Immunoprecipitated protein bands were com-
pared between the assays using extracts derived from RD
and K562 cells, and the proteins precipitated from the RD
extracts, but not from the K562 extracts, were regarded as
skeletal muscle-specific autoantigens.

2.3. Affinity-purification of skeletal muscle-specific
autoantigens

The antigens recognized by patients’ sera were isolated
from the RD extracts by affinity-purification as described
previously (Kuwana et al., 1999). Briefly, a mixture of MG
sera containing the antibody of interest (1 ml) was incubated
with protein A-Sepharose CL-4B (1 g), and the antibody—
protein A complex was cross-linked by treatment with
dimethylpimelimidate (Pierce, Rockford, IL). The cellular
extracts derived from RD cells (5x 10%) were incubated
with the antibody-protein A bead complex, and proteins
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that bound to the antibodies were cluted using a buffer
containing 3 M MgCl, and 1 mM DTT. The cluted materials
were dialyzed against PBS, concentrated using an Ultrafree-
4 Centrifugal Filter (Millipore, Billerica, MA), and fractio-
nated on SDS-8.5% polyacrylamide gels, followed by
Coomassie blue staining. The protein band of interest was
cut out from the gel and subjected to N-terminal amino acid
sequencing using a protein sequencer, HPG1005A (Hewlett-
Packard, Palo Alto, CA) (Masiarz and Malcolm, 1994). The
amino acid sequence was subjected to a BLAST search
(http://www.ncbi.nlm.nih.gov) of the National Center for
Biotechnology Information (NCBI). The molecular weight,
isoelectric point (PI), and signal peptide sequence of the
protein of interest were predicted using Genetyx-Mac
software (Software Development, Tokyo, Japan).

2.4. Determination of PI

The affinity-purified preparation was subjected to 2-
dimensional electrophoresis using the ZOOMIPG Runner™
System (Invitrogen, Carlsbad, CA) (Scheele, 1975). Briefly,
the samples were applied to ZOOM strips containing a fixed
pH gradient, in which individual proteins were immobilized
as they approached their PI. In the second dimension of
polyacrylamide gel electrophoresis, the proteins were
separated based on their molecular weights, followed by
silver staining (Silver Stain Plus, Biorad Laboratories).

2.5. Immunoblots

Antigenicity of the affinity-purified preparation was
examined by immunoblotting as described (Kuwana et al.,
2002). The protein preparation was fractionated on SDS-
10% polyacrylamide gels and the proteins were transferred
to nitrocellulose membranes. An edge of the membrane was
stained with amino black, and the remaining portion was
blocked with 5% non-fat milk and incubated with serum
samples diluted 1:250, rabbit anti-rat Ky1.4 polyclonal
antibodies diluted 1:200 (Sigma) (Veh et al., 1995), or
rabbit polyclonal antibodies to an irrelevant antigen as a
control. The membranes were subsequently incubated with
alkaline phosphatase-conjugated goat anti-human or anti-
rabbit IgG (Cappel, Aurora, OH), and the immunoreactive
bands were visualized by development with 4-nitro blue
tetrazolium chloride/5-bromo-4-chloro-3-indolyl-phosphate.

2.6. Indirect immunofluorescence on cells undergoing K 1.4
gene transfer

Total RNA was isolated from RD cells using an
RNeasy™ kit (QIAGEN, Valencia, CA), and subjected to
reverse transcription with an oligo (dT);,_;5 primer using
AMYV reverse-transcriptase XL (Takara, Kusatsu, Japan). A
first-strand cDNA encoding the entire open reading frame of
human Ky 1.4 was amplified by PCR and subcloned into a
pcDNA3.1 expression vector (Invitrogen) (Philipson

ct al., 1990). The primer set used was 5-CTT-
AAGGGTTCCAAACTTACC-3' (sense) and 5'-
TGCCAACTTTTCCCTTCA-3 (antisense). Mouse L cells
grown on fibronectin-coated chamber slides (Becton Dick-
inson Labware, Bedford, MA) were transiently transfected
with pcDNA3.1 harboring Ky1.4 or with empty plasmid,
using Effectene reagent (Qiagen, Hilden, Germany). After a
24-h culture in MEM (Sigma) containing 10% FBS, the
cells were fixed with 4% paraformaldehyde for 5 min. The
cells were then incubated with serum samples diluted 1: 20,
rabbit anti-rat Ky 1.4 polyclonal antibodies diluted 1: 100, or
control rabbit antibodies. All serum samples were pretreated
with untransfected mouse L cells to eliminate non-specific
antibody binding. After incubation with Alexa Fluor 488-
conjugated anti-human IgG and Alexa Fluor 568-conjugated
anti-rabbit IgG (Molecular Probes, Eugene, OR), the slides
were mounted and examined with a confocal laser fluo-
rescent microscope, LSM5 PASCAL (Carl-Zeiss, Gottingen,
Germany).

2.7. Detection of Ky mRNA expression

The mRNA expression of Ky 1.4 and other Ky, channels
was examined in various cell lines and human tissues using
reverse transcription combined with PCR. The expression of
GAPDH mRNA was also examined, as a house-keeping
gene control. The primary skeletal myoblast culture was
established from a skeletal muscle biopsy specimen from an
individual with histologically normal muscle. The thymus
tissue was obtained from MG patients who received
extended thymectomy or autopsy. Total RNA samples
obtained from a panel of normal human tissues were
purchased from Clontech (Palo Alto, CA). Each cDNA
(12.5 ng total RNA equivalent) was subjected to PCR as a
template. The primer sets used were as follows: Ky 1.4
(sense, 5'-CAGCACCCCATCTGGAGAAC-3' and anti-
sense, 5'-CTGGGATGCTTTGGAAATGGG-3), Kv1.3/
1.5/1.6 (sense, 5'-TTCCAGCGCCAGGTGTGGC-3 and
antisense, 5'-CTGCAGCCCCTTGGAGTGGCG-3")
(Liyanage et al, 1998), Ky4.2 (sense, 5'-ATGTGA-
GTGGCACCCGCTTC-3' and antisense, 5-AC-
GGTAACGACTAGGCGCTG-3"), Ky4.3 (sense,
5'-CCTACTACATCGGTCTGGTC-3' and antisense, 5-
TTGCGCTTGCTGTGCAGGTA-3'), and GAPDH (sense,
5-TGAACGGGAAGCTCACTGG-3' and antisense, 5'-
TCCACCACCCTGTTGCTGTA-3"). The PCR conditions
were 5 min at 94 °C, followed by 35 cycles of 30 s at 94 °C,
30 s at 65 °C, and 30 s at 72 °C for the Ky channels, and 27
cycles of 30 s at 94 °C, 30 s at 60 °C, and 30 s at 72 °C for
GAPDH. The PCR products were fractionated on 2%
agarose gels and stained with ethidium bromide.

2.8. Statistical analyses

Comparisons for relative frequencies between two or
three groups were tested for statistical significance using the
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chi-square test or Fisher’s 2-tailed exact test for 2 x 2 table
or 2x 3 table. Continuous variables were compared using
Student’s t-test.

3. Results

3.1 Detection of skeletal muscle-specific autoantigens by
immunoprecipitation assay

Sixty-one MG sera and 30 PM/DM sera were subjected to
the immunoprecipitation assay using *°S-labeled RD and
K562 extracts as antigen sources, and the immunoprecipi-
tated protein profiles were compared between assays using
the different extracts. Representative results obtained from
MG and PM/DM sera are shown in Fig. 1A. The majority of
the PM/DM sera recognized proteins shared by the RD and

MG
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K562 extracts. In contrast, the MG sera precipitated only a
few proteins from the RD and K562 extracts, and all the
protein bands were faint. When the gels were subjected to
long film exposure (Fig. 1B), several proteins immunopre-
cipitated from the RD extracts, but not from the K562
extracts, showed up in some MG serum samples. These
potential skeletal muscle-specific autoantigens included
proteins with molecular masses of 220, 190, 70, and 60
kDa. The 70- and 60-kDa proteins were recognized by 11
(18%) of 61 MG sera, but by none of the PM/DM sera
(»=0.003). Antibody to the 220-kDa protein was exclu-
sively detected in 4 (6%) MG sera, but anti-190-kDa protein
antibody was detected in both MG and PM/DM sera (4% and
7%, respectively). None of sera from patients with thymoma
alone and healthy controls recognized any of those potential
skeletal muscle-specific autoantigens. The 70- and 60-kDa
proteins were always co-precipitated, although the band
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Fig. 1. Autoradiograms of immunoprecipitated *°S-labeled RD and K562 extracts by sera from patients with MG. (A) Short exposure of the gels analyzing MG
sera (lanes 1-5) and PM/DM sera (lanes 6—10). Immunoprecipitated materials were analyzed on SDS-8.5% polyacrylamide gels. The positions of molecular
weight standards appear to the right of each panel. Arrow indicates a skeletal muscle-specific 190-kDa precipitate. (B) Long exposure of the gels analyzing MG
sera (lanes —13) and a healthy control serum (lane 14). Arrows indicate skeletal muscle-specific 220-, 70-, and 60-kDa proteins. The 70- and 60-kDa proteins

are always detected together (lanes 1-10).
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intensity of the 70-kDa protein was much greater than that of
the 60-kDa protein (Fig. 1B). Because the 70-kDa protein
was specifically and frequently detected in the MG sera, we
focused on this autoantigen in the following analysis.

3.2. dentification of the 70-kDa muscle-specific autoan-
tigen as Kyl 4

The 70-kDa protein was successfully isolated from the
RD extracts by affinity-purification using MG sera that
contained an antibody to this protein (Fig. 2, lane 1),
although contaminating immunoglobulin was present in the
fraction. The 60-kDa protein was not apparent, probably
because the amount isolated was too small to be detected by
Coomassie blue or amino black staining. The portion of the
gel corresponding to the 70-kDa protein was cut out and
subjected to N-terminal amino acid sequence analysis. The
amino acid sequence obtained was 5 consequent residues,
MPYGY (shown in single-letter code). This sequence was
subjected to a homology search on the NCBI database,
which resulted in a complete match to only one human
protein (last searched on August 25, 2004). This protein was
a voltage-gated potassium channel, Ky/1.4, which contained
the MPYGY sequence at positions 17-21. A cDNA
encoding human Ky1.4 in the database (accession number
NM_002233) was isolated from skeletal muscle and has an
open reading frame consisting of 653 amino acids (Phili-
pson et al., 1990). The predicted molecular weight of K+/1.4
(73 kDa) was slightly larger than 70 kDa. Moreover, the N-
terminal sequence of the 70-kDa protein started from
position 17 of the reported Ky1.4 sequence. Because
Kv1l4 is a cellular membrane protein, it might have a
signal peptide at the N-terminus that is cleaved during intra-
cellular trafficking. In fact, a potential signal peptide
predicted by the Genetyx-Mac software revealed that the
first 16 amino acids of Ky 1.4 were likely to be cleaved as a
signal peptide.
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Fig. 2. Immunoblotting using an affinity-purified 70-kDa protein antigen.
The affinity-purified 70-kDa was analyzed on a SDS-10% polyacrylamide
gel, and stained with amino black (lane 1) or probed with rabbit polyclonal
anti-rat Ky1.4 antibodies (lane 2), control rabbit antibodies (lane 3), MG
serurn with anti-70-kDa antibody (lane 4) or MG serum without anti-70-
kDa antibody (lane 5). Arrow indicates a 70-kDa protein, while asterisk
denotes non-specific human immunoglobulin.

A serics of experiments was then carried out to test
whether the 70-kDa protein targeted by the MG sera was
truly Ky1.4. First, the affinity-purified 70-kDa protein was
applied to 2-dimensional electrophoresis, revealing a PI of
4.5-5.0, which was comparable to the predicted Pl of
Kyl.4 (4.95). Second, the affinity-purified 70-kDa protein
was subjected to immunoblots as an antigen source (Fig. 2).
We searched for commercially available antibodies that
were potentially reactive with human Ky 1.4, and found
rabbit polyclonal antibodies that had been generated by
immunization with a recombinant fragment encoding the
carboxyl-terminal portion of rat Ky1.4 (Veh et al., 1995).
Since the portion of rat Ky 1.4 used for immunization was
highly homologous to human Ky 1.4 (amino acid homology
90%), it was likely that this polyclonal antibody would
recognize human Ky1.4 by cross-reactivity. As expected,
the 70-kDa protein was recognized by the rabbit anti-rat
Ky1.4 polyclonal antibody, but not by a control rabbit
antibody (lanes 2 and 3). We further examined the reactivity
to the 70-kDa protein in 4 MG sera containing the anti-70-
kDa antibody, 4 sera lacking the anti-70-kDa antibody, and
two healthy control sera. Of these sera, only one anti-70-
kDa antibody-positive serum reacted with the affinity-
purified 70-kDa protein by immunoblotting (lane 4).

Finally, cultured mouse L cells were transiently trans-
fected with a ¢cDNA encoding full-length human K 1.4
isolated from RD. At least 10% of the cells that underwent
gene transfer expressed Ky 1.4 in the cellular membrane and
cytoplasm, which was detected by the rabbit anti-rat Ky;1.4
polyclonal antibody (Fig. 3). L cells that underwent K/ 1.4
gene transfer were incubated with the rabbit anti-rat Ky, 1.4
antibody (red) and MG sera that contained or lacked the
anti-70-kDa antibody (green). A representative serum that
contained the anti-70-kDa antibody produced membranous
and cytoplasmic staining on cells that overlapped with
staining by the anti-rat Ky1.4 antibody (upper panel).
Analogous findings were observed using 3 additional MG
sera containing the anti-70-kDa antibody. In contrast, serum
samples from 4 MG patients that lacked the anti-70-kDa
antibody and 2 healthy controls did not show any staining
on the Ky 1.4-transfected cells (middie panel). Specificity of
the staining was confirmed by the lack of staining on L cells
transfected with a control plasmid lacking the cDNA insert
(lower panel). Taken together, these findings indicate that
the 70-kDa protein detected by the immunoprecipitation
assay was Ky1.4.

3.3. Clinical features associated with the anti-Ky1.4 anti-
body in MG patients

Since results obtained from immunoprecipitation assay
using RD and K562 extracts and those from immunohis-
tochemistry on the human Ky 1.4-expressing L cells were
concordant with each other, sera immunoprecipitated the 70-
kDa protein from the RD extracts, but not from the K562
extracts, were regarded as positive for anti-Ky1.4 antibody.
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Fig. 3. Indirect immunofluorescence on mouse L cells induced to express human Ky1.4 by transient gene transfer. L cells transfected with a plasmid harboring
human Ky 1.4 or an empty plasmid were fixed and subjected to double-staining with rabbit polyclonal anti-rat Ky1.4 antibodies (red) and MG sera with anti-70-
kDa antibody or without anti-70-kDa antibody (green). The cells were examined with a confocal laser fluorescent microscope. Original magnification: x 40.

Demographic and clinical findings were compared between
11 MG patients with the anti-Ky1.4 antibody and 50 MG
patients without the antibody (Table 1). There was no
difference in sex, age at MG onset, or disease duration
between the two groups. All but one anti-Ky1.4-positive
patient had generalized MG, and the frequencies of bulbar
involvement and episodes of myasthenic crisis were
significantly higher in patients with anti-Ky 1.4 antibody
than those without (p<0.0001 and p=0.006, respectively).
In fact, the frequency of patients with severe disease, such
as grade IIT or higher according to the Task Force of the
Medical Advisory Board of the Myasthenia Gravis Founda-
tion of America (Jaretzki et al., 2000), was greater in the
anti-Ky/1.4 antibody-positive group (p=0.0002). All the
anti-Ky 1.4-positive patients were seropositive for anti-
AChHR antibody, and there was no difference in anti-AChR
antibody levels between patients with and without anti-
Ky 1.4 antibody. Thymoma diagnosed by imaging tests was
more frequent in the anti-Kyl.4-positive than in the
negative patients (p<0.0001). The association of anti-
Ky1.4 antibody with thymoma was also confirmed when
the subjects were restricted to 34 patients who had under-
gone histopathologic examination (p=0.004).

When the frequencies of additional diseases concomitant
with MG were compared between the two groups, it was
noted that myocarditis excluding viral or ischemic etiology
was exclusively found in the anti-Ky1.4-positive group. In
addition, one patient with the anti-Ky1.4 antibody devel-
oped acquired neuromyotonia, a disease known to be caused
by autoantibodies to neuronal Ky channels (Shillito et al.,

1995). Myocarditis developed after the onset of MG and
thymectomy in 3 patients, who had diffuse or focal
ventricular hypokinesis detected by echocardiogram. Two
of these patients recovered after corticosteroid pulse therapy,
although the remaining patient died of heart failure. In this
case, the myocarditis did not respond to extensive immu-
nosuppressive therapies consisting of high-dose cortico-
steroids, tacrolimus, and intravenous immunoglobulin. The
detection of the anti-Ky1.4 antibody preceded the clinical
onset of myocarditis in these 3 patients.

The potential relationship between the anti-Ky1.4 anti-
body and dysfunctional cardiac electrophysiology was
further assessed by comparing the electrocardiographic
findings between patients with and without the anti-K+1.4
antibody. The frequency of QT prolongation was signifi-
cantly greater in patients with the anti-Ky1.4 antibody than
in those without (p=0.0009). No patients were thought to
have died from lethal arthythmia during the disease course
in either the anti-Ky1.4-positive or negative group.

Because of the strong association between anti-Ky1.4
antibody and thymoma, observed clinical associations with
anti-Ky1.4 antibody in MG patients might merely reflect the
associations of these clinical features with thymoma, rather
than anti-Ky1.4 antibody. To exclude this possibility,
clinical features except thymoma were again compared
within 21 MG patients with thymoma according to the
presence (n=10) or absence (n=11) of anti-Ky1.4 anti-
bodies. Frequencies of bulbar involvement, maximum MG
severity of grade IIT or higher, and QT prolongation on
electrocardiogram were again significantly different
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(p=0.007, 0.004, and 0.03, respectively), while differences
in frequencies of myasthenic crisis and concomitant
myocarditis did not reach statistical significance.

3.4. Expression of Kyl.4 mRNA in the abnormai thymus
tissue from MG patients

The expression of Ky 1.4 mRNA was examined in several
cultured cell types and a panel of normal tissues (Fig. 4A).
As expected, Ky1.4 mRNA was detected in RD but not
K562 cells, confirming the skeletal muscle-specific nature
of Ky1.4 that was determined by the immunoprecipitation
assay. A primary culture of human myoblasts also expressed
Kyl.4 mRNA. In normal tissues, Ky1.4 mRNA was
detected in the skeletal muscle, heart, and brain, as reported
in previous studies (Philipson et al., 1990; Tamkun et al,
1991), but not in other tissues, including the thymus. When
the mRNA expression of other Ky, subunits was examined
in the RD cell line as well as in skeletal muscle and brain
tissues, different expression profiles were observed: Ky1.3,
1.5, and 1.6 in RD cells; Ky 1.3 and 1.6 in skeletal muscle;
and Ky1.3, 1.5, 4.2, and 4.3 in brain (Fig. 4B). Since
mRNA for the AChR « chain, a major target of autoanti-
bodies in MG patients, is known to be expressed in the

Table 1
Demographic and clinical findings in MG patients with or without serum
anti-Kv 1.4 antibody

Demographic and clinical findings  Anti-Ky 1.4 antibody 4

Positive Negative
(n=11) (n=50)
Female (number, %) 6 (54) 31 (62) NS
Age at disease onset 47.0+7.7 429+19.5 NS
(years; mean+SD)
Disease duration (years; mean£SD) 9.8+6.9 8.5+6.9 NS
Disease subset (number, %)
Ocular MG 1(9) 19 (38) NS
Generalized MG 10 (91) 31 (62) NS
Bulbar involvement (number, %) 10 (91) 10 (20) <0.0001
Myasthenic crisis (number, %) 5 (45) 4 (8) 0.006
Maximal MG severity (number, %)*
Grade 111 of higher 9 (81) 10 (20) 0.0002

Anti-AChR antibody (number, %)
Thymoma (number, %)
Detected by CT and/or MRI 10 (91) 11 (22) <0.0001
Confirmed by histology® 10/10 (100) 11/24 (45) 0.004
Concomitant diseases (number, %)

11 (100)  43(86) NS

Autoimmune thyroid disorders® 1 (9) 6 (12) NS
Myocarditis 3(27) 0(0) 0.004
Acquired NMT 1(9) 0 NS

Electrocardiographic finding
(number, %)

QT prolongation 4 (36) 0/45(0)  0.0009

CT, computed tomography; MRI, magnetic resonance image.

# MG severity was graded according to the Task Force of the Medical
Advisory Board of the Myasthenia Gravis Foundation of America (Jaretzki
et al., 2000).

® Histologic evaluation was done in 34 patients who received
thymectomy.

© Gravis® disease or Hashimoto’s thyroiditis.
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Fig. 4. mRNA expression of Ky1.4 and other Ky channel subunits in
various cultured cells and tissues. PCR products were fractionated on 2%
agarose gels and stained with ethidium bromide. (A) Expression of Ky 1.4
mRNA in cell lines (RD, K562, and primary cultured myoblasts) and
various normal tissues. The sizes for the products of Ky /1.4 and GAPDH are
474 and 307 bp, respectively. (B) Expression of mRNAs for Ky 1.3/1.5/1.6,
Kv4.2, and Ky4.3 in RD, as well as skeletal muscle and brain tissues. PCR
for Ky 1.3/1.5/1.6 was performed using a common primer set and the sizes
of Ky1.3, Ky1.5, and Kv1.6 are 623, 565, and 509 bp, respectively. The
sizes for the products of Ky4.2 and Kv4.3 are 623 and 544 bp, respectively.
(C) Expression of Kyl.4 mRNA in the thymus tissue obtained from 5
patients with MG in the presence or absence of anti-Ky 1.4 antibody. Three
had thymoma and two had thymic hyperplasia confirmed by histologic
examination.

thymoma tissue from MG patients (Wakkach et al., 1996),
abnormal thymus tissue from MG patients with and without
the anti-Ky 1.4 antibody was examined for the expression of
Kv1.4 mRNA. Kyl.4 mRNA was detected in all three
thymoma tissues and one of two thymic hyperplasia tissues
from MG patients (Fig. 4C), but the serum from only two of
the patients with thymoma was positive for the anti-Ky,1.4
antibody.

4. Discussion

We have identified a novel autoantibody to Ky 1.4, one of
the o subunits of the Ky, channels in sera from MG patients.
The identification of the 70-kDa autoantigen as Ky1.4 was
based on the following: (i) the N-terminal amino acid
sequence of the 70-kDa protein completely matched to the
sequence of human Ky1.4; (ii) the molecular weight and PI
of the 70-kDa protein were nearly concordant with the
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predicted values of Ky1.4; (iii) polyclonal antibodies to rat
Kvl.4 cross-reacted with the affinity-purified 70-kDa
antigen; and (iv) MG sera containing the anti-70-kDa
antibody and anti-rat Ky 1.4 polyclonal antibodies exclu-
sively stained cells that were induced to express human
Kyl.4 by gene transfer. Ky channels consist of 4 trans-
membrane a-subunits that combine as homo- or hetero-
tetramers (Yellen, 2002). In immunoprecipitation assays, the
antigen was precipitated in the form of a protein complex.
Since RD cells express several types of Shaker-type Kyl
family proteins other than Ky1.4 (Veh et al., 1995), the 60-
kDa protein that was co-immunoprecipitated with K+,1.4 by
MG sera may correspond to other Ky subunits, such as
Ky1.3, Kyl.5, and Ky1.6. The transfection experiment
indicated that the presence of Ky1.4 was essential to the
antibody recognition, but the possibility that the autoanti-
body in MG sera recognizes another protein within the
protein complex whose antigenicity is enhanced by binding
to Ky 1.4 cannot be entirely excluded.

Anti-Ky 1.4 antibody was not detected in patients with
PM/DM or those with thymoma alone, indicating that the
anti-Ky 1.4 antibody might be a diagnostic marker for MG,
although additional studies evaluating a large series of sera
from patients with various autoimmune and neurologic
diseases are necessary. The anti-Ky1.4 antibody was
chinically associated with bulbar involvement, myasthenic
crisis, maximum MG severity of grade III or higher,
thymoma, concomitant myocarditis, and QT prolongation
on electrocardiogram, but some of these associations could
be explained by the strong association between anti-Ky 1.4
antibody and thymoma. However, the association of anti-
Kv1.4 antibody with a severe MG subtype was also detected
within MG patients with thymoma, suggesting that this
antibody response is potentially useful for classifying a
subset of MG patients with severe neuromuscular involve-
ment. To confirm clinical usefulness of anti-K+/1.4 antibody
for the disease classification in patients with MG, we have
already started a prospective study involving a large cohort
of MG patients, in whom antibodies to Ky1.4 and other Ky,
channels as well as antibodies to AChR, titin, and ryanodine
receptor are measured at first visit.

Another interesting characteristic of the anti-Ky1.4
antibody was its association with myocarditis and QT
prolongation on an electrocardiogram. It has been reported
that cardiac diseases, such as arrhythmia, heart failure, and
sudden death, are often found in MG patients, especially
those with thymoma (Hofstad et al, 1984; Namba et al.,
1974; Evoli et al., 2002). Since the detection of anti-Kvy1.4
antibody preceded the clinical onset of myocarditis in all 3
patients with this complication, cardiac function should be
carefully monitored in MG patients who have this antibody.
In addition, the clinical association between anti-Ky 1.4
antibody and the QT prolongation suggests that the anti-
Ky 1.4 antibody may directly affect Ky channels in the heart
and induce electrophysiologic dysfunction. Since Ky 1.4 is
reported to form fast inactivating A-type channels with other

subfamily components, such as Ky4.2 and Ky4.3, in the
heart (Wickenden et al., 1999), impaired Ky channels
containing Ky1.4 might lead to insufficient outward K"
current in cardiomyocytes, resulting in prolongation of the
ventricular repolarization time. Further studies examining
whether anti-Ky 1.4 antibody in patients’ sera affects the
function of Ky channels are necessary to clarify the
pathogenic role of the antibody.

There are several features shared by the anti-K/1.4 and
anti-AChR autoantibody responses. First, the target antigens
are cell surface channels expressed on skeletal muscles that
form as multimers. Second, both antibodies in patients’ sera
primarily recognize a conformational epitope present on the
native multimers. Ky 1.4 was recognized by autoantibodies
in patients’ sera by immunoprecipitation assay and indirect
immunofluorescence using cells undergoing Ky1.4 gene
transfer, but its antigenicity was poor in immunoblots using
affinity-purified Ky1.4. In the immunoprecipitation and
indirect immunofluorescence assays, Ky 1.4 was recognized
in the form of a homo- or hetero-tetramer, while Ky 1.4 was
denatured in immunoblots. Finally, both Ky1.4 and the

* AChR o subunit were upregulated in the abnormal thymus of

MG patients. Liyanage et al. showed that the mRNAs for
several Shaker-type Ky channels (Ky1.3, 1.5, and 1.6) are
expressed in the thymoma of MG patients (Liyanage et al.,
1998). In the present study, Ky1.4 mRNA was expressed in
both the thymoma and thymic hyperplasia tissues from MG
patients, but not in normal thymus, although sources for
normal and abnormal thymus were different. Since the
presence of the anti-Ky 1.4 antibody was closely associated
with thymoma, an ectopic expression of Ky1.4 in the
abnormal thymus of MG patients may be implicated in the
initiation of the autoimmune response to Ky 1.4, as reported
for the anti-AChR antibody response (Wakkach et al., 1996).

Autoantibodies to neuronal Ky channels are also known
to contribute to the pathogenesis of acquired neuromyoto-
nia, characterized by the hyperexcitability of motor nerves,
leading to muscle twitching, cramps, and weakness
(Newsom-Davis and Mills, 1993; Shillito et al., 1995).
Autoantibodies in patients with acquired neuromyotonia
recognize several different subunits of neuronal Ky chan-
nels, which are structurally related to the “Shaker-related”
Ky1 family (Hart et al., 1997). In our study, one of the MG
patients with anti-Ky 1.4 antibody had concomitant neuro-
myotonia. Taken together with the finding that MG patients
with thymoma sometimes develop acquired neuromyotonia
(Newsom-Davis and Mills, 1993; Shillito et al., 1995; Evoli
et al., 2002), those patients might be prone to develop an
autoimmune response to both muscular and neuronal Ky
channels.
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