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Abstract

Kawasaki syndrome (KS) is characterized by diffuse vasculitis
and marked T cell and B cell activation. In this study, sera from
16 patients with acute KS, 15 patients in the convalescent phase
of KS, and 19 age-matched controls were assessed for comple-
ment dependent cytotoxic activity against 1111n-labeled human
umbilical vein endothelial (HUVE) cells. Neither sera from
patients with KS nor sera from controls had cytotoxic effects on
HUVEcells cultivated under standard conditions. Since activated
T cells such as those present in acute KS secrete gammainter-
feron ("y-IFN), we also examined the effects of sera from acute
KS on HUVEcells preincubated with 'y-IFN. Wereport here
that immunoglobulin M(IgM) antibodies in sera from patients
with acute KS cause significant (P < 0.01) killing of '-IFN-
treated HUVEcells. Pretreatment with interleukin 2, y-IFN,
or ,B-IFN failed to render HUVEsusceptible to lysis with acute
KS sera. The observed effects were not mediated via immune
complexes. The cytotoxic antibodies in acute KS seem to be
directed against inducible monomorphic antigenic determinants
present on 'y-IFN-treated HUVEcells but not on control or 'y-
IFN treated autologous human dermal fibroblasts (HDF). Sim-
ilarly, acute KS sera also induced lysis of y-IFN-treated human
saphenous vein endothelial (HSVE) cells but not -y-IFN treated
human saphenous vein smooth muscle (HSVSM) cells. Since
'y-IFN induces the same level of class I and class II major his-
tocompatibility complex (MHC) antigen expression on HDF,
HUVE, HSVE, and HSVSMcells, our results suggest that the
anti-endothelial cell antibodies in acute KS are directed to 'y-
IFN-inducible molecules other than MH4Cdeterminants. These
observations are further substantiated by the failure of human
B cells or monocytes to absorb the anti-endothelial cell activity.
Since most vasculitides, including acute KS, are characterized
both by marked immune activation and the secretion of lym-
phokines, antibodies directed to y-IFN-inducible endothelial cell
antigens may represent a general mechanism for vascular injury.

Introduction

Kawasaki syndrome (KS)' is an acute febrile illness of early
childhood characterized by diffuse mucosal inflammation, in-
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durative edema of the hands and feet, polymorphous skin rash,
and nonsuppurative cervical lymphadenopathy (1, 2). This dis-
ease has aroused much interest because it has been associated
with sudden death due to coronary arteritis accompanied by
coronary aneurysms and thrombotic occlusion (3, 4). The his-
topathologic findings in KS indicate a panvasculitis with en-
dothelial necrosis, immunoglobulin (Ig) deposition, and mono-
nuclear cell infiltration into small and medium-sized blood ves-
sels (5, 6). Indeed, although much attention has been focused
on the occurrence of coronary arteritis in this disease, aneurysms
of other medium-sized arteries (e.g., renal, splenic, pulmonary)
also occur (7, 8). In addition, venulitis is a prominent finding
in autopsy studies of acute KS (8).

Despite the increasing incidence of KS (9), very little is known
about the etiology of this disease. Several previous observations,
however, suggest that immunoregulatory abnormalities contrib-
ute to the pathogenesis of this disease. First, there is an increased
incidence of HLA-Bw22 in Japanese children with KS (10) and
of HLA-Bw5 1 in Caucasian children with KS (1 1). Second, the
acute phase of KS is characterized by a deficiency of circulating
T8+ suppressor/cytotoxic T cells, increased numbers of T4+
activated helper T cells bearing the HLA-DR surface antigen,
and a 10- to 1,000-fold increase in the number of activated B
cells spontaneously secreting IgG and IgM (12, 13). With few
exceptions, each of these three immunoregulatory abnormalities
resolves during the convalescence phase of KS. Third, circulating
immune complexes have been reported in some patients, with
KS most frequently reported 2-4 wk after the onset of their
illness (14, 15).

In this study, we investigated the possibility that antibodies
to vascular endothelial cells could play a role in the pathogenesis
of KS. Initial studies indicated that neither sera from patients
with KSnor sera from age-matched controls had cytotoxic effects
on cultured human umbilical vein endothelial (HUVE) cells.
Since activated helper T cells such as those present in KSsecrete
gammainterferon (y-IFN), a potent inducer of major histocom-
patibility complex (MHC) class I and class II antigens (16) as
well as several other proteins (for example, references 16-18),
we also examined the effects of sera from acute KS on HUVE
cells preincubated with y-IFN. Wereport that IgM antibodies
in sera from patients with acute KS cause complement-mediated
killing of y-IFN-treated endothelial cells. The cytotoxic anti-
bodies in acute KS appear to be directed against inducible an-
tigenic determinants present on y-IFN-treated human vascular
endothelial cells but not on control or y-IFN-treated autologous
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syndrome; MAb, monoclonal antibody; MHC, major histocompatibility
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human dermal fibroblasts (HDF) nor on human vascular smooth
muscle cells.

Methods

Cells. HUVEcells were isolated by collagenase treatment of single or
pooled (two to six donors) normal term umbilical cord segments and
were cultured in Medium 199 containing 20%(vol/vol) heat-inactivated
fetal bovine serum supplemented with 125 U/ml penicillin, 125 gg/ml
streptomycin, and 2 mML-glutamine (M199-FBS, all components from
M. A. Bioproducts, Walkersville, MD)as described elsewhere (19). HUVE
cultures were serially passaged as described by Thornton et al. (20) using
endothelial cell growth supplement (50 ug/ml, kindly provided by Dr.
Thomas Maciag, Revlon Biotechnology Research Center, Rockville, MD)
and porcine heparin (100 Ag/ml; Sigma Chemical Co., St. Louis, MO)
on 0.1% gelatin-coated (Difco Laboratories, Inc., Detroit, MI) plastic.
Both the primary cultures and the serially subcultured strains formed a
"'cobblestone"-appearing monolayer at confluence and uniformly stained
positive for Factor VIII antigen (21). For each cytotoxicity experiment,

- I X 10' cells were plated into 96 flat bottom microtiter wells (Costar,
Cambridge, MA) (day 0) and refed (day 1) with or without y-IFN (200
U/ml, see below). A uniform-appearing confluent monolayer was estab-
lished in 3-4 d.

HDFstrains were cultured using previously reported methods (22,
23) and multiply passaged in medium 199 supplemented with 15% fetal
bovine serum, antibiotics, and L-glutamine. For each experiment,

I X 104 fibroblasts, at passages 5 to 15, were plated into Costar 96
flat-bottomed microtiter wells (day 0) and were refed (day 1) with or
without added 'y-IFN (200 U/ml, see below). Cultures normally reached
visual confluence by day 3-4. Cultured human saphenous vein endothelial
(HSVE) cells and human saphenous vein smooth muscle (HSVSM) cells
were obtained as generous gifts from Dr. Peter Libby (Tufts University
School of Medicine, Boston, MA). These cells were subsequently cultured
and treated under the same culture conditions as the passaged HUVE
and HDF, respectively.

Treatment of HUVEand HDFcultures with y-IFN and other me-
diators. HUVEand HDFcultures were routinely treated on day 1 (sub-
confluent) with recombinant -y-IFN as 0.1% medium conditioned by a
transfected Chinese hamster ovary fibroblast line (a final concentration
of 200 U/ml interferon activity assayed on FS4 cells, ref. 23; a generous
gift of Dr. Walter Fiers, State University of Ghent, Ghent, Belgium).
Replicate cultures were treated with control medium conditioned by a
cell line transfected without the y-IFN genes (24). These conditioned
media at the concentrations used in these experiments did not induce
cytopathic effects in either HUVEor HDFcells. As previously demon-
strated by radioimmunoassay and fluorescence flow cytometry (22),
control-treated cultures of both cell types express HLA-A,B antigens but
not HLA-DR or DQantigens; after y-IFN treatment, both cell types
uniformly increase expression of HLA-A,B and uniformly express HLA-
DRand DQantigens. Expression of HLA-DR by HUVEand HDFcells
derived from the same donor is quantitatively equivalent (Guinan,
E. C., and J. S. Pober, unpublished observations). In some experiments,
the cultures were treated for 4 d with other mediators such as recombinant
interleukin 2 (IL-2; 100 U/ml, Biogen, Cambridge, MA), recombinant
human fibroblast interferon (expressed in Escherichia coli and purified
to homogeneity at 1,000 U/ml, a generous gift of Dr. Walter Fiers) and
recombinant human leukocyte interferon (1,000 U/ml, Amgen, Thou-
sand Oaks, CA). Each of these mediator preparations was active in mod-
ulating endothelial cell HLA-A,B surface antigen expression in appro-
priate assays (16), except IL-2, which was active in T cell growth as-
says (25).

Sera. A total of 31 samples of sera were obtained from 18 children
with KS (10 males, 8 females; mean age = 2.5 yr, age range, 7 mo to 8
yr): 16 samples were obtained during the acute phase of KS, i.e., within
3 wk of the onset of fever, and 15 samples were obtained during the
convalescent phase of KS (2-4 moafter resolution of acute symptoms).
13 patients were studied during both the acute and convalescent phase
of their illness. The diagnostic criteria for KS was fever of unknown

etiology lasting 5 or more d and at least four of the five following symp-
toms and signs: (a) bilateral conjunctivitis; (b) changes of lips and oro-
pharynx (diffuse reddening of oropharyngeal mucosa; dryness, fissuring
and/or reddness of lips; and protuberance of tongue papillae, i.e., "straw-
berry tongue"); (c) changes in peripheral extremities (reddening of palms
and sole; indurative edema; and periungal desquamation); (d) nonpu-
rulent cervical lymphadenopathy of 1.5 cm or more in diameter, and
(e) polymorphous exanthem of trunks, without vesicles or crusts. Patients
were evaluated for coronary artery aneurysms by two-dimensional echo-
cardiography performed in the Department of Cardiology at Children's
Hospital, Boston, MA. Patients suspected of developing coronary artery
aneurysms subsequently underwent selective coronary artery angiogra-
phy. 3 of the 16 acute KS sera were obtained from patients whose course
was complicated by the development of coronary artery aneurysms, con-
firmed by angiography.

Sera were also obtained from 19 age-matched afebrile controls (11
males, 8 females; mean age, 2.7 yr, age range, 6 moto 9 yr): 13 samples
were obtained during evaluations for suspected allergic rhinitis in Allergy
Clinic at Children's Hospital, and six samples were obtained during car-
diac catheterization for evaluation of noninflammatory congenital heart
disease.

In some experiments, sera from patients with acute KSwere subjected
to ultracentrifugation at 100,000 g for I h in an Airfuge (Beckman In-
struments, Inc., Fullerton, CA) to remove immune complexes from the
sera. In addition, several control sera were heat-treated at 630C for I h
to form immune complexes. The concentration of immune complexes
formed by heat treatment was quantitated by the Clq binding assay
(courtesy of Dr. P. Schur, Brigham and Women's Hospital, Boston, MA).

Informed consent was obtained from each patient and/or their parents
before the study.

Serum adsorption studies. In selected experiments, acute KS sera
were adsorbed with a variety of cell types to determine whether the target
endothelial cell antigen is found on other cells. Each 0.6 cubic centimeter
of acute KS sera (diluted 1:2.5) was incubated with either 1.5 X 106
HUVEor 7-IFN-treated HUVE, 2 X 10' adherent monocytes, T cells,
or B cells, or an equal volume of packed red cells.

Mononuclear cells were separated from erythrocytes by Ficoll density
gradient centrifugation of heparinized human blood as previously de-
scribed (13). Suspensions of peripheral blood mononuclear cells were
depleted of adherent cells by allowing them to incubate for 1 h at 37°C
in plastic petri dishes (5 X 106 cells/ml). The nonadherent cells were
further fractionated into T cells and B cells by double rosetting with
sheep red cells pretreated with neuraminidase (13). Adherent monocytes
were removed with a rubber policeman after adding ice-cold phosphate-
buffered saline (PBS) to the plastic petri dishes. Untreated and y-IFN-
treated HUVEwere recovered from Costar 6 plates with 5 mMEDTA
1% bovine serum albumin in PBS for 30 min at 370C.

Separation of serum IgG and IgM. Monospecific affinity-purified
anti-human IgG and anti-human IgM antibody was purchased from
Tago, Inc. (Burlingame, CA). These antisera were then coupled to CNBr-
activated Sepharose 4B as outlined by the manufacturer (Pharmacia Fine
Chemicals, Piscataway, NJ). To separate serum IgG and IgM, acute KS
sera were incubated with Sepharose 4B coupled with the appropriate
antiserum for 2 h at 22°C on a rotator. The effluent (unbound material)
from each suspension was then collected, the beads were washed exten-
sively with ice-cold PBS, and the respective immunoglobulin isotype was
eluted with 3 Msodium thiocyanate at 4°C. The eluates and effluents
were immediately dialyzed against RPMI culture medium, adjusted to
their original serum volumes, and stored at -800C until tested.

Monoclonal antibodies. Two monoclonal antibodies reacting with
MHCantigens were used: W6/32 (IgG2,, directed against an HLA-A,B
monomorphic determinant) (26); and LB3. 1 (IgG2b, directed against an
HLA-DR monomorphic determinant) (27), both gifts of Dr. Jack
Strominger, Dana Farber Cancer Institute, Boston, MA. A nonbinding
mouse monoclonal antibody, UPC1O(IgG2,, mouse myeloma protein,
Walgene Rand DLaboratories, Inc., Arcadia, CA) was used as a control
for nonspecific binding.

Detection of cytotoxic antibodies. An "'.In release assay was used to
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detect cytotoxic anti-endothelial (HUVE or HSVE) cell, anti-smooth
muscle (HSVSM) cell, or anti-fibroblast (HDF) antibodies in KSpatient
or control sera. Cells in monolayer cultures in Costar 96-well microtiter
plates were control-treated or treated with recombinant y-IFN for 3-5
d before assay. Confluent monolayers labeled with "'In as previously
described (27). For complement-dependent lysis, the wells were incubated
with 100 Il of human serum diluted 1:2.5 in Hanks' balanced salt solution
(HBSS) or with monoclonal antibodies at a final concentration of 1/ 100
ascites fluid by volume. After 30 min at 37°C, the monolayers were
washed twice with Tyrode's-albumin solution, before addition of 0.20
ml of 2.0% Nonidet P.40 (NP-40, Sigma Chemical Co.) or of baby rabbit
complement (Pel-Freeze Biologicals, Rogers, AR) diluted 1:1 with Ty-
rode's. After 60 min at 37°C the microtiter plates were centrifuged briefly,
and 0.10 ml of supernatant was removed, and released 'In was measured
using a Beckman model gamma8000 (Beckman Instruments, Inc.). Per-
cent specific release (SR) was calculated as follows: (cpm experimental
- cpm spontaneous)/(cpm total - cpm spontaneous).

To insure interexperimental reproducibility in the measurement of
"'In release from HUVE, HSVE, HSVSMcells, or HDF in response
to antibody and complement, we utilized murine monoclonal antibody
(MAb) reactive to human MHCdeterminants in each experiment. The
results in Table I reconfirm previous observations (28) which demonstrate
that control-treated HUVEcells and HDFare lysed by MAb reactive
with HLA-A,B but not HLA-DR antigens; however, after 'y-IFN treat-
ment both HLA-A,B and HLA-DR MAbare cytolytic. Similar results
were obtained with HSVEand HSVSM.After cytolysis, the entire target
cell population shows morphologically detectable damage, although only
45 to 65% (n = 35 experiments) of the total radioactivity releasable with
2%NP-40 is released by treatment with MAband complement. In the
serum antibody cytotoxicity experiments, treatment with Class I MAb
(W6/32) plus complement was used to establish maximal radioactivity
that could be released. Also, Class II MAb(LB3. 1) plus complement was
used in each experiment to confirm that 7-IFN treatment had been ef-
fective.

Statistics. Comparison between the cytotoxic effects of patient and
control sera were carried out using the nonparametric Wilcoxon rank-
sum test. The results are expressed as the mean± I SD.

in the acute and convalescent phase of KS as well as sera from
age-matched controls were assayed for the presence of anti-en-
dothelial cell antibodies. Confluent monolayers of 'In-labeled
primary HUVEcultures, pretreated either with control super-
natants or 7y-IFN, were incubated with patient sera or control
sera followed by complement.

Sera from 16 patients in the acute phase of KS, 15 patients
in the convalescent phase of KS, and 19 age-matched controls
failed to cause any significant "'In release (P > 0.4) from un-
treated HUVEcultures (Fig. 1 A). In contrast, sera obtained
from the same group of patients with acute KS resulted in sig-
nificantly higher "'In release (30.3±16.0; P < 0.01) from HUVE
preincubated with -y-IFN than did sera from age-matched con-
trols (3.4±4.2% "' In release) as calculated by the Wilcoxon rank-
sum test. 13 of the 16 acute KS sera caused "'In release that
was >2 SDabove the mean value (i.e., > 1 1.8%) obtained using
control sera (Fig. 1 B). Only 3 of the 15 sera obtained from the
convalescent phase of KS caused "'In release greater than the
normal range. However, the mean percent "'In release caused
by convalescent KSsera (5.5±8.8) was not significantly different
(P > 0.1) than that obtained with normal sera and was signifi-
cantly (P < 0.01) less than that caused by acute KS sera.

To determine whether other mediators could also induce
HUVEcells to express a target antigen recognizable by acute
KS sera, we pretreated HUVEcultures with IL-2, a-IFN, and
beta interferon ((l-IFN). No cytotoxic activity was directed to
HUVEincubated for 4 d with these latter mediators (results not
shown).

The cytotoxicity to y-IFN-treated HUVEcells observed in
any individual sera was a reproducible finding. As an example,
one serum sample from a patient with acute KS was studied
over a 1-yr period on nine separate preparations of primary
HUVEcultures and had a mean cytotoxicity of 35.6±7.9%
(range, 27.8 to 42.1). Sera from seven patients with acute KS,

Results

Cytolysis of vascular endothelium treated with -y-IFN and other
mediators by serafrom patients with acute KS. Sera from patients

Table L Cytolysis of HUVECells and
HDFby Monoclonal Antibodies*

Percent specific release
MAb

Cells Treatment specificity (-) 'y-IFN (+) --IFN

HUVE 2%NP-40 Detergent 100.0 100.0
W6/32 HLA-A,B 48.6 46.3
LB3.I HLA-DR 0.8 45.5
UPC1O Control 0.7 0.9

HDF 2%NP-40 Detergent 100.0 100.0
W6/32 HLA-A,B 45.6 49.8
LB3.1 HLA-DR 1.2 48.5
UPC1O Control 0.9 1.0

* Confluent primary HUVEor passaged HDFmonolayers grown in
the presence or absence of y-IFN were labeled with "'In and treated
with MAband complement as described in Methods. In this experi-
ment, 100% specific release was defined as "IIn releasable with deter-
gent (- 100 X 103 cpm for HUVEcells and 120 X 103 for HDF); con-
trol MAband complement released <2 X 103 cpm. Data were calcu-
lated as the means of triplicate determinations; SDwas <10%.
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Figure 1. Cytotoxic effects of acute KS sera on cultured endothelial
cells. Untreated (A) or -y-IFN-treated (B) "'.In-labeled HUVEcells in
primary culture were sequentially incubated with sera from patients
with acute KS, convalescent KS, or normal controls and 1:1 dilution
of rabbit serum. The percent specific " 'In release was determined. The
mean± I SDfor each group is shown. Each dot (o) is the mean result
of an individual serum performed in triplicate. For sera tested on
more than one occasion, the mean value for percent IIIIn release ob-
tained from these multiple determinations is shown. Each triangle (A)
is the result obtained using a serum from a patient with coronary ar-
tery aneurysms.
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three patients with convalescent KS, and three age-matched
controls were studied on more than one occasion. The values
reported for these patients in Fig. 1 represent the mean value
for percent I"'In release obtained from these multiple determi-
nations. Whereas in all experiments reported in Fig. 1 a serum
dilution of 1:2.5 was used, most sera from patients with acute
KS exhibited significant cytotoxicity to -y-IFN-treated HUVE
cells at dilutions of 1:5 and 1:10, whereas sera from age-matched
controls failed to show significant cytotoxicity at any dilution.

3 of the 16 acute KS sera were derived from patients who
developed coronary artery aneurysms. The percent specific 1" 'In
release by these sera (36.8%, 26.1%, 25.8%) were within the
mean± 1 SD for sera from the acute KS group (Fig. 1). Thus,
sera from acute KS patients who developed coronary artery
aneurysms did not exhibit higher levels of anti-endothelial cell
activity than patients with an uncomplicated course of KS.

Complement dependence of serum-mediated cytotoxicity in
KS. Sera from patients with acute KS were further studied to
determine whether their cytotoxic effects on y-IFN treated
HUVEcells were indeed complement-dependent. In these ex-
periments, "'In-labeled Sy-IFN-treated passaged HUVEcultures
were initially incubated with sera from patients with acute KS.
Subsequently, fresh rabbit serum or heat treated (560C for 1 h)
rabbit serum was added to the cultures and the culture super-
natants were assessed for release of "'In after incubation at 370C
for 1 h. As shown in Table II, "'In-release was observed only
when fresh rabbit serum but not after heat inactivated rabbit
serum was added to y-IFN-treated HUVEcultures preincubated
with KS sera.

Failure of immune complexes (I. C.) to account for cytotoxic
effects of KS sera against HUVE. Since circulating I.C. have
been reported in patients with acute KS, we investigated the
possibility that the observed complement-dependent cytotoxic
effects of acute KS sera were being mediated via I.C. Two ap-
proaches were used to explore this possibility: (a) sera from acute
KS were ultracentrifuged at 100,000 g for I h to sediment I.C.,
and the 100,000 g serum supernatants were examined for their
capacity to lyse y-IFN treated HUVEcultures; and (b) normal
sera were heat-treated at 630C for 1 h to form I.C. and were
assessed for complement-dependent endothelial cell cytotoxicity.

The data in Table III indicate that sera from acute KSpatients
subjected to centrifugation at 100,000 g maintain the same level

Table II. Cytotoxic Effects of Kawasaki Sera on
-y-IFN-treated HUVECells are Complement Dependent

Percent specific "'In release in the presence of:

Acute KS serum donor Rabbit serum Heat-treated rabbit serum

1 32.7 0
2 33.1 0
3 22.0 0

"'In-labeled y-IFN treated HUVEcells were incubated initially with
sera from 3 patients with acute KS, washed three times followed by
the addition of untreated rabbit serum (RS) or heat-treated (560C for
I h) RS. KS donors I and 2 were tested on primary cultures of HUVE

cells, whereas donor 3 was tested on multiply passaged (fifth passage)
HUVEculture. Data were calculated from the means of triplicate de-
terminations; SD, <10%.

Table III. Cytotoxic Effect of Acute Kawasaki Sera
(KS) is Not Mediated Through Immune Complexes

Percent specific "'indium
release

Serum
donor Treatment* (-) y-IFN (+) -IFN

KS I Untreated 0 42.2
100,000 g centrifugation 0 41.4

KS II Untreated 0 62.8
100,000 g centrifugation 0 59.1

Normal I Untreated 0 0
Heat-treated 0 0

Normal II Untreated 0 0
Heat-treated 0 0

* Sera from two patients with acute KS were centrifuged at 100,000 g
for I h in a Beckman Airfuge (Beckman Instruments, Inc.) and the
serum supernatants were compared with untreated sera for their abil-
ity to lyse "'In-labeled y-IFN treated or untreated passaged HUVE
cells. Sera from two normal donors both containing <20 ng IgG-I.C./
ml were incubated at 630C for I h to form immune complexes and
were compared with untreated sera for their ability to lyse 'y-IFN
treated or control treated passaged HUVEcells. After heat treatment,
normal sera I contained 2,300 ng/ml of IgG-I.C. and normal sera II
contained 1,900 ng/ml of IgG-I.C. as measured by the Clq binding as-
say. Data were calculated from means of triplicate determinations;
SD, <10%.

of anti-endothelial cytotoxicity activity as untreated sera. These
results are consistent with our unpublished observations that 10
of 10 sera from patients with acute KS used in this study failed
to give detectable levels of I.C. as measured by Raji cell assay
or Clq binding assay (data not shown). Furthermore, the for-
mation of I.C. in normal sera by heat treatment (quantitated by
Clq binding, courtesy of Dr. P. Schur [Brigham and Women's
Hospital, Boston] as described in the footnote to Table III) was
not associated with any detectable increase in endothelial cell
cytotoxic activity (Table III).

Immunoglobulin isotype of anti-endothelial cell antibodies
in acute KS. The immunoglobulin class of cytotoxic anti-en-
dothelial cell antibodies in acute KS was determined by passing
serum from patients with acute KS through anti-human IgM-
and anti-human IgG-conjugated Sepharose 4B columns. Both
the effluent and eluate fractions of each column were examined
for complement-dependent cytotoxic effects on y-IFN-treated
passaged HUVEcultures as described above. Table IV shows
the results of three acute KS sera before and after absorption
with anti-immunoglobulin-conjugated Sepharose 4B. When
acute KS sera was absorbed with anti-human IgM Sepharose,
the effluent fraction did not contain any cytotoxic anti-endo-
thelial cell activity. However, when acute KS sera was passed
through anti-human IgG-conjugated columns, the effluent frac-
tion contained the same level of cytotoxic anti-endothelial cell
activity as untreated sera. Thus, the cytotoxic anti-endothelial
cell activity seemed to reside in the IgM fraction. These results
were further substantiated by the observation that the cytotoxic
anti-endothelial cell activity could be eluted from anti-IgM but
not the anti-IgG Sepharose (Table IV).

Antigens involved in the cytolysis of'y-IFN-treated HUVE
cells by K sera are monomorphic. To obtain sufficient numbers

Kawasaki Sera Lyse GammaInterferon-treated Endothelium 1431



Table IV. Cytotoxic Effects of Acute Kawasaki Sera
on y-IFN HUVECells is Associated with IgM Fraction

Percent specific "l'indium release*

Serum absorption Experiment 1 Experiment 2 Experiment 3

Unabsorbed 42.2 62.8 50.8
Anti-IgG Sepharose

Effluent 44.0 59.1 51.1
Eluate 0 0 0

Anti-IgM Sepharose
Effluent 0 0.6 0
Eluate 40.5 67.8 51.5

* Sera from three patients with acute KS were fractionated by absorp-
tion over anti-human IgG or anti-human Sepharose. The effluent and
eluate fractions of these columns were added to "' In-labeled
-y-IFN-labeled passaged HUVEcultures and "'In release was mea-
sured after treatment with rabbit complement as described in Meth-
ods. Data were calculated from mean of triplicate determinations; SD,
<10%.

of primary HUVEcells for culture, the HUVEcells used in the
initial experiments (Fig. 1) were derived from a pool (two to six
donors) of umbilical cord segments. Subsequently, we found
that HUVEcells serially passaged up to 15 subcultures showed
similar uptake of "'In and release with antibody plus comple-
ment as HUVEcells in primary culture. Thus, technical advances
in HUVEcell culture (20) enabled us to study cells from single
individuals. Therefore, we wished to exclude the possibility that
the cytotoxic anti-endothelial cell antibodies being detected in
acute KS were directed to polymorphic determinants, i.e., an-
tigens present on some but not all HUVEcells. In Table V, we
determined the cytotoxic activity of five acute KS sera on three
,y-IFN-treated passaged HUVEcell strains each derived from
separate individual donors. The data indicate that acute KSsera
caused cytolysis of all three HUVEcell strains. Thus, it would
appear that cytotoxic antibodies in acute KS recognize mono-
morphic determinants on HUVEcells.

Antibodies in acute KS lyse -IFN-treated HUVEcells but
not y-IFN-treated HDF. The target specificity of cytotoxic anti-
endothelial cell antibodies in acute KSwas further examined by
assessing the ability of sera from patients with acute KS to lyse

Table V. Cytotoxic Effects of Acute KSSera on
y-IFN-treated HUVEStrains Derivedfrom Single Donors*

Percent specific "'In release

Kawasaki donor HUVE-l HUVE-2 HUVE-3

1 47.6 65.0 62.8
2 37.2 27.9 ND
3 ND 42.2 37.0
4 ND 19.5 38.8
5 ND 25.8 45.3

* Sera from five different patients with acute KS were tested for com-
plement-dependent cytotoxic effects on single donor passaged HUVE
strains derived from three different subjects. Data were calculated
from means of triplicate determinations; all SD were <10%.

untreated and y-IFN treated HDFderived from four separate
donors. As shown in Table VI, four different acute KS sera were
able to lyse y-IFN-treated HUVEcells but failed to cause any
lysis of either untreated or y-IFN-treated HDF. In these same
experiments, mouse MAb, LB3. 1, directed against HLA-DR,
was equally effective in lysing y-IFN treated HDFas y-IFN-
treated HUVEcells.

To exclude the possibility that the results with KSsera might
be due to allotypic differences between unrelated donors of
HUVEcells and HDF, we examined the effects of acute KSsera
on HUVEcells and HDFderived from the same donor. The
data in Table VII continued to demonstrate a cytotoxic effect
by acute KS sera on y-IFN-treated HUVEcells but not on un-
treated or y-IFN-treated HDFderived from the same donor.
Convalescent serum from the same KS patients failed to lyse
untreated or y-IFN-treated HUVEand HDF.

Antibodies in acute KS lyse y-IFN-treated HSVECells but
not y-IFN-treated HSVSM. Wefurther examined whether the
cytotoxic anti-endothelial cell antibodies in acute KS were di-
rected to endothelial cells derived from HSVEvs. smooth muscle
cells derived from the same segment of saphenous vein
(HSVSM). As shown in Table VIII, five different acute KS sera
lysed y-IFN-treated HSVEbut not untreated HSVE, untreated
HSVSM,or y-IFN-treated HSVSM.Furthermore, convalescent
KS sera failed to lyse untreated or y-IFN-treated HSVE or
HSVSM.

Failure of anti-endothelial cell antibody to recognize other
cell types. To further determine the cell specificity of anti-en-
dothelial cell antibodies in acute KS, we also tested the capacity
of acute KS to lyse y-IFN-treated HUVEafter adsorption with
human erythrocytes, T lymphocytes, B lymphocyte-adherent
monocytes, untreated HUVE, or y-IFN-treated HUVE. As

Table VI. Acute Kawasaki Sera Lyse -y-IFN-treated
HUVECells but not y-IFN-treated Skin Fibroblasts*

Percent specific release

Experiment No. Cells Acute KS donor (-) y-IFN (+) y-IFN

HUVE-I I 0 32.7
2 0 33.1
3 0 32.1

HDF-1 1 0 0
2 0 0
3 0 0

HDF-2 1 0 0
2 0 0
3 0 0

2 HUVE-2 1 0 37.0
4 0 37.4

HDF-3 1 0 1.2
4 0 0

HDF-4 1 0 0
4 0 0

* Sera from three different patients with acute KS were tested for
complement-dependent cytotoxic effects on passaged HUVEand
HDFstrains. Data were calculated from means of triplicate determi-
nations; all SDwere <10%. In both experiments, MAbLB3.1 (reac-
tive with HLA-DR) caused comparable lysis of HUVEand HDFcells
treated with v-IFN but not untreated cells.
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Table VI. Acute KSSera Lyse -y-IFN-treated HUVECells
but not y-IFN-treated HDFDerived from the SameDonor*

Percent specific release
Target KS sera
cells donor Phase of KS (-) -IFN (+) -y-IFN

HUVE-5 1 Acute 1.5 47.6
HUVE-5 2 Acute 1.3 37.2
HDF-5 1 Acute 0.5 0.2
HDF-5 2 Acute 0.4 0
HUVE-5 I Convalescent 1.5 2.3
HUVE-5 2 Convalescent 1.1 2.7
HDF-5 I Convalescent 0.9 0.4
HDF-5 2 Convalescent 0.4 0.1

* Acute and convalescent sera from two different patients were tested
for complement-dependent cytotoxic effects on passaged HUVEcells
and HDFderived from the same donor. Data were calculated as the
means of triplicate determinations; all SD, <10%. In this experiment,
percent specific release with MAbLB3.1 (reactive with HLA-DR) for
untreated HUVEcells was 1.3% and y-IFN treated HUVEcells was
67.7%; and for untreated HDFwas 0.4%, and -y-IFN treated HDFwas
53.1%.

shown in Fig. 2, y-IFN-treated HUVEeffectively adsorbed out
cytotoxic anti-endothelial cell activity. None of the other cell
types, however, caused significant adsorption of the antibody
activity against y-IFN-treated HUVE.

Table VIII. Acute KSSera Lyse y-IFN-treated Endothelial
Cells (EC) but not y-IFN-treated Smooth Muscle
(SM) Cells from Saphenous Vein (SV) of the SameDonor*

Percent "'indium release
KS sera

Target cells donor Phase of KS (-) y-IFN (+) y-IFN

HSVE-1 I Acute 0 59.4
2 Acute 1.0 34.9
3 Acute 0 58.5
4 Acute 0 35.2
5 Acute 1.1 41.1
I Convalescent 0.5 0
2 Convalescent 0.5 0
3 Convalescent 0.5 0

HSVSM-I I Acute 0.1 0
2 Acute 0 0
3 Acute 0 0
4 Acute 0 0
5 Acute i.0 0
I Convalescent 0 1.5
2 Convalescent 4.6 5.4
3 Convalescent 3.4 0.7

* Acute and convalescent sera from KS patients were tested for com-
plement-dependent cytotoxic effects on passaged HSVEand HSVSM
derived from the same donor. In this experiment, percent specific re-
lease with MAbLB3. 1 for untreated SV-EC and SV-SM was 11.9 and
4.7%, respectively; and for 'y-IFN treated SV-EC and SV-SM was 100
and 84.1%, respectively.
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Figure 2. Cytotoxic anti-endothelial cell activity in acute KS sera after
adsorption with other cell types. Sera from two acute KS patients were
preincubated with packed erythrocytes, T cells, B cells, monocytes,
HUVE, and 'y-IFN-treated HUVE, and the residual cytotoxic anti-
body activity against -y-IFN-treated HUVEwas determined. ci, KS
sera- 1; -, KS sera-2. Sera adsorbed with untreated HUVEseveral as a
control for 100% activity. The mean± I SDof cytotoxic activity in
triplicate cultures is shown.

Discussion

The acute phase of KS is characterized by a diffuse vasculitic
process associated with marked activation of the T cell and B
cell systems. This study was undertaken to test the hypothesis
that vascular damage in acute KS was initiated by circulating
antibodies directed to vascular endothelium. Sera from patients
with acute KSwere tested for complement-dependent cytotoxic
effects on HUVEcells cultured in the presence or absence of y-
IFN, a lymphokine secreted by activated T cells. Our current
investigation shows that sera from patients with acute KS lyse
y-IFN-treated cultured HUVEcells but do not lyse untreated
HUVEcells (Fig. 1). This cytotoxic anti-endothelial cell activity
was complement-dependent because fresh rabbit complement
but not heat-inactivated rabbit complement was required to ob-
tain significant levels of "'In release (Table II). Preincubation
of HUVEwith other mediators such as a-IFN, fl-IFN, or IL-2
failed to- render HUVE susceptible to lysis with sera from
acute KS.

No correlation was observed between serum anti-endothelial
cell activity in acute KS with the clinical development of cor-
onary artery aneurysms. However, this activity was no longer
detectable during the convalescent phase of KS nor was it de-
tectable in normal age-matched controls. The lack of correlation
between cytotoxic anti-endothelial cell activity with the devel-
opment of coronary artery aneurysms is not surprising for several
reasons. First, the vasculitis in acute KSis not limited to coronary
arteries but also involves other medium-sized arteries and veins,
as well as small-sized blood vessels (3-8). In addition, underlying
anatomic abnormalities, genetic factors, or differences in the
degree of local immune activation may predispose to the de-
velopment of coronary artery aneurysms.

The cytotoxic anti-endothelial cell activity in the sera of pa-
tients with acute KS seemed to be exclusively of the IgM im-
munoglobulin isotype (Table IV). However, since IgM antibodies
are much more efficient at complement-mediated cytolysis than
IgG, our studies cannot completely exclude the possibility of
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low level binding to HUVEcells by IgG antibodies in acute KS
sera. Several lines of evidence effectively excluded the possibility
that the observed cytotoxic effects of acute KS were being me-
diated via immune complexes (I.C.): (a) sera from 10 of 10 pa-
tients with acute KS used in this study failed to show detectable
levels of I.C. by the Raji cell assay or Clq binding assay (data
not shown); (b) sera from acute KS subjected to centrifugation
at 100,000 g maintained the same level of anti-endothelial cell
activity (Table III); and (c) the formation of I.C. in normal sera
after heat treatment was not associated with an increase in serum-
mediated anti-endothelial cell cytotoxicity (Table III).

Our failure to observe cytolysis of cultured HUVEcells with
I.C. and complement would seem to conffict with a previous
report (29) that IgG-I.C. could bind to HUVEcultures, leading
to monolayer disruption and platelet adhesion. However, in
contrast to our studies, the previous report exclusively used pri-
mary and first passage HUVEcultures that could contain con-
taminating peripheral blood monocytes, a cell, type known to
bind I.C. Indeed, these authors (29) reported that 15% of the
cells in one such HUVEculture stained with monocyte reactive
mouse MAbOKM1. Wehave not seen staining of our HUVE
cells with either OKM1 or TSl/ 18 (directed to the heavy and
light chains, respectively, of the complement receptor 3 surface
structure) with or without -y-IFN pretreatment (ref. 27; and
J. S. Pober, unpublished observations). Therefore, the biological
effects noted above (29) could have resulted from I.C. binding
to monocytes and producing a "second messenger" (e.g., arach-
idonate metabolites). Alternatively, I.C. may bind to HUVEcells
without causing "'In release, the assay used in our experiments.
In any event, I.C. do not account for the results reported in the
present study.

The presence of anti-endothelial cell antibodies is not re-
stricted to patients with acute KS. Anti-endothelial cell antibodies
have been observed in several other diseases characterized by
vascular daniage. In particular, patients with acute systemic lupus
erythematosis (SLE) have circulating IgG anti-endothelial cell
antibodies that initiate complement activation and the adherence
of platelets to the endothelial cell surface (29). In contrast, the
IgG anti-endothelial cell activity is no longer detectable in sera
from these SLE patients after they attain clinical remission. An-
tibodies to endothelial cells have also been recently implicated
in the development of experimental and clinical renal allograft
rejection (30-34). The observations made in our present study,
however, are unique in that patients with acute KScontain IgM
anti-endothelial antibodies against y-IFN treated HUVEbut not
untreated HUVEcells.

The target antigen(s) on the endothelial cell surface recog-
nized by sera from acute KS is currently unknown. It appears
to be a T-IFN-inducible monomorphic determinant(s) on HUVE
cells. Indeed, all cultures of pooled primary HUVEcells as well
as several single-donor-derived passaged HUVEstrains were
susceptible to lysis by acute KS sera. Gammainterferon increases
the surface expression of HLA-A,B antigens and induces the
surface expression of HLA-DR (as well as HLA-DP and HLA-
DQ) antigens on HUVEcells and HDF(22). Since anti-Ia an-
tibodies have been reported in the sera of normal subjects after
in vivo antigenic stimulation (35) as well as in patients with
diffuse vasculitis such as acute SLE (36), it was important to
determine whether sera from patients with acute KS reacted
with HLA-DR antigens. Acute KS sera failed to lyse -y-IFN-
treated HDF(Table VI), despite the fact that these cells express
Ia antigens (16, 22). This was not due to allotypic differences

present in unrelated donors of HUVEcells and HDFbecause
sera from patients with acute KS were able to lyse HUVEcells
but not HDFderived from the same donor (Table VII). Similarly,
we also observed that acute KS sera lysed '-IFN-treated HSVE
but not y-IFN-treated HSVSM.Gammainterferon induces the
same level of surface HLA-A,B and HLA-DR MHCantigen
expression on HDF, HUVE, HSVE, and HSVSMand in these
experiments all cell types were lysed with equal efficiency by
murine monoclonal antibodies reactive with HLA-A,B and
HLA-DR antigens. Furthermore, adsorption of acute KS sera
with B cells, monocytes, T cell, or erythrocytes failed to remove
the cytotoxic anti-endothelial cell activity. Therefore, our results
strongly suggest that the cytotoxic anti-endothelial cell antibodies
in acute KS are not directed to MHCdeterminants but rather
to non-MHC surface antigens inducible by y-IFN treatment on
vascular endothelial cells but not on dermal fibroblasts or vas-
cular smooth muscle cells. Further studies will be necessary to
prove this point.

Vascular endothelial cells are thought to play an important
role in maintaining the structural integrity of blood vessel walls.
Damage to vascular endothelial cells caused by antibodies may,
thus, represent an important mechanism in the pathogenesis of
diseases characterized by vasculitis. To our knowledge this report
represents the first demonstration of a vasculitis associated with
the presence of IgM antibodies directed to y-IFN-inducible an-
tigens on human vascular endothelial cells. Since most vascu-
litides are characterized by marked immune activation and the
secretion of lymphokines, further studies are warranted to in-
vestigate whether the production of antibodies directed to -y-
IFN-inducible endothelial cell antigens is a widespread mech-
anism for vascular damage.
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