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|dentification of two major autoantigens negatively
regulating endothelial activation in Takayasu
arteritis
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The presence of antiendothelial cell antibodies (AECAs) has been documented in Takayasu
arteritis (TAK), a chronic granulomatous vasculitis. Here, we identify cell-surface autoanti-
gens using an expression cloning system. A cDNA library of endothelial cells is retrovirally
transfected into a rat myeloma cell line from which AECA-positive clones are sorted with flow
cytometry. Four distinct AECA-positive clones are isolated, and endothelial protein C
receptor (EPCR) and scavenger receptor class B type 1 (SR-BI) are identified as endothelial
autoantigens. Autoantibodies against EPCR and SR-BI are detected in 34.6% and 36.5% of
cases, respectively, with minimal overlap (3.8%). Autoantibodies against EPCR are also
detected in ulcerative colitis, the frequent comorbidity of TAK. In mechanistic studies, EPCR
and SR-BI function as negative regulators of endothelial activation. EPCR has also an effect on
human T cells and impair Th17 differentiation. Autoantibodies against EPCR and SR-BI block
the functions of their targets, thereby promoting pro-inflammatory phenotype.
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akayasu arteritis (TAK), a type of large vessel vasculitis

(LVV), affects the aorta and its major branches!. Because

there does not exist an animal model, TAK studies have
been conducted using human samples; its pathogenesis is mostly
unclear?3. Granulomatous vasculitis is a typical pathological
finding, and T cells have been implicated as key players; myeloid
cells, including macrophages, are effector cells that promote
disease progression*®. In addition to such cellular immune
reactions, the involvement of B cells and autoantibodies has been
described®. Initially, the presence of antiaortic antibodies was
documented by complement fixation test and hemagglutination
test with homogenized human aorta’s8. Since the 1990s, high
numbers of patients with TAK who had antiendothelial cell
antibodies (AECAs) have been reported®1l; several studies
identified the pathogenic effects of AECAs in TAK, including
endothelial cell activation!?, cytotoxicity!3, cytokine production,
and apoptosis'4. Recently, IgG from patients with TAK was found
to activate the mammalian target of rapamycin pathway!>.

Identifying target antigens has been difficult. Target antigens of
AECAs are heterogeneous and include membrane component,
ligand-receptor complex, and molecule adhering to plasma
membrane!®. Autoantigens may be either constitutively expressed
and translocated from intracellular compartment to membrane.
Anti-neutrophil cytoplasmic antibodies are one of the auto-
antibodies which recognize intracellular antigens and their
pathogenic roles have been implicated!”. Immunoprecipitation
and proteomics using two-dimensional electrophoresis are pre-
ferred for autoantigen identification!8. These detection methods
do not differentiate between cell-surface molecules and intracel-
lular molecules. Furthermore, extraction of some membrane
proteins is difficult in proteomics analysis, making it challenging
to identify membrane proteins like AECA targets!®. Therefore, we
constructed an expression cloning system to identify cell-surface
antigens: serological identification system for autoantigens using
a retroviral vector and flow cytometry (SARF)!820. In SARF,
a cDNA library of endothelial cells is integrated into mammalian
cells by retroviral vectors. Cells expressing the cDNA library
are stained with prototype AECAs and fluorescent-conjugated
secondary anti-human IgG, and cells with fluorescence are sorted.
Autoantigen identification is performed by analyzing the
cDNA inserted into the sorted cells. Our studies have shown
the usefulness of this system for identifying cell-surface
autoantigens!820:21,

One of the greatest issues in clinical practice is the absence
of disease-specific testing for TAK?2. Relapse is frequent,
which accounts for approximately 60% of patients?3. Although
inflammatory markers and imaging studies are now used
for TAK diagnosis and management, interpretation of these
results is sometimes difficult because of their non-specificity.
Therefore, disease-specific autoantibodies in TAK would be
extremely important for clinical application and elucidating
pathophysiology.

In this study, we therefore aim to identify autoantigens in TAK
by using SARF, and successfully identify two membrane proteins,
endothelial protein C receptor (EPCR) and scavenger receptor
class B type 1 (SR-BI), as major autoantigens in TAK.

Results

Sorting of cells expressing cell-surface autoantigens for TAK.
AECA activities for human aortic endothelial cells (HAECs) and
human umbilical vein endothelial cells (HUVECs) treated with or
without tumor necrosis factor-a (TNF-a) were compared in 21
patients with TAK (Supplementary Fig. 1); no significant differ-
ences were noted (Fig. la). Therefore, we generated a cDNA
library from unstimulated HUVECs.

Next, we selected nine AECA serum samples for SARF and
successfully completed SARF using three serum samples (U10-4,
W10-59, and G10-43) whose AECA activities are shown in
Fig. 1b. Using SARF, HUVEC cDNA-expressing YB2/0 cells were
incubated with U10-4 IgG and FITC-conjugated secondary
antibody, and cells with strong FITC signals were sorted (Fig. 1c).
After cell expansion, we performed two more rounds of cell
sorting and found cells with strong autofluorescence in the sorted
cells. Therefore, PE-conjugated antibody was used instead of the
FITC-conjugated secondary antibody, and cells with strong PE
signals were further sorted. After the sixth round of sorting, cells
bound to U10-4 IgG markedly increased. Then, two clones (C1
and C3) were established from the U10-4 IgG-binding cell
population by the limiting dilution method (Fig. 1d). Similarly,
SARF was conducted with W10-59 IgG (Fig. 1e, f) and G10-43
IgG (Fig. 1g, h), and one clone was isolated from each serum
sample (C6 from W10-59 and C7 from G10-43; Fig. 1f, h).

EPCR and SR-BI as cell-surface autoantigens in TAK. After
PCR amplification and cloning of HUVEC cDNA inserted into
the genomic DNA of C1 and C3 clones from the U10-4 sample
(Fig. 2a), DNA sequencing and BLAST analysis were performed.
PCR bands from two clones at around 2000 bp were found to
correspond to the same gene PROCR (GenBank accession num-
ber NM 006404.4, Fig. 2b) encoding EPCR, and EPCR expression
on the cell surfaces of the C1 and C3 clones was confirmed
(Fig. 2c). Next, we generated EPCR-expressing YB2/0 cells
(Supplementary Fig. 2a-c). U10-4 IgG showed significant binding
activity to EPCR-expressing cells (Fig. 2d). Incubation with
soluble recombinant EPCR protein inhibited this U10-4 IgG
binding (Fig. 2e). In addition, the binding activity of U10-4 serum
to recombinant EPCR protein was confirmed by Western blotting
(Fig. 2f).

PCR amplification of C6 isolated from W10-59 and C7 isolated
from G10-43 showed similar bands around 3000 bp (Fig. 2g).
DNA sequencing revealed that these bands corresponded to the
same gene SCARBI (GenBank accession number NM 005505.4,
Fig. 2h) encoding SR-BI. Similar to anti-EPCR activity in the
U10-4 sample, anti-SR-BI activity was confirmed in the W10-59
and G10-43 samples (Fig. 2i-l, Supplementary Fig. 2d-f).
Importantly, anti-SR-BI activity of AECA was not documented
by the standard Western blotting. However, we confirmed anti-
SR-BI activity by using immunoprecipitation (Fig. 21), indicating
that the spatial structure of SR-BI protein was important for the
binding of anti-SR-BI autoantibodies. To further confirm cDNA
inserted into cloned cells, we performed microarray analysis to
compare expressions of mRNA between cloned cells and
untransfected YB2/0 cells. Microarray analysis showed that EPCR
and SR-BI signals dramatically increased in cloned cells
(Supplementary Fig. 3a). Anti-EPCR and anti-SR-BI activities
were examined in nine prototype TAK serum samples for SARF.
Anti-EPCR or anti-SR-BI activity was observed in four serum
samples each, without overlap (Supplementary Fig. 3b).

Expression of EPCR and SR-BI in TAK tissue. Although
thickening of intimal layers of the aorta is the hallmark of TAK,
this has been considered as the secondary phenomenon and the
main inflammatory site of TAK is in vasa vasorum?4. To inves-
tigate the expression of autoantigens in TAK, immunohis-
tochemistry was performed using resected aorta from TAK
patients. Vasa vasorum vasculitis with infiltration of inflamma-
tory cells was observed in TAK tissue, and endothelium of
vasa vasorum expressed both EPCR and SR-BI (Fig. 3). Although
EPCR and SR-BI were also expressed in the endothelial cells
of the affected aortic lumen (Supplementary Fig. 4), their
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Fig. 1 Subcloning of autoantigen-expressing cells by using IgG from patients with Takayasu arteritis. a AECA activity against HAECs or HUVECs treated
with or without 1ng/mL TNF-a for 6 h was measured with flow cytometry in patients with Takayasu arteritis (TAK, n=21). Dots represent the data for
individual subjects. Dots connected with lines indicate the same patients. Control indicates healthy individuals (n = 79). b Nonpermeabilized HUVECs were
stained with 0.5 mg/mL purified |gG obtained from a healthy individual or patients with TAK, followed by incubation with secondary antibody and flow
cytometry analysis. e-h Sorting of cells expressing cell-surface autoantigens by using three different AECAs. ¢, e, g YB2/0 cells expressing HUVEC cDNA
were stained with 0.5 mg/mL U10-4 IgG (c), W10-59 IgG (e), or G10-43 IgG (g), followed by incubation with secondary antibody, and cells in the positive
fraction (squares) were sorted by flow cytometry. FITC-conjugated IgG antibody was initially used, and PE-conjugated 1gG antibody was subsequently used
as a secondary antibody. d, f, h Binding activity of serum IgG to unsorted cells or cloned cells from sorted cells (C1 [upper] and C3 [lower] isolated from
U10-4, D; C6 isolated from W10-59, F; C7 isolated from G10-43, H, respectively); cells were stained with 0.5 mg/mL prototype AECA IgG, followed by
incubation with secondary antibody and flow cytometry analysis. G10-43, W10-59, and U10-4 indicate the serum sample number.
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expressions were more intense in the vasa vasorum, suggesting
their roles in vasa vasorum vasculitis. Immunohistochemistry was
also performed in non-inflammatory aortic tissue to investigate
expressions of EPCR and SR-BI as disease controls. Surgical
specimen from patients with aortic aneurysm and aortic stenosis,
and an autopsy sample from a patient with hypothyroidism were
analyzed. The expression of EPCR was not evident in the intima,
and the endothelium of vasa vasorum was stained weakly in non-
inflammatory aortic tissue (Fig. 3a and Supplementary Fig. 4a).
The expression of SR-BI was also detected in the endothelium of
vasa vasorum, whereas the intimal layer was not stained in some
samples of non-inflammatory aortic tissue (Fig. 3b and Supple-
mentary Fig. 4b).

Distribution of patients with anti-EPCR or anti-SR-BI activity.
To validate these autoantibodies in TAK, we measured anti-
EPCR and anti-SR-BI activities in 52 patients with active TAK
(Fig. 4a, b and Supplementary Fig. 1). Anti-EPCR antibodies
were detected in 18 patients (34.6%), and anti-SR-BI antibodies,
in 19 (36.5%); both antibodies were detected in two patients
(Fig. 4c). The anti-EPCR or anti-SR-BI activity of these serum
samples was confirmed by inhibition tests (Supplementary
Fig. 5).

To test autoantibody specificity for TAK, anti-EPCR, and anti-
SR-BI activities were also measured in other vasculitides and
autoimmune rheumatic diseases (Fig. 4a, b). Ten patients who had
giant cell arteritis (GCA) with positive results in temporal artery
biopsy possessed neither of them although three patients manifested
large-vessel involvement. Anti-EPCR activity was detected in 1 of 18
patients with Sjogren’s syndrome and 4 of 93 patients with systemic
lupus erythematosus (SLE); anti-SR-BI activity was detected in 1 of
14 patients with microscopic polyangiitis and 4 of 93 patients with
SLE. In summary, the sensitivity and specificity of two auto-
antibodies in autoimmune rheumatic diseases were 67.3 and 98.0%,
respectively.

Clinical characteristics of patients with TAK who had auto-
antibodies. The coexistence of both autoantibodies was rare (n =
2); most patients with active TAK were classified as anti-SR-BI
single positive (n=17), anti-EPCR single positive (n=16), or
double negative (n = 17). Their clinical characteristics have been
presented in Supplementary Tables 1, 2. We selected ten para-
meters which we considered as clinically important and per-
formed statistical analysis as shown in Table 1. To correct
multiplicity, P < 0.005 was considered to be statistically significant
using Bonferroni method.

Anti-SR-BI-positive patients were relatively older (mean, 41.2
years), and aortic regurgitation (AR) was relatively less than in other
types. They exhibited elevated levels of inflammatory markers,
including C-reactive protein (P=0.004, one-way ANOVA), and
relative elevation of erythrocyte sedimentation rate; 64.7% patients
had type V artery lesions. Patients with anti-EPCR autoantibodies
tended to experience more strokes (25.0%) and had significantly
higher frequencies of ulcerative colitis (UC) (P =0.004, y° test).
Lesser numbers of arteries were affected, and 62.5% patients had
type II artery lesions. Patients without these autoantibodies had
increased rates of surgery (41.2%), most of which were performed
for AR.

Serial measurements of these autoantibodies showed that anti-
EPCR autoantibody titers decreased following immunosuppres-
sive treatment and anti-SR-BI autoantibodies increased on relapse
(Supplementary Fig. 6).

Because the complication of UC was significantly higher in
patients with anti-EPCR autoantibodies, we measured anti-EPCR
autoantibodies in 35 patients with primary UC. Surprisingly, 68.6%

of UC sera possessed binding activities to EPCR (Table 2 and
Supplementary Fig. 7), suggesting common pathophysiology
among TAK and UC. Anti-SR-BI autoantibodies were not detected
in primary UC.

Anti-EPCR and SR-BI autoantibodies increased endothelial
activation. EPCR is a receptor for activated protein C (APC),
and binding of APC to EPCR results in anti-inflammatory
activity2°=27, TNF-a (pro-inflammatory cytokine) activated the
endothelium and upregulated adhesion molecules, including
E-selectin, vascular cell adhesion molecule 1, and intercellular
adhesion molecule 1 (Fig. 5a). APC addition inhibited upregu-
lation of adhesion molecules by TNF-a (Fig. 5a); this effect was
noted at the transcriptional level (Fig. 5b). Pre-incubation of
HUVECs with anti-EPCR antibody or AECA IgG with anti-
EPCR activity (J11-14) at the concentration corresponding to 1:10
diluted serum blocked the protective effect of APC on adhesion
molecules (Fig. 5c, d), whereas incubation with control IgG or
AECA-negative TAK IgG did not. In the absence of APC, pre-
incubation with J11-14 IgG did not change expressions of
adhesion molecules (Supplementary Fig. 8a). This blocking effect
of IgG was dose dependent (Supplementary Fig. 8b); recombinant
EPCR proteins reversed the blocking effect (Supplementary
Fig. 9). Anti-EPCR autoantibodies from different patients with
TAK also showed blocking activity (Supplementary Fig. 10).
Other endothelial cells including HAECs and human pulmonary
endothelial cells (HPAECs) also expressed EPCR, and similar
blocking effect of anti-EPCR autoantibodies was also observed in
these cells (Supplementary Fig. 11).

One of the ligands for SR-BI is high density lipoprotein
(HDL)?8-30, which also acts as a negative regulator of
endothelial activation (Fig. 5e). Anti-SR-Bl-positive TAK
AECAs (M11-36) inhibited HDL uptake in HUVECs (Supple-
mentary Fig. 12a, b). Anti-EPCR-positive TAK AECAs did not
interfere the uptake of HDL (Supplementary Fig. 12c).
Commercially available anti-SR-BI IgG and anti-SR-BI-
positive TAK AECAs also dose-dependently blocked the
protective effect of HDL on TNF-a-treated HUVECs (Fig. 5f
and Supplementary Figs. 13, 14), which was reversed by the
addition of recombinant SR-BI (Supplementary Fig. 15).
HAECs and HPAECs also expressed SR-BI, and anti-SR-BI
autoantibodies blocked the effects of HDL (Supplementary
Fig. 16). Thus, anti-SR-BI autoantibodies also promoted
endothelial activation. HDL exerts anti-inflammatory actions
mainly by increasing nitric oxide bioavailability3!. Measure-
ment of nitric oxide synthase (NOS) activity revealed that anti-
SR-BI autoantibodies suppressed NOS activity (Supplementary
Fig. 17).

Anti-EPCR autoantibodies promoted Thl7 differentiation.
T cells are the main players in TAK?, and association with Th17
cells has been implicated3>33, Recently, Kishi et al. reported that
EPCR negatively regulated Th17 differentiation in mice34.
Therefore, we hypothesized that anti-EPCR autoantibodies could
alter Th17 differentiation in human TAK.

Human naive CD4 T cells were stimulated with CD3/CD28
beads, and EPCR expression was analyzed. EPCR expression
was induced under Thl7 differentiation conditions, and
approximately 30% cells expressed EPCR on Day 7 (Fig. 6a,
b). APC addition restricted Th17 differentiation; this phenom-
enon was reversed by adding commercially available anti-EPCR
IgG (Fig. 6¢). To confirm the effect of anti-EPCR antibody
from TAK AECAs (J11-14), CD4 T cells were cultured
with control IgG or J11-14 IgG. J11-14 IgG disturbed the
negative effect of APC on Thl17 differentiation and promoted
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Th17 differentiation (Fig. 6d). This effect was further
confirmed at the transcriptional level. Anti-EPCR autoantibo-
dies blocked retinoid acid receptor-related orphan receptor yt,
interleukin (IL)-17A, IL-17F, IL-21, and IL-22 downregulation
(Fig. Ge).
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Discussion

Identification of major autoantigens in TAK would significantly
affect clinical practice and vasculitis research. In this study, we
analyzed autoantigens in TAK by using SARF. EPCR and SR-BI
(integrated membrane protein receptors) were found to be major
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Fig. 2 Identification of endothelial protein C receptor (EPCR) and scavenger receptor class B type 1 (SR-BI) as endothelial autoantigens in Takayasu
arteritis. a HUVEC cDNA fragments inserted into the genomic DNA of C1 and C3 clones established with U10-4 IgG were amplified, and PCR products
were electrophoresed on a 0.8% agarose gel. b DNA sequencing was performed for the PCR products obtained around 2000 bp for C1, followed by BLAST
analysis. ¢ C1 (left) and C3 (right) were stained with PE-conjugated isotype control or PE-conjugated anti-human EPCR antibody and analyzed with flow
cytometry. d The expression vector EPCR-IRES-GFP was transfected into YB 2/0 cells, and the cells were stained with 0.5 mg/mL control IgG or U10-4
IgG, followed by incubation with secondary antibody and flow cytometry analysis. e Inhibition tests for binding activities to YB2/0 cells overexpressing
EPCR were performed using 0.5 mg/mL U10-4 IgG with soluble recombinant EPCR at the indicated concentrations. f Western blotting of recombinant
EPCR proteins was performed, and they were stained with control serum, U10-4 serum, or anti-human EPCR antibody, followed by secondary antibodies.
g HUVEC cDNA fragments inserted into the genomic DNA of C6 clones established with W10-59 1gG and C7 by using G10-43 IgG were amplified, and
PCR products were electrophoresed on a 0.8% agarose gel. h DNA sequencing was performed for the PCR products obtained around 3000 bp for C7,
followed by BLAST analysis. i C6 (left) and C7 (right) were stained with anti-human SR-BI antibody or isotype control, followed by incubation with
secondary antibody and flow cytometry analysis. j The expression vector SR-BI-IRES-GFP was transfected into YB 2/0 cells, and the cells were stained with
0.5 mg/mL control IgG, W10-59 IgG, or G10-43 IgG, followed by incubation with secondary antibody and flow cytometry analysis. k Inhibition tests for
binding activities to YB2/0 cells overexpressing SR-Bl were conducted using 0.5 mg/mL W10-59 IgG with soluble recombinant SR-BI at the indicated
concentrations. | YB2/0 cells expressing with or without SR-BI were reacted with control, W10-59, or G10-43 serum. Cells were then lysed and
immunoprecipitation was performed. Western blotting was then performed, and the membrane was analyzed for the expression of SR-Bl and human IgG.
m Nonpermeabilized HUVECs were stained with PE-conjugated anti-human SR-BI antibody or isotype control and analyzed with flow cytometry. G10-43,

W10-59, and U10-4 indicate the serum sample number.

autoantigens in TAK and were intensely expressed in the vasa
vasorum of TAK tissue. The EPCR induces antithrombotic activity,
cytoprotective activity, and barrier protective effects?>. SR-BI is
involved in cholesterol homeostasis and inhibits endothelial
inflammation and cell death. Because membrane protein identifi-
cation via proteomic analysis is difficult!®, the current success
would be attributable to SARF. Meanwhile, endothelial cells are
naturally adherent and polarized cells. Cells should be detached
from the plate for detection by flow cytometry, and this may lead to
change and internalization of surface antigens. Taken together, use
of SARF for autoantigen identification could be considered for other
diseases in which AECAs have been reported!?,

Validation of autoantibodies in 52 patients with active TAK,
other vasculitides, and other autoimmune rheumatic diseases
showed their high specificity in TAK among autoimmune rheu-
matic diseases (sensitivity, 67.3%; specificity, 98.0%). These data
suggested the potential diagnostic role of these autoantibodies.
Interestingly, none of GCA patients in this study possessed these
autoantibodies, suggesting different etiology among TAK and
GCA. Each autoantibody was found in about one-third of the
patients; overlap was observed only in two cases. In a previous
study, autoantibodies against EPCR were measured in patients
with antiphospholipid syndrome (APS)3>. EPCR was identified as
an autoantigen by global screening of HUVEC ¢DNA in the
current study, and high anti-EPCR activity was not detected in
patients with SLE complicated by APS in our cohort. Our method
detected extracellular domain of EPCR in live cells, while they
utilized enzyme-linked immunosorbent assay and measured
binding activity to recombinant EPCR proteins. This difference
might be important for the specificity of anti-EPCR auto-
antibodies in TAK. Because high titer of these autoantibodies was
not detected in other autoimmune rheumatic diseases, anti-EPCR
and anti-SR-BI autoantibodies were considered fairly specific for
TAK among autoimmune rheumatic diseases. On the other hand,
we further revealed that patients with primary UC possessed
autoantibodies against EPCR. Crucial role of EPCR in governing
microvascular inflammation in inflammatory bowel disease has
been reported3®. This data in itself has significant impact on the
research for UC because of its high prevalence. The co-existence
of TAK and UC has been known, and they further share common
complications such as spondyloarthritis and pyoderma gang-
renosum?3’. Therefore, this result suggests the similar pathogen-
esis among TAK and UC, which can be characterized by the
presence of anti-EPCR autoantibodies. Further studies are
required to evaluate association among TAK and UC based on
this autoantibody.

Our results suggest three TAK subclasses on the basis of pre-
sence of autoantibodies: anti-SR-BI positive, anti-EPCR positive, or
double negative. Analysis of the clinical features of the groups
revealed relatively distinct phenotypes. In our cohort, patients with
anti-SR-BI autoantibodies had wider distribution of LVV and
higher inflammatory marker levels than other subgroups and
relatively late onset; more than 60% had type V artery lesions.
Despite higher inflammatory marker levels, AR frequency was
lesser in this group. In anti-EPCR-positive patients, the incidence
of cerebrovascular events was higher than in other subgroups and a
significant association with UC was observed. Furthermore, 62.5%
patients had only type II artery lesions, and abdominal aorta
involvement was less common. However, this data do not indicate
that the disease activity of these patients was low because inflam-
matory marker levels are less reliable for determining disease
activity in TAK38. Anti-EPCR-positive and double-negative
patients had greater frequency of AR than the anti-SR-BI-
antibody group. These results suggest intense vascular inflamma-
tion in the ascending aorta in the first two groups. The surgical
intervention tended to be the highest in the double negative group.
These data suggest the potential use of these autoantibodies for the
subclassification of TAK. Furthermore, the data from serial mea-
surements implicate that these autoantibodies reflect disease
activity, suggesting their roles for monitoring disease activity.
Taken together, these autoantibodies could be used as a diagnostic,
subclassification, and monitoring tool in clinical practice. Because
disease-specific markers are extremely helpful, further validation in
a larger population should be conducted.

Identification of disease-specific autoantigens improves the
understanding of TAK pathogenesis. Autoantigen identification
supports the presence of autoantigen-specific B cells in TAK,
which require aid from T cells. In the current study, we further
revealed the pathogenic potential of these autoantibodies (Fig. 7).
Because the autoantigens identified were plasma membrane
protein receptors, they had the potential to either block or sti-
mulate receptor signaling. We showed that anti-EPCR and anti-
SR-BI autoantibodies functioned as blocking antibodies (Figs. 5,
6). Because their targets are negative regulators of inflammation,
the autoantibodies disturb their anti-inflammatory activities,
thereby promoting vascular inflammation in vasa vasorum. Par-
ticularly, it is possible that suppression of NOS activation
underlid the inhibitory action of anti-SR-BI autoantibodies. In
humans, a loss-of-function variant of SR-BI was reported to be
correlated with increased levels of HDL, and an increased risk of
coronary heart disease3®. In our cohort, there did not exist sig-
nificant difference in the lipid profiles depending on the presence
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Fig. 3 Expressions of EPCR and SR-BI in the vasa vasorum of the aorta. Immunohistochemical analysis was performed against EPCR (a) and SR-BI (b) in
resected aortic tissue from three different patients with TAK (upper two columns) and non-inflammatory aortic tissue as disease controls (lower column).
Disease controls included surgical specimen from patients with aortic aneurysm and aortic stenosis, and an autopsy sample from a patient with
hypothyroidism. Expressions in the vasa vasorum of the aorta are shown. Black bar indicates 40 um.

of autoantibodies. It is possible that lipid profiles were affected by
the higher inflammatory activities of anti-SR-BI positive subjects.
However, the inhibition of SR-BI by autoantibodies could be the
risk for developing atherosclerotic lesions whose occurrence is
known to be high in TAK*. Further investigations of these
autoantibodies in severe atherosclerosis and thrombotic disease
would also be important.

We found that anti-EPCR antibodies blocked the negative
effect of APC on Thl17 differentiation, thus promoting this
differentiation. This is a remarkable finding because inter-
ference or promotion of Th17 differentiation by autoantibodies
has not been previously reported. Considering the pathogenesis
of TAK#, this function seems quite reasonable and would be

important because aberrant Th17 activation has been docu-
mented in TAK.

Because both autoantibodies seemed to function in disturbing
negative regulation and promoting vascular inflammation, their
generation might be the consequence rather than the initiator of
vascular inflammation. One hypothesis is that vascular damage
accompanied by immune activation initiates and leads to aberrant
production of these autoantibodies, thereby modifying the
endothelial functions to induce cellular immune reactions in
vascular walls by acting through vasa vasorum. In fact, the
expressions of both EPCR and SR-BI are limited in the vasa
vasorum in non-inflammatory aortic tissue and they are stained
weaker than in TAK tissue. These data suggest that the
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Fig. 4 Distribution of patients with anti-EPCR and anti-SR-BI activities.
a, b The distribution of anti-EPCR (a) and anti-SR-BI (b) autoantibodies in
healthy controls and patients with various autoimmune rheumatic diseases
was measured with flow cytometry. Dots represent the data for individual
subjects. The broken horizontal line indicates the cut-off value for high
activity (mean + 3 SD). Control represents 79 healthy individuals.
Autoimmune rheumatic diseases include active Takayasu arteritis (TAK,
n=>52), giant cell arteritis (GCA, n=10), polyarteritis nodosa (PN, n=7),
microscopic polyangiitis (MPA, n=14), eosinophilic granulomatosis with
polyangiitis (EGPA, n =12), granulomatosis with polyangiitis (GPA, n=3),
systemic lupus erythematosus (SLE, n=93), Sjégren’s syndrome (SS, n=
18), polymyositis (PM, n=24), and dermatomyositis (DM, n=47). ¢ The
relative frequency of anti-EPCR and anti-SR-BI autoantibodies in patients
with active TAK (n=52) is shown. The numbers of patients and their
proportions are indicated in the Figure. Statistical analysis was performed
using one-way ANOVA test followed by Tukey's post hoc test. MFI
represents mean fluorescent intensity.

Table 1 Statistical comparison among 50 Takayasu arteritis
patients with or without anti-EPCR or anti-SR-BI
autoantibodies.

SR-Bl+ EPCR—  SR-Bl- EPCR+ SR-Bl- EPCR— P value
n=17 n=16 n=17
Stroke 0 (0%) 4 (25.0%) 1(5.9%) 0.045
Cardiovascular 2 (1.8%) 3 (18.8%) 4 (23.5%) 0.67
diseases
Aortic regurgitation 1 (5.9%) 7 (43.8%) 8 (47.1%) 0.017
Ulcerative colitis 1(5.9%) 6 (37.5%) 0 (0%) 0.004
Surgical history 3 (17.7%) 3 (17.7%) 7 (41.2%) 0.19
CRP (mg/dL) 82+7.4 32%29 33+3.0 0.004
ESR (mm/h) 78.4£35.2 421£34.2 581+39.7 0.032
Classification of affected vessel
| 1(5.9%) 2 (12.5%) 2 (11.8%) 0.78
I 4 (23.5%) 10 (62.5%) 8 (47.1%) 0.075
\ 1 (64.7%) 4 (25.0%) 4 (23.5%) 0.020

Values represent mean + SD, median (minimum to maximum), or number (%). Categorical
variables were analyzed using the y? test. Continuous variables were analyzed using one-
way ANOVA.

CRP C-reactive protein, ESR erythrocyte sedimentation rate.

Table 2 Positivity of autoantibodies in patients with primary
ulcerative colitis.

Positive Negative Positivity (%)
Anti-EPCR activity 24 n 68.6
Anti-SR-BI activity 0 35 0.0

expressions of both EPCR and SR-BI are augmented in the
inflammatory lesion of TAK. Thus, the mechanisms how they are
regulated in vascular inflammation should also be investigated in
future.

The limitation of the current study is that the patients were all
Japanese and the study population had limited diversity.
Although TAK is a rare disease and 80 patients were enrolled in
this study, validation in a larger population is required.

Conclusion

We identified EPCR and SR-BI as endothelial autoantigens in
TAK by using SARF. Autoantibodies against these two receptors
were specific for TAK among autoimmune rheumatic diseases,
and each accounted for one-third of the patients with TAK.
Patients with TAK were subclassified on the basis of these
autoantibodies, and each subgroup had specific characteristics.
Interestingly, anti-EPCR autoantibodies were also detected in
patients with primary UC. EPCR and SR-BI ameliorated pro-
inflammatory phenotype, and anti-EPCR and anti-SR-BI auto-
antibodies promoted pro-inflammatory phenotype by disturbing
this negative regulation. Identification of these autoantibodies has
opened new avenues for TAK.

Methods

Human serum samples. Three hundred and twenty-five patients with auto-
immune rheumatic diseases were enrolled: 80, TAK; 10, GCA; and 235, other
autoimmune rheumatic diseases. All the patients were diagnosed according to the
respective criteria for classification®2-4%, Analysis flowchart of TAK patients was
shown in Supplementary Fig. 1. Disease activity was determined according to
National Institutes of Health criteria®?. Thirty-five patients with UC were also
recruited. Seventy-nine age-matched and sex-matched healthy donors were
enrolled as the control group. The serum samples obtained from all the subjects
were stored at —20 °C until use. All subjects provided written informed consent
after the purpose of and potential risks involved in the study were explained. The
study protocol complies with the principles of the Declaration of Helsinki and was
approved by the Ethics Committee of Tohoku University Graduate School of
Medicine.

Cell culture. HUVECs, HAECs, HPAECs, and respective cell culture medium
was purchased from Lonza (Basel, Switzerland). Cells were cultured in 5% CO,
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Fig. 5 Blocking of anti-inflammatory activities of EPCR and SR-BI by autoantibodies in Takayasu arteritis. a, b HUVECs were treated with or without
10 pg/mL APC for 13 h and stimulated with 100 pg/mL TNF-a for 5 h. The expression of adhesion molecules, including E-selectin, VCAM-1, and ICAM-1,
was analyzed with flow cytometry. Representative histograms (left) and the summary graph (right, n = 3) are shown in a. The mRNA expression level was
measured by quantitative PCR in b. GAPDH was used as the internal control. ¢ HUVECs were incubated with the isotype or 10 pg/mL anti-EPCR antibody
for 1h and treated with or without 10 pg/mL APC for 13 h. Then, cells were stimulated with 100 pg/mL TNF-a for 5h. The expression of adhesion
molecules was analyzed with flow cytometry. d HUVECs were incubated with or without IgG for 1h. IgG included 10 pg/mL anti-EPCR antibody,

2.56 mg/mL control 1gG, 2.56 mg/mL IgG from an AECA-negative TAK sample (L11-05), or 2.56 mg/mL IgG from anti-EPCR-positive TAK AECA sample
(J11-14). The cells were subsequently treated as described above, and the expression of adhesion molecules was analyzed. e HUVECs were treated with or

without Tmg/mL high-density lipoprotein (HDL) for 16 h and stimulated with

100 pg/mL TNF-a for 5 h. Adhesion molecules were analyzed by flow

cytometry; the summary graph is shown (n=5). f HUVECs were incubated with or without IgG for 1h. IgG included 10 ug/mL anti-SR-BI antibody,

2.56 mg/mL control 1gG, or 2.56 mg/mL IgG from anti-SR-BI positive TAK AECAs (M11-36). Cells were subsequently treated with or without Tmg/mL of
HDL as described above, and adhesion molecules were analyzed (n = 3). Data are indicated as mean £ SD. At least three independent experiments were
performed in all cases. Statistical analysis was performed using one-way ANOVA followed by Tukey's post hoc test. MFI represents mean fluorescent

intensity. L11-05, J11-14, and M11-36 indicate the serum sample number.

at 37 °C and used sooner than the sixth passage. Rat myeloma cells, YB2/0, were
purchased from American Type Culture Collection (Manassas, VA, USA) and
cultured in RPMI 1640 medium (Sigma-Aldrich, St. Louis, MO, USA) containing
10% fetal bovine serum (FBS, Biowest, Miami, FL, USA). Plat-E packaging cells
were purchased from Cell Biolabs (San Diego, CA, USA), and cultured in

Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma-Aldrich) containing 10%
FBS (Biowest). Human peripheral blood mononuclear cells (PBMC) were

isolated by density gradient centrifugation using Ficoll-Paque PLUS (GE
Healthcare, Uppsala, Sweden). Naive CD4+ T cells were purified by negative
selection using EasySep Human Naive CD4+ T cell Isolation Kit (STEMCELL
Technologies, Vancouver, BC, Canada) and were cultured in 96-well U-bottom
plates (BD Biosciences, Bedford, MA, USA) in 100 uL RPMI 1640 medium
Adherent cells were dissociated from plates using Cell Dissociation Solution
(Sigma-Aldrich).

NATURE COMMUNICATIONS | (2020)11:1253 | https://doi.org/10.1038/s41467-020-15088-0 | www.nature.com/naturecommunications 9


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-15088-0

a Day 0 Day 3 Day 10 Day 14 b
\ y y y y . ThO
Tho - Thi7
/' ) 9 P <0.0001
10° ~ L]
< . 2
8el” 5.9% , g 60
= |l E
g \.(:3 . (2 40
235 s
b= 0.9% 3 20
< f i e o
0] O
B B o s e .
7 21.2% oM 03 ot gt gt
Anti-human EPCR PE
c Th17 + APC + d Th17+APC+  Th17+APC +
Thi7 Th17+APC  Anti-EPCR IgG Th17 Th17 + APC control IgG J11-141gG
= 2
©3 ©3
cm S
c Q1w 100 10° £9
2o | 12.3%) 4.0%]| s
< o <
Anti-human IL-17A APC/Cy7 - Anti-human IL-17A APC/Cy7 -
e Roryt 17A nzF 21 122 0
Tho
100 - Fﬂ“ 8 1 P < 0.0001 20 P=0.033 8 -
c M Thi7
2 6 - 15 6 1
3 M ™17 + APC
s P=0.15
3 50 e 4 104 P=0.99 4]
o N P=0.48 Th17 + APC
> L[]
£ . + control IgG
K} 2 o 5 oo 2 ]
o M Th17 + APC
+J11-14 119G
0- 0

Fig. 6 Anti-EPCR autoantibodies in Takayasu arteritis negatively regulates Th17 differentiation. a, b Human naive CD4+ T cells were cultured under
ThO (anti-CD3/anti-CD28 stimulation alone) or Th17 conditions (anti-CD3/anti-CD28 stimulation followed by the addition of interleukin [IL]-6, IL-1B, IL-
23, TGF-B1, anti-human interferon-y antibody, and anti-human IL-4 antibody). The proportion of cells expressing EPCR on day O, 3, 7, 10, or 14 was
analyzed with flow cytometry. Representative dot plots (a) and the summary graph (b n=3) are shown. ¢, d Human naive CD4+ T cells were stimulated
and cultured under Th17 differentiation conditions, and production of IL-17A on Day 7 was analyzed with flow cytometry. Cells were cultured with or
without 10 ug/mL APC and incubated with isotype or anti-EPCR antibody (c). Cells were cultured with or without 10 ug/mL APC, and control IgG or 1gG
from an anti-EPCR-positive TAK AECA sample (J11-14) was further added (d). e Human naive CD4+ T cells were cultured under Th17 conditions with or
without 1gG and with or without 10 pg/mL APC for 7 days. IgG included 2.56 mg/mL control IgG and 2.56 mg/mL IgG from anti-EPCR positive TAK AECA
(J11-14). The relative expression of Roryt, IL-17A, IL-17F, IL-21, and IL-22 mRNA were measured with quantitative PCR (n = 3). GAPDH was used as internal
control. Data are indicated as mean = SD. At least three independent experiments were performed in all cases. Statistical analysis was performed using
two-way ANOVA test (b) or one-way ANOVA (e) followed by Tukey's post hoc test. J11-14 indicates the serum sample number.

IgG purification. IgG was purified from sera by using HITRAP Protein G HP
columns (Amersham Biosciences, Roosendaal, The Netherlands) or by Spin col-
umn based Antibody Purification Kit (Protein G) (Cosmo Bio, Tokyo, Japan). The
concentration of purified IgG was determined by measuring the optical density
(OD) at 280 nm. Purified IgG was stored at —20 °C until use.

Flow cytometry. Fluorescence intensity was measured using BD LSR Fortessa or
FACS Canto II (Becton Dickinson, Franklin Lakes, NJ, USA). Cell sorting was
performed using BD FACS Aria II (Becton Dickinson). Dead cells were identified
by 7-amino-actinomycin D staining (BD Biosciences) and excluded from analysis.
All data was analyzed using FlowJo Software (Tree Star, Ashland, OR, USA).
Following antibodies were utilized: FITC-conjugated goat anti-human IgG (Fab
specific) (F5512, Sigma-Aldrich, 1:50), PE-conjugated goat F(ab’)2 anti-human
IgG-Fc (ab98596, Abcam, Cambridge, UK, 1:50), PE-conjugated anti-EPCR anti-
body (351903, BioLegend, San Diego, CA, USA, 1:50), rat anti-EPCR antibody
[RCR-252] (ab81712, Abcam, 1:50), PE-conjugated goat F(ab’)2 anti-rat IgG-Fc
(ab6259, Abcam, 1:50), PE-conjugated mouse anti-human SR-BI antibody (363203,
BioLegend, 1:50), rabbit anti-human SR-BI antibody (PA5-29789, Abcam, 1:50),
PE-conjugated goat anti-rabbit IgG (ab72465, Abcam, 1:50), anti-SR-BI antibody
(bs-1186R, Bioss antibodies, Woburn, MA, USA, 1:50), rabbit anti-SR-BI antibody

10

(NB400-113, Novus Biologicals, Littleton, CO, USA, 1:50), PE-conjugated mouse
anti-CD62E antibody (336008, BioLegend, 1:100), PE/Cy5-conjugated mouse anti-
CD106 antibody (305808, BioLegend, 1:100), PE/Cy7-conjugated mouse anti-
CD106 antibody (NBP-47864PECY7, Novus Biologicals, 1:100), Pacific Blue-
conjugated mouse anti-CD54 antibody (322716, BioLegend, 1:50), FITC-
conjugated mouse anti-human CD3 antibody (555339, BD Biosciences, 1:50),
Pacific Blue-conjugated mouse anti-human CD4 antibody (558116, BD Bios-
ciences, 1:50), APC-conjugated mouse anti-human IL-17A antibody (512333,
Biolegend, 1:50), APC/Cy7-conjugated mouse anti-human IL-17A antibody
(512319, BioLegend, 1:50).

Measurement of AECA, anti- EPCR, and anti-SR-BI activity. Binding activity of
antibodies in serum to the surface of HUVEC and HAEC was measured by flow
cytometry!7-19, Briefly, 1:10 diluted human serum was used as primary antibody
with 50 mg/mL goat gamma globulin fraction (Sigma-Aldrich) and a fluorescent-
conjugated antibody was used as secondary antibody. To quantify the activity of
AECAs, the relative mean fluorescence intensity (MFI) ratio was determined
according to the following calculation formula: (sample MFI—control MFI)/con-
trol MFI x 100. Cut-off values for activity of AECAs were determined as the
mean + 3 standard deviations (SD) of the relative MFI ratio in control groups. To
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Fig. 7 Proposed model for the pathogenicity of AECAs in Takayasu
arteritis. a APC and HDL, the ligand of EPCR and SR-BI, respectively,
suppress expression of adhesion molecules in activated endothelial cells.
APC also negatively regulates the differentiation of CD4+ T cells
expressing EPCR into Th17 cells, and thus inhibits the production of Th17-
related cytokines, including IL-17A, IL-17F, IL-21, and IL-22. These
mechanisms contribute to the resolution of vascular inflammation in normal
condition. b Autoantibodies against EPCR or SR-BI block bindings of
corresponding ligands to their receptors, which promote expression of
adhesion molecules in endothelial cells. In addition, anti-EPCR
autoantibodies disrupt the negative regulation of Th17 differentiation by
APC and thus amplify Th17-mediated immune response. As a result,
autoantibodies in TAK inhibit the spontaneous resolution of activated
immune responses in the vessel wall and thus lead to the chronic vascular
inflammation.
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quantify the anti-EPCR or anti-SR-BI activity, the relative MFI ratio was calculated
according to the following calculation formula: (MFI of overexpressing cells—MFI
of non-overexpressing cells)/MFI of non-overexpressing cells x 100. The cut-off
values were determined similarly as mentioned above. The MFI ratio was con-
sidered to be the titer of anti-EPCR antibody or anti-SR-BI antibody.

HUVEC cDNA library. Two different cDNA libraries were used in this study. One
cDNA library was previously generated and has been reported!”-!920. New
HUVEC cDNA library was generated by using SMART cDNA Library Con-
struction kit (Clontech, Madison, WI, USA), in order to improve efficiency and the
generated cDNA was ligated into the pRetro-Lib vector (Clontech).

cDNA library screening: SARF. Autoantigen identification was performed using
SARF with some modifications!8-20:21, Briefly, HUVEC cDNA libraries were ret-
rovirally transfected into the YB2/0 rat myeloma cell line (American Type Culture
Collection, Manassas, VA, USA). YB2/0 cells expressing the HUVEC cDNA
libraries were incubated with serum IgG with high AECA activity and 1:50 diluted
fluorescent-conjugated secondary antibody at 4 °C for 30 min. Cells with high
fluorescence levels were sorted with FACS Aria II (Becton Dickinson, Franklin
Lakes, NJ, USA). The sorted cells were maintained in culture until cell numbers
sufficiently increased for the next sorting. Sorting was repeated for several rounds
to concentrate cells bound to prototype IgG. Subsequently, several cell clones were
established using the limiting dilution method. The genomic DNA of clones was
purified, DNA fragments from the HUVEC cDNA libraries were amplified by PCR,
and DNA sequences were analyzed with the BLAST program.

PCR. DNA fragments from the HUVEC cDNA libraries were amplified by PCR
using Takara LA Taq (Takara Bio, Shiga, Japan) with primers corresponding to the
5" and 3’ ends of the multiple cloning site of pMX (5'-GGTGGACCATCCTCTA
GACTG, 3'-CCTTTTTCTGGAGACTAAAT) and pRetro-Lib (5'-AGCCCTCACT
CCTTCTCTAG, 3'- ACCTACAGGTGGGGTCTTTCATTCCC) vectors. The PCR
products were cloned into pCR-TOPO vector (Invitrogen, San Diego, CA, USA)

Overexpression of EPCR or SR-Bl on YB2/0 cells. The full-length EPCR and
SR-BI fragment were confirmed by DNA sequence analysis of sorted cells as
described earlier, by using Phusion High-Fidelity DNA Polymerase (Finnzymes,
Keilaranta, Espoo, Finland). Primer sequences were: EPCR (5'-CTAGACTGCCG
GATCATGTTGACAACATTGCTGCCG, 3'-CGCGCCGGCCCTCGATTAACAT
CGCCGTCCACCTGT) and SR-BI (5'-CTAGACTGCCGGATCAGACATGGGCT
GCTCCGC, 3'-CGCGCCGGCCCTCGAGGCTGGCTCACGGTGTCCT). These
PCR products were inserted into pMX-IRES-GFP vector (Cell Biolabs) by using In-
Fusion Cloning Kit (Clontech). pMX-EPCR-IRES-GFP vector or pMX-SR-BI-
IRES-GFP vector were retrovirally transfected into YB2/0 cells.

Western blotting. Recombinant EPCR (Abcam) protein was mixed with 2x
Laemmli sample buffer (Bio-Rad Laboratories, Hercules, CA, USA). The proteins
were electrophoresed on a 12% polyacrylamide gel, and then transferred onto
Immobilon transfer membranes (Millipore, Billerica, MA, USA). The membranes
were treated with the following antibodies: 1:200 diluted control, U10-4 serum,
anti-human EPCR antibody (MAB22451, R&D Systems, Minneapolis, MN, USA,
1:500), IRDye 800CW-conjugated goat anti-human IgG (H + L) (926-32232, LI-
COR Biosciences, Lincoln, NE, USA, 1:5000), IRDye 800CW-conjugated goat anti-
mouse IgG (926-32210, LI-COR Biosciences, 1:5000). Fluorescence intensity was
measured with an Odyssey Infrared Imaging System (LI-COR Biosciences).
Uncropped and unprocessed scans were provided in the Source Data file.

Inhibition test. Recombinant EPCR (Abcam) or SR-BI protein (R&D Systems) was
added at the indicated dose. Inhibition rate (%) was calculated as follows: (AECA
activity of sample serum—AECA activity of sample serum with recombinant
protein)/AECA activity of sample serum x 100.

Immunoprecipitation (IP). Untransfected YB 2/0 cells and SR-BI transfected YB
2/0 cells were reacted with serum with anti-SR-BI activity or control serum. The
cells were lysed with M-PER Mammalian Protein Extraction Reagent (Pierce
Biotechnology Inc., Rockford, IL, USA) followed by incubation with 25 uL of
Protein A/G Magnetic Beads (Pierce Biotechnology Inc.). After washing with Tris-
buffered saline [10 mM tris (pH 7.5), 150 mM NaCl] containing 0.1% Tween 20,
eluted with 2x Laemmli sample buffer (Bio-Rad Laboratories). Under non-
reducing conditions, Western blotting was performed as described above. The
membranes were treated with rabbit anti-SR-BI antibody (NB400-104, Novus
Biologicals, 1:1000), IRDye 680-conjugated goat anti-rabbit IgG (926-32221, LI-
COR Biosciences, 1:5000), or IRDye 800CW-conjugated goat anti-human IgG
(H+ L) (926-32232, LI-COR Biosciences, 1:5000).

Immunohistochemistry. Formalin-fixed, paraffin-embedded 4-um-thick sections
were deparaffinized. After antigen retrieval by heat/autoclaving 5 min at 121 °C in
10 mM sodium citrate buffer, pH 6.0 for EPCR, SR-BI in EDTA buffer, pH9.0. The
sections were incubated with primary antibodies (EPCR 1:200, SR-BI 1:1000)
overnight at 4 °C. Primary antibodies included rabbit anti-EPCR antibody (Invi-
trogen, MA5-29505) and rabbit anti-human SR-BI antibody (Abcam, PA5-29789).
Sections were then incubated with EnVision+ system (DAKO) for 30 min. The
antigen—antibody complex was visualized with 3,3-diaminobenzidine (DAB)
solution (1 mM DAB, 50 mM Tris-HCI buffer [pH 7.6], and 0.006% H,0,) and
counterstained with hematoxylin.

Analysis of expression of adhesion molecules. HUVECs were first incubated in
12-well culture plates (BD Biosciences) with IgG for 1 h, followed by the addition of
either 10 pg/mL human activated protein C (APC, Hematologic Technologies,
Essex Junction, VT, USA) or 1 mg/mL human high density lipoprotein (HDL,
Prospec Protein Specialists, Rehovot, Israel). Subsequently, HUVECs were stimu-
lated by 100 pg/mL TNF-a (R&D Systems) for 5 h. Utilized IgG included purified
IgG, 10 pg/mL rat anti-human EPCR antibody [RCR-252] (ab81712, Abcam, 1:10),
or 10 pug/mL rabbit anti-human SR-BI antibody (PA5-29789, Abcam, 1:100, or
NB400-113, Novus Biologicals, 1:100).

Quantitative reverse transcription polymerase chain reaction (QRT-PCR).
Total RNA was extracted using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA),
and reverse transcribed into cDNA using the ReverTra Ace qPCR reverse tran-
scription (RT) kit (Toyobo, Osaka, Japan). qRT-PCR was performed using
QuantiTect SYBR Green PCR master mix (Qiagen) on a C1000 Thermal Cycler
(Bio-Rad Laboratories). Gene transcript levels were normalized relative to the levels
of GAPDH transcripts. The upstream and downstream PCR primer sequences are
indicated as follows: E-selectin: 5'-CAGCAAAGGTACACACACCTG-3’, 5'-CAG
ACCCACACATTGTTGACTT-3'
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VCAM-1: 5-TTTGACAGGCTGGAGATAGACT-3', 5'-TCAATGTGTAATT
TAGCTCGGCA-3’

ICAM-1: 5'-ATGCCCAGACATCTGTGTCC-3,'5-GGGGTCTCTATGCCCA
ACAA-3’

Interleukin (IL) -17A: 5'-TCCCACGAAATCCAGGATGC-3', 5'-GGATGTTC
AGGTTGACCATCAC-3’

IL-17F: 5'-GCTGTCGATATTGGGGCTTG-3', 5'-GGAAACGCGCTGGTTT
TCAT-3'

IL-21: 5'-TAGAGACAAACTGTGAGTGGTCA-3', 5'-GGGCATGTTAGTC
TGTGTTTCTG-3'

IL-22: 5'-GCTTGACAAGTCCAACTTCCA-3', 5'-GCTCACTCATACTGAC
TCCGT-3’

RORyT: 5'-CTGCTGAGAAGGACAGGGAG-3', 5'-AGTTCTGCTGACGGG
TGC-3'

GAPDH: 5'-GAAGGTCGGAGTCAACGGATTTT-3', 5'-GAATTTGCCATGG
GTGGAAT-3'".

Th17 differentiation. Purified naive CD4+ T cells were cultured with Dynabeads
human T-Activator CD3/CD28 (Invitrogen) (1:1 ratio of beads to cells), 10 ng/mL
IL-6 (BD Biosciences), 10 ng/mL IL-1f (BD Biosciences), 10 ng/mL IL-23 (R&D
Systems), 10 ng/mL TGF-B1 (R&D Systems), 10 ug/mL purified NA/LE mouse
anti-human IFN-y antibody (554699, BD Biosciences, 1:50), and 10 ug/mL purified
NA/LE rat anti-human IL-4 antibody (554481, BD Biosciences, 1:100).

Intracellular staining. The Th17 cells were stimulated with 50 ng/mL phorbol 12-
myristate 13-acetate (PMA, Sigma-Aldrich) and 1 pg/mL ionomycin (Sigma-
Aldrich) in the presence of GolgiStop (BD Biosciences) for 6 h at day 7. Cells were
fixed with Cytofix/Cytoperm Fixation and Permeabilization Solution Kit (BD
Biosciences).

Statistical analysis. Statistical analysis was performed using GraphPad Prism 7.03
(GraphPad Software, La Jolla, CA, USA). Categorical variables were analyzed using
the x* test or Fisher’s exact test. Continuous variables were analyzed using Student’s t-
test or the Mann-Whitney U-test, and one-way analysis of variance (ANOVA) or
two-way ANOVA followed by Tukey’s post hoc tests, or Kruskal-Wallis test followed
by the Dunn test was used to compare three or more groups. Pairwise comparisons
were analyzed using the paired t-test or the Wilcoxon signed-rank test. P < 0.05 was
considered to be statistically significant. To correct multiplicity in Table 1, P <0.005
was considered to be statistically significant by using Bonferroni method.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability

The data that support the findings of this study are available from the corresponding
author upon reasonable request. The source data underlying Figs. 1a, 2a, b, e-h, k, 1, 4a—c,
5a, b, d-f, 6b, e and Supplementary Figs. 2¢, f, 5a-d, 6a, b, 7, 8a, b, 9, 10, 11b, d, 12b, 13b,
14a, b, 15, 16b, d and 17 are provided as a Source Data file. Microarray data are deposited
in the Gene Expression Omnibus (accession code, GSE145367).

Received: 20 December 2018; Accepted: 17 February 2020;
Published online: 09 March 2020

References

1. Weyand, C. M. & Goronzy, J. ]. Medium- and large-vessel vasculitis. N. Engl. J.
Med. 349, 160-169 (2003).

2. Arnaud, L., Haroche, J., Mathian, A., Gorochov, G. & Amoura, Z.
Pathogenesis of Takayasu’s arteritis: a 2011 update. Autoimmun. Rev. 11,
61-67 (2011).

3. Mirault, T., Guillet, H. & Messas, E. Immune response in Takayasu arteritis.
Presse Med. 46, E189-E196 (2017).

4. Hilhorst, M., Shirai, T., Berry, G., Goronzy, J. ]. & Weyand, C. M. T cell-
macrophage interactions and granuloma formation in vasculitis. Front.
Immunol. 5, 432 (2014).

5.  Shirai, T., Hilhorst, M., Harrison, D. G., Goronzy, J. J]. & Weyand, C. M.
Macrophages in vascular inflammation—from atherosclerosis to vasculitis.
Autoimmunity 48, 139-151 (2015).

6. Wang, H. et al. Circulating B lymphocytes producing autoantibodies to
endothelial cells play a role in the pathogenesis of Takayasu arteritis. J. Vasc.
Surg. 53, 174-180 (2011).

7. Dhingra, R, Talwar, K. K., Chopra, P. & Kumar, R. An enzyme linked
immunosorbent assay for detection of anti-aorta antibodies in Takayasu
arteritis patients. Int. J. Cardiol. 40, 237-242 (1993).

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

Nakao, K., Ikeda, M., Kimata, S., Niitani, H. & Niyahara, M. Takayasu’s
arteritis. Clinical report of eighty-four cases and immunological studies of
seven cases. Circulation 35, 1141-1155 (1967).

Eichhorn, J. et al. Anti-endothelial cell antibodies in Takayasu arteritis.
Circulation 94, 2396-2401 (1996).

Nityanand, S., Mishra, K., Shrivastava, S., Holm, G. & Lefvert, A. K.
Autoantibodies against cardiolipin and endothelial cells in Takayasu’s
arteritis: prevalence and isotype distribution. Br. J. Rheumatol. 36, 923-924
(1997).

Sima, D. et al. Anti-endothelial antibodies in Takayasu arteritis. Arthritis
Rheum. 37, 441-443 (1994).

Blank, M. et al. Monoclonal anti-endothelial cell antibodies from a patient
with Takayasu arteritis activate endothelial cells from large vessels. Arthritis
Rheum. 42, 1421-1432 (1999).

Tripathy, N. K., Upadhyaya, S., Sinha, N. & Nityanand, S. Complement and
cell mediated cytotoxicity by antiendothelial cell antibodies in Takayasu’s
arteritis. J. Rheumatol. 28, 805-808 (2001).

Chauhan, S. K, Tripathy, N. K. & Nityanand, S. Antigenic targets and
pathogenicity of anti-aortic endothelial cell antibodies in Takayasu arteritis.
Arthritis Rheum. 54, 2326-2333 (2006).

Hadjadj, J. et al. mTOR pathway is activated in endothelial cells from patients
with Takayasu arteritis and is modulated by serum immunoglobulin G.
Rheumatology 57, 1011-1020 (2018).

Youinou, P. New target antigens for anti-endothelial cell antibodies.
Immunobiology 210, 789-797 (2005).

Land, J., Rutgers, A. & Kallenberg, C. G. Anti-neutrophil cytoplasmic
autoantibody pathogenicity revisited: pathogenic versus non-pathogenic anti-
neutrophil cytoplasmic autoantibody. Nephrol. Dialysis Transplant. 29,
739-745 (2014).

Shirai, T. et al. An innovative method to identify autoantigens expressed on
the endothelial cell surface: serological identification system for autoantigens
using a retroviral vector and flow cytometry (SARF). Clin. Dev. Immunol.
2013, 453058 (2013).

Guilpain, P. & Mouthon, L. Antiendothelial cells autoantibodies in vasculitis-
associated systemic diseases. Clin. Rev. Allergy Immunol. 35, 59-65 (2008).
Shirai, T. et al. A novel autoantibody against fibronectin leucine-rich
transmembrane protein 2 expressed on the endothelial cell surface identified
by retroviral vector system in systemic lupus erythematosus. Arthritis Res.
Ther. 14, R157 (2012).

Shirai, T. et al. A novel autoantibody against ephrin type B receptor 2 in acute
necrotizing encephalopathy. J. Neuroinflamm. 10, 128 (2013).

Kim, E. S. H. & Beckman, J. Takayasu arteritis: challenges in diagnosis and
management. Heart 104, 558-565 (2018).

Mutoh, T., Shirai, T., Fujii, H., Ishii, T. & Harigae, H. Insufficient use of
corticosteroids without immunosuppressants results in higher relapse in
Takayasu arteritis. J. Rheumatol. 47, 255-263 (2020).

Serra, R, et al. Updates in pathophysiology, diagnosis and management of
Takayasu arteritis. Ann. Vasc. Surg. 35, 210-225 (2016).

Griffin, J. H., Zlokovic, B. V. & Mosnier, L. O. Activated protein C,
protease activated receptor 1, and neuroprotection. Blood 132, 159-169
(2018).

Joyce, D. E., Gelbert, L., Ciaccia, A., DeHoff, B. & Grinnell, B. W. Gene
expression profile of antithrombotic protein ¢ defines new mechanisms
modulating inflammation and apoptosis. J. Biol. Chem. 276, 11199-11203
(2001).

Mohan Rao, L. V., Esmon, C. T. & Pendurthi, U. R. Endothelial cell protein C
receptor: a multiliganded and multifunctional receptor. Blood 124, 15531562
(2014).

Cockerill, G. W, Rye, K. A., Gamble, J. R., Vadas, M. A. & Barter, P. J. High-
density lipoproteins inhibit cytokine-induced expression of endothelial cell
adhesion molecules. Arterioscler. Thromb. Vasc. Biol. 15, 1987-1994 (1995).
Krieger, M. Scavenger receptor class B type I is a multiligand HDL receptor
that influences diverse physiologic systems. J. Clin. Investig. 108, 793-797
(2001).

Shen, W. J., Azhar, S. & Kraemer, F. B. SR-B1: a unique multifunctional
receptor for cholesterol influx and efflux. Annu. Rev. Physiol. 80, 95-116
(2018).

Mineo, C. & Shaul, P. W. Regulation of signal transduction by HDL. J. lipid
Res. 54, 2315-2324 (2013).

Saadoun, D. et al. Thl and Th17 cytokines drive inflammation in Takayasu
arteritis. Arthritis Rheumatol. 67, 1353-1360 (2015).

Savioli, B., Abdulahad, W. H., Brouwer, E., Kallenberg, C. G. M. & de Souza,
A. W. S. Are cytokines and chemokines suitable biomarkers for Takayasu
arteritis? Autoimmun. Rev. 16, 1071-1078 (2017).

Kishi, Y. et al. Protein C receptor (PROCR) is a negative regulator of Th17
pathogenicity. J. Exp. Med. 213, 2489-2501 (2016).

Hurtado, V. et al. Autoantibodies against EPCR are found in antiphospholipid
syndrome and are a risk factor for fetal death. Blood 104, 1369-1374 (2004).

12 | (2020)11:1253 | https://doi.org/10.1038/s41467-020-15088-0 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

36. Scaldaferri, F. et al. Crucial role of the protein C pathway in governing
microvascular inflammation in inflammatory bowel disease. J. Clin. Investig.
117, 1951-1960 (2007).

37. Shirai, T. et al. Takayasu arteritis coexisting with sclerosing osteomyelitis.
Intern. Med. 57, 1929-1934 (2018).

38. Koster, M. J. & Warrington, K. J. Classification of large vessel vasculitis: can
we separate giant cell arteritis from Takayasu arteritis? Presse Med. 46,
€205-€213 (2017).

39. Zanoni, P. et al. Rare variant in scavenger receptor BI raises HDL cholesterol
and increases risk of coronary heart disease. Science 351, 1166-1171 (2016).

40. Seyahi, E. et al. Atherosclerosis in Takayasu arteritis. Ann. Rheum. Dis. 65,
1202-1207 (2006).

41. Tombetti, E. & Mason, J. C. Takayasu arteritis: advanced understanding is
leading to new horizons. Rheumatology 58, 26-219 (2018).

42. Arend, W. P. et al. The American College of Rheumatology 1990 criteria
for the classification of Takayasu arteritis. Arthritis Rheum. 33, 1129-1134
(1990).

43. Bohan, A. & Peter, J. B. Polymyositis and dermatomyositis (first of two parts).
N. Engl. J. Med. 292, 344-347 (1975).

44. Joint Working Group, JCS Guideline for management of vasculitis
syndrome (JCS 2008). Japanese Circulation Society. Circ. Soc. 75, 474-503
(2011).

45. Hochberg, M. C. Updating the American College of Rheumatology revised
criteria for the classification of systemic lupus erythematosus. Arthritis Rheum.
40, 1725 (1997).

46. Hunder, G. G. et al. The American College of Rheumatology 1990 criteria for
the classification of giant cell arteritis. Arthritis Rheum. 33, 1122-1128 (1990).

47. Jennette, J. C. et al. 2012 revised International Chapel Hill consensus
conference nomenclature of vasculitides. Arthritis Rheum. 65, 1-11 (2013).

48. Shiboski, C. H. et al. 2016 American College of Rheumatology/European
league against rheumatism classification criteria for primary Sjogren’s
syndrome: a consensus and data-driven methodology involving three
international patient cohorts. Ann. Rheum. Dis. 76, 9-16 (2017).

49. Watts, R. et al. Development and validation of a consensus methodology for
the classification of the ANCA-associated vasculitides and polyarteritis nodosa
for epidemiological studies. Ann. Rheum. Dis. 66, 222-227 (2007).

50. Kerr, G. S. et al. Takayasu arteritis. Ann. Intern. Med. 120, 919-929 (1994).

Acknowledgements

The authors thank Prof. Masato Nose for technical advice and critical reading of this
manuscript. We also thank Ms. Yayoi Aoyama (Tohoku University Hospital) for tech-
nical assistance for immunohistochemistry and Ms. Chikako Fushimi for technical
assistance for flow cytometry and Western blotting. This work was supported by JSPS

KAKENHI Grant Numbers 16H06642 and 18K16136 for T.S. and research grants from
the Kanae Foundation and Nanbyo Medical Foundation for T.S.

Author contributions

T.M. measured titers of autoantibodies and performed in vitro experiments. T.S. per-
formed SAREF, identified autoantigens, and performed in vitro experiments. T.M. and T.S.
analyzed data. T.S,, Y.S,, T.I, Y.K, Y.K, AM, Y.S,, HH,, and H.F. enrolled patients. T.S.
and F.F. evaluated immunohistochemistry. T.S. and F.T. analyzed clinical characteristics.
T.S. and H.F. conceived the study, and designed experiments. T.S. wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-15088-0.

Correspondence and requests for materials should be addressed to T.S.

Peer review information Nature Communications thanks Maria Cid, Chieko Mineo and
the other, anonymous, reviewer for their contribution to the peer review of this work.
Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2020

| (2020)11:1253 | https://doi.org/10.1038/s41467-020-15088-0 | www.nature.com/naturecommunications 13


https://doi.org/10.1038/s41467-020-15088-0
https://doi.org/10.1038/s41467-020-15088-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Identification of two major autoantigens negatively regulating endothelial activation in Takayasu arteritis
	Results
	Sorting of cells expressing cell-surface autoantigens for TAK
	EPCR and SR-BI as cell-surface autoantigens in TAK
	Expression of EPCR and SR-BI in TAK tissue
	Distribution of patients with anti-EPCR or anti-SR-BI activity
	Clinical characteristics of patients with TAK who had autoantibodies
	Anti-EPCR and SR-BI autoantibodies increased endothelial activation
	Anti-EPCR autoantibodies promoted Th17 differentiation

	Discussion
	Conclusion
	Methods
	Human serum samples
	Cell culture
	IgG purification
	Flow cytometry
	Measurement of AECA, anti- EPCR, and anti-SR-BI activity
	HUVEC cDNA library
	cDNA library screening: SARF
	PCR
	Overexpression of EPCR or SR-BI on YB2/0 cells
	Western blotting
	Inhibition test
	Immunoprecipitation (IP)
	Immunohistochemistry
	Analysis of expression of adhesion molecules
	Quantitative reverse transcription polymerase chain reaction (qRT-PCR)
	Th17 differentiation
	Intracellular staining
	Statistical analysis
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




