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Introduction

Kawasaki disease (KD) is an acute

Summary

Calcineurin inhibitors (CNIs) have been used off-label for the treatment of
refractory Kawasaki disease (KD). However, it remains unknown whether
CNIs show protective effects against the development of coronary artery
lesions in KD patients. To investigate the effects of CNIs on coronary
arteries and the mechanisms of their actions on coronary arteritis in a
mouse model of KD, we performed experiments with FK565, a ligand of
nucleotide-binding oligomerization domain-containing protein 1 (NOD1) in
wild-type, severe combined immunodeficiency (SCID), caspase-associated
recruitment domain 9 (CARD9)”~ and myeloid differentiation primary
response gene 88 (MyD88)™”~ mice. We also performed in-vitro studies with
vascular and monocytic cells and vascular tissues. A histopathological
analysis showed that both cyclosporin A and tacrolimus exacerbated the
NODI1-mediated coronary dose-dependent
Cyclosporin A induced the exacerbation of coronary arteritis in mice only in
high doses, while tacrolimus exacerbated it within the therapeutic range in
humans. Similar effects were obtained in SCID and CARD9™~ mice but not
in MyD88™~ mice. CNIs enhanced the expression of adhesion molecules by
endothelial cells and the cytokine secretion by monocytic cells in our KD
model. These data indicated that both vascular and monocytic cells were
involved in the exacerbation of coronary arteritis. Activation of MyD88-
dependent inflammatory signals in both vascular cells and macrophages
appears to contribute to their adverse effects. Particular attention should be
paid to the development of coronary artery lesions when using CNIs to treat
refractory KD.

arteritis in a manner.

Keywords: calcineurin inhibitors, coronary arteritis, Kawasaki disease,
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Calcineurin inhibitors (CNIs), such as cyclosporin A
(CsA) and tacrolimus (Tac), have been used as off-label

febrile illness of ) .
drugs to treat KD [6-10]. Inositol 1,4,5-trisphosphate 3

unknown aetiology characterized by a systemic vasculitis of
small- and medium-sized arteries, particularly coronary
arteries [1]. The standard therapy for KD consists of aspi-
rin and high-dose intravenous immunoglobulin (IVIG).
Approximately 10-30% of KD patients are resistant to
IVIG [2-5], and some develop coronary artery lesions
(CALs) such as coronary aneurysms, a clinically important
problem. Although therapeutic options for KD patients
refractory to high-dose IVIG include high-dose corticoste-
roid, infliximab and plasma exchange, no definite treat-
ments for such patients have been established.

kinase C (ITPKC), a susceptibility gene of KD, encodes
a kinase that regulates the intracellular Ca®" level nega-
tively and inhibits calcineurin (CN)-dependent activation
of nuclear factor of activated T cells (NFAT) by phos-
phorylating inositol trisphosphate. Given the inhibitory
effects on the CN/NFAT pathway, CNIs are expected to
be useful as an alternative treatment for KD patients. In
several observational studies [7,8], the anti-pyretic and
anti-inflammatory effects of CsA have been described
in refractory KD patients; however, it remains to be
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determined whether or not CNIs exert any effect on
coronary arteries.

We recently established a mouse model of KD by the
administration of FK565, a synthetic ligand of nucleotide-
binding oligomerization domain-containing protein 1
(NOD1) [11]. The histopathological features of FK565-
induced coronary arteritis in mice are similar to those of
CALs in acute-phase KD [11,12]. We also reported that
vascular cells and cardiac CD11c¢* macrophages play a piv-
otal role in the pathogenesis of acute coronary arteritis
[13].

Using a NOD1-mediated KD animal model, we investi-
gated the effects of CNIs on coronary arteries and exam-
ined the mechanism of CNI-induced exacerbation of
coronary arteritis.

Materials and methods

Animals

C57BL6/N [wild-type (WT)] and CB-17 severe combined
immunodeficiency (SCID) mice were purchased from KBT
Oriental (Charles River Grade, Saga, Japan). Myeloid dif-
ferentiation primary response gene 88 (MyD88) knockout
(MyD887") mice in a C57BL/6 background were purchased
from Oriental Yeast (Tokyo, Japan). Caspase-associated
recruitment domain 9 (CARD9) knock-out (CARD9™")
mice were generated as described [14]. Calcineurin subunit
BI (Cnb1)™f9% and Cdllc-Cre mice in a C57BL/6 back-
ground were purchased from the Jackson Laboratory (Bar
Harbor, ME, USA). All mice were 5-7 weeks old, and were
kept under specific pathogen-free conditions. All animal
care and handling procedures were approved by the Insti-
tutional Animal Care and Use Committee of Kyushu Uni-
versity (protocol number: A-27-154), and followed the
Guideline for Proper Conduct of Animal Experiments, Sci-
ence Council of Japan.

Administration of innate immune ligands and CNIs

FK565, a synthetic NOD1 ligand, was supplied initially by
Astellas Pharma (Tokyo, Japan) and prepared later by Shi-
moyama and Fukase (see the Supporting information).
CsA and Tac were purchased from Wako Pure Chemical
Industries (Osaka, Japan) and Enzo Life Sciences (Lausen,
Switzerland), respectively. Muramyl dipeptide (MDP;
NOD2 ligand) and lipopolysaccharide [LPS; Toll-like
receptor (TLR)-4 ligand] were purchased from Lonza
(Basel, Switzerland) and InvivoGen (Toulouse, France),
respectively.

CsA and Tac were dissolved in endotoxin-free dimethyl-
sulphoxide (DMSO) (Hybri-Max™; Sigma-Aldrich, St
Louis, MO, USA), and we confirmed that these solutions
were endotoxin-free with a ToxinSensor™ Chromogenic
LAL endotoxin assay kit (GenScript, Piscataway, NJ, USA).

CNIs exacerbate coronary arteritis in a murine model

The protocol to induce arteritis in mice was as follows:
mice were administered 100 pg of FK565 orally, which was
dissolved in sterile distilled H,O once daily for 5 consecu-
tive days, or administered 10, 100 or 500 pg of FK565 sub-
cutaneously on days 0 and 3. Simultaneously, CsA (4, 12,
40 or 120 mg/kg body weight per dose) or Tac (0-2, 0-6, 2
or 6 mg/kg body weight per dose), dissolved in 10%
DMSO, was administered intraperitoneally for 5 consecu-
tive days. MDP (500 pg), dissolved in sterile distilled
H,O, was administered intraperitoneally on days 0 and 3.
LPS (10 pg), dissolved in sterile distilled H,O, was adminis-
tered intraperitoneally twice (days 0 and 3) or once
(day —1 or 0).

Histological analyses

After mice were euthanized, the hearts were dissected on
day 5. They were 4% paraformaldehyde-fixed and paraffin-
embedded for histological analyses. Cross-sections of the
aortic roots were prepared, with the three aortic valve cusps
and coronary arteritis assessed by haematoxylin and eosin
(HE) staining, as described previously [11]. For scoring
inflammatory cell infiltration, the lesion area and cell infil-
tration around the coronary arteries were measured in one
section per heart using the Image ] software program
(National Institutes of Health, Bethesda, MD, USA) [13].

Blood concentrations of CsA and Tac

CsA (4, 12, 40 or 120 mg/kg body weight per dose) or Tac
(0-2, 0-6, 2 or 6 mg/kg body weight per dose) was adminis-
tered intraperitoneally to 5-week-old mice once daily for 5
consecutive days. Blood samples were collected from mice
0 (trough), 2 and 4 h after drug administration on day 5.
Blood concentrations of CsA and Tac were measured by
liquid chromatography (LC)-tandem mass spectrometry
(MS)/MS, as described previously [15], with minor modifi-
cations. Briefly, all whole blood samples (150 pl) were
transferred to glass tubes and spiked with 25 pl of ascomy-
cin (20 pg/ml; Sigma-Aldrich), which served as the internal
standard. Then, 600 pl of water and 2 ml of extraction
solution (methyl-t-butyl ether/cyclohexane, 1 : 3 v/v) were
added to the glass tubes. Each tube was capped securely,
mixed on a horizontal shaker for 15 min and centrifuged at
1610 Xg for 15 min. The organic layer was transferred to a
new tube and evaporated using an Automatic Environmen-
tal Speed Vac® System (Thermo Fisher Scientific Inc., Wal-
tham, MA, USA). Each sample was reconstituted with 200
pl of 50% methanol solution and then mixed with a vortex
mixer for 1 min. A 20-pl aliquot of each sample was
injected into the LC-MS/MS system. Each sample was ana-
lysed by high-performance liquid chromatography (HPLC,
Eksigent® ekspertTM ultra LC SYSTEM100XL; AB Sciex,
Framingham, MA, USA) on an analytical column (Inertsil-
ODS3, 150 X 2-1 mm id.; GL Sciences, Inc., Tokyo,
Japan) and an MS/MS detector (QTRAP® 4500; AB Sciex).
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The mobile phase consisted of a multiple gradient of sol-
vent A (I mM ammonium acetate) and solvent B (metha-
nol/l mM ammonium acetate). The flow rate was set at
250 pl/min, the column was operated at 60°C and the elu-
ent was introduced directly into the electrospray ion source
of the mass spectrometer. Selected reaction monitoring
transitions in the positive ion mode were m/z 1220 — m/z
1203 for CsA, m/z 821 — m/z 768 for Tac and m/z 809 —
m/z 756 for ascomycin. CsA, Tac and their metabolites
were detected as ammonium adducts (m+ NH,). Peak
areas were linear from 0-5 to 30 ng/ml for CsA, Tac and
their metabolites.

Organ culture and protein determination

The aortic roots isolated sterilely from C57CL/6 mice were
cultured for 24 h in a 96-well plate with endothelial basal
medium (EBM)-2 with EGM-2MV (Lonza) in a CO, (5%)
incubator at 37°C, as described previously [11]. The pro-
tein concentrations of aortic root tissues were measured by
a Bio-Rad protein assay (BioRad, Hercules, CA, USA) after
homogenization with phosphate-buffered saline containing
Cell Culture Lysis Reagent (Promega, Madison, WI, USA)
and Protease Inhibitor Cocktail (Nacalai Tesque, Kyoto,
Japan). Whole protein contents of aortic root tissue were
measured to calculate the chemokine (C-C motif) ligand 2
(CCL2)/interleukin (IL)-6 levels per tissue protein content.

Cells

Murine bone marrow cells were harvested from the femur
and tibia. Bone marrow-derived macrophages (BMDMs)
were prepared from bone marrow cells cultured in RPMI-
1640 (GiBco Laboratories, Grand Island, NY, USA)
supplemented with 10% fetal bovine serum (FBS; MP Bio-
medicals, Santa Ana, CA, USA) and 10% L929 culture super-
natant (source of macrophage colony-stimulating factor) for
7-10 days [13]. Bone marrow-derived dendritic cells
(BMDCs) were prepared from bone marrow cells cultured in
RPMI-1640 supplemented with 10% FBS and 10% MGM-5
culture supernatant (source of granulocyte—-macrophage
colony-stimulating factor) for 7-10 days [16]. BMDCs were
stained with phycoerythrin-conjugated anti-CD11c antibody
(BD Biosciences, San Jose, CA, USA) and analysed using an
EC800 Analyzer (Sony Biotechnology, Tokyo, Japan).
Human coronary artery endothelial cells (HCAECs) and
human coronary artery smooth muscle cells (HCASMCs)
derived from healthy donors were purchased from Lonza.
Murine monocyte/macrophage cell line RAW264.7
(RCB0535) was obtained from Riken Cell Bank (Tsukuba,
Japan). HCAECs and HCASMCs were cultured in EBM-2
medium with EGM-2MV and smooth muscle basal
medium (SmBM) with SmGM-2 (Lonza), respectively.
RAW264.7 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Wako) with 10% FBS (MP

Biomedicals). These cells were incubated in a 5% CO,
incubator at 37°C.

Mouse heart endothelial cells (MHECs) were isolated
from murine heart using CD31 microbeads (Miltenyi Bio-
tec, Auburn, CA, USA) and cultured as described previ-
ously [13]. Briefly, diced heart tissues were treated with
collagenase II (Worthington Biochemical, Freehold, NJ,
USA) for 1 h at 37°C. Cell suspensions were incubated with
rat anti-mouse CD31, and CD31-positive cells were puri-
fied using MACS (Miltenyi). CD31-positive cells were cul-
tured in DMEM containing endothelial cell growth
supplement (Sigma-Aldrich) for 7 days and used for subse-
quent analyses.

Flow cytometric analyses

HCAECs stimulated with FK565 (10 pg/ml) in the presence
or absence of CsA (10 pM = 12.03 pg/ml) or Tac (10 pM
= 8.22 pg/ml) for 24 h were collected and stained with flu-
orescein isothiocyanate (FITC)-conjugated anti-CD54
[intercellular adhesion molecule-1 (ICAM-1)] monoclonal
antibody or IgGl isotype control (Beckman Coulter,
Miami, FL, USA), and phycoerythrin (PE)-conjugated
anti-CD106 [vascular cell adhesion molecule-1 (VCAM-1)]
monoclonal antibody or IgGl isotype control (BD). The
expression of ICAM-1 and VCAM-1 was analysed using an
EPICS XL flow cytometer (Beckman Coulter). The data
were analysed with the Kaluza software program, version
1.5 (Beckman Coulter).

Quantitative real-time—polymerase chain reaction

HCAECs stimulated with FK565 (10 pg/ml) in the presence
or absence of CsA (10 uM) or Tac (10 pM) for 6 h were
collected, and the total RNA was extracted using RNeasy
Micro Kit (Qiagen, Hilden, Germany). Complementary
DNA was synthesized using a high-capacity RNA to cDNA
Kit (Life Technologies, Gaithersburg, MD, USA) in accord-
ance with the manufacturer’s protocol. A quantitative real-
time—polymerase chain reaction (qRT-PCR) was per-
formed using Fast SYBR Green Master Mix and StepOne-
Plus (Life Technologies). Human B-actin (ACTB) was used
as an internal control gene. The sequences of the gene-
specific primers were as follows: (F: forward, R: reverse pri-
mers): [CAM-1: 5-CGGCCAGCTTATACACAAGAAC-3
(F) and 5-AATTTTCTGGCCACGTCCAG-3' (R),
VCAM-1: 5'-AAGGCAGAGTACGCAAACAC-3' (F) and
5'-ATTTTCGGAGCAGGAAAGCC-3" (R), E-selectin: 5'-T
GAGGAAGGCTTCATGTTGC-3' (F) and 5-TGTGCACT
GGAAAGCTTCAC- 3 (R), and ACTB: 5'-CACCCT
GAAGTACCCCATCG-3' (F) and 5-TGCCAGATTTTCT
CCATGTCG-3' (R).

To evaluate the expression of NOD1 in the murine vas-
cular tissue, aorta tissues (from arch to abdominal aorta)
isolated from wild-type C57BL/6 mice were stimulated
with DMSO (control), CsA (0-1, 1 or 10 uM) or Tac (0-1, 1
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Fig. 1. Exacerbation of coronary arteritis by calcineurin inhibitors (CNIs). (a) The experimental protocol; p.o.: per os, i.p.: intraperitoneal
injection. The histological evaluation of coronary arteritis (b) induced by cyclosporin A (CsA) or tacrolimus (Tac) and 100 pg of FK565 in wild-
type mice (scale bar, 100 um). The numbers (c) and infiltration areas (d) of inflammatory cells are shown. The data are presented as the

mean * standard deviation (s.d.) (n=3). *P<0-05 (Dunnett’s test). (e) After CsA (4, 12, 40 or 120 mg/kg body weight per dose) or Tac (0-2,
0-6, 2 or 6 mg/kg body weight per dose) was administered i.p. once daily for 5 consecutive days, blood concentrations of CsA and Tac at 0
(trough), 2 and 4 h after drug administration on day 5. The data are presented as the mean * s.d. (n=3). Cyclosporin A (CsA) (120 mg/kg)
and 6 mg/kg of Tac (blue squares), 40 mg/kg of CsA and 2 mg/kg of Tac (red diamonds), 12 mg/kg of CsA and 0-6 mg/kg of Tac (green circles),
and 4 mg/kg of CsA and 0-2 mg/kg of Tac (purple triangles). Grey dashed lines represent the blood concentrations of human therapeutic doses
(5-26 mg/kg of CsA and 0-16 mg/kg of Tac from Refs [18,20]). [Colour figure can be viewed at wileyonlinelibrary.com]

or 10 uM) for 48 h and collected. Then, total RNA was
extracted using the RNeasy Mini Kit (Qiagen), and com-
plementary DNA was synthesized. A qRT-PCR was per-
formed using predesigned PrimeTime® qPCR assay
(Integrated DNA Technologies, Coralville, IA, USA) for
mouse NODI, TLR-4 and ACTB.

The PCR conditions were 95°C (20 s), 40 cycles of 95°C
(3 s) and 60°C (30 s). The relative gene expression was cal-
culated by the ddCt method and presented as Q[Ct( ACTB) —
CT(gene)] [17]

Cell stimulation and cytokine assay

BMDMs/BMDCs/RAW264.7 (1.0 X 10° cells/well) or
HCAEC/HCASMC (3200 cells/well) were seeded into 96-
well plates. The next day, the medium was changed and the
cells were stimulated with each of the following reagents:

PolyI:C (TLR-3 ligand; Invivogen), LPS or plate-coated tre-
halose-6,6’-dimycolate (TDM; C-type lectin Mincle ligand;
Sigma-Aldrich) as positive controls. The supernatants were
collected for assay 24 h after stimulation.

The concentrations of tumour necrosis factor (TNF), IL-
6, IL-8 and CCL2 were measured using a BD™ Cytometric
Bead Array Flex Set System, Mouse Inflammation Kit and
Human Inflammatory Cytokine kit (BD Biosciences). The
cytokines were analysed using an EC800 Analyzer (Sony
Biotechnology).

Statistical analysis

The data were analysed using Student’s #-test, Dunnett’s
test or the Tukey—Kramer test using the statistical software
program JMP® version 9.0 (SAS Institute, Cary, NC, USA).
Values of P < 0-05 were considered statistically significant.
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Results

CNIs exacerbate NOD1-mediated coronary arteritis

To investigate whether or not CNIs exert anti-inflammatory
effects on coronary arteritis in a NOD1-mediated KD ani-
mal model [11], we administered CsA or Tac to mice in
combination with FK565 (Fig. la). In the preliminary
experiments, we determined the dose and duration of
FK565 administration to induce coronary arteritis in mice
(Supporting information, Fig. S1A). Unexpectedly, CNIs
exacerbated NOD1-mediated coronary arteritis in a dose-
dependent manner (Fig. 1b). In the quantitative evalua-
tion of inflammatory lesions by number and infiltration
area of inflammatory cells, coronary arteritis was exacer-
bated significantly by the administration of CsA 120 mg/
kg or Tac 2 and 6 mg/kg (Fig. 1c,d). No coronary arteritis
was induced by CNIs alone (Supporting information,
Fig. S2).

To determine the doses at which CNIs exacerbated coro-
nary arteritis, we measured the blood concentrations of
CNIs before and after 5-day administration. When mice
were administered 120 or 40 mg/kg of CsA, the trough lev-
els were above the toxic level of CsA in humans (300 ng/
ml) [18]. The trough levels after the administration of
6 mg/kg of Tac did not reach the toxic level in humans (20
ng/ml) [19] (Fig. le). The blood levels after administration
of 12 mg/kg of CsA and 0-6 mg/kg of Tac in mice were
close to those after administration of standard therapeutic
doses of 5-26 mg/kg of CsA [18] and 0-16 mg/kg of Tac
[20] in humans, respectively, as shown in Fig. le. These
indicated that might be

results coronary arteritis

Control (solvent)

exacerbated by high concentrations of CsA and at thera-
peutic concentrations of Tac in humans.

Non-T, non-B cells are associated with exacerbation
of coronary arteritis by CNIs

To examine which cells were associated with the exacerba-
tion of coronary arteritis by CNIs, we repeated the same
experiments as above using SCID mice. Exacerbation of
coronary arteritis by CNIs was also found in the SCID
mice, suggesting that T and B cells were not essential for
the exacerbation of arteritis (Fig. 2a—c).

Effects of CNIs on vascular and monocytic cells

We reported that monocytic and vascular cells play an
essential role in the pathogenesis of NOD1-mediated coro-
nary arteritis [13]. First, to examine the effects of CNIs on
murine vascular cells in vitro, we stimulated MHECs with
CNIs and FK565 and assayed the production of cytokines.
When a high concentration of Tac (10 uM) was added, the
production of IL-6 and CCL2 was enhanced in the absence
of FK565 stimulation but not in the presence of FK565
(Fig. 3a). In contrast, the production of these cytokines was
suppressed with high concentrations (1 and 10 uM) of CsA
in the presence or absence of FK565 (Fig. 3a).

To investigate the effects of CNIs on human vascular
cells, we stimulated HCAECs and HCASMCs with CNIs in
the presence or absence of FK565 and examined the cyto-
kine production. The stimulation of HCAECs and
HCASMC:s with Tac did not increase cytokine production
in the presence or absence of FK565 (Fig. 3b). The produc-
tion of IL-6 and IL-8 was increased in the presence of 10

Fig. 2. Exacerbation of coronary
arteritis by calcineurin inhibitors
(CNIs) in CB-17 severe combined
immunodeficiency (SCID) mice.
CB-17 mice were administered

40 mg/kg of cyclosporin A (CsA),
2 mg/kg of tacrolimus (Tac) or a
solvent control [10%
dimethylsulphoxide (DMSO)]
intraperitoneally with 100 pg of

(b) (c) FK565 [per os (p.o.)] once daily for
5,000 N 300 5 consecutive days. A histological
® = 250 evaluation of coronary arteritis (a)
s 4,000 - 5 induced by CsA or Tac and 100 pg
> -3
- 2 200 4 of FK565 in CB-17 SCID mice
é ! I E’ 150 (scale bar, 100 um). The numbers
% 5000 @ (b) and infiltration areas (c) of
= 9 c
= % 100 inflammatory cells are shown. The
% 4000 | —= s + data are presented as the
§ ' £ 80 - mean * standard deviation (s.d.)
0 0 (n=13). *P<0-:05 (Dunnett’s test).
control CsA Tac control CsA Tac [Colour figure can be viewed at

40 mghkg 2 mglkg

40 mgkg 2 mglkg

wileyonlinelibrary.com]
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Fig. 3. The effects of calcineurin inhibitors (CNIs) on vascular and monocytic cells. The culture supernatants of mouse heart endothelial cells
(MHECs) (a), human coronary artery endothelial cells (HCAECs) and human coronary artery smooth muscle cells (HCASMCs) (b) stimulated
with cyclosporin A (CsA) or tacrolimus (Tac) in the presence of FK565 were assayed for interleukin (IL)-6, chemokine (C-C motif) ligand 2
(CCL2) and IL-8. (c) The culture supernatants of bone marrow-derived macrophages (BMDMs) from wild-type mice stimulated with CsA or Tac
in the presence or absence of FK565 were assayed for tumour necrosis factor (TNF) and IL-6. (d) The culture supernatants of RAW264.7
monocytic cells stimulated with CsA or Tac in the presence or absence of FK565 were assayed for TNE (e) The culture supernatants of aortic
root tissues stimulated with CsA or Tac and 10 pug/ml FK565 were assayed for IL-6 and CCL2. The data are presented as the mean * standard
deviation (n=4). *P < 0-05; **P < 0-01, ***P < 0-001 compared to controls (0 uM CsA or Tac) of each group (Dunnett’s test).

UM of CsA with FK565 in HCAECs, but was somewhat
suppressed in HCASMCs under these conditions. Taken
together, these data showed that the co-administration of
CNIs with FK565 resulted in variable responses of endothe-
lial cells and smooth muscle cells in the production of
proinflammatory cytokines.

We next performed experiments focusing on monocytes/
macrophages. To investigate the effect of CNIs on mono-
cytes/macrophages in vitro, we stimulated BMDMs and
RAW264.7 cells with CNIs in the presence or absence of
FK565 and examined the production of cytokines. We
found that CNIs enhanced the spontaneous and FK565-
induced production of TNF and IL-6 in a concentration-
dependent manner, and the effect of Tac was stronger than
that of CsA in BMDMs and RAW264.7 cells (Fig. 3¢,d).

Effects of CNIs on the cytokine production in
vascular tissues

We have demonstrated previously that NODI1 ligands
enhanced the production of inflammatory cytokines from
aortic roots ex vivo [11]. To examine the direct effect of
CNIs on the aortic roots, we cultured the aortic root tissues
isolated from C57BL/6 mice with FK565 and CNIs and
measured the IL-6 and CCL2 levels in the culture superna-
tant. In the presence of FK565, the production of IL-6 and
CCL2 was increased in the presence of high concentrations
of Tac (Fig. 3e). In contrast, 10 uM CsA did not enhance the
IL-6 and CCL2 production from aortic tissues. These data
recapitulated the differential effects of CsA and Tac on
FK565-associated coronary arteritis (Fig. 1) and confirmed
that Tac exaggerated the cytokine releases from aortic roots.

© 2017 British Society for Immunology, Clinical and Experimental Immunology, 190: 54-67 59



K. Murata et al.

(a)
0, —_ 10
< 100% — g 100%
5 80% LA o 80%
8 60% S 60%
¥ -
% 40% ! 2 40%
20% ﬁ i O 20% F —r_
(6]
T 0% =3 0% === i é -
B33 T3z T 33 F 3z
£ o o E o o E o o 5 o o
[&] ‘; ; o ; ; [&] ; ‘; (5] ; ;
8 © 3 r 8 F 8 F
FK565 (-) FK565 10 pg/mL FK565 (-) FK565 10 pg/mL
(b)
§ 2 ” § 2 8_ 2 -
P == 2o 2@ —
9@ 15 - oF 15 o8 15 -
20 ) &<
o 4 o< i oE y
£3 £3 £3
mE o< oo
20 05 29 05 25 05
3 k! B4
2 0 - 2 0 2 0
5 = = T = = T = I
=1 S = 121 =
E 2 o § 2 ¢ § 2 ¢
o o o
LI 3 & 3 8
FK565 (-) FK565 (-) FK565 (-)
g 150 c 150 c 150
B .0 9o
o @ 8@ 2@
g4 100 g5 100 20 100
oL o< 5%
§2 8y 2%
U,E 50 &E 50 * g}% 50
20 0O o9
i) .22, .Eu:l
= 5 = = 2 5 = = £ 5 = =
E o o E S o E S o
g 2 & g 2 2 g 2 9
o Q (4]
g & 3 &8 3 8
FK565 10 pg/mL FK565 10 pg/mL FK565 10 pg/mL

Fig. 4. Effect of calcineurin inhibitors (CNIs) and FK565 on adhesion molecule expression on human coronary artery endothelial cells
(HCAECs). (a) HCAECs were stimulated with cyclosporin A (CsA) or tacrolimus (Tac) and FK565. The frequencies of intercellular adhesion
molecule-1 (ICAM-1)- and vascular cell adhesion molecule-1 (VCAM-1)-positive cells on HCAECs were measured by fluorescence activated cell
sorter (FACS). The data are presented as the mean * standard deviation (s.d.) (n=6). (b) HCAECs were stimulated with CsA or Tac and FK565.
The mRNA expression of ICAM-1, VCAM-1 and E-selectin in HCAECs was measured by a quantitative real-time—polymerase chain reaction
(PCR) analysis, and were normalized to those of B-actin. The data are presented as the mean = s.d. (n=3). *P<0-05, **P < 0-01, **P < 0-001

(Dunnett’s test).

CNIs increase the expression of adhesion molecules
on endothelial cells

As CNIs did not necessarily enhance the production of
cytokines in endothelial cells, we examined the effects of
CNIs on the adhesion of leucocytes to endothelial cells in
the presence of FK565. First, we performed an endothelial
cell-leucocyte adhesion assay using HCAECs and U937
cells (human monocyte-like cell line) [21]. We found that
CNIs did not enhance the adhesion between endothelial
cells and leucocytes significantly under stimulation with
FK565 (data not shown).
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Next, to examine whether or not CNIs increase the
expression of adhesion molecules on endothelial cells, we
stimulated HCAECs with CNIs in the presence or absence
of FK565 and analysed the expression of ICAM-1, VCAM-
1 and E-selectin by flow cytometry and qRT-PCR. We
found that CsA and Tac enhanced FK565-induced ICAM-1
expression on HCAECs (Fig. 4a and Supporting informa-
tion, Fig. S3). In the quantitative real-time PCR, CsA
increased ICAM-1 and E-selectin expression in the absence
of FK565 (Fig. 4b). Although there were some discrepan-
cies between the expression of ICAMI mRNA and the cell-
surface ICAM-1 protein, we interpreted the dissociated
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results as a sequential time—course of the whole-cell expres-
sion of ICAMI1 mRNA in HCAECs, followed by the post-
transcriptional regulation and post-translational modifica-
tion of the ICAMI protein towards its cell-surface expres-
sion. Taken together, these results suggested that CNIs
increased the expression of adhesion molecules on vascular
endothelial cells, which may lead to the migration of
inflammatory cells, such as macrophages, and induce the
progression of coronary arteritis.

The role of CN in the CNI-induced cytokine
production of monocytic cells

To examine the functional role of CN in the CNI-induced
cytokine production of monocytic cells, we employed the
Cre-loxP system to obtain CN-deficient cells, as CN-knock-
out was lethal to mouse embryos [22,23]. CD11c-positive
macrophages play a critical role in NODI1-mediated coro-
nary arteritis [13]; therefore, we used CD11c-positive cell-
specific Cnb1 subunit conditional knock-out mice (Cdllc-
Cre™ Cnb ™%, Cnbl CKO) [24]. First, we ensured that
Tac increased TNF production, regardless of the absence or
presence of FK565 in WT BMDCs, the majority of which
expressed CD11c (Fig. 5a).

To investigate a possible role of CN in the effects of
CNIs, we performed stimulation experiments using
BMDCs from Cnbl CKO and Cnb™* mice (Cnbl
WT). We found that the production of TNF in Cnb1 CKO
mice induced by Tac and FK565 was significantly higher
than that in Cnbl WT mice (Fig. 5b, upper). In addition,
the TNF production of CD11c-positive macrophages from
Cnb1 CKO mice after stimulation with LPS (TLR-4 ligand)
and Polyl:C (TLR-3 ligand) was slightly higher than that in
control mice. In contrast, no increase in cytokine produc-
tion was observed after stimulation with TDM (ligand of
Mincle). These results were consistent with the previous
finding that CN regulates TLR-mediated activation path-
ways negatively [25].

The exacerbation of coronary arteritis by CNIs
depends on MyD88

KD is characterized by the activation of the innate immune
system [26-29]. A previous report showed that CNIs acti-
vated the TLR-4-MyD88 signal pathway, an innate
immune pathway, and increased the production of proin-
flammatory cytokines, such as TNE, from macrophages
[25]. MyD88 is the adapter molecule downstream of TLRs.
In contrast, CARD9 is a signal transducer of the non-TLR
innate immune pathway. We therefore investigated whether
or not a deficiency of MyD88 or CARDY affected the exac-
erbation of NOD1-mediated coronary arteritis by CNIs.

To create the experimental conditions to induce mild
coronary arteritis, we optimized the treatment doses of
FK565 at 100 pg for WT and CARD9™™ mice and 500 pg
for MyD88”~ mice (Fig. 6a and Supporting information,
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Fig. 5. Tumour necrosis factor (TNF) production enhanced by
calcineurin inhibitors (CNIs) was calcineurin-independent. (a) The
culture supernatants of bone marrow-derived dendritic cells
(BMDCs) from wild-type (WT) mice stimulated with cyclosporin A
(CsA) or tacrolimus (Tac) in the presence or absence of FK565 were
assayed for TNF production. The data are presented as the

mean * standard deviation (s.d.) (n=4). *P<0-05; **P < 0-001
compared to the controls (0 pM CsA or Tac) of each group
(Dunnett’s test). (b) The culture supernatants of BMDCs from

Cnb 1 (Cnbl WT) and Cdllc-Cre" Cnb/™* (Cnbl CKO)
mice stimulated with CsA or Tac and FK565, and with plate-coated
trehalose-6,6’-dimycolate (TDM), lipopolysaccharide (LPS) or
PolyI:C as positive controls were assayed for TNE The data are
presented as the mean * s.d. (n=4). *P<0-05 **P < 0-001
(Student’s t-test).

Fig. S1B). In WT and CARD9™~ mice, 0-6 mg/kg of Tac
exacerbated NOD1-mediated coronary arteritis similarly
(Fig. 6b—d). In contrast, Tac was unable to exacerbate coro-
nary arteritis in MyD88~~ mice (Fig. 6e-g). As the Nod2
ligand MDP, exacerbated NOD1-mediated coronary arteri-
tis in WT mice [11], we administered MDP to MyD887/ -
mice as a positive control, and the coronary arteritis was
exacerbated by MDP as expected (Fig. 6e—g). Therefore, we
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alcineurin inhibitors (CNIs) were myeloid differentiation primary response
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pum). The numbers (¢) and infiltration areas (d) of inflammatory cells are shown. The data are presented as the mean = standard deviation (s.d.)
(n=15). *P<0-05 (Dunnett’s test). A histological evaluation of coronary arteritis (¢) induced by Tac or muramyl dipeptide (MDP) and 500 pg of
FK565 in MyD88_/_ mice (scale bar, 100 pm). The numbers (f) and infiltration areas (g) of inflammatory cells are shown. The data are presented as
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(LPS) as positive controls were assayed for tumour necrosis factor (TNF). The data are presented as the mean = s.d. (n=4). *P<0-01; **P < 0-001

(Student’s t-test). [Colour figure can be viewed at wileyonlinelibrary.com]

concluded that CNIs exacerbated NOD1-mediated coro-
nary arteritis by activating the MyD88-dependent inflam-
matory signals, whereas CARD9 was not essential in the
exacerbation process.

We examined further whether or not a MyD88 defi-
ciency might reduce the macrophage activation by CNIs in
vitro. We stimulated BMDMs from MyD887~ and WT mice
with CNIs in the absence or presence of FK565 (Fig. 6h).
We confirmed that the TNF production in BMDMs from
MyD88™'~ mice was not enhanced by LPS but was enhanced
by polyl:C (Fig. 6h, right). These data were consistent with
the fact that LPS is a stimulator of the TLR-4-MyD88 sig-
nalling pathway, whereas polyl:C is a stimulator of the
MyD88-independent TLR-3 signalling pathway [30]. TNF
production by Tac and FK565 was suppressed by 56% in
MyD88”~ BMDMs compared with WT BMDMs (P
< 0-01), suggesting that the activation of macrophages by
CNIs was partially MyD88-dependent (Fig. 6h, left).
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CsA exacerbates coronary arteritis in the
presence of LPS

When BMDMs from WT mice were stimulated with vari-
ous doses of CsA in the absence or presence of LPS in vitro,
the TNF production by BMDMs was increased in a dose-
dependent manner (Fig. 7a). These data prompted us to
explore in-vivo evidence for the additive actions of LPS and
CsA on coronary arteritis, as LPS was shown previously to
enhance NODI1-mediated coronary arteritis [11]. When we
administered 10 pug of FK565 and 10 pg of LPS to induce
mild coronary arteritis, 4 mg/kg of CsA, which is equiva-
lent to the therapeutic dose in humans (Fig. le), enhanced
NODI1-mediated coronary arteritis (Fig. 7b-d). These
results therefore suggested that doses of CsA similar to
those usually used in humans might enhance coronary
arteritis in the presence of innate immune pathogen-
associated molecular patterns such as LPS.
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Discussion

In this report, we first demonstrated that both CsA and Tac
exacerbated NOD1-mediated coronary arteritis in a mouse
model of KD [11]. CsA induced the exacerbation of coro-
nary arteritis in mice only in high doses, the trough levels
of which exceeded the toxic level in humans. In contrast,
Tac exacerbated it even when administered at a dose within
the therapeutic range in humans.

CsA and Tac bind to CN and inhibit its kinase activity,
and thus regulate the activation of the downstream tran-
scription factor, NFAT [31-34]. Although CNIs are known
as potent immunosuppressants, they affect not only T cells
but also many other cells, including B cells, neutrophils,
macrophages, vascular endothelial cells and smooth muscle
cells [35-41].

In our KD model, vascular cells and cardiac CD11c"
macrophages play a critical role in the pathogenesis of
acute coronary arteritis [13]. In this study, we also found
that the exacerbation of coronary arteritis by CsA and Tac
involved both vascular and monocytic cells, but not T cells/
B cells, by the experiments using SCID mice. Tac was suffi-
cient to increase the cytokine secretion by vascular tissues
ex vivo. Furthermore, both CsA and Tac enhanced the sur-
face expression of adhesion molecules on endothelial cells
but not the cytokine secretion from endothelial cells or
smooth muscle cells. As NODI1 expression of vascular

tissue was not elevated by CNIs (Supporting information,
Fig. S4), we speculate that the exacerbation of coronary
arteritis due to CNI was not related directly to the change
in the expression levels of NOD1.

Further experiments revealed that the cytokine secre-
tion by monocytic cells (macrophages, RAW264.7 cells
and dendritic cells) was enhanced by CsA and Tac in a
dose-dependent manner. Controversies exist concerning
the effects of CsA and Tac, especially on monocytic cells.
Some reports have argued that CsA and Tac inhibit TNF
production from monocytic cells [35,40,41] and others
insist that CsA and Tac enhance cytokine production,
such as TNF from macrophages [35,40,41]. Kang et al.
[25] reported that CN regulated the TLR-mediated activa-
tion pathways of macrophages negatively. Their data
appear to support ours, as CNIs (CsA and Tac) activated
the TLR-MyD88 and nuclear factor (NF)-kB-associated
pathways, thereby enhancing the TNF production by mac-
rophages. With regard to other cell types, several studies
have demonstrated experimental evidence for the
enhanced production of inflammatory cytokines by CNIs
using fibroblasts [36], aortic endothelial cells [42] and
smooth muscle cells [39]. Thus, CsA and Tac show either
immunosuppressive or immunostimulatory effects,
depending on the dose, cell type and interaction with
endothelial cells [21,43,44].
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A recent report showed that CNIs (CsA and Tac)
induced endothelial adhesion molecule synthesis and ex-
vivo vascular inflammation by activation of NF-kB/p65,
oxidative stress and reactive oxygen species (ROS) in vascu-
lar tissue through the TLR-4-MyD88 signalling pathway
[42]. We also demonstrated that the exacerbation of coro-
nary arteritis by CNI (Tac) in mice was MyD88-dependent
and CARDY-independent, using MyD88”~ and Card9™"~
mice. Although our findings have overlapped partly with
those in the previous report by Rodrigues-Diez et al. [42],
the fundamental distinction between our and their reports
is that our conclusion was based on not only ex-vivo and
in-vitro data, but also in-vivo experiments. It was useful
because we could evaluate the effect of CNIs directly by the
analysis of severity of vasculitis, which is accompanied with
marked cellular infiltration around the coronary artery.
Thus, to our knowledge, our report has first shown the his-
tological exacerbation of coronary arteritis caused by CNIs.

Furthermore, one of the important additional findings is
that the combination of CsA and LPS exacerbated coronary
arteritis further (Fig. 7). As LPS priming was as effective as
LPS-CsA simultaneous administration in exacerbation of
the coronary arteritis (Supporting information, Fig. S5), it
was speculated that there might be a higher inflammatory
alert status of the cells in terms of the additive effect of LPS
on CNI. However, it remains to be determined whether the
priming effect was due to the utilization of the same recep-
tor or a general activation of the cells.

The effect of CNI (Tac) on TNF production by dendritic
cells was enhanced in the absence of CN, consistent with
the negative regulatory effect of CN on the TLR-mediated
activation pathways [25]. Another report showed that the
proinflammatory activity of CNIs in endothelial cells was
partially dependent upon CN [42], whereas other reports

showed that CNIs (CsA and Tac) also have CN-
independent effects and do not reproduce the phenotype
obtained upon CN gene deletion [45-47]. Thus, it is likely
that the CN-independence of the proinflammatory activity
of CNIs varies, depending on the cell type.

CsA exerts anti-pyretic and anti-inflammatory effects in
most refractory KD patients. However, clinical studies have
suggested that CsA at the therapeutic concentration has no
strong protective or promotive effect on the development
of coronary aneurysms. Suzuki et al. reported that CsA was
not able to suppress the progression of CAL in two cases
with CAL among 28 IVIG-refractory cases, and two of 26
cases without CAL developed CAL during CsA treatment
[7]. Hamada et al. reported that, among 19 IVIG refractory
cases who were treated by CsA, one of 14 CsA responders
(afebrile within 5 days) and two of five CsA non-
responders developed CAL [9]. Tremoulet et al. reported
that among 10 IVIG-resistant KD cases, three of nine CsA-
treated cases and the one Tac-treated case developed coro-
nary aneurysms [8]. Currently, a Phase III multi-centre,
randomized, open-label, blinded end-point trial is in pro-
gress to evaluate the efficacy and safety of immunoglobulin
plus CsA in patients with severe KD (KAICA trial) [48].
With the primary end-point set as the occurrence of CAL,
this prospective study will clarify the favourable or unfav-
ourable effects of the CsA on the CAL development in KD
patients.

The present study was based mainly on animal and cell
experiments, whereas these data might not necessarily
reflect the exacerbating effect of CNIs on coronary artery
lesions in humans. Taking the above reports [7-9] into
account, we speculate that the results of this study may be
related partly to the mechanism of exacerbation of human
coronary artery lesions. As even a small amount of CsA can
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exacerbate coronary arteritis in the presence of other innate
immune stimulants such as LPS in mice, it would be safer
that the use of CNIs is monitored carefully, especially for
severe forms (KD shock syndrome, etc.) of KD patients,
who might also be receiving certain innate immune
stimulants.

In summary, the present study revealed the exacerbation
of coronary arteritis by CNIs in a NOD1-mediated KD
murine model. CNIs appear to exert their effects through
the activation of vascular cells and macrophages via the
MyD88 pathway (Fig. 8). CsA may still be used in the treat-
ment of refractory KD provided that particular care is
taken with respect to the coronary arteries.
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Supporting information

Additional Supporting information may be found in the
online version of this article at the publisher’s web-site:

Fig. S1. FK565-induced coronary arteritis after oral or
subcutaneous administration. (a) Histological evaluation
of coronary artery on the following day after oral admin-
istration of 100 ng of FK565 or distilled H,O (solvent of
FK565) for 5 or 7 days (scale bar, 100 um). (b) Histologi-
cal evaluation of coronary artery on the following day
after subcutaneous administration of 100 or 500 pg of
FK565 twice (days 0 and 3) (scale bar, 100 pm).

Fig. S2. No coronary arteritis was induced only by calci-
neurin inhibitors (CNIs). A histological evaluation of the
coronary artery after 5 days’ administration of cyclospo-
rin A (CsA), tacrolimus (Tac) and distilled H,O (solvent
of FK565) (scale bar, 100 pm).

Fig. S3. Histogram of intercellular adhesion molecule-1
(ICAM)-1 and vascular adhesion molecule-1 (VCAM-1)
expression in human coronary artery endothelial cells
(HCAECs). Histograms show flow cytometric analysis of
ICAM-1 and VCAM-1 expression in HCAECs after stim-
ulation of FK565 with cyclosporin A (CsA) or tacrolimus
(Tac). Respective isotype controls are shown as light grey
area.

Fig. S4. Effect of calcineurin inhibitors (CNIs) on
nucleotide-binding oligomerization domain-containing
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protein 1 (NODI) expression in human coronary artery
endothelial cells (HCAECs). HCAECs were stimulated with
cyclosporin A (CsA) or tacrolimus (Tac). NODI and TLR4
mRNA expression levels in HCAECs were measured by a
quantitative real-time—PCR analysis, normalized to those of
B-actin, and compared to controls (relative levels in
untreated HCAECs). The data are presented as the mean *
standard deviation (s.d.) (n = 3). *P< 0-01 (Dunnett’s test).
Fig. S5. Comparison of coronary arteritis exacerbation
between simultaneous administration and priming of
lipopolysaccharide (LPS). (a) The experimental protocol.
We set the treatment protocol as 10 pg of FK565 for 2

CNIs exacerbate coronary arteritis in a murine model

days and 4 mg/kg of cyclosporin A (CsA) for 5 consecu-
tive days with or without single dose of LPS (10 pg). LPS
was administrated simultaneously with calcineurin inhibi-
tor (CNI)/FK565 or primed 1 day prior to CNI/FK565.
(b—d) The histological evaluation of coronary arteritis (b)
induced by CsA and FK565 with LPS (simultaneous or
priming treatment) in wild-type (WT) mice (scale bar,
100 pum). The numbers (c) and infiltration areas (d) of
inflammatory cells are shown. The data are presented as
the mean = standard deviation (s.d.) (n=3). *P<0-05;
n.s.: not significant (Tukey—Kramer test).
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