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Interleukin 18 function in atherosclerosis is mediated by the interleukin 18 receptor
and the Na-Cl co-transporter

Jing Wang'*'%, Chongxiu Sun"*'2, Norbert Gerdes'*, Conglin Liu', Mengyang Liao'®, Jian Liu', Michael A Shi', Aina
He', Yi Zhou'!, Galina K Sukhova', Huimei Chen', Xian Wu Cheng7, Masafumi Kuzuya7, Toyoaki Murohara’, Jie
Zhang', Xiang Cheng'®, Mengmeng Jiang®, Gary E Shull®, Shaunessy Rogers’, Chao-Ling Yang’, Qiang Ke', Sabina
Jelenlo, René Bindelsm, David H Ellisong, Petr Jarolim“, Peter Libby1 & Guo-Ping Shi'

Interleukin-18 (IL18) participates in atherogenesis through several putative mechanisms'~. Interruption
of IL18 action reduces atherosclerosis in mice™*. Here, we show that absence of the IL18 receptor
(IL18r) does not affect atherosclerosis in apolipoprotein E-deficient (Apoef/ ) mice, nor does it affect
IL18 cell surface binding to or signaling in endothelial cells. As identified initially by
co-immunoprecipitation with IL18, we found that IL18 interacts with the Na-Cl co-transporter (NCC;
also known as SLC12A3), a 12-transmembrane-domain ion transporter protein preferentially expressed
in the kidney’. NCC is expressed in atherosclerotic lesions, where it colocalizes with IL18r. In Apoe
mice, combined deficiency of IL18r and NCC, but not single deficiency of either protein, protects mice
from atherosclerosis. Peritoneal macrophages from Apoe”~ mice or from Apoe” mice lacking IL18r or
NCC show IL18 binding and induction of cell signaling and cytokine and chemokine expression, but
macrophages from Apoe "~ mice with combined deficiency of IL18r and NCC have a blunted response.
An interaction between NCC and IL18r on macrophages was detected by co-immunoprecipitation.
IL18 binds to the cell surface of NCC-transfected COS-7 cells, which do not express IL18r, and
induces cell signaling and cytokine expression. This study identifies NCC as an IL18-binding protein
that collaborates with IL18r in cell signaling, inflammatory molecule expression, and experimental
atherogenesis.

IL18 polarizes Tyl cells'? and induces the deficient in IL18 (J118) or its receptor

production of inflammatory cytokines, IL18r (/I8 ") have demonstrated the
chemokines and vascular adhesion contribution of IL18 to several inflammatory
molecules®®®. Earlier studies with mice diseases’ ''. Atherosclerotic lesions, but not

'Department of Medicine, Brigham and Women’s Hospital and Harvard Medical School, Boston, Massachusetts, USA.
“State Key Laboratory of Medical Molecular Biology, Institute of Basic Medical Sciences, Chinese Academy of Medical
Sciences, Department of Pathophysiology, Peking Union Medical College, Tsinghua University, Beijing, China.
*Department of Biochemistry and Molecular Biology, Nanjing Medical University, Nanjing, China. “Institute for
Cardiovascular Prevention (IPEK), Ludwig-Maximilians University Munich, Munich, Germany. “Institute of Clinical
Medicine, The First Affiliated Hospital of Zhengzhou University, Zhengzhou, China. °Institute of Cardiology, Union
Hospital, Tongji Medical College of Huazhong University of Science and Technology, Wuhan, China. "Departments of
Cardiology and Geriatrics, Graduate School of Medicine, Nagoya University, Nagoya, Japan. *Department of Molecular
Genetics, Biochemistry and Microbiology, University of Cincinnati College of Medicine, Cincinnati, Ohio, USA.
°Division of Nephrology and Hypertension, Oregon Health and Science University, Portland, Oregon, USA.
"°Department of Physiology, Radboud University Nijmegen Medical Centre, Nijmegen, the Netherlands. ''Department
of Pathology, Brigham and Women’s Hospital and Harvard Medical School, Boston, Massachusetts, USA. "*These
authors contributed equally to this study. Correspondence should be addressed to G.-P.S. (gshi@rics.bwh.harvard.edu).
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normal human aorta, express high levels of
IL18 and IL18r in macrophages, T cells,
endothelial cells and smooth-muscle cells
(SMCs)'*"*. In atherosclerosis-prone apolipoprotein
E-deficient (4poe ") mice, the absence of IL18 or
blockade of IL18 signaling reduces atherosclerosis
and lesion inflammation®”. Moreover, intraperitoneal
administration of IL18 in Apoe’ mice enhances
lesion burden and inflammation'*". IL18r is a
heterodimer consisting of an a-chain for ligand
binding and a B-chain responsible for signaling'®.
The absence of IL18r leads to reduced NK cell
IFN-y production and impaired Tyl cell
signaling and differentiation'’.

When we tested the effects of IL18r
deficiency on atherosclerosis, we unexpectedly
found that Apoe” ™ and Apoe 1118 littermates
showed no differences in atherogenesis. In these
mice, the presence or absence of IL18r did not
affect aortic root intimal area, nor did it affect
CD4" T-cell or SMC
contents (Fig. 1a). These results suggest that

lesion macrophage,

IL18 acts on target cells in a manner that is
independent of, or in addition to, its effects on
IL18r. Mouse endothelial cells from Apoe”~ and
Apoe 11187 mice showed no differences in
cell surface IL18 binding, as assessed by
incubation with biotinylated IL18; in both cases,
binding could be competed away with a 5- to
10-fold excess of unlabeled IL18 (Fig. 1b).
Endothelial

Apoe 1118 mice showed a similar pattern of

cells  from  Apoe’~  and

protein tyrosine phosphorylation after 30 min of

incubation with active IL18, but not
heat-inactivated  IL18, as detected by
immunoblotting  with  anti-phosphotyrosine

(anti-p-Tyr) antibody (Fig. 1c). These data point

to the presence of alternative molecules that

156

mediate  cell-surface IL18 binding and
downstream signaling.

To identify possible cell-surface IL18-binding
molecules, we incubated endothelial cells from
Apoe 1118 mice with IL18 for 15 min and
then immunoprecipitated lysates of these cells
with an anti-mouse IL18 polyclonal antibody. In
sequential eluates, two major bands in the size
of 80-150 kDa were detected by
silver-stained SDS-PAGE (Fig. 1d). Mass
spectrometry analysis of these bands identified
the 125-kDa Na-Cl co-transporter (NCC), in

addition to multiple matrix protein fragments

range

(data not shown).
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Figure 1 Identification of alternative IL18-binding
(a) Aortic root Mac-3"
macrophage, CD4" T cell and a-actin—positive SMC

proteins. lesion intima,
areas in Apoe " (n = 10) and Apoe+1118r7/7 (n="7) mice.
Data are mean + s.e.m. (b) FACS of endothelial cells
isolated from Apoe’ or ApoeIlI8 mice after

binding with biotin-IL18 with and without an excess of



unlabeled IL18 (50 or 100 ng/ml), followed by
incubation with phycoerythrin (PE)-streptavidin. (c)
p-Tyr detected by immunoblotting in endothelial cells
isolated from Apoe™” or Apoe " 1118/~ mice treated with
or without IL18 or heat-inactivated IL18 for 30 min.
B-actin was used as a loading control. (d) Identification
of IL18-binding proteins in endothelial cells from
Apoe 11187 mice. SDS-PAGE silver staining was
used to detect IL18-bound proteins in three sequential
anti-IL18
antibody-bound protein A-agarose beads that had been

eluates from a column containing

loaded with cell lysates from endothelial cells treated
with or without IL18.

NCC is a plasma membrane ion co-transporter
expressed as a homodimer in kidney distal
convoluted tubules, where it participates in
electrolyte homeostasis'®. Other tissues express
low levels of NCC>". By RT-PCR, we detected
abundant NCC mRNA in mouse kidney, but also
low levels in the heart, lung and liver
(Supplementary Fig. 1). Immunostaining using
an anti-human/mouse NCC polyclonal antibody
revealed no NCC expression in normal
human or mouse aorta (Fig. 2a), but
abundant NCC expression in human fatty
streaks (Supplementary Fig. 2) and
advanced atherosclerotic lesions (Fig. 2b),
localized to areas positive for IL18r and
CD68" detected NCC

expression in kidney distal tubules from Apoe "~

macrophages. We

mice, but not in those from Apoe Nec'™
(formally, Apoe” Slci12a3™") mice, confirming
the specificity of the NCC polyclonal antibody
(Supplementary Fig. 3). In atherosclerotic
lesions from Apoe '~ mice, macrophages, SMCs
and endothelial cells expressed NCC (Fig. 2c),
and immunofluorescence staining confirmed
colocalization of NCC and IL18r in these cell
types (Fig. 2d). In
macrophages, IL18 induced NCC expression by

mouse  peritoneal

65-fold, as assessed by RT-PCR, but had
negligible effects on NCC expression in T cells
(Fig. 2e). However, immunostaining revealed
induction of NCC by IL18 in both macrophages
and T cells isolated from Apoe "~ mice (Fig. 2e).
IL18, IL1P or TNF-a increased NCC expression
in endothelial cells and SMCs from WT mice, as
assessed by immunoblotting; the NCC bands
detected had the same molecular weights as
those detected in NCC/pcDNA3.1-transfected
COS-7 cells (see below) (Fig. 2f). IL18
treatment of peritoneal macrophages isolated
from Apoe”” mice, but not from Apoe”’ Nec™™
mice, led to enhanced formation of complexes
between IL18r and NCC, as assessed by
immunoprecipitation with mouse anti—-mouse
IL18r followed by immunoblotting with the
rabbit anti-mouse NCC (Fig. 2g).

To study the interaction between NCC and IL18,
we subcloned full-length mouse NCC ¢DNA into
the pcDNA3.1 vector. On immunoblots, mouse
NCC in NCC-transfected COS-7 cells was
detected as a doublet band of molecular weights
~125-kDa (Supplementary Fig. 4); the doublet
results from differential protein glycosylationlg.
FACS analysis demonstrated surface binding of
biotin-conjugated IL18, but not heat-inactivated
biotin-IL18, on NCC-transfected COS-7 cells,
which did not express IL18r in either the
presence or the absence of IL18 (data not shown),
30 min after addition of the ligand (Fig. 2h, left).
FITC-conjugated IL18 showed a binding affinity
(dissociation constant Kyg = 17.3 nM) to
NCC-transfected COS-7 cells (Fig. 2h, middle)
that was higher than the previously reported
IL18 binding affinity to IL18r-transfected COS-1
cells (K4 = 46 nM)lf’. Treatment with IL18, but
not heat-inactivated IL18, for 30 min also
increased protein tyrosine phosphorylation in
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NCC-transfected COS-7 cells as compared with
empty vector-transfected cells (Fig. 2h, right),
indicating that IL18 interacts with NCC and has
effects on signaling.

The insignificant differences in atherogenesis
between Apoe” and Apoe " 11187 mice (Fig.
la) and the ability of IL18 to bind to
NCC-transfected COS-7 cells and elicit cell
signaling (Fig. 2h) suggest that NCC mediates
the effects of IL18 in atherogenesis in either the
presence or the absence of IL18r. To test this
hypothesis, we crossbred NCC-deficient mice
(Nec™™, on a C57BL/6/129S background)™ with
Apoe”” and 11187 mice to generate Apoe " Nec ™,
Apoe 1118 and Apoe"Nec 11187 littermate
mice; we confirmed the genetic background of
C57BL/6/129S by genome
scanning analysis (data not shown). Compared
with Apoe”” and Apoe 1118 mice (Fig. 1a),
Apoe"Nee”

these mice as

mice showed no significant
differences in aortic root atherosclerotic lesion
intima area and thoracic-abdominal aorta lipid
deposition; we did not characterize lesions from
the aortic arches. In contrast, aortic root intimal
size was significantly smaller (P < 0.001) and
thoracic-abdominal aorta lipid deposition was
significantly decreased (P < 0.002) in
Apoe "Nec " 11187 mice (Fig. 3a,b). These
IL18r and NCC
coordinately mediate IL18 function, such that

results suggest that
IL18r can compensate for NCC loss of function,
and vice versa. Lesion Mac-3" macrophage
content (P < 0.001), major histocompatibility
class II (MHC-II)—positive area (P < 0.002) and
a-actin—positive SMC area (P < 0.01) were also
significantly decreased in Apoe” Nec 11187,
but not in Apoe” 1118 or Apoe”"Nec™™, mice

as compared with Apoe " mice (Fig. 3c,d).
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Lesion CD4" T cell numbers did not differ
among the groups (Fig. 3¢). Compared with that
lipid
deposition was nonsignificantly decreased in
Apoe 1118 0.079) but
significantly decreased in Apoe Nec'™ (P <

0.02) and in Apoe ' Nec 11187 mice (P <
0.003) (Fig. 3e).

We further tested the concept that a modulatory
role for IL18 in atherosclerosis is mediated by
IL18r and NCC by inactivating NCC with a
thiazide diuretic (hydrochlorothiazide). Thiazide

treatment reduced aortic root lesion intima area,

. —/— . . .
in  Apoe mice, aortic root lesion

mice (P =

lesion macrophage and MHC-II contents in
Apoe 11187~  but not
(Supplementary Fig. 5a). Thiazide showed

Apoe””  mice
no effect on lesion CD4" T cell content
(Supplementary Fig. 5a).

Consistent with prior observationsm’ls, IL18
administration to Apoe’~ mice enhanced
atherogenesis, resulting in increased intima size
and lesion macrophage and MHC-II content,
although IL18 did not affect lesion T cell number
(Supplementary Fig. 5b). In contrast, IL18
lacked these effects in Apoe Nee ™ 11187 mice
(Supplementary Fig. 5b). Prior studies® and our
(data not
significantly  higher plasma
cholesterol (P < 0.001) and triglyceride (P <

0.01) levels in IL18-deficient Apoe " mice as

unpublished observations shown)

demonstrated

compared with Apoe”’™ mice. Apoe 11187
mice also had nonsignificantly higher plasma
cholesterol and triglyceride levels compared with
Apoe”” mice  (Supplementary  Fig.  6).
Apoe "Nee 1118
significantly higher plasma HDL (P < 0.003) and
lower LDL (P = 0.025) than Apoe’ mice

(Supplementary Fig. 6).

mice, however, had
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Figure 2 NCC expression and characterization. (a) Immunostaining of NCC in normal human (bar, 1,000 pm) and
mouse aortas (bar, 50 pm). (b) Immunostaining of NCC, IL18r and CD68" macrophages in human atherosclerotic
lesions. Negative controls were rabbit and mouse (not shown) IgG. Bars, 500 pm. (¢) Immunostaining of NCC in lesions
from Apoe”” mice. Macrophage, SMC and endothelial areas are boxed and shown at higher magnification. Negative
controls were lesions from Apoe” Ncc™™ mice. Bars, 200 pm; inset bars, 50 pm. (d) Immunofluorescence staining of
NCC (red) and IL18r (green) in macrophages, SMCs and endothelial cells (ECs) in atherosclerotic lesions from Apoe
mice. Autofluorescence refers to fluorescence without primary antibody. Bars, 50 pm. (e¢) RT-PCR results and
immunostaining to detect NCC in peritoneal macrophages (bars, 50 um) and splenic T cells (bars, 20 um) isolated from
Apoe”” mice, treated with or without IL18. Macrophages from Apoe Nec ' mice were used as a negative control for
immunostaining. (f) Immunoblots to detect NCC in cytokine-treated endothelial cells and SMCs from WT mice. Doublet
bands corresponding to NCC are indicated. Lysate from NCC-transfected COS-7 cells was used as a positive control. (g)
IL18r immunoprecipitation followed by NCC immunoblotting to detect NCC-IL18r complexes in macrophages from
Apoe””” mice treated with or without IL18. Macrophages from Apoe " Necc ™™ mice were used as a negative control. (h)
Left, FACS to detect binding of biotin-IL18 or heated biotin-IL18 to NCC- or vector-transfected COS-7 cells. Middle,
Scatchard plot analysis of FITC-IL18 binding affinity to NCC-transfected COS-7 cells. Right, immunoblot detection of
p-Tyr in NCC- or vector-transfected COS-7 cells treated as indicated. f-actin was used as a loading control. Data in e are

mean + s.e.m. from 36 independent experiments; the data in h are from 3-6 independent experiments. *P = 0.003.
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Figure 3 IL18r and NCC function in atherosclerosis. (a-f)
Aortic root lesion intima area (a); thoracic-abdominal
aorta oil red O staining (representative images are shown
to the right) (b); aortic root lesion Mac-3" macrophage
content, CD4™ T cell numbers, and MHC class
[I-positive area (c); lesion SMC content (d); aortic root
oil red O-positive area (e); and plasma IFN-y, IL6 and
IL18 levels (f) in Apoe™™ (n=10), Apoe” 1118 (n="17),
Apoe”"Nec™ (n=10) and Apoe " Nec ™ 11187 (n = 10)
mice and in Apoe” Nee 11187 (n = 10) mice receiving
bone marrow from Apoe”’ (n = 11), Apoe” 11187 (n =
10) or Apoe " Nec 11187 (n = 10) mice, after mice
consumed a Western diet for 12 weeks. Data are mean +
s.e.m. Bars, 1 cm. (g) IFN-y and IL6 levels, determined
by ELISA, in the culture medium of CD4" T cells
isolated from the indicated groups of mice after
stimulation without (control) or with IL18 or IL18 plus
IL12. Data in g are mean + s.e.m. from three independent

experiments.

In humans and mice, defective NCC function

leads to hypomagnesemia, hypokalemia or

21,22

metabolic  alkalosis® ™,  kidney  tubular

disorders that can influence atherosclerosis
Reduced

Apoe"Ncc 11187 mice may reflect a lack of

.. 2 . .
indirectly 3, atherosclerosis  in

IL18 function that is not limited to effects on
the plaque itself. Apoe " Nec ™ (P < 0.001) and
Apoe"Nec 11187 (P < 0.001) mice both had
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significantly lower plasma Mg2+ levels than
Apoe " mice, whereas only Apoe " Nec 1118
mice (P = 0.005) had significantly lower plasma
K" levels (Supplementary Fig. 7). Plasma pH did
not differ among the four groups of mice
(Supplementary ~ Fig. 7). Apoe’~  and
Apoe "Nec”™ mice had similar atherosclerotic
lesion size (Fig. 3a,b), arguing against the
confounding effects of hypomagnesemia or
alkalosis on atherosclerosis in
Apoe "Nec 11187 mice. A possible effect of
hypokalemia  on
unknown.

To test further whether reduced atherosclerosis

metabolic

atherosclerosis  remains

in Apoe"Nec"1118¥ mice could be due to
electrolyte disturbances, we performed bone
(BMT). In
Apoe "Nee"1118r" recipient mice, BMT from
Apoe”"Nee 11187

significantly smaller aortic root intima areas (P =

marrow transplantation

mice resulted in
0.002), thoracic-abdominal aorta lipid deposition
(P = 0.024), aortic root lesion macrophage (P =
0.009) and lipid (P = 0.02) content and plasma
total cholesterol (P = 0.046) and LDL (P = 0.04)
levels, as compared to BMT from Apoe”~ or
Apoe "I118/"" mice. However, there were no
significant differences in aortic root lesion T cell
number, MHC class Il-positive area, SMC
content, or plasma K, Mg2+ or pH among the
groups of Apoe ' Ncc 11187 recipient mice
(Fig. 3a-e; Supplementary Figs. 6 and 7).
These
atherosclerosis in Apoe ' Nec 11187 mice is
due to IL18r- and NCC- mediated IL18

activation of bone marrow—derived leukocytes

observations suggest that reduced

and possibly vascular cells, rather than to kidney
tubular disorders or electrolyte disturbances.

IL18 induces cytokine expression in inflammatory



3,6,15

diseases” Serum IL18 levels in human

subjects with atherosclerosis correlate with carotid

thickness
2425

intima and other biomarkers of

inflammation®*®>. Compared with Apoe”’  mice,
Apoe”"Nec 1118~ mice showed a greater
reduction in the levels of plasma IFN-y, IL6 and
IL18 than did Apoe 11187 or Apoe ' Ncc™ mice,
although Apoe " 1118+~ and Apoe—/—Nce—/— mice
also had lower levels of plasma IL6 and/or IL18
than did Apoe’ mice (Fig. 3f). These findings
suggest that both IL18r and NCC contribute to
IL18-induced production. BMT
experiments Apoe "Nec 1118

supported this

cytokine
using

recipient mice hypothesis.
Apoe”"Nee 1118 recipient mice receiving
bone marrow from Apoe ' Nec 1118 mice
showed significantly lower plasma IFN-y (P =
0.026), IL6 (P = 0.012) and IL18 (P = 0.004)
than did mice receiving bone marrow from
Apoe”” or Apoe 11187 mice (Fig. 3f). Although
the T cell content of lesions did not differ among
the different groups

Apoe”"Nec”"I118r -transplanted mice (Fig. 3c),

of untransplanted or

we found in subsequent experiments that both
IL18r and NCC mediate IL18-induced IFN-y
and IL6 production in T cells. IL18, with or
without IL12, which augments IL18 actions by
inducing targeting cell IL18r expression and
Tyl cell differentiation6’26, induced IFN-y and
IL6 expression in T cells from Apoe’  mice
(Fig. 3g). This induction was diminished in T
or Apoe 1118r"
mice, and was further diminished in T cells
from Apoe ' Nec” 11187 mice (Fig. 3g).

Macrophages  also

cells from Apoe Nec'™

elaborate
IL18

atherogenesis and enhances circulating cytokine
14,15

circulating

cytokines.  Recombinant promotes

levels in the absence of T cells ™ °. Macrophages

expressed IL18r'>" and NCC (Fig. 2b-e) in
atherosclerotic lesions or after stimulation with
inflammatory mediators. NCC may mediate the
effects of IL18 on macrophages in the absence of
IL18r, and vice versa. FITC-conjugated IL18
binding to macrophages from Apoe ' 11187
mice, presumably mediated by NCC, showed a
binding affinity (K4 = 21.39 nM) (Fig. 4a)
similar to that of IL18 to IL18r on human
lymphoma L428 cells (Kg = 18.5 nM)*. When
treated with IL18, macrophages from Apoe
Apoe "Nee™ or Apoe 1118 mice showed
phosphorylation of extracellular signal-regulated
kinases (ERK1/2) and p38 mitogen-activated
protein kinase (MAPK),
growth,

regulators of cell

differentiation  and
27.28

proliferation,

inflammatory responses However,
macrophages from Apoe ' Ncc 1118 mice
exposed to IL18 showed neither ERK1/2 nor p38
phosphorylation (Fig. 4b), suggesting that IL18r
and NCC cooperatively mediate IL18 binding
and cell signaling. Moreover, IL18 increased the
mMRNA (Supplementary Fig. 8) and culture
medium protein (Fig. 4¢,d) levels of 1L6, IFN-y
and monocyte chemotactic protein-1 (MCP-1) in

/- A7, -
, Apoe’ Ncc' or

macrophages from Apoe”
Apoe "I1187" mice; however, macrophages
from Apoe ' Ncc 1118 mice showed a mild
or negligible response to IL18.
NCC blockade with a
confirmed a coordinate role of NCC and IL18r in
the response IL18.

Hydrochlorothiazide treatment of IL18-treated

thiazide diuretic

of macrophages to

macrophages from Apoe " 1118 mice lowered
IL6 protein levels in the cell culture to the same
level as that in the culture medium of cells from
Apoe”"Nee 11187 mice, but did not further
lower IL6 levels in the culture medium of cells
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from Apoe " "Nec 1118
Hydrochlorothiazide

mice (Fig. 4d).
reduced ERKI1/2
phosphorylation in IL18-treated macrophages

also

from Apoe " I118¥" mice, but had negligible
effects in cells from Apoe’ mice (Fig. 4d).
STE20/SPS-1-related proline-alanine-rich protein
kinase (SPAK) can activate NCC*. IL18 induced
SPAK phosphorylation in macrophages from
Apoe”, Apoe "Nec and Apoe 11187 mice,

but not in cells from Apoe ' Nec 1118 mice
(Fig. 4e). Therefore, both NCC and IL18r
mediate IL18-induced SPAK phosphorylation.
The in IL18-induced

expression in macrophages from the four groups

differences cytokine
of mice (Fig. 4c,d) was specific to IL18
treatment, as macrophage IL6 production in
response to TGF-B1 did not vary among the

groups (data not shown).
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Immunoblot to detect p-ERK1/2 and p-p38 in macrophages treated with or without IL18 from the indicated groups of

mice. (¢) IFN-y and MCP-1 levels, determined by ELISA,

in the culture medium of macrophages treated with or without

1L18, isolated from the indicated groups of mice. (d) Left, IL6 levels, determined by ELISA, in the culture medium of

macrophages treated with or without IL18 and hydrochlorothiazide, isolated from the indicated groups of mice. Right,

immunoblot detection of p-ERK1/2 in macrophages treated as indicated, isolated from Apoe”’~ and Apoe” 11187, (e)

Immunoblot to detect p-SPAK in macrophages treated w

ith or without IL18 for the indicated periods of time, isolated

from the indicated groups of mice. (f) Immunoblots to detect p-STAT3, p-p38 and p38 in vector- or NCC-transfected
COS-7 cells that were treated with IL18 or IL18 plus IL12 for the indicated periods of time. (g,h) Immunoblots to detect
p-ERK1/2 in COS-7 cells transfected with vector (pcDNA3.1 in g and pCl-neo in h) or the indicated NCC cDNA

constructs and stimulated with or without IL18 for 15 min. (i) Immunoblots to detect p-NCC in whole cell lysates or

membrane fractions from vector- or NCC-transfected COS-7 cells, stimulated with or without IL18. (j) Left, IL6 levels,
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determined by ELISA, in the culture medium of vector- or NCC-transfected COS-7 cells after stimulation without
(control) or with IL18 or IL18 plus IL12. Middle, immunoblots to detect total NCC and p-NCC in FlpIn-293 cells

without (Control) or with induction with tetracycline; induced cells were untreated or treated with IL18 or

heat-inactivated IL18. Right, quantification of band densities in induced cells. Data in a are from 3—6 experiments; data

in ¢, d and j are mean + s.e.m. from 3-6 independent experiments. In immunoblots, total ERK1/2 (b) or B-actin (d,e,g-j)

were used as loading controls.

In NCC-transfected COS-7 cells, which do not
express IL18r, treatment with IL18, with or
without IL12, provided further evidence that
NCC contributes to IL18

inflammatory

signaling and
NCC

and

cytokine  production.

overexpression may affect cell volume™”
intracellular C1 levels®', and thereby affect cell
signaling independent of IL18 binding®'*%. NCC
overexpression in COS-7 cells resulted in an
enlarged cell volume (P = 0.003), but did not
change intracellular Cl concentrations before or
after NaCl addition (Supplementary Fig. 9),
suggesting the integrity of NCC-expressing
COS-7 cells®. This increased cell volume may
contribute to the higher baseline phosphorylation
of the transcription factor STAT-3 (ref. 34) and
p38 MAPK observed in NCC-transfected COS-7
cells as compared to vector-transfected COS-7
cells (Fig. 4f). In NCC- but not
vector-transfected cells, IL18 treatment, with or
IL12,
STAT-3 and p38 within 15-30 min (Fig. 4f). Next,

we generated and expressed in COS-7 cells three

without induced phosphorylation of

NCC point mutants with amino acid substitutions
at its N-terminal phosphorylation sites’—T53A,
T58A, S71A—and one compound mutant,
T53A-T58A-S71A. IL18-induced ERKI1/2
phosphorylation was substantially reduced in T53A
NCC- and T53A-T58A-S71A NCC-transfected
COS-7 cells, but not in TS8A NCC- or S71A
NCCransfected cells (Fig. 4g), supporting a

prominent role of the N-terminal Thr* of NCC in

mediating IL18 signaling.

To test further the role of IL18 in NCC
activation, we generated several NCC mutants
that have been identified in human subjects
with Gitelman syndrome, including G439S,
S475C, E121D and QI1030R; ecach of these
mutants leads to impaired thiazide-sensitive
Na' uptake or cell membrane targeting35’36. WT
and G439S-transfected COS-7 cells had
comparable IL18-induced p-ERK1/2 levels,
whereas S475C- and E121D-transfected cells
had enhanced IL18-induced p-ERK1/2 levels,
and QI1030R-transfected cells had decreased
IL18-induced p-ERK1/2 (Fig. 4h),

consistent with the cell membrane targeting
35,36

levels

profiles of these mutants
Phosphorylated NCC was present in whole cell
lysates and cell membrane preparations of
IL18-stimulated NCC-transfected COS-7 cells,
as assessed by
anti-p-NCC polyclonal antibody’’ (Fig. 4i),

immunoblotting  using
demonstrating the presence of functional NCC
on the plasma membrane. NCC-transfected
COS-7 cells elaborated IL6 after stimulation
with IL18 with or without IL12 for 2 d (Fig. 4j,
left), which is consistent with the cell signaling
data presented above (Fig. 4f-i). In contrast,
vector-transfected COS-7 cells did not release
IL6 after IL18 treatment alone, and released
significantly less IL6 (P < 0.001) than did
NCC-transfected cells after treatment with both
IL18 and IL12 (Fig. 4j, left). In NCC-transfected
163



COS-7 cells, in which we co-transfected a
pcDNA3.1
mouse [L18r accessory protein (IL18rap), we did

construct encoding Flag-tagged
not detect an association between NCC and
IL18rap with or without ILI8 treatment, as
assessed in anti-Flag antibody immunoprecipitates
(Supplementary Fig. 10). We further explored
the effects of IL18 on NCC using a previously
established FlpIn-293 cell line that expresses a
full-length mouse NCC c¢cDNA under the control
of a tetracycline-inducible promoter’’ but does
not express IL18r (data not shown). Active IL18,
IL18,
expression of both total and phosphorylated

but not heat-inactivated induced
NCC in FlpIn-293 cells exposed to tetracycline,
as detected by immunoblotting (Fig. 4j, middle
and right). Taken together, these results indicate
that IL18-induced NCC phosphorylation,
downstream signaling and cytokine production
require neither IL18r nor the association of NCC
with IL18rap.

In the kidney, NCC localizes primarily to
distal tubular epithelial cells®® and contributes to
NaCl Tubular

glomerular parietal cells, mesangial cells and

reuptake. epithelial  cells,
endothelial cells can express IL18r", which can

promote  glomerulonephritis by regulating

inflammatory  cell infiltration, IgG and
complement
production'**®.  NCC and
therefore have distinct roles in the kidney.

T This study demonstrates that IL18r and NCC

coordinately participate in atherosclerosis and

deposition and inflammatory

cytokine IL18r

that these IL18-binding proteins colocalize in
SMCs,
macrophages. IL18r and NCC may mediate 1L18

vascular endothelial  cells and
signaling independently'® or as a complex,

although informatics searches did not reveal
164

sequence similarity between the intracellular
domains of NCC and those of conventional
cytokine  receptors (data not  shown).
IL18-mediated NCC activation may also activate
downstream cell signaling via increased cell
volume or changes in intracellular CI concentra-

. 1,32
tlons3 3 .

This study does not exclude the
involvement of additional cell membrane or
extracellular proteins in the interaction between
IL18 and NCC.

atherogenesis in part by activating macrophages,

IL18 may contribute to

T cells, and possibly other inflammatory cells,
such as mast cells and neutrophils, to produce
IFN-y, 1IL6, IL18 and
inflammatory cytokines. As indicated by our
BMT experiments, the effects of NCC activity in

other untested

regulating ion flux in the kidney may have a
negligible influence on atherogenesis. Under
inflammatory conditions, other organs may
express high levels of NCC, which, as in
atherogenesis, may act alongside IL18r to

mediate IL18 activity.

METHODS
Methods and any associated references are

available in the online version of the paper.

Note: Any Supplementary Information and
Source Data files are available in the online

version of the paper.
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EF'EEEE?% HIE: (010D 65278802 (010D 85158602 fLE: (010) 65278802 HEENIES: Z1525—981277
DL : http://www.caps-china.org/ HLF{S5#8: xiaoling3535@126.com  zgslxh@126.com
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Chengdu Instrument Factory

AENUR BF—AENE, EAELtTERE, ASHHA
B EI, EMAS 1637A T, #IAEAMIEASHERD
W, fFiEIFIS09001: 2000 FRAEEERER K YY/T0287ESY
ﬁé%%ﬂﬂoE¢@E§¢%ﬁﬁﬁﬁ5%5€§zﬂzﬁ
PENSRYURTUIMSESEE. FELTUSTLITSEISK.
SEYEDERNR mméﬂ%&%ﬁé@%%ﬁ%:
wﬁ%M$$k§Lﬁ&4Eﬁr .

I FHEEERE: EEREGRELRTIUBERE
B; Eaﬁwﬁﬁﬁ%ﬁﬁu . &F(ﬁﬁ)%%ﬂﬁﬁ
B BENMTN . TRERNEBAEHHN; ETHER TS
NHEIRBURNS LM >R, “REENAPFEERS
AR, WOZRATER. ﬂﬁ atk. ﬁﬁ %E et}
BT RE. KERRETE. SARKER. HREH
SR, AREE—FRTE. NESH, Hiﬂiﬁi%&ﬁﬁ
Eﬁ%?ﬂﬁﬂﬁﬂﬁ%ﬁ&?i%mﬁog RZETESR.
PREFR, AHEEBIINREER.

BOBREFEEETE

RM-6240% 5], RM-6280C SWF-1D WD-28 DHX-50/300% 51
SHEBESRELERG R BAR R K E AR 3 B F PIRR IR HL

ST-5ND-B&E

JTC-18
50 B8 5 5000 E R Bl 3 4 E 44X

LGF-1B& mfiiLangendorf %R HSS-1BE STW-3E = #t it ift 8§ €2008%!
LGF-2B8 mE2TiEERRE BERERARTRERRE STW-48 #iR{EsH MR R TR G

CS-1BARTA¥FRE
WALR SR G

C2008%! MGS-1®X(/MBAE MS-18 MSZ-18 -
WO 5 T R G AR R RG KEE ARG AR+ FRSERATRL Yy
B4 RESHEE L ERWE2185K27H Hp %i: 610091
Mm% (028) 86956036 86935160 f g: (02:)365_!35;6630 86933356
BAXFE: http://www.scchengyi.com d : scchengyi@263.net
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YP100 Bk Jjiepeds (FEhn), S ZENMT. dull, h T EirHuE M AERL, 253, HLARSEINEUF TR,
St e RE R T = RSB ) et

—. GERR: REEASIEA A R T — B, SRR RN T 1% R, RS T
BHEARBER M mv A ZRERG R, ATHER, FAME AR 2 AT LU E e,

T EK: HREE R TEFE-50~300mmHg, AEEE/NT 0.5%, AT IR %4y, HAESE TN T B
BWAE, (FHeaeds il #nTik 2000mmHg VL b, SXARRBE E T S A D0 s A R R 1 R 4 BE RS TR AR

= BBV MRS TE LI A AT B IR S, 58S AU R BE AR HEA TGV, I FEYEA Y, SIE RGeS
BIERIR, N T R FIE R AR A, BATEIT TR RS, b Re s SUARR T, A E BRI EERE T, L
TG Ve RESS o SO S M RERS, B I R ORI N, i3 AR 33E FH TR, 2280, 3£ 55, UKFIIE, BIOPAC
FIRE RS

YP200 B Sy Reds, (BoEdn)

JZ100 B8k JjHe s (BasEbn) A ml il e vl LA, Wi, e S mI. RE. NRERFRE,
CBiAX 30g/100mv. Z&H 50g/50mv), N T %4, HAESHIBIAR ETRnT R HEE.

XH200 B4 K B T6 6 1f & 0 =A%

ZAER EE, ATEEE -6 RKRMEE, fT5RI. BE. ESFIRERGREMSH.

XH1000 H&5EK5K Ty ht s METEE: 0-10g 0-30g 0-50g 0-100g 0-300g 0-500g

XH200 B K IGgEHe e as METLHE: 0-3g 0-5g 0-10g 0-20g 0-30g  0-50g

DZ100 BU&E 5k e sy (KAL) WIEVEH: £20 mm

XH1000 B e ds (T RIRHEYR> M&ETEE: 0-100g 0-200g 0-300g  0-500g 0-1000g

HX100 BYRFIR Hefeds (AR O

HX101 ZYPFIRHepess (Bhamgr=

HX200 B4R Ry (FEE D

HX300 BUPPIR#eftss (BAPHSR 8 Y 73R s a1

HX400 ZUFFHR ThagsGe Ay CNARIFIR . Jlivd S I E D

HX500 B4R U PR e ds (TR KR DRIGEE 3G S L)

XH100 B4/ RIFIRELIG & T 2256

WS100 7 & fpigshife it ss (HTIE B RiGsh)

YL200 AL Hefg st CH TIP3 5001 4T 7). i 7129 2000g)

CW100 ZUR E#epeds CHTIEMEINTE #R3k 02X 10mm)

CW200 B4 5 T 7wl A

CW300 ZUATiR A2 CHTESIMRINILE, #38 03 X50mm)

CW400 B! fy A pAiR e pe et CH TSR3 3R AR

XJ100 Z4.0 EHefeds CFHT AR08 E)

XJ1200 BB AT (T8 A 5idskmEE)

MP100 Bk g s CHFIE AR O

MP200 %4 55 Rk fE % CF T K Rl B R RO

MP300 24 fi i k4 GE 25 P - W00 N\ P T s 3B A7 Fég ke )

NN E A (TR ENE mifER. EHaeds. Brrisaaso

e —EABNMIRR . AR SRR, RS, B0 =08, e B, 0SS, B
W3 1)

DAL= SRR SRR S B SE S EER . WUKRITE BLOPAC %5 W ANR&E R GIRL B

ARG LR A R A F

Hhk: AbETATEARHALER 199 S EERSKE 1018 =

Hif: (010) 85985769 (010) 85987769 (f£¥.)

Hi%w: 100026

M4ik:  www.xinhangxingye.com

MEFE: http://mail.yan85985769@sina.com 13701369580@]163.com
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