@ E S C Cardiovascular Research (2022) 118, 156—168

European Society doi:10.1093/cvr/cvab041
of Cardiology

Deficiency of inactive rhomboid protein 2
(IRhom?2) attenuates diet-induced
hyperlipidaemia and early atherogenesis

Carmen Hannemann 1’2’3, Johannes H. Schecker 1’2, Alica Brettschneider1'2,

Jana Grune?* Nicole Résener!, Andrea Weller ® ', Verena Stangl"z,
Edward A. Fisher ® 3, Karl Stangl"?, Antje Ludwig'*°T, and Bernd Hewing ® "%%7:8x1

"Charité-Universititsmedizin Berlin, corporate member of Freie Universitit Berlin, Humboldt-Universitit zu Berlin, Berlin Institute of Health, Medizinische Klinik fiir Kardiologie und
Angiologie, Campus Mitte, Charitéplatz 1, 10117 Berlin, Germany; 2DZHK (German Centre for Cardiovascular Research), partner site Berlin, Charitéplatz 1, 10117 Berlin, Germany,
3Division of Cardiology, Department of Medicine, New York University School of Medicine, Hannemann435 East 30th St., 10016 New York, NY, USA; *Charité-Universititsmedizin
Berlin, corporate member of Freie Universitét Berlin, Humboldt-Universitdt zu Berlin, Berlin Institute of Health, Institute of Physiology, Charitéplatz 1, 10117 Berlin, Germany; SCharité-
Universititsmedizin Berlin, corporate member of Freie Universitit Berlin, Humboldt-Universitit zu Berlin, Berlin Institute of Health, Klinik fiir Radiologie, Charitéplatz 1, 10117 Berlin,
Germany; ®Berlin Institute of Health (BIH), Anna-Louisa-Karsch-StraBe 2, 10178 Berlin, Germany; "Zentrum fiir Kardiologie, Kardiologische Gemeinschaftspraxis, Loerstr. 19, 48143,
Muenster, Germany; ®Department of Cardiology lll-Adult Congenital and Valvular Heart Disease, University Hospital Muenster, Albert-Schweitzer-Str. 33, 48149 Muenster, Germany

Received 19 May 2020; editorial decision 1 February 2021; accepted 9 February 2021; online publish-ahead-of-print 12 February 2021

Time for primary review: 18 days

Aims Atherosclerosis is a chronic infllammatory disease of the arterial vessel wall and anti-inflammatory treatment strate-
gies are currently pursued to lower cardiovascular disease burden. Modulation of recently discovered inactive
rhomboid protein 2 (iRhom?2) attenuates shedding of tumour necrosis factor-alpha (TNF-a)) selectively from im-
mune cells. The present study aims at investigating the impact of iRhom2 deficiency on the development of
atherosclerosis.

Methods Low-density lipoprotein receptor (LDLR)-deficient mice with additional deficiency of iRhom2 (LDLR”iRhom2™")

and results and control (LDLR™") mice were fed a Western-type diet (WD) for 8 or 20 weeks to induce early or advanced ath-
erosclerosis. Deficiency of iRhom?2 resulted in a significant decrease in the size of early atherosclerotic plaques as
determined in aortic root cross-sections. LDLR”iRhom2”" mice exhibited significantly lower serum levels of TNF-o
and lower circulating and hepatic levels of cholesterol and triglycerides compared to LDLR” mice at 8weeks
of WD. Analyses of hepatic bile acid concentration and gene expression at 8 weeks of WD revealed that iRhom?2
deficiency prevented WD-induced repression of hepatic bile acid synthesis in LDLR™ mice. In contrast, at 20 weeks
of WD, plaque size, plaque composition, and serum levels of TNF-a or cholesterol were not different between
genotypes.

Conclusion Modulation of inflammation by iRhom2 deficiency attenuated diet-induced hyperlipidaemia and early atherogenesis
in LDLR”" mice. iRhom2 deficiency did not affect diet-induced plaque burden and composition in advanced athero-
sclerosis in LDLR”" mice.
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1. Introduction

Atherosclerosis is a chronic inflammatory disease of the arterial vessel
wall and anti-inflammatory treatment strategies are currently pursued
to lower cardiovascular disease burden."? The potent inflammatory
cytokine TNF-a plays a substantial role in the pathogenesis of athero-
sclerosis.? Its contribution to atherosclerotic lesion development has
been shown in various animal studies.*”” TNF-o. is initially synthesized
as a transmembrane protein and systemic release of soluble TNF-o
requires ectodomain shedding mediated by A Disintegrin And
Metalloproteinase 17 (ADAM17, also known as TACE).® It has been
discovered that maturation and activity of ADAM17 in haemato-
poietic cells is dependent on inactive rhomboid protein 2
(iRhom2).”° Inhibition of iRhom2 prevents the secretion of
ADAM17 substrates, most prominently TNF-a, selectively from im-
mune cells without affecting the critical roles of ADAM17 substrates

8 weeks
__ Western type diet

Bile acid synthesis ——

shed from non-immune cells in protection of skin and intestinal bar-
rier function.” ' As iRhom?2 deficiency allows a cell specific
modulation of soluble TNF-a while preserving the function of trans-
membrane TNF-o, it offers potential advantages over a pan-TNF-a
blockade by preventing the adverse side effects associated with the
general inhibition of TNF-a signalling.”>"® In mouse models of rheu-
matoid arthritis and lupus nephritis, it was shown that iRhom2 defi-
ciency attenuates disease progression.”'17 Besides shedding of TNF-
o, iRhom2/ADAM17-mediated proteolytic release of inflammatory
mediators such as chemokines, adhesion molecules, growth factors,
and their receptors suggest a key role for iRhom2 in the pathogenesis
of atherosclerosis."®"? This was supported by a recent study showing
that siRNA knockdown of iRhom?2 reduces the inflammatory and oxi-
dative stress response of macrophage foam cells in vitro.2° Until now,
the effect of iRhom?2 deficiency on the development of atherosclerosis
has not been investigated. Hence, the present study aimed at
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elucidating the impact of iRhom?2 deficiency on the development of
early and advanced atherosclerosis in LDLR-deficient mice after feed-
ing a Western-type diet (WD) for 8 or 20 weeks.

2.Methods
2.1 Reagents

Unless otherwise specified, all reagents were purchased from Merck
(Darmstadt, Germany).

2.2 Animals and diet

Animal experiments were approved under G0210/14 by the local au-
thority (Landesamt fiir Gesundheit und Soziales, Berlin, Germany) and
performed according to institutional guidelines, which conform to the
guidelines from Directive 2010/63/EU of the European Parliament on
the protection of animals used for scientific purposes. Low-density lipo-
protein receptor-deficient (LDLR™) mice (B6.12957-Ldlr™™ e/} |JAX
Mice, Boston, USA) and iRhom2-deficient (iRhom2™) mice (kindly
provided by Philipp Lang, Department of Molecular Medicine I,
Universitatsklinikum Dusseldorf, Germany) were crossed to generate
double heterozygous mice. Both, LDLR”" and iRhom2™ mice were origi-
nally backcrossed at least nine times to C57BL/6 mice. The resulting F1
generation was crossed to generate mice homozygous for LDLR” or ho-
mozygous for LDLR deficiency and iRhom?2 deficiency (LDLR'/'iRhomZ’/').
Genotypes were verified using polymerase chain reaction (PCR) and
specific primers for iRhom2 and LDLR (Supplementary material online,
Table ST). All mice were housed under specific-pathogen-free conditions
and in a 12 h dark/12 h light cycle with access to food and water ad libitum
at all times. Male LDLR™ and LDLR™iRhom2”" mice were fed a Western-
type diet (WD) containing 21.2% butter fat and 0.3% cholesterol
(TD88137 mod,, ssniff, Soest, Germany) for 8 or 20 weeks, starting from
10 weeks of age. Age-matched mice of both genotypes fed a low-fat con-
trol chow diet (CD) served as additional controls. All mice were randomly
assigned to the different feeding conditions and were kept on CD
before the start of the atherosclerosis study. General condition and body
weight were monitored weekly. If indicated, food was weighed weekly to
determine individual food intake. At the end of the diet, mice were anaes-
thetized and euthanized using the isoflurane drop jar method (containing
2-3mL isoflurane, Forane®, Abbott Laboratories, Abbott Park, Illinois,
USA, 1 mL isoflurane was re-loaded for each following mouse and ade-
quate level of anaesthesia was confirmed by loss of pedal reflex) followed
by terminal cardiac blood withdraw. After perfusion with phosphate-
buffered saline (PBS) containing 10% sucrose, liver, heart, and aorta were
dissected under a stereomicroscope. Pieces of liver and heart (containing
the aortic root) were embedded in Tissue-Tek® O.C.T.™ compound
(Sakura Finetek, Alphen aan den Rijn, The Netherlands), frozen on dry ice,
and stored at -80°C. The aorta was fixed in 4% formalin (Roti®Histoﬁx,
Carl Roth, Karlsruhe, Germany) for 24 h at 4°C and stored in PBS at 4°C
until further use. Additional pieces of the liver were shock-frozen in liquid
nitrogen and stored at -80°C.

2.3 Analysis of serum lipids and cytokines

Whole blood was allowed to clot for at least 30 min at room tempera-
ture (RT) after collection. Serum was separated by centrifugation
(8000 g, 10 min, RT) and stored at -80°C or at 4°C for lipid analysis.
Total cholesterol (TC) and triglyceride (TG) concentrations were
measured using enzymatic colorimetric assays (CHOL-PAP and TG
GPO-PAP, Analyticon, Lichtenfels, Germany). The concentration of

high-density lipoprotein cholesterol (HDL-C) was measured in super-
natants following phosphotungstate-magnesium precipitation. Briefly,
40 pL of serum were mixed with 4 pL sodium phosphotungstate solu-
tion (40 g of phosphotungstic acid per litre in 160 mM NaOH) and
1uL 2M MgCl, and centrifuged (8000g, 10 min, 4°C) for separation.
Inflammatory cytokines and colony-stimulating factor 1 (CSF-1) were
measured  using  multi-or  singleplex  bead-based  assays
(LEGENDplex™ Mouse Inflammation Panel; LEGENDplex'™" Mouse
HSC panel, M-CSF capture beads only, Biolegend, San Diego, USA)
according to manufacturer’s instructions. Serum samples were
cleared from lipids by centrifugation (30 000 g, 15 min, 15°C) before
incubation with beads.

2.4 Analysis of hepatic lipid and bile acid
concentration

Approximately 30 mg of frozen liver was homogenized in 200 pL RIPA
buffer (50mM Tris—HCl pH 8.0, 150mM NaCl, 1% Igepal® CA-630,
0.5% Sodium deoxycholate, 0.1% SDS) on ice. Cell debris was removed
by centrifugation (8000g, 1 min, RT) and the supernatant was assayed
for TC and TG using enzymatic colorimetric assays (CHOL-PAP and TG
GPO-PAP, Analyticon). Hepatic lipid content was normalized to protein
concentration of the supernatants determined by Pierce® BCA Protein
Assay (Thermo Fisher Scientific, Waltham, Massachusetts, USA). Bile
acid concentration was measured using a Mouse Total Bile Acids Assay
Kit (Crystal Chem, Zaandam, The Netherlands). Thawed liver tissue
(60-80mg) was homogenized in 1 mL 75% Ethanol in glass vials (Carl
Roth), using a glass pestle. Hepatic bile acids were extracted at 50°C for
2h and measured in supernatants after removing insoluble material
(6000 x g, 10 min, 4°C). Hepatic bile acid concentration was normalized
to liver weight.

2.5 Determination of lipoprotein lipase

activity in adipose tissue

Lipoprotein lipase (LPL) activity was determined in adipose tissue (epi-
didymal white adipose tissue) using a fluorometric kit (Cell Biolabs).
Briefly, 200 mg of snap frozen adipose tissue was thawed, minced with
scissors, and incubated at 37°C for 1h in 600 puL 150 mM NaCl and
20mM Tris pH 7.5 with 5U/mL heparin (Biochrome) and 2 mg/mL fat
free bovine serum albumin (Sigma). Samples were centrifuged (800g,
15 min, 4°C) and supernatant was used in the LPL assay, which was per-
formed according to the manufacturer’s instructions. Fluorescence
(485nm excitation and 525nm emission wavelengths) was detected
with a GeminiEM plate fluorescence reader (Molecular Devices).

2.6 Liver histology and

immunohistochemistry

Liver embedded in O.C.T. was cut in 6 um sections using a cryostat
(Leica, Wetzlar Germany). Per slide, three sections in a distance of
48 pm, were collected. Haematoxylin and eosin (H&E) staining was per-
formed on acetone fixed sections using Harris modified haematoxylin
solution and alcoholic Eosin Y solution. Formalin fixed sections were
stained with filtered Oil Red O (ORO) solution to visualize lipids and
counterstained with haematoxylin. Grading of steatohepatitis was
performed according to previously described criteria®™* by an expert
pathologist of iPATH.Berlin (Core Unit Immunopathology for
Experimental Models of the Charité-Universititsmedizin Berlin,
Germany), blinded to the experimental conditions. To quantify hepatic
neutrophil and macrophage content, acetone fixed slides were stained
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with anti-mouse CD11b (clone M1/70, eBioscience', Thermo Fisher
Scientific, 1:200) after quenching autofluorescence with TrueBlack®
(Biotium, Fremont, California, USA) following the manufacturer’s
instructions. For immunofluorescence, sections were stained with goat—
anti rat Alexa Fluor® 488 (ab150165, Abcam, Cambridge, United
Kingdom, 1:500) and mounted with VECTASHIELD with DAPI (Vector
Laboratories, Burlingame, California, USA) to visualize cell nuclei.
Sections stained without primary antibody served as negative controls
(Supplementary material online, Figure S7). Approximately two to three
fields per section (six to nine fields per animal) were imaged with
BioRevo HS BZ 9000 (Keyence, Osaka, Japan) at the indicated magnifica-
tions and analysed using Image] software [National Institutes of Health
(NIH), Bethesda, Maryland, USA] by a trained person blinded to the
experimental conditions.

2.7 Staining and analysis of atherosclerotic
lesions

Plague distribution in the aorta was determined using the en face
method. The adventitia was carefully dissected from the fixed aorta in
PBS using a stereomicroscope. Following staining with ORO, aortas
were placed in PBS, opened longitudinally, and pinned flat on a black sur-
face on a silicone gel and the whole aorta or aortic arch region was pho-
tographed. Plaque area was analysed by a trained person blinded to the
experimental conditions using Image] software and calculated as a per-
centage of ORO-positive area to total aortic arch area. The border of
the aortic arch was defined from the junction of the myocardium to
2 mm distal from the left subclavian artery. The aortic root was cut in
6 um sections using a cryostat (Leica). Plaque size was determined in
ORO-stained sections (counterstained with haematoxylin) of 36 um
intervals in which all three aortic valve leaflets were present. Images
were captured with BioRevo HS BZ 9000 (Keyence) and plaque size per
aortic root was measured and calculated using Image] software by a
trained person blinded to the experimental conditions.

Plaque macrophages were detected in aortic root cross-sections by
immunohistochemistry using anti-CDé8 (FA-11, Bio-Rad). Biotin-conju-
gated goat anti-rat IgG (Vector Laboratories) was used as secondary an-
tibody. For detection of the biotinylated secondary antibody, the avidin/
biotin complex (ABC)-alkaline phosphatase (AP) enzyme detection sys-
tem in combination with the Vector Red Substrate was used and per-
formed according to the manufacturer’s instructions (Vector
Laboratories). Negative controls (no primary antibody) were performed
for all stainings. Plaque collagen content and necrotic core size was
assessed in aortic root cross-sections by examination of Picro Sirius
Red-stained arterial sections under polarizing light.

2.8 Quantitative real-time RT-PCR

RNA was isolated from 30 to 50 mg frozen liver tissue using Roti®Quick
kit (Carl Roth) according to manufacturer’s instructions. About 800 ng
of total RNA was reversed-transcribed using the High-Capacity cDNA
Reverse Transcription kit (Applied Biosystems, Thermo Fisher Scientific)
according to manufacturer’s instructions. TagMan assays (Applied
Biosystems, Thermo Fisher Scientific) were used to quantify the expres-
sion of selected mouse genes (Supplementary material online, Table S2)
using the 7300 Real Time PCR System (Applied Biosystems, Thermo
Fisher Scientific). Expression of target genes was calculated relative to
the expression of a housekeeping gene (RPL19) using the comparative
ACt method. Relative mRNA expression levels are presented as ANt
values.

2.9 Flow cytometry

To analyse circulating monocyte subsets, whole blood collected in
EDTA tubes was stained with anti-mouse CD45-APC (30-F11), CD115-
PE (AFS98), and Ly6G/Ly6C-PB (RB6-8C5) antibodies. Erythrocytes
were lysed with EasylLyse (Dako, Agilent, Santa Clara, California, USA)
and samples were analysed with CyAn ADP Analyzer and Summit 4.4
software (Beckman Coulter, Inc., Fullerton, California, USA). Monocytes
were defined as CD45- and CD115 (CSF-1R)-positive cells (CD45+
CD115+). Monocyte subpopulations were discriminated according
to the expression of high or low levels of Ly6G/Ly6C
(CD45+CD1154Ly6C"8"°%)_ Blood leukocytes were counted using a
hemocytometer. To identify lymphocyte populations, RBC-lysed EDTA
blood was stained with CD45-APC (30-F11), CD3-PerCP (145-2C11),
CDA4-PE-Cy7 (GK1.5), CD8-BV510 (53-6.7), B220-FITC (RA3-6B2),
NKp46-APC (29A1.4), and Zombie NIR (to discriminate live/dead cells).
Subsequently, cells were fixed, permeabilized, stained with IFN-y-PE
(XMG1.2) to detect intracellular IFN-y levels and analysed on
MACSQuant Analyzer 10 (Miltenyi Biotec, Bergisch Gladbach, Germany).
All antibodies were purchased from Biolegend.

2.10 Statistical analysis

Data analysis was performed using Prism, software version 7 (GraphPad,
San Diego, California, USA). All data are presented as individual values,
mean £ SEM or median in box (from 25th to 75th percentile) and
whiskers (from smallest to highest value) plots, unless otherwise speci-
fied. Outliers, identified using the ROUT method (Q = 1%), were ex-
cluded. Comparison between two groups was made using either
unpaired Student’st-test or Mann—Whitney U test, when D’Agostino and
Pearson tests for normal distribution was rejected. Unpaired t-test with
Welch’s correction was applied if variances were not equal between
groups, as judged by F-test. Comparisons between genotype and diet
were made using two-way analysis of variance (ANOVA) followed by
Sidak’s multiple comparison test. A P-value <0.05 was considered statis-
tically significant. Pearson’s correlation coefficient was calculated for cor-
relation analyses between variables.

3. Results

3.1 Impact of iRhom2 deficiency on early

atherosclerotic lesion development

LDLR” and LDLR”iRhom2” mice were fed a WD for 8weeks
(8WD) to assess the influence of iRhom2 deficiency on early athero-
sclerotic lesion development. Evaluation of atherosclerotic plaques
in the aortic arch using the en face method showed similar plaque
areas in both genotypes (Figure 1A). Atherosclerotic plaque size, de-
termined in aortic root cross-sections, was significantly reduced by
48% in iRhom2-deficient mice compared to LDLR™ mice (Figure 1B).
The plaque composition in the aortic root, relative plaque (CD68+)
macrophage and collagen content, did not differ between both geno-
types (Figure 1C and D).

3.1.1 Impact of iRhom2 deficiency on serum levels of
inflammatory cytokines and distribution of blood
monocyte subsets in LDLR™/~ mice

As shown in Figure 2A, the 8WD-induced increase in serum TNF-a
levels in LDLR”" mice was not observed in LDLR™:iRhom2”" mice.
Serum TNF-o levels were significantly lower in WD-fed iRhom2-
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Figure | Inactive rhomboid protein 2 (iRhom2) deficiency attenuated early atherosclerotic plaque development in low-density lipoprotein receptor-defi-
cient (LDLR™) mice after feeding a Western-type diet (WD) for 8 weeks. (A) Representative images (left panel) and quantification (right panel) of en face,
Oil Red O (ORO)-stained aortic arches. ORO-stained lipid area is displayed as percentage of total aortic arch area. Scale bar, 1 mm. (B) Representative
images (left panel) and quantification of plaque size (right panel) of ORO-stained cross-sections of the aortic root. Scale bar, 500 um. (C) Representative
images (left panel) and quantification (right panel) of plaque macrophage content of CD68-stained aortic root cross-sections. (D) Representative images
(left panel) and quantification (right panel) of plaque collagen content of Picro Sirius Red-stained aortic root cross-sections under polarized light. n=8-9
mice per group. **P < 0.01 vs. LDLR™ mice by Student’s t-test. Individual values and mean + SEM are presented.

deficient LDLR”" mice compared to WD-fed LDLR”" mice. A moder-
ate positive correlation (r=0.605, P=0.0078) between TNF-a levels
and aortic root plaque size was observed (Supplementary material on-
line, Figure S2A).

Serum levels of IFN-y were higher in LDLR”iRhom2” mice com-
pared to LDLR”" mice under CD and WD conditions. In WD-fed
LDLR”iRhom2™ mice, serum IFN-y levels were increased compared to
CD-fed controls, whereas IFN-v levels did not differ between CD- and
WD-fed LDLR”" mice (Figure 2B). We found no significant differences in

serum levels of IL-1B, IL-6, IL-1a,, IL-17A, IL-10, IFN-B, CCL2, GM-CSF,
IL-23, or IL-27 between both genotypes (Figure 2C and D;
Supplementary material online, Figure S3). Figure 2E shows that leukocyte
counts were similar across all experimental groups. To identify the po-
tential source of the increased IFN-v levels observed in LDLRiRhom2”
mice, we analysed the frequency of circulating B cells, T cells (CD4- and
CD8-positive), NK cells and their intracellular IFN-y expression.
While we found no differences in frequencies of the analysed lymphocyte
populations between both genotypes, the intracellular levels of IFN-y
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Figure 2 iRhom2 deficiency modulated serum levels of inflammatory cytokines and the ratio of Ly6C"&" to Ly6C'” monocytes in LDLR™ mice after feed-
ing a Western-type diet for 8 weeks. Serum and EDTA-blood were collected from LDLR”" and LDLR™" iRhom2”" mice fed a chow diet (CD) or Western-
type diet (WD) for 8 weeks. Serum levels of (A) TNF-o, tumour necrosis factor o; (B) IFN-v, interferon-v; (C) interleukin (IL)-6 and (D) IL-1 were measured
using bead-based immunoassays. Data are presented as individual values and mean + SEM. (E) Leukocyte counts per pL EDTA-blood. (F) Percentage mono-
cytes (CD115+) of total leukocytes (CD45+) and (G) ratio of Ly6C"®" to Ly6C'®™ monocytes (CD45-+CD115+4Ly6C"8"°%) determined by flow cytome-
try. n=8-9 mice per group. Data are presented as individual values and median in box and whiskers plots. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
vs. genotype or diet (as indicated) by two-way ANOVA followed by Sidak’s multiple comparison test. LDLR, low-density lipoprotein receptor; iRhom2, inac-

tive rhomboid protein 2; CD, chow diet; WD, Western-type diet.

were significantly higher in LDLR”IRhom2”" compared to LDLR™ mice
(Supplementary material online, Figure $4). Relative levels of circulating
monocytes were increased in WD-compared to CD-fed mice, but did
not differ between both genotypes (Figure 2F). Analysis of monocyte sub-
sets revealed that WD-fed LDLR”iRhom2”" mice showed a trend
towards higher levels of Ly6C"" and lower levels of Ly6C'®" monocytes
compared to LDLR™ mice (Supplementary material online, Figure S5A
and B). Overall, this resulted in a higher ratio of Ly6C"" to Ly6C'*™
monocytes in WD-fed LDLR™iRhom2”" mice in comparison to WD-fed
LDLR™ mice (Figure 2G). We determined serum levels of colony stimu-
lating factor 1 (CSF-1) and expression of its receptor (CSF-1R) on circu-
lating monocytes, both known substrates of ADAM17 and involved in
promoting monocyte differentiation.>*~> Expression of CSF-1R on circu-
lating monocytes increased after feeding a WD, in particular on Ly6C"e"
monocytes (Supplementary material online, Figure S5C—E). There was a
trend towards a higher CSF-1R expression on circulating Ly6C"&" mono-
cytes of LDLR™iRhom2”" compared to LDLR” mice (Supplementary
material online, Figure S5D). Serum levels of the ligand, CSF-1, were simi-
lar between all experimental groups (Supplementary material online,
Figure S5F).

3.1.2 Effect of iRhom2 deficiency on WD-induced
hyperlipidaemia

Serum lipid levels were not affected by iRhom?2 deficiency under CD
conditions (Figure 3A-C). Eight weeks of WD-feeding severely increased
serum lipid levels in both genotypes, but hyperlipidaemia was attenuated
in iRhom2-deficient LDLR™ mice as shown by reduced serum levels of
TC and (non-fasting) TG compared to LDLR™" mice (Figure 3A and B).
Overall, LDLR”iRhom2”" mice displayed a lower atherogenic lipid pro-
file compared to LDLR”" mice, as represented by a lower TC/high-
density (HDL-C) ratio (Figure 3C and
Supplementary material online, Figure S6). TC levels and aortic root pla-
que size showed a moderate positive correlation (r=0.515, P=0.029),
(Supplementary material online, Figure S2B). As illustrated in Figure 3D,

lipoprotein  cholesterol

body weight was similar between both genotypes at the start
and the end of WD. Weight progression on WD differed between
LDLR"iRhom2”" mice compared to LDLR™ mice with lower weight
gain observed in iRhom2-deficient LDLR”" mice during the first week of
WD. The course of weight gain was verified in an independent set
of mice and was not related to unequal food intake between both geno-
types (Figure 3E and F).
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3.1.3 Impact of iRhom2 deficiency on hepatic lipid
accumulation and bile acid synthesis

After 8WD, LDLR”" and LDLR"iRhom2”" mice showed a marked in-
crease in hepatic TC and TG content. In comparison to WD-fed LDLR™
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Figure 4 iRhom?2 deficiency reduced Western-type diet (WD) induced hepatic lipid accumulation and maintained hepatic bile acid (BA) content in
LDLR" mice after feeding a WD for 8 weeks. Livers of LDLR”" and LDLR™"iRhom2™ mice fed a chow diet (CD) or WD for 8 weeks were analysed for he-
patic TC, total cholesterol (A), TG, triglycerides (B), and total bile acids (BA) (C) using enzymatic assays. Data are presented as individual values and
mean = SEM. n =9 mice per group. *P < 0.05, **P < 0.01, ****P < 0.0001 vs. genotype or diet (as indicated) by two-way ANOVA followed by Sidak’s multiple
comparison test. LDLR, low-density lipoprotein receptor; iRhom2, inactive rhomboid protein 2.

LDLR™iRhom2™

mice, hepatic TC and TG levels were significantly lower in WD-fed
iRhom?2-deficient LDLR™ mice (Figure 4A and B). In order to elucidate
potential mechanisms by which iRhom2 deficiency attenuates WD-
induced hyperlipidaemia and hepatic lipid accumulation, we measured
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Figure 5 iRhom2 deficiency attenuated Western-type diet (WD)-induced suppression of genes involved in hepatic bile acid synthesis in LDLRmice
after feeding a WD for 8 weeks. Gene expression was determined in livers of LDLR”" and LDLR”'iRhom2™" mice fed a chow diet (CD) or WD for 8 weeks
by quantitative RT-PCR. (A) CYP7A1, cholesterol 7a-hydroxylase. (B) CYP27A1, sterol 27-hydroxylase. (C) HNF-4o, hepatocyte nuclear factor-4o. (D)
LRH-1, liver receptor homolog 1. (E) SHP, small heterodimer partner. (F) LXR-a, liver x receptor-o. Data are presented as individual values and
mean + SEM. n = 8-9 mice per group. *P < 0.05, **P < 0.01, ***P < 0.001 vs. genotype or diet (as indicated) by two-way ANOVA followed by Sidak’s multiple
comparison test. LDLR, low-density lipoprotein receptor; iRhom2, inactive rhomboid protein 2.

the content of hepatic bile acids (BA), which represent the final transport
form for the excretion of excess cholesterol from the body, as part of
reverse cholesterol transport pathway.>® Hepatic BA concentration was
significantly decreased in WD-fed LDLR”" mice compared to CD-fed
controls (Figure 4C). In LDLR™iRhom2™ mice, hepatic BA content was
not reduced by WD-feeding and was significantly higher compared to
WD-fed LDLR™ mice. Gene expression analyses revealed a differential
expression of hepatic regulators of BA homeostasis between both geno-
types: hepatic mRNA expression of cholesterol 7o-hydroxylase
(CYP7A1) and sterol 27-hydroxylase (CYP27A1), key enzymes of the
classic and alternative BA synthesis pathways,”’ was significantly re-
pressed in WD-fed LDLR”" mice as compared to CD-fed controls, while
this down-regulation was attenuated in LDLR”"iRhom2™" mice (Figure 5A
and B). Furthermore, iRhom2 deficiency attenuated WD-induced down-
regulation of transcriptional activators of CYP7A1, hepatocyte nuclear
factor-4o. (HNF-4a1) and liver receptor homolog 1 (LRH-1),%® that was
observed in LDLR™ mice (Figure 5C and D). Similarly, WD-feeding re-
duced mMRNA expression of short heterodimer partner (SHP), an essen-
tial factor mediating BA-induced regulation of CYP7A1 expression?’
in LDLR”" mice compared to CD-fed con-
trols, whereas SHP expression remained unchanged in LDLR”iRhom2™”"

and
triglyceride homeostasis>°

mice (Figure 5E). Gene expression of liver x receptor (LXR-a), which
mediates cholesterol-induced up-regulation of CYP7A1 mRNA®
(Figure 5F) and expression of other key regulators of hepatic cholesterol
metabolism did not differ between LDLR”" and LDLR™iRhom2”" mice
(Supplementary material online, Figure S7). Activity of LPL, an enzyme

which hydrolyses TG in very-LDL (VLDL) and chylomicrons, was deter-
mined in epididymal white adipose tissue and was not different between
both genotypes (Supplementary material online, Figure S8).

3.1.4 Influence of iRhom?2 deficiency on markers of hepatic
inflammation

To examine whether a reduced hepatic immune cell infiltration is associ-
ated with the maintenance of BA synthesis and the resulting reduction of
hyperlipidaemia in LDLR™iRhom2™" mice at 8WD, we quantified CD11b
positive areas in the liver, which marks Kupffer cells and newly invaded
monocytes/macrophages and neu'crophils.32 LDLR" and LDLR™Rhom2™"
mice showed a strong WD-associated hepatic infiltration of CD11b-
positive (CD11b+) cells, which was more pronounced in iRhom2-
deficient LDLR™ mice compared to LDLR”" mice (Figure 6A and B). WD-
induced hepatic gene expression of chemokine (CC motif) ligand 2
(CCL2), also known as macrophage chemoattractant protein, was
similar between both genotypes (Figure 6C). Evaluation of hepatic
histopathology showed that WD-fed mice displayed an aggravation of
the grade of steatohepatitis compared to CD-fed mice, which was not
different between WD-fed LDLR™ and LDLR™iRhom2”" mice (Figure 6A
and D).

3.2 Impact of iRhom2 deficiency on

advanced atherosclerosis
After feeding a WD for 20 weeks, atherosclerosis area (whole aorta and
aortic arch) as determined by the en face method, and aortic root plaque
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Figure 6 Markers of hepatic inflammation and histology of LDLR”" and LDLR”iRhom2”" mice after feeding a Western-type (WD) diet for 8 weeks.
LDLR™" and LDLR™iRhom2”" mice were fed a chow diet (CD) or WD for 8 weeks. (A) Representative images of liver cryosections stained for CD11b and
DAPI (4,6-diamidino-2-phenylindole) (upper panel), with ORO (QOil Red O) (middle panel) and H&E (haematoxylin and eosin) (lower panel). Scale bar,
500 pm. (B) Quantification of CD11b-positive (CD11b+) area per field. (C) Gene expression of CCL2 (chemokine CC motif ligand 2). (D) Grading of stea-
tohepatitis. Data are presented as individual values and mean  SEM. n = 8-9 mice per group. *P < 0.05, **P < 0.01, ¥***P < 0.001, ****P < 0.0001 vs. genotype
or diet (as indicated) by two-way ANOVA followed by Sidak’s multiple comparison test. LDLR, low-density lipoprotein receptor; iRhom?2, inactive rhom-

boid protein 2.

size as measured in aortic root cross-sections did not differ between
LDLR”" and LDLR™iRhom2 " mice (Figure 7A and Supplementary mate-
rial online, Figure $9). We found no differences concerning relative pla-
que (CD68+) macrophage and collagen content, and necrotic core area
in aortic root plaques between genotypes (Figure 7B-D). Circulating lev-
els of TNF-o, IFN-y, IL-6, and IL-1 were similar between both geno-
types and diets (CD and WD) (Figure 7E-H). Diet-induced
hypercholesteremia was not different between LDLR™ and LDLR’
“iRhom2™ mice, whereas non-fasting triglyceride levels were attenuated
by iRhom?2 deficiency (Figure 71 and J). Hepatic mRNA expression of reg-
ulators of bile acid synthesis, CYP7A1 and HNF4o., was similar between
both genotypes and diets (Figure 7K and L).

4. Discussion

The present study showed stage-specific effects of iRhom?2 deficiency on
atherogenesis in LDLR”" mice. iRhom2 deficiency attenuated early ath-
erogenesis in LDLR™ mice by preventing diet-induced dysregulation of
hepatic BA synthesis and attenuating hyperlipidaemia. In contrast, no
beneficial effects of iRhom?2 deficiency were observed in advanced stage
atherosclerosis.

After 8 weeks of WD, we found a similar plaque deposition at
atherosclerosis-prone sites in the aorta of LDLR”" and LDLR™
iRhom2™ mice, but a significantly smaller atherosclerotic lesion
thickness in the aortic root of iRhom2-deficient LDLR™" mice. This
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Figure 7 iRhom2 had no impact on advanced atherosclerosis in 20 weeks Western-type diet (WD)-fed low-density lipoprotein receptor-deficient
(LDLR™") mice. (A) Representative images (left panel) and quantification of plaque size (right panel) of ORO-stained cross-sections of aortic root. Scale bar,
500 pm. (B) Representative images (left panel) and quantification (right panel) of plaque macrophage content of CD68-stained aortic root cross-sections.
(©) Representative images (left panel) and quantification (right panel) of plaque collagen content of Picro Sirius Red-stained aortic root cross-sections under
polarized light. (D) Representative images (left panel) and quantification (right panel) of relative necrotic core area of Picro Sirius Red-stained aortic root
cross-sections. n = 8-9 mice per group. P=0.0626 vs. LDLR”" mice by Student’s t-test. Serum levels of (E) TNF-a, (F) IFN-y, (G) IL-6, (H) IL-1B, (/) total cho-
lesterol (TC), and (J) non-fasting triglycerides (TG) of 20 weeks WD-fed LDLR™ and LDLR"iRhom2”" mice and age-matched chow diet (CD) fed mice.
*P <0.05, P < 0.,0001 vs. genotype or diet (as indicated) by two-way ANOVA followed by Sidak’s multiple comparison test. Gene expression was deter-
mined in livers of 20 weeks WD-fed LDLR™ and LDLR”"iRhom2”" mice and age-matched chow diet (CD) fed mice by quantitative RT-PCR. (K) CYP7A1,
cholesterol 7a-hydroxylase and (L) HNF-4o, hepatocyte nuclear factor-4o. n=7-9 mice per group. All data are presented as individual values and
mean £ SEM. LDLR, low-density lipoprotein receptor; iRhom2, inactive rhomboid protein 2.

indicates that iRhom2 deficiency may primarily attenuate processes
that accelerate plaque growth rather than those that initiate plaque
formation. We initially hypothesized that the lack of iRhom2 reduces
WD-induced systemic inflammation in LDLR”" mice and thus allevi-
ates atherosclerosis. As anticipated, no increase in serum levels of
TNF-a was detectable in 8 weeks WD-fed iRhom2-deficient LDLR™
mice, resulting in significantly lower TNF-o. levels compared to LDLR™
mice; this may have contributed to the attenuation of early atherogen-
esis as supported by the correlation between circulating TNF-a. levels
and aortic root plaque size in our model. However, iRhom?2 deficiency
led to an increase in serum IFN-vy levels in CD- and WD-fed mice. In
line with the previously described increased production of IFN-y by

human NK cells under ADAM17 inhibition,* our flow cytometry data
indicate that NK cells may be a relevant source of the increased IFN-y
levels observed in LDLR”iRhom2™ mice at 8weeks of WD.
Furthermore, we found a shift in monocyte subpopulations in favour of
Ly6C"&" monocytes in 8 weeks WD-fed LDLR”iRhom2™ mice. The
conversion from Ly6C"8" into more mature Ly6C'®" monocytes is
thought to be promoted by CSF-1R signalling.*** CSF-1R and the cell
surface form of CSF-1 are substrates of ADAM17 and shedding of their
ectodomains from immune cells has been shown to be impaired by
iRhom?2 deficiency.”***353¢ |n accordance, we consistently found a
trend towards higher expression of CSF-1R on monocytes in iRhom?2-
deficient LDLR”" mice. Serum levels of CSF-1 did not differ between
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genotypes, however, it is known that cell surface CSF-1 does not signif-
icantly contribute to circulating CSF-1 levels (which are predominantly
formed by two secreted CSF-1 isoforms that are independent
of ADAM17 shedding).37 In addition to serum CSF-1, an enhanced
autocrine signalling of cell surface CSF-1 may have contributed to
the shift in monocyte subpopulations observed in iRhom?2-deficient
LDLR” mice.

Hence, iRhom?2 deficiency affected certain markers of systemic inflam-
mation associated with atherosclerosis,m‘39 but did not result in a clear
atheroprotective pattern (lower levels of TNF-o, higher levels of IFN-v,
increased Ly6C"&"°% ratio) in our model. The most obvious atheropro-
tective effect of iRhom2 deficiency we detected was the attenuation of
WD-induced hyperlipidaemia, a major trigger of atherosclerotic plaque
development, after 8 weeks of WD-feeding. We found decreased TC
levels, TC/HDL-C ratio, and reduced hepatic lipid accumulation in
LDLR”iRhom2™ mice compared to LDLR”" mice after 8 weeks of WD.
It has been shown in cell culture and animal models that TNF-at is a nega-
tive regulator of hepatic BA synthesis and thereby leads to cholesterol
accumulation.*** We hypothesized that a more efficient BA synthesis
and thus a potentially higher capacity to excrete excess cholesterol and
lipids by bile secretion is the mechanism by which iRhom?2 deficiency
reduces hyperlipidaemia in 8 weeks WD-fed LDLR™iRhom2”" mice.
The hepatic conversion of cholesterol into BA is a pivotal step for faecal
elimination of excess cholesterol from the body and thus an essential
part of lipid metabolism.*® Hepatic BA synthesis is mainly regulated by
the expression of its rate limiting enzyme CYP7A1.2’ It was reported
that a high cholesterol diet induces liver inflammation and reduces he-
patic CYP7A1 expression and BA synthesis, which contributes to hyper-
lipidaemia.* We corroborated that WD feeding impaired BA synthesis,
as evidenced by lower hepatic BA concentration, decreased mRNA lev-
els of CYP7A1 and its transcriptional activators HNF-4o and LRH-1 in
LDLR” mice after 8 weeks of WD. In contrast, in 8 weeks WD-fed
LDLR™iRhom2” mice, the non-decreased hepatic BA levels indicate
that iRhom?2 deficiency prevents diet-induced suppression of BA synthe-
sis. The significantly higher levels of HNF-4a mRNA and less pro-
nounced diet-induced down-regulation of hepatic CYP7A1 and LRH-1
mRNA levels in LDLR”iRhom2”" mice support this assumption. HNF-
4o has been identified as a critical link for TNF-oo mediated repression of
hepatic BA synthesis.*> TNF-o reduces CYP7A1 expression by obstruct-
ing the transactivation activity of HNF-40.** Additionally, a direct effect
of TNF-o on diminishing hepatic HNF-4a mRNA and protein levels has
been reported.45

The primary local sources of TNF-o in the liver are activated tissue-
resident macrophages (Kupffer cells) and accumulation of oxidized LDL
has been identified as a trigger of Kupffer cell activation in LDLR™
mice*® Activated Kupffer cells promote infiltration of circulating
CD11b+/Ly6C"8" monocytes and trigger liver inflammation.*” We ob-
served that deficiency of iRhom?2 did not reduce WD-induced infiltration
of CD11b-positive immune cells to livers of LDLR™" mice. In WD-fed
LDLR™iRhom2”" mice, the amount of hepatic immune cells was even
higher compared to WD-fed LDLR”" mice, without affecting the grade
of steatohepatitis. Since levels of the chemokine CCL2, known to attract
Ly6C"8" monocytes, are similar between both genotypes, we assume
that this difference in hepatic immune cell content could be a conse-
quence of the increased proportion of circulating Ly6C"&" monocytes in
iRhom?2-deficient mice. Thus, the maintenance of BA synthesis and the
resulting reduced hepatic lipid accumulation cannot be attributed to a re-
duced immune cell infiltration. This led us assume that the inability of
iRhom?2-deficient circulating and liver-resident immune cells to release

soluble TNF-a prevents suppression of BA synthesis in the liver of WD-
fed LDLR”iRhom2™ mice. Results from a previous study revealed a
causal relationship between iRhom2/TNF-a in liver-resident macro-
phages and the induction of hepatic inflammation and dyslipidaemia
in mice after exposure to particulate matter smaller than 2.5 um.*
Similarly, our observations indicate that the development of high-fat
diet-induced dyslipidaemia in LDLR”" mice is partially dependent on
iRhom2/ADAM17 in liver-resident macrophages. As underlying mecha-
nism, we propose a repressive effect of soluble TNF-o, cleaved from
liver-resident macrophages by iRhom?2-activated ADAM17, on hepatic
BA synthesis via transcriptional down-regulation of HNF-4a and
CYP7A1. The observed similar levels of cholesterol and TNF-o between
both genotypes at 20 weeks of WD indicate that these processes are
transient, which may explain the differential effects of iRhom?2 deficiency
observed on early and advanced atherosclerosis. Following initiation of
lesion formation, atherosclerotic plaques in mice grow in a linear fashion,
with a progression rate depending on the grade of hypercholesteremia.*’
The finding that iRhom?2 deficiency did not influence plaque burden of
advanced stages indicates that atherogenic processes mediated by
iRhom?2 at early atherosclerosis are absent or play a negligible role in the
progression of atherosclerosis. This demonstrates that the WD-induced
inflammatory immune response, which led to an increased systemic in-
flammation at early atherosclerosis, has changed over time and partially
subsided after 20 weeks of WD. Taken together, iRhom2/ADAM17 me-
diated ectodomain shedding seems to enhance systemic inflammatory
responses initiated by the onset of WD-feeding and accelerate early ath-
erosclerotic plaque formation in LDLR™ mice.

4.1 Limitations
Besides TNF-o, ADAM17 is involved in the cleavage of various signalling
molecules.”” We cannot exclude the contribution of other iRhom2-
modulated substrates, such as amphiregulin,12 which was recently identi-
fied as a regulator of BA synthesis by controlling CYP7AT mRNA ex-
pression,50 to the observed phenotype in LDLR™iRhom2” mice.
Moreover, we cannot rule out the possibility that modulated BA signal-
ling contributes to the attenuation of atherosclerosis in our experi-
ment.>? It was reported that transgenic mice overexpressing CYP7A1
are resistant to high fat diet-induced obesity, but only in combination
with an increased BA pool.>? Our observation of reduced weight gain in
iRhom2-deficient mice in the first week of WD could therefore be an in-
dication of a change in BA signalling. Similarly, the attenuation of the diet-
induced increase of triglycerides in LDLR”iRhom2” mice could be
explained by bile acid signalling, especially considering the observed
maintenance of SHP expression.>® We have to point out that our con-
clusions regarding CYP7A1, HNF-4a, and LRH-1 are based on observa-
tions at the mRNA level without supporting data at the protein level.
However, it was shown that in particular the rate limiting enzyme,
CYP7A1, is regulated at the mRNA level and that hepatic mRNA, pro-
tein levels and activity parallel 2”#"#>3

iRhom?2 has emerged as a potential new target for the treatment of in-
flammatory diseases' and the present study identified the iRhom2/
ADAM17 signalling axis as a critical link between inflammation, lipid me-
tabolism and early atherogenesis. The lack of an effect of iRhom?2 defi-
ciency on advanced stage atherosclerosis in our model does not exclude
potential benefits of iRhom?2 inhibition on atherosclerosis in the pres-
ence of enhanced inflammation, as observed for example with diabetes
mellitus or rheumatoid arthritis. The development of selective iRhom?2
inhibitors represents a desirable objective to further evaluate the impact
of iRhom2 on atherosclerosis.
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Translational Perspective

iRhom?2 attenuates shedding of TNF-« selectively from immune cells and therefore has emerged as a potential new target for the treatment of in-
flammatory diseases. In the present study, we identified iRhom2 as a critical link between inflammation, lipid metabolism, and atherogenesis.
Selective iRhom?2 inhibition represents a potential treatment strategy to modify atherosclerosis, particularly in the presence of enhanced inflamma-

tion as observed with diabetes mellitus or rheumatoid arthritis.




