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Abstract

Objectives. To determine the consequences of specific inhibition of Epidermal Growth Factor
Receptor (EGFR) in myeloid cells in atherosclerosis development.

Approach and Results. Atherosclerotic lesion size was significantly reduced in irradiated
Ldlr’~ mice reconstituted with LysM¢* Egfi*o!ox bone marrow, compared to chimeric Ldlr"
mice reconstituted with LysM“*Egfi‘*°* bone marrow, after 4 weeks (-43%, P<0.05), 7
weeks (-34%, P<0.05), and 12 weeks (-54%, P<0.001) of high fat diet. Reduction of lesion
size was associated with marked reduction in macrophage accumulation and necrotic core
size. Specific deletion of Egfr in myeloid cells reduced TNF-a and IL-6 production by
stimulated macrophages but had no effect on IL-10 and IL-12p70 secretion. Finally, we found
that myeloid deletion of Egfr limited cytoskeletal rearrangements and also lipid up-take by
macrophages through a down-regulation of the scavenger receptor CD36.

Conclusion. Gene deletion of Egfr in myeloid cells limits IL-6 and TNF-a production, lipid

uptake, and consecutively reduces atherosclerosis development
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Introduction

Atherosclerosis is a Western life-style associated inflammatory disease of the arterial wall
responsible for ischemic cardiovascular diseases and stroke [1]. There is a large body of
human and experimental evidences showing that innate immunity plays a crucial role in
atherosclerosis development and complications. Monocyte-derived macrophages of the intima
internalize and are activated by a broad range of molecules and particles bearing damage-
associated molecular patterns (e.g., oxidized LDL), and ultimately are transformed into pro-
inflammatory foam cells. Macrophage maturation, activation and proliferation are necessary
steps for atherosclerosis and are associated with up-regulation of pattern recognition receptors
for innate immunity, including scavenger receptors (SR-A, CD36) and toll-like receptors
(TLR) [2-4]. Modulating monocyte/macrophage pathogenic function could represent an
interesting therapeutic approach to limit atherosclerosis development and complications, and
to stop the burden of cardiovascular diseases.

The epidermal growth factor receptor (EGFR) is a prominent member of the receptor tyrosine
kinase family [5]. EGFR and its ligands have been detected in atherosclerotic plaques of mice
[6], rabbits, monkeys [7] and humans [8-10], colocalizing with vascular smooth muscle cells
and macrophages. EGFR phosphorylation has been documented in aortas of athero-prone
Apoe”- mice under a high fat diet, and repetitive administration of AG-1478, a tyrosine kinase
inhibitor (TKI) specific for EGFR, reduced atherosclerosis in Apoe” mice [11]. However,
since EGFR is expressed by vascular (endothelial and smooth muscle), myeloid and T cells,
the atheroprotective effects of TKI cannot be directly ascribed to the modulation of a specific
cell population, in particular monocytes/macrophages. To investigate the specific in vivo
consequences of EGFR blockade in myeloid cell function, we generated a cell-specific
deletion of Egfi and performed bone marrow transplantation experiments in irradiated Ldlr”

mice.



Materials and Methods

Materials and Methods are available in the online-only Data Supplement.

Results

First of all, we searched for EGFR expression in plaques of Ldlr”~ mice, an athero-prone
model routinely used for bone marrow transplantation experiments. In adult males, after 4
weeks of high fat diet, EGFR was expressed in atherosclerotic lesions and colocalized with
MOMA-2+ macrophages. After 8§ weeks of high fat diet, in more advanced lesions, EGFR
was mainly expressed around the lipid-rich necrotic area and colocalized with macrophages,
although not exclusively (Figure I in the online-only Data Supplement), suggesting that other
cell types may express EGFR in atherosclerotic lesions. We next assessed the specific role of
EGFR activation in myeloid cells during the development of atherosclerosis.
LysMC e Egfi‘oox mice were obtained by crossing the loxP-flanked Egfir mice (Egfi'o¥/!°%)
with mice expressing Cre recombinase under the control of the murine M lysozyme promoter,
which is specific for cells of the myeloid lineage (LysM“*"). Egfr deletion was confirmed in
adherent peritoneal macrophages (Figure II in the online-only Data Supplement). Next, we
performed bone marrow transplantation experiments using either LysM©eEgfi‘<*x or
LysMCre* Egfifox/ox littermate bone marrow to repopulate lethally irradiated Ldlr"~ mice. After
4 weeks of recovery and additional 4 weeks on high fat diet, animals were euthanized. We did
not observe any difference in animal or spleen weights between the 2 groups of mice (data not
shown). Leukocyte populations (neutrophils, monocytes, B cells, T cells) were not different
between groups, neither in the blood nor in the spleen (Figure III in the online-only Data
Supplement). Egfr expression was detected in plaques of control chimeric mice but was not
found in atherosclerotic plaques of chimeric ldlr’/LysM " Egfi**¥°* mice (Figure IV in the

online-only Data Supplement). As shown in Figure 1A, Egfr deficiency in myeloid cells led to



a 43% decrease in atherosclerotic lesion size in the aortic sinus compared with controls (16 *
6 x 10° um? vs 28 + 6 x 10° um? P<0.05). The reduction of atherosclerosis was confirmed
after 7 weeks (-34%, P<0.05) and 12 weeks (-54%, P<0.001) of high fat diet. Plasma
cholesterol levels were comparable between the groups of mice (Figure 1B).

Plaque composition was analyzed in advanced lesions of chimeric Ldlr- mice after 12 weeks
of high fat diet. We found a decrease in both macrophage accumulation (Figure 1C) and
necrotic core area (Figure 1D) in lesions of LysM< " Egfi‘oo*— Ldlr"~ compared to LysM<"
Egfrlo¥ox — Ldlr’~ mice, but no difference regarding collagen content (Figure V in the online-
only Data Supplement). Based on previous studies reporting that pharmacological inhibition
of EGFR limits cytokine production in non-hypercholesterolemic context [12] [13], we
investigated the immuno-inflammatory response in chimeric Ldlr~ mice. LPS/IFN-y-
stimulated splenocytes showed a slight deviation toward an anti-inflammatory profile in Ldlr
“/LysMCre* Egfi*o¥/°x chimeric mice when compared to Ldlr”"/LysMc Egfi’>~** chimeric mice
with a reduction of TNF-o production but no difference for IL-12p70 and IL-10 (ELISA,
Figure 2A). The expression of //10, 1112p70 and Tnf mRNAs in the spleens was not different
between groups (Figure 2A). Furthermore, Ldlr-/LysM " Egfi’*°* bone marrow-derived
macrophages were less prone to polarize toward a pro-inflammatory phenotype after
LPS/IFN-y, as they produced less of TNF-o and less of IL-6 (ELISA, Figure 2A). In order to
gain insight into the mechanisms of reduction of macrophage and necrotic core content in
Ldlr" mice reconstituted with LysM¢¢* Egfi**o* bone marrow, we first evaluated cell death.
In vitro, apoptosis susceptibility of macrophages was comparable between the 2 genetic
backgrounds after serum deprivation or exposure to TNF-a/cycloheximide (Figure VI in the
online-only Data Supplement). We hypothesized that the marked reduction of Oil red O+
lesions in Ldlr""/LysMc " Egfr’**** mice could be due, at least in part, to a reduction of foam

cell formation. To explore this hypothesis, we performed in vitro experiments to examine the



uptake of oxidized LDL by BMDMs and their ability to accumulate intracellular lipids.
Interestingly, lipid uptake was significant reduced in LysM¢* Egfi*>~*¥ cultured macrophages
and in AG-1478-treated LysM“* Egfr’>*o* macrophages in comparison with control LysM¢"e
Egfrlo*o* macrophages after 24 hours of incubation with oxLDL (figure 2B). This result was
confirmed in peritoneal macrophages (Figure VII in the online-only Data Supplement). In
addition, we found that AG-1478 treatment reduced cholesterol content in macrophages
exposed to oxidized LDL (Figure VIII in the online-only Data Supplement). We found no
difference in Abcal, Abcgl (Figure IX in the online-only Data Supplement), Scarbl and Msri
mRNA expression between groups (Figure 2C). However, we identified a reduction of Cd36
mRNA expression in LysMC " Egfi‘oox cultured macrophages after stimulation with oxLDL
(Figure 2C). A reduction of CD36 protein was further confirmed by flow cytometry (Figure
2D). Pharmacological inhibition of EGFR using AG-1478 reduced oxidized LDL endocytosis
in C57BI6 control macrophages but had no effect on lipid uptake in Cd36™ cells suggesting
that EGFR controls lipid uptake through the regulation of CD36 expression (Figure 2E).
Finally, to evaluate the in vivo relevance of our data, we stained and quantified CD36 protein
expression in plaques from chimeric Ldlr~ mice. CD36 was detected in atherosclerotic
plaques and co-localized with MOMA-2 (Figure X in the online-only Data Supplement). We
found a profound decrease of CD36 staining in atherosclerotic plaques of chimeric Ldlr”
mice retransplanted with LysM©¢* Egfi’>~>* bone marrow cells (Figure 2F and Figure X in the
online-only Data Supplement). As EGFR could interact with Focal Adhesion Kinase [14] and
CD36 is involved in cell migration [15], we hypothesized that the atheroprotection induced by
EGFR deficiency in myeloid cells could also be due, in part, to impairment of cytoskeleton
rearrangements. In vitro, we found that Egfr deficiency limited monocyte adhesion to serum
coated coverslips and also limited macrophage spreading and actin polymerization when

exposed to oxLDL (Figure XI in the online-only Data Supplement).



Discussion

In this study, we showed that selective deletion of Egfr in myeloid cells reduced
atherosclerosis development, limiting both lipid uptake and the inflammatory response.

Our study extends previous findings by highlighting the role of EGFR engagement on the
inflammatory response of macrophages in the context of atherosclerosis [11]. Genetic
deficiency of Egfr in myeloid cells modulated the systemic innate inflammatory response as
illustrated by the reduction of pro-atherogenic TNF-a production by both splenocytes and
macrophages after TLR4 agonist stimulation [3, 16]. Our result are consistent with the recent
study by Wang et al. who reported a reduction of TNF-o and IL-6 production by OxLDL-
stimulated macrophages after incubation with 2 different pharmacological EGFR inhibitors
[11].

Given the strong reduction of the area of aortic Oil red O staining in the absence of myeloid
EGFR, we investigated the role of EGFR in macrophage foam cell formation and found a
marked reduction of oxidized LDL uptake and lipid accumulation in Egfir deficient
macrophages. Among the major receptors that govern foam cell formation in macrophages
(i.e., MSR1, CD36), Egfr deletion selectively altered the expression of CD36 both at the gene
and cell surface protein expression levels, and both in vitro and within atherosclerotic plaque
macrophages in vivo. Our results are in agreement with previous in vitro work that showed
reduced lipid uptake by both mouse [11] and human [17] macrophages treated with an EGFR
tyrosine kinase inhibitor. In addition, we found that AG-1478 had no effect on lipid uptake in
Cd36” macrophages suggesting that CD36 is the main regulatory mechanism of lipid uptake
driven by the EGFR pathway. We did not investigate downstream pathways but we speculate
that PPAR-y might be involved given its major impact on CD36 expression and its regulation

by the EGFR pathway [18].



EGFR is also expressed by polymorphonuclear cells [19] and we cannot exclude a
contribution of neutrophils to the vascular phenotype observed in chimeric Ldlr"
[LysMC€re* Egfi'oxox_ However, such a contribution is probably minor because previous studies
that used anti-GR1 depleting strategy reported a proatherogenic role of neutrophils at early
stages of atherosclerosis but no significant effect in advanced plaques [20]. Here, we reported
that myeloid EGFR deficiency was protective at both early and late stages of atherosclerosis

development.

Conclusion
Selective deletion of EGFR in myeloid cells reduced atherosclerosis and plaque inflammation.
Our findings suggest that targeting of EGFR pathway could be an interesting therapeutic

strategy to limit plaque growth and promote plaque stability.
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Highlights

Specific deletion of Egfr in myeloid cells:

- reduced TNF-a and IL-6 production by macrophages

- limited lipid up-take by macrophages through a down-regulation of the scavenger receptor
CD36.

- reduced atherosclerosis development and induced a more stable plaque phenotype
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Figure legends

Figure 1. Egfi deletion in myeloid cells reduces atherosclerosis in chimeric Ldlr”~ mice
and limits macrophage accumulation. A, representative photomicrographs and quantitative
analysis of atherosclerotic lesions of chimeric Ldlr”- mice after 4, 7 and 12 weeks of high fat
diet. Scale bar 200 um. B, Plasma cholesterol level of Ldlr~ chimeric mice after 4, 7 and 12
weeks of fat diet. C, representative photomicrographs and quantitative analysis of
macrophage accumulation (MOMA staining) in atherosclerotic lesions of chimeric Ldlr"
mice after 12 weeks of fat diet. D, representative photomicrographs and quantitative analysis
of acellular area (Masson’s Trichrome) of chimeric Ldlr’~ mice after 12 weeks of fat diet. *

P<0.05. ** P<0.01, non-parametric Mann-Whitney test. Scale bar 70 pm.

Figure 2. Myeloid Egfr deletion inhibits pro-inflammatory innate immune responses and
lipid uptake. A, Cytokine production (ELISA) by LPS/IFNy-stimulated splenocytes isolated
from chimeric Ldlr”- mice after 4 weeks of high fat diet; quantification of cytokine mRNA
expression in spleens of chimeric Ldlr”~ mice (related to Gapdh); cytokine production
(ELISA) by LPS/IFNy-stimulated bone marrow-derived macrophages (BMDMs) isolated
from Ldlr”~ chimeric mice, after 4 weeks of high fat diet. B, Representative photomicrographs
and quantitative analysis of lipid-laden macrophages after incubation of BMDMs from
LysMC€reEgfi*o<ox and LysM¢¢* Egfi**ex mice with oxLDL during 24h. C, Quantification of
Cd36, Msrl and Scarbl mRNAs in BMDMs from LysM¢eEgfit*o* and LysM¢re* Egfilo¥/lox
mice at baseline and after stimulation with oxLDL (related to Gapdh). D, flow cytometry
quantification (Mean Fluorescence Intensity) of CD36 expression by BMDMs from LysM¢
Egfrlo¥ox and LysM©**Egfi’>>* mice after stimulation with oxLDL. E, Representative
photomicrographs and quantitative analysis of lipid-laden macrophages after incubation of

BMDMs from Wild-type and Cd367 mice with oxLDL during 24h +/- AG-1478 (10 pMol).
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F, Representative photomicrographs and quantification of CD36 expression in plaques from
chimeric Ldlr’"/LysM¢ e Egfi’>~"** and Ldlr’"/LysM“ " Egfi***°* and mice. Scale bar 50 um. *
P<0.05. ** P<0.01. Non-parametric Mann-Whitney test was used in Figures 2A, C, D, F.

Kruskal-Wallis test with post-hoc analysis was used in Figures 2B and E.
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Supplemental figure |

Egfr is expressed in atherosclerotic plaques of Ldlr 7~ mice under at early stage (4 weeks of fat diet, up) and advanced
stage of the disease (8 weeks of fat diet, down). Egfr (red) is expressed in plaques of /dIr’- and colocalizes (yellow) with
MOMA* macrophages (green). Bar scale 50 um.




Supplemental figure I
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Supplemental figure IV
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Staining without primary antibody was called negative control. ***, P<0.001 Mann Whitney test. Bar scale 100 um.
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Representative photomicrographs and quantitative analysis of collagen content within atherosclerotic lesions of

chimeric LdIr’- mice after 12 weeks of fat diet (Sirius red).



Supplemental figure VI
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Bone marrow-derived macrophages isolated from LysMCre- Egfrio/lox (opened circles) or LysMCre+ Egfrio/loxmice (filled
circles) were challenged in vitro during 24 hours and apoptosis was evaluated by flow cytometry. Apoptotic cells were
defined as annexin VPos 7-AAD"e8 cells and necrotic cells were defined as annexin VPos 7-AADPs cells.



Supplemental figure VII
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Representative photomicrographs and quantitative analysis of lipid uptake by peritoneal macrophages from LysM
Cre- Egfrio/lox and LysM Cre+ Egfrio/lox mice with oxLDL during 24h. *, P<0.05, using non-parametric Mann-Whitney
test.
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EGFR pharmacological inhibition reduced cholesterol content in oxidized LDL-stimulated macrophages.
Quantification of cholesterol content (colorimetric assay Biomérieux, normalization to protein content) in BM-
derived macrophages from control LysM Cre- Egfriolox mice cultured with oxLDL during 24h +/- AG-1478 (10
1uMol), a pharmacological inhibitor of EGFR. *, P<0.05, using non-parametric Mann-Whitney test.
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EGFR deficiency did not affect Abcal and Abcgl gene expression. Quantification of Abcal and Abcg1l mRNAs
in bone marrow-derived macrophages from LysMCre- Egfr'o/'ox and LysMCre+ Egfr'©/'x mice at baseline and
after stimulation with oxLDL (related to Gapdh).
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Negative control

CD36 is expressed in atherosclerotic plaques of chimeric LdIr/- mice and colocalizes with macrophages. Fluorescent
staining of CD36 (red) and Macrophages (MOMA-2, green) and colocalization (Yellow). Stainings without primary
antibody are negative controls. Bar scale 50 um.



Supplemental figure XI

A B
2500 . — & 250- *ox O LysM Cre- Egfr'ox/lox
C * L E | —— |
2 52000 © © =200{ ©0qo0 @ LysM Cre+ Egfriov/iox
£2 g 0¢° °
8 5 1500 5 1501 —o
29 0 ° /o) o)) el o
5‘ g 1000' oo % li‘ -(CU 100_ Otﬁ A ..
8 = o [e0® M) 8'
§ 500' [ ) b 50_l
S
C T T T T T T C T T
1 hour 2 hours 3 hours
C D E
o)) 8
S 20 - & 3000 )
S 3 ° 5 .
OO G 5%
5 — 401 _Oo @ o
o 3 ) £ .
o 8 c 2000-
F230) —ogo— 3 kS
[y e] > °® o L4
g g 20- Qgle® 4.& £ 1000, o % T ewwt
S o 3 je==on
E U) - g i
EN ol r . CH . . _
= 15 minutes 30 minutes 60 minutes

LysM Cre- Egfriox/1ex LysM Cre+ Egfriox/lox

Egfr deficiency reduced monocyte adhesion, macrophage spreading and actin polymerization. Bone marrow (BM) monocytes were
plated in serum coated coverslips during 1, 2 and 3 hours. After washing (X2) and DAPI staining, adherent monocytes were quantified (A).
BM-derives macrophages were incubated with oxLDL during 1 hour and then fixed. Mean macrophage area (B) and cell spreading (C, D)
were quantified blindly by confocal microscopy. Peritoneal macrophages (CD11b+F4/80+) were exposed to oxLDL and then stained with

fluorescent-phalloidin to detect polymerized actin (E). *, P<0.05, ** P<0.01 Mann Whitney test.



