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Aims Inhibitors of the anti-phagocytic CD47-SIRPo immune checkpoint are currently in clinical development for a variety
of haematological and solid tumours. Application of immune checkpoint inhibitors to the cardiovascular field is lim-
ited by the lack of preclinical studies using genetic models of CD47 and SIRPa inhibition. In this study, we compre-
hensively analysed the effects of global and cell-specific SIRPo. and CD47 deletion on atherosclerosis development.

Methods Here, we show that both SIRPa and CD47 expression are increased in human atherosclerotic arteries and primarily
and results co-localize to CD68™ areas in the plaque region. Hypercholesterolaemic mice homozygous for a Sirpa mutant lack-
ing the signalling cytoplasmic region (Sirpa™!™
atherosclerosis. Further, global Cd47~'~ mice are protected from atherosclerosis but myeloid cell-specific deletion

) and myeloid cell-specific Sirpa-knockout mice are protected from

of Cd47 increased atherosclerosis development. Using a combination of techniques, we show that loss of SIRPa. sig-
nalling in macrophages stimulates efferocytosis, reduces cholesterol accumulation, promotes lipid efflux, and attenu-
ates oxidized LDL-induced inflammation in vitro and induces M2 macrophage phenotype and inhibits necrotic core
formation in the arterial wall in vivo. Conversely, loss of myeloid cell CD47 inhibited efferocytosis, impaired choles-
terol efflux, augmented cellular inflammation, stimulated M1 polarization, and failed to decrease necrotic core area
in atherosclerotic vessels. Finally, comprehensive blood cell analysis demonstrated lower haemoglobin and erythro-
cyte levels in Cd47 '~ mice compared with wild-type and Sirpa™"“™" mice.

Conclusion Taken together, these findings identify SIRPa as a potential target in atherosclerosis and suggest the importance of
cell-specific CD47 inhibition as a future therapeutic strategy.
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1. Introduction

Immune checkpoint interactions are intercellular regulatory pathways
that help maintain tissue homeostasis, in particular by preventing activa-
tion of autoimmune-related adverse events." Malignant cells are known
to regulate these immune checkpoints to inhibit immune cell activation
and prevent their clearance by immune surveillance. Inhibitory signal reg-
ulatory protein o (SIRPat) expressed on myeloid cells is an important im-
mune checkpoint receptor that binds to the cell surface glycoprotein
CD47. CDA47 is ubiquitously expressed on viable cells but rapidly down-
regulated during apoptosis, thus, allowing engulfment of apoptotic cells
by phagocytes and their subsequent programmed cell removal (aka
efferocytosis).” Cancer cells, on the other hand, overexpress CD47 that
upon binding to phagocyte SIRPa induces a ‘don’t eat me’ signal to nega-
tively regulate their elimination.” Recent studies demonstrated that re-
combinant polypeptides derived from SIRPa acting as decoy receptors
and CD47-blocking antibodies (CD47-Ab) are highly effective to de-
crease tumour size in a variety of preclinical human tumour xenograft
models.>* SIRPa and CD47 blocking pharmacotherapies are now under
investigation in clinical trials for both solid and haematologic
malignancies.>®

In contrast to the major advances in clinical oncology, pharmacological
modulation of immune checkpoints as a therapeutic strategy for the
treatment of cardiovascular disease (CVD) is still in its infancy.
Pharmacotherapies currently used to treat atherosclerotic vascular dis-
ease primarily include lipid-lowering and anti-hypertensive drugs, while
ignoring arterial inflammation and other causes of cell death in the vessel
wall” The chronic non-resolving inflammation and cell death in

atherosclerotic arteries directly contribute to the formation and expan-
sion of necrotic core, which renders plaques unstable, more vulnerable
to rupture and arterial thrombosis.® As a consequence of plaque rup-
ture, compromised oxygen supply to the heart and brain leads to ischae-
mic coronary artery disease and stroke, respectively, which are the
predominant causes of death and morbidity worldwide.” Impaired effer-
ocytosis in advanced atherosclerotic arteries contributes to lesion pro-
Thus, directly targeting apoptotic cell
removal in atherosclerotic arteries may provide therapeutic promise,

gression and plaque necrosis.®

particularly for those patients who have advanced lesions or had major
cardiovascular events despite lipid-lowering therapies and anti-hyperten-
sive medications.

Similar to tumour tissue, CD47 levels are up-regulated in atheroscle-
rotic arteries that may explain why efferocytic clearance of apoptotic
cells by macrophages is impaired in advanced plaques.11
dysregulation of SIRPa-CD47 checkpoint inhibition, Kojima et al.'" dem-

Consistent with

onstrated that administration of a blocking CD47-Ab ameliorates ath-
erosclerosis in mice and suppresses vascular inflammation in a small
cohort of cancer patients.'” To our knowledge, no genetic studies have
targeted SIRPa in mice and only a single study utilized nanoparticles con-
taining a small molecule inhibitor of SH2 domain-containing phospha-
tase-1 (SHP-1), a signalling molecule downstream of SIRPa, in
atherosclerosis.”* CD47 is ubiquitously expressed and known to have
pleiotropic effects on both immune and non-immune cells."* For exam-
ple, CD47 interacts in cis with integrins and VEGFR, binds to thrombo-
spondin 1 (TSP1), and regulates phagocyte SIRPa signalling in trans.' In
contrast, SIRPa expression is more restricted to the central nervous sys-

tem and macrophages, and its functions independent of efferocytosis
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remain largely unknown.'é” Although CD47-Ab-induced modulation of
immune checkpoints seems a promising strategy in experimental athero-
sclerosis,"" translation of these results into the clinic is compromised by
the lack of genetic models targeting CD47 and SIRPa in atherosclerosis,
limited understanding of cell-specific CD47 and SIRPa signalling in the ar-
terial wall, and largely unknown effects of CD47 and SIRPa blockade on
cellular function relevant to atherosclerosis but independent of efferocy-
tosis. Moreover, no pharmacological or genetic studies have investigated
the relative efficacy and haematological safety profile of CD47 vs. SIRPa
inhibition in atherosclerosis.

In this study, we analysed Western diet-induced atherosclerosis in
Sirba mutant, global CD47-deficient, and myeloid cell-specific Cd47- and
Sirpa-knockout mice. We observed that both Sirpa mutant and CD47-
deficient mice are protected from atherosclerosis. Interestingly, myeloid
cell Sirpa deletion attenuates atherosclerosis, while myeloid cell-specific
Cd47 knockout mice have increased atherosclerotic lesion formation
compared with control mice. Efferocytosis assays demonstrated in-
creased internalization rate of apoptotic cells by Sirpa-knockout macro-
phages. On the contrary, Cd47 knockout macrophages exhibit
suppressed efferocytosis. Independent of efferocytosis regulation, loss of
SIRPo. reduced macrophage cholesterol accumulation, suppressed nu-
clear NFkf levels, and attenuated inflammation. CD47 deficiency re-
duced macrophage cholesterol efflux, stimulated NFxf nuclear
translocation, and increased arterial inflammation. Finally, haematological
analysis demonstrated that Cd47 knockout mice have lower circulating
erythrocyte and haemoglobin levels compared with wild-type and Sirpa
mutant mice. Taken together, these results identify SIRPo as a therapeu-
tic target in atherosclerosis and highlight the need for future studies to
investigate the cell-specific role of CD47 in the arterial wall.

2. Methods

2.1 Human atherosclerotic tissue

The study was approved by the Biological Safety Office, Augusta
University (BSP# 1458) and conducted following the guidelines in the
Declaration of Helsinki. The written informed consent was obtained on
behalf of each case from the next of kin, for use of cadaveric tissue for re-
search purposes. Human atherosclerotic and non-atherosclerotic aortic
and coronary artery tissue were collected from cadaveric donors at the
Medical College of Georgia, Augusta University. Additional information
about the tissue donors, including the cause of death, comorbidities, and

medical history is available in our previous publication.®

2.2 Sirpa expression in human

atherosclerotic and control arteries

To examine Sirba mRNA expression in human non-atherosclerotic and
atherosclerotic arteries, the publicly available gene expression data of
human atherosclerosis cohorts were downloaded from Gene
Expression Omnibus (GSE43292)." Gene expression profiling in used
cohorts was generated using the Affymetrix Human 5 Gene 1.0 ST
Array.

2.3 Animals

All animal experimental procedures were performed after getting ap-
proval from the IACUC of Augusta University and conducted following
the NIH Guide for the Care and Use of Laboratory Animals. Eight- to
ten-weeks-old wild-type C57BL/6) (stock # 000664), Apoe '~ (stock #

002052), Cd47 '~ (stock # 003173), and LysM Cre (stock # 004781)
mice were procured from the Jackson Laboratory (Bar Harbor, USA).
Sirpad™™t mice were kindly provided by Dr Jeffrey S. Isenberg
(University of Pittsburgh, USA). Sirpa-floxed (Sirpa™) mice were pro-
vided by Dr Hisashi Umemori, Harvard Medical School, USA.
Cd47-floxed (Cd47™) mice were cryorecovered (Cd47™m1aKOMPMbp)
from frozen germplasm. Myeloid cell-specific Sirpa-knockout (Sirpa™
LysM Cre™) and Cd47 knockout (Cd47™ LysM Cre™") mice were gen-
erated by breeding Sirpa™ or Cd47™ mice with LysM Cre transgenic
mice. Double knockout Apoef/flCd477/7 mice were generated by
crossing Apoe ™'~ mice with Cd47~"~ mice.

To induce liver-specific low-density lipoprotein receptor (LDLR) deg-
radation and hypercholesterolaemia, mice were injected with a recombi-
nant AAV8-PCSK9 [pAAV-PCSK9-hD374Y (human gain-of-function
mutant), Vigene Biosciences, Rockville, 1 x 10" VG, ip.] once and fed a
Western diet (Envigo, Indianapolis, IN, TD.88137) for indicated time.
Mice were anesthetized by isoflurane inhalation (2-3%) and blood was
collected in a heparinized syringe via cardiac puncture for further analy-
sis. Mouse aorta and heart were harvested and fixed in 4% paraformalde-
hyde for 24h. Heart tissue was embedded in the optimal cutting
temperature compound and stored at -80°C until use.

Detailed methods are included in the Supplementary material online.

3. Results

3.1 SIRPo expression is elevated in human
atherosclerotic arteries and SIRPo mutant

mice are protected from atherosclerosis

The development of necrotic core is a hallmark of the vulnerable athero-
sclerotic plaque and atherothrombotic disease.” The therapeutic bene-
fit of selectively blocking the ‘don’t eat me’ receptor SIRPa in myeloid
cells in murine atherosclerosis and the role of SIRPo in human athero-
sclerosis remain unknown. To determine whether Sirpa levels are dysre-
gulated in atherosclerotic arteries, we first analysed a publicly available
gene expression database (GSE43292) of human carotid artery endar-
terectomy samples and observed increased Sirba MRNA expression in
human atherosclerotic arteries compared with non-atherosclerotic con-
trol tissue (n = 32; Figure 1A). Next, we quantified SIRPa protein expres-
sion in human atherosclerotic and non-atherosclerotic tissue using
immunoblotting. First, Oil red O (ORO) staining identified the presence
of atherosclerotic lesions in the inner curvature (IC) of human aortic
arch but not in the descending aorta (DA), consistent with the athero-
promoting mechanisms of disturbed blood flow (Supplementary material
online, Figure S1A). Histopathological examination identified type IV and
V lesions in the IC segments of human aortic arch (Supplementary mate-
rial online, Figure S1B). Immunoblotting analysis demonstrated increased
SIRPa expression in human atherosclerotic aortic tissue compared with
non-atherosclerotic aortic segments (Figure 1B and D). Consistently,
SIRPa expression was increased in atherosclerotic IC isolated from both

male and female Apoe™

~ mice (12 weeks Western diet) compared with
plaque-free DA segments (Figure 1C and D and Supplementary material
online, Figure S1Cand D). These data suggest an association between ele-
vated SIRPo expression and atherosclerotic lesion formation in both
sexes.

Next, 8-10weeks old male wild-type (Sipa™") and Sirpa mutant
(Sirpa™ ™ mice were injected with AAV8-PCSK9 and fed a Western

mut/mut

diet for 16 weeks to induce atherosclerosis. Sirpa mice express
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Figure | SIRPa expression is elevated in atherosclerotic arteries and SIRPo. mutant mice are protected from atherosclerosis. (A) Analysis of available
gene expression database (GSE43292) for Sirba mRNA levels in human atherosclerotic arteries and control (Ctrl) tissue (n = 32). (B) Representative west-
ern blot images of SIRPa protein expression in human non-atherosclerotic DA and atherosclerotic IC (n = 6). (C) Representative western blot images of
SIRPa expression in atherosclerotic IC and plaque-free DA segments of male Apoe”” mice fed with a Western diet for 12 weeks (n = 4). (D) Bar graph repre-
sents mean SIRPa. protein levels. (E-N) Male Sirpa™ " and Sirpa™"”™" mice were injected with AAV8-PCSK9 ip, fed a Western diet for 16 weeks, followed
by aorta en face ORO staining and immunohistochemical analyses of aortic root cross-sections. (E) Representative in situ images of aortic arch (yellow
arrowheads: atherosclerotic lesions), scale bar: 2 mm. (F) Representative en face ORO staining of aorta, scale bar: 5 mm. (G) Quantification of plaque area in
aorta (n = 5-8). (H and /) Bar diagrams showing total plasma cholesterol (H) and fasting blood glucose levels (/). (/) Representative images of aortic root
cross-sections stained with ORO (lipid accumulation), H & E (neointima area), Masson’s Trichrome (collagen content), scale bar: 400 pm and CD68 (macro-
phage burden), scale bar: 200 pm. (K-=N) Lipid deposition (K), neointima area (L), collagen content (M), and macrophage accumulation (N) in aortic root sec-
tions (n = 5-8). Statistical analyses were performed using a two-tailed unpaired t-test. Data represent mean £ SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and

kP < 0.0001.

SIRPo with an intact extracellular domain that can interact with CD47,
however, it lacks majority of the cytoplasmic region, which prevents its
tyrosine phosphorylation and abrogates its ability to form a complex
with SHP-1 or SHP-2 in phagocytes to inhibit efferocytosis.”’ On the
other hand, complete SIRPa deletion leads not only to inhibition of intra-
cellular SIRPa. signalling in phagocytes but can also modify CD47 signal-
ling in vascular cells, immune cells (trans) and may even have autocrine
actions (cis). For example, deletion of the extracellular SIRPa domain in
macrophages may ‘free up’ CD47 in vascular cells that via binding to
TSP1 (soluble ligand for CDA47) have SIRPa-independent effects.'
Animal genotypes were determined and protein expression in aortic and
liver tissue lysates was verified using an antibody*? targeting the cytoplas-
mic tail of SIRPa protein (Supplementary material online, Figure STE

and F). En face ORO staining of the aorta demonstrated substantially re-
duced atherosclerosis in Sirpa™?™! mice [% plaque area: 2.63 +0.42
(77.6% decrease)] compared with wild-type controls (11.49 + 0.84), sug-
gesting a detrimental role for SIRPa. in the pathogenesis of atherosclero-
sis (Figure 1E-G). Plasma total cholesterol levels, fasting blood glucose,
body composition and weight gain were not different between wild-type
and Sirpa™"™* mice (Figure 1H and | and Supplementary material online,
Figure S1G and H). Additionally, ORO staining performed on aortic root
cross-sections from Sirpa™™" mice exhibited significantly reduced
atherosclerotic lesion area compared with wild-type tissue (7.61 £
0.78 x 10% um? vs. 16.31 % 1.49 x 10* um? P = 0.0001) (Figure 1/ and K).
Furthermore, histological staining indicated attenuated neointima area
(43.9%), decreased CD68™" area (30.5%), and increased collagen content
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Figure 2 Global CD47 deficiency suppresses atherosclerosis in hypercholesterolaemic mice. (A-L) Male Cd47+* and Cd47~'~ mice were injected with
AAV8-PCSK9 ip., fed a Western diet for 12 weeks, and analysed for atherosclerosis. (A) Representative in situ images of aortic arch (yellow arrowheads: ath-
erosclerotic lesions), scale bar: 2 mm. (B) Representative en face ORO staining of aorta, scale bar: 5 mm. (C) Quantification of plaque area in aorta (n = 9—
10). (D—F) Bar diagrams show total plasma cholesterol (D), fasting blood glucose levels (E), and body composition (fat, lean, and fluid mass, F) (n = 7-11). (G)
Representative images of staining performed on aortic root cross-sections, scale bar: 400 um and CD68, scale bar: 100 um. (H-L) Lipid deposition (H)
(n=7-8), neointima area (/) (n = 7-8), collagen content (J) (n = 7-8), macrophage accumulation (K) (n =4), and necrotic area (L) (n = 7-8) in aortic root sec-
tions. Statistical analyses were performed using a two-tailed unpaired t-test (C-E, H, J, and K), two-way ANOVA followed by Sidak’s post hoc test (F), and
two-tailed unpaired Mann—Whitney test ( and L). Data represent mean + SEM. *P < 0.05 and **P < 0.01.

(47.6%) in Sirpa™Y™" mice compared with control animals (Figure 1] and
L-N). Finally, necrotic area was significantly smaller in Sirpa™4™
compared with control animals (Supplementary material online, Figure
$10). Collectively, these data demonstrate that SIRPa protein levels are
increased in atherosclerotic arteries and SIRPa. signalling contributes to

mice

atherosclerosis development.

3.2 Global CD47 deficiency protects
hypercholesterolaemic mice from

atherosclerosis

Kojima et al."" reported up-regulated CD47 levels in atherosclerotic pla-
ques compared with non-atherosclerotic vascular tissue and demon-
strated attenuated atherosclerosis in male Apoefl ~ mice treated with a
CD47-Ab. A study using genetic models has reported an atheroprotec-
tive effect of CD47 in female mice but did not investigate atherosclerosis
in male Cd47~"~ animals.”® To investigate the effects of global CD47 de-
ficiency on atherosclerosis development, male wild-type (Cd47+'*) and
Cd477'~ mice were injected with AAV8-PCSK9 and fed a Western diet.

En face atherosclerotic lesion analysis indicated attenuated (50.5%) ath-
erosclerosis in Cd47~'~ mice (% plaque area: 5.87 +0.68) compared
with controls (% plaque area: 11.84+1.47; P = 0.0025) (Figure 2A-C).
There were no significant differences in the metabolic profile between
wild-type and Cd47~'~ mice (Figure 2D—F). Further, global CD47 defi-
ciency suppressed plaque area, neointima area, and macrophage accu-
mulation in the aortic root compared with control mice (Figure 2G-K). In
contrast to Sirpa™m*
area were observed between control (2.58+0.83 x 10* um?) and
CDA47-deficient animals (1.37 + 0.61 x 10* um?) (Figure 2L).

Next, to confirm these results with mice on the Apoefl* background,
we generated Apoe '~/Cd47 '~ mice. As shown in Supplementary mate-
rial online, Figure S2A and B, atherosclerosis in the aorta of male Apoe_/_/
Cd47~'~ mice was significantly decreased [% plaque area: 7.90+1.16
(46.7% decrease)] compared with sex-matched Apoe ™~
(14.79 £ 1.09). Plasma total cholesterol, fasting blood glucose, and body
composition were not affected by CD47 deficiency in male animals
(Supplementary material online, Figure S2G-E). Similarly, female Apoe '~/
Cd477'~ mice were protected from atherosclerosis development

mice, no significant differences in the necrotic

controls
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[% plaque area: 19.95 £ 2.18 and 30.97 £ 1.98 for Apoeflf/Cd477/7 and
Apoe™'™ mice, respectively (35.6% decrease)] (Supplementary material
online, Figure S2F and G). Plasma total cholesterol levels, fasting blood
glucose, and body composition were not different (Supplementary mate-
rial online, Figure S2H-). Taken together, these results indicate that both
male and female CD47-deficient mice are protected from atherosclero-
sis. In addition, our results also suggest that systemic inhibition of SIRPa-
mediated signalling may be more effective to attenuate the necrotic core
area in murine atherosclerosis models compared to global CD47
inhibition.

3.3 Myeloid cell-specific SIRPo deletion
suppresses atherosclerotic lesion

formation

According to various RNA expression datasets, including the Genotype-
Tissue Expression database (gtexportal.org) and BioGPS (biogps.org),
and published literature,'”** SIRPoL is mainly expressed in myeloid cells,
hepatocytes, and neuronal cells. To identify the cell type(s) in atheroscle-
rotic arteries expressing SIRPa, immunostaining experiments for SIRPa.
along with the macrophage marker CD68 and vascular smooth muscle
cell (SMC) marker smooth muscle actin (SMA) were performed using
human atherosclerotic left anterior descending (LAD) coronary arteries.
Histological analysis identified advanced lesions (type Vb, as per
American Heart Association classification®) with intimal thickening and
presence of necrotic core with fine granular calcifications (Figure 3A).
Immunostaining indicated that SIRPot primarily co-localizes with CD68™
areas in the plaque region and minimal co-localization of SIRPa was ob-
served with SMA staining in the medial layer and plaque area (Figure 3B—
D). To investigate the role of macrophage SIRPa in atherosclerotic lesion
formation, myeloid cell-specific Sirpa-knockout mice were generated.
The genotypes of mice were determined using polymerase chain reac-
tion (PCR) (Supplementary material online, Figure S3A) and deletion of
SIRPa in myeloid cells was confirmed (Supplementary material online,
Figure S3B). PCSK9-AAVS8-injected Sirpa™ LysM Cre™ mice and litter-
mate Sirpa” mice were fed a Western diet for 16 weeks. En face ORO
staining of the aorta demonstrated significantly suppressed (53%) ath-
erosclerosis in Sirpa” LysM Cre™ mice (% plaque area: 4.19 + 0.50)
compared with Sirpa™ controls (% plaque area: 891+ 0.99) (Figure 3E—
G). As shown in Figure 3H and | and Supplementary material online, Figure
S3Cand D, there were no differences in the metabolic profile and blood
pressure between myeloid cell-specific Sirpa knockout and control mice.
Interestingly, we observed increased fat mass and decreased lean mass in
Sirpa™ LysM Cre™ mice (Supplementary material online, Figure S3E).
Further analyses of aortic root sections demonstrated decreased lesion
area (678 +0.52 x 10* um?vs. 12.17 £ 1.05 x 10* pm?; P = 0.0005), re-
duced neointima formation (32.5%), higher collagen content (102.2%),
and attenuated CD68" area (39.7%) in Sirpa” LysM Cre™" mice in com-
parison to Sirpa”" controls (Figure 3/~P). Furthermore, the necrotic core
area was significantly reduced in Sirpa™ LysM Cre*’" mice compared
with Sirpa™ mice (Supplementary material online, Figure S3F). Consistent
with reduced atherosclerosis in male mice, female Sirpa™ LysM Cre*"
had reduced atherosclerotic lesion formation compared with Sirpaf/f
controls (Supplementary material online, Figure S4A-G). These results
suggest that deletion of SIRPa. selectively in myeloid cells is sufficient to
attenuate atherosclerosis development in both male and female mice
and decrease necrotic core area in atherosclerotic arteries.

3.4 Myeloid cell-specific deletion of CD47
increases atherosclerotic lesion formation
CDA47 serves as the trans-counter receptor for SIRPa, functions as a sig-
nalling receptor for TSP1, and is functionally associated in cis with integ-
rins and VEGFR.'>?¢ A previous study demonstrated increased CD47
expression in macrophages and foam cell-rich areas of human athero-
sclerotic arteries.”" To date, no previous studies have targeted CD47 se-
lectively in myeloid cells in murine models of atherosclerosis.
Immunostaining analysis performed on human atherosclerotic LAD
showed increased CD47 expression in the necrotic core and CD68™
area but not in SMA-positive cells in the medial layer (Figure 4A and B).
To investigate the role of macrophage CDA47 receptor in atherosclerosis,
myeloid cell-specific Cd47 knockout mice were generated (Supplemen-
tary material online, Figure S5A). Contrary to our expectations, we ob-
served significantly larger (75.5%) atherosclerotic plaque area in the
aorta isolated from Cd47" LysM Cre™ mice (% plaque area: 1030+
0.98) compared with Cd47" controls (5.87 +0.57) (Figure 4C-E).
Consistent with these results, aortic root analysis showed larger
atherosclerotic lesion area (1835082 x 10% pm? vs. 1440+
123 x 10* pm?% P = 0.0062), augmented neointima formation (19.2%),
and increased CD68" area (110.7%) in Cd47" LysM Cre™ mice com-
pared with control mice (Figure 4H- and L). No differences in collagen
content (Figure 4H and K) and necrotic core area (Supplementary mate-
rial online, Figure S5D) were found between the groups. Furthermore, as
shown in Figure 4F and G and Supplementary material online, Figure S5B
and C, there were no significant differences in the metabolic profile be-
tween myeloid cell-specific Cd47 knockout mice and control mice.
Altogether, these findings suggest that myeloid cell-specific CD47 dele-
tion stimulates atherosclerosis development in hypercholesterolaemic
mice.

3.5 Macrophage SIRPu deficiency
stimulates, but macrophage CD47 deletion

inhibits efferocytosis

The interaction of macrophage SIRPor with CD47 inhibits phagocyto-
sis.'”*° However, the role of macrophage CD47 in regulating efferocyto-
sis is not well characterized. We utilized bone marrow-derived
macrophages (BMM) from control and myeloid cell-specific Sirpa-knock-
out mice and quantified internalization of apoptotic cells using confocal
microscopy and flow cytometry. Apoptosis of K562 cells after UV expo-
sure was confirmed with Annexin V staining (Supplementary material
online, Figure S6A). Treatment of wild-type (Sirpa™) macrophages with
CD47-Ab increased internalization of apoptotic K562 cells (Deep Red™)
compared with IgG treatment (Figure 5A and C). Efferocytosis of apopto-
tic cells by SIRPa-deficient BMM was higher in comparison to wild-type
controls (Figure 5A and C). CD47-Ab treatment did not stimulate effero-
cytosis in SIRPa-deficient macrophages, consistent with interruption of
trans CDA47-SIRPa. signalling prior to antibody treatment (Figure 5B
and C). Similar results were obtained using flow cytometry (Figure 5D
and E). In addition, no differences in efferocytic potentials of BMM from
Sirpa™¥™" and Sirpa™ LysM Cre™"~ mice were observed (Supplementary
material online, Figure S6B). Consistent with increased efferocytosis by
SIRPa-deficient macrophages in vitro and reduced necrotic core area in
the aortic root of Sirpa™ LysM Cre™” mice compared with Sirpa™
controls (Supplementary material online, Figure S3F), Sirpa’ LysM Cre ™"
mice had lower number of free apoptotic cells (apoptotic cells not
associated with CD68" cells) in the lesion area, indicating increased
efferocytosis by SIRPo-deficient macrophages in vivo (Supplementary
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Figure 3 Myeloid cell-specific SIRPa deficiency reduces atherosclerotic lesion formation. (A) Representative images of H & E staining demonstrating the
presence of atherosclerotic lesion (P) and necrotic core (N) in human atherosclerotic LAD coronary artery, scale bar: 200 um. (B) Immunostaining was
performed on consecutive human LAD cross-sections to investigate CD68 (macrophage marker, red) and SIRPo (green) expression, and sections were
counterstained with DAPI (blue), scale bar: 50 and 20 pm. White arrowheads indicate co-localization of CD68 and SIRPa (n = 4). (C and D) Human LAD
cross-sections were immunostained for SMA (SMC marker, red) and SIRPa. (green) (n = 4), scale bar: 50 and 20 pm. (G—P) Male Sirpa” and Sirpa™ LysM
Cre™" mice were injected with AAV8-PCSK9 ip., fed a Western diet for 16 weeks, and atherosclerosis analysed. (E) Representative in situ images of aortic
arch (yellow arrowheads: atherosclerotic lesions), scale bar: 2 mm. (F) Representative en face ORO staining of aorta, scale bar: 5 mm. (G) Quantification of
plaque area in aorta (n = 8—14). (H and /) Bar diagrams showing total plasma cholesterol (H) and fasting blood glucose levels (/). (/) Representative images of
staining performed on aortic root cross-sections, scale bar: 400 pm. (K-N) Lipid deposition area (K and L), neointima area (M), and collagen content (N) in
aortic root sections (n = 6-8). (O and P) Macrophage accumulation. Statistical analyses were performed using a two-tailed unpaired t-test. Data represent

mean + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001.

material online, Figure S6C). Next, efferocytosis experiments were per-
formed using CD47-deficient macrophages to investigate whether dis-
ruption of cis SIRPa-CD47 interaction in the phagocyte membrane
regulates internalization of apoptotic cells. As shown in Figure 5F, effero-
cytosis of apoptotic cells by Cd47 knockout macrophages was signifi-
cantly decreased compared with wild-type controls, suggesting that (i)
release of SIRPa from macrophage cis CD47 interaction promotes the
‘don’t eat me’ signal or (i) loss of CD47 directly interferes with the

phagocytic activity of macrophages. To investigate this further, we com-
pared SHP-1 phosphorylation in wild-type and Cd47 knockout macro-
phages and found no differences in the ratio of pSHP-1/total SHP-1
proteins, suggesting no regulation of SIRPa-mediated phagocytic activity
in CDA47-deficient cells (Supplementary material online, Figure S6D).
Taken together, these results demonstrate that inhibition of SIRPa sig-
nalling in macrophages stimulates clearance of apoptotic cells in vitro and
in vivo. Our results also suggest that non-selective pharmacological
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Figure 4 Myeloid cell-specific CD47 deletion augments atherosclerosis. (A) Immunofluorescence staining for CD68 (red), SIRPa (green), and DAPI (blue)
was performed on human atherosclerotic LAD cross-sections, scale bar: 50 and 100 um. Co-localization of CD68 and SIRPua is indicated by white arrow-
heads (n = 3). (B) Human LAD cross-sections were immunostained for SMA (red) and SIRPa. (green) (n = 3), scale bar: 50 and 100 pum. (C-L) Male Cd47"
and Cd47" LysM Cre™ mice were injected with AAV8-PCSK9 ip, fed a Western diet for 16 weeks and atherosclerosis analysed. (C) Representative in situ
images of aortic arch (yellow arrowheads point to atherosclerotic lesions), scale bar: 2mm. (D) Representative en face ORO staining of aorta, scale bar:
5 mm. (E) Quantification of plaque area in aorta (n = 5-8). (F and G) Bar diagrams show total plasma cholesterol (F) and fasting blood glucose levels (G). (H)
Representative images of staining performed on aortic root cross-sections, scale bar: 400 um and CDé68, scale bar: 100 pm. (I-L) Atherosclerosis area (/),
neointima area (J), collagen content (K), and macrophage accumulation (L) in aortic root sections (n = 5 and CD68 n = 4-5). Statistical analyses were per-
formed using a two-tailed unpaired t-test. Data represent mean £ SEM. *P < 0.05 and **P < 0.01.

blockade of CDA47 in vivo (i.e. apoptotic cells and phagocyte) needs to be
carefully evaluated as direct inhibition of phagocyte CD47 may attenuate
phagocytic clearance of apoptotic cells.

3.6 Macrophage SIRPa deficiency reduces
cholesterol accumulation, improves
cholesterol efflux, and suppresses

inflammation

Lipid-laden macrophages play a key role in the initiation and progression
of atherosclerosis. The role of SIRPa in macrophage function, beyond its
ability to regulate efferocytosis, is not well characterized. Next, we inves-
tigated whether SIRPa regulates macrophage lipid accumulation, cellular
cholesterol metabolism, cholesterol efflux, and inflammation indepen-
dent of its role in efferocytosis. ORO staining demonstrated significantly
decreased lipid accumulation in SIRPa-deficient macrophages following

incubation with oxLDL compared with wild-type cells (Figure 6A and B).
CD36 and SRA1 are high-affinity cell surface receptors for oxLDL and
combined deletion of CD36 and SRA1 in macrophages decreases ~90%
of oxLDL uptake.”” We found that mRNA levels of Cd36 and Sral were
not different between vehicle-treated wild-type and Sirpa-knockout
macrophages (Figure 6C and D). In contrast, Cd36 levels were significantly
up-regulated in oxLDL-treated wild-type, but not in Sirpa knockout,
macrophages (Figure 6C), which may contribute to decreased cholesterol
accumulation in SIRPa-deficient macrophages. There were no changes in
Sral mRNA levels between control and Sirpa-knockout macrophages
(Figure 6D). Internalization of exogenous LDL is followed by esterifica-
tion of excess free cholesterol by acyl CoA: cholesterol acyltransferase
1 (ACAT1) and storage of cholesteryl ester (CE) molecules.?® The hy-
drolysis of intracellular CE catalyzed by neutral CE hydrolases (NCEH)
is a key initial step in cholesterol efflux and reverse cholesterol trans-
port.?® As shown in Figure 6E—G, ACAT1 and NCEH1 expression were
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Figure 5 Macrophage SIRPa deficiency promotes, but macrophage CD47 deletion suppresses efferocytosis. (A and B) Representative confocal micros-
copy images showing efferocytosis of apoptotic K562 cells (deep red) by BMM (green) from Sirpa” (A) (n =6) and Sirpa” LysM Cre™ mice (B) (n =4), scale

bar: 20 um. (C) Quantitative data for (A) and (B). (D) Representative flow cytometry histograms demonstrating efferocytosis by BMM from Sirpa

f/f f/f

and Sirpa

LysM Cre™”" mice (n =6). (E) Quantitative data for (D). (F) Efferocytosis by control and CD47-deficient BMM was determined by flow cytometry (n =4-5).
Statistical analyses were performed using a two-way ANOVA followed by Tukey’s post hoc test. Data represent mean £ SEM. *P < 0.05, ***P < 0.001, and

P < 0.0001.

not different between wild-type and Sirpa-knockout macrophages.
Importantly, Sirpa-knockout macrophages had enhanced cholesterol ef-
flux compared with wild-type cells (Figure 6H), although mRNA levels of
ATP-binding cassette subfamily A member 1 (Abcal) that mediates
plasma membrane efflux of cholesterol were not altered®® (Figure 6/).
Taken together, these data suggest that SIRPa deletion protects macro-
phages from excessive cholesterol accumulation via decreased Cd36 ex-
pression and increased cholesterol efflux.

Macrophage polarization to M1 (pro-inflammatory) or M2 (anti-in-
flammatory) phenotype is a critical event during the progression or re-
gression of atherosclerosis.”’ To investigate the role of SIRPo in
macrophage polarization in vivo, aortic root sections from Sirpa™ and
Sirpaf/f LysM Cre™" mice were immunostained for CD68 and inducible
nitric oxide synthase (iNOS, M1 marker) or arginase 1 (Argl, M2
marker). Immunostaining analysis displayed elevated Arg1 expression in
plaque CD68™ cells of Sirpa™ LysM Cre™ mice compared with Sirpa™
control mice, however, no differences in iINOS expression were ob-
served (Figure 6] and K). These data suggest that Sirpa deficiency in mye-
loid cells promotes M2 polarization. Next, we treated BMM from these
mice with vehicle or oxLDL, and mRNA levels of various pro-
inflammatory cytokines determined. Quantitative PCR data demon-
strated reduced Il6 mRNA levels in SIRPa-depleted macrophages in
comparison to wild-type macrophages following oxLDL treatment

(Figure 6L). The mRNA levels of 112, ll1q, Ifnb, and Nos2 were not differ-
ent between control and Sirpa-knockout macrophages (Figure 6M-P). As
shown in Supplementary material online, Figure S7A-D, oxLDL treatment
increased NFk[3 phosphorylation at serine 536 and up-regulated expres-
sion of total NFkf in control macrophages but not in Sirpa-knockout
cells. Moreover, oxLDL-stimulated NFi[3 activation as determined by its
nuclear levels was suppressed in SIRPo-deficient macrophages
(Figure 6Q). Further, plasma levels of anti-inflammatory IL10 were signifi-
cantly increased in both global and myeloid cell-specific Sirpa-knockout
mice compared with controls (Supplementary material online, Figures S8
and S9A), consistent with the anti-atherosclerotic effects of SIRPa. inhibi-
tion. Plasma levels of inflammatory cytokines including IL23, IL1, TNFa,
MCP1, and IL27 were not different between groups (Supplementary ma-
terial online, Figures S8 and S9A). Taken together, these data indicate that
macrophage SIRPa signalling contributes to NFkf3 activation in vitro and
its absence increases anti-inflammatory cytokine levels in vivo.

3.7 CD47 deletion inhibits macrophage
cholesterol efflux and augments
inflammation

Next, we investigated cholesterol accumulation, cholesterol efflux,
lesional macrophage phenotype, NFkf activation, and levels of
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Figure 6 Macrophage SIRPa deficiency reduces cholesterol accumulation, improves cholesterol efflux and suppresses inflammation. (A and B) BMM from
Sirpa™ and Sirpa” LysM Cre ™ mice were incubated with oxLDL for 24 h, and cholesterol accumulation investigated. (A) Representative images, scale bar:
100 pum. (B) Bar diagram shows cholesterol accumulation (n =5). (Cand D) BMM were treated with oxLDL for 24 h and qRT-PCR for Cd36 and SraT mRNA
performed. Bar diagrams show mRNA expression of Cd36 (C) and Sra? (D). Data are representative of three independent experiments performed in dupli-
cate. (E-G) BMM were treated as in (C and D) and cell lysates utilized for Western blot. (E) Representative western blot images. (F and G) Bar graphs show
protein levels normalized to B-tubulin (n = 3). (H) Cholesterol efflux by BMM in the absence and presence of HDL. Data are representative of three inde-
pendent experiments performed in triplicate. (/ and L—P) Macrophages were treated as described above and qRT-PCR performed. Bar diagrams show
mRNA levels. Data are representative of three independent experiments performed in triplicate. (J and K) Aortic root sections from Sirpa” and Sirpa” LysM
Cre ™ mice were immunostained for CD68, iNOS, and Arg1 (n = 4), scale bar: 20 um. (Q) Representative confocal microscopy images (scale bar: 20 um)
and NFif nuclear levels as determined by co-localization of red (NFkf) and blue (nucleus) colours (yellow arrowheads: nuclei with NFif; white arrow-
heads: nuclei without NF«kf). Data are representative of three independent experiments performed in quintuplicate. Statistical analyses were performed us-
ing a two-way ANOVA followed by Tukey’s/Bonferroni’s post hoc test. Data represent mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

inflammatory cytokines in control and CD47 knockout macrophages.
No significant changes in cholesterol accumulation were found in CD47-
depleted macrophages compared to control cells (Figure 7A and B).

Treatment with high-density lipoprotein (HDL) enhanced cholesterol ef-
flux by both types of macrophages, however, Cd47 knockout macro-
phages had lower cholesterol efflux capacity compared with control
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Figure 7 Macrophage CD47 deletion reduces cholesterol efflux and augments inflammation. (A and B) BMM were incubated with oxLDL for 24 h and
cholesterol accumulation analysed. (A) Representative images are shown, scale bar: 100 pm. (B) Bar diagram shows cholesterol accumulation (n =5). (C)
Cholesterol efflux by BMM. Data are representative of three independent experiments performed in triplicate. (D-N) Macrophages were treated with
oxLDL for 24 h and qRT-PCR/western blot performed. (D—F) Bar diagrams show mRNA expression of Cd36 (D), Sra1 (E), and Abca? (F). Data are represen-
tative of three independent experiments performed in duplicate. (G) Representative western blot images. (H and ) Bar graphs show protein expression nor-
malized to GAPDH (n = 3). (J) Aortic root sections from Cd47"" and Cd47" LysM Cre™ mice were immunostained for CD68, INOS, and Arg1 (n = 4-5),
scale bar: 20 pm. (K—Q) Bar diagrams show mRNA levels after oxLDL stimulation. Data are representative of three independent experiments performed in
duplicate. (R) Representative confocal microscopy images (scale bar: 50 pm) and quantitative data for nuclear NFi[3 expression are shown (yellow arrow-
heads: nuclei with NFi3; white arrowheads: nuclei without NFkf). Data are representative of three independent experiments performed in quintuplicate.
Statistical analyses were performed using a two-way ANOVA followed by Tukey’s post hoc test. Data represent mean £ SEM. *P < 0.05, **P < 0.01,

##%P < 0.001, and ***£P < 0.0001.

macrophages after HDL incubation (Figure 7C). Further, mRNA levels of
Cd36 and Sra1 were not different between wild-type and Cd47 knockout
macrophages (Figure 7D and E). Interestingly, Cd47 knockout macro-
phages had reduced Abcal mRNA expression in comparison to control

cells, which may explain the reduced cholesterol efflux capacity of
CD47-depleted macrophages (Figure 7F). Finally, we observed no differ-
ences in NCEH1 and ACATT1 protein levels between different groups
(Figure 7G-I). These findings demonstrate that Abcal expression and
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cholesterol efflux capacity are decreased in CD47-deficient macro-
phages compared with control cells.

Immunostaining analysis conducted utilizing aortic root cross-sections
of Cd47" and Cd47" LysM Cre™ mice demonstrated decreased Arg1
and increased INOS expression in lesional CDé68™ cells of Cd47" LysM
Cre " mice in comparison to Cd47"
larization in CD47-deficient macrophages (Figure 7/). Exposure to

oXLDL up-regulated mRNA expression of pro-infllmmatory molecules

mice, suggesting augmented M1 po-

including 16, Il1a, and Nos2 and reduced levels of anti-inflammatory (10
in Cd47 knockout macrophages compared with wild-type cells (Figure
7K, M, P and Q). Oxidized LDL-induced mRNA levels of Il12, Ifnb, and
Tnfa were not different between control and CD47-deficient macro-
phages (Figure 7L, N and O). However, no differences in plasma cytokine
levels were observed between Cd47" and Cd47" LysM Cre™ mice
(Supplementary material online, Figure S9B). Additionally, our confocal
experiments demonstrated elevated nuclear NFi[3 expression in CD47-
depleted macrophages (Figure 7R). Similar results were observed when
immunoblotting analysis for NFic3 expression performed using nuclear
fractions (Supplementary material online, Figure S7E and F). Moreover,
CD47 loss did not alter serine 536 phosphorylation of NFkf in macro-
phages following oxLDL treatment, however, there were increased basal
levels of phosphorylated NFkf in CDA47-deficient macrophages
(Supplementary material online, Figure S7G-). Taken together, these
data indicate that CD47 deletion stimulates NF« [} activation and expres-
sion of pro-inflammatory cytokines in macrophages.

3.8 Haematological analysis of circulating
blood cells in Cd47 knockout and Sirpa

mutant mice

CDA47 expressed on circulating blood cells serves as a sink for systemi-
cally administered CD47 antibodies and leads to haematological side
effects including erythrocytopenia, hypohaemoglobinaemia, hyperbiliru-
binaemia, and thrombocytopenia.w31 To investigate haematological
changes in Cd47 knockout and Sirpa
count analysis in wild-type, Cd47 knockout and Sirpd
formed. The blood analysis demonstrated significantly lower erythrocyte
count in Cd47-deficient mice (6.8 + 0.14, 10%/uL) compared to wild-type
(834020, 10%uL) and Sirpd™“™* mice (7.51+0.04, 10°%pL)
(Supplementary material online, Figure S10A). Consistently, haemoglobin
levels were significantly lower in Cd47-deficient mice (10.38 £0.19 g/dL)
compared to wild-type (12.18+023g/dL) and Sirpa™™ mice
(11.24+£0.17 g/dL) (Supplementary material online, Figure S10B). Both

erythrocyte count and haemoglobin levels were decreased in Sirpa™"”
mut

mut/mut

mice, complete blood cell

MUt mice was per-

mice compared with wild-type controls (Supplementary material on-
line, Figure ST0A and B). Thrombocyte levels were significantly lower in
Cd47-deficient mice (467 + 14.64, 10*/uL) compared with wild-type con-
trols (629 + 4747, 10°/uL) (Supplementary material online, Figure $10C).
No statistical differences in differential leukocyte levels were found be-
tween groups (Supplementary material online, Figure S10D-G).

Next, we determined the percentage of myeloid lineage immune cells
in the circulation of LysM Cre™, Cd47™ LysM Cre™, and Sirpa™ LysM
Cre™ mice using flow cytometry and a haematology autoanalyzer. Both
approaches revealed higher percentage of monocytes and neutrophils in
Sirpaf/f LysM Cre™ mice compared with control LysM Cre™ mice
(Supplementary material online, Figure $11A and B). In addition, Sirpa™
LysM Cre™ mice had less lymphocytes in circulation compared with
Cd47™ LysM Cre™ and LysM Cre "’ mice (Supplementary material on-
line, Figure S11A and B). Further experiments done to investigate CD45™"

cells in spleen as a measure of total splenic leukocytes suggested reduced
percentage of splenic leukocytes in Sirpa™ LysM Cre ™" mice compared
with Cd47% LysM Cre*’ animals (Supplementary material online, Figure

$110).

4. Discussion

Defective removal of apoptotic cells from atherosclerotic arteries via im-
paired efferocytosis contributes to arterial inflammation, necrotic core
formation, plaque destabilization and rupture, which may lead to adverse
cardiovascular events.?*° CD47-SIRPa signalling is an important immune
checkpoint that inhibits the removal of viable cells with higher CD47 ex-
pression to maintain tissue integrity and homeostasis.*° Apoptotic cells
in atherosclerotic lesions have up-regulated CD47 expression, yet, the
therapeutic potential of inhibiting the CD47-SIRPo immune checkpoint
using pharmacological inhibitors or genetic approaches for the treatment
of atherosclerosis remains understudied. Here, using both global and
myeloid cell-specific Sirpa and Cd47 knockout mice, human atheroscle-
rotic arteries, and various in vitro approaches, we report differential
effects of macrophage SIRPo and CDA47 deletion on efferocytosis, regu-
lation of cholesterol homeostasis, inflammation, and development of ath-
erosclerosis. Moreover, this is the first study, which has comprehensively
analysed the effects of SIRPa vs. CD47 deletion on atherosclerosis devel-
opment. Our results suggest the advantage of systemic SIRPo blockade
over CDA47 inhibition to inhibit atherosclerosis development.

Three isoforms of SIRP including SIRPa, SIRP, and SIRPy have been
identified.*> SIRPat binds to CD47 with high affinity and trans interaction
between CD47 and SIRPa inhibits efferocytosis. SIRPa. is a docking pro-
tein that recruits and activates SHP-1 and SHP-2 in the plasma mem-
brane to induce depolymerization of cytoskeletal actin and inhibit
phagocytosis.33 To the best of our knowledge, no studies have utilized
genetic mouse models to investigate the role of SIRPa in atherosclerosis.
To investigate whether SIRPa. levels are dysregulated in atherosclerosis,
we determined SIRPa expression in both human and murine atheroscle-
rotic and non-atherosclerotic arteries. We found up-regulated SIRPo ex-
pression in atherosclerotic IC of aortic arch compared with plaque-free

DA segments. Moreover, global Sirpam“t/m“t

mice were protected from
atherosclerosis. Consistent with reduced atherosclerosis in hypercho-
lesterolaemic mice treated with a CD47-Ab,11 we showed that global
CDA47 deletion prevents atherosclerotic lesion formation. We used two
different models of atherosclerosis including AAV8-PCSK9-injected
CD47-deficient mice in which LDLR present on hepatocytes is degraded
by PCSK9 overexpression®* and Apoe™~/Cd47~'~ double knockout
mice.

Macrophages play a critical role in atherosclerosis.>® Our immunos-
taining analysis demonstrates that SIRPa is primarily localized to macro-
phages in atherosclerotic arteries. Therefore, we next investigated the
role of myeloid cell SIRPa in atherosclerosis and showed that myeloid
cell-specific SIRPa deletion reduces atherosclerosis development.
Defective efferocytosis in atherosclerotic arteries leads to necrotic core
formation and enhanced inflammation.®® In agreement with the role of
SIRPa in efferocytosis, we observed smaller necrotic core area in both
global Sirba mutant and myeloid cell-specific SIRPo null mice. Flores
et al"® have also shown decreased atherosclerosis in Apoe '~ mice-
treated with nanoparticles comprising an SHP-1 inhibitor, which abro-
gates SIRPa-mediated intracellular signalling. Despite the protection
from atherosclerosis in global Cd47 knockout mice, the necrotic core
area was not significantly different from wild-type controls. These results
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are consistent with a previous study by Engelbertsen et al,? although

they have found slightly increased atherosclerosis in female CD47-
deficient mice. Furthermore, CD47-Ab treatment has been shown to re-

"~ male

duce the necrotic area in 4weeks Western diet-fed-Apoe™
mice."" These differences in atherosclerotic plaque burden and necrotic
area among studies by Engelbertsen et al, > Kojima et al.,'" and this study
could be due to sex differences, methods used to induce atherosclerosis,
and duration of Western diet feeding. In addition, female hypercholes-
terolaemic mice have been shown to develop more atherosclerosis in
comparison to male hypercholesterolaemic mice.>” One should be care-
ful while comparing CD47-Ab treatment with CD47 deletion, as CD47-
Ab treatment would block the interaction of its extracellular Ig domain
with its extracellular ligands, but not with intracellular proteins,
which bind to its cytoplasmic tail. BNIP3 has been recognized as a cyto-
plasmic binding partner of CD47 and cytoplasmic CDA47 tail-BNIP3 in-
teraction regulates autophagy and mitophagy.®® Further, autophagy has
been shown to display both beneficial and detrimental effects in athero-
sclerosis.>” Additionally, previous studies identified other binding part-
ners of CD47 cytoplasmic tail.*® In contrast, CD47 deletion prevents its
interaction with both extra- and intracellular ligands. As CD47 is a ubig-
uitously expressed protein and has multiple binding partners including
SIRPo,, integrins, VEGFR, and TSP1, antibody blockade of cell surface
CDA47 and global CD47 deletion are likely to regulate multiple signalling
pathways on various cell types in the vessel wall and circulation.” For in-
stance, activation of CD47 on endothelial cells by TSP1 has been shown
to inhibit angiogenesis via reducing nitric oxide production,*' and sup-
pression of angiogenesis attenuates atherosclerotic plaque formation.**
To better address this question, we investigated the role of macrophage
CD47 in atherosclerotic lesion formation and observed augmented ath-
erosclerosis in myeloid cell-specific Cd47 knockout mice. Interestingly,
we found comparable necrotic areas in control and myeloid cell-specific
CD47-deficient mice. These data suggest a protective role of macro-
phage CDA47 signalling in vivo and highlight the importance of cell-specific
CDA47 inhibition in atherosclerosis. The protective effect of global CD47
inhibition in atherosclerosis may be due to inhibition of SMC CD47 and
stimulation of their efferocytic clearance. To date, no previous studies
have investigated the role of smooth muscle CD47 in atherosclerosis.

At the cellular level, CD47-Ab treatment enhanced efferocytosis of
apoptotic K562 cells by control macrophages; however, SIRPa-deficient
macrophages had significantly higher basal efferocytic capacity compared
with control macrophages in vitro. Consistently, we observed increased
efferocytosis in the arterial wall of myeloid cell-specific Sirpa-knockout
mice. Similarly, inhibition of SHP-1 in macrophages enhanced clearance
of apoptotic cells both in vitro and in vivo.? Kojima et al also reported
augmented efferocytosis of CD47-Ab-treated apoptotic cells by macro-
phages. The experimental design, however, in this study was different as
apoptotic SMCs were preincubated with CD47-Ab before incubation
with phagocytes, which inhibited trans SIRPa-CD47 signalling. In our
study, inhibition of cis signalling in CD47-deficient macrophages attenu-
ated internalization of both control and apoptotic K562 cells, suggesting
either direct regulation of phagocytosis by CD47 signalling and/or re-
lease of SIRPa from macrophage CD47 interaction. Future studies are
required to investigate the underlying mechanisms responsible for im-
paired efferocytosis in CD47-deficient macrophages. Interestingly, our
results are consistent with Bian et al.** demonstrating reduced red blood
cell (RBC) phagocytosis by Cd47 knockout macrophages. In addition,
Lindberg et al.** demonstrated inhibition of phagocytosis by leukocytes
after CD47 deletion. Nonetheless, Wang et al*® reported increased

phagocytosis of latex beads (do not express CD47) by M1-polarized
(INF-y-induced) CDA47-deficient macrophages compared with control
cells. In these experiments, macrophages were treated with INF-y to in-
duce M1 polarization. Furthermore, Wang et al showed differences in
phagocytic capacity of MO and M1 macrophages. These contradictory
observations might be due to utilizing differently polarized macrophages
for phagocytosis experiments in this study and by Wang et al** Further
efferocytosis is an actin-dependent process, earlier studies have sug-
gested the role of CD47 in regulating actin remodelling.*® In addition,
SIRPa-CD47 interaction is not the only signalling axis regulating efferocy-
tosis. Lower expression of ‘eat-me’ signal calreticulin, reduced expres-
sion and function of efferocytic receptors and their bridging molecules,
competition between apoptotic cells and lipids to bind efferocytic recep-
tors, and inflammation-induced reduction in levels of various key effero-
cytosis molecules may all be involved in reduced efferocytosis in
atherosclerotic arteries.® It is also possible that macrophage SIRPo. or
CDA47 deficiency may have indirect effects on key efferocytosis mole-
cules and interactions.

As oxLDL is a well-known pro-atherogenic and pro-inflammatory
molecule, we utilized oxLDL to determine the role of macrophage
SIRPat and CD47 in cholesterol accumulation and inflammation indepen-
dent of efferocytosis.*” SIRPa-deficient macrophages displayed reduced
cholesterol accumulation, increased cholesterol efflux, and attenuated
16 levels after oxLDL exposure. In addition, oxLDL treatment up-regu-
lated Cd36 mRNA expression in control macrophages, but not in SIRPo-
deleted macrophages, which may be responsible for reduced cholesterol
accumulation in Sirpa-knockout macrophages. Consistently, previous
studies have shown up-regulation of CD36 levels following oxLDL treat-
ment via PKC- and PPARy-dependent mechanisms.*®*’ No differences
in the expression of key molecules involved in cholesterol handling and
transport (ACAT, NCEH1, and Abca1) were observed in Sirpa-knockout
macrophages. Arg1 (M2 macrophage marker) expression was elevated
in CD68™ areas of atherosclerotic arteries isolated from myeloid cell-
specific Sirpa-knockout mice, which is consistent with improved in vivo
efferocytosis in these mice.*® Increased plasma levels of IL10 in global
Sirba mutant and myeloid cell-specific Sirpa-knockout mice suggest re-
duced systemic inflammation. In addition, SIRPa-deficient macrophages
showed reduced nuclear translocation of NFkf following oxLDL stimu-
lation, which may provide a mechanistic link between SIRPa and regula-
tion of inflammatory processes as NFkf3 signalling is known to stimulate
pro-inflammatory molecules, such as IL6>" On the contrary, macro-
phage CD47 deletion reduced cholesterol efflux, induced levels of pro-
inflammatory molecules in vivo and in vitro, and enhanced nuclear NFk 3
expression, which coincide with increased atherosclerosis in myeloid
cell-specific Cd47 knockout mice. Additional experiments demonstrating
decreased activation of NFkf in Sirpa-knockout macrophages following
oxLDL stimulation, and increased basal levels of phosphorylated NFk[3
in CD47-deleted macrophages, suggest pro-inflammatory and anti-
inflammatory roles of macrophage SIRPo and CD47, respectively.

CD47- and SIRPa-blocking antibodies are in clinical trials.>®
Moreover, CD47-Ab treatment has been shown to reduce vascular in-
flammation in patients with relapsed/refractory B-cell non-Hodgkin’s
lymphoma.'” The use of CD47-Ab may have effects independent of
efferocytosis. In addition, CD47-Ab treatment leads to side effects in-
cluding erythrocytopenia, hypohaemoglobinaemia, and thrombocytope-
nia.'"3%31°2 Consistent with this, our haematological analysis showed
reduced RBC count and haemoglobin levels in Cd47 knockout mice

mut/mut

compared with wild-type and Sirpa mice. Circulating platelet levels
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were also significantly lower in Cd47-deficient mice in comparison to
wild-type controls. SIRPa. expression is limited to certain cell types in-
cluding neurons and myeloid cells, nonetheless, inhibition of SIRPa-medi-
ated signalling may have neurological side effects. Selective blockade of
SIRPa-mediated signalling may be a more viable strategy to circumvent
haematological side effects observed using CD47-Ab and may serve as
an effective therapeutic strategy for patients with CVD. In our study, ma-
jority of mouse lines except Cd47 '~ mice (12weeks) were fed a
Western diet for 16 weeks. These differences in dietary period may pre-
vent the direct comparison of atherosclerosis among Cd47 '~ mice and
other mouse lines. The findings of the present study warrant future
investigations evaluating (i) the mechanisms regulating SIRPa expression
in atherosclerotic arteries, (i) investigating whether TSP1 attenuates
SIRPa-CDA47 interaction and regulates lesional efferocytosis, (iii) role of
SIRPa expressed on T cells and dendritic cells in atherosclerosis, and (iv)
as integrin activation has been shown to stimulate phagocytosis of cancer
cells by macrophages,” it would be interesting to investigate the com-
bined effects of integrin activation and SIRPa-blocking antibody treat-
ment in the context of atherosclerosis development.

In conclusion, to our knowledge, these findings provide the first evi-
dence that global Sirpa mutant and myeloid cell-specific SIRPa-deficient
mice are protected from atherosclerosis, while deletion of CD47 selec-
tively in myeloid cells augments atherosclerotic lesion formation. These
results identify SIRPa as a potential therapeutic target in atherosclerosis.
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Translational perspective

Despite the extensive use of lipid-lowering and anti-hypertensive drugs, atherosclerotic plaque rupture responsible for myocardial infarction and
stroke remains the leading cause of death worldwide. Although stimulation of phagocytic removal of apoptotic cells in atherosclerotic arteries to
preserve lesion stability seems an attractive therapeutic strategy, comprehensive genetic studies using preclinical models are still lacking. Using hu-
man atherosclerotic arteries, global and myeloid cell-specific CD47 and SIRPo knockout mice and in vitro techniques, we identify SIRPo as a potential
therapeutic target in atherosclerosis. Further, our results suggest that cell-specific inhibition of CD47 could also be considered as a future therapeu-

tic strategy.






