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Atherosclerosis is the process underlying heart attack and stroke.
Despite decades of research, its pathogenesis remains unclear.
Dogma suggests that atherosclerotic plaques expand primarily via
the accumulation of cholesterol and inflammatory cells. However,
recent evidence suggests that a substantial portion of the plaque
may arise from a subset of “dedifferentiated” vascular smooth
muscle cells (SMCs) which proliferate in a clonal fashion. Herein
we use multicolor lineage-tracing models to confirm that the ma-
ture SMC can give rise to a hyperproliferative cell which appears to
promote inflammation via elaboration of complement-dependent
anaphylatoxins. Despite being extensively opsonized with pro-
phagocytic complement fragments, we find that this cell also es-
capes immune surveillance by neighboring macrophages, thereby
exacerbating its relative survival advantage. Mechanistic studies
indicate this phenomenon results from a generalized opsonin-
sensing defect acquired by macrophages during polarization. This
defect coincides with the noncanonical up-regulation of so-called
don’t eat me molecules on inflamed phagocytes, which reduces
their capacity for programmed cell removal (PrCR). Knockdown
or knockout of the key antiphagocytic molecule CD47 restores
the ability of macrophages to sense and clear opsonized targets
in vitro, allowing for potent and targeted suppression of clonal
SMC expansion in the plaque in vivo. Because integrated clinical
and genomic analyses indicate that similar pathways are active in
humans with cardiovascular disease, these studies suggest that
the clonally expanding SMC may represent a translational target
for treating atherosclerosis.
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D espite being the world’s leading killer (1), the root causes of
atherosclerotic cardiovascular disease remain elusive (2, 3).
This is due in part to the fact that cells which contribute to
growing atherosclerotic plaque frequently undergo extensive
phenotypic modulation, wherein they down-regulate the very
“cell-specific” markers needed for their definitive identification
(4). This process is commonly referred to as “dedifferentiation”
in the field of vascular biology. As a result, there are major
ambiguities regarding the origins of the individual components
of the plaque and how they contribute to disease pathogenesis.
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This is one of the reasons why all currently approved therapies
target risk factors for disease (e.g., hypertension, diabetes, and
hyperlipidemia) rather than the cells that actually constitute
the lesion.

While there is little doubt that bone marrow-derived in-
flammatory cells home to the developing lesion (3, 5), emerging
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data suggest that it is a phenotypically-modulated (“dediffer-
entiated”) cell in the vascular smooth muscle cell (SMC) lineage
which may actually give rise to the majority of cells within the
atherosclerotic plaque (6, 7). Sophisticated lineage-tracing studies
revealed that the progeny of these cells have remarkable plasticity
and can assume a wide variety of phenotypes. These range from
cells which resemble cap-stabilizing myofibroblasts (which are
likely beneficial), to cells previously assumed to represent bone
marrow-derived macrophages (which are likely detrimental), and
even to cells which express stem cell markers (whose role is un-
known) (6, 8-13). This final point is important because Benditt and
colleagues reported a clonal origin of human atherosclerosis nearly
50 y ago (14), and recent studies revealed that murine SMCs can
expand in a clonal fashion under periods of stress (7, 8, 10).

These data indicate that there may be a cell which resembles
an “atherosclerotic stem cell,” akin to cancer stem cells or their
clonal precursors (15). They also raise the interesting possibility
that it might be translationally targetable, similar to ongoing
efforts in the field of oncology (16). However, the biology of the
clonally expanding SMC remains incompletely defined, and no
therapies yet exist which can specifically suppress this particular
cell type in vivo. In this report, we set out to define the molecular
mechanisms by which this cell promotes vascular inflammation.
We aimed to identify the source of its relative survival advantage
and determine how it escapes immune surveillance. Results from
these murine lineage-tracing studies were then intersected with
data derived from biobanked human samples, so as to establish
their relevance to clinical cardiovascular disease. Finally, a ther-
apeutic intervention study was performed to determine whether
the clonal SMC can be precision-targeted, and if this approach
could lessen plaque burden without disrupting those SMCs which
give rise to and stabilize the fibrous cap.

Results

Clonally Expanding SMCs Up-Regulate Complement C3 during
Atherogenesis. Using a multicolor SMC lineage tracer (“Rain-
bow” mouse), we first confirmed prior reports (11) that early
during atherogenesis a subset of SMCs dedifferentiate and up-
regulate the classic stem cell marker Scal (S Appendix, Fig. S1 A
and B). With continued exposure to a high-fat “Western” diet,
these cells progressively expanded and coalesced into clonal
patches of SMCs (Fig. 1 4 and B and SI Appendix, Fig. S1 C-E).
We observed Scal staining to be most intense within the core of
the dominant clone, and found that the size of the dominant
clone directly correlated with total lesion size (SI Appendix, Fig.
S1F). These Scal-expressing cells appeared to be distinct from
the previously described “transdifferentiated” macrophage-like
cells (6), and tended to colocalize near the necrotic core of the
plaque (Fig. 1C and SI Appendix, Fig. S1G).

Using Scal as a marker gene, we next set out to define the
biology of the clonally expanding SMC. Single-cell RNA-seq (se-
quencing) of SMC-derived cells from the plaques of a single-color
SMC lineage tracer (“Tomato” mouse) revealed that the Scal*
subpopulation has a distinct gene expression profile compared
with other clusters of SMC-derived cells (SI Appendix, Fig. S2).
Pathway analyses indicated that these SMCs are highly dediffer-
entiated, evidenced by their down-regulation of classic SMC
markers and up-regulation of factors related to innate immunity,
inflammation, and the classical complement cascade (Fig. 1D).
Within the cluster of Scal™ SMCs, C3 was a defining hub gene
(module correlation P = 1.08 x 10~*') and one of the most sig-
nificantly up-regulated factors (4.37-fold increase; Fig. 1E).

Patients with Cardiovascular Disease Have High Levels of Circulating
C3 and Human Atherosclerotic Plaques Express Genes Found on the
Murine Clonally Expanding SMC. In an effort to establish the
translational relevance of these findings, we next performed a
series of analyses with human samples. Specifically, we tested 1)
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whether systemic C3 expression is associated with risk for coronary
artery disease (CAD); 2) if the dedifferentiated SMC is a source of
C3 in human plaque; and 3) if CAD patients harbor a C3-
producing cell that resembles the Scal* SMC identified above.

First, we measured circulating complement levels in 1,003 el-
derly individuals enrolled in the Prospective Investigation of the
Vasculature in Uppsala Seniors (PIVUS) study (SI Appendix,
Fig. S34) (17). Consistent with prior reports (18), we found that
age- and sex-adjusted C3 levels were associated with endothelial-
dependent vasodilation (a marker of vascular function), carotid
intimal-medial thickness (CIMT; a measure of atherosclerotic
plaque burden), and major adverse cardiovascular event rate
(MACE; a composite end point which includes incident heart
attack and stroke) (Fig. 24). These associations were attenuated
after adjusting for inflammatory comorbidities, such as body
mass index, indicating they could be confounded by traditional
cardiovascular risk factors or alternatively could be on the causal
pathway from C3 to atherosclerosis (SI Appendix, Fig. S3B).

Next, we histologically analyzed postmortem carotid artery
specimens. These assays confirmed that C3 expression localizes
to the border zone of the necrotic core in human plaques
(Fig. 2B). To define the source of this C3, we used a permanent
epigenetic tag (Myh11-H3K4me2) that persists on SMCs even
after phenotypic switching [a method which approximates “hu-
man lineage tracing” (19)]. These studies indicated that a subset
of dedifferentiated SMCs (i.e., H3K4me2-PLA*/SMA™) express
C3 within the lesions of patients with atherosclerotic disease
(multiplexed images are shown in Fig. 2C, and serial sections are
shown in SI Appendix, Fig. S3C).

Finally, we used an integrative genomics approach to de-
termine if cells with an expression profile similar to the clonal
murine SMC also exist in humans. To do this, we intersected the
list of homologous human genes derived from the murine Scal*
SMC gene cluster with tissue-specific RNA-seq data from the
672 individuals included in the Stockholm-Tartu Atherosclerosis
Reverse Network Engineering Task (STARNET) biorepository
(20). Gene set enrichment analyses confirmed that the Scal™
SMC signature is in fact present in humans. We found that it is
enriched in a subset of the 224 previously described STARNET
coexpression modules (Fig. 2D), including several that were
differentially expressed in subjects with relevant cardiometabolic
conditions (SI Appendix, Fig. S3D). In particular, module 106
(highlighted in gray in Fig. 2D) was found to be 1) enriched
solely in diseased vascular tissue; 2) associated with CAD by both
clinical history and quantitative invasive angiography; and 3)
driven by a collection of overlapping inflammatory genes in-
cluding the key driver, complement C3, and the blood vessel and
hematopoietic stem cell marker CD34 (the human Scal homolog
has not been identified; Fig. 2E and SI Appendix, Fig. S3 E-H).

Taken together, these translational findings confirm that the
complement cascade is up-regulated in patients with CAD and
indicate that dedifferentiated SMCs may be a source of C3 in the
human plaque. Because a cell resembling the murine Scal™ SMC
seems to be present in and relevant to human atherosclerosis, we
elected to further pursue its biology in mouse models (21).

C3 Produced by the Scal* SMC Induces Proatherogenic Effects
Including Paracrine Macrophage Inflammation and Autocrine SMC
Proliferation. After establishing its potential clinical relevance,
we next set out to map the mechanism by which the clonally
expanding murine SMC might promote disease. To do this, we
dissociated and cultured Scal™ and Scal™ SMCs from lineage-
tagged atherosclerotic plaques. Consistent with our RNA-seq
data (Fig. 1 D and E), we found that the conditioned media of
Scal* SMCs contained high levels of C3 protein (Fig. 34). Ap-
plication of this secretome to cocultured inflammatory cells in-
duced a variety of proatherogenic effects, including a significant
increase in macrophage chemokinesis (Fig. 3B and SI Appendix,
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A Clonal smooth muscle cell expansion during atherogenesis B Scal* SMCs accumulate during atherogenesis
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Fig. 1.

Atherosclerosis is associated with the clonal expansion of dedifferentiated smooth muscle cells which express complement C3. (A) Representative

confocal images from multicolor Rainbow lineage-tracing mice exposed to a high-fat Western diet to induce atherogenesis (n > 7 mice per time point). This
model constitutively labels all nonsmooth muscle cells with green fluorescent protein (GFP) and randomly labels all SMC-derived cells (and their progeny) red,
blue, or yellow to demonstrate clonal expansion, as shown (Top) (see details in S/ Appendix, Fig. S1A). Serial sections are stained for the putative stem cell
marker, stem cell antigen-1 (Sca1), as shown (Bottom). (B) Quantitative fluorescence-activated cell-sorting analyses demonstrate changes in Sca1-expressing
SMCs in the aortic arch (including cells from the plaque and the underlying media) during atherogenesis (n = 9 per time point). (C) Serial sections demonstrate
the physical proximity of the dominant SMC clone to the inflammatory necrotic core (NC), and the distinction between Sca1* SMCs and SMCs which express
“macrophage-specific” markers such as Mac2 (see additional examples in S/ Appendix, Fig. S1G). (D) Pathway analyses of single-cell RNA-seq data from Sca1*
SMCs isolated from lesions of single-color Tomato lineage-tracing mice demonstrate that the Sca1* SMC is highly dedifferentiated, down-regulates its
contractile machinery, and up-regulates factors related to innate immunity and the classical complement cascade. (E) Among the individual genes which are
differentially regulated in the Sca1* SMC cluster, complement C3 is up-regulated 4.4-fold (node size is proportional to fold change; complement factors are
highlighted in blue, and factors related to stem cell biology are highlighted in red). Comparisons are made by one-way ANOVA with Tukey's post hoc analysis.

**%p < 0.001, **P < 0.01, *P < 0.05. Error bars represent the SEM. (Scale bars, 50 pm.)

Fig. S4 A-F). C3 immunoprecipitation/depletion reversed these
defects, suggesting a causal link. Confirmatory assays with recombi-
nant peptide indicated that C3 also exacerbated the skewing, che-
motaxis, and apoptosis of cultured macrophages (SI Appendix, Fig.
S4 F-I). These results suggest that complement elaborated by the
Scal* SMC may potentiate vascular inflammation, and possibly do
so in a paracrine fashion (SI Appendix, Fig. S47).

Complement C3 has also previously been shown to trigger SMC
proliferation (22). Accordingly, we hypothesized that C3 produced
by the Scal®™ SMC might not only stimulate neighboring macro-
phages but also feed back in an autocrine loop to the clonally
expanding SMC itself. Using cell-surface fluorescence-activated cell
sorting (FACS) analyses, we found high levels of C3 adsorbed di-
rectly on the surface of freshly isolated Scal®™ SMCs (Fig. 3C).
Consistent with its known mitogenic properties (22), we found that
recombinant C3 could trigger cell division and migration in cul-
tured human coronary artery SMCs, and that primary C3" Scal™®
SMCs had a significant proliferative advantage compared with C3'°
Scal™ SMCs (Fig. 3D and SI Appendix, Fig. S5 A-E).

15820 | www.pnas.org/cgi/doi/10.1073/pnas.2006348117

These data suggest that C3 generated by the Scal™ SMC might
not only trigger the paracrine macrophage inflammation described
above but also trigger SMC proliferation in an autocrine fashion.
This observation may help explain why the proinflammatory SMCs
within the clone expand so quickly, and how they contribute to the
physical growth of the atherosclerotic plaque.

C3 Expressed on the Surface of Sca1* SMCs Also Identifies Those Cells
for Phagocytic Removal. As it is degraded, C3 is cleaved into C3a
and C3b (ST Appendix, Fig. S5F) (23). C3a is a potent anaphy-
latoxin, and is likely responsible for many of the maladaptive
changes described above. C3b, on the other hand, is a powerful
opsonin signal that triggers programmed cell removal (PrCR), or
“efferocytosis” of pathogenic cells (24). C3b has long been rec-
ognized as a marker of “nonself” used to flag invading bacteria.
More recently, it has also been identified as a “danger signal”
applied to the surface of diseased or unwanted tissue (25). In the
field of oncology, tumoricidal macrophages have been shown to
use related immune-surveillance mechanisms to identify and
eradicate precancerous clones before they undergo malignant

Wang et al.
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‘De-differentiated’ SMCs co-localize with C3 within the human atherosclerotic plaque

Circulating C3 levels correlate with plaque burden, vascular function and risk for
A adverse cardiovascular events in humans C

Human necrotic core - multiplexed imaging

PIVUS study analyses
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Genomic analyses identify gene networks present in human atherosclerotic plaque that are enriched for factors expressed by the murine Sca1* SMC, including several complement factors

D STARNET gene set enrichment E

STARNET pathway analyses - module 106

TMEMI32C

n [ TT] AOR 1 10 B e o
3 e e
[ 1] MAM 08 § TAR o & raps D 7N Raror
| ] I M sL00D 06 3 < 08 T AoiroGAS TS e
] w H 4 I3 °g0G =
[ 11 ] SKLM 042 E 1 BLOOD < N om0 AregonEni s RSS! TRUDE ATNIPZ
" s 2r 08 g i USRS “Sirmgm%a NS
L] vaF o e Sk 2 Ticte s ot B AsmoRER ORIt bgsone.n
5 04 5 PUNT TEADT \iran e copciad RS stoionmy
_ 2 2 PLE! ® T EACE " cbsz | puns Lpe @/ @Epagote
a H SF 8 [ B i ACGEDT E— S O SRS anarTb s P4 i s
' k) PCS K GHR RETSANIG: coze
g7 2 02 TV o st FHOCT "GAS7 o taver® e Bes LZEA®! o)
g7 g e SORCSg R0 = o SP RTE o e
=] ; 3 o 5 N e g v S O - oo
o1 = w o Eoneam XFTHES
SLIT2 o =)
o1 i Rett Mg f’?ﬁa‘ Iy o sgm.uﬁ Q\Nsms @) .CSF‘§<P®3‘<8‘” i
Case-control differential expression Bk )| P et g i o
[TGB8 MEST, et S
=48 © WGDSSERPW}«" Pein Omma"‘%"‘ e ABCALO OAM%C
o a P &
IR 16arigs SShon - iy
| 1% i ST A fagen ~ CATWASED
& Ch 'S srrp2 ©AF coBL &
fBcao (S S Ageas apys Fﬂr J CG
I Temn PREFBLINT TS CF CLSTNS A
SYNTAX o] wigE 2 ARE s e T 5ae S8 ’&ceosﬂ%ss LSAMY!“““
o B CronmongBin a8 7088/ Pooig . uxzos NAgGm
@ Torsk QuusuNzé‘:N'ﬂz ] Emg NS S
2 §oh [©) PRyt sea B
o Clorfi15 srinps © NEBL, i
3 o oo o) S lrcam
g G & LR.Az;mzaiﬁ’w“
DUKE o 8 N 4 AL
i RXBY Sy
PN NP NN IR T OON S T @@ T i HsPAIZA Q"
N:mw&‘geggr\gmmgfsm REL’N GPMEE | IWHRAPLY
QCEEF%C Ergps oZN(F)SSGO
STARNET co-expression module ° UWEd P oS
L ]

Fig. 2. C3is associated with risk for clinical cardiovascular disease and is expressed on dedifferentiated SMCs in human atherosclerotic plaque. (A) Using data
from n = 1,003 individuals from the PIVUS study, circulating C3 levels were found to be associated with increased carotid intimal-medial thickness, impaired
endothelial function, and increased major adverse cardiovascular events in age- and sex-adjusted models. (B) Serial sections obtained from the plaques of
human subjects undergoing carotid endarterectomy were stained for C3 expression (green) to identify proximity to the necrotic core (trichrome) and dif-
ferentiated a-SMA-expressing SMCs (red; n = 6 samples). (C) A permanent proximity ligation assay-based epigenetic probe that “lineage tags” cells which
previously expressed MYH11 was used to identify human cells of putative SMC origin (red). Human carotid plaque samples are used to show C3 staining
(yellow) on cells which do not express a-SMA (green) but are presumably of SMC origin (red) in the neointima (Top). Fibrotic cap samples are used to show the
lack of C3 staining on differentiated SMCs (indicated by simultaneous a-SMA and in situ hybridization-proximity ligation assay [ISH-PLA] signal) (Bottom). (D)
By intersecting the list of murine Sca1* SMC-associated genes (Fig. 1E) with multitissue RNA-seq data obtained from n = 672 individuals in the STARNET study,
we observed enrichment of genes associated with the Sca1* SMC in a distinct subset of human coexpression modules. Several identified modules were specific
to vascular tissue and subjects with angiographically confirmed coronary artery disease. (E) The highlighted module (106) was solely expressed in athero-
sclerotic aorta (AOR) and mammary artery tissue (MAM) (as opposed to nonvascular tissues: blood [BLOOD], liver [LIV], skeletal muscle [SKLM], visceral
abdominal fat [VAF], and subcutaneous fat [SF]), differentially expressed in subjects with CAD compared with controls, and correlated with quantitative
measures of plaque burden such as Duke and SYNTAX score. Bayesian network modeling indicates that module 106 is driven by several complement factors,
including the hub driver gene C3 expressed in AOR tissue. (Scale bars, 50 pm [white] and 10 pm [red].)

transformation (16). Because they are so extensively opsonized
(Fig. 3C), we hypothesized that the Scal* SMC might elicit similar
phagocytic clearance mechanisms in lesional macrophages, and
that these might constrain expansion of the dominant clone.

In keeping with this hypothesis, primary Scal® SMCs freshly
isolated from atherosclerotic plaques were found to be highly
susceptible to PrCR by professional phagocytes (Fig. 3E). Com-
pared with nonopsonized Scal™ SMCs isolated from the same
lesions, they were ~50% more likely to be targeted for clearance.
Consistent with these results, the application of complement-rich
atherosclerotic serum was found to be sufficient to trigger the
engulfment of inflamed and lipid-loaded vascular SMCs in vitro.
Heat inactivation of the serum (which neutralizes complement
activity) completely inhibited this prophagocytic effect, indicating
a causal relationship (SI Appendix, Fig. S5 G-J).

Wang et al.

Taken together, these results suggest that C3 elaborated by the
Scal® SMC may confer the cell with its proatherogenic prop-
erties (via the generation of C3a anaphylatoxins) but also si-
multaneously flag it as pathologic and in need of phagocytic
removal (due to the deposition of C3b opsonins) (23). Thus, the
body’s conserved immune-surveillance machinery does appear to
appropriately detect and respond to the threat presented by the
hyperproliferative Scal* SMC, at least initially.

Polarized Macrophages Lose the Ability to Sense and Clear C3-Opsonized
Targets Such as the Scal* SMC. We next set out to determine why these
safeguards ultimately fail to prevent clonal expansion in vivo. During
atherogenesis, macrophages polarize toward an inflammatory (M1)
state (26). We hypothesized that these cells might acquire a defect in
immune surveillance, and lose the ability to remove opsonized

PNAS | July7,2020 | vol. 117 | no.27 | 15821

MEDICAL SCIENCES


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2006348117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2006348117/-/DCSupplemental

C3is enriched in the secretome of
primarily cultured Sca1® SMC

A

Boyden chamber chemotaxis assay
C3ELISA

—————
. . o

F 5

Secreted C3 (ng/mL)

Migrated cellsihpf
I
=1
°

e

" % -
.
500 e 51
°
Scat SMC Scat* SMC Scal'SMC  Scal'SMC  C3depleled  C3 dopleted Migration towards superatant from
SMC  Scal” SMC Scat SMC
C Freshly dissociated lesional Sca1* SMCs are decorated with opsonins
FACS EDU

_ incorporation
§ [l scatsmes 2

T 1 scar sws 5

5 ‘ -

. ‘ | H

8 s [\ 3

8 N g

] \ ]

i \ | g

2 \ g

3 A

° A

Scal'SMCs  Scat'SMCs C3 staining Scat-SMCs Scat*SMCs
E Scat* SNCs are highly susceptible to phagocytic clearance by healthy macrophages
Scat SMCs Scat” SMCs
Efferocytosis clearance assay 2
100 ——— [Wllscat SMC present at baseline [Mliscat’ SMC present at baseline

- . .

g a0 Residual Scal” SMC after Mo [Residual Scai® SMC after Mo

Z m L L N

2 .

s B8 J_E H

) ad 3 000

[

8681

Scat SMC

Scat* SMC

Ex vivo co-culture assays indicate that Sca1* SMCs promote macrophage migration in a paracrine fashion

ax

Migration towards supernatant from C3-
depleted Scal SMC

Migration towards supernatant from C3-

Migration towards supernatant from
Scat' depleted Scal’ SMC

Sca1* SMCs have a proliferative advantage

Cell cycle analyses

—
W c2m
O sphase

B coct

Percentage of cells in each phase

Scal"SMCs Scat*SMCs

Fig. 3. C3 produced by lesional SMCs induces both pro- and antiatherosclerotic changes in neighboring cells. (A) ELISA analyses demonstrate C3 levels in the
secretome of Scal* and Sca1~ SMCs primarily cultured from atherosclerotic plaques of Tomato mice (n = 5 per condition). (B) Boyden chamber assays using
murine RAW 264.7 macrophages (nuclei stained blue) demonstrate migration rates toward chemotactic factors in the conditioned medium secreted by
primary Sca1* and Sca1™ murine SMCs before (Left) and after (Right) C3 immunoprecipitation/depletion (n = 5 per condition, hpf: high power field). (C) FACS
histograms demonstrate C3/C3b/iC3b opsonin signals on lesional murine Sca1* and Sca1~ SMCs quantified by the geometric mean of cell-surface fluorescence
intensity (n = 10 per condition). (D) FACS-based Edu-incorporation assays demonstrate the proliferation rates of Sca1* and Sca1™ SMCs primarily isolated from
atherosclerotic lesions of Tomato mice fed an HFD for 18 wk. (D, Left) Percentage of cells entering the S phase of mitosis. (D, Right) Cell-cycle analyses of cells
in the S and G2/M phases (n = 7 per condition). (E) FACS-based efferocytosis assays demonstrate the susceptibility of freshly isolated Sca1* and Sca1™ SMCs to
phagocytic clearance by healthy murine MO RAW 264.7 macrophages (Left; n = 7). Representative histograms (Right) show the relative numbers of diseased
(Annexin*/Tomato*) Sca1™ (Left) and Sca1* (Right) SMCs before (red) and after (blue) presentation to healthy RAW 264.7 phagocytes. Comparisons are made
by two-tailed paired t tests in A, D, and E, Wilcoxon signed-rank test in C, and one-way ANOVA with Tukey’s post hoc analysis in B. ***P < 0.001, **P < 0.01,

*P < 0.05. Error bars represent the SEM.

SMCs. Accordingly, we repeated the preceding efferocytosis assays
under conditions designed to mimic the inflammatory milieu of the
atherosclerotic plaque. To do this, we used phagocytes that had been
polarized with interferon gamma (IFN-y).

Interestingly, nonopsonized Scal~ SMCs were cleared at
equivalent (but relatively modest) rates whether they were pre-
sented to healthy (MO) or polarized (M1) macrophages (37 vs. 41%
efferocytosis rates, respectively; Fig. 44). In contrast, Scal™ SMCs
were rapidly removed only when cocultured with healthy phago-
cytes, and were largely ignored when presented to M1 macro-
phages (58 vs. 20% efferocytosis rates, respectively; Fig. 4B).

Because of these differences, we hypothesized that lesional
phagocytes might lose the capacity to detect targets decorated
with “eat me” signals. Consistent with this concept, mechanistic
studies using fluorescently labeled complement fragments con-
firmed that polarized macrophages could not successfully engage
opsonin signals. After M1 skewing, macrophages had reduced
capacity to bind recombinant iC3b (Fig. 4C), and engulfed fewer
complement-opsonized latex beads (Fig. 4D and SI Appendix,
Fig. S5 K-M).

These studies suggest that the clonal SMC is not intrinsically
“inedible.” Rather, the C3" Scal® SMC may escape immune
surveillance because the phagocytes that reside within the ath-
erosclerotic plaque happen to have a generalized defect in op-
sonin sensing. Because the Scal™ SMC may also have an intrinsic
growth advantage (Fig. 3D), this additional survival advantage
may explain how clonal SMCs expand in vivo.
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The Noncanonical Up-Regulation of Efferocytosis Molecules on Polarized
Macrophages Coincides with Their Loss of Phagocytic Capacity. To in-
vestigate why M1 macrophages have reduced capacity to detect cell-
surface C3, we measured the expression of the classical opsonin
receptor CR3 [also known as Macl or CD11b/CD18 (27)] before
and after phagocyte polarization. Contrary to our prediction,
CD11b levels were not reduced during macrophage skewing (S
Appendix, Fig. S6A). We therefore hypothesized that M1 macro-
phages might acquire some other defect that reduces their opsonin-
sensing capacity during atherogenesis.

Previously, we showed that inflammatory pathways common to
cancer and cardiovascular disease lead to an up-regulation of the
key “don’t eat me” molecule, CD47 (28-30). Pathological in-
creases of this antiefferocytic signal on the surface of target cells
reduce their “edibility” and prevent their homeostatic clearance
(31). More recently, however, CD47 has also been shown to signal
in cis to its receptor, Sirp-o (32), suggesting it could play a role in
the immune-surveillance capacity of the lesional phagocyte.

To test whether CD47 might also have an unappreciated role
in the lesional phagocyte (beyond its usual role in target cells in
the plaque), we measured its expression during macrophage
skewing. These experiments showed that CD47 is expressed at a
low level on healthy macrophages but is significantly up-
regulated on M1 macrophages, especially in the presence of
exogenous C3 (SI Appendix, Fig. S6 B-D). These data raise the
interesting possibility that CD47 might be more than a “don’t eat
me” molecule used by cells to evade phagocytosis. Instead, CD47
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Fig. 4. Blockade of CD47 normalizes the ability of polarized macrophages to recognize complement-opsonized targets, suppresses clonal expansion, and
prevents atherosclerosis. (A) FACS analyses demonstrate that apoptotic murine Sca1™ SMCs freshly isolated from atherosclerotic lesions were cleared at
equivalent rates by healthy MO0 and inflammatory M1 murine RAW 264.7 macrophages (n = 7 per condition). (B) In contrast, FACS analyses demonstrated that
the clearance rate of apoptotic Scal* SMCs by M1 macrophages was significantly lower than that by healthy MO RAW 264.7, despite being opsonized (n = 7
per condition). (C) Compared with basal conditions, M1-polarized THP-1 macrophages were found to have reduced ability to bind iC3b, the opsonin that
marks apoptotic cells for complement-dependent efferocytosis (n = 5 per condition). Representative histograms indicate a left shift of fluorescently labeled
iC3b on M1 (blue) compared with MO (red) THP-1 macrophages. (D) FACS engulfment assays demonstrate the capacity of M0 and polarized M1 human THP-1
macrophages to take up complement-opsonized latex beads (n =5 per condition; representative FACS panels; Left). Confirmatory confocal microscopy images
(Right) of RAW 264.7 macrophages (red) reveal that M1 macrophages bind fewer complement-opsonized latex beads (green) after 30 min of coculture. ()
FACS assays demonstrate equivalent binding of fluorescently labeled iC3b to human MO THP-1 cells before and after CD47 knockdown (P = 0.56; n = 4 per
condition). (F) Conversely, knockdown of CD47 increases the capacity of CD47" human M1 THP-1 cells to bind iC3b (n = 4 per condition). (G) Representative
confocal microscopy images demonstrate that inhibitory anti-CD47 antibodies augment iC3b (green) binding to cell-surface CD11b (red) on human M1 THP-1
cells, relative to cells treated with 1gG control Ab (n = 3 per condition). (H) Representative histograms (Left) indicate that M1-polarized bone marrow-derived
macrophages (BMDM:s) isolated from CD47 knockout mice (blue) take up more complement-opsonized latex beads than cells isolated from WT mice (red; the
number of latex bead[s] taken up is indicated on the x axis, and the number of phagocytes is indicated on the y axis). Similarly, FACS-based engulfment assays
demonstrate that thioglycolate-elicited peritoneal macrophages from CD47 knockout mice have a higher phagocytic index than cells isolated from age-
matched WT mice (n =5 per condition; Right). (/) In contrast to lesions from Rainbow mice treated with control IgG Ab which are almost universally populated
by a single SMC clone (see example of a red clone near the necrotic core; Left), lesions from Rainbow mice treated with anti-CD47 Ab demonstrate a stochastic
assortment of SMCs within the neointima under the fibrotic cap (see the example with a random collection of colors; Right). Blinded quantitative analysis of
plaques confirms that anti-CD47 Ab treatment is associated with an overall reduction in neointimal SMC content as well as clonal dominance in the core of
BCA (brachiocephalic artery) lesions (n = 9 mice per condition; Right). Additional phenotyping and quantification of plaque stability indices, including an
absence of change in SMC content in the fibrous cap, are provided in S/ Appendix, Figs. S7 and S8. (J and K) Anti-CD47 Ab-treated mice have reduced C3 levels
in their circulation (J) (n =5 per condition; ELISA) and within their BCA lesions (K) (n = 9 animals per group; immunofluorescence staining). Comparisons were
made by two-tailed t tests in A-C, E, F, H, J, and K, Mann-Whitney U test in D, and one-way ANOVA with Tukey’s post hoc analysis in /. ***P < 0.001, **P <
0.01, *P < 0.05. NS, not significant. Error bars represent the SEM. (Scale bars, 50 um.)

could also have an undescribed role in the direct regulation of
inflamed macrophage “appetite” and its propensity to sense “eat
me” signals, such as complement C3b.

CD47 Can Be Translationally Targeted to Restore Immune Surveillance
and Suppress Clonal SMC Expansion in the Atherosclerotic Plaque.
We next sought to prove whether CD47 has a causal role in
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opsonin sensing. To do this, we tested whether knockdown or
knockout of CD47 could restore the ability of polarized macro-
phages to clear targets decorated with complement.

As predicted based on their low basal CD47 expression, M0
macrophage physiology was not altered by treatment with an
anti-CD47 small interfering RNA (siRNA) (Fig. 4E). Similar
findings were observed in primarily cultured cells. For example,
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freshly isolated CD47 knockout and wild-type macrophages had
essentially identical baseline phagocytic capacities (SI Appendir,
Fig. S74). On the other hand, knockdown of CD47 in immor-
talized M1 macrophages led to a significant increase in their
ability to sense and bind C3b (Fig. 4 F and G). In keeping with
this observation, polarized CD47 knockout macrophages were
found to more avidly take up opsonized latex beads and
complement-decorated target cells than wild-type macrophages
(Fig. 4H and SI Appendix, Fig. S7 B and C). These findings in-
dicate that CD47 not only suppresses target cell edibility but also
reduces the capacity of atherogenic M1 macrophages to identify
and remove opsonized targets, such as the Scal* SMC.

Given these findings, we hypothesized that blockade of CD47
might restore macrophage function, augment elimination of C3-
expressing SMCs, and suppress clonal expansion in vivo. We
reasoned that such an approach could have translational rele-
vance, given our prior reports showing that CD47 signaling is
pathologically up-regulated during both mouse and human ath-
erogenesis (29, 33). To test whether inhibition of CD47 could
restore immune surveillance, we treated Rainbow mice with anti-
CDA47 antibody (Ab). Compared with a control immunoglobulin
G (IgG) Ab, anti-CD47 Ab treatment was associated with a re-
duction in clonal expansion and a lower likelihood that a plaque
was dominated by a single SMC clone (Fig. 4 and SI Appendix,
Fig. S7 D-F). More individually resolvable SMC patches were
observed after treatment, indicating a shift from an oligo- to
polyclonal status (SI Appendix, Fig. S7G). We found that these
benefits did not occur as the result of indiscriminate suppression
of all lesional SMCs, as there was no impact on the number of
nonopsonized SMCs in the fibrous cap (SI Appendix, Fig. S8 A
and B). Moreover, these effects occurred independent of the
anti-CD47 Ab’s described role in the removal of necrotic debris,
and were not associated with a reduction in lesional macrophage
content, arguing for a specific mechanism of action (SI Appendir,
Fig. S8 A and B). Importantly, we did not observe an increase in
any feature of plaque vulnerability (e.g., fibrous cap de-
stabilization, intraplaque hemorrhage), as could be a theoretical
concern with nontargeted inhibition of all SMC investment in the
plaque. We also found that elimination of the dominant clone
was associated with a reduction in both lesional and circulating
C3 levels (Fig. 4 J and K and SI Appendix, Fig. S8C), suggesting a
potential reduction in vascular inflammation. While future
studies with cell-specific knockouts will be helpful to confirm the
mechanism of benefit, these data suggest that clonal expansion is
not an irreversible process and that the phenomenon might be
susceptible to precision targeting in vivo.

Discussion

Taken together, these data provide fundamental insights into the
decades-old observation that atherosclerosis has a clonal origin
(14), and indicate that the process may represent a translational
target. Specifically, we find that (at least a subset of) dediffer-
entiated SMCs pathologically activate the anaphylatoxin arm of
the complement cascade, providing a possible mechanism by
which they might trigger vascular inflammation. Integrated ge-
nomic studies suggest similar pathways may be active in human
atherosclerosis. We report that these cells develop a survival
advantage not only because they are hyperproliferative but also
because they escape immune surveillance, despite being exten-
sively opsonized. To explain this defect, we describe a role for
efferocytosis molecule redistribution during macrophage skew-
ing, highlighting that “don’t eat me” molecules may inhibit
phagocyte appetite as strongly as they suppress target cell edi-
bility in the plaque. We show that the M1 macrophage’s inability
to detect complement can be overcome, and that blockade of
CDA47 is sufficient to normalize opsonin sensing, reactivate the
targeted removal of Scal™ SMCs, and partially suppress clonality
in vivo. Notably, we observed that these benefits are not
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indiscriminate, and that such an approach is not confounded by
the simultaneous depletion of plaque-stabilizing SMCs in the
fibrous cap.

Future studies are necessary to fully define the origins of the
Scal®™ SMC and its interaction with other cells in the athero-
sclerotic plaque. Recent studies suggest there may be a pool of
specialized medial progenitor cells that are “primed” for ex-
pansion (11). However, it remains unclear 1) what upstream
genetic/epigenetic mechanisms permit or promote SMC clon-
ality; 2) whether all clonal cells transiently pass through a Scal*
state; and 3) if these cells may actively suppress other lesional
SMCs. Furthermore, clonal hematopoiesis has now been de-
finitively associated with risk for cardiovascular disease in hu-
mans (34). Because cross-talk between the myeloid compartment
and vascular SMCs is now recognized as a determinant of
clonality in mice (8), the interplay between these lineages merits
further investigation. Such efforts are particularly important
given that recent clinical trials have validated the “inflammatory
hypothesis” of atherosclerosis but also highlighted the risks as-
sociated with nontargeted antiinflammatory therapies, including
increased susceptibility to fatal infection (35). A key area for
exploration will be to identify how SMC fate is determined, and
if “therapeutic biasing” approaches can be used to precision
target SMC progeny away from potentially deleterious pheno-
types, particularly for those pathways that have been causally
related to CAD via human genetics studies (7, 12, 36, 37).

From a translational perspective, it is important to note that
humanized anti-CD47 therapies have recently shown promise in
early-phase oncology studies (38, 39). These proefferocytic and
pro-PrCR drugs reactivate macrophage phagocytosis, and are
thought to reduce tumor burden by preventing unchecked expan-
sion of cancer cells and cancer stem cells. Given the increasingly
recognized commonalities between cancer and cardiovascular dis-
ease (15), it is interesting to consider the possibility that these
therapies could be adapted to target Benditt’s atherosclerotic pro-
genitor cell as well. Such an approach might suppress the clonal
component of atherosclerosis and reduce cardiovascular risk in a
manner not possible with currently available lipid-lowering and
antihypertensive therapies.

Materials and Methods

Study Design. The prespecified objective of this study was to characterize clonal
SMC expansion during atherosclerosis. This was performed using a combination
of indelible murine lineage-tracing models. Mechanistic studies, including
those based on single-cell RNA sequencing and ex vivo physiology assays, were
performed with primary cells freshly isolated from dissociated plaques. Con-
firmatory assays were performed with immortalized mouse and human cell
lines. Translational studies included those using an assortment of human tis-
sues from previously published biobanks, as well as a randomized therapeutic
intervention study with an investigational antibody thought to have anti-
atherosclerotic properties. All experiments included at least three replicates,
with the actual “n" specified in each figure legend. Detailed methods are
provided within S/ Appendix, and are briefly summarized below.

Research Subjects.

Mouse models. Two SMC lineage-tracing models were developed for this
study, as detailed in S/ Appendix, Figs. S1 and S2. These include a multicolor
Rainbow reporter (Myh11-CrefR™2, Rosa26%2"P°W/* ApoE™'~ mice) and
a single-color Tomato reporter (Myh11-Cref?72, Rosa26tdTomato/tdTomato,
ApoE~~ mice). After treatment with tamoxifen, mice were fed a high-fat
Western diet (HFD) containing 21% anhydrous milk fat, 19% casein, and
0.25% cholesterol for different periods of time as indicated in each experi-
ment to induce atherosclerosis. Clonality was quantified in a blinded manner
using Volocity software analyses of postmortem brachiocephalic artery sec-
tions, as described in S/ Appendix, Methods and shown in S/ Appendix, Fig.
S7. All animal studies were approved by the Stanford University Adminis-
trative Panel on Laboratory Animal Care (Protocol 27279).

Human samples. Human samples utilized in this report were obtained from the
PIVUS study (n = 1,016 subjects) (17), STARNET study (n = 672 subjects) (20),
or Munich Vascular Biobank (n = 6 subjects) (40). The PIVUS study was
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approved by the Ethics Committee of the University of Uppsala and all
participants gave informed consent. Subjects from the STARNET study pro-
vided informed consent (Ethical Approvals Dnr 154/7 and 188/M-12 from
Tartu University Hospital). Biospecimens in the Munich Vascular Biobank
were approved by the local hospital ethics committee (2799/10, Ethikkom-
mission der Fakultat fur Medizin der Technischen Universitdt Munchen).
Informed consent was obtained from all patients. Vascular function testing,
coronary angiography, carotid artery duplex imaging, histology, bio-
informatics, and outcome analyses were performed as described in S/ Ap-
pendix, Methods and associated references.

Single-Cell RNA Sequencing and Pathway Analysis. Lineage-tagged (Tdt*)
SMC-derived cells freshly dissociated from the aortic arches of atheroscle-
rotic Tomato mice fed 18 wk of an HFD were subjected to single-cell RNA
sequencing using C1 96-well Open App IFC plates (100-8135; Fluidigm) in
collaboration with the Stanford Genome Sequencing Service Center on an
Illumina HiSeq 4000 instrument. Differential gene expression was quantified
with SCDE, and pathway analyses were performed via GO and DAVID, using
Pvalue < 0.01 and false discovery rate (FDR) < 0.05. Datasets are available at
https://www.ncbi.nIm.nih.gov/bioproject/626450.

In Vitro Assays. Cells used in this report included primary cells and immor-
talized cell lines from both mice and humans. Their isolation and culture
conditions are described in detail in S/ Appendix, Methods. Briefly, primary
Scal* and Sca1l™ SMCs were expanded from the digested and FACS-sorted
lineage-traced plaques described above. Primary bone marrow-derived and
peritoneal macrophages were isolated from wild-type (WT) and CD47~/~
mice on a C57BL/6 mouse background. Commercially available macrophage
cell lines included murine RAW 264.7 cells (TIB71; ATCC) grown in Dulbecco’s
modified Eagle’s medium-growth media and human THP-1 cells (TIB-202;
ATCC) grown in RPMI-1640 media, each containing 10% fetal bovine serum
(FBS). Human coronary artery SMCs (CC-2583; Lonza; passages 3 to 6)
propagated in SMC basal medium supplemented with an SmGM-2 Single-
Quots Kit and 10% FBS were also used.

A wide variety of commonly used in vitro physiology assays were per-
formed, including Boyden chamber chemotaxis assays (8-um pore; Sigma),
membrane attack complex formation assays (C5b-9 Ab), cell-scratch assays
(using a P200 tip), TUNEL assays (In Situ Death Detection Kit; Sigma), and
TagMan gene expression assays (TRIzol extraction, NanoDrop RNA quanti-
fication, and analysis on a ViiA7 Real-Time PCR machine) (29, 36, 41). In
addition, a number of FACS assays were performed including both sorting
experiments (LSRII-UV), cell-proliferation assays (Edu, 5-ethynyl-2’-deoxyur-
idine, incorporation), and phagocytosis/efferocytosis assays, as previously
described (29). Most assays included stimulation with complement factors or
a variety of proatherogenic cytokines. These included recombinant human
complement C3 (204885) from Millipore Sigma, and recombinant mouse C3
(P3343) obtained from Novus Biologicals. Cytokines used in this study in-
cluded mouse IFN-y (485-MI-100) and human IFN-y (285-IF-100) from R&D
Systems and lipopolysaccharide (L2630) from Sigma. A full list of reagents,
including antibodies, FACS parameters, and related experimental details, is
provided in S/ Appendix, Methods.
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In Situ Hybridization-Proximity Ligation Assay. In addition to the routine im-
munofluorescence staining and confocal microscopy described in SI Appen-
dix, we also adapted a previously described epigenetic SMC marker that can
be used to approximate lineage tracing on human samples (19). Using 5-um
sections from formalin-fixed paraffin-embedded carotid plaques, we per-
formed proximity ligation assays for H3K4dime and biotin-labeled MYH11
probes which were detected using a rabbit anti-biotin antibody (1:100;
ab53494; Abcam) and mouse anti-dimethyl histone H3 (Lys4) (1:100; 05-1338;
Millipore Sigma) by the Duolink In Situ Detection Reagents Red Kit
(DUO92008-30RXN) or FarRed Kit (DUO92013-30RXN) (Sigma). On some
tissue sections, nuclei were stained with Draq7 (564904; BD Pharmingen) to
minimize the background of autofluorescence around the necrotic core.

Atherosclerosis Intervention Studies. To evaluate the effect of anti-CD47
antibody therapy on SMC clonality in the atherosclerotic lesion, 8-wk-old
Rainbow mice were injected with tamoxifen as described above, and then
initiated on an HFD at the age of 9 wk and injected with either 200 pg of the
inhibitory anti-CD47 antibody (MIAP410; BioXCell; n = 9) or 1gG1 control
(MOPC-21; BioXCell; n = 9) intraperitoneally every other day for 18 wk (29).
At 27 wk of age, the mice were killed and the aortic trees were perfused
with phosphate-buffered saline. The aortic arch was dissected carefully from
any surrounding tissues, fixed with 4% paraformaldehyde, embedded in
OCT, and sectioned at 7-um thickness from the base of the aortic arch to the
base of the innominate artery for all subsequent morphometric analyses,
which are described in detail in S/ Appendix, Methods.

Statistical Analysis. Results were analyzed by SPSS Statistics 20 and GraphPad
Prism 5 for statistical significance between treatment groups. The normality
of data for figures was determined by performing D'Agostino and Pearson
omnibus normality tests. The homogeneity of variance was determined by
performing either an F test or a Levene’s test. Normally distributed data of
equal variance were analyzed using parametric tests, including two-tailed
Student t tests, one-way ANOVA with Tukey’s, or Dunnett’s post hoc com-
parisons as indicated in the figure legends. Data that did not meet either
assumption were analyzed using nonparametric tests, including the Mann-
Whitney U test, Wilcoxon signed-rank test, Kruskal-Wallis test, or Friedman
test as indicated in the figure legends. Data are presented as mean + SEM. P
values < 0.05 were considered significant.

Data Availability. The datasets generated in this study are available at https:/
www.ncbi.nlm.nih.gov/bioproject/626450.
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