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Abstract

Aims: Macropinocytosis has been implicated in cardiovascular and other disorders, yet physiological factors
that initiate fluid-phase internalization and the signaling mechanisms involved remain poorly identified. The
present study was designed to examine whether matrix protein thrombospondin-1 (TSP1) stimulates macro-
phage macropinocytosis and, if so, to investigate the potential signaling mechanism involved.
Results: TSP1 treatment of human and murine macrophages stimulated membrane ruffle formation and peri-
cellular solute internalization by macropinocytosis. Blockade of TSP1 cognate receptor CD47 and NADPH
oxidase 1 (Nox1) signaling, inhibition of phosphoinositide 3-kinase, and transcriptional knockdown of
myotubularin-related protein 6 abolished TSP1-induced macropinocytosis. Our results demonstrate that Nox1
signaling leads to dephosphorylation of actin-binding protein cofilin at Ser-3, actin remodeling, and macro-
pinocytotic uptake of unmodified native low-density lipoprotein (nLDL), leading to foam cell formation.
Finally, peritoneal chimera studies suggest the role of CD47 in macrophage lipid macropinocytosis in hyper-
cholesterolemic ApoE-/- mice in vivo.
Innovation: Activation of a previously unidentified TSP1-CD47 signaling pathway in macrophages stimulates
direct receptor-independent internalization of nLDL, leading to significant lipid accumulation and foam cell
formation. These findings reveal a new paradigm in which delimited Nox1-mediated redox signaling, inde-
pendent of classical lipid oxidation, contributes to early propagation of vascular inflammatory disease.
Conclusions: The findings of the present study demonstrate a new mechanism of solute uptake with impli-
cations for a wide array of cell types, including macrophages, dendritic cells, and cancer cells, and multiple
pathological conditions in which matrix proteins are upregulated. Antioxid. Redox Signal. 26, 886–901.
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Introduction

Fluid-phase macropinocytosis is a highly conserved
endocytic process by which extracellular fluid and peri-

cellular solutes are internalized into cells via large heteroge-
neous vesicles known as macropinosomes. Macropinocytosis

differs from other endocytic processes, such as phagocytosis or
clathrin- and caveolin-mediated endocytosis, in that it is initi-
ated by formation of F-actin-rich sheet-like membrane projec-
tions, also known as membrane ruffles (9). These dynamic
membrane projections transition to curved ruffles, form
macropinocytotic cups, and internalize as macropinosomes.
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Macrophages and dendritic cells undergo constitutive mem-
brane ruffling and utilize macropinocytosis to sample their en-
vironment for antigens. The physiological ligands that stimulate
macropinocytosis are limited to growth factors and cytokines (4,
9), and signaling pathways responsible for the initiation of
membrane ruffle formation remain poorly understood. In addi-
tion, fundamental questions persist regarding the role of
macropinocytosis in pathophysiological conditions, including
cardiovascular diseases (CVD), cancer, and immune system
disorders.

NADPH oxidase (Nox) is a major source of reactive oxygen
species (ROS) in the brain, immune system, vasculature, and
digestive tract (11, 14). The Nox family consists of seven
members, namely Nox1, Nox2, Nox3, Nox4, Nox5, dual oxi-
dase (DUOX) 1, and DUOX2. These Nox isoforms differ in
tissue distribution, subcellular localization, activation, and
pathophysiological function, but retain their ability to transfer
electrons from NADPH to oxygen to form either superoxide
anion (O2

�-) or its dismuted metabolite hydrogen peroxide
(H2O2) (8). Strong evidence reveals that excessive Nox-derived
ROS production via protein oxidation, lipid peroxidation, and
DNAdamage contributes to pathological processes. In addition,
Nox-derived ROS are involved in the regulation of tightly
controlled signaling transduction pathways that are important in
cellular physiology and pathophysiology (1, 15).

Atherosclerosis, the buildup of occlusive lipid-rich plaques
in arterial walls, is a major trigger for fatal cardiovascular
conditions, including heart attack and ischemic stroke (31).
Over the past three decades, the oxidative modification of LDL
hypothesis has emerged as the major paradigm explaining the
initiation of early atherogenic processes (18, 22). This paradigm
describes that the apoB-100 of native LDL (nLDL) is oxidized
in the subendothelial matrix, in turn rendering the lipoprotein
susceptible to uptake by macrophage scavenger receptors and
contributing to arterial lipid accumulation (6, 19). Despite the
dominance of this theory, not all previously published data are
consistent with this paradigm. For instance, accumulation of
nonoxidized lipids precedes appearance of oxidized lipopro-
teins in human atherosclerotic vessels (52). In addition, previ-
ous findings suggest that for LDL oxidation to occur, all alpha-
tocopherol in the lipoprotein must be depleted (46). Relevant to
these findings, lipids isolated from human atherosclerotic ves-
sels from the earliest stages to advanced lesions are not depleted
of alpha-tocopherol (52), suggesting an alternative internali-
zation pathway, independent of LDL oxidation during lesion
development. Furthermore, previous studies show that ApoE-/-

mice lacking scavenger receptors A and CD36, major scaven-
ger receptors responsible for >90% of ox-LDL uptake, are not
protected from atherosclerosis (35). Taken together, these
findings suggest a yet undefined pathway for direct cellular
uptake of nLDL. The precise mechanism, however, for uptake
and signaling and the pathophysiological role of nonoxidized
lipids in vascular disease are woefully underappreciated.

Matricellular proteins are nonstructural proteins integrated
in the extracellular matrix that regulate important cell signal-
ing pathways via binding to specific cell surface receptors and
modulate the activity of inflammatory cytokines and growth
factors (10). Matricellular protein TSP1 is present at low levels
in the wall of healthy blood vessels and is highly upregulated
in the vessel wall in CVD, including atherosclerosis (20, 45).
However, while increasing evidence supports the role of ma-
tricellular proteins in vascular disease (25, 36), their ability to
regulate lipid homeostasis in macrophages and their patho-
logical significance in CVD, in general, remain unknown. In
this study, we postulated that TSP1 stimulates uptake of nLDL
via macropinocytosis, leading to macrophage lipid accumu-
lation: a key early step in the initiation of atherosclerosis.

The data presented herein demonstrate the involvement of a
previously unidentified mechanism by which TSP1 via CD47
receptor-stimulated Nox1 signaling dephosphorylates cofilin in
macrophages, leading to extensive membrane ruffle formation
and fluid-phase macropinocytosis of nLDL. Importantly, acti-
vation of this highly regulated and delimited redox signaling
pathway involving Nox1 stimulates oxidation-independent
internalization of nLDL bymacrophages. This, in turn, leads to
extensive lipid accumulation and foam cell formation. These
findings are expected to provide a shift in our understanding of
the etiology of vascular inflammatory disorders and inform
new therapeutic strategies targeting arterial lipid accumulation.
The current data are also expected to stimulate new inquiries
into matrix regulation of macropinocytosis in other cell types,
including dendritic cells (30), neutrophils (16), and cancer cells
(12). In addition, these findings are the first to describe a sig-
naling role for Nox in macropinocytosis.

Results

TSP1 at physiologically relevant concentrations

stimulates macrophage plasma membrane ruffling

Levels of matricellular protein TSP1 are significantly el-
evated in chronic vascular diseases (36), yet knowledge of its
pathological role in the vessel wall remains scant. In this
study, we first evaluated whether TSP1 stimulates macro-
phage membrane ruffling using scanning electron micros-
copy (SEM). The presence of numerous microvilli was
observed on the otherwise smooth surface of vehicle-treated
macrophages (Fig. 1A). In contrast, macrophages challenged
with TSP1 at concentrations found in the plasma of patients
with vascular disease (10 nM, 2 h) (34) exhibited marked cell
surface ruffling (Fig. 1A). Emerging membrane extensions,
fully formed dorsal membrane ruffles (projections on the
apical cell surface), and formation of macropinocytotic cups
(*1 lm in diameter) were visualized following TSP1 treat-
ment (Fig. 1A). Quantification of membrane ruffles revealed
*10-fold increase in membrane ruffling following TSP1
treatment (0.2 – 0.1 and 2.2 – 0.2; *p< 0.05, for vehicle and
TSP1 treatment, respectively; Fig. 1B). Next, high-resolution
differential interference contrast (DIC) microscopy was

Innovation

The findings of the current study demonstrate a new
mechanism by which macrophage NADPH oxidase 1
(Nox1) signaling is stimulated by extracellular matrix
protein thrombospondin-1 (TSP1), leading to alteration in
actin-binding protein cofilin, membrane ruffle formation,
and fluid-phase macropinocytosis. Activation of this novel
signaling pathway stimulates direct receptor-independent
internalization of native low-density lipoprotein (nLDL),
lipid accumulation, and foam cell formation. These find-
ings support a new paradigm, in which Nox1-mediated
redox signaling independent of broader lipid oxidation
propagates vascular inflammatory disease.

TSP1, NOX1, AND FLUID-PHASE MACROPINOCYTOSIS 887



employed to elucidate the dynamics of TSP1-induced
membrane ruffling. Live cell DIC imaging showed initiation
of membrane ruffling (red arrowheads) following 30min of
TSP1 stimulation (Fig. 1C and Supplementary Movie S1;
Supplementary Data are available online at www.liebertpub
.com/ars).

TSP1 promotes fluid-phase macropinocytosis

in macrophages

Fluid-phase macropinocytosis is a complex process in-
volving membrane ruffling, followed by formation and clo-
sure of macropinocytotic cups, scission of macropinosomes,
and internalization (9). Thus, we next investigated whether
TSP1-induced membrane ruffling is followed by macro-
pinocytotic internalization of extracellular solute. Macro-
phages were incubated with 1 lm red (580/605) fluorescent
FluoSpheres�, treated with vehicle or TSP1 (10 nM, 24 h),
and uptake of fluorescent beads was quantified using
fluorescence-activated cell sorting (FACS). As shown in
Figure 1D, E, TSP1 treatment significantly stimulated uptake
of 1 lm FluoSpheres in macrophages (the gating strategy is
shown in Supplementary Fig. S1). Additional SEM images

show 1 lm FluoSpheres (red pseudocolor) resting on the
dorsal surface of vehicle-treated cells (Fig. 1F, left). In con-
trast, beads stabilized by microvilli and surrounded by a large
*6 lm diameter membrane ruffle were visualized following
TSP1 treatment (Fig. 1F, middle). Partially internalized
FluoSpheres have been also observed following TSP1

FIG. 1. TSP1 stimulates fluid-phase macropinocytosis
in macrophages. (A) RAW 264.7 macrophages were trea-
ted with vehicle (PBS) or challenged with exogenous TSP1
(10 nM) for 2 h, and then processed for SEM (scale bars,
1 lm). Note the presence of numerous microvilli (green
arrows) and absence of membrane ruffles on the surface of
vehicle-treated macrophages. Emerging membrane exten-
sions (dotted line red arrowheads) and numerous fully
formed ruffles (red arrowheads) can be observed across the
dorsal surface of TSP1-treated cells. A higher magnification
of the ruffling region shows formation of macropinocytotic
cups in TSP1-treated cells that are*1 lm in diameter (open
yellow arrowheads). Representative images of three inde-
pendent experiments. (B) Number of membrane ruffles in
vehicle- and TSP1-treated macrophages normalized to total
cell number in the microscopic field evaluated. *p< 0.05
versus vehicle (n = 3). (C) Macrophages were treated with
vehicle or TSP1 (10 nM), and dynamics of membrane ruffle
formation visualized using differential interference contrast
(DIC) microscopy. DIC images were taken 30min after
vehicle or TSP1 treatment. Open arrowheads indicate
membrane ruffle formation on the surface of TSP1-treated
cells (scale bars, 10 lm). Images are representative of three
independent experiments (see Supplementary Movie S1).
(D) Macrophages were incubated with 1lm red (580/605)
fluorescent FluoSpheres and treated with vehicle or TSP1
(10 nM) for 24 h. Cells were fixed in 2% paraformaldehyde
(PFA) and subjected for fluorescence-activated cell sorting
(FACS) analysis. Macrophages were gated based on forward
scatter/side scatter, doublets were excluded, and then
Zombie Yellow-negative (live) cells were selected for
analysis. Representative FACS histogram plots are shown.
(E) FACS results are expressed as fold change relative to
vehicle treatment. *p < 0.05 (n= 4). (F) Macrophages were
incubated with 1lmFluoSpheres, treated with vehicle (left) or
TSP1 (10 nM, 2 h; middle and right), and then processed for
SEM (scale bars, 1lm). Note the presence of a FluoSphere
(pseudocolored) on the smooth cell surface following vehicle
treatment (green open arrowhead). Higher magnification re-
veals a FluoSphere on the dorsal surface of a TSP1-treated cell
(middle), stabilized by two microvilli (green arrowheads), and
surrounded by a membrane ruffle (red arrow). Partially in-
ternalized FluoSpheres following TSP1 treatment are indi-
cated by asterisks (right). (G) RAW 264.7 macrophages were
treated as described in (1D) and fixed in 2% PFA. Nuclei were
stained by Hoechst (blue) and F-actin was labeled by 488
phalloidin (green); red=fluorescent FluoSpheres (580/605).
Images were taken with an Olympus FluoView� FV1000
confocal microscope. (H) RAW 264.7 macrophages were
preincubated with LY294002 (10lM, 30min), treated with
1lm red (580/605) fluorescent FluoSpheres (1:20,000), and
incubated with vehicle or TSP1 (10 nM) for 24h and processed
for FACS analysis. *p< 0.05 indicates significant difference
between vehicle versus TSP1. #p< 0.05 indicates significant
difference between TSP1 versus TSP1 + LY294002 (n= 4).
Data represent the mean–SD. PBS, phosphate-buffered sa-
line; SD, standard deviation; SEM, scanning electron mi-
croscopy; TSP1, thrombospondin-1.
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treatment (Fig. 1F, right). Internalization of FluoSpheres into
the cytosol was confirmed using confocal Z-stack imaging
(Fig. 1G, Supplementary Movies S2A, B). Previous studies
demonstrated that particles smaller than 0.2lm and 0.5lm in
diameter are internalized by clathrin- and caveolin-mediated
endocytosis, respectively (41). As the diameter of macropino-
somes extends beyond this range and up to 5lm (9), internali-
zation of 1lmFluoSpheres in TSP1-treated cells in and of itself
suggests involvement of macropinocytosis. Consistent with this
statement, we demonstrated that gene silencing clathrin heavy
chain (CLTC) or caveolin (CAV1) does not attenuate TSP1-
induced solute internalization by macrophages (Supplementary
Fig. S2). As macropinocytosis is often characterized by its sen-
sitivity to phosphatidylinositol-3-kinase (PI3K) inhibitors, we
next investigated whether the PI3K inhibitor LY294002 inhibits
TSP1-induced internalization of 1lm FluoSpheres (4).
Figure 1H demonstrates that preincubation of macrophages
with LY294002 completely abolished TSP1-induced uptake of
FluoSpheres. Taken together, these findings suggest a dorsal
ruffle-constituted macropinocytotic pathway in the internaliza-
tion ofmacromolecules that is activated bymatrix protein TSP1.

TSP1 stimulates native LDL uptake into macrophages

The key initiating process in atherogenesis is the macro-
phage accumulation of apolipoprotein B-containing lipo-
proteins, such as nLDL, in the subendothelial matrix (31). It
is generally accepted that LDL oxidation and its subsequent
internalization by macrophage scavenger receptors cause
foam cell formation and contribute to atherosclerosis (48).
Meanwhile, extracellular matrix proteins are increased in the
vessel wall in various vascular disorders (36, 45), yet their
pathological significance in atherosclerosis or other CVD
remains largely unknown. We postulated that matricellular
protein TSP1 stimulates oxidation-independent uptake of
nLDL in macrophages via fluid-phase macropinocytosis. To
test this hypothesis, human THP-1 macrophages were incu-
bated with nLDL (250 lg/ml), challenged with exogenous
human TSP1 (10 nM, 24 h), and lipid accumulation quanti-
fied using the fluorescent lipophilic dye Nile Red. In this
experiment, we used human macrophages to test the clinical
relevance of our findings. It is also important to note that the
reconstituted TSP1 solution contains 20mM Tris-HCl,
600mMNaCl, 2mMCaCl2, and 20% sucrose (reconstitution
buffer). We tested whether the reconstitution buffer alone
without soluble TSP1 stimulates macropinocytosis. Our
FACS results indicated that the reconstitution buffer without
TSP1 did not stimulate solute uptake compared with un-
treated cells (data not shown). As shown in Figure 2A,
however, TSP1 stimulated Nile Red fluorescence in nLDL-
treated human macrophages by *4-fold compared with ve-
hicle. TSP1-induced nLDL internalization was confirmed by
confocal laser scanning microscopy (Fig. 2B), FACS analysis
(Fig. 2C), and quantification of lipid accumulation using the
Amplex� Red Cholesterol Quantification Assay (cholesterol
[lg/ml/106 cells]: 9.8 – 3.1 and 34.4 – 12.1 for vehicle and
TSP1 treatment, respectively). As shown in Supplementary
Figure S3A, B, TSP1 treatment did not alter low-density li-
poprotein receptor (LDLR) levels in macrophages and
stimulated lipid accumulation in LDLR-/- macrophages.
These data suggest that TSP1-stimulated nLDL internaliza-
tion is independent of LDLR.

As esterification and hydrolysis of cholesterol are medi-
ated by acyl-CoA:cholesterol O-acyltransferase (ACAT) and
cholesteryl ester hydrolase (NCEH-1), respectively, we next
tested whether TSP1 treatment alters ACAT and NCEH-1
expression in macrophages. Supplementary Figure S4 dem-
onstrates that TSP1 does not change ACAT and NCEH-1
expression in macrophages. As oxidatively modified LDL
binds to scavenger receptors leading to their internalization,
we investigated whether TSP1 induces LDL oxidation in the
media of cultured macrophages using agarose gel electro-
phoresis. Macrophages were incubated in the absence or
presence of nLDL and treated with vehicle or TSP1 (10 nM)
for 24 h. The electrophoretic mobility of LDL showed no
difference between vehicle and TSP1 treatment, demon-
strating that TSP1 does not induce oxidative modification of
nLDL (Fig. 2D). Uptake of either nLDL or ox-LDL will
result in increased total intracellular cholesterol. Thus, we
compared macrophage cholesterol content following TSP1-
induced nLDL uptake versus ox-LDL internalization; the
latter known to be mediated by scavenger receptors. Im-
portantly, ox-LDL uptake by macrophages was comparable
with TSP1-induced nLDL internalization (cholesterol [lg/
ml/106 cells]: 33.0 – 13.1 and 34.4 – 12.1 for ox-LDL alone
and nLDL + TSP1 treatment, respectively).

Next, we interrogated whether TSP1 stimulates internali-
zation of nLDL via macropinocytosis or other endocytic
processes. Macropinosome formation is uniquely susceptible
to inhibition by amiloride (26) (an inhibitor of Na+/H+ anti-
porter) by way of decreasing submembranous pH, which is
critical for actin recruitment to the membrane and its poly-
merization. As shown in Figure 2E, pretreatment of macro-
phages with amiloride completely abolished TSP1-induced
lipid uptake. Moreover, TSP1-induced lipid accumulation
was dramatically attenuated by pretreatment with latrunculin
A, an inhibitor of actin polymerization, and the PI3K inhib-
itor, LY294002, all consistent with macropinocytosis
(Fig. 2E). In contrast, chlorpromazine [an inhibitor of
clathrin-coated pit formation (47)] and nystatin [a sterol-
binding agent that disassembles caveolae (54)] did not inhibit
TSP1-induced lipid accumulation in macrophages (Nile Red+

(%): 3.5 – 1.0, 14.3 – 2.7*, 10.3– 2.7*, and 53.0– 15.7* for
vehicle, TSP1, TSP1 + chlorpromazine, and TSP1 + nystatin
treatment, respectively, *p < 0.05 vs. vehicle). Mindful of
possible off-target effects of pharmacological inhibitors, we
gene-silenced myotubularin-related protein 6 (MTMR6), a
protein tyrosine phosphatase recently shown to be essential
for macropinocytosis through dephosphorylation of phos-
phatidylinositol 3-phosphate (32). Importantly, MTMR6 is
not required for clathrin-dependent endocytosis (32). TSP1
significantly increased lipid accumulation in scrambled
siRNA-transfected macrophages. In contrast, siRNA knock-
down of MTMR6 inhibited TSP1-stimulated lipid uptake
(Fig. 2F). Effective gene silencing of MTMR6 is shown in
Figure 2F and Supplementary Figure S5A, B. In aggregate,
these data suggest that TSP1 stimulates uptake of nLDL in
macrophages via fluid-phase macropinocytosis.

Nox1 activation is essential for TSP1-induced

macropinocytosis

The next series of experiments were designed to investigate
themechanisms bywhich TSP1 stimulates macropinocytosis.
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Activation of the diacylglycerol (DAG)–protein kinase C
(PKC) pathway stimulates macropinocytosis in various cell
types (27, 43, 49); however, the precise signaling mechanism
downstream of PKC activation remains unknown. We found
that inhibition of classical and novel PKC isoforms by cal-
phostin c completely abolished TSP1-induced lipid uptake
(Fig. 3A). Given our previous findings that TSP1 via PKC
increases Nox1-derived superoxide anion (O2

�-) production
in vascular smooth muscle cells (15), we speculated that (a)
TSP1 stimulates O2

�- generation in macrophages and (b)
TSP1-induced macropinocytosis involves Nox signaling. To
date, the ability of TSP1, or any other matricellular protein for
that matter, to induce Nox activation andmacropinocytosis in
macrophages has never been demonstrated.

Consequently, we first examined whether TSP1 stimulates
O2

�- production in macrophages using the membrane-
permeant electron paramagnetic resonance (EPR) spin probe
CMH. EPR spectra indicate that TSP1 stimulates intracellular
O2

�- generation in macrophages (Fig. 3B). Next, an HPLC-
based approach was used to measure intracellular O2

�- gener-
ation by quantifying 2-hydroxyethidium (2-OH-E+) (55), the
O2

�--specific oxidation product of dihydroethidium, in mac-
rophages. As shown in Figure 3C, TSP1 significantly increased
2-OH-E+ levels in macrophages compared with vehicle treat-
ment. Extracellular O2

�- production measured by the cell-
impermeant EPR spin probe 1-hydroxy-4-phosphono-oxy-
2,2,6,6-tetramethyl-piperidine (PPH)was not different between

vehicle- and TSP1-treated cells (Supplementary Fig. S6).
These results suggest that TSP1-stimulated intracellular O2

�-

in macrophages plays a role in nLDL uptake and concur with
nLDL not being oxidized in the cell culture media of macro-
phages following TSP1 treatment (Fig. 2D). A time course and
full concentration–response to TSP1 are shown in Supple-
mentary Figure S7A, B. These data are consistent with TSP1 at
pathophysiologically relevant concentrations stimulating in-
tracellular O2

�- and driving downstream signaling pathways in
macrophages that in turn affect macropinocytosis.

Based on these results and our previous findings of TSP1-
mediated Nox1 activation in smooth muscle cells, (15) we
speculated that TSP1-induced macropinocytosis involves
Nox1 activation and downstream oxidase-mediated signal-
ing. Diphenyleneiodonium (DPI), a classical inhibitor of Nox
and other oxidases, significantly suppressed TSP1-induced
lipid uptake (Supplementary Fig. S8A, B). This finding
supports a possible role of Nox in macropinocytosis. To ex-
plore the specific role of Nox1 in TSP1-induced lipid accu-
mulation, bone marrow-derived monocytes were isolated
from wild-type (WT) and Nox1y/- mice, differentiated into
macrophages using macrophage colony-stimulating factor
(M-CSF), treated with nLDL, and incubated with vehicle or
TSP1. Lipid accumulation significantly increased in TSP1-

FIG. 2. TSP1 promotes macropinocytosis of nLDL in
macrophages. (A) Human THP-1-derived macrophages
were incubated with nLDL (250lg/ml), treated with vehicle
or TSP1 (10 nM, 24 h), and fixed in 2% PFA. Lipid accu-
mulation was quantified using Nile Red, a fluorescence li-
pophilic dye, and analyzed via FACS. Bar graphs show the
mean percentages of Nile Red-positive cells. *p< 0.05
(n = 4). (B) RAW 264.7 macrophages were treated with
nLDL (250lg/ml) and incubated with vehicle or TSP1
(10 nM) for 24 h. Cells were fixed in 2% PFA, nuclei were
stained by Hoechst (blue), F-actin was labeled by 488
phalloidin (green), and lipids were stained by Nile Red
(red). Images were taken with an Olympus FluoView
FV1000 confocal microscope (magnification: 60 · ). Similar
results have been observed in three independent experi-
ments. (C) Following treatment as described in (B), RAW
264.7 cells were processed for FACS analysis. Bar graphs
show the mean percentages of Nile Red-positive cells. Re-
presentative FACS histogram plots are also shown. *p< 0.05
(n= 12). (D) RAW 264.7 macrophages (MF) were incubated
in the absence or presence of nLDL (250lg/ml) and treated
with vehicle or TSP1 (10 nM). Twenty-four hours later, ali-
quots were collected and subjected to agarose gel electro-
phoresis (HYDRASYS� 2, Sebia). nLDL and ox-LDL (Kalen
Biomedicals, Montgomery Village, MD) were used as neg-
ative and positive controls, respectively. (E) Macrophages
were treated with nLDL (250lg/ml) and vehicle, nLDL and
TSP1, or pretreated with amiloride (300lM, 30min), la-
trunculin A (15lM, 1 h), or LY294002 (10lM, 30min) and
then treated with nLDL+TSP1. Cells were processed for
FACS analysis. *p< 0.05 versus vehicle (n= 3–4). (F) RAW
264.7 macrophages were transfected with control or MTMR6
siRNA (48 h), treated with nLDL (250lg/ml), and incubated
with vehicle or TSP1 (10 nM) for 24h. Cells were fixed in 2%
PFA, stained with Nile Red, and processed for FACS anal-
ysis. *p< 0.05 versus vehicle (n= 3). Data represent the
mean–SD. MTMR6, myotubularin-related protein 6; nLDL,
native low-density lipoprotein.
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treated macrophages from WT mice compared with vehicle
treatment (Fig. 3D, E). Conversely, TSP1 did not stimulate
lipid uptake in Nox1y/- macrophages (Fig. 3D, E). Finally,
SEM data show that TSP1 stimulates membrane ruffling in
WT, but not in Nox1y/-macrophages, corroborating a role for

Nox1 in TSP1-induced membrane ruffle formation (Fig. 3F).
Importantly, TSP1 stimulated macropinocytosis in primary
murine macrophages, RAW cells, and human THP-1 mac-
rophages, demonstrating the conservation of this pathway
across different species and macrophage phenotypes.

FIG. 3. Nox1 is essential in TSP1-induced macropinocytosis. (A) RAW 264.7 macrophages were treated with vehicle
and nLDL (250lg/ml, 24 h) or TSP1 (10 nM) and nLDL in the absence or presence of calphostin c pretreatment (1lM,
30min). Cells were fixed in 2% PFA, stained by Nile Red, and processed for FACS analysis. *p < 0.05 indicates significant
difference between vehicle versus TSP1. #p < 0.05 indicates significant difference between TSP1 versus TSP1 + calphostin c
(n = 6). (B) Macrophages were treated with vehicle or TSP1 (10 nM) for 60min. Superoxide generation was detected by the
membrane-permeant EPR spin probe CMH. Representative CM� spectra are presented. Cumulative and averaged CM�

radical formation in vehicle- and TSP1-treated macrophages is shown. *p< 0.05 versus vehicle (n = 3). (C) Macrophages
were preincubated with DHE (10 lM, 30min) and treated with vehicle or TSP1 (10 nM) for 60min. 2-Hydroxyethidium (2-
OH-E+), the O2

�--specific oxidation product of DHE, was quantified in vehicle- and TSP1-treated macrophages using
HPLC. *p < 0.05 versus vehicle (n = 3). (D) Wild-type (WT) and Nox1y/- bone marrow-derived macrophages were incu-
bated with nLDL (250lg/ml) and treated with vehicle or TSP1 (10 nM) for 24 h. Cells were fixed in 2% PFA, stained by
Nile Red, and processed for FACS analysis. *p< 0.05 versus WT vehicle. #p < 0.05 versus WT TSP1 (n = 4). (E) Re-
presentative FACS histogram plots (n = 4). (F) WT and Nox1y/- peritoneal macrophages were treated with vehicle or
challenged with exogenous TSP1 (10 nM) for 2 h, and then processed for SEM (scale bars, 1 lm). Data represent the
mean – SD. EPR, electron paramagnetic resonance; DHE, dihydroethidium; Nox, NADPH oxidase. To see this illustration
in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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CD47 is required for TSP1-induced macropinocytosis

TSP1 avidly binds CD47 (24) and stimulates Nox1 sig-
naling in vascular cells (15). Therefore, we explored whether
CD47 is required for TSP1-induced Nox activation and
stimulation of macropinocytosis. In-cell Western analysis
demonstrates that CD47 is expressed on macrophages (Sup-
plementary Fig. S9). Figure 4A shows that pretreatment of
macrophages with a CD47 blocking antibody (2lg/ml,
MIAP301) abolished TSP1-stimulated O2

�- production. In
addition, 7N3, a peptide activator of CD47 derived from the
C terminus of TSP1 (Fig. 4B) (24), stimulated ROS signaling
(Fig. 4C).We then asked whether CD47 plays a role in TSP1-
inducedmembrane ruffling and fluid-phasemacropinocytosis

of nLDL. As demonstrated in Figure 4D–F, TSP1 stimulated
membrane ruffling on the dorsal surface of WT macrophages
and subsequent macropinocytosis of nLDL. In contrast, TSP1
did not stimulate membrane ruffling and lipid accumulation
in CD47-/- macrophages (Fig. 4D–F).

Pivotal role of cofilin in TSP1-induced

macropinocytosis

Previous studies demonstrated that dorsal ruffle formation
in fibroblasts is stimulated by epidermal growth factor re-
ceptor (EGFR) activation (5). As intracellular Nox signaling
is known to transactivate EGFR (51) and EGFR is upstream

FIG. 4. CD47 is required for TSP1-induced macropinocytosis. (A) Macrophages were pretreated with a CD47
monoclonal antibody (2 lg/ml, CD47 [MIAP301], Santa Cruz Biotechnology) or isotype control IgG2a (2 lg/ml, Santa
Cruz Biotechnology) for 30min and treated with vehicle or TSP1 (10 nM, 60min). O2

�- production was measured using
cytochrome c reduction (n = 4). (B) Multidomain structure of TSP1 and amino acid sequence of peptide 7N3. (C)
Macrophages were treated with vehicle or peptide 7N3 (10 lM) for 60min. Amplex Red fluorescence (RFU) was
measured in macrophage lysates. Reaction was initiated by the addition of 36 lM NADPH and monitored at 24�C for
60min (n = 3). (D)Wild-type and CD47-/- peritoneal macrophages were treated with vehicle or TSP1 (10 nM) for 2 h, and
then processed for SEM (scale bars, 1 lm). (E) FACS analysis demonstrating Nile Red fluorescence in WT and CD47-/-

macrophages. *p < 0.05 versus WT vehicle. #p < 0.05 versus WT TSP1 (n = 4). (F) Representative FACS histogram plots
(n = 4). Data represent the mean – SD. To see this illustration in color, the reader is referred to the web version of this
article at www.liebertpub.com/ars
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of PI3K signaling (38), we tested whether the EGFR tyro-
sine kinase inhibitor erlotinib inhibits TSP1-induced mac-
ropinocytosis. As shown in Figure 5A, erlotinib did not
attenuate TSP1-induced solute uptake, suggesting that
EGFR transactivation is not involved in TSP1-induced
macropinocytosis. A previous study demonstrated that
syndecan-mediated Rac1 and Cdc42 activation leads to
stimulation of macropinocytosis (50). Therefore, we next
tested whether TSP1 regulates syndecan expression in
macrophages. Western blot results show that incubation of
macrophages with TSP1 does not change syndecan-1 ex-
pression (Supplementary Fig. S10).

We next utilized the STRING protein–protein interaction
database (string-db.org/) to identify potential new targets
linking TSP1/CD47/Nox1 signaling with dynamic actin cy-
toskeletal reorganization and membrane ruffling. Analysis of
known and predicted protein–protein interactions revealed
that cofilin (Cfl1) may be a downstream target of TSP1, thus
linking PI3K, CD47, and Nox1 with actin reorganization
(Fig. 5B). In recent years, cofilin has emerged as a key reg-
ulator of actin dynamics due to its ability to sever actin fila-
ments and to create new actin barbed ends for Arp2/3 that in
turn rapidly rebuilds the actin network in migrating cells (17).
As the severing activity of cofilin is increased upon dephos-
phorylation of its Ser-3, we tested whether TSP1 dephos-
phorylates cofilin in macrophages. Western blot data indicated
that TSP1 dephosphorylated cofilin on Ser-3 in WT macro-
phages (Fig. 5C). In contrast, TSP1 did not induce dephos-
phorylation of cofilin in Nox1y/- or CD47-/- macrophages.
Gene silencing cofilin with siRNA inhibited TSP1-induced

FITC-dextran uptake, indicative of a functional role of cofilin
in TSP1-induced macropinocytosis (Supplementary Fig. S11).
Together, our findings implicate that Nox1 internal cell sig-
naling mediates TSP1-CD47-induced cofilin activation, lead-
ing to rapid remodeling of actin cytoskeleton, membrane ruffle
formation and macropinocytosis (Fig. 5D).

Role of CD47 in macrophage lipid macropinocytosis

in an animal model of atherosclerosis

To determine the role of CD47 in macropinocytosis
in vivo, we evaluated the ability of macrophages derived from
WT and CD47-/- mice (donors) to accumulate cholesterol
following their adoptive transfer into the peritoneal cavities
of high-fat diet-fed ApoE-/- mice (recipients). WT and
CD47-/- macrophages were fluorescently labeled using the
cell tracker dye carboxyfluorescein diacetate succinimidyl
ester (CFDA), incubated with vehicle or treated with TSP1
(10 nM, 2 h) to stimulate membrane ruffling in vitro, and
transferred into the peritoneal cavities of ApoE-/- mice.
Twenty hours later, peritoneal macrophages were isolated
and visualized under a fluorescence microscope (Fig. 6A).
Cells were then fixed, stained with Nile Red, and lipids
accumulated in gated CFDA+ (donor) macrophages ana-
lyzed by FACS (Fig. 6A). TSP1 significantly stimulated
lipid accumulation in WT-CFDA+ (Nile Red fluorescence)
macrophages compared with vehicle treatment (Fig. 6B).
In contrast, TSP1-induced lipid accumulation was com-
pletely blocked in CD47-/--CFDA+ macrophages (Fig. 6B).
These data suggest that TSP1-CD47 signaling stimulates

FIG. 5. Role of cofilin in TSP1-
induced macropinocytosis. (A)
Macrophages were treated with
nLDL plus vehicle, nLDL plus
TSP1 (10 nM) or erlotinib (pre-
treated 1 lM, 1h) with nLDL plus
TSP1. All treatments were for 24 hr.
Cells were fixed in 2% PFA,
stained by Nile Red, and processed
for FACS analysis. *p< 0.05 versus
vehicle (n = 3). (B) Interactome
study was performed utilizing the
STRING database (http://string-db
.org/). (C) WT, Nox1y/-, and
CD47-/- bone marrow-derived
macrophages were incubated with
vehicle or TSP1 and processed
via Western blot for p-cofilin (Ser-
3) and total cofilin expression.
*p < 0.05 versus vehicle (n = 3). (D)
A scheme summarizing the mech-
anism by which TSP1 stimulates
membrane ruffling and macro-
pinocytotic uptake of nLDL. Data
represent the mean – SD. To see
this illustration in color, the reader
is referred to the web version of
this article at www.liebertpub.com/
ars
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macropinocytosis of cholesterol in vivo leading to macro-
phage foam cell formation in hypercholesterolemic animals.

Discussion

In the present study, we show for the first time that ma-
tricellular protein TSP1 via Nox1 signaling, per se, sets in
motion a dynamic and robust activation of dorsal membrane
ruffle-mediated macropinocytosis. This unique signaling
cascade includes CD47, PKC, Nox1, and cofilin dephos-
phorylation among other key intermediaries. Importantly, we
also show here that TSP1 stimulates uptake of LDL inde-
pendent of oxidative modification. Rather, a highly con-
trolled intracellular redox signaling pathway involving Nox1
actuates macropinocytotic uptake of native LDL. The present
study also supports the notion of pharmacologic Nox1 inhi-
bition in vascular disease (40). These findings are expected to
spur broader research into controlled, spatiotemporal Nox
redox signaling. On a more translational level, they have
broad implications for vascular inflammatory disorders and
development of new interventions targeting macrophage li-
pid accumulation and atherogenesis.

The classical Nox is a multicomponent enzyme, which
consists of the membrane-bound Nox subunit and p22phox and
several cytosolic adaptor proteins. The canonical Nox1 sys-
tem is constitutively active and requires the Nox organizer
subunit 1 (NOXO1) and Nox activator subunit 1 (NOXA1)
for O2

�- generation. Our data suggest that the noncanonical
Nox1 system, which supplants NOXO1 with p47phox, may be
at play here as we demonstrate that PKC, which is the pro-
totypical activator of p47phox, is involved in TSP1-induced
macropinocytosis. However, we cannot rule out that tran-

scriptional upregulation of Nox1 oxidase subunits is involved
because we know that TSP1 via CD47 induces JAK/STAT
signaling that may lead to Nox1 upregulation (33). The
present study suggests that TSP1 stimulates Nox1 signaling
in macrophages and initiates a highly regulated redox sig-
naling pathway leading to dynamic actin cytoskeletal reor-
ganization and solute internalization via macropinocytosis.
Interestingly, a previous study demonstrated that Nox1 de-
ficiency in hypercholesterolemic ApoE-/- mice reduces ath-
erosclerotic lesion area (44); however, the mechanisms
responsible for this remained unknown. The findings pre-
sented herein contend that redox signaling via Nox1 con-
tributes to macropinocytosis, arterial lipid accumulation, and
atherosclerosis.

To date, only one study investigated the functional role of
TSP1 in atherosclerosis (36). This study revealed a protective
effect of TSP1 deficiency at the early stages of plaque de-
velopment. However, the underlying mechanism describing
this effect is scant to none. Previous studies demonstrated that
accumulation of nonoxidized lipids precedes that of oxidized
lipoproteins in human atherosclerotic lesions, suggesting an
important, but as yet undefined, mechanism for direct mac-
rophage uptake of nLDL in the subendothelial matrix of
atheroprone arteries (52). It is important to point out at this
juncture, however, that it is widely held that cellular uptake,
per se, of LDL requires its prior oxidation. Contrary to this
theory, we postulated that pathophysiological concentrations
of matrix protein TSP1 stimulate internalization of unmodi-
fied lipoproteins in macrophages and thereby bypass the need
for oxidation and uptake by scavenger receptors. Indeed, our
results demonstrated that treatment of human and rodent
macrophages with TSP1 at concentrations found in patients

FIG. 6. Role of CD47 in macropinocytotic uptake of lipids by macrophages in an atherosclerotic mouse model
in vivo. (A) CFDA-labeled donor macrophages isolated from the peritoneal cavity of ApoE-/- mice assessed by fluorescent
microscopy and FACS gated. (B) Representative Nile Red fluorescence histograms indicating lipid accumulation in vehicle-
and TSP1-treated CFDA+-WT and CFDA+-CD47-/- macrophages. Bar graph indicates averaged Nile Red fluorescence in
CFDA+-WT and CFDA+-CD47-/- macrophages following incubation with vehicle or TSP1 (n= 3). Data represent the
mean – SD. CFDA, carboxyfluorescein diacetate succinimidyl ester. To see this illustration in color, the reader is referred to
the web version of this article at www.liebertpub.com/ars

894 CSÁNYI ET AL.



with cardiovascular disease significantly increased nLDL
uptake via a distinct signaling process (34). Importantly,
TSP1 did not induce oxidative modification of nLDL in cell
culture medium as indicated by the results of agarose gel
electrophoresis.

To investigate the mechanism involved, we considered
previous reports by Kruth et al. demonstrating that phorbol
ester activation of macrophages stimulates macropinocytosis
of nLDL and subsequent lipid accumulation (27, 28). Mac-
ropinocytosis begins with membrane ruffle formation.
Membrane ruffles adhere to the nonextended plasma mem-
brane or form circular macropinocytotic cups and following
scission from the plasma membrane internalize as macro-
pinosomes (3, 53). Based on these morphologically distinct
plasma membrane activities, macropinocytosis can be di-
vided into four consecutive steps: (a) membrane ruffling, (b)
ruffle closure, (c) cup closure, and (d) internalization of
extracellular medium and its contents via macropinosome
formation (9). With further analysis utilizing SEM, we
demonstrated initiation of membrane ruffle formation, fully
formed C-shaped ruffles, and macropinocytotic cups on the
dorsal surface of TSP1-treated cells. Time-lapse DIC indi-
cated dynamic formation of membrane ruffles 30min after
TSP1 treatment. TSP1-induced membrane ruffling was still
observed 120min after stimulation. We went on to investi-
gate whether TSP1 stimulates internalization of macromol-
ecules, characteristics of macropinosome formation, and
subsequent macropinocytotic uptake (49). Flow cytometry
analysis and confocal imaging confirmed uptake of 1lm
FluoSpheres by macrophages in response to TSP1 treatment.
Previous results demonstrate that the upper size limits for
particles undergoing clathrin- and caveolin-mediated endo-
cytosis are 200 and 500 nm in diameter, respectively (41). In
contrast, the size range for particles entering macropino-
somes extends beyond 500 nm and up to 5lm in diameter (9),
suggesting that the TSP1-stimulated macropinosome for-
mation and internalization of 1 lm FluoSpheres we observed
were a function of macropinocytosis. During the process of
macropinosome formation, PI3K translocates to the ruffling
region and its phosphorylation product PtdIns(3,4,5)P3 me-
diates spatiotemporal orchestration of actin polymerization
and rearrangement through recruiting and activating a variety
of actin-associated proteins, such as cofilin and Arp2/3 (37).
It is logical then that previous reports went on to show that
pharmacological inhibitors of PI3K, such as LY294002, in-
hibit cup closure and macropinosome formation in macro-
phages (4). In the current study, we found that preincubation
of macrophages with LY294002 completely abolished TSP1-
induced uptake of FluoSpheres. Collectively, these data are
consistent with TSP1 stimulating membrane ruffling in
macrophages, followed by cup closure, macropinosome for-
mation, and subsequent internalization of macromolecules.

Next, we went on to challenge the notion that TSP1
stimulates internalization of nLDL via macropinocytosis by
contrasting its potential contribution with that of other en-
docytic processes (39). Macropinocytosis is characterized by
its sensitivity to PI3K inhibitors (4) or to actin perturbation by
latrunculins (2). We observed that both LY294002 and la-
trunculin A completely inhibited TSP1-stimulated lipid ac-
cumulation in macrophages. An additional criterion was
applied to identify macropinocytosis; namely, its suscepti-
bility to inhibition by the Na+/H+ antiporter amiloride, which

lowers submembranous pH and prevents Rac1 and Cdc42
signaling (26). Indeed, preincubation of macrophages with
amiloride abolished lipid internalization following TSP1
treatment. In contrast, chlorpromazine, an inhibitor of
clathrin-coated pit formation (47), and nystatin, a reagent that
disassembles caveolae (54), did not inhibit TSP1-induced
lipid accumulation. Considering possible off-target effects of
pharmacological inhibitors, we silenced MTMR6, a protein
tyrosine phosphatase, which is essential for macropinocytosis
through dephosphorylation of PtdIns(3)P (32). Knockdown
of MTMR6 inhibited TSP1-stimulated lipid internalization.
To our knowledge, these data demonstrate for the first time
that TSP1, or any matricellular protein for that matter,
stimulates macropinocytosis.

Activation of the DAG-PKC pathway induces macro-
pinocytosis in various cell types (27, 49). Incidentally, PKC
activation stimulates Nox signaling through phosphorylation
of the cytosolic organizer subunit p47phox (29). Indeed, re-
cently published data from our laboratory indicated that
TSP1 stimulates Nox1 activity via PKC and p47phox phos-
phorylation in vascular smooth muscle cells (15). In addition,
the spike in actin polymerization during membrane ruffle
formation involves the recruitment of the small GTPase Rac
(42), which is an important positive regulator of Nox as-
sembly in phagocytes (23). Those findings prompted us to
investigate whether PKC could be an intermediary in Nox1
activation, ruffle formation, and macropinocytosis. Indeed,
PKC inhibition by calphostin c and pretreatment with DPI, an
inhibitor of flavin-containing oxidases, inhibited TSP1-
induced lipid accumulation. With all this in mind, it was
logical therefore to suggest a role for an active assembly of
the Nox1 hybrid system. Intracellular O2

�- production dem-
onstrated by EPR and quantification of 2-OH-E+ support
Nox1-mediated signal since Nox1 has been found in caveolae
and endosomes and not on the plasmamembrane. Focusing in
on Nox1, we tested whether TSP1 stimulates membrane
ruffling in Nox1y/- macrophages. SEM data indicated that
TSP1 stimulates ruffle formation in WT, but not in Nox1y/-,
macrophages. Consistent with these results, TSP1 did not
stimulate nLDL uptake in Nox1y/- macrophages. Conse-
quently, our results favor the view that Nox1 oxidase acts as a
signaling intermediary in TSP1-mediated macropinocytosis.
In line with this contention, a previous study demonstrated
that Nox1 deficiency is associated with reduced lesion area in
an atherosclerotic mouse model (44). At this juncture, it is
important to point out that pharmacological PKC activation
can also set in motion a similar sequence of events via Nox2
[see associated article in this issue (21)].

TSP1 via interaction with its high-affinity cell receptor,
CD47, stimulates Nox1 activity in vascular cells (15) and
inhibits nitric oxide-mediated signaling (7). TSP1 is also
known to bind scavenger receptor CD36; however, this in-
teraction is not required for Nox activation (15). The present
study identifies a TSP1-CD47-Nox1 axis as a proximate
promoter of macrophage macropinocytosis and thus provides
multiple new targets to attenuate macrophage lipid internal-
ization. Indeed, pharmacological blockade of CD47 com-
pletely abrogated TSP1-induced O2

�- generation and CD47
deficiency abolished TSP1-induced membrane ruffling and
macropinocytotic uptake of nLDL in macrophages. Although
deficiency of TSP1 has been demonstrated to delay initial
plaque formation in ApoE-/- mice (36), similar studies in
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CD47-deficient ApoE-/- mice had not been reported. With
those findings in mind, we postulated that activation of CD47
by TSP1 stimulates macrophage macropinocytosis in vivo.
To test this, we transplanted fluorescently labeled WT and
CD47-/- macrophages into hypercholesterolemic ApoE-/-

mice and evaluated their ability to internalize lipids via

macropinocytosis. Before injection, cells were incubated
with vehicle or TSP1 to stimulate membrane ruffling. Our
data demonstrated that TSP1 pretreatment stimulated lipid
accumulation in vivo in transplanted WT macrophages
compared with vehicle treatment. In contrast, TSP1-induced
lipid accumulation was attenuated in transplanted CD47-/-

macrophages. These results led us to speculation that CD47
regulation of macrophage macropinocytosis contributes to
the pathogenesis of atherosclerosis. Intriguingly, no prior
studies investigated whether macrophage lipid macro-
pinocytosis contributes to atherosclerotic plaque formation.
We, therefore, anticipate a growing interest into the delin-
eation of pinocytotic mechanisms controlling nLDL versus

scavenger receptor-mediated ox-LDL in the vessel wall.
These in vivo studies are particularly important as macro-
phages residing in the vessel wall may be functionally and
phenotypically different from cell lines or primary cells kept
in culture. In that respect, we expect future studies to inves-
tigate whether TSP1-CD47 signaling in the vessel wall reg-
ulates macrophage macropinocytosis.

In recent years, cofilin has emerged as a key regulator of
actin filament dynamics, leading to lamellipodia formation
in motile cells (37). Dephosphorylated cofilin at Ser-3 severs
actin filaments and creates new actin barbed ends for Arp2/3
to rapidly rebuild actin network and simulate formation of
membrane protrusions (17). Our data demonstrate for the
first time that TSP1 activates cofilin (dephosphorylation at
Ser-3) via CD47 and Nox1 in macrophages. We also showed
that gene silencing cofilin inhibits TSP1-induced macro-
pinocytosis. These data suggest that TSP1 via CD47-
mediated Nox1 activation induces cofilin activation, leading
to actin remodeling, membrane ruffle formation, and mac-
ropinocytosis. Interestingly, PI3K signaling stimulates the
activity of slingshot phosphatase (SSH), leading to cofilin
dephosphorylation and activation (37). As pharmacological
blockade of PI3K completely inhibited TSP1-induced mac-
ropinocytosis, it is tempting to speculate that TSP1 via

CD47-mediated Nox1 activation increases SSH activity,
leading to dephosphorylation of cofilin and initiation of
membrane ruffle formation. The role of SSH as another in-
termediary in this pathway will require further study, but is
currently outside the scope of this article.

As growth factors and cytokines have been reported to
stimulate macropinocytosis, we tested whether TSP1 induces
secretion of cytokines and chemokines from macrophages.
We found that TSP1 stimulates RANTES, interleukin-1 re-
ceptor antagonist (IL-1RA), and macrophage inflammatory
protein-1a (MIP-1a) secretion from macrophages (Supple-
mentary Fig. S12). It is therefore plausible that TSP1-induced
cytokine release is involved in macropinocytosis stimulation.

In conclusion, our findings identify a previously un-
characterized mechanism of cellular solute uptake by a
TSP1-CD47-Nox1-cofilin axis that is likely to have broad
implications for vascular inflammatory disorders andmultiple
other cell types and pathologies in which macropinocytosis
has been implicated. We have demonstrated that TSP1 at

physiologically relevant concentration stimulates formation of
circular dorsal ruffles in macrophages, leading to macro-
pinocytotic uptake of nLDL and lipid accumulation. Im-
portantly, TSP1 stimulates direct uptake of nLDL that does not
require LDL oxidative modification or scavenger receptor-
mediated internalization, but instead delimited intracellular
Nox1 signaling and macropinocytosis. The results of the
present study are expected to lead to broad new areas of ex-
ploration in the field of cardiovascular research and informnew
pharmacological interventions to combat vascular disorders.

Materials and Methods

Reagents

Cytochrome c, superoxide dismutase (SOD), DPI chloride,
phorbol 12-myristate 13-acetate (PMA), Nile Red, LY294002,
calphostin C, amiloride, 5-(N-ethyl-N-isopropyl)amiloride
(EIPA), latrunculin A, chlorpromazine, nystatin, and thiogly-
collate medium were purchased from Sigma-Aldrich (St.
Louis, MO). Protease and phosphatase inhibitor cocktail tab-
lets were purchased from Roche Diagnostics GmbH (Man-
nheim, Germany). Zombie Yellow� was purchased from
BioLegend (San Diego, CA). FluoSpheres�, negative control
and MTMR6 siRNAs were purchased from Life Technologies
(Grand Island, NY). Human TSP1was purchased fromAthens
Research & Technology (Athens, GA). Human nLDL and ox-
LDL were purchased from Kalen Biomedical, LLC (Mon-
tgomery Village, MD). CD47 monoclonal [MIAP301] and
isotype control IgG2a antibodies were purchased from Santa
Cruz Biotechnology (Dallas, TX).

Cell culture

RAW 264.7 cells, a murine macrophage cell line (ATCC,
Manassas, VA), and thioglycollate-elicited peritoneal macro-
phages were cultured in Dulbecco’s modified Eagle medium
(Mediatech, Inc., Manassas, VA) supplemented with 100 IU/ml
of penicillin G, 100lg/ml streptomycin, and 10% (vol/vol) fetal
bovine serum (FBS). Bone marrow-derived monocytes
were differentiated into macrophages using murine M-CSF
(20 ng/ml, 6 days). THP-1 monocytes (ATCC, Manassas, VA)
were cultured in RPMI-1640 medium supplemented with 2-
mercaptoethanol (0.05mM) and 10% FBS. THP-1 monocytes
were differentiated intomacrophages using PMA (8nM, 48h).
Cells were incubated in humidified atmosphere of 5% CO2 in
an incubator at 37�C. Cells were grown to 80% confluence and
serum starved (1% FBS, 4 h) before experiments were run.

Animals

All animal studies were performed under a protocol approved
by the IACUC of the University of Pittsburgh or Augusta
University. Male C57BL/6 (wild-type), TSP1-/-, and LDLR-/-

mice were purchased from The Jackson Laboratory (Bar Har-
bor, Maine). Nox1y/- mice on a C57BL/6 background were
kindly provided by Dr. K. H. Krause (University of Geneva).
CD47-/- mice were kindly provided by Dr. Jeffrey Isenberg
(University of Pittsburgh).

Isolation of mouse macrophages

Collection of thioglycollate-elicited peritoneal macro-

phages. Three ml of 3% thioglycollate medium was injected
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into the peritoneum of 8-week-oldmale wild-type, Nox1y/-, and
CD47-/- mice. Four days later, the mice were anesthetized
(isoflurane inhalation, 3%) and sacrificed by cervical disloca-
tion. Peritoneal cells were harvested by lavage with approxi-
mately 10ml sterile ice-cold phosphate-buffered saline (PBS).
Cells were sedimented by centrifugation at 300g for 5min.
Peritoneal macrophages were enriched by adherence to tissue
culture dishes.

Generation of mouse bone marrow-derived macro-

phages. The femur and tibia of sacrificed mice were cleaned
of adherent muscle and connective soft tissue. Bone marrow-
containing cavitieswere exposed by removing the ends of each
femur and tibia, and a 25-gauge needle containing Harvest
Buffer (HBSS, containing 10mM Hepes, 4mM sodium bi-
carbonate, and 4% heat-inactivated FBS)was used to flush and
collect the bone marrow. Bone marrow flushings were loaded
onto Ficoll-Paque PLUS (GE Healthcare, Piscataway, NJ) for
density gradient centrifugation (1.078 g/ml) for 30min at
400g. The isolated interphase fraction containing bone
marrow-derivedmononuclear cells was washed using PBS and
centrifuged for 7min at 300g. Total viable cell numbers ob-
tained from each isolation were assessed using Trypan Blue. In
all isolations, cell viability was greater than 95%. Monocytes
were cultured in RPMI-1640 medium and differentiated into
macrophages using 20 ng/ml M-CSF (Miltenyi Biotec Inc.,
San Diego, CA) for 6 days.

Measurement of ROS in macrophages

Cytochrome c reduction assay. Macrophages were ex-
posed to vehicle (PBS) or TSP1 (0.1–30 nM) for the indicated
period of time. Cells were washed twice with ice-cold PBS,
scraped in lysis buffer (8mM potassium, sodium phosphate
buffer pH 7.0, 131mM NaCl, 340mM sucrose, 2mM NaN3,
5mM MgCl2, 1mM EGTA, 1mM EDTA, and protease in-
hibitors). The cells were lysed by five freeze/thaw cycles and
passed through a 30-gauge needle five times to disrupt cells.
Cell disruption was confirmed by phase-contrast microscopy.
The cell lysate was centrifuged at 400 g for 5min at 4�C to
remove unbroken cells, nuclei, and debris. Throughout all
these procedures, extreme carewas taken tomaintain the lysate
at a temperature close to 0�C. The cell lysatewas centrifuged at
28,000 g for 15min at 4�C. The supernatant was removed and
the pellet was resuspended in lysis buffer. Protein concentra-
tion was measured using the Bradford microplate method.
Superoxide production in particulate fractions (20lg/ml) of
vehicle- and TSP1-treated macrophages was measured in
0.1ml of oxidase assay buffer (65mM sodium phosphate
buffer pH 7.0, 1mMEGTA, 10lMFAD, 1mMMgCl2, 2mM
NaN3, and 0.2mM cytochrome c). Superoxide production
was initiated by the addition of 180 lM NADPH and was
calculated from the initial linear rate of SOD (150U/ml) in-
hibitable cytochrome c reduction quantified at 550 nm using
an extinction coefficient of 21.1mM-1 cm-1 (Biotek Synergy
4 Hybrid Multi-Mode Microplate Reader).

Electron paramagnetic resonance. Macrophages were
preincubated for 30min in EPR buffer (NaCl 130mM, KCl
4.7mM,KH2PO4 1.2mM,MgSO4 1.2mM,NaHCO3 14.9mM,
glucose 5.5mM, CaCl2 1.6mM, and EDTA 0.026mM, pH 7.4)
at 37�C and then treatedwith vehicle or 10nMTSP1 for 60min.

The cell-permeant spin probe 1-hydroxy-3-methoxycarbonyl-
2,2,5,5-tetramethylpyrrolidine hydrochloride (CMH; Alexis
Corp., San Diego, CA) was added at a concentration of
500lMand 15min later O2

�-was measured using the Bruker
eScan tabletop EPR spectrometer (Bruker Biospin). EPR in-
strument settings were as follows: field sweep, 50G; micro-
wave frequency, 9.78GHz; microwave power, 20mW;
modulation amplitude, 2G; conversion time, 327ms; time
constant, 655ms; and receiver gain, 1 · 105. Analyses of the
upfield EPR spectra peak heights were used to quantify the
amount ofO2

�- produced by the cells andwere comparedwith
buffer-only control spectra. To minimize the deleterious ef-
fects of contaminating metals, the buffers were treated with
Chelex resin and contained 25 lM deferoxamine (Noxygen
Science Transfer, Germany) and 5 lM diethyl-
dithiocarbamate (Sigma-Aldrich, St. Louis, MO). In separate
experiments, the cell-impermeant spin probe PPH was used
(Noxygen, Germany).

Quantification of 2-OH-E – using HPLC. Hydroethidine
(HE), ethidium (E+), and 2-hydroxyethidium (2-OH-E+), the
O2

�--specific oxidation product of HE, were separated on an
HPLC system as described previously (55). Briefly, an ether-
linked phenyl column (100· 4.6mm, Phenomenex, Torrance,
CA) was employed using two mobile phases (Solution A:
50mMphosphate buffer in 90%water and 10% acetonitrile and
Solution B: 50mM phosphate buffer in 40% water and 60%
acetonitrile) and a gradient elution to increase the acetonitrile
concentration from 25% to 60% over 10min at a flow rate of
0.75ml/min. Forty microliters of sample was injected into the
HPLC system (ESA, Inc., with a CoulArray electrochemical
detection array system, Sunnyvale, CA). The areas of the cor-
responding peaks were measured using the software provided
by ESA, Inc. The limit of detection for this assay was deter-
mined from a standard curve and established at 20 fmoles.
Concentration of 2-OH-E+ was calculated using a standard
curve and normalized to total protein of the cell lysate.

Amplex Red fluorescence. Hydrogen peroxide (H2O2)
production was quantified as described previously (13). Cells
were suspended at a concentration of 5· 107 cells/ml in ice-cold
disruption buffer (PBS containing 0.1mM EDTA, 10% glyc-
erol, protease inhibitor cocktail, and 0.1mM PMSF). Macro-
phageswere lysedbyfive freeze/thawcycles andpassed through
a 30-gauge needle five times. H2O2 production wasmeasured in
the lysate of vehicle- and TSP1-treated macrophages (10lg/
100lL) in assay buffer (25mM Hepes, pH 7.4, containing
120mMNaCl, 3mMKCl, 1mMMgCl2, 25 lMFAD, 0.1mM
Amplex Red, and 0.32 U/ml of HRP). The reaction was
initiated by the addition of 36 lM NADPH. Fluorescence
measurements were made using a Biotek Synergy 4 Hybrid
Multi-Mode Microplate Reader (excitation wavelength:
560 nm; emission wavelength: 590 nm). A standard curve of
known H2O2 concentrations was generated to quantify H2O2.
The reaction was monitored at room temperature for 60min.
The emission increase was linear during this interval.

Lipid accumulation

Confocal microscopy. Macrophages were grown on
coverslips (Electron Microscopy Sciences, Hatfield, PA),
serum starved, and incubated with nLDL (250lg/ml) in the
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absence and presence of 10 nM TSP1 for 24 h. Cells were
fixed in 2% paraformaldehyde, permeabilized with 0.1%
Triton X-100, and then stained with Alexa Fluor 488�

phalloidin, Hoechst (Life Technologies, Grand Island, NY),
and Nile Red (50 ng/ml; 10min). Images were captured with
an Olympus FluoView� FV1000 confocal microscope.

Cholesterol quantification using a fluorometric assay

The Amplex Red Cholesterol Assay Kit was used to
quantify cholesterol content in macrophages according to the
manufacturer’s protocol (Thermo Fisher Scientific, MA).

Flow cytometry

RAW 264.7 and bone marrow-derived macrophages were
cultured to*80% confluence, serum starved, incubated with
nLDL (250lg/ml), and treated with vehicle or TSP1 (10 nM,
24 h). Cells were stained with Nile Red (25 ng/ml), fixed in
2% paraformaldehyde, and analyzed using a BD LSRFor-
tessa flow cytometer. The gating strategy for flow cytometry
analysis is shown in Supplementary Figure S1.

Scanning electron microscopy

Coverslips of cells were fixed in 2.5% glutaraldehyde,
secondarily fixed in 1% OsO4, dehydrated through a graded
ethanol series (30%–100%), and washed with 100% ethanol
before drying in hexamethyldisilazane solution. Samples
were then mounted onto aluminum stubs, sputter coated with
3.5 nm of gold/palladium (Cressington Auto 108, Cressing-
ton, United Kingdom), and viewed with a JEOL JSM-6335F
scanning electron microscope (Peabody, MA) at 3 kV with
the SEI detector.

DIC microscopy

Cells were grown on 35-mm glass bottom culture dishes
(Mattek Corp), mounted in an appropriately controlled en-
vironmental chamber (37�C, 5% CO2) on a Nikon TI-E in-
verted microscope. The microscope was set up appropriately
for DIC imaging using a high-shear prism and Kohler illu-
mination. Cells were imaged using a 60 · 1.49 Plan Apoc-
hromat objective and images were collected with a Zyla 5.5
sCMOS camera (Andor Corp, Belfast Ireland). Baseline
images (vehicle treatment) were collected for 60min and
then TSP1 was added as described in the figure legend. Ten
representative fields were chosen from each dish, experi-
ments were performed in triplicate. Image collection, mi-
croscope control, and movie generation were performed
using Nikon Elements software.

In-cell Western and Western blot experiments

In-cell Western assay was performed according to the
manufacturer’s instructions (Li-Cor Biotechnology, Lincoln,
Nebraska). Cells were incubated with a rabbit polyclonal an-
tibody against CD47 (Abcam, Cambridge, MA) overnight at
4�C. This was followed by incubationwith secondary antibody
IRDye 800CW (green) and CellTag� 700 (red) for 1 h with
protection from light. Plates were scanned at 680 and 800 nm
using the Odyssey CLx Infrared Imaging System. In separate
experiments, TSP1- and vehicle-treated macrophages were
assessed via Western blot for p-cofilin (Ser-3), total cofilin

(Cell Signaling, Danvers, MA), ACAT1 (Abcam, Cambridge,
MA), and syndecan-1 expression (Santa Cruz Biotechnology,
Dallas, TX). Representative unedited Western blot images are
shown in Supplementary Figures. S5 and S13.

siRNA transfection

RAW 264.7 macrophages were grown to 50% confluence
and transfected with siRNAs against MTMR6 (Silencer�,
Invitrogen), Cfl1 (Cell Signaling), CLTC, or CAV1(Origene)
using the transfection reagents Lipofectamine 2000 (In-
vitrogen, Carlsbad, CA) or TransIT-TKO (Mirus). To control
for possible nonspecific effects of siRNA, silencer-negative
control siRNA was used. Knockdown of MTMR6, Cfl1,
CLTC, and CAV1 by siRNA was confirmed by Western blot
or real-time PCR. Cells were used 48 h after transfection.

Real-time PCR analysis

Total RNA was extracted from macrophages using an
RNA extraction kit (IBI Scientific, Peosta). cDNA was gen-
erated using the TaqMan� Reverse Transcriptase kit (Ap-
plied Biosystems, Carlsbad). Real-time PCR was carried out
using the SYBR Green Supermix (Applied Biosystems, Inc.,
Warrington, United Kingdom). All amplifications were per-
formed in triplicate, and GAPDH was used as the internal
control. The primers used for real-time PCR are as follows:

Cofilin: F-TTCAACGACATGAAGGTGCGT, R-TCCT
CCAGGATGATGTTCTTCT,

Clathrin heavy chain: F-TGATCGCCATTCTAGCCTTG
C, R-CTCCCACCACACGATTTTGCT, and

GAPDH: F-CATGTTCGTCATGGGTGTGAACCA,
R-AGTGATGGCATGGACTGTGGTCAT.

Adoptive transfer of macrophages into ApoE-/- mice

Bone marrow-derived macrophages from WT and
CD47-/- mice (donors) were resuspended in sterile PBS at a
concentration of 2 · 106 cells per ml and labeled with 10lM
CFDA (Molecular Probes, OR) as per the manufacturer’s
instructions. Cells were pretreated with vehicle or TSP1
(10 nM, 2 h) and injected into recipient ApoE-/- mice (i.p.,
2 · 106 cells/mouse). ApoE-/- mice were fed a high-fat diet
for 4 weeks before experiments. Twenty hours later, perito-
neal macrophages were isolated, stained with Nile Red, and
processed for FACS analysis.

Statistical analysis

Significance of the differences was assessed by Student’s
t-test and one- or two-way ANOVA, followed by a Bonfer-
roni post hoc test, as appropriate for the particular experiment
and treatment groups. A value of p < 0.05 was considered to
be statistically significant.
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Abbreviations Used

ACAT¼ acyl-CoA:cholesterol O-acyltransferase
CFDA¼ carboxyfluorescein diacetate-

succinimidyl ester
CLTC¼ clathrin heavy chain
CVD¼ cardiovascular diseases
DAG¼ diacylglycerol
DHE¼ dihydroethidium
DIC¼ differential interference contrast
DPI¼ diphenyleneiodonium

DUOX¼ dual oxidase
EGFR¼ epidermal growth factor receptor
EPR¼ electron paramagnetic resonance

FACS¼ fluorescence-activated cell sorting
FBS¼ fetal bovine serum
HE¼ hydroethidine

LDLR¼ low-density lipoprotein receptor
M-CSF¼macrophage colony-stimulating factor

MTMR6¼myotubularin-related protein 6

nLDL¼ native low-density lipoprotein

Nox¼NADPH oxidase

NOXA1¼Nox activator subunit 1

PBS¼ phosphate-buffered saline

PFA¼ paraformaldehyde

PI3K¼ phosphatidylinositol-3-kinase

PKC¼ protein kinase C

PMA¼ phorbol 12-myristate 13-acetate

PPH¼ 1-hydroxy-4-phosphono-oxy-2,2,6,6-
tetramethyl-piperidine

ROS¼ reactive oxygen species

RT-PCR¼ real-time, quantitative polymerase chain reaction

SD¼ standard deviation

SEM¼ scanning electron microscopy
SOD¼ superoxide dismutase
SSH¼ slingshot phosphatase
TSP1¼ thrombospondin-1
WT¼wild-type
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