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Abstract Autophagy is a reparative, life-sustaining pro-

cess by which cytoplasmic components are sequestered in

double membrane vesicles and degraded upon fusion with

lysosomal compartments. Mice with a macrophage-specific

deletion of the essential autophagy gene Atg5 develop

plaques with increased apoptosis and oxidative stress as

well as enhanced plaque necrosis. This finding indicates

that basal autophagy in macrophages is anti-apoptotic and

present in atherosclerotic plaques to protect macrophages

against various atherogenic stressors. However, autophagy

is impaired in advanced stages of atherosclerosis and its

deficiency promotes atherosclerosis in part through acti-

vation of the inflammasome. Because basal autophagy can

be intensified selectively in macrophages by specific drugs

such as mammalian target of rapamycin (mTOR) inhibitors

or Toll-like receptor 7 (TLR7) ligands, these drugs were

recently tested as potential plaque stabilizing compounds.

Stent-based delivery of the mTOR inhibitor everolimus

promotes a stable plaque phenotype, whereas local

administration of the TLR7 ligand imiquimod stimulates

inflammation and plaque progression. Therefore, more

drugs capable of inducing autophagy should be tested in

plaque macrophages to evaluate the feasibility of this

approach. Given that drug-induced macrophage autophagy

is associated with pro-inflammatory responses due to

cytokine release, induction of postautophagic necrosis or

activation of phagocytes after clearance of the autophagic

corpse, cotreatment with anti-inflammatory compounds

may be required. Overall, this review highlights the pros

and cons of macrophage autophagy as a drug target for

plaque stabilization.
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Introduction

Autophagy is an evolutionarily conserved subcellular pro-

cess for bulk destruction of proteins and entire organelles

[54, 80]. Different autophagic pathways have been

described, all sharing the import of cytoplasmic compo-

nents into lysosomes. For the most prevalent form of

autophagy (macroautophagy, further referred to as

autophagy), the process starts with a largely undefined

membranous structure, known as a phagophore or isolation

membrane (Fig. 1). After elongation and maturation, the

phagophore forms a double-membrane vacuole or auto-

phagosome that engulfs small portions of the cytosol

including protein aggregates, lipid droplets, and complete

organelles (Fig. 1). Autophagosomes eventually fuse with

a lysosome, thereby generating an autolysosome. During

this final step, incorporation of the outer autophagosomal

membrane within the lysosomal membrane allows degra-

dation of the remaining inner single-membrane and the

cytoplasmic content of the autophagosome by lysosomal

hydrolases (Fig. 1).
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The autophagic process is classically considered to be a

pathway contributing to cellular homeostasis and adapta-

tion to stress by removing damaged or unwanted intracel-

lular material. In this way, it may act as a pro-survival

mechanism in an adverse and stressful environment.

However, excessive stimulation of the autophagic

machinery is deleterious and may lead to caspase-inde-

pendent cell death [8, 15], although most evidence linking

autophagy to cell death is circumstantial and not always

convincing [33]. Because recent findings raise doubts as to

the very existence of autophagic cell death [72], it has been

postulated that cells undergoing continuous autophagic

stimulation may die with autophagy, but not by autophagy.

Accordingly, we prefer to use the terms ‘‘autophagy-med-

iated death’’ or ‘‘autophagy-associated death’’, rather than

‘‘autophagic death’’, as recently recommended [29].

Autophagy in atherosclerosis

Autophagy has been associated with a plethora of different

pathological conditions including heart disease, cancer,

neurodegeneration, and infectious diseases [40, 55, 74].

In vivo evidence for autophagy in atherosclerosis is limited

[41, 42, 69], probably due to the technical limitations

associated with immunohistochemical detection of

autophagy-related proteins [43, 44]. Nonetheless, trans-

mission electron microscopy images of atherosclerotic

plaques reveal structures consistent with autophagosomes

and certain marker proteins have been detected in crude

lysates of atherosclerotic plaques by immunoblot analysis

[42]. Moreover, a growing body of in vitro evidence

indicates that autophagy could be stimulated in athero-

sclerosis by oxidized lipids (e.g., oxLDL, 7-ketocholes-

terol) [20, 46, 57, 83], reactive oxygen species (ROS) [22],

endoplasmic reticulum stress [81], certain pro-inflamma-

tory cytokines such as IFNc [53], and conditions of

hypoxia or metabolic stress [26]. Despite the protective

actions of autophagy in several human pathologies, the role

of autophagy in atherosclerosis is poorly understood [41,

42, 69]. Recently, however, it has been demonstrated that

LDL receptor knockout mice with a macrophage-specific

deletion of the essential autophagy gene Atg5 develop

plaques with increased apoptosis and oxidative stress as

well as enhanced plaque necrosis [35], which confirms the

overall hypothesis that basal levels of autophagy are anti-

apoptotic and present in atherosclerotic plaques to protect

macrophages against various atherogenic stressors. Given

that foam cell formation is a major event in atherosclerosis,

it is also important to note that lipid droplets in

isolation membrane

autophagosome

docking/ fusion with lysosome

Lysosome

autolysosome

mitochondrium

protein

protein aggregate

Fig. 1 Schematic overview of

macroautophagy. The process is

initiated by formation of nascent

membranous structures

(isolation membranes or

phagophores), which

sequestrate small portions of the

cytoplasm and organelles for

degradation. Expansion of the

isolation membrane and

enclosure of the cytoplasmic

cargo lead to the formation of

autophagosomes. These

autophagic vacuoles dock and

fuse with lysosomes to form

autolysosomes in which the

cargo is degraded
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macrophage foam cells are delivered to lysosomes via

autophagy, where lysosomal acid lipase acts to hydrolyze

lipid droplet-derived cholesteryl esters to generate free

cholesterol mainly for ABCA1-dependent efflux [59]. This

process is specifically induced upon macrophage choles-

terol loading and may contribute to macrophage survival

[48, 59]. However, recent evidence suggests that basal

autophagy in macrophages is only atheroprotective during

early atherosclerosis. Basal autophagy becomes dysfunc-

tional in the more advanced stages of atherosclerosis and

its deficiency promotes atherosclerosis in part through

activation of the inflammasome [62]. This finding high-

lights the need for compounds that stimulate the pro-sur-

vival effects of autophagy in vivo.

Drug-induced autophagy

Basal autophagy can be intensified by several drugs

(Fig. 2). The most commonly used inducer of autophagy is

rapamycin (also known as sirolimus), which acts through

inhibition of mTORC1. Although this protein has been

known as a key regulator of autophagy for more than a

decade, the underlying regulatory mechanism remains

unclear [78]. Recent evidence suggests that mTORC1

phosphorylates ULK1, a protein kinase that interacts with

several other proteins including Atg13 and FIP200, which

are required for the induction of autophagy [24]. Because

rapamycin has poor aqueous solubility and chemical sta-

bility, several rapamycin analogs such as everolimus

(RAD-001), temsirolimus (CCI-779), deforolimus

(AP23573) and zotarolimus (ABT-578) have been devel-

oped. These agents have activities that are similar to those

of rapamycin and are clinically used to treat in-stent

restenosis [19] or several types of cancer [5].

Apart from rapamycin or its derivatives, autophagy

could be regulated by the release of calcium from the

endoplasmic reticulum under stress conditions [13].

Indeed, treatment of cells with the sarco/endoplasmic

reticulum Ca2? ATPase (SERCA) inhibitors thapsigargin

[21] or alisol B [32] leads to elevated cytosolic Ca2?

concentrations, which eventually results in increased

autophagy. Similar effects can be obtained with Ca2?-

mobilizing agents such as the Ca2? ionophore ionomycin

[21], cadmium [77], or resveratrol [76]. High levels of

cytosolic calcium activate a variety of autophagy-stimu-

lating proteins, most notably calmodulin, which activates

calmodulin-dependent kinase kinase b (CaMKKb), fol-

lowed by AMPK-dependent inhibition of mTOR [13].

mTORC1-independent regulation of autophagy can be

obtained through lithium, sodium valproate, and carbam-

azepine, which are compounds that lower the myo-inositol-

1,4,5-triphosphate levels [64]. Moreover, using chemical

high-throughput screens, various small molecule enhancers

of rapamycin (SMERs) have been identified that enhance

the clearance of aggregate-prone proteins independent of

rapamycin [65]. Other mTOR-independent autophagy

inducers are the disaccharide trehalose [63], the polyamine

spermidine [16], or the Toll-like receptor 7 (TLR7) ligand

imiquimod [14].

Drug-induced autophagy in atherosclerosis

Reports that describe drug-induced autophagy in athero-

sclerosis are highly limited. Recently, however, everolimus

and imiquimod have been tested on experimental plaques

to induce an mTOR-dependent and -independent type of

autophagy, respectively, albeit with different outcome as

described in more detail below.

Everolimus-induced macrophage autophagy promotes

a stable plaque phenotype

Local stent-based delivery of the rapamycin derivative

everolimus in atherosclerotic plaques from cholesterol-fed

rabbits leads to a marked reduction in macrophage content

without altering the amount of smooth muscle cells

(SMCs) [49, 75]. Consistent with this finding, a large body

of evidence indicates that everolimus has pleiotropic anti-

atherosclerotic effects that may prevent or delay the path-

ogenesis of atherosclerosis. These effects include inhibition

of SMC migration and proliferation [31], loss of monocyte

chemotaxis [4], and the prevention of lipid accumulation in

both macrophages and SMCs [37, 38, 52]. Accordingly,

everolimus may have therapeutic potential not only to

prevent macrophage accumulation, but also to enhance the

macrophage cholesterol efflux and to promote reverse

cholesterol transport. Indeed, ApoE-/- mice fed a

Western-type diet and treated with the related compound

sirolimus (4 mg/kg/day) for 12 weeks showed a 36 %

reduction in cholesterol content of the aortic arch as

compared to untreated control mice fed the Western-type

diet only [6].

Given that everolimus has a strong inhibitory effect on

protein synthesis [51, 75] and that inhibition of protein

synthesis leads to selective macrophage death in athero-

sclerotic plaques [9], it has been suggested that everolimus-

induced macrophage depletion is a consequence of

autophagy-mediated cell death. Along these lines, in vitro

studies showed that everolimus promotes several features

of autophagy in macrophages including bulk degradation

of long-lived proteins, processing of microtubule-associ-

ated protein light chain 3 (LC3), and cytoplasmic vacuo-

lization (Fig. 2), followed by cellular death [49, 75]

(Fig. 3). However, dephosphorylation of the downstream
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mTOR target p70 S6 kinase after everolimus treatment,

most notably dephosphorylation at Thr389, occurs at very

low concentrations (0.1–1 nM) whereas induction of

macrophage death only occurs after treatment with high

everolimus concentrations ([3 lM) [49] (Fig. 3). As a

consequence, it could be assumed that inhibition of other

intracellular proteins, but not of mTOR, is responsible for

the everolimus-induced macrophage death. Because the

viability of macrophages is not affected using the same

concentration of tacrolimus [75], an mTOR-independent

everolimus-analog, this theory is unlikely. Moreover,

mTOR gene silencing after transfection of mTOR-specific

siRNA is associated with selective induction of macro-

phage cell death [75]. Possibly, other mTOR-mediated

pathways, but not dephosphorylation of p70 S6 kinase, are

responsible for the induction of everolimus-induced mac-

rophage death. Still, several in vitro findings suggest that

inhibition of protein translation rather than differential

expression of cell death proteins drives the selective

induction of macrophage death by everolimus. Measure-

ments of oxygen consumption as well as immunodetection

of markers for DNA synthesis/repair indicate that plaque

macrophages are metabolically highly active and thus more

sensitive to protein synthesis inhibitors as compared to

SMCs [7, 36, 47]. Moreover, inhibition of translation in

SMCs by rapamycin induces a modulation towards a dif-

ferentiated, quiescent, contractile phenotype through

upregulation of smooth muscle a-actin, calponin, and

myosin heavy chain, which may render SMCs relatively

insensitive to cell death mediated by inhibition of protein

translation [39]. Interestingly, macrophages are more sen-

sitive to everolimus-induced cell death after foam cell

formation (Fig. 3). Everolimus is highly lipophilic and may

easily accumulate in lipid-laden macrophages to cytotoxic

levels or levels that evoke autophagy-mediated cell death.

Also noteworthy is the finding that bioresorbable scaf-

folds eluting everolimus trigger a healing process in the

vessel wall, both in pigs [58] and humans (ABSORB trial)

Control Everolimus

Imiquimod

N N

N

Fig. 2 Examples of drug-

induced macrophage autophagy.

The autophagic process was

stimulated in mouse

macrophages through inhibition

of mTORC1 (treatment with

10-lM everolimus, 8 h) or via

initiation of an mTOR-

independent pathway (treatment

with 30-lg/ml imiquimod, 8 h).

Formation of autophagic

vacuoles was analyzed by

transmission electron

microscopy. Everolimus- or

imiquimod-treated cells showed

many autophagic vacuoles as

compared to untreated control

cells. The boxed area (showing

autophagic vacuoles in an

imiquimod-treated cell) is also

presented at higher

magnification. N nucleus. Scale
bar 2 lm
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[70], which results in late lumen enlargement (up to

10 mm2 at 24-month follow up) as well as critical plaque

and media regression (nearly 13 %). A significant reduc-

tion in plaque growth (up to 85 % in the brachiocephalic

artery and *60 % at the aortic root) was also observed

when osmotic minipumps eluting everolimus were

implanted subcutaneously in LDL receptor deficient mice

for a period of 12 weeks [56]. At present, this phenomenon

of atheroregression is poorly understood. Given that ever-

olimus triggers autophagy-mediated macrophage death and

that everolimus inhibits cell proliferation, we hypothesize

that everolimus is capable of inhibiting (or reversing) the

basic mechanisms that control plaque growth and destabi-

lization, as recently suggested [23].

Imiquimod-induced macrophage autophagy is

associated with inflammation and plaque progression

Ligands of Toll-like receptor 7 (TLR7), in particular the

imidazoquinoline imiquimod, are able to induce autophagy

through myeloid differentiation primary response gene 88

(MyD88) which is an adaptor protein that targets Beclin 1

[14, 73]. TLR7 signaling enhances the interaction of

MyD88 with Beclin 1 and reduces the binding of Beclin 1

to Bcl-2, which finally leads to autophagy [14, 73].

Immunohistochemical evidence and immunoblot analysis

indicate that TLR7 is expressed in macrophages but not in

SMCs, i.e., only macrophages are sensitive to imiquimod-

induced autophagy [12]. Surprisingly, local delivery of

imiquimod in atherosclerotic plaques of cholesterol-fed

rabbits via osmotic minipumps does not deplete macro-

phages, but rather stimulates macrophage accumulation

[12]. Other imiquimod effects are upregulation of vascular

adhesion molecule-1 in endothelial cells, infiltration of

T-lymphocytes, and enlargement of the plaque area [12].

Moreover, treatment of macrophages with imiquimod in vitro

enhances the expression of adipocyte differentiation-related

protein (ADRP, also known as ADFP or adipophilin) [17],

which plays an important role in cholesterol ester accumula-

tion. Chronic activation of this protein may facilitate foam cell

formation and plaque progression [30].

The contradictory in vivo effects of everolimus and

imiquimod might be misleading because the concentration

of the drug and the level of autophagy induced by both

compounds in the plaque could be entirely different. Stents

eluting everolimus may yield high local concentrations of

the eluted drug which could rapidly stimulate autophagy-

mediated macrophage death. In contrast, imiquimod

delivered to the vessel wall via osmotic minipumps may

be diluted in the surrounding tissue. In vitro experi-

ments showed that high concentrations of imiquimod

([10 lg/ml) are needed to induce autophagy-mediated

death in macrophages [12]. Moreover, imiquimod-induced

cell death requires pronounced expression of TLR7. When

using a high concentration of imiquimod (10 lg/ml)

in vitro, autophagy-mediated cell death is much more

pronounced in macrophage cell lines such as J774A.1,

which abundantly express TLR7, whereas bone marrow-

derived macrophages showing moderate TLR7 expression

levels reveal moderate levels of autophagy without the

induction of cell death [12]. Even in response to 30 lg/ml

imiquimod, approximately 50 % of bone marrow-derived

macrophages survives [12], suggesting that TLR7 expression

in macrophages of atherosclerotic plaques might be insuffi-

cient for imiquimod-induced autophagy-mediated death.

Both imiquimod and everolimus trigger cytokine

release by macrophages independent of autophagy

If imiquimod does not easily trigger macrophage death, the

question arises as to the underlying mechanism of imiq-

uimod-induced plaque progression. As already mentioned

above, imiquimod exerts its biological activity in macro-

phages through direct activation of TLR7 signaling, which

in turn activates the transcription factor NF-jB to stimulate

the release of proinflammatory cytokines and chemoat-

tractant proteins such as IL-6, MCP-1, Rantes, and TNFa
[12]. These proteins may enhance the expression of

adhesion molecules, including VCAM-1, and trigger

plaque inflammation by recruiting both monocytes and
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Fig. 3 Viability of macrophages and macrophage-derived foam cells

after treatment with the mTOR inhibitor everolimus. Mouse macro-

phages were grown in the presence or absence of acetylated LDL

(acLDL, 100 lg/ml) for 24 h to induce foam cell formation. AcLDL

was vortexed for 2 min to obtain aggregated LDL to facilitate acLDL

uptake. Next, both untreated (control) and acLDL-laden macrophages

were exposed to 1–10 lM everolimus for 24 h. **P \ 0.01,

***P \ 0.001 versus untreated (0 lM everolimus) (1-way ANOVA,

followed by Dunnett test, n = 3); #P \ 0.05, ##P \ 0.01 versus

control (cells without acLDL) (unpaired Student’s t test, n = 3)
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T-lymphocytes [12]. Interestingly, also mTOR inhibitors

such as everolimus and rapamycin stimulate secretion of pro-

inflammatory cytokines (e.g., IL-6, TNFa) and chemokines

(e.g., MCP1, Rantes) by macrophages prior to induction of

autophagy mediated death, albeit not via NF-jB but through

activation of p38 MAP kinase [51]. Cytokine production is

similar in macrophages lacking the essential autophagy gene

Atg7, suggesting that NF-jB or p38 activation is an off-target

effect of imiquimod and everolimus, respectively, and not a

consequence of autophagy induction [12, 51]. Of note,

cytokines are not released by macrophages undergoing star-

vation, an autophagic condition known to inhibit mTOR

similar to everolimus [51], indicating that mTOR inhibition is

not sufficient to induce cytokine release. In addition, because

sustained starvation leads to macrophage death [51], a

decrease in macrophage viability is not a prerequisite for

cytokine synthesis. It has been demonstrated previously that

mTOR inhibition via starvation is associated with enhanced

de novo protein synthesis, rather than with inhibition of

protein synthesis [51]. Given that protein synthesis inhibitors

have the potential to induce macrophage death via p38 [10], it

is likely that inhibition of protein translation by everolimus is

a stressful condition for macrophages that could mediate p38

activation and cytokine synthesis. Fortunately, imiquimod-

induced cytokine release and recruitment of leukocytes can

be inhibited by coincubation with dexamethasone [12].

Another option is the use of clobetasol, one of the most

powerful corticosteroids with anti-inflammatory activity.

Combined stent-based delivery of clobetasol and everolimus

in rabbit plaques downregulates TNFa expression as com-

pared to everolimus-treated plaques, yet does not affect the

ability of everolimus to induce macrophage clearance [51].

Everolimus-induced macrophage depletion: a matter

of necrotic death?

Autophagy-mediated cell death leads to secondary necrosis

when dead cells are not properly phagocytized, which is

similar to apoptotic death. Because it is plausible to believe

that autophagic cells literally digest themselves to death, at

least when the autophagic stimulus is extensive and long-

lasting, it could be expected that the cytoplasmic content

progressively decreases, resulting in minimal inflammation

after post-autophagic necrosis. Based on this theory, it has

been proposed that induction of autophagy-mediated death

is the preferred type of death to deplete macrophages in

atherosclerotic plaques [50]. However, in vitro experiments

showed that the intracellular protein content of autophagic

macrophages prior to cell lysis does not dramatically

change (Fig. 4). If autophagic cells are not efficiently

phagocytized, as shown for apoptotic cells in advanced

plaques [68], not only cytokines but also many other

intracellular proteins with pro-inflammatory potential

could be released in the plaque (Fig. 4a). p43, for example,

is one of the pro-inflammatory proteins released by mac-

rophages not only after in vitro treatment with everolimus

but also after starvation. Recently, p43 was found to be

abundantly expressed in macrophages of advanced human

atherosclerotic plaques [45]. The protein is synthesized as a

34-kDa precursor molecule and acts as a pro-inflammatory

molecule by stimulating synthesis of cytokines and adhe-

sion molecules in macrophages and endothelial cells,

respectively [45]. Experiments with monocytic THP1 or

U937 cells revealed that p43 is cleaved during cell death

into an inactive isoform p43(ARF) by calpains [45, 71].

However, bone marrow-derived macrophages undergoing

autophagy-mediated cell death secrete mainly full-length

p43, most likely due to low calpain expression. Macro-

phages treated with recombinant full-length p43 activate

both p38 and NF-jB, and secrete various cytokines (IL-6,

MCP1, Rantes TNFa) (Fig. 4b), an effect that could be

blocked by clobetasol. Besides p43, high mobility group

box 1 (HMGB1) is released after starvation or everolimus-

induced macrophage death. HMGB1 is a well-known

danger signal passively released from necrotic or damaged

cells [67]. It stimulates monocytes and macrophages to

release pro-inflammatory cytokines [3, 79], enhances the

expression of the vascular adhesion molecules ICAM-1 and

VCAM-1 and various pro-inflammatory molecules (e.g.

TNFa, IL-8, MCP-1) in endothelial cells [18, 79], and acts

as a strong chemotactic agent for SMCs. HMGB1 is

abundantly expressed in macrophages, SMCs, and endo-

thelial cells of carotid and coronary atheromatous plaques,

but not in SMCs of fibrous plaques or normal media [25],

suggesting that the release of HMGB1 in plaques may form

a serious adverse effect in terms of plaque inflammation.

From a theoretical point of view, post-autophagic necrosis

could be prevented by enhancing phagocytosis of auto-

phagic cells. However, even when autophagic macrophages

are efficiently removed by phagocytes, inflammation may

still occur. Indeed, recent evidence suggests that phago-

cytic uptake of cells dying through autophagy leads to a

pro-inflammatory response characterized by the induction

and secretion of IL-6, TNFa, IL-8, and IL-10 [61]. More-

over, phagocytosis of autophagic cells (but not apoptotic

cells) induces inflammasome activation and IL-1b secre-

tion [60]. In this light, autophagy is not immunologically

silent, as originally thought, unless the pro-inflammatory

responses are inhibited by an anti-inflammatory agent.

Concluding remarks

Two types of autophagy can be induced in mammalian

cells, namely mTOR-dependent and mTOR-independent

autophagy. Stimulation of the mTOR-dependent type of
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autophagy in macrophages (via everolimus or analogs)

leads to inhibition of protein synthesis and triggers

autophagy-mediated cell death, macrophage depletion, and

the formation of a stable plaque phenotype (Fig. 5). Initi-

ation of the mTOR-independent type of autophagy in

macrophages via imiquimod seems detrimental because it

is associated with inflammation and plaque progression

(Fig. 5). At this moment, it is unclear whether these

adverse effects are specific to imiquimod or inherent to

induction of mTOR-independent autophagy pathways.

Therefore, alternative drugs capable of inducing mTOR-

independent autophagy should be tested in plaque macro-

phages. However, a major concern with pharmacological

induction of autophagy is the occurrence of pleiotropic

effects of the compounds being used. Trehalose, for

example, is not only an autophagy inducer but also a

chemical chaperone because of its ability to influence

protein folding through direct protein-trehalose interactions

[66]. Moreover, some well-known autophagy inducers

(e.g., lithium chloride) do not induce autophagy in mac-

rophages, but apoptosis [11]. It is unclear whether other

mTOR-independent autophagy inducers trigger autophagy
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Fig. 4 Prolonged stimulation of autophagy induces macrophage

necrosis and the release of pro-inflammatory proteins. a Mouse

macrophages were starved in Earle’s Balanced Salt Solution or treated

with 10-lM everolimus in RPMI medium for up to 72 h to induce

autophagy. Proteins from crude cell lysates or extracellular medium

were separated on polyacrylamide gels and stained with coomassie

blue. Release of p43 and HMGB1 by autophagic macrophages was

examined via western blotting. b Mouse macrophages were treated

with 100-nM recombinant full-length p43 for 0–120 min. Phosphor-

ylation of p38 MAPK (Thr180/Tyr182), NF-jB p65 (Ser536), and

IkBa (Ser32/36) was analyzed by western blotting. In another series of

experiments, mouse macrophages were incubated in RPMI medium

(control) or RPMI supplemented with 100 nM p43 for 24 h. The

culture medium was then analyzed using a cytokine antibody array (for

full array layout, see [51])
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selectively in macrophages and not in other cell types of the

plaque. The sphingosine-1-phosphate analog FTY720 reveals

several potentially atheroprotective effects, including the

ability to induce autophagy [34, 82], and reduces atheroscle-

rosis in ApoE-/- mice [27, 28]. However, recent findings

identify FTY720 as a new autophagy-blocking agent that

promotes both apoptotic and nonapoptotic cell death, at least in

certain cell types [1, 2, 34, 82]. Overall, mTOR inhibitors seem

to be the first choice for autophagy induction in macrophages,

even though they have a strong inhibitory effect on protein

synthesis and thus may affect many metabolic pathways

independent of autophagy. Also of note, systemic adminis-

tration of mTOR inhibitors at levels suitable for autophagy

induction in macrophages leads to systemic immunosuppres-

sion, which is not favorable, leaving only local treatment as a

justified approach. In addition, drug-induced macrophage

autophagy could be associated with pro-inflammatory

responses due to off-target effects of the compound being used

(e.g., activation of p38 MAPK or NF-jB). These adverse

effects may lead to cytokine release, induction of postauto-

phagic necrosis, or inflammasome activation after phagocy-

tosis of the autophagic corpse, so that cotreatment with anti-

inflammatory compounds would be a wise precaution.
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