


























































































































































SUPPLEMENT 2.

Petrovski, G., G.Zahuczky, K.Katona, G.Vereb, W.Martinet, Z.Nemes, W.Bursch, and

L.Fésüs. 2007. Clearance of dying autophagic cells of different origin by professional and

non-professional phagocytes. Cell Death. Differ. 14:1117-1128.



Clearance of dying autophagic cells of different origin
by professional and non-professional phagocytes

G Petrovski1, G Zahuczky1, K Katona1, G Vereb1, W Martinet2, Z Nemes1, W Bursch3 and L Fésüs*,1

MCF-7 cells undergo autophagic death upon tamoxifen treatment. Plated on non-adhesive substratum these cells died by anoikis
while inducing autophagy as revealed by monodansylcadaverine staining, elevated light-chain-3 expression and electron
microscopy. Both de novo and anoikis-derived autophagic dying cells were engulfed by human macrophages and MCF-7 cells.
Inhibition of autophagy by 3-methyladenine abolished engulfment of cells dying through de novo autophagy, but not those dying
through anoikis. Blocking exposure of phosphatidylserine (PS) on both dying cell types inhibited phagocytosis by MCF-7 but not
by macrophages. Gene expression profiling showed that though both types of phagocytes expressed full repertoire of the PS
recognition and signaling pathway, macrophages could evolve during engulfment of de novo autophagic cells the potential of
calreticulin-mediated processes as well. Our data suggest that cells dying through autophagy and those committing anoikis with
autophagy may engage in overlapping but distinct sets of clearance mechanisms in professional and non-professional
phagocytes.
Cell Death and Differentiation (2007) 14, 1117–1128. doi:10.1038/sj.cdd.4402112; published online 16 March 2007

In mammalian organisms various forms of cell death may

occur. Apoptosis or type I ‘programmed cell death’ (PCD),

upon activation, proceeds via ‘extrinsic’ (death receptor

activation) and ‘intrinsic’ (mitochondrial) pathways, both

converging at the level of caspase-3.1 Anoikis is induced in

cells after their detachment from the extracellular matrix

(ECM) switching on apoptotic signaling pathways.2 Necrosis,

also known as unorganized way of dying or bioenergetic

catastrophe, has been recently shown to be ‘programmed’

under certain conditions.3 Type II PCD or autophagic cell

death has been observed during embryonic development.4,5

Since the first description of autophagy in 1966,6 numerous

studies have described it as a survival mechanism under poor

nutritional conditions. It is now clear this process has a dual

role.7 By contrast, autophagy is a degradative mechanism for

long-lived proteins and damaged organelles through the

auto–phago–lysosomal pathway and on the other, it provides

possibility of self-destruction for cells.4,5,8 In Drosophila,

autophagy can be hormonally controlled by ecdysone;

through inhibition of a class-I phosphatidyl-inositol 3-kinase

(PI3K) pathway organs, such as the fat body, are eliminated at

the end of larval stage.8,9 MCF-7 cells can also be induced to

undergo autophagy and cell death by treatment with the anti-

estrogen tamoxifen, which increases the intracellular cera-

mide level and eliminates the inhibitory effect of class-I PI3K

pathway.10 Expression of death-associated protein kinase

and its death-related protein kinase-1 in MCF-7 and various

other cell lines can induce autophagy and caspase-indepen-

dent cell death.11 When caspase-8 was inhibited and the atg7

and beclin-1 expression knocked down by RNA interference,

death through autophagy was blocked in mouse L929 cells.12

In embryonic fibroblasts with homozygous deletion of both

bax and bak, RNA interference against atg5 and beclin could

prevent autophagic cell death.13

The fate of dead cells depends on their localization within

the body. Macrophages acting as professional phagocytes

are capable of engulfing apoptotic cells undergoing type I

PCD without inducing inflammatory response.14,15 Typical

examples of this clearance are found during embryonic

development when a large number of apoptotic cells are

removed16 and during clearance of apoptotic granulocytes in

inflammation.17 Many cells of different origin, including

epithelial cells, can act as non-professional phagocytes and

engulf apoptotic cells.18,19,20,21 The list of key molecular

players involved in these phagocytic interactions, often

referred to as the ‘third synapse’, is surprisingly extensive

suggesting there are several redundant molecular mechan-

isms for efficient and fast removal of dying and dead cells.22

To our present knowledge the final fate and clearance

mechanism of cells dying either through autophagy or by other
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mechanisms with associated autophagy have not been

clarified. We have initiated a series of experiments, in which

type II cell death was induced through autophagy in MCF-7

cells by tamoxifen treatment (de novo autophagy),4 and we

studied the engulfment of these cells by professional and non-

professional phagocytes, that is human macrophages and

MCF-7 cells, respectively. Furthermore, we studied the

clearance of MCF-7 cells showing autophagy following

initiation of death through anoikis (anoikic-autophagy), a

newly recognized phenomenon described here. We show

here that both de novo autophagic and anoikis-derived dying

autophagic MCF-7 cells are engulfed by macrophages and

MCF-7 cells. Their phagocytosis is executed through distinct

mechanisms and low-density gene array studies have

revealed that the expression of genes related to the

engulfment process is differentially regulated by the two kinds

of dying cells.

Results

Induction of autophagy in MCF-7 cells by tamoxifen

treatment and through anoikis. Induction of autophagy,

and through that cell death, by 3% Dulbecco’s modified

Eagle’s medium (DMEM) containing 3% charcoal-stripped-

fetal calf serum (FCS) (DCC) followed by tamoxifen

treatment in MCF-7 mammary epithelial cells has been

previously described by Bursch et al.4 and demonstrated

here using both monodansylcadaverin (MDC) uptake into

autophagic vacuoles (AVs) and transmission electron

microscopy (TEM) to identify autophagic cells. As shown in

Figure 1a, the number of MDC-positive de novo autophagic

cells peaked at day 4 under such conditions and autophagic

vacuolization could be observed by TEM (Figure 1-b2).

Anoikis initiated by detachment of cells from the ECM in

vitro has been introduced as a model for studying the

mechanism of cell death in the absence of ECM-derived

signals in vivo. Our MCF-7 cells underwent anoikis in 10%

FCS of culture when not allowed to attach to the plate.

However, we have also observed they showed signs of

autophagy at day 6 of incubation: detachment of MCF-7 cells

induced by poly(2-hydroxyethylmethacrylate) (poly-HEMA)

coated plates resulted in occurrence of AVs as detected by

MDC staining (Figure 1a) and TEM (Figure 1-b3). Combining

detachment with either 3% DCC or 3% DCCþ tamoxifen ((a-

(4-b-N-dimethylaminoethoxy)-phenyl-a0-ethyl-trans-stilbene))

(TAM) treatment accelerated the autophagic response to

occur 2 days earlier than the time of autophagy in attached

cells with the same treatment. All treatment regimens (3%

DCCþTAM, 10% FCSþ poly-HEMA, 3% DCCþ poly-
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Figure 1 Autophagy in MCF-7 cells following various treatments. (a) Percentage of MCF-7 cells with MDC-positive AVs; (J) underwent heavy autophagy by day 4; (,),
(.) and (&) showed shift to autophagy by days 6, 4 and 2, respectively; 1000 cells in each of triplicate cultures were counted; the total number of MDC-positive cells are
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and day 6 anoikic cells in 10% FCS (b3), showing numerous double-membraned AVs containing digested materials. (c1) Fluorescent microscopy with MDC/PI and (c2) TEM
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HEMA, 3% DCCþTAMþ poly-HEMA) affected the time

course but not the maximal degree of the autophagic

response (about 70% of MCF-7 cells were affected in each

case, Figure 1a); an example of the MDC-positive dot-like

structures representing AVs in the cytoplasm of cells is shown

(day 2, 3% DCCþTAMþ poly-HEMA treated MCF-7 cells,

Figure 1-c1). Typical absence of chromatin condensation in

the nucleus of these cells and numerous AVs with double

membranes containing digested materials were also seen by

TEM (Figure 1-c2).

Time–dependent development of autophagy was also

supported by findings of Western blot analysis of light-chain-

3 (LC3) expression in case of de novo autophagic (3%

DCCþTAM) and anoikic-autophagic (10% FCSþ poly-

HEMA) cells (Figure 1d). In autophagic MCF-7 cells LC3-II

(the autophagosomal membrane-bound form of LC325)

became detectable at day 4, then increased up to day 7 in

parallel with the observed pattern of MDC staining. In the

anoikic-autophagic cells, the expression of LC3-II appeared at

days 1 and 2, then showed a decrease from day 4 to day 7; this

does not necessarily mean that autophagy was down-

regulated knowing that LC3 may itself undergo degradation

by lysosomal enzymes.

Occurrence of cell death in de novo autophagic and

anoikis-derived autophagic cells. After peaking of

autophagy in de novo autophagic cells at day 4 (3%

DCCþTAM), the number of dying cells peaked at day 5 as

assessed by their positivity for annexin-Vþ or annexin-Vþ

propidium iodide (PI)þ (Figure 2a). When counted by

fluorescence microscopy, more than 95% of the dying cells

were MDC positive at this time point (data not shown)

suggesting that autophagy was directly related to cell death.
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Inhibition of autophagy in these cells at day 4 by the

autophagy inhibitor 3-methyladenine (3-MA) almost

completely abolished the MDC-positive staining and led to

a significant drop in the number of annexin-Vþ and annexin-

VþPIþ cells (Figure 2b). The percentage of dying cells in

anoikic-autophagic cells was twice as much as in de novo

autophagy; death occurred earlier and peaked not in

association with the peaking of autophagy (Figure 2a).

Inhibition of autophagy in these cells at day 6 with 3-MA

almost completely abolished the MDC-positive staining as in

de novo autophagic cells and led to a decrease in the

percentage of annexin-Vþ or annexin-VþPIþ cells

(Figure 2c). For comparison, percentage of annexin-Vþ or

annexin-VþPIþ stained cells following UV-induced

apoptosis is also presented (Figure 2a); in this case cell

death was not influenced by treatment with 3-MA (not

shown).

Both de novo and anoikis-derived dying autophagic

cells are engulfed by macrophages and non-dying MCF-

7 cells. Although phagocytosis of apoptotic and necrotic

cells has been extensively studied, no data are available

how cells dying through autophagy or those in which

death is accompanied with autophagy are removed from

tissues. Our macrophages and MCF-7 cells could engulf

dying de novo autophagic or anoikic-autophagic cells with

increasing number of phagocytes containing cell corpses

over a 24 h time period (Figure 3a–d). As flow cytometric

analysis shows, compared to phagocytosis of UV-irradiated

apoptotic MCF-7 cells, macrophages engulfed anoikic-

autophagic cells more efficiently, than they did de novo

autophagic dying cells (Figure 3b and d): at 24 h of

coincubation about 32% of them contained anoikis-derived

dead cells, whereas only 15% of them showed phagocytosis

of dying de novo autophagic cells. MCF-7 cells, however,
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Figure 3 Flow cytometric analysis of the phagocytosis of dying cells. (a) Macrophages and (c) MCF-7 cells stained with CMTMR engulfing either autophagic or anoikic-
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engulfed dying de novo autophagic cells much more

efficiently than either anoikic-autophagic or apoptotic ones,

reaching an average phagocytosis frequency of 32% at the

same time point.

To confirm the results obtained by flow cytometry the

uptake of dying autophagic cells was also investigated by

fluorescence confocal microscopy using a newly deve-

loped three-color technique. The latter was specifically

designed for detecting colocalization of engulfed autophagic

MCF-7 cells stained with both carboxyfluoresceindiacetate

(CFDA) (green) and MDC (blue) within the 5-(and-6)-(((4-

chloromethyl)benzoyl)amino)tetramethylrhodamine (CMTMR)

(red) colored phagocytosing cells (Figure 4a–c). Confocal

microscopy confirmed the intracytoplasmic localization

of the engulfed de novo autophagic or anoikic-autophagic

dead cells being double stained with CFDA and MDC

within either macrophages or non-dying MCF-7 cells. Under

the experimental conditions used, usually one non-dying

MCF-7 cell acting as ‘eater’ engulfed one autophagic or

anoikic-autophagic cell. Counting under the microscope

determined that an average of 21% of macrophages and

42% of engulfing MCF-7 cells contained cell corpses of de

novo autophagic origin after 24 h coincubation (Figure 4c).

Almost all of the engulfed cells were autophagic (87–90%

positive for MDC staining) and all of the eaten cells could

be stained by PI, that is, by definition they were dying

autophagic cells.

Autophagic component of cell death and appearance of

phosphatidylserine on dead cells differentially influence

phagocytosis. Inhibition of autophagy by 3-MA, applied 2

days before peaking of autophagy, and harvesting these

cells for the phagocytic assay, almost completely abolished

the engulfment of de novo autophagic cells by both

macrophages and MCF-7 cells. On the contrary, treatment

with 3-MA did not affect significantly the engulfment of

anoikic-autophagic cells (Figure 5a and b). Treatment of the

dying de novo autophagic and anoikic-autophagic cells with

recombinant annexin-V before and throughout the

phagocytic assay that is blocking phosphatidylserine (PS)

on the surface of dying cells, could inhibit significantly only

engulfment by non-dying MCF-7 cells and not by

macrophages. The inset in Figure 5 summarizes the

differential effects of 3-MA and annexin-V on the

phagocytosis of the two kinds of autophagic cells by the

two types of engulfing cells.

Expression profile of apopto–phagocytic genes in

macrophages and MCF-7 cells. Quantitative gene

expression analysis of macrophages and MCF-7 cells was
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carried out to gain insight into the potential molecular

mechanisms mediating phagocytosis by these cells. The

studied genes have been selected to cover most of the so far

described molecular elements, which may participate in the

clearance of dead cells. The data from the gene expression

profiling clearly show that both macrophages and MCF-7

cells are well equipped for phagocytosis of dying cells. In

macrophages, almost all studied genes of the various

functional groups were expressed and the following ones

have very high basal expression levels: calreticulin, the

scavenger receptors CD68 and MSR1, the low-density

lipoprotein-related protein 1 (LRP1), integrins ax and b2
(phagocytosis receptors), annexin A5, the C1QA-bridging

molecule and transforming growth factor -b (Table 1).

Interestingly, many of the studied and expressed

phagocytic genes were also expressed in MCF-7 cells. The

exceptions, with very low expression levels in comparison to

macrophages, include the C1Q receptor 1, MSR1, the

oxidized low-density lipoprotein 1 receptor (OLR1), integrin

ax among the phagocytosis receptors, the adenosine

receptor A3 (ADORA3), the formyl peptide receptor like 1,

the bridging and surface molecules C1QA and ICAM3,

respectively, the inflammatory regulators caspase 1 and 5,

NALP12 and the cytokines interleukin-6 (IL)-6, IL-10, IL-12B,

IL-23A. Calreticulin, annexin A5 and calpain 1 showed high-

basal expression in these cells.

Clearance of autophagic and anoikic-autophagic cells

initiates distinct transcriptional responses in

macrophages and MCF-7 cells. Gene expression

profiling of macrophages and MCF-7 cells while they were

consuming dying cells as compared with their resting state

was done at 12 h. The engulfment of de novo autophagic

cells elicited different response in the two types of

phagocytes. In macrophages, the asialoglycoprotein

receptor 1 (ASGR1), ADORA2A, the bridging molecule

PTX3, phospholipase IPLA2g, the engulfment molecules

GULP1 (which was not expressed in the resting cells) and

RAC1, the cytokines IL-6, IL-12B, IL-23A and tumor necrosis

factor (TNF-a) were induced. ADORA3, the platelet-

activating factor receptor, the bridging and surface

molecules C3 and ICAM 3, respectively, the inflammatory

regulators BIRC1 and NALP12 were downregulated in

macrophages eating de novo autophagic cells. MCF-7 cells

showed increased expression of annexin-1 and the

engulfment molecule ELMO1. Both phagocytes upregulated

OLR1 and IL-6 to a significant degree in response to the

dying de novo autophagic cells.

Macrophages eating anoikic-autophagic cells upregulated

C1Q receptor 1, ADORA1 and ADORA2A, (whereas down-

regulating several phagocytosis receptor and surface mole-

cules including CD68, MSR1, LRP1, integrins, ADORA3,

annexin-1, ICAM3 and the platelet/endothelial cell adhesion
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Figure 5 Phagocytic capacity of (a) macrophages and (b) MCF-7 cells when challenged to engulf de novo autophagic or anoikic-autophagic MCF-7 cells under uninhibited
conditions (&), when the autophagic and anoikic-autophagic cells were pretreated by 3-MA 2 days before autophagy peaked (’) and when phagocytosis was carried out in
the presence of recombinant annexin-V 10 mg per 105 cells ( ). The inset shows when 3-MA and recombinant annexin-V influence uptake of dying cells by the two types of
phagocytes. Bars represent mean values of three independent experiments and their s.d. *Po0.05; **Po0.01 using Student’s t-test
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molecule), the bridging molecules C4B and MFGE8 (whereas

downregulating C2 and C3), the signaling molecule protein

kinase 2, the engulfment protein RAC1 (whereas down-

regulating ELMO 1), DNASE1 (whereas downregulating

DNASE2), the proinflammatory caspase 5 (whereas down-

regulating NALP12) and the cytokine IL-6. MCF-7 cells

responded to anoikic-autophagic cells by upregulating the

AXL receptor tyrosine kinase.

The question may arise whether the elevated mRNA levels

observed in engulfing cells could come from the eaten cells.

Table 1 Gene expression levels in macrophages and MCF-7 cells and their changes during phagocytosis
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This is very unlikely, as the overlapping upregulated genes in

two different types of phagocytes eating the same kind of dead

cells do not show systematic ‘cross contamination’. In

addition, analysis of the gene expression changes in de novo

autophagic (day 4) and anoikic-autophagic (day 6) cells as

compared to untreated MCF-7 cells clearly shows the genes

being upregulated in either macrophages or engulfing MCF-7

cells are not upregulated in the two kinds of dying cells

(Table 1). The exceptions are ASGR1 and IL-6 in both kinds of

dying cells, and OLR1 in de novo autophagic cells. However,

Table 1 Continued
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The basal expression levels were determined in 3 independent biological samples and each was analyzed in two parallel runs in which each gene had two technical
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other upregulated genes in dying cells (ITGAX, ICAM3,

ALOX12) do not have increased levels in the engulfing

phagocytes.

Discussion

Insufficient clearance of dying cells may lead to inflammation

and autoimmune diseases. Molecular mechanisms participat-

ing in the clearance of apoptotic cells by macrophages have

been described in detail and, to a lesser extent, this can be

said about non-professional phagocytes.14,18,19,26,27 It has

been suggested that autophagy as a mechanism of cell death

may have been developed because in some forms of PCD the

availability of engulfing cells is insufficient for the clearance of

dead cells and autophagy has been evoked for elimination of

excess cells by their own lysosomes.13 In the present study

we clearly demonstrate this is not the case: autophagicMCF-7

cells of different origin are recognized and eaten by both

differentiated macrophages and non-dying MCF-7 cells. As

almost all engulfed cells were MDCþ and all were PIþ , we

may conclude that the eaten cells were dead or dying

autophagic cells, and not cells that use autophagy to survive.

An equally important question is whether the engulfed

MCF-7 cells died through autophagy (i.e. autophagy killed the

cells) or by apoptosis during which autophagy was switched

on, but did not contribute to killing of the cells. Only a few

examples are available to prove that autophagy is an

important death pathway in cells with intact apoptosis

machinery.28 On the basis of several indirect evidences it

has been proposed that active cell death is induced through

autophagy in tamoxifen-treated MCF-7 cells;5 one of the

evidences is the inhibition of both autophagy and cell death by

3-MA, a compound that can specifically block the sequestra-

tion step in macro-autophagocytosis inhibiting class III

phosphatidylinositol-kinase activity. As in our experiments 3-

MA also inhibited macrophage and MCF-7 cell-mediated

phagocytosis of dying de novo autophagic cells, it can be

suggested that molecular events linked to autophagy and

death are involved in specific surface changes, which are

important in subsequent recognition and elimination of these

dying cells.

We have also described here a novel way of inducing

autophagy through initiation of anoikis, which could facilitate

autophagy even in de novo autophagic cells. In case of

anoikis, cells actually die through apoptosis with coincident

autophagy, which, has no causative role in the death pro-

cess itself. How anoikis-initiated death response switches

on autophagy and why anoikis accelerates tamoxifen-

induced autophagy certainly requires further investigation.

Examples for the induction of apoptosis with the help of

autophagy regulators, such as the p53-induced dram and the

calpain-generated cleavage product of atg5, have been

described.29,30 It is also possible that elements of the

apoptosis machinery, while killing cells, may initiate autop-

hagy to fasten self-elimination even before phagocytosis;

in our case loss of integrin-dependent survival pathways

may lead to induction of death effectors’ which in turn

converge onto mediators of autophagy, such as Atg5,

Atg7 and beclin-1. Nevertheless, inhibition of autophagy by

3-MA in these anoikic-autophagic cells have resulted

in less inhibition of cell death than in de novo autophagic

cells and, most importantly, did not have an effect on the

engulfment of these anoikic-autophagic cells by either of the

phagocytic cell types. Therefore, we have described clear-

ance of autophagic dying cells in two kinds of paradigm; one in

which cells died mainly through autophagy, generating

specific cell surface changes for recognition and engulfment,

and another, where cell death occurred with concomitant

autophagy, which is not the main inducer of death and does

not contribute to specific cell surface changes for removal by

phagocytes.

Our results show that non-professional phagocytes, the

non-dying MCF-7 cells, are much more efficient in taking up

de novo autophagic cells than anoikic-autophagic ones; that

is, they can recognize the difference between death through

autophagy and death associated with autophagy. Dying cells

present on their surface several ‘eat-me’ signals facilitating

their engulfment, one such being externalized PS. Recombi-

nant annexin-V, which binds PS exposed on the surface of

dying cells, could block the engulfment of dying de novo

autophagic cells by MCF-7 cells (Figure 5a and b); this clearly

suggests that whatever specific changes are induced by

autophagy on the surface of these dying cells – making them

edible for MCF-7 cells (see inhibition by 3-MA) – is directly or

indirectly linked to PS. On the other hand, uptake of de novo

autophagic cells by macrophages could not be inhibited by

recombinant annexin-V, indicating that PS-independent cell

surface changes are induced in cells dying through autop-

hagy. To our present knowledge, no specific cell surface

changes have been described that would make autophagic

cells edible for phagocytes. A handful of proteins have been

shown to undergo internalization from the plasma membrane

following the induction of autophagy.31,32 Recently, calreticu-

lin appearing on the surface of apoptotic cells was found to

initiate their clearance acting together with PS for achieving

optimal phagocytic clearance of cells.33 Changing carbohy-

drate composition of glycoproteins34 and exposure of DNA on

dying cells35 have been proposed as alternative mechanisms

to PS for recognition of dead cells. Further studies are

required to determine whether these alternative ‘eat me’

signals or others are exposed on the surface of cells dying

through autophagy.

Autophagy in cells dying through anoikis did not contribute

to clearance of these cells by either MCF-7 cells or

macrophages. However, the uptake of these cells by MCF-7

was inhibited when PS was covered on the cell surface. The

anoikic-autophagic cells were very efficiently eaten by

macrophages in a PS-independent manner. As this was not

related to the appearance of autophagy (could not be inhibited

by 3-MA), the PS-independent recognition and signaling

system in this case must be different from the one utilized by

cells dying through autophagy.

Molecular elements used for the clearance of dead cells are

highly conserved and strongly interrelated with components of

the innate immune system.15 It has been suggested that

different surface receptors on the phagocytes are involved in

tethering (recognition and binding of cell corpses) and tickling

(internalization and activation of downstream signaling)

processes, leading via at least two major pathways to

activation of Rac, which is obligatory for uptake of dead
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cells.36 In case of PS recognition, at least one tethering

(integrins or integrin-associated proteins, e.g. CD36) and one

internalization receptor (bridging molecule MFGE8) are

needed for efficient clearance. Tickling is mediated by Gas

or protein S through one of the tyrosine kinase receptors

(MERTK, AXL or TYRO3) leading to activation of Rac

engaging TRIO,RhoG, DOCK180,CrkII and ELMO. Exposed

calreticulin is recognized by collectins and ficolins (such as

C1QA, PTX) serving as bridging molecules; then the

opsonized dead cells are bound to phagocytosis receptors

on the surface, including calreticulin in conjunction with LRP1

(which signals to Rac through GULP); as an alternative,

thrombospondin is the bridging molecule and integrin av or

calreticulin serve as receptors. We have used a low-density

gene array approach to learn which of the above and other

previously described molecular participants in the clearance

mechanisms are expressed in the two types of phagocytic

cells.

As discussed above, MCF-7 cells used mainly the PS

recognition and signaling pathway for phagocytosis of

dying cells. Indeed, various elements of this pathway are

expressed by this cell type at significant levels, including

the bridging molecules MFGE8, protein S and Gas, the

integrin and CD36 tethering receptors, the tickling tyrosine

kinase receptors AXL, MERTK and TYRO3, and all the

engulfment proteins required for Rac activation (TRIO, RhoG,

DOCK180, CrkII and ELMO) through this pathway. It is very

likely the expressed complement factors and scavenger

receptors also contribute to the efficient uptake of dying cells.

It is remarkable that the expression of none of the studied

genes showed a decrease during the engulfment of either kind

of dying cells. Themore efficient uptake of de novo autophagic

cells as compared with anoikic-autophagic ones may be

related to the specific changes on the surface or the inside of

the engulfed dying cells inducing distinct transcriptional

responses, such as upregulation of OLR1, ANXA1 and

ELMO1. On the other hand, induction of AXL may be linked

to the uptake of anoikic-autophagic cell corpses in a PS-

dependent way.

In macrophages, the molecular elements of the PS

recognition and signaling pathway are also highly expressed;

one may assume that it is utilized for engulfment of both kinds

of autophagic dying cells under normal circumstances. Our

gene array data show, however, that the calreticulin-mediated

pathway of dead cell clearance is also available for efficient

phagocytosis of de novo autophagic cells, and this may

explain why phagocytosis of dying autophagic cells is not

blocked when PS is covered on their surface. Calreticulin is

highly expressed in both the dying and phagocytic cells and

may become exposed on the surface; C1QA and LRP1mRNA

are at high concentrations in macrophages; PTX and GULP

are specifically induced during uptake of this kind of dying

cells, in conjunction with the strong induction of Rac

expression. Macrophages can engulf anoikic-autophagic

dying cells in a PS-independent way more efficiently than de

novo ones, but the calreticulin-C1Q-LRP-GULP pathway is

not available because GULP is not induced by the anoikic-

autophagic cells (see the gene expression profile in Table 1).

Again, the difference in phagocytosis efficiency may be

related to specific changes on the surface of anoikic-

autophagic cells leading to utilization of alternative pathways

in macrophages, such as those which involve the highly

expressed scavenger receptors, the specifically induced C4B

and C1QR1, the signaling molecules PTK2 and DNASE1.

Interestingly, macrophages eating anoikic-autophagic dying

cells are the ones showing most significant downregulation of

several phagocytosis genes; it is possible that while the

engulfing cells are engaged in the phagocytosis process, the

engulfment genes are downregulated in the non-phagocytic

population.

Our gene array profiling of engulfing macrophages has

revealed surprising induction of the proinflammatory cytokine

genes IL-6, TNF-a, IL-12B and IL-23B by both kinds of dying

cells. In the case of anoikic autophagy this may be explained

by the presence of late apoptotic cells, which have been

shown to be proinflammatory,37 in high proportion at day 6 of

anoikis (see percent of annexin-VþPIþ cells in Figure 2a).

Regarding cells dying through autophagy, they may expose

autophagy-related pro-inflammatory signals on their surface;

this may have significance when autophagic death occurs in

tumor cells and the inflammatory response can promote tumor

growth.38 It has been suggested that expressed PS on dying

cells has a major function in the generation of an anti-

inflammatory effect, whereas engagement of calreticulin with

collectins stimulate pro-inflammatory mediator production.36

As molecular elements of the calreticulin-dependent recogni-

tion and engulfment pathway were induced in macrophages

engulfing de novo autophagic cells, it is possible that signaling

through this pathway participates in the induction of pro-

inflammatory cytokine production. The pro-inflammatory

response of macrophages to dying autophagic cells may be

also connected to the observed induction of adenosine

receptors, particularly ADORA2A in the engulfing cells.

ADORA2A is a potent regulator of macrophage functions,

including Fc receptor-mediated phagocytosis and pattern

recognition receptor-mediated cytokine production.39 De-

tailed studies are in progress in our laboratory to clarify the

molecular mechanism and general implication of cytokine

induction in macrophages.

Materials and Methods
Cell culture and treatments. The list of compounds used throughout the
experiments can be found in the Supplementary file. MCF-7 human breast cancer
cells were kindly provided by Dr W Bursch, Medizinische Universität Wien, Austria;
culture conditions were described in detail previously.5 Briefly, cells were grown as a
monolayer in DMEM supplemented with 10% FCS, L-glutamine (300mg/l) and
penicillin/streptomycin antibiotics at 371C in an atmosphere of 5% CO2. Seven days
before beginning an experiment cells were plated at density of 7.5� 103/cm2 in
DCC according to Bardon et al.23 Twenty-four hours later the cells were treated with
freshly prepared TAM in dimethyl sulfoxide/ethanol (1:1, v:v) added directly to the
medium. For the induction of anoikis, cells were plated on poly-HEMA covered
dishes over a 7 day period in either 10% FCS or 3% DCC with or without TAM (i.e.
10% FCSþ poly-HEMA, and 3% DCCþ poly-HEMA, 3% DCCþ TAMþ poly-
HEMA). Apoptosis was induced by UV irradiation – 5, 10 and 20min, 45mJ/
(cm2min) – and the cells were left to die for 8 h before harvesting.

Assays of cell death and autophagy. Cell death was assessed by the
Annexin-V-fluorescein isothio-cyanate Apoptosis Detection Kit (MBL, Woburn, MA,
USA) according to manufacturer’s recommendations; proportion of stained
Annexin-Vþ and Annexin-VþPIþ cells was determined by fluorescence
activated cell sorter (FACS) analysis on BD Bioscience flow cytometer.
Autophagy was assessed by detection of AVs with MDC according to the
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method of Biederbick et al.24 and described in more detail in the Supplementary file.
Whenever inhibition of autophagy was carried out with 3-MA, the treatment
preceded peaking of autophagy in 2 days.

Electron microscopy. Samples were fixed in 0.1 M. sodium cacodylate-
buffered, pH 7.4 and 2.5% glutaraldehyde solution for 2 h and then rinsed (three
times, 10min) in 0.1 M sodium cacodylate buffer, pH 7.4 and 7.5% saccharose and
postfixed in 1% OsO4 solution for 1 h. After dehydration in an ethanol gradient (70%
ethanol (20min), 96% ethanol (20min), 100% ethanol (two times, 20min)), samples
were embedded in Durcupan ACM. Ultrathin sections were stained with uranyl
acetate and lead citrate. Sections were examined in a Philips CM 10 microscope
(Philips Electronic Instruments, Mahwah, NJ, USA) at 80 kV.

Antibodies and immunoblotting. Anti-LC3 polyclonal antibody was
prepared in rats by Eurogentec (Seraing, Belgium, see Supplementary file). Cell
lysates were separated on NuPAGE 12% Bis–Tris polyacrylamide gel (Invitrogen,
Carlsbad, CA, USA) and transferred to Immobilon-P Transfer Membrane (Millipore,
Bedford, MA, USA; pore size 0.45mm). Membranes were blocked in Tris-buffered
saline containing 0.05% Tween-20 (TBS-T) and 5% nonfat dry milk (BioRad) for 1 h,
probed overnight at 41C with primary rat anti-LC3 polyclonal antibody in TBS-T
containing 1% nonfat dry milk and incubated for 1 h with rabbit antirat peroxidase-
conjugated secondary antibody (DAKO, Glostrup, Denmark) at room temperature.
Peroxidase activity was detected with SuperSignal West Femto Maximum
Sensitivity Chemiluminescent Substrate (Pierce, Rockford, IL, USA) using a
Lumi-Imager (Roche Diagnostics, Mannheim, Germany).

Phagocytosis assay. Human monocytes were isolated from ‘buffy coats’ of
healthy blood donors on Ficoll–Paque Plus (Amersham Biosciences) gradient and
magnetic separation using CD14 human microbeads (Miltenyi Biotec, Auburn, CA,
USA). Human macrophages were obtained through a 5-day differentiation using
5 ng/ml macrophage colony-stimulating factor. Non-dying MCF-7 cells acting as
phagocytes were plated in serum-free medium 24 h before phagocytosis. Dying
cells were fed to engulfing cells when in their culture autophagy peaked: at day 4 for
de novo autophagic and day 6 for anoikic-autophagic cells. Inhibition with 10 mg
recombinant annexin-V was carried on 105 dying cells (30min before phagocytosis
assay, 371C) and maintained throughout the assay. In addition, MCF-7 cells UV
irradiated for 20min and turning apoptotic 8 h after irradiation were used for
engulfment. The phagocytes, macrophages and non-dying MCF-7 cells, were
stained with 7.5mMCMTMR for 16 and 24 h, respectively, before starting the assay.
Accordingly, the cells to be engulfed were stained with 12.5mM CFDA for 16 or 24 h
before the phagocytosis and washed twice in phosphate-buffered saline (PBS)
before being added to the phagocytes. The ratio of phagocytes and cells to be
engulfed was set at 1 : 5. The phagocytosis assay started when the cells to be
engulfed were added to the appropriate phagocytes and kept together for either 1,
12 or 24 h. The assay was carried out at either 41C when phagocytes bind but do not
engulf dying cells, and at 371C when phagocytes bind and/or engulf them. The
whole-cell mixture was collected by scraping the cells, centrifuging, washing twice in
PBS and fixing in 1% PBS-buffered paraformaldehyde (pH 7.4). The net
phagocytosis rate was determined by FACS analysis as percent phagocytic cells
that have engulfed (positive for both CMTMR and CFDA) at 371C minus the
observed percent of double-positive cells at 41C.

RNA preparation and TaqMan real-time RT-PCR. Total cellular RNA
was isolated from human monocyte-derived macrophages as well as from MCF-7
cells using TRIzol Reagent (Invitrogen Life Technologies) at the indicated time point
of the phagocytic assay after washing away non-engulfed dead cells thoroughly.
Pre-designed, factory-loaded 384- well TaqMan low-density array (Applied
Biosystems, Foster City, CA, USA) was used to determine the level of
expression of genes grouped and listed in Table 1. Two replicates per target
gene and two parallels per biological sample were carried out. Expression levels of
target genes were normalized to 18S rRNA as endogenous control. Gene
expression values were calculated based on the DDCt method, where one sample
was designated as calibrator, through which all other samples were analyzed. DCt
represents the threshold cycle (Ct) of the target minus that of 18S rRNA and DDCt
represents the DCt of each target minus that of the calibrator. Relative quantities
(RQ or fold changes) were determined using the equation where relative quantity
equals 2�DDC t (average of three repeated experiments).
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ABSTRACT

Autophagy as a natural part of cellular homeostasis usually takes place unnoticed
by neighboring cells. However, its co-occurrence with cell death may contribute to the
clearance of these dying cells by recruited phagocytes. Autophagy associated with
programmed cell death has recently been reported to be essential for presentation of
phoshatidylserine (PS) on the cell surface (Qu et al. 2007) that has a key role in the
clearance of apoptotic cells. Recently, we have demonstrated that upon triggering cell
death by autophagy in MCF-7 cells, the corpses were efficiently phagocytosed by both
human macrophages and non-dying MCF-7 cells. Death as well as engulfment could be
prevented by inhibiting autophagy. Based on our data, two molecular mechanisms have
been proposed for the uptake of cells which die through autophagy: a PS-dependent
pathway which was exclusively used by the living MCF-7 cells acting as non-professional
phagocytes, and a PS-independent uptake mechanism that was active in macrophages
acting as professional phagocytes. Several lines of evidence suggest that macrophages
utilize calreticulin-mediated recognition, tethering, tickling and engulfment processes.
Phagocytic uptake of cells dying through autophagy by macrophages leads to a
pro-inflammatory response characterized by the induction and secretion of IL-6, TNF ,
IL-8 and IL-10.

Autophagy has several distinct physiological functions in mammalian organisms.1 It is
a survival mechanism under nutrient- or birth-related starvation. A low level of constitu-
tive autophagy plays a role in the clearance of misfolded proteins and protein aggregates.
This can serve as an active defense mechanism to clear toxic mutant proteins and invasive
pathogens. In all these cases, the autophagic machinery works inside cells in such a way
that cells with autophagy are usually not specifically noticed by their neighbors. This may
not be the case, however, when autophagy is associated with cell death.

Autophagy may occur in dying cells and this is most pronounced in developmental
cell elimination processes. The term type II programmed cell death has been applied to
distinguish autophagic cell death from apoptosis.2 However, depending on the specific
conditions, autophagy can have divergent roles. In some circumstances it serves as a
survival pathway preventing or delaying apoptosis.3,4 On the other hand, autophagy
induces apoptosis when the death signals reach cells deficient in functioning pro-apoptotic
proteins5,6 or when the autophagic response is so excessive as to lead to degradation of
apoptosis inhibitors and crucial cell components.

Cells dying through either apoptosis or necrosis are recognized, engulfed and degraded
by either professional or non-professional phagocytes, and whereas necrotic cells usually
provoke an inflammatory response, apoptotic cells are not pro-inflammatory and
even downregulate inflammation.7,8 Until recently it has not been clarified how dying
autophagic cells are removed from tissues and whether autophagy may contribute to the
efficient clearance of dying cells. In a recent study9 we demonstrate that when MCF-7
cells are triggered to die through autophagy by starvation and tamoxifen treatment, the
dying cells are efficiently engulfed by human monocyte-derived macrophages as well as
non-dying MCF-7 cells. When autophagy is inhibited in dying MCF-7 cells by 3-meth-
yladenine, both death and phagocytosis can be prevented. This means that autophagy not
only induces cell death but can also contribute to the development of cell surface changes,
which mediate recognition by phagocytes. We have also observed autophagy in MCF-7
cells dying through anoikis; however, in this case inhibition of autophagy does not prevent
death and phagocytosis, suggesting that co-occurrence of death and autophagy does not
necessarily mean involvement of the latter in the generation of “eat me” signals.
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As in apoptotic cells, exposure of phosphatidylserine (PS) on the
cell surface is one of the changes induced when autophagy triggers
cell death, as demonstrated by our finding that uptake of starva-
tion- and tamoxifen-treated dying cells is inhibited when annexin-V
(blocking exposed PS) was present during phagocytosis by non-dying
MCF-7 cells (Fig. 1A). This means that the non-professional phago-
cytes are equipped with molecular elements of the PS-dependent
uptake pathway, but do not have alternative ways for phagocytosis of
autophagic dying cells.

It remains to be clarified how autophagy triggers not only death
in starving MCF-7 cells but also the exposure of PS on the surface
of these dying cells. Autophagy in dying cells during development
may be crucial to generate sufficient ATP for PS exposure as it was
demonstrated in programmed cell death associated with morphogen-
esis.10 Though the need for autophagy-dependent ATP production in
triggering PS exposure could be observed only in a three-dimensional
culture setting, this mechanism may also be utilized in starvation-
induced autophagic death of MCF-7 cells cultured in monolayers.

Uptake of dying autophagic cells by macrophages could not be
inhibited by annexin-V (Fig. 1A) suggesting involvement of at least
one other molecular mechanism. It has been shown recently, that
in addition to the PS-dependent processes, calreticulin-mediated
recognition, tethering and tickling leads to PS-independent Rac acti-
vation, which is obligatory for uptake of dead cells. We have obtained
some indirect evidence that the calreticulin engulfment pathway is
utilized in macrophages engulfing dying autophagic cells. A high
level of calreticulin expression was observed both in dying autophagic
MCF-7 cells and macrophages by TaqMan RT-PCR, suggesting that 

calreticulin is available and may be utilized in the uptake process on
the surface of both, as suggested by others.11 Exposed calreticulin is
recognized by collectins and ficolins, such as C1QA and PTX, then
the opsonized dead cells are bound to the phagocytosis receptors,
including the calreticulin receptor, in conjunction with LRP1, which
signals to Rac through GULP. C1QA and LRP1 are highly expressed
in macrophages, and PTX3, RAC1 and GULP1 are strongly induced
during uptake of dying autophagic cells (Fig. 1B). The latter is
particularly interesting since there is no basal GULP1 expression in
differentiated macrophages and its induction by the dying autoph-
agic cells completes the calreticulin pathway.

Calreticulin-dependent uptake of dying cells can provoke a
pro-inflammatory response;11,12 indeed, we could observe induction
of IL-6, TNF , IL-12B and IL-23A mRNA in macrophages taking
up dying autophagic cells (Fig. 1b); these data could be confirmed
by measuring significant amounts of secreted IL-6, TNF , IL-8 and
IL-10 in the culture fluid of phagocytosing macrophages (Fig. 1C).
The possibility that MCF-7 cancer cells dying through autophagy
could convey pro-inflammatory signals for macrophages is intriguing
since autophagy occurring in apoptosis-deficient tumors has been
considered to be a tumor suppressor mechanism by preventing
metabolic stress-induced necrosis and the subsequent inflamma-
tory response which favors tumor progression.13 According to our
results there are circumstances, for example during phagocytosis
of cells triggered to die by autophagy as presented here, when a
pro-inflammatory response is generated by autophagic cells them-
selves in macrophages. The inflammatory response evoked by cells 
dying through autophagy, especially if it occurs in tumor-associated 

Figure 1. Flow cytometric, gene expression and cytokine secretion analysis after 12 hours phagocytosis of dying autophagic cells. (A) Macrophages and
MCF-7 cells stained with CMTMR engulfing dying autophagic MCF-7 cells stained with CFDA9. The macrophages that have not phagocytosed are in
the upper left quadrant and the ones that have are in the upper right quadrant; dying cells have been gated out from the lower left and right quadrants.
Recombinant annexin was added at a concentration of 10 mg per 105 cells (B) TaqMan RT-PCR gene expression analysis in control macrophages (open
bars) and those phagocytosing dying autophagic cells (closed bars). The expression levels were analyzed in two parallel runs in which each gene had two
technical replicates. Data are mean ± SD of three biological experiments. Relative expression was determined compared to 18S RNA (x109). *Expression is
not detectable. (C) Cytometric bead array analysis of secreted cytokines by macrophages (M) while engulfing dying autophagic cells (AU); values represent 
average of three independent experiments. 
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macrophages,14 can favor tumor progression by promoting cell
proliferation and angiogenesis. This possibility adds a new angle to
the already complicated connections between autophagy and cancer:
the conflicting pro-survival and pro-death functions of autophagy in
cancer cells15 may also be manifested in the opposing anti-inflam-
matory and pro-inflammatory effects mediated by autophagy. Better
understanding of the molecular mechanism of both phenomena
may lead to more rational design of autophagy-based therapeutic
interventions. Ongoing investigations in our laboratory are aimed
at clarifying whether the pro-inflammatory response of macrophages
to engulfed autophagic dying cells is restricted to cancer cells and to 
learn which signaling pathways are involved in its induction.
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