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In Brief

Xenophagy is the degradation of

intracellular microorganisms by

autophagy. Selective targeting of

pathogens to autophagosomes is

accomplished by specific autophagy

receptors such as NDP52. Verlhac et al.

show that, in addition, NDP52 ensures

subsequent pathogen degradation by

regulating maturation of the pathogen-

containing autophagosome for efficient

xenophagy.
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SUMMARY

Xenophagy, an essential anti-microbial cell-autono-
mous mechanism, relies on the ability of the auto-
phagic process to selectively entrap intracellular
pathogens within autophagosomes to degrade
them in autolysosomes. This selective targeting is
carried out by specialized autophagy receptors,
such as NDP52, but it is unknown whether the fusion
of pathogen-containing autophagosomes with lyso-
somes is also regulated by pathogen-specific
cellular factors. Here, we show that NDP52 also pro-
motes the maturation of autophagosomes via its
interaction with LC3A, LC3B, and/or GABARAPL2
through a distinct LC3-interacting region, and with
MYOSIN VI. During Salmonella Typhimurium infec-
tion, the regulatory function of NDP52 in autophago-
some maturation is complementary but independent
of its function in pathogen targeting to autophago-
somes, which relies on the interaction with LC3C.
Thus, complete xenophagy is selectively regulated
by a single autophagy receptor, which initially
orchestrates bacteria targeting to autophagosomes
and subsequently ensures pathogen degradation
by regulating pathogen-containing autophagosome
maturation.

INTRODUCTION

Macroautophagy, hereafter referred to as autophagy, is a lyso-

somal-related vesicular catabolic process essential for the

maintenance of cell homeostasis, as it ensures the constant

elimination of end-life or dysfunctional cellular contents. Auto-

phagy is also a response to several sources of cellular stress

to avoid accumulation of otherwise deleterious components.

Among targets of autophagy are intracellular pathogens (Huang

and Brumell, 2014; Levine et al., 2011). To avoid excessive

endogenous bystander damage, cells express autophagy re-

ceptors, which can selectively detect intracellular pathogens

and target them toward the autophagy machinery for degrada-

tion, a process known as xenophagy (Levine, 2005; Randow

and Youle, 2014).

Three autophagy receptors for effective xenophagy are

known: SQSTM1/p62, NDP52 (nuclear dot protein 52 kDa, also

known as CALCOCO2), and OPTINEURIN (Thurston et al.,

2009; Wild et al., 2011; Zheng et al., 2009). They bind to ubiquiti-

nated intracellular bacteria via an ubiquitin (Ub)-binding domain

and bring bacteria to nascent autophagosomes through their

interaction with an autophagosomal membrane-anchored mem-

ber of the ATG8 family (LC3 and GABARAP family members in

mammals) via a so-called LC3 interaction region (LIR) (Randow

and Youle, 2014). To mediate bacteria targeting to autophago-

somes, NDP52 has the additional property to detect pathogens

through the binding of GALECTIN 8, which is recruited on

bacteria-containing damaged vacuoles (Thurston et al., 2012).

Furthermore, among the LC3 family, NDP52 binds selectively

to LC3C via a non-canonical LIR (CLIR) motif, with no or very

weak affinity for other members of the LC3 family (von Muhlinen

et al., 2012).

Once sequestered within a completed autophagosome, path-

ogens can be destroyed within the acidic environment produced

subsequently to the fusion of the bacteria-containing autopha-

gosome with a lysosome (Levine et al., 2011). The molecular

regulation of this so-called autophagosome maturation step re-

mains largely unknown, but the motor protein MYOSIN VI was

recently shown to contribute to this process by docking TOM-

1-expressing endosomes with autophagy receptor-linked auto-

phagosomes. MYOSIN VI has the potency to interact with

NDP52, OPTINEURIN, and T6BP, and either the individual

depletion inMYOSINVI or TOM-1, or the simultaneous extinction

of the three autophagy receptors affected autophagosome

maturation (Tumbarello et al., 2012). However, the individual

contribution of these receptors to this process as well as the

possible mechanisms involved remained totally unknown, espe-

cially in the context of bacterial infections.

We asked here whether, in addition to its activity in the target-

ing of bacteria to autophagy, NDP52 could regulate the matura-

tion of bacteria-containing autophagosomes. We found an

unexpected ability of this autophagy receptor to complete, via

dual but independent mechanisms, the two essential steps for

xenophagy, meaning the targeting of bacteria to nascent auto-

phagosomes and the promotion of the degradative activity of

these vesicles upon efficient maturation.
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RESULTS

The MYOSIN VI Binding Domain of NDP52 Is Required
for Autophagy-Mediated Intracellular Bacteria
Degradation, but Not for Bacteria Targeting to
Autophagosomes
Cellular depletion in MYOSIN VI, a non-conventional myosin

motor that can travel toward the minus end of actin filaments,

strongly compromises the maturation of autophagosomes and,

therefore, autophagy substrate degradation (Tumbarello et al.,

2012). Interestingly, NDP52 binds to MYOSIN VI, and the

NDP52 C425 residue is instrumental in such an interaction (Mor-

riswood et al., 2007). We therefore asked whether the interaction

between NDP52 and MYOSIN VI was required for bacterial xen-

ophagy. To this aim, we monitored the intracellular proliferation

of Salmonella Typhimurium in HeLa cells treated with short inter-

ference RNA (siRNA) reducing NDP52 expression (Figure S1A).

As previously shown, siNDP52 treatment facilitated S. Typhimu-

rium intracellular proliferation (Thurston et al., 2009), what we

found to be rescued by the ectopic expression of NDP52 (Fig-

ures 1A, S1B, and S1C). Interestingly, however, the ectopic

expression of a NDP52 C425Amutant unable to bind toMYOSIN

VI (Morriswood et al., 2007) did not rescue the ability of cells to

restrict S. Typhimurium proliferation in the absence of NDP52

expression (Figures 1A, S1B, and S1C). Similarly, a NDP52

construct lacking the CLIR motif (NDP52 DSKICHDCLIR, see

Figure 3A for all the constructs used in this study) was equally un-

able to control S. Typhimurium proliferation (Figures 1A and

S1B). Thus, these results suggest that the interactions of

NDP52 with MYOSIN VI and LC3C are both crucial for cells to

fight intracellular S. Typhimurium growth.

Compromised restriction of intracellular bacteria through

autophagy could result from either an inefficient targeting of

pathogens to autophagosomes, an essential function known

for NDP52, or a defective maturation of bacteria-containing au-

tophagosomes, or a combination of both.Wewonderedwhether

the NDP52 C425Amutant impacted the targeting of S. Typhimu-

rium to autophagosomes by looking at intracellular ubiquitinated

bacteria co-localization with LC3+ autophagosomes in infected

GFP-LC3-expressing HeLa cells. As expected, when compared

with control cells, NDP52-deficient cells showed reduced GFP-

LC3+ ubiquitinated bacteria, what was rescued by the ectopic

expression of NDP52 (Figure 1B). However, whereas the

NDP52 C425A did not control S. Typhimurium proliferation,

this mutant still allowed the targeting of ubiquitinated bacteria

to autophagosomes (Figure 1B). As expected, the CLIR-lacking

NDP52 construct with no potency at controlling S. Typhimurium

proliferation (Figure 1A) was not able to address bacteria to au-

tophagosomes (Figure 1B). Thus, these results indicate that

NDP52 interaction withMYOSIN VI has no role in bacteria target-

ing to autophagosomes but suggest a potential role in comple-

tion of the autophagy process.

NDP52 Contributes to the Regulation of the Autophagy
Process
In light of our results, we analyzed autophagy in siNDP52-treated

HeLa cells and measured first the conversion of the cytosol-

located LC3-I form into the autophagosome-anchored lipidated

LC3-II form (Klionsky et al., 2012). In contrast to the silencing of

the autophagy essential ATG5 gene (Figure S1A), which limits

LC3-I conversion, we found that depletion in NDP52 led to an

increased expression of LC3-II (Figure 1C). Furthermore, the

reduced expression of NDP52 did not impair LC3-II accumula-

tion upon treatment of the cells with chloroquine, a potent inhib-

itor of autophagosome recycling (Figure 1D). These results were

confirmed when we analyzed autophagy through both confocal

microscopy and flow cytometry-based assays (Klionsky et al.,

2012) for the formation of GFP-LC3+ dots or for the intensity of

GFP-LC3 expression upon saponin treatment in siNDP52-

treated GFP-LC3 HeLa cells, respectively (Figures 1E and

S1D). Similar results were observed in 293T cells (not shown).

Moreover, as observed by others (Newman et al., 2012; Tumbar-

ello et al., 2012), we found co-localization of NDP52 with GFP-

LC3+ autophagosomes. However, such co-localization events

were very rare in control healthy cells, whereas increased co-

localization was observed in cells treated with chloroquine (Fig-

ure 1F). Together, these results indicate that NDP52 has an

impact on the autophagy process, but not on autophagosome

biogenesis, and that it could play a role in the maturation step

of the autophagosomes.

NDP52 Promotes Autophagosome Maturation
Accumulation of LC3-II+ autophagosomes as observed in

siNDP52-treated cells could result either from an increase in

Figure 1. NDP52 Activity in Xenophagy and Autophagy

(A and B) HeLa cells (A) or GFP-LC3 HeLa cells (B) were first transfected with control siRNA or siNDP52 for 48 hr before a second transfection with the indicated

construct-encoding plasmid, and 24 hr later cells were infected. (A) For each condition, intracellular S. Typhimurium viability is presented as the ratio of alive

intracellular bacteria at t = 6 hr/t = 2 hr post infection (pi), compared to siRNA-control condition. (B) HeLa cells expressing GFP-LC3 (green) were infected for 1 hr,

fixed, and labeled bacteria (blue) and ubiquitin (red) detection was performed by confocal microscopy. Representative infected cells are shown, and the per-

centage of labeled intracellular S. Typhimurium co-localized with GFP-LC3 vesicles and ubiquitin is represented on a graph.

(C) HeLa cells transfected with the indicated siRNAs for 48 hr were lysed, and anti-LC3 or anti-ACTIN western blots were performed. Representative results are

shown along with a graph representing the intensity of LC3-II/LC3-I bands normalized to the control condition.

(D) HeLa cells transfectedwith the indicated siRNAs for 48 hr were lysed and eventually treated the last 4 hr with chloroquine or kept with vehicle. Western blot and

analysis were carried out as in (C).

(E) GFP-LC3 HeLa cells transfected with the indicated siRNAs for 48 hr were fixed for analysis. The number of GFP+ vesicles per cell section was assessed by

confocal microscopy. Representative profiles are shown along with a graph expressing the relative fold induction of dot number compared with control cells.

(F) GFP-LC3 HeLa cells were treated with chloroquine for 4 hr, or kept with vehicle (Mock), and fixed for confocal microscopy. Endogenous NDP52 was stained

(red), and co-localization with GFP-LC3 (green) was assessed using Mander’s coefficient. Representative pictures of the results are shown along with a graph

displaying the percentage of GFP-LC3 dots co-localized with NDP52 (white histograms), or the percentage of NDP52 labeling co-localized with GFP-LC3 dots

(black histograms).

For (A)–(F), means ± SD of three independent experiments (A, B, and F were each carried out in triplicates). See also Figure S1.
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the de novo formation of autophagy vesicles or from the accu-

mulation of autophagosomes due to impaired recycling (Klionsky

et al., 2012). To investigate the role of NDP52 in the auto-

phagy flux, we first looked at the expression level of SQSTM1/

p62, a long-lived protein mainly degraded through auto-

phagy catabolism; its accumulation in cells indicates an aborted

autophagy flux. Interestingly, when compared to the control

condition, the level of expression of SQSTM1/p62 was signifi-

cantly higher in both siNDP52- and siATG5-treated HeLa cells

or 293T cells (Figure 2A and data not shown). These results sug-

gest that NDP52 is an active component of the autophagy

process.

To further confirm a role of NDP52 in autophagosome matura-

tion, we used mRFP-GFP-LC3-expressing HeLa cells, allowing

for the discrimination of autophagosomes (expressing both

RFP and GFP fluorochromes) from acidified autolysosomes

(expressing only RFP due to rapid GFP quenching in autolyso-

somes) (Klionsky et al., 2012). Similarly to a treatment with chlo-

roquine, an inhibitor of autolysosome acidification leading to the

accumulation of non-degradative autophagic vesicles, the

reduced expression of NDP52 significantly inverted the autopha-

gosomes/autolysosomes ratio when compared to normal cells

or cells treated with rapamycin, an inducer of the autophagy

flux (Figures 2B–2E). This modulation of the autophagy flux

was dependent on ATG5, as the co-silencing of ATG5 together

with NDP52 abrogated the accumulation of autophagy vesicles

(Figure 2B). Moreover, the ectopic expression of NDP52 in

siNDP52-treated cells restored an autophagosomes/autolyso-

somes ratio similar to that of control cells, uncovering the spe-

cific function of NDP52 in the maturation of autophagosomes

(Figures 2D and 2E). Thus, NDP52 seems involved in autophago-

somematuration in uninfected cells since the absence of NDP52

leads to the accumulation of autophagosomes due to impaired

recycling.

NDP52 Promotes Autophagosome Maturation via a LIR
Motif
In order to determine how NDP52 regulates autophagosome

maturation, we thought to delineate the portion(s) of NDP52

that could be involved in this activity. Human NDP52 consists

of an NH2-terminal skeletal muscle and kidney-enriched inositol

phosphatase carboxyl homology (SKICH) domain (aa 1–127), a

linker containing the so-called CLIR motif (aa 134–136), a

coiled-coil (CC) domain (aa 145–350), and an intermediate region

before a COOH-terminal Zinc finger (Zn) domain (aa 420–446)

(Figure 3A). We first found that when we reconstituted

siNDP52-treated cells with an NDP52 construct containing

only the SKICH domain and the CLIR motif (NDP52 DCCDZn),

a normal phenotype of autophagosome maturation could not

be restored (Figures 3B and 3C). This indicated that the LC3C-

binding motif was not sufficient for NDP52 to trigger maturation

of autophagosomes. In contrast, an NDP52 construct lacking the

SKICH domain and the CLIR motif (NDP52 DSKICHDCLIR) did

rescue autophagy maturation otherwise impaired in siNDP52-

treated cells (Figures 3B and 3C). Thus, although providing a

specific interaction with an autophagosomal membrane-linked

protein, LC3C, and being essential to targeting pathogen to

autophagosomes (von Muhlinen et al., 2012), the CLIR motif

is dispensable for the NDP52-mediated autophagosome

maturation.

Although the CLIR motif was not involved in the process, we

thought that NDP52 could prompt autophagosome maturation

via interaction with other LC3 family members. Supporting this

hypothesis, we found that although NDP52 interacted strongly

with LC3C, a weak interaction with LC3B was detected in co-

affinity experiments (Figures 3D and S2A). Interestingly, the

NDP52 DSKICHDCLIR construct lacking the CLIR motif still in-

teracted efficiently with LC3B, but only marginally with LC3C

(Figure 3D). Looking at the sequence remaining in the NDP52

DSKICHDCLIR construct, we identified a region at position

203–208 that differs from the canonical LIR motif only by the

absence of an expected hydrophobic residue in position X3

(T207 or E208 instead of an I/V/L) (Johansen and Lamark,

2011). Interestingly, the mutation of aa 203–206 to alanine totally

abrogated the interaction of NDP52 with LC3B, without affecting

the marginal interaction with LC3C (Figures 3E and S2A). More-

over, NDP52 interactions with LC3A, GABARAP, GABARAL1,

and GABARAPL2 were also detected, but only LC3A and

GABARAPL2 interactions with NDP52were affected by the intro-

duction of alanines within the LIR-like motif (Figures S2B and

S2C). We therefore asked whether this LIR-like motif could inter-

vene in the capacity of NDP52 to regulate autophagymaturation.

Strikingly, a LIR-like mutant of NDP52 (NDP52 LIR-like null) was

found defective in its ability to rescue autophagosome matura-

tion in cells with silenced expression of NDP52 (Figures S3A–

S3D). Furthermore, when we individually silenced each of the

ATG8 orthologs using specific siRNA, a similar modulation of

p62 expression was detected, suggesting redundancy between

ATG8 orthologs in autophagy (Figures S3E and S3F). Thus, these

data identify another LIR motif in NDP52, which is involved in an

efficient completion of the autophagy process.

The LIR-likeMotif and theMYOSIN VI-Binding Domain of
NDP52 Are Instrumental for Xenophagy
On one hand, MYOSIN VI was reported to facilitate autophago-

some maturation, and on the other hand, it can interact with

Figure 2. NDP52 Function in Autophagosome Maturation

(A) HeLa cells transfected with the indicated siRNAs for 48 hr were lysed, and anti-p62 or anti-ACTIN western blots were performed. Representative results are

shown along with a graph representing the intensity of p62/actin bands normalized to the control condition.

(B and C) mRFP-GFP-LC3 HeLa cells were transfected or co-transfected with the indicated siRNA for 48 hr and eventually treated the last 4 hr of culture with

rapamycin. Representative profiles of autophagosomes (RFP+GFP+ dots) and autolysosomes (RFP+GFP� dots) per cell section assessed by confocal micro-

scopy are shown and were quantified. Results are expressed as absolute numbers of individual vesicles (total autophagic vesicles = all RFP+ dots) (B) and as the

percentage of total autophagic vesicles (C).

(D and E) mRFP-GFP-LC3 HeLa cells were first transfected with control siRNA or siNDP52 for 48 hr before a second transfection with the indicated construct-

encoding plasmid and eventually treated the last 4 hr of culture with chloroquine. Results in (D) and (E) are expressed as in (B) and (C), respectively.

For (A)–(E), means ± SD of at least three independent experiments (B–E were each carried out in duplicates).
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NDP52 (Tumbarello et al., 2012; Morriswood et al., 2007). More-

over, we found that the NDP52 C425A mutant, impaired in its

capacity to bind MYOSIN VI, did not restrict S. Typhimurium

intracellular growth (Figure 1A). These observations suggested

that the NDP52 C425A mutant fails to promote maturation of au-

tophagosomes. Indeed, we found that the NDP52 C425Amutant

did not rescue a normal autophagy phenotype in siNDP52-

treated cells (Figures S3A–S3D). Thus, we found that the

MYOSIN VI binding site of NDP52 is essential for both S. Typhi-

murium clearance and autophagosome maturation (Figures 1A

and S3A–S3D). We therefore asked whether the LIR-like motif,

which is essential for the NDP52-mediated autophagosome

maturation, is also crucial for xenophagy. Interestingly, reminis-

cent of what we observed for the NDP52 C425A mutant, we

found that the NDP52 LIR-like null mutant did not restrict intra-

cellular proliferation of S. Typhimurium, indicating that this

NDP52 motif is essential for an efficient xenophagy (Figure 4A).

However, the NDP52 LIR-like null mutant was still able to target

bacteria to autophagosomes, as evaluated by confocal micro-

scopy (Figure 4B), indicating that this motif is not involved in

this function, which is reserved to the CLIR motif (Figure 1B;

von Muhlinen et al., 2012).

To extend these results, we usedmRFP-GFP-LC3-expressing

HeLa cells to look forS. Typhimurium in autophagic vesicles (Fig-

ure 4C). Whereas bacteria were found in both autophagosomes

and autolysosomes in control infected cells, as expected, the

reduced expression of NDP52 restricted the number of intracel-

lular bacteria addressed to autophagic vesicles. However, the

complementation of siNDP52-treated cells with either the wild-

type NDP52, the NDP52 C425A mutant, or the NDP52 LIR-like

null mutant restored the targeting of bacteria to autophagic ves-

icles. Nevertheless, in cells reconstituted with either the NDP52

C425A mutant or the NDP52 LIR-like null mutant, bacteria

were mainly found in non-matured autophagosomes as

opposed to cells reconstituted with wild-type NDP52 in which

bacteria were also found in acidic autolysosomes (Figure 4C).

In support of these results, we also found that the reconstitution

of siNDP52-treated cells with either the NDP52 C425Amutant or

the NDP52 LIR-like null mutant did not rescue a normal level of

S. Typhimurium co-localization with the lysosomal marker

LAMP1, contrarily to the ectopic expression of wild-type

NDP52 (Figure 4D). These results strongly support a contribution

for NDP52 in the regulation of the fusion of bacteria-containing

autophagosomes with lysosomes, which involves both the

MYOSIN VI binding motif and the LIR-like domain of NDP52.

Importantly, all NDP52 constructs that displayed default in bac-

terial xenophagy retained their ability to interact with GALECTIN

8 (Figure S4A), suggesting that the NDP52-GALECTIN 8 interac-

tion has no role in autophagosome maturation.

Interestingly, NDP52 constructs with no CLIR and no LIR-like

motifs (NDP52 DSKICHDCLIR/LIR-like null) or no CLIR motif

and no MYOSIN VI binding motif (NDP52 DSKICHDCLIR/

C425A) were nonetheless unable to protect cells from S. Typhi-

murium proliferation, but seemed to facilitate even more the

bacterial growth, possibly by competing for bacteria binding

with residual endogenous NDP52 in siNDP52-treated cells (Fig-

ure 4A). To determine the respective contribution of NDP52 in

pathogen targeting to autophagosome and in the subsequent

degradation, we monitored the intracellular proliferation of

S. Typhimurium in siNDP52-treated cells co-reconstituted with

two distinct NDP52 mutants that were individually defective to

restrict bacteria intracellular proliferation. The co-expression of

the NDP52 construct defective for the bacteria targeting to auto-

phagy (NDP52 DSKICHDCLIR) with a NDP52 mutant defective

for an efficient bacteria-containing autophagosome maturation

(NDP52 C425A or NDP52 LIR-like null) did reconstitute the

‘‘wild-type’’ function of NDP52, as it allowed for the control of

intracellular proliferation of S. Typhimurium (Figures 4E and

S4B). Similarly, the intracellular proliferation of S. Typhimurium

was restricted in siNDP52-treated cells co-expressing the two

NDP52 mutants, NDP52 C425A + NDP52 LIR-like null, which

individually were able to target bacteria to autophagosome but

unable to restrict the proliferation (Figures 4E and S4B). Thus,

our results suggest that xenophagy is completed by NDP52,

which is crucial for both bacterial targeting to autophagosomes

and autophagosome maturation via independent interactions

for efficient xenophagy. When we looked at the contribution of

other autophagy receptors known for selective intracellular path-

ogen restriction via autophagy, we found that the reduced

expression of OPTINEURIN, but not the one of SQSTM1/p62,

partially blocked the autophagy flux, as observed for NDP52

(Figures S4C–S4E). Thus, other autophagy receptors might

operate similarly to NDP52 in regulating xenophagy from the tar-

geting of the pathogen to autophagy up to its degradation via in-

dependent but functionally complementary domains.

DISCUSSION

Xenophagy implies the recognition of pathogens, their targeting

within nascent autophagosomal membranes, and finally the

completion of autophagy to destroy sequestered microorgan-

isms. Here, we report that the autophagy receptor NDP52 can

also complete autophagosome maturation, which optimizes

the anti-microbial activity of autophagy.

Figure 3. NDP52 Interaction with LC3B via a LIR-like Motif

(A) Schematic representation of wild-type human NDP52 and NDP52 constructs/mutants used in this study.

(B) mRFP-GFP-LC3 HeLa cells were transfected with the indicated siRNA for 48 hr before a second transfection with the indicated construct-encoding plasmid.

Representative profiles of autophagosomes (RFP+GFP+ dots) and autolysosomes (RFP+GFP� dots) per cell section assessed by confocal microscopy are shown

and were quantified. Results are expressed as absolute numbers of individual vesicles (total autophagic vesicles = all RFP+ dots).

(C) Results obtained in (B) are expressed as the percentage of total autophagic vesicles.

(D) HeLa cells were transfected with vectors encoding GST alone, GST-LC3B or GST-LC3C, and the indicated Flag-tagged NDP52 construct. The cells were

lysed 48 hr later, and GST-tagged proteins were purified by co-affinity purification (AP) before western blotting the eluted complexes for revealing GST or Flag-

tagged proteins (one experiment representative of at least three).

(E) HeLa cells were transfected and analysed as in (D).

See also Figures S2 and S3.
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NDP52 is an essential autophagy receptor to fight infections

(Huett et al., 2012; Shahnazari et al., 2010; Thurston et al.,

2009, 2012; Watson et al., 2012). Strikingly, several pathogens

evolved strategies to target NDP52, possibly to escape from

autophagic degradation, which further highlights the impor-

tance of NDP52 in the control of intracellular pathogens (Bar-

nett et al., 2013; Grégoire et al., 2011; Judith et al., 2013). By

concomitantly silencing the expression of NDP52, T6BP, and

OPTINEURIN, it was proposed that these receptors have a

role in autophagosome biogenesis and maturation (Tumbarello

et al., 2012). However, our results indicate that NDP52 does not

play a major role in autophagosome biogenesis. It is however

possible that cells with a deficiency for several autophagy re-

ceptors prevent autophagosome biogenesis due to limited tar-

geting of cellular cargos toward autophagosomal membranes.

Thus, the unique absence of NDP52 would be compensated

by the activity of other autophagy receptors. Interestingly, we

detected few LC3+ autophagosomes, which co-localized with

NDP52, whereas most NDP52+ dots did co-localize with auto-

phagosomes. Thus, NDP52 might bring specific substrates to

only a fraction of nascent autophagosomal membranes and

then complete the maturation of those specific autophago-

somes. Our observation that OPTINEURIN also contributes to

autophagosome maturation suggests that other autophagy re-

ceptors might share the dual function of NDP52 by targeting

substrates to autophagosomes and by regulating autophagic

degradation. This might be a selective advantage in the context

of cellular immunity toward intracellular pathogens.

NDP52 could bring substrates to autophagosomal mem-

branes via distinct molecular mechanisms, and the CLIR motif

is essential to this achievement. The LIR-like motif in the

coiled-coil region identified here is essential to promote auto-

phagosome maturation, together with the MYOSIN VI-binding

domain. In contrast to most canonical LIR motifs that allow

interaction with all members of the LC3 family as well as LC3

homologs GABARAP, GABARAPL1, and GABARAPL2, the

CLIR motif only binds to LC3C (Johansen and Lamark, 2011;

von Muhlinen et al., 2012). This interaction gives NDP52 the

unique property to potentially select LC3C-containing autopha-

gosomal membranes for degradation of selective substrates.

However, after being recruited to LC3C-associated auto-

phagosomal membrane, other members of LC3 family and

GABARAPs proteins are recruited to bacteria (von Muhlinen

et al., 2012). Here, we identify another domain in NDP52, which

supports the interaction with several ATG8 orthologs, LC3A,

LC3B, and GABARAPL2, but not with LC3C. This motif does

not fit perfectly with the canonical LIR motif (aromatic resi-

due-X-X-hydrophobic residue), since a hydrophobic residue is

missing (Johansen and Lamark, 2011). Thus, in addition to

CLIR, NDP52 expresses another non-conventional LIR motif

whose function is not to connect NDP52-linked substrates to

phagophores, but to promote autophagosome maturation. It

is possible that once bound to LC3C, NDP52 uncovers the

LIR-like motif, otherwise masked within the coiled-coil domain,

and therefore interacts with other members of LC3s or

GABARAPL2 to achieve autophagy maturation in order to

degrade the entrapped bacteria. Alternatively, the LIR-like motif

could be accessible independently of the NDP52-LC3C interac-

tion but, due to low affinity for its interacting partners, only

functional when NDP52 is stabilized within nascent autophago-

somes. Finally, since NDP52 forms homodimers (Kim et al.,

2013; Sternsdorf et al., 1997), it would be possible that

bacteria-bound NDP52 recruits bacteria-free NDP52 whose

function is the completion of the substrate degradation. We

found that the co-expression of a NDP52 construct unable to

target bacteria to autophagosomes together with a NDP52

mutant unable to regulate autophagosome maturation restored

the bacterial restriction of wild-type NDP52, indicating that

distinct proteins with single function contribute to functional

xenophagy. The use of a unique molecule to complete path-

ogen targeting to autophagy and promotion of autophagy matu-

ration could have the double advantage to concentrate the

autophagy degradation on a selective substrate, which could

limit the inappropriate degradation of cellular bystander con-

tents, and also to shorten the delay of fusion of bacteria-con-

taining autophagosomes with lysosomes (Figure S4F). A very

rapid acidification of these vesicles could be instrumental to

counteract the ability of intracellular bacteria to adapt within

intra-autophagosomal environment in order to either escape

or hijack autophagy to their own benefit (Deretic and Levine,

2009).

Thus, we revealed an unexpected role for human NDP52 in au-

tophagosome maturation, which further highlights its function in

cell-autonomous responses and innate immunity triggered

against invading bacteria (Randow and Youle, 2014). Indeed, in

addition to being a scaffold protein for innate response toward

pathogens (Thurston et al., 2009), NDP52 plays two independent

but complementary functions in anti-microbial autophagy: the

targeting of pathogens to autophagy ensured by its selective

autophagy receptor activity and the autophagosome-lysosome

Figure 4. NDP52 Involvement in Maturation of S. Typhimurium-Containing Autophagosomes

(A and B) HeLa cells or GFP-LC3 HeLa cells were treated, infected, and analyzed as in Figure 1A (A) or in Figure 1B (B), respectively. Representative pictures are

shown and accompanied by a graph (means ± SD of at least three independent experiments carried out in triplicates).

(C) mRFP-GFP-LC3 HeLa cells were first transfected with siCTRL or siNDP52 for 48 hr before a second transfection with the indicated construct-encoding

plasmid. 24 hr later, cells were infected for 2 hr with S. Typhimurium, fixed, and labeled for intracellular bacteria (blue). Representative profiles of bacteria co-

localizing with autophagosomes (RFP+GFP+ dots) or autolysosomes (RFP+GFP� dots) are shown, and the percentage of total intracellular bacteria in autophagic

vesicles is represented on a graph.

(D) HeLa cells were infected for 6 hr, fixed, and labeled for intracellular bacteria (red), LAMP1 (green), and nuclei (blue) detection by confocal microscopy.

Representative infected cells are shown, and the percentage of labeled intracellular S. Typhimurium co-localized with LAMP1 is represented on a graph.

For (C) and (D), means ± SD of two independent experiments carried out in triplicates for which a two-tailed Welch t test was performed to assess the fidelity with

which the replicates were created and which displayed significant differences of experimental conditions compared with controls, except for the siNDP52 +

NDP52 condition.

(E) HeLa cells were treated, infected, and analyzed as in Figure 1A (means ± SD of two independent experiments carried out in triplicates; one of them is shown

Figure S4B). See also Figures S3 and S4.
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fusion ensured by its regulatory function in autophagy. Both

functions are instrumental in xenophagy to optimize an efficient

bacterial degradation and could be shared by other xenophagy

receptors.

EXPERIMENTAL PROCEDURES

Cells, Antibodies, and Reagents

HeLa, mRFP-GFP-LC3 HeLa, GFP-LC3 HeLa, and 293T cells were main-

tained in DMEM (Invitrogen) complemented with 10% FBS, 50 mg/ml of

Gentamicin. Additional 500 mg/ml of Geneticin was added for mRFP-GFP-

LC3 HeLa, GFP-LC3 HeLa cell cultures. Cell transfections were performed

as follows: the day before transfection with siRNA, the cells were seeded in

6-well plates with 1 3 105 cells per well in OPTIMEM complemented with

10% FBS, 2 mM of L-glutamine, 50 mg/ml of Gentamycin, 0.1 mM non-essen-

tial amino acid, 0.1 mM pyruvate sodium, and 0.1 g/L bicarbonate sodium.

The cells were transfected with 100 pmol of siRNA using Lipofectamine

RNAiMAX from Invitrogen according to the manufacturer’s instructions. Dur-

ing rescue experiments, the cells were transferred 24 hr after siRNA transfec-

tion in a 24-well plate at 53 104 cells per well. 24 hr after, 250 ng total of DNA

vector were transfected using Lipofectamine 2000 according to the manufac-

turer’s instructions (Invitrogen). The expression of individual constructs was

confirmed by western blot (Figure S1B). For flux analysis with mRFP-GFP-

LC3-expressing cells, at least 100 cells per individual experiment were numer-

ated by confocal microscopy (see Supplemental Information). The references

of antibodies and reagents used in this study are available in the Supple-

mental Information.

Molecular Cloning, Co-Affinity Purification, and siRNA

Human NDP52 encoding vector (Invitrogen) was used as matrix to generate

all NDP52 mutants and constructs used in this study by QuickChange

Lightning Site-Directed Mutagenesis kit (Agilent #210518) according to the

manufacturer’s instructions. The mutants/constructs were engineered as

indicated in the Supplemental Information as well as the co-affinity purifica-

tion experiments. The references of the used siRNA are in the Supplemental

Information.

S. Typhimurium Infections

Salmonella enterica serovar Typhimurium (strain 12023) was grown overnight

in LB broth (Sigma), and infections were carried out as indicated in the Supple-

mental Information, as previously reported (Thurston et al., 2009). For confocal

microscopy (see Supplemental Information), the cells were fixed using cold

acetone for 5 min after the indicated period of time of infection (50–100 bacte-

ria in infected cells were analyzed).

Statistical Analysis

All p values were calculated using a two-tailed Welch t test (Student’s t test

assuming non-equal variances of the samples), except for the results of Fig-

ures 1A and 4A, for which a one-tailed Welch t test was applied; *p < 0.05,

**p < 0.01, ***p < 0.001.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures

and four figures and can be found with this article online at http://dx.doi.org/

10.1016/j.chom.2015.02.008.

ACKNOWLEDGMENTS

We thank Drs. D.C. Rubinsztein and T. Henry for providing us with mRFP-GFP-

LC3-Hela cells and S. Typhimurium, respectively. We acknowledge the frame-

work of the LABEX ECOFECT (ANR-11-LABX-0042) of Université de Lyon
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Grégoire, I.P., Richetta, C., Meyniel-Schicklin, L., Borel, S., Pradezynski, F.,

Diaz, O., Deloire, A., Azocar, O., Baguet, J., Le Breton, M., et al. (2011).

IRGM is a common target of RNA viruses that subvert the autophagy network.

PLoS Pathog. 7, e1002422.

Huang, J., and Brumell, J.H. (2014). Bacteria-autophagy interplay: a battle for

survival. Nat. Rev. Microbiol. 12, 101–114.

Huett, A., Heath, R.J., Begun, J., Sassi, S.O., Baxt, L.A., Vyas, J.M., Goldberg,

M.B., and Xavier, R.J. (2012). The LRR andRING domain protein LRSAM1 is an

E3 ligase crucial for ubiquitin-dependent autophagy of intracellular Salmonella

Typhimurium. Cell Host Microbe 12, 778–790.

Johansen, T., and Lamark, T. (2011). Selective autophagy mediated by auto-

phagic adapter proteins. Autophagy 7, 279–296.

Judith, D., Mostowy, S., Bourai, M., Gangneux, N., Lelek, M., Lucas-Hourani,

M., Cayet, N., Jacob, Y., Prévost, M.C., Pierre, P., et al. (2013). Species-spe-

cific impact of the autophagy machinery on Chikungunya virus infection.

EMBO Rep. 14, 534–544.

Kim, B.W., Hong, S.B., Kim, J.H., Kwon, H., and Song, H.K. (2013). Structural

basis for recognition of autophagic receptor NDP52 by the sugar receptor ga-

lectin-8. Nat. Commun. 4, 1613.

Klionsky, D.J., Abdalla, F.C., Abeliovich, H., Abraham, R.T., Acevedo-Arozena,

A., Adeli, K., Agholme, L., Agnello, M., Agostinis, P., Aguirre-Ghiso, J.A., et al.

(2012). Guidelines for the use and interpretation of assays for monitoring auto-

phagy. Autophagy 8, 445–544.

Levine, B. (2005). Eating oneself and uninvited guests: autophagy-related

pathways in cellular defense. Cell 120, 159–162.

Levine, B., Mizushima, N., and Virgin, H.W. (2011). Autophagy in immunity and

inflammation. Nature 469, 323–335.

Morriswood, B., Ryzhakov, G., Puri, C., Arden, S.D., Roberts, R., Dendrou, C.,

Kendrick-Jones, J., and Buss, F. (2007). T6BP and NDP52 are myosin VI bind-

ing partners with potential roles in cytokine signalling and cell adhesion. J. Cell

Sci. 120, 2574–2585.

Newman, A.C., Scholefield, C.L., Kemp, A.J., Newman, M., McIver, E.G.,

Kamal, A., andWilkinson, S. (2012). TBK1 kinase addiction in lung cancer cells

is mediated via autophagy of Tax1bp1/Ndp52 and non-canonical NF-kB sig-

nalling. PLoS ONE 7, e50672.

Randow, F., and Youle, R.J. (2014). Self and nonself: how autophagy targets

mitochondria and bacteria. Cell Host Microbe 15, 403–411.

Shahnazari, S., Yen, W.L., Birmingham, C.L., Shiu, J., Namolovan, A., Zheng,

Y.T., Nakayama, K., Klionsky, D.J., and Brumell, J.H. (2010). A diacylglycerol-

dependent signaling pathway contributes to regulation of antibacterial auto-

phagy. Cell Host Microbe 8, 137–146.
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Rutherford, T.J., Freund, S.M., Komander, D., and Randow, F. (2012). LC3C,

bound selectively by a noncanonical LIR motif in NDP52, is required for anti-

bacterial autophagy. Mol. Cell 48, 329–342.

Watson, R.O., Manzanillo, P.S., and Cox, J.S. (2012). Extracellular M. tubercu-

losis DNA targets bacteria for autophagy by activating the host DNA-sensing

pathway. Cell 150, 803–815.

Wild, P., Farhan, H., McEwan, D.G., Wagner, S., Rogov, V.V., Brady, N.R.,

Richter, B., Korac, J., Waidmann, O., Choudhary, C., et al. (2011).

Phosphorylation of the autophagy receptor optineurin restricts Salmonella

growth. Science 333, 228–233.

Zheng, Y.T., Shahnazari, S., Brech, A., Lamark, T., Johansen, T., and Brumell,

J.H. (2009). The adaptor protein p62/SQSTM1 targets invading bacteria to the

autophagy pathway. J. Immunol. 183, 5909–5916.

Cell Host & Microbe 17, 515–525, April 8, 2015 ª2015 Elsevier Inc. 525



Cell Host & Microbe, Volume 17 

Supplemental Information 

Autophagy Receptor NDP52 Regulates Pathogen-Containing Autophagosome Maturation 

Pauline Verlhac, Isabel P. Grégoire, Olga Azocar, Denitsa S. Petkova, Joël Baguet, Christophe Viret, and 
Mathias Faure 











 

SUPPLEMENTAL FIGURE LEGENDS 

 

Figure S1 related to Figure 1: siRNA efficiency, expression of NDP52 constructs in 

complementation assays, and role of NDP52 in xenophagy and autophagosome maturation. 

(A) siRNA efficiency. HeLa cells were treated with the indicated siRNA. Forty eight hours later, the 

expression of the respective proteins was assessed by western blot. Arrowhead indicates the ATG5 

specific band. 

(B) Constructs expression in complementation assays. HeLa cells were transfected with control siRNA 

or siNDP52 for 48hrs before a second transfection with the indicated Flag-tagged NDP52 constructs. 

Twenty four hours later, cells were lysed and expression of the indicated constructs were analysed by 

western blot using anti-Flag or anti-NDP52 antibodies. 

(C) Kinetic of S. Typhimurium intracellular proliferation. HeLa cells were first transfected with 

control siRNA or siNDP52 for 48hrs before a second transfection with the indicated construct-

encoding plasmid. Twenty-four hours later, cells were infected for 15min with S. Typhimurium. Cells 

were then washed and extracellular S. Typhimurium cells were killed by gentamicin treatment. Cells 

were cultured for two, four, six or eight additional hours. For each condition, intracellular S. 

Typhimurium viability is presented as fold replication compared to the initial time point of 2hrs pi 

(mean ± SD of two independent experiments carried out in triplicates). 

(D) NDP52 activity on autophagy analysed by flow cytometry. GFP-LC3 HeLa cells were transfected 

with the indicated siRNAs for 48hrs, and eventually treated with chloroquine for the last 4hrs of 

culture. Cells were then harvested and kept in normal saline buffer (PBS) or treated with saponine 

0,05% to evacuate soluble GFP-LC3, whereas GFP-LC3 integrated within vesicles remained trapped 

within cells. Intensity of GFP-LC3 expression in cells was then analysed by flow cytometry. Left 

panel: remaining GFP-LC3 signal after saponine treatment of siCTRL-treated cells. Middle panel: 

GFP-LC3 signal is increased in siNDP52-treated cells, whereas decreased in siATG5-treated cells. 

Right panel: siNDP52 treatment did not modulate GFP-LC3 signal in chloroquine-treated cells (one 

experiment representative of at least three, numbers are geometric mean of fluorescence). 

 

Figure S2 related to Figure 3: NDP52 interaction with LC3A, LC3B and GABARAPL2, via a 

LIR-like motif. 

(A) NDP52 interaction with LC3B via a LIR-like motif. HeLa cells were transfected with vector 

encoding either GST alone, GST-LC3B or GST-LC3C, and the indicated Flag tagged NDP52 

constructs (see Figure 3A for a schematic representation of the constructs). The cells were lysed 48hrs 

later. The GST tagged proteins were purified on Glutathione Sepharose and then blotted with anti-

GST or anti-Flag (one representative experiment of at least three independent experiments). One 

representative Western Blot. Binding between the Flag-NDP52 constructs and GST-LC3s were 



 

evaluated as the ratio between the anti-Flag Western blot signal in co-affinity purification and total 

lysate normalised by the anti-GST-LC3 signal in the co-affinity purification.  

(B) LIR-like motif involvement in NDP52 interaction with LC3A, LC3B and GABARAPL2. HeLa 

cells were transfected with vector encoding either GST alone, GST-LC3A, GST-LC3B, GST-

GABARAP, GST-GABARAPL1 or GST-GABARAPL2 and the indicated Flag tagged NDP52 

mutants (see Figure 3A for a schematic representation of the NDP52 constructs). The cells were lysed 

48hrs later. The GST tagged proteins were purified on Glutathione Sepharose and then blotted with 

anti-GST or anti-Flag antibodies. A representative Western Blot is shown and binding between the 

Flag-NDP52 constructs and GST-LC3s were evaluated as the ratio between the anti-Flag western blot 

signal in co-affinity purification and total lysate normalised by the anti-GST-LC3 signal in the co-

affinity purification.  

(C) LIR-like motif involvement in NDP52 ΔSKICHΔCLIR interaction with LC3A, LC3B, 

GABARAP, GABARAPL1 and GABARAPL2. HeLa cells were transfected with the indicated  

vectors and protein interactions were analyzed as in (B). 

 

Figure S3 related to Figure 3 and 4: Functions of NDP52 LIR-like motif and the C245 residue, 

and of ATG8s in autophagosome maturation 

(A-D) NDP52 activity in autophagosome maturation required a functional LIR-like motif and the 

C245 residue. mRFP-GFP-LC3 HeLa cells were first transfected with control siRNA or siNDP52 for 

48hrs before a second transfection with the indicated construct-encoding plasmid. Representative 

profiles of autophagosomes (RFP+GFP+ dots) and autolysosomes (RFP+GFP- dots) per cell section 

assessed by confocal microscopy are shown and were quantified. Results are expressed as absolute 

numbers of individual vesicles (total autophagic vesicles = all RFP+ dots) (A/C), and as the percentage 

of total autophagic vesicles (B/D) (mean ± SD of three independent experiments carried out in 

duplicates). 

(E-F) ATG8s silencing in autophagosome maturation. (E) HeLa cells were transfected with siRNAs 

targeting LC3A (siLC3A), LC3A and LC3B (siLC3A/B), LC3C (siLC3C), GABARAP (siGABARAP), 

GABARAPL1 (siGABARAPL1), GABARAPL2 (siGABARAPL2) or a control sequence (siCTRL). 

After 48h, relative mRNA expression was assessed by qPCR. Each graph displays the relative mRNA 

quantity compared to siCTRL condition for each indicated gene. (F) HeLa cells transfected with the 

indicated siRNAs for 48hrs were lysed and anti-p62 and anti-ACTIN western blots were performed. 

Representative western blots of the results are shown (one experiment representative of 

three).GABARAP is abbreviated as GABA. 

 

Figure S4 related to Figure 4: Interaction of NDP52 mutants with Galectin8, role of NDP52 in 

xenophagy and role of OPTINEURIN in autophagosome maturation. 



 

(A) Interaction of NDP52 mutants with Galectin8. HeLa cells were transfected with vectors encoding 

either GST alone or GST-Galectin8, and the indicated Flag tagged NDP52 constructs (see Figure 3A 

for details on the constructs). The cells were lysed 48hrs later and GST tagged proteins were purified 

by co-affinity purification (AP) before western blotting the eluted complexes for revealing GST or 

Flag tagged proteins. 

(B) NDP52 requirement for both bacterial targeting and degradation during xenophagy. HeLa cells 

were first transfected with control siRNA or siNDP52 for 48hrs before a second transfection with the 

indicated construct-encoding plasmids. Twenty-four hours later, cells were infected for 15min with S. 

Typhimurium. Cells were then washed and extracellular S. Typhimurium cells were killed by 

gentamicin treatment. Infected cells were then cultured for two or six additional hours. For each 

condition, intracellular S. Typhimurium viability is presented as the Colony forming Units (CFU) per 

ml at 2hrs or 6hrs pi of one experiment extracted from Figure 4D (mean of triplicate ± SD). Two-tailed 

Welch T-test was performed on the triplicates of each individual condition to assess the fidelity with 

which the replicates were created, *p<0,05, **p<0,01. 

(C – E) SQSTM1/p62 and OPTINEURIN function in autophagosome maturation. (C) HeLa cells were 

treated with the indicated siRNA. 48hrs later, the expression of the respective proteins was assessed by 

western blot. (D, E) mRFP-GFP-LC3 HeLa cells were first transfected with control siRNA, siNDP52, 

siRNA against Optineurin (siOPTN) or siRNA against SQTM1 (siSQSTM1) for 48hrs. Representative 

profiles of autophagosomes (RFP+GFP+ dots) and autolysosomes (RFP+GFP- dots) per cell section 

assessed by confocal microscopy are shown and were quantified. Results are expressed as absolute 

numbers of individual vesicles (total autophagic vesicles = all RFP+ dots) (D), and as the percentage of 

total autophagic vesicles (E) (mean ± SD of three independent experiments carried out in duplicates). 

(F) Cartoon model for the dual function of NDP52 in xenophagy. NDP52 targets Galectin8 (Gal8)-

bound bacteria-containing damaged vesicles or ubiquitin (Ub)-associated intracellular pathogens to 

autophagosomal membranes via engagement of the LC3C-interacting CLIR motif (Top 

representation). NDP52 regulates then the maturation of bacteria-containing autophagosomes via 

engagement of a MYOSIN VI (Myo VI) binding domain and recruitment of LC3A, LC3B or 

GABARAPL2-mediated by the LIR-like motif (Bottom representation). 

 

SUPPLEMENTAL EXPERIMENTAL PROCEDURES 

 

Antibodies and Reagents 

Antibodies used were: anti-Flag (F1804), anti-GST (A7340), anti-NDP52 (HPA023195), anti-LC3B 

(L7543), anti-actin (A2066) and anti-ATG5 (A0856) all from Sigma-Aldrich, anti-Ubiquitinated 

(clone FK2 Millipore, 04-263), anti-LAMP1 (BD Pharmingen, 555798), anti-SQSTM1/p62 (Santa 

Cruz, sc-28359) and anti-Salmonella (Thermo Scientific PA1-7244). Secondary antibodies used were: 

anti-Mouse conjugated to Peroxydase (A2304) from Sigma-Aldrich and anti-Rabbit conjugated to 



 

HRP (NA9340) from GE Healthcare for western blot and anti-rabbit conjugated to Alexa Fluor 568 

(A11011), anti-mouse conjugated to Alexa Fluor 568 (A11031), anti-mouse conjugated to Alexa Fluor 

488 (A21202) and anti-rabbit conjugated to Alexa Fluor 647 (A31573) from Molecular Probes for 

confocal microscopy. Pharmacological agents used were rapamycin (100 nM) or chloroquine (50μM), 

both purchased from Sigma. 

 

Molecular Cloning, Co-affinity Purification and siRNA 

The mutants/constructs were engineered into a pCR3-3xFlag vector allowing the expression of the 

proteins fused with a triple Flag tag in N-terminal position or in a pDest27 plasmid allowing the 

expression of Glutathione S-transferase (GST) tagged proteins for co-affinity purification experiments. 

LC3B, LC3C, LC3A, GABARAP, GABARAPL1 and GABARAPL2 were engineered into a pDest27 

plasmid allowing the expression of Glutathione S-transferase (GST) tagged proteins for co-affinity 

purification experiments. All primer sequences are available upon request. For co-affinity purification 

assays HeLa cells were seeded at 2.5x105 cells per well in 6 well-plates. Twenty-four hours later, cells 

were transfected with 1 μg/well of plasmid encoding the GST-tagged genes and 1 μg/well of plasmid 

encoding the Flag-tagged genes. The cells were harvested 48hrs later and lysed in PBS containing 

Calcium and Magnesium with 0.5 % of Nonidet P40 and protease inhibitor cocktail (Complete Mini 

EDTA free, Roche Applied Science # 04693159001). The purified lysate was incubated overnight at 

4°C on Glutathione Sepharose (GE Healthcare #17-0746-01). Elution and western blotting were 

performed the next day. The following siRNAs were purchased from Invitrogen: stealth siRNA 

specific of human NDP52 (HSS115635), human ATG5 (HSS114103) and Negative Control MED 

GC#3 (12935-113). 

 

Confocal microscopy 

All images were taken on a confocal Zeiss LSM 510 or Zeiss LSM 710 with a plan apochromat 63X 

objective. The quantification of fluorescent vesicles was carried out using ImageJ. The cells were 

cultured in 24 well-plates with a sterile coverslip in each well. The cells were fixed in 2% 

paraformaldehyde for 20min, or ice cold acetone for 5min in infections experiments. Co-localisation 

experiments were assessed using the JaCoP plugin for ImageJ and Mander’s coefficient was used to 

quantify co-localisation of NDP52 and GFP-LC3 dots and 60 cells were analysed per sample for co-

localisation experiments. For flux analysis with mRFP-GFP-expressing cells, at least 100 cells per 

individual experiment were numerated. 

 

S. Typhimurium Infections 

Salmonella enterica serovar Typhimurium (strain 12023) was grown overnight in LB broth (Sigma). 

Before infection of the cells, this culture was diluted at 1:33 and cultured for another 3.5 hours. HeLa 

cells in 24 well-plates at 80% confluence were infected with 20μL of this culture diluted in 180μL of 



 

DMEM with 10% FBS and no antibiotics for 15min. The cells were then washed 3 times with PBS 

and cultured in DMEM with 10% FBS and 100μg/mL gentamicin for 1 hour. For the rest of the 

experiment, the cells were cultured in DMEM with 10% FBS and 20μg/mL gentamicin. To count 

intracellular bacteria, cells in triplicate were washed 3 times with PBS and then lysed in 1mL of 

saponin 1% (diluted volume at volume in PBS). Each triplicate was plated individually in duplicate on 

LB agar plates prior to numeration and CFU calculation. 

 

Flow cytometry 

The cells were detached and washed once in PBS. The cells were then incubated 5min on ice either 

with saponin 0.05% in PBS or PBS alone. The cells were finally washed twice with PBS and 50 000 

events were acquired on an Accuri C6 flow cytometer. The data were analysed using FlowJo software. 

 

RNAi  

For mammalian ATG8s, siRNAs targeting the following sequences (von Muhlinen et al. Molecular 

Cell 2012) were synthetized (Life technologies): siLC3A 5’GGC UUC CUC UAU AUG GUC UAC 

GCC U; siLC3A/B 5’CGG ACC AUG UCA ACA UGA GCG AGU U; siLC3C 5’ GCU UGG CAA 

UCA GACA AGA GGA AGU; siGABARAP 5’GAG GGC GAG AAG AUC CGA AAG AAA U; 

siGABARAPL1 5’GAG GAC GCC UUA UUC UUC UUU GUC A; siGABARAPL2 5’GCC UAA 

CUA UGG GAC AGC UUU ACG A. The efficiency and specificity of each siRNA was validated 

using RT-qPCR. Silencing RNAs against Optineurin (siOPTN) and SQSTM1 (siSQSTM1) were from 

Dharmacon (references L-016269-00-0005 and L-010230-00-0005, respectively). The efficiency of 

each siRNA was validated by Western Blot using anti-Optineurin from Abcam (ab23666) and anti-

SQSTM1 from Santa Cruz (sc-28359). 

 

Quantitative PCR 

Following total RNA isolation using Trizol (Life Technologies) and DNAse Turbo (Ambion) 

treatment, cDNA was synthesized with the High Capacity RNA-to-cDNA kit (Applied Biosciences) 

according to manufacturer’s instructions. Gene expression was quantified using a Fast Start Universal 

SYBR green Master (ROX) kit (Roche) along with specific primers according to the manufacturer’s 

instructions. Relative amounts of cDNA were calculated using the Ct method, corrected with actin 

cDNA levels in each samples and normalized to siCTRL condition for each gene. The following 

primers were used: 5’-CCTGGCACCCAGCACAAT-3’ and 5’-GCCGATCCACACGGAGTACT-3’ 

for ACTB, encoding actin (control); 5’-CAGCACCCCAGCAAAATC-3’ and 5’-

TCTTTCTCCTGCTCGTAGA-3’ for MAP1LC3A, encoding LC3A; 5’-

GAGAAGCAGCTTCCTGTTCTGG-3’ and 5’-AAGAAGGCCTGATTAGCA-3’ for MAP1LC3B, 

encoding LC3B; 5’-CCCAAGCGTCAGACCCTTC-3’ and 5’-GCTCCGGATGATGCTGAG-3’ for 

encoding MAP1LC3C, LC3C; 5’-TGCCGGTGATAGTAGAAA-3’ and 5’-



 

GGTGTTCCTGGTACAGCT-3’ for GABARAP, encoding GABARAP; 5’-

TGCCCTCTGACCTTACTG-3’ and 5’-AGTCTTCCTCATGATTGTC-3’ for GABARAPL1/GEC1, 

encoding GABARAPL1; 5’-TCGCTGGAACACAGATG-3’ and 5’-TGTCCCATAGTTAGGCTG-3’ 

for GABARAPL2/GATE-16, encoding GABARAPL2. 
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Dual function of CALCOCO2/NDP52 during xenophagy

Pauline Verlhac,1,2,3,4,5 Christophe Viret,1,2,3,4,5 and Mathias Faure1,2,3,4,5,*
1CIRI; International Center for Infectiology Research; Universit�e de Lyon; Lyon, France; 2Inserm; U1111; Lyon, France; 3CNRS, UMR5308; Lyon, France;
4Ecole Normale Sup�erieure de Lyon; Lyon, France; 5Universit�e Lyon 1; Centre International de Recherche en Infectiologie; Lyon, France

During xenophagy, pathogens are
selectively targeted by autophagy

receptors to the autophagy machinery for
their subsequent degradation. In infected
cells, the autophagy receptor CAL-
COCO2/NDP52 targets Salmonella
Typhimurium to the phagophore mem-
brane by concomitantly interacting with
LC3C and binding to ubiquitinated cyto-
solic bacteria or to LGALS8/GALECTIN
8 adsorbed on damaged vacuoles that
contain bacteria. We recently reported
that in addition, CALCOCO2 is also
necessary for the maturation step of Sal-
monella Typhimurium-containing auto-
phagosomes. Interestingly, the role of
CALCOCO2 in maturation is indepen-
dent of its role in targeting, as these func-
tions rely on distinct binding domains
and protein partners. Indeed, to mediate
autophagosome maturation CAL-
COCO2 binds on the one hand to
LC3A, LC3B, or GABARAPL2, and on
the other hand to MYO6/MYOSIN VI,
whereas the interaction with LC3C is
dispensable. Therefore, the autophagy
receptor CALCOCO2 plays a dual func-
tion during xenophagy first by targeting
bacteria to nascent autophagosomes and
then by promoting autophagosome mat-
uration in order to destroy bacteria.

Xenophagy is the process referring to
the selective degradation of intracellular
microorganisms by autophagy. Xenoph-
agy is a very potent intrinsic cellular line
of defense to fight pathogens and requires
first the detection and targeting of micro-
organisms to growing phagophores prior
to autophagosome maturation leading to
microbial destruction. The targeting step
can be achieved by cytosolic autophagy
receptors, which bind on the one hand to

the pathogen and on the other hand to
LC3, a phagophore membrane-anchored
protein. Once entrapped within an auto-
phagosome, bacteria can survive or escape,
unless they are rapidly destroyed. There-
fore, autophagosome maturation allows
the discharge of lysosomal enzymes in
autolysosomes, allowing destruction of the
bacteria. It is, however, not well known
how autophagosomes mature, especially
in the context of xenophagy. Recently, the
endosomal membrane-bound protein
TOM1 and the dynein motor MYO6
have been both shown to be implicated in
the transport of endosomes into the vicin-
ity of autophagosomes in order to ensure
fusion of autophagosomes with vesicles of
the endo/lysosomal pathway. Moreover,
the concomitant absence of 3 autophagy
receptors, CALCOCO2, TAX1BP1/
T6BP, and OPTN/OPTINEURIN,
impairs autophagosome biogenesis and
maturation. As CALCOCO2 was already
shown to have a MYO6 binding domain,
we wondered whether CALCOCO2
could also be implicated in autophago-
some maturation per se to promote bacte-
rial degradation.

We first observed that the binding site
of CALCOCO2 to MYO6 was required
for cells to control Salmonella Typhimu-
rium intracellular growth. Nevertheless,
when the binding of CALCOCO2 to
MYO6 was abolished, bacteria were still
efficiently targeted to autophagosomes,
but yet still able to replicate to levels simi-
lar to the one observed in CALCOCO2-
depleted cells. Strikingly, in noninfected
cells the absence of CALCOCO2 perturbs
the autophagy flux, resulting in a strong
accumulation of autophagosomes, sug-
gesting a positive role for CALCOCO2 in
the autophagosome-lysosome fusion pro-
cess. Surprisingly, we found that
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CALCOCO2 binding to LC3C, through
its noncanonical LC3 interacting region
(CLIR), is not involved in the maturation
of autophagosomes. Instead, we identified
another motif in the primary sequence of
CALCOCO2, which mediates binding to
at least LC3A, LC3B, and GABARAPL2
(but not LC3C). We referred to this motif
as “LIR-like” as it differs from the canoni-
cal LIR motif by the absence of a hydro-
phobic residue in position X3. This LIR-
like motif was necessary for autophago-
some maturation, along with the domain
of CALCOCO2 responsible for its bind-
ing to MYO6. Eventually, mutation of
this LIR-like motif also resulted in an
increased Salmonella Typhimurium intra-
cellular proliferation, whereas bacteria
were still efficiently targeted within

nondegradative autophagosomes. Interest-
ingly, the absence of the autophagy recep-
tor OPTN also led to the accumulation of
nondegradative autophagosomes, suggest-
ing that other autophagy receptors could
share CALCOCO2 dual functions in
xenophagy.

Having autophagy receptors ensuring
both targeting and degradation of patho-
gens could be an important evolutionary
advantage against infections. Indeed, this
mechanism could help to reduce the delay
necessary for maturation, thus avoiding
adaptation of the pathogen to its new
environment (as proposed for Coxiella
burnetti, Listeria monocytogenes, and
Legionella pneumophila) or its escape from
the autophagosome. Conversely, patho-
gens could avoid autophagy entrapment

or autophagic degradation by targeting
CALCOCO2 or any other autophagy
receptors, which could play similar roles.
For instance Chikungunya virus was
reported to target CALCOCO2 in human
cells leading to increased virus replication.
Nevertheless, redundancy among autoph-
agy receptors could also ensure a selective
immune advantage against pathogens tar-
geting any one of these receptors.

Our results and those from others sug-
gest for now that CALCOCO2 serves as a
docking platform for MYO6-bound endo-
somes, thus facilitating autophagosome
maturation (Fig. 1). How this action is
coordinated with CALCOCO2 directing
pathogens to the phagophore membranes
remains unclear. During xenophagy
against Salmonella Typhimurium, CAL-
COCO2 interaction first with LC3C is
necessary to further recruit other ATG8
orthologs and ensure the final degradation
of bacteria. Since the LIR-like motifs bind
several ATG8s, whereas the CLIR motif
only mediates binding to LC3C, it is pos-
sible that binding of CALCOCO2 to
LC3C induces conformational changes
and uncovers the LIR-like motif that can
be then engaged with other ATG8 ortho-
logs to trigger autophagosome maturation.
Moreover, it is still unclear whether the
action of CALCOCO2 in autophagosome
maturation is coordinated with other part-
ners, such as STX17/SYNTAXIN 17,
which is recruited on the external mem-
brane of autophagosomes and regulate
fusion with lysosomes.

Our findings reveal a new role for the
autophagy receptor CALCOCO2 in auto-
phagosome maturation, unravelling
another function for CALCOCO2 in cell
autonomous defense against pathogens:
CALCOCO2 not only targets pathogens
to phagophore membranes, but also regu-
lates subsequent maturation of pathogen-
containing autophagosomes, thus assuring
efficient degradation of autophagy-tar-
geted pathogens.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were
disclosed.

Figure 1. Schematic model for the dual role of CALCOCO2 in xenophagy. CALCOCO2 targets bacte-
ria to the phagophore through its LC3C binding site (CLIR motif), and, independently, regulates
autophagosome maturation through its LC3A, LC3B, or GABARAPL2 binding site (LIR-like motif) and
its MYO6 interacting region.
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NDP52, autophagie 
et pathogènes
« Et le combat cessa faute 
de combattants »
Pauline Verlhac1-5, Christophe Viret1-5, Mathias Faure1-5*

> Afin de lutter contre les microorga-
nismes envahissant leur cytoplasme, 
les cellules sont dotées d’une arme de 
destruction sélective, l’autophagie. En 
effet, utilisée par la cellule pour élimi-
ner et recycler ses propres constituants 
défectueux ou en fin d’activité biolo-
gique, l’autophagie cible également des 
pathogènes intracellulaires afin de les 
dégrader ; l’autophagie est ainsi indis-
pensable non seulement pour éviter le 
développement de maladies infectieuses, 
mais également pour maintenir l’équilibre 
avec une flore commensale essentielle au 
développement et au fonctionnement de 
l’organisme. La compréhension molécu-
laire du contrôle des infections par l’au-
tophagie progresse chaque jour, notam-
ment avec l’identification de la protéine 
NDP52 (nuclear dot protein 52 kDa) qui 
contribue doublement à la lutte anti-
microbienne : en acheminant sélective-
ment les bactéries vers l’autophagie et 
en promouvant leur destruction une fois 
piégées dans les autophagosomes.
Dans les années 1960, Christian de Duve 
observe que des composants propres à 
la cellule sont capturés dans des vési-
cules à double membrane pour y être à 
terme dégradés [1]. Il nomme ces vési-
cules autophagosomes et le processus 
autophagie (littéralement « se man-
ger »). La dégradation des composants 
emprisonnés dans l’autophagosome est 
assurée lorsque celui-ci fusionne avec 
une autre vésicule spécialisée, un lyso-
some (organite également découvert 
par C. de Duve en 1955). Plusieurs tra-
vaux décrivent par la suite l’importance 
de l’autophagie pour l’homéostasie 

cellulaire, et, dans les années 1980, il 
est observé la formation d’autopha-
gosomes lors de l’infection cellulaire 
par un micro-organisme, la bactérie 
Rickettsia [2]. La destruction par auto-
phagie d’agents infectieux, ou xéno-
phagie (« manger ce qui est étranger ») 
[3, 4], ne sera formellement démontrée 
qu’en 2004, à l’encontre de Mycobacte-
rium tuberculosis et du streptocoque de 
groupe A, grâce à l’avènement d’outils 
moléculaires suffisamment précis pour 
l’étude fine de l’autophagie [5, 6].

Les étapes du processus de 
macroautophagie : du phagophore à 
l’autolysosome
La macroautophagie, appelée commu-
nément autophagie, s’articule en trois 
phases majeures [3]. La première étape 
génère une membrane incurvée, le pha-
gophore. Les extrémités de ce dernier 
s’étendent ensuite par l’ajout de petites 
vésicules membranaires. Lors de cette 
étape d’élongation, la vésicule auto-
phagique en formation va attraper des 
composants cytosoliques, appelés car-
gos ou substrats, destinés au recyclage 
(Figure 1). Dans les conditions d’un stress 
ressenti de manière généralisée par la 
cellule, comme une absence de nutri-
ments dans l’environnement, les cargos 
peuvent être séquestrés de manière aléa-
toire par l’autophagie. Cependant, lors 
de stress localisés au sein de la cellule, 
comme celui que représente la présence 
d’agents infectieux, les substrats auto-
phagiques sont sélectivement séquestrés. 
Cette autophagie sélective est assurée 
par des protéines cytosoliques appelées 

récepteurs autophagiques [7]. Ces der-
niers reconnaissent, d’une part, l’élément 
destiné à la dégradation, et, d’autre part, 
un membre de la famille des protéines 
ATG8 (grâce à un domaine appelé LIR, 
LC3-interacting region). Ces facteurs, qui 
incluent les protéines LC3 (light chain 3) 
et GABARAP (GABA-A receptor-associated 
protein), sont enchâssés dans la mem-
brane du phagophore en croissance. Les 
récepteurs autophagiques servent donc 
de pont moléculaire entre le substrat et 
la vésicule autophagique en formation. 
La phase d’élongation s’achève par la 
fusion des deux extrémités du phagophore, 
structurant un autophagosome. Celui-ci 
isole ainsi son substrat du reste de la cel-
lule, mais la lumière autophagique n’étant 
ni acide, ni riche en enzymes actives, 
l’autophagosome per se ne peut dégrader 
son contenu. Afin d’assurer cette fonction, 
le processus autophagique se poursuit (on 
parle de flux autophagique) par la fusion 
de l’autophagosome avec une vésicule 
de la voie endolysosomale. Cette étape 
de maturation mène à la formation d’un 
autolysosome (fusion autophagosome-
lysosome), qui peut être précédée par la 
formation d’un amphisome (fusion auto-
phagosome-endosome) ; la maturation 
est indispensable car elle seule permet 
de dégrader ce qu’emprisonne la vésicule 
autophagique (Figure 1).

NDP52 guide les bactéries vers 
l’autophagosome
NDP52 (nuclear dot protein 52) est l’un des 
récepteurs autophagiques qui permet de 
cibler des bactéries intracellulaires vers les 

1 CIRI, centre international de recherche 
en infectiologie, université de Lyon, 
69007 Lyon, France ;
2 Inserm U1111, 69007 Lyon, France ;
3 CNRS, UMR5308, 69007 Lyon, France ;
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5 Université Lyon 1, Centre international de 
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des subterfuges moléculaires pour, soit 
s’échapper de ce nouvel environnement, 
soit s’y adapter afin d’y proliférer. Cette 
adaptation peut passer par un ralentis-
sement ou une inhibition de la matura-
tion de l’autophagosome, afin d’éviter 
d’être la cible de l’activité lysosomale 
[3]. Il apparaît ainsi essentiel pour la 
cellule de rapidement et efficacement 
réguler la maturation de l’autopha-
gosome contenant la bactérie, afin de 
la détruire. Nous avons montré que, 
indépendamment de sa fonction de 
récepteur autophagique, NDP52 a éga-
lement la capacité de réguler la fusion 
entre l’autophagosome et un lysosome 
[11]. NDP52 possède deux domaines 
essentiels à la maturation des auto-
phagosomes : un domaine de liaison à 
la myosine VI, et un autre capable de 

à la protéine LC3C (appelé domaine CLIR), 
concentre la vésicule endommagée avec 
la bactérie au sein d’un phagophore en 
croissance [9]. De plus, si les bactéries 
parviennent à s’échapper de l’endosome 
pour envahir le cytosol, leurs parois peuvent 
être rapidement recouvertes de petits pep-
tides d’ubiquitine. NDP52, comme plusieurs 
autres récepteurs autophagiques, possède 
un domaine de liaison aux ubiquitines et 
peut ainsi à nouveau lier la bactérie et, 
en interagissant de manière concomitante 
avec LC3C, acheminer le microorganisme 
vers un autophagosome en formation [10].

NDP52, un facteur déterminant pour la 
dégradation de bactéries prisonnières 
d’autophagosomes
Une fois séquestrés dans l’autophago-
some, les pathogènes peuvent utiliser 

autophagosomes en formation (Figure 2). 
Pour cela, NDP52 possède un domaine de 
liaison à la galectine 8, une protéine qui 
reconnaît des sites glysosylés de protéines. 
Ces sucres sont d’ordinaire uniquement 
exposés à l’extérieur des cellules, car por-
tés par les glycoprotéines de la membrane 
plasmique. Lors de l’internalisation de bac-
téries comme Salmonella typhimurium, 
Listeria monocytogenes ou Shigella flexneri 
dans des vésicules d’endocytose, les sucres 
protéiques se retrouvent dans la lumière 
des endosomes. La tentative de sortie des 
bactéries de ces vésicules endommage la 
membrane endosomale, exposant alors 
les protéines cellulaires glycosylées à une 
reconnaissance par la galectine 8 [8]. 
Ce détecteur moléculaire d’une anorma-
lité intracellulaire lie dès lors NDP52 qui, 
grâce à un domaine de liaison spécifique 
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Figure 1. Séquestration et dégradation de composants cytoplasmiques par l’autophagie. Au-delà de son rôle d’élimination de composants obso-
lètes de la cellule, l’autophagie peut être induite en réponse à de nombreux stress perçus par la cellule. Trois étapes majeures orchestrent alors 
le flux autophagique : l’initiation, l’élongation et la maturation. Durant l’élongation, les cargos/substrats sont séquestrés dans l’autophagosome 
en formation : ces composants peuvent être séquestrés de manière aléatoire ou sélective (grâce à des récepteurs autophagiques), probablement 
selon l’origine, la nature et/ou l’intensité du stress. Durant la maturation, la fusion de l’autophagosome avec un lysosome peut être précédée 
d’une fusion avec un endosome.
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Don Rodrigue1 [14], il nous reste à com-
prendre si d’autres récepteurs autopha-
giques contribuent à l’efficacité de la 
xénophagie à la manière de NDP52 ; les 
(doubles ?) fonctions de ces récepteurs 
pourraient-elles être engagées de concert 
ou indépendamment ? Les autophago-
somes en formation sont-ils prédestinés à 
accueillir de manière exclusive ou partagée 
des substrats apportés sélectivement par 
ces récepteurs ? Ces mécanismes sont-ils 
impliqués contre des microbes virulents et 
commensaux ? Mieux comprendre les liens 
étroits entre récepteurs autophagiques, 
pathogènes et maturation autophagique 
permettra de mieux lutter contre les agents 
infectieux, notamment ceux qui ciblent ces 
récepteurs pour en détourner la fonction. 
Avec ce qui pourrait apparaître comme un 
dilemme cornélien, assurer le ciblage des 
bactéries vers l’autophagie ou leur dégra-
dation, nos travaux montrent l’efficience 
de NDP52 pour ces deux fonctions de la 
xénophagie, permettant à la cellule de 
remporter des batailles contre des enva-
hisseurs pathogènes ; « Et le combat cessa 
faute de combattant » [14]. ‡
NDP52, autophagy and pathogens: 
“The war then ceased for lack of 
combatants”
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contrôle d’une infection par l’autopha-
gie. Il reste à déterminer avec précision 
comment NDP52 régule la fusion à pro-
prement parler, et comment s’opère le 
lien fusionnel entre l’amphisome et le 
lysosome (Figure 2). Il est à noter que 
NDP52 régule également la maturation 
de l’autophagosome indépendamment 
d’infections bactériennes [11]. Dans 
la mesure où des dysfonctionnements 
de l’autophagie sont associés à de 
nombreuses pathologies [13], ces tra-
vaux, qui apportent des réponses sur 
les mécanismes moléculaires de l’auto-
phagie, pourraient ouvrir de nouvelles 
perspectives pour la compréhension des 
processus pathologiques associés à des 
altérations de l’autophagie.

Conclusion
Dans l’idée d’arriver, un jour prochain, 
au constat éclatant du vers célèbre de 

lier quelques membres particuliers de la 
famille ATG8 (LC3A, LC3B ou GABARAPL2, 
mais pas LC3C) grâce à un nouveau 
domaine identifié (appelé pseudo-LIR). 
En liant la myosine VI, la seule myo-
sine motrice permettant un mouvement 
rétrograde des endosomes via son inte-
raction avec la protéine endosomale 
TOM-1 (target of Mybl) [12], NDP52 
est physiquement associée à la voie 
endo-lysosomale. En liant un membre 
des ATG8, NDP52 connecte alors l’endo-
some à l’autophagosome et permet leur 
fusion, promouvant ainsi la matura-
tion autophagique [11]. Ainsi, pour 
que la xénophagie de S.  typhimurium 
soit complète, il faut non seulement 
que la bactérie soit isolée au sein d’un 
autophagosome, mais également qu’elle 
soit dégradée. En intervenant suc-
cessivement lors de ces deux étapes 
clés, NDP52 contribue à l’efficacité du 

S. Typhimurium

S. Typhimurium
Ub

Galectine 8

NDP52

LC3C

Domaine CLIR

ENDOSOME

TOM1

Myosine VI
Actine

NDP52

Domaine pseudo-LIR

LC3A, LC3B, ou
GABARAPL2

Figure 2. Modèle du double rôle joué par NDP52 dans la xénophagie. NDP52 lie S. Typhimurium 
indirectement, grâce à des domaines de liaison qui recrutent des intermédiaires moléculaires, 
la galectine 8 ou des ubiquitines, associés respectivement aux membranes endosomales endom-
magées par la bactérie internalisée ou aux bactéries s’étant échappées dans le cytosol. Via 
une interaction avec LC3C, NDP52 cible alors la bactérie vers l’autophagosome. De plus, NDP52 
contribue à la fusion des autophagosomes avec la voie endo/lysosomale grâce à deux inte-
ractions supplémentaires, avec la myosine VI et un membre de la famille ATG8. L’ensemble de 
ces interactions concourt à l’efficacité de l’élimination de S. typhimurium par l’autophagie. Le 
mécanisme précis de fusion reste à être compris.
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Mécanismes fondamentaux de 
formation de fibres amyloïdes 
par la protéine a-synucléine 
dans la maladie de Parkinson
Modélisation quantitative
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Alpha-synucléine et maladie 
de Parkinson
Le mauvais repliement des protéines et leur 
agrégation sont à l’origine de nombreuses 
maladies dont les maladies neurodégé-
nératives, telles la maladie d’Alzheimer et 
la maladie de Parkinson, et le diabète de 
type 2 [1]. La maladie de Parkinson touche 
6,3 millions de personnes dans le monde, 
dont 1,2 millions en Europe et 140 000 
en France1. L’une des caractéristiques de 
cette maladie est le dépôt d’agrégats 
formés par la protéine alpha-synucléine 
(�-syn) [2, 15]. �-syn est une petite 
protéine (14 kDa) présynaptique dont le 
rôle précis n’est pas encore établi, mais 
qui semble jouer un rôle dans la plasticité 
synaptique, plus particulièrement dans la 
fusion des vésicules synaptiques avec la 
membrane plasmique des terminaisons 
présynaptiques des neurones, et dans la 
libération de neurotransmetteurs dans 

1 Données de l’European Parkinson disease association.

l’espace intersynaptique [3]. �-syn existe 
sous deux formes in vivo, une forme intrin-
sèquement désordonnée, en solution, et 
une forme repliée en hélice alpha quand 
elle est liée aux membranes. L’équilibre 
entre ces deux formes joue un rôle pour la 
fonction d’�-syn [3]. De plus, la protéine 
interagit avec un grand nombre de sur-
faces in vitro, par exemple des nanoparti-
cules, surfactants et bicouches lipidiques 
(vésicules), et son interaction avec ces 
surfaces peut moduler la cinétique de 
formation de fibres amyloïdes par �-syn 
[4, 5]. Enfin, il a été récemment montré 
qu’�-syn peut former des fibres incorpo-
rant des lipides [6].

Mécanisme d’agrégation d’alpha-
synucléine : notre approche 
expérimentale
Aucune description quantitative du 
mécanisme d’agrégation d’�-syn n’est 
disponible à ce jour, contrairement au 
travail récemment accompli pour le 

peptide A�, dont la formation de fibres 
amyloïdes est liée à la maladie d’Alzhei-
mer [7, 8]. Une telle analyse serait 
pourtant indispensable à une meilleure 
compréhension, non seulement des évé-
nements précoces, mais aussi de la pro-
pagation de la maladie et des effets de 
chaperons ou d’autres molécules sur le 
mécanisme et la cinétique d’agrégation 
de la protéine.
Dans le but de répondre à cette ques-
tion, nous avons utilisé des systèmes 
minimalistes pour étudier le comporte-
ment de la protéine in vitro en présence 
de petites vésicules lipidiques ou de 
faibles quantités de fibres. Nous avons 
combiné deux approches : une approche 
expérimentale, dans laquelle l’influence 
des différents réactifs (�-syn, lipides 
et fibres) sur la cinétique de formation 
de fibres amyloïdes était systématique-
ment étudiée, et une approche théo-
rique, fondée sur l’analyse cinétique de 
nos données expérimentales, ce qui a 
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Joël Baguet1,2,3,4,5, Monique Flacher1,2,3,4,5, Frédéric Tangy6, Chantal Rabourdin-Combe1,2,3,4,5{,

Mathias Faure1,2,3,4,5*
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Abstract

The interplay between autophagy and intracellular pathogens is intricate as autophagy is an essential cellular response to
fight against infections, whereas numerous microbes have developed strategies to escape this process or even exploit it to
their own benefit. The fine tuned timing and/or selective molecular pathways involved in the induction of autophagy upon
infections could be the cornerstone allowing cells to either control intracellular pathogens, or be invaded by them. We
report here that measles virus infection induces successive autophagy signallings in permissive cells, via distinct and
uncoupled molecular pathways. Immediately upon infection, attenuated measles virus induces a first transient wave of
autophagy, via a pathway involving its cellular receptor CD46 and the scaffold protein GOPC. Soon after infection, a new
autophagy signalling is initiated which requires viral replication and the expression of the non-structural measles virus
protein C. Strikingly, this second autophagy signalling can be sustained overtime within infected cells, independently of the
expression of C, but via a third autophagy input resulting from cell-cell fusion and the formation of syncytia. Whereas this
sustained autophagy signalling leads to the autophagy degradation of cellular contents, viral proteins escape from
degradation. Furthermore, this autophagy flux is ultimately exploited by measles virus to limit the death of infected cells
and to improve viral particle formation. Whereas CD150 dependent virulent strains of measles virus are unable to induce the
early CD46/GOPC dependent autophagy wave, they induce and exploit the late and sustained autophagy. Overall, our work
describes distinct molecular pathways for an induction of self-beneficial sustained autophagy by measles virus.
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Introduction

Measles is a highly infectious human disease caused by infection

with measles virus (MeV), one of the most contagious human

pathogens [1]. Measles infection takes place by the respiratory

route and clinical symptoms include respiratory infection, fever,

cough, coryza, conjunctivitis and the appearance of a generalized

maculopapular rash, the hallmark of measles. Although MeV

infection results in lifelong immunity, a transient but profound

immunosuppression occurs by one to two weeks of infection and

persists for several weeks [2]. MeV infection-induced complica-

tions essentially include secondary infections but also post-

infectious encephalitis and subacute sclerosing panencephalitis

(SSPE) [3,4]. Despite the existence of an efficient vaccine based on

attenuated MeV strains, recent measles outbreaks highlighted that

this disease is still an important cause of mortality, especially

among children in developing countries [1,5]. The understanding

of the biological interplay between attenuated versus virulent MeV

strains and cellular components remains a challenge if we aim at

developing tools to counter infection and use MeV as a vector for

therapies.

MeV is a negative-stranded non-segmented RNA enveloped

virus that belongs to the genus Morbillivirus of the Paramyxoviridae
family [6]. Its genome encodes six structural proteins, the

nucleoprotein MeV-N, a phosphoprotein MeV-P, an RNA

polymerase MeV-L, the haemagglutinin MeV-H, the fusion

protein MeV-F and the matrix protein MeV-M, and for two

non-structural proteins not present within the virion, MeV-V and

MeV-C. To date three different host-cell receptors for MeV-H

attachment have been identified: CD46 which is expressed on all

human nucleated somatic cells [7]; CD150 (also known as SLAM),

expressed on immature thymocytes, activated B and T lympho-

cytes, macrophages and mature dendritic cells [8], and NECTIN-

4 expressed on epithelial cells [9,10]. Whereas MeV-H of clinical/

virulent strains of MeV attach to CD150 or NECTIN-4, MeV-H

of vaccine/attenuated-laboratory strains bind to either CD46,

CD150 or NECTIN-4 [11]. Following attachment, conformation-

al modification of the MeV-F protein leads to membrane fusion
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and virus entry at the host-cell plasma membrane, but also to

syncytia formation, resulting from fusion of infected cells with

uninfected cells [12]. Subsequently to fusion, the MeV ribonu-

cleoprotein is delivered into the host-cell cytosol and viral mRNAs

start to accumulate linearly as soon as 5 to 6 hours post infection

before being exponentially increased until 24 hours [13]. MeV-V

and MeV-C were shown to contribute to MeV replication by

foiling innate antiviral immune responses [14], and newly

generated ribonucleoproteins are assembled to bud from cell

surfaces.

Among cell-host functions modulated upon MeV infection, we

recently described macroautophagy, thereafter referred to as

autophagy [15,16]. Autophagy is a catabolic process essential for

the maintenance of cellular homeostasis, through the elimination

of otherwise deleterious cytosolic components, and for the

recycling of metabolites [17,18]. During autophagy, a cup-shaped

isolated membrane, the phagophore, elongates within the cytosol

up to generate an autophagosome vesicle that sequesters large

portions of the cytoplasm. This content is ultimately degraded

within autolysosomes, following maturation of autophagosome by

fusion with a lysosome. At the molecular level, autophagy is a

highly regulated process that involves numerous proteins including

those encoded by autophagy-related (ATG) genes [19].

The autophagy machinery is used as a universal cell defence

against intracellular microbes since it allows their delivery to

degradative lysosomes [17]. Autophagy may also contribute to

activate antiviral innate immunity [20,21], as well as adaptive

immune response by delivering virus-derived peptides for presen-

tation by major histocompatibility complex (MHC) molecules to T

lymphocytes [22,23,24]. Although upon a wide range of viral

infections autophagosome formation is observed, few molecular

details of viral interaction with the autophagy machinery are

known [21]. Nevertheless, numerous viruses have evolved

molecular strategies to counteract autophagy in order to escape

this process, or even to exploit it to improve their own infectivity

[25]. We have previously reported that the binding of an

attenuated strain of MeV on CD46 induces the flux of autophagy.

This induction relies on the molecular connection of one isoform

of CD46, CD46-Cyt-1, to BECLIN-1 via the scaffold protein

GOPC [16,26]. Furthermore, we have shown that attenuated

MeV can exploit autophagy through the physical interaction of the

MeV-C protein with the autophagy-associated protein IRGM

(immunity-related GTPase M) [27]. We wondered here how MeV

regulates autophagy in the course of infection and how the virus

exploits autophagy to its own advantage. We report that MeV

infection induces successive autophagic signalling leading to a

sustained increase of the autophagy flux. Whereas only attenuated

MeV strains induce an early wave of autophagy dependent on

CD46-Cyt1/GOPC, both attenuated and virulent strains induce

and exploit a late but sustained productive autophagy wave.

Results

The attenuated strain of MeV induces two successive but
independent waves of autophagy
We have previously reported that HeLa cell infection with the

attenuated Edmonston (Ed)-MeV strain induces autophagy as

soon as 1.5 hours post infection via the engagement of the CD46-

Cyt-1/GOPC pathway [16]. We have also shown that autophagy

was still detected by 24 hours of Ed-MeV infection [27].

Therefore, we examined autophagy kinetics upon Ed-MeV

infection. GFP-LC3-HeLa cells were infected with Ed-MeV and

autophagy was assessed at different time points by numerating

GFP-LC3-labeled structures representing LC3-II-containing au-

tophagosomes [28]. Strikingly, we found that Ed-MeV infection

induces two successive waves of autophagosome accumulation

(Fig. 1A). The first wave is induced as soon as 1.5 hours post

infection, but this wave is transient and returned to basal level by 3

to 6 hours of infection. At these time points, autophagy was

however still functional since the treatment of MeV-infected cells

with chloroquine, which inhibits autophagosome recycling, still

allowed the detection of an accumulation of autophagosomes

(Fig. 1B and S1). This result suggests that following the transient

early wave of autophagy, MeV does not actively inhibit

autophagosome formation. Moreover, a second wave of autoph-

agy is then induced, 9 hours after infection, and is sustained up to

48 hours post Ed-MeV infection (Fig. 1A). Similar waves of

autophagy induction were observed by tracking LC3-II by western

blot (Fig. S2). Of note, in the late time points, autophagosome

accumulation was measured essentially in multinucleated cells, as

MeV infection induces the massive formation of syncytia. Thus,

for each experiment, the number of autophagosomes was

normalized to the number of nuclei within a cell.

To investigate the molecular pathways underlining these two

waves of autophagosome accumulation we used small interfering

(si)RNAs to reduce the expression of putative key proteins. As

expected, we found that the reduced expression of GOPC (Fig. S3)

disrupted the early autophagosome accumulation, showing that

early autophagy requires the expression of this scaffold protein

(Fig. 1C, 1.5 h p.i.). In contrast, late autophagy was not affected by

the reduced expression of GOPC, although as expected, the

treatment of cells with siATG5 prevented autophagosome accu-

mulation (Fig. 1D, 24 h p.i. and Fig. S3). Since the timing of MeV-

induced late wave of autophagy correlated with the beginning of

an efficient MeV replication (9 hours post infection) [13], we

wondered whether virus replication was important for the

induction of the late GOPC-independent autophagy wave. We

found that infection of GFP-LC3-HeLa cells with a non-replicative

ultraviolet-treated Ed-MeV (UV-Ed-MeV) still induced the early

autophagosome accumulation (Fig. 1E). However, UV-Ed-MeV

infection did not lead to the induction of the late wave of

autophagy (Fig. 1F).

Author Summary

Autophagy is an evolutionarily conserved lysosomal
dependent degradative pathway for recycling of long-
lived proteins and damaged organelles. Autophagy is also
an essential cellular response to fight infection by
destroying infectious pathogens trapped within autopha-
gosomes and plays a key role in the induction of both
innate and adaptive immune responses. Numerous viruses
have evolved strategies to counteract autophagy in order
to escape from degradation or/and to inhibit immune
signals. The kinetic and molecular pathways involved in
the induction of autophagy upon infections might
determine if cells would be able to control pathogens or
would be invaded by them. We showed that measles virus
(MeV) infection induces successive autophagy signallings
in cells via distinct molecular pathways. A first autophagy
wave is induced by the engagement of the MeV cellular
receptor CD46 and the scaffold protein GOPC. A second
wave is initiated after viral replication by the expression of
the non-structural MeV protein C and is sustained overtime
within infected cells thanks to the formation of syncytia.
This sustained autophagy is exploited by MeV to limit the
death of infected cells and to improve viral particle
formation. We describe new molecular pathways by which
MeV hijacks autophagy to promote its infectivity.

Autophagy in Measles Virus Infection
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Figure 1. Attenuated strain of measles virus induces two waves of autophagy. (A) GFP-LC3-HeLa cells were infected with the attenuated
strain of MeV Edmonston (Ed-MeV) at MOI 1. Autophagy was monitored by the numeration of GFP+ autophagosomes at the indicated period of time
post infection. (B) GFP-LC3-HeLa cells were infected with Ed-MeV at MOI 1+/275 mM Chloroquine (CQ) and autophagy was monitored at the
indicated period of time post infection. (C–D) GFP-LC3 HeLa cells were treated with the indicated siRNA for 48 h and infected or not with Ed-MeV
(MOI 1). Autophagy was monitored 1.5 h (C) or 24 h (D) post infection by the numeration of GFP+ autophagosomes. (E–F) GFP-LC3-HeLa cells were

Autophagy in Measles Virus Infection
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Altogether these results indicated that infection with an

attenuated strain of MeV induces two successive waves of

autophagy through distinct and uncoupled molecular pathways.

An early one involves the cellular receptor CD46 and the scaffold

protein GOPC, and a late one requires viral replication.

The non-structural protein MeV-C is required to induce
the late wave of autophagy during MeV infection
The non-structural protein MeV-C is synthesised during the

course of MeV infection. As we have recently shown that the single

overexpression of MeV-C was sufficient to induce autophagy via

an IRGM-dependent pathway [15,27], we asked whether measles

viral proteins synthesised during viral replication were indeed

involved in late autophagy induction. To this end, we used 0.5 mg/
ml cycloheximide which strongly prevented protein translation in

the course of infection (Fig. S4), and autophagosome accumulation

was monitored in GFP-LC3-HeLa cells infected with infectious

Ed-MeV. Interestingly, whereas cycloheximide treatment did not

modulate the early autophagy wave (Fig. 2A), it totally abolished

the induction of the later one (Fig. 2B). The absence of

autophagosome accumulation in 24 hours Ed-MeV-infected cells

was not due to a limited availability of autophagy proteins due to

cycloheximide treatment. Indeed, cells treated with rapamycin, an

autophagy inducer, still induced autophagy in the presence of

cycloheximide for the same period of time (Fig. 2A/B).

In order to determine whether MeV-C contributes indeed to

autophagy induction during the course of infection, we then used a

recombinant virus of the attenuated strain of MeV Schwarz (Sch-

MeV) deficient for MeV-C expression (Sch-MeVDC). First, we
found that wild type Sch-MeV behaved as Ed-MeV since Sch-

MeV infection induced two successive waves of autophagy, with

similar kinetics than Ed-MeV infection (Fig. 2C). However, we

found that in contrast to the wild type strain, Sch-MeVDC did not

induce autophagy 24 hours post infection (Fig. 2D). Thus, this

result suggested that MeV-C expression is an essential prerequisite

for an efficient induction of a second MeV-induced autophagy

wave.

Syncytia formation sustains autophagy in MeV-infected
cells
MeV infection massively induces syncytia formation. However,

very few syncytia were detected upon Sch-MeVDC infection (data

infected with Ed-MeV or UV-treated Ed-MeV (MOI 3) and 1.5 h (E) or 24 h (F) post infection (p.i.) the number of GFP+ vesicles per cell was assessed by
confocal microscopy. For each experiment, representative profiles are shown and are accompanied by a graph representing the number of GFP+
vesicles per cell profile ( =GFP+ vesicles per one nucleus). For syncytia, the number of dots was normalized to the number of nuclei. Error bars, mean
6 SD of three independent experiments for (A and C–F) and error bars, mean 6 MD of two independent experiments for (B). Student’s t test;
***p,0.005; **p,0.01; *p,0.05; #p.0.05.
doi:10.1371/journal.ppat.1003599.g001

Figure 2. The MeV-C protein is involved in MeV-induced autophagy. (A–B) GFP-LC3-HeLa cells were infected or not with Ed-MeV (MOI 3) and
treated or not with 0.5 mg/ml cycloheximide (CHX) during 1.5 h (A) or 24 h (B), in the presence of 125 nM rapamycin (Rapa) when indicated. (C) GFP-
LC3-HeLa cells were infected with the attenuated strain of MeV Schwarz (Sch-MeV) at an MOI 1. Autophagy was monitored by the numeration of
GFP+ autophagosomes at the indicated period of time post infection. (D) GFP-LC3-HeLa cells were infected with the attenuated strain of MeV
Schwarz wild-type (Sch-MeV) or deficient for MeV-C expression (Sch-MeVDC). 24 h post infection, the total number of GFP+ vesicles per cell was
assessed by confocal microscopy in infected cells detected by staining for the viral nucleoprotein N (MeV-N). For each experiment, graph represents
the number of GFP+ vesicles per cell ( =GFP+ vesicles per one nucleus). For syncytia, the number of dots was normalized to the number of nuclei.
Error bars, mean 6 SD of three independent experiments. Student’s t test; ***p,0.005; **p,0.01; *p,0.05; #p.0.05.
doi:10.1371/journal.ppat.1003599.g002

Autophagy in Measles Virus Infection
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not shown). We therefore wondered whether, beyond MeV-C

expression, the formation of syncytia might contribute to the

induction of autophagy upon MeV infection. We analysed

autophagosome accumulation in either mononucleated or multi-

nucleated cells 24 hours after infection with either Sch-MeV or

Sch-MeVDC. Autophagy was analysed in MeV-infected cells by

numerating GFP-LC3+ vesicles exclusively in infected cells

detected by MeV-N staining. Interestingly, whereas autophagy

was detected in both mononucleated or multinucleated cells

infected with Sch-MeV, autophagy was only detected in the rare

multinucleated cells formed upon Sch-MeVDC infection (Fig. 3A).

Altogether, these results indicate that MeV-C is required to induce

the late autophagy wave in infected cells that have not yet fused

with other cells, but is dispensable in syncytia.

To further evaluate a role of syncytia formation in autophagy

induction, wild type Ed-MeV-infected GFP-LC3-HeLa cells were

cultured in the presence of a fusion inhibitory peptide (FIP) which

inhibits syncytia formation without preventing individual infec-

tious MeV particles entry within host cells [14]. Whereas the FIP

treatment completely abolished MeV-induced syncytia formation

(not shown), autophagy was still detected in 24 hours-infected

mononucleated cells, although with a 50% reduction when

compared to untreated infected cells (Fig. 3B). This reduction

was neither due to a general effect of FIP on the autophagy

process, since accumulation of autophagosomes by rapamycin was

not affected by FIP treatment (Fig. 3B), nor to a decrease of viral

protein synthesis as monitored by detection of similar levels of

expression of MeV-N and MeV-P in the presence or not of FIP

(Fig. S5).

To determine whether MeV replication within infected-syncytia

was required to induce autophagy, we analysed autophagy in

multinucleated cells in absence of MeV replication. First, MeV-H/

F-co-transfected HeLa cells (Fig. S6A [29]) were co-cultured with

GFP-LC3-HeLa cells leading to the cell-cell fusion via a viral H/F

proteins dependent fusion process. In GFP+ multinucleated cells

(those resulting from H+/F+ GFP-LC32 cells which have fused

with H2/F2 GFP-LC3+ cells), we found an increased number of

autophagosomes, when compared with GFP+ mononucleated cells

(Fig. 3C). The reduced expression of GOPC did not modulate

autophagosome accumulation in these multinucleated cells

(Fig. 3D). Moreover, multinucleated cells resulting from cell-cell

fusion forced by polyethylene glycol (PEG) displayed an increased

number of GFP-LC3+ autophagosomes (Fig. 3E). Thus, all

together these results strongly suggested that in the course of

MeV infection, the syncytia formation mediated by Ed-MeV-H/F

viral proteins is sufficient to induce an autophagic signalling in

multinucleated cells, independently of both viral replication and of

the CD46/GOPC-dependent pathway.

MeV proteins escape from degradation by sustained
autophagy flux during MeV infection
Autophagy is a dynamic, multi-step process that can be

modulated at several levels. An accumulation of autophagosomes

can either reflect an increase of the autophagy flux, through the

formation of de novo autophagosomes, or a reduced turnover of

autophagosomes recycling, due to an inhibition of their fusion with

lysosomes. We previously reported that the early CD46-Cyt-1/

GOPC dependent induction of autophagy upon MeV infection

resulted from an increase of the autophagy flux [16]. We

confirmed this observation here by showing that the level of

expression of the long-lived protein p62, a target of autophagy

degradation, was reduced during the early wave of autophagy

induced 1.5 hours post Ed-MeV or Sch-MeV infection (Fig. 4A/

B). However, p62 expression was equivalent in 3–6 hours infected

cells and in uninfected cells (Fig. 4A/B), the time points during

which autophagy was not detected in MeV-infected cells (Fig. 1A).

We then asked whether the late and sustained accumulation of

autophagosomes also resulted from an increased autophagy flux.

We found a strong reduction of p62 expression in 24 hours Ed-

MeV-infected cells suggesting an increase of the autophagy flux at

this late time point (Fig. 4C). To further determine the reason of

the late autophagosome accumulation upon infection, we used

stably expressing mRFP-GFP-LC3-HeLa cells that allow for the

distinction between autophagosomes (GFP+RFP+ puncta) and

autolysosomes (GFP2RFP+ puncta) due to the quenched signal of

the GFP in acidic compartments [30,31]. Although we found an

increased number of total autophagy vesicles in Ed-MeV-infected

cells compared to control cells, an equivalent ratio of number of

autophagosomes and autolysosomes was measured in infected cells

and in control or rapamycin-treated cells (Fig. 4D). As expected,

much more autophagosomes than autolysosomes were numerated

in chloroquine-treated control cells, an inhibitor of autolysosome

acidification (Fig. 4D). Thus, both the early and the late induction

of autophagy following attenuated MeV infection induce de novo

autophagosome formation and leads to the achievement of the

autophagy process, without inhibition of autophagosome matura-

tion. We therefore wondered whether this sustained autophagic

flux degrades MeV proteins during the course of infection. We

determined the level of expression of two viral proteins, the

nucleoprotein MeV-N and the phosphoprotein MeV-P, in control

cells and in cells treated with siATG5 in order to prevent

autophagy. We found that autophagy competent or deficient cells

expressed similar levels of MeV protein after 24 hours or 48 hours

of infection (Fig. 4E/F). This result suggested that MeV proteins

escape from autophagic degradation induced by MeV replication.

MeV exploits the autophagy flux to replicate
Whereas several viruses take advantage of autophagy to

replicate while inhibiting autophagosome maturation, MeV

infection induces an increase of the autophagy flux. We wondered

whether the autophagy flux was indeed required to improve viral

particle production. First, we performed kinetics studies and, in

accordance with our previous report [15], we found a strong

impairment in Ed-MeV particle formation 24 hours to 72 hours

post-infection in cells with a reduced expression of ATG5, as

compared to control cells (Fig. 5A). Autophagy involvement in

MeV particle formation was confirmed with the reduced

expression of another autophagy essential gene ATG7 (Fig. S7A),

which also compromised Ed-MeV production (Fig. S7B).

We then looked at the incidence of experimental autophagy

induction on MeV replication. We found that HeLa cells treated

with the autophagy inducer rapamycin produced twice more

infectious Ed-MeV particles than untreated cells (Fig. 5B). This

result was corroborated when we analysed the expression of MeV

proteins. We found that rapamycin treatment led to an increased

level of expression of the two MeV proteins MeV-N and MeV-P

(Fig. 5C/D).

Importantly, the inhibition of autophagosome maturation with

chloroquine decreased the viral particle production, when

compared to control cells, highlighting the importance of the

autophagic flux for an efficient MeV replication in HeLa cells

(Fig. 5B). However, chloroquine treatment did not have impact on

the level of expression of MeV protein (Fig. 5C/D), confirming

that these proteins are not targeted towards autophagic degrada-

tion. Altogether, these results indicated that MeV infection leads to

a productive autophagy which is required for an efficient

production of MeV infectious particles.
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Figure 3. Syncytia formation induces autophagy in MeV-infected cells. (A) GFP-LC3-HeLa cells were infected with the attenuated strain of
MeV Schwarz wild-type (Sch-MeV) or deficient for MeV-C expression (Sch-MeVDC). 24 h post infection, the number of GFP+ vesicles within
monocucleated or multinucleated cells was assessed by confocal microscopy in infected cells detected by staining for the viral nucleoprotein N (MeV-
N). (B) GFP-LC3 HeLa cells were infected or not with Ed-MeV (MOI 3) or treated with rapamycin (Rapa) (125 nM), and treated or not with the FIP
peptide (10 mg/mL). 24 h post infection, the number of GFP+ vesicles per cell was assessed by confocal microscopy. (C) HeLa cells were co-
transfected with a vector encoding for the H protein of Ed-MeV and one encoding for the F protein. 24 h post transfection H/F-co-transfected HeLa
cells (H+F+ HeLa) were co-cultured with GFP-LC3-HeLa cells to induce cell-cell fusion. The number of GFP+ vesicles within monocucleated or
multinucleated cells was assessed by confocal microscopy after 18 h of co-culture. (D) GFP-LC3 HeLa cells and HeLa cells were treated with the
indicated siRNA for 24 h. HeLa were then co-transfected with MeV-H/F as in (C) and co-cultured with siRNA treated GFP-LC3 HeLa cells. The number
of GFP+ vesicles within monocucleated or multinucleated cells was assessed by confocal microscopy. (E) GFP-LC3 HeLa cells were treated with
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Autophagy induced by MeV protects cells from death
As autophagy has no direct impact on viral protein synthesis, we

wondered whether MeV could take benefit from autophagy by

extending infected cell survival. We found that autophagy

inhibition using siATG5 increased death of cells infected by Sch-

MeV as measured by cell numeration (Fig. 6A). We confirmed this

result by looking at the percentage of late apoptotic cells/dead cells

determined by the double labeling for Annexin V and 7-Amino-

Actinomycin (7AAD) and found twice more Annexin V+/7AAD+
in siATG5-treated cells than in control cells upon Sch-MeV

infection (Fig. 6B). In contrast, the experimental induction of

autophagy with rapamycin prior infection was found to protect

Sch-MeV-infected cells from cell death (Fig. 6C/D). Moreover,

the reduced expression of ATG5 increased Sch-MeVDC-infected
cell death (Fig. S8), but more slightly than wild type Sch-MeV

(Fig. 6A). However, autophagy promotion with rapamycin

protected efficiently Sch-MeVDC-infected cells from death (Fig.

S8). Taken together, these results strongly suggested that

autophagy induced by MeV could contribute to protect infected

cells from death what contributes to improve infectivity. Corrob-

orating this hypothesis, we found that the inhibition of apoptosis,

using the pan-caspase inhibitor Z-VAD, improved MeV particle

production by 48 hours-infected cells (Fig. 6E). Furthermore, the

prevention of autophagy in Z-VAD-treated cells did not modulate

MeV production (Fig. 6E), suggesting that the main function of

autophagy in the course of MeV infection is to delay MeV-induced

apoptosis.

A virulent strain of MeV induces and exploits the
autophagic flux
We then investigated whether a virulent strain of MeV, which

does not bind CD46 but CD150 to infect cells [8], might also

induce the two waves of autophagy during infection, and exploit

autophagy in HeLa cells. As expected, we did not detect

autophagy in HeLa cells incubated with the virulent G954-MeV

strain, since these cells do not express CD150 (Fig. S9) [8].

However, interestingly we found only a marginal accumulation of

GFP+ dots in CD150-GFP-LC3-HeLa cells, 1,5 hours after

infection (Fig. 7A and Fig. S10). By contrast, a strong increase

of the number of autophagosomes was observed 24 hours after

G954-MeV infection (Fig. 7B). These dots corresponded to

autophagosomes since their accumulation was abolished in cells

with a reduced expression of the essential gene for autophagy

ATG5 (Fig. S11). Additionally, we did not observe a decrease of

p62 expression 1,5 hours post G954-MeV infection, whereas its

expression drops off by 24 hours of infection (Fig. 7C/D).

Moreover, tracking RFP-GFP-LC3 in infected CD150-HeLa cells

confirmed that the autophagy flux is increased in 24 hours G954-

MeV-infected cells (Fig. 7E). Thus, these results suggested that

virulent CD150-dependent CD46-independent MeV strain infec-

tion does mostly induce the productive late wave of autophagy.

Additionally, we found that UV-G954-MeV and cycloheximide

treatment prevented autophagosome accumulation in 24 hours

G954-MeV-infected CD150-HeLa cells, indicating that, as for

attenuated strains, neo-synthesized viral proteins are required for

autophagy infection by a virulent MeV strain (Fig. 7F and S12).

Moreover, virulent H/F co-expression on HeLa cells (Fig. S6B)

co-cultured with CD150-GFP-LC3 HeLa cells was sufficient to

induce an autophagic signalling in multinucleated cells, indepen-

dently of viral replication (Fig. 7G). Finally, we found that virulent

MeV replicated less efficiently in siATG5-treated cells than in

control cells (Fig. 7H). Altogether, these results indicated that a

virulent MeV strain unable to induce the first CD46-dependent

autophagic wave, induces and exploits the late autophagic wave to

replicate.

Discussion

We found that infection with attenuated MeV induces two

successive waves of autophagy via distinct molecular pathways. We

have previously described the attenuated MeV receptor CD46-

Cyt-1 as a pathogen receptor able to induce an early autophagy

flux, subsequently to pathogen detection, via its association with

the scaffold protein GOPC, which relies to the autophagosome

formation complex BECLIN 1/VPS34 [16]. We show here that

this autophagy induction is very transient as it probably stops after

CD46/GOPC-mediated autophagic signalling following virus

entry. Interestingly, virulent strains do not bind to CD46 and

therefore are unable to induce the CD46-dependent early

autophagy wave. Instead, virulent strains bind to CD150.

CD150 was reported to recruit the autophagy-associated mole-

cules BECLIN 1 and VPS34 to the phagosome of macrophages

which uptake gram-negative bacteria [32]. However, whether

CD150 engagement regulates the autophagy process has not been

observed. Our results indicate that CD150 does not induce

autophagy (or very marginally) upon virulent MeV entry. Thus, an

attractive hypothesis would be that the first autophagy wave

induced by attenuated/vaccinal MeV strains, but not triggered by

virulent/clinical ones, could contribute to the attenuation of MeV

infectivity, an issue that remains to be investigated. An immune

function resulting from CD46-induced autophagy could be to

facilitate intravesicular TLR engagement. Indeed in plasmacytoid

dendritic cells, TLR7 gains access to viral-replication intermedi-

ates through autophagy to induce antiviral type I interferon (IFN-

I) production [20]. Interestingly, in B cells, TLR9 is recruited to

autophagosomes upon B cell receptor (BCR) internalization to

enhance B cell activation [33]. Furthermore, it was shown that

CD46-binding adenoviruses are routed in a pathway that allows

TLR9-dependent IFN-I induction, whereas adenoviruses using

CAR as cellular receptor does not [34]. Thus, the immediate

autophagy induction mediated by CD46 might confer an early

response towards CD46-binding MeV strains, protecting cells

from massive replication by producing IFN-I prior to extended

MeV replication, and contributing to their attenuation. HeLa cells

being poor producers of IFN-I, in our experimental setup

attenuated MeV can replicate efficiently. It will be of interest to

determine whether autophagy induced by CD46-binding viruses is

involved in early IFN-I induction.

After few hours of infection, a new autophagy flux is induced,

which is sustained over time. This process is independent of a

CD46-Cyt-1/GOPC signalling, but requires viral replication and

relies on the expression of the C protein of MeV. Importantly, in

HeLa cells, for attenuated and virulent strains of MeV, we

demonstrated that this second wave of autophagy is manipulated

by MeV to increase infectious viral particle formation. We

Polyethylene Glycol (PEG) and treated or not with 250 nM rapamycin (Rapa) for 2 h. The number of GFP+ vesicles within monocucleated or
multinucleated cells was assessed by confocal microscopy 6 h after PEG treatment. For each experiment, representative profiles are shown and are
accompanied by a graph representing the number of GFP+ vesicles per cell ( = GFP+ vesicles per one nucleus). For syncytia, the number of dots was
normalized to the number of nuclei. Error bars, mean 6 SD of three independent experiments. Student’s t test; ***p,0.005; **p,0.01; *p,0.05;
#p.0.05.
doi:10.1371/journal.ppat.1003599.g003
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Figure 4. The late wave of autophagy induced by attenuated MeV is productive. (A) HeLa cells were infected with Sch-MeV (MOI 1). At the
indicated time points post infection, cellular p62 expression was determined by western blot. (B) HeLa cells were infected with Ed-MeV (MOI 1). At the
indicated time points post infection, cellular p62 expression was determined by western blot. The graph represents the intensity of p62 over actin
expression normalized to the control condition (non infected). Error bars, mean 6 MD of two independent experiments. (C) HeLa cells were infected
with Ed-MeV (MOI 3). 24 h p.i., cellular p62 expression was determined by western blot. Representative results are shown and are accompanied by a
graph representing the intensity of p62 over actin expression normalized to the control condition (non infected). (D) mRFP-GFP-LC3 HeLa cells were
infected with Ed-MeV (MOI 3) or treated with 250 nM rapamycin (Rapa) or 75 mm Chloroquine (CQ) during 2 h. 24 h p.i., the total number of
autophagic vesicles (mRPP+) and the number of autophagosomes (mRFP+/GFP+) were assessed by confocal microscopy. The number of
autolysosomes was determined by subtracting the number of autophagosomes (mRFP+/GFP+) from the total number of vesicles (mRPP+).
Representative profiles are shown and are accompanied by a graph representing the number of autophagic vesicles (white), autophagosomes
(yellow) and autolysosomes (red) per nuclear profile for each condition. (E–F) HeLa cells were treated with the indicated si-RNA for 48 h and infected
with Ed-MeV (MOI 3 (E) or MOI 0.1 (F)). 24 h (E) or 48 h (F) post-infection, cells were lysed and anti-N and anti-P western blot were performed to reveal
MeV-N and MeV-P, respectively. Representative results are shown and are accompanied by a graph representing the intensity of MeV-N or MeV-P
expression over cellular actin normalized to the control condition. (C–F) : error bars, mean 6 SD of three independent experiments. Student’s t test;
***p,0.005; **p,0.01; *p,0.05; #p.0.05.
doi:10.1371/journal.ppat.1003599.g004
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described recently the autophagy-associated protein IRGM as

being a cellular target of MeV for both the induction of autophagy

24 hours post-infection (what correspond to the second autophagy

wave), and to improve MeV infectivity [15]. Moreover, we have

reported that the single expression of MeV-C, which can interact

with IRGM, was sufficient to induce autophagy, through an

IRGM dependent pathway [15]. Here, we extended these

observations by showing that MeV deficient for the expression

of the C protein (MeVDC) does not induce autophagy in infected

mononucleated cells. These results confirmed a prominent role of

the MeV-C protein in the induction of the second wave of

autophagy, subsequently to MeV replication. The exact role of

MeV-C in MeV-induced autophagy requires further investiga-

tions. We have previously shown that the MeV-C partner IRGM

can interact with several other human autophagy-associated

proteins, ATG5, ATG10, LC3C and BIF-1, which could be

involved in MeV-induced autophagy, consequently to C expres-

sion [15,35]. Interestingly, MeV-C was also shown to interfere

with host defence mechanisms by dampening antiviral IFN-I

activation through the downregulation of viral RNA synthesis in

order to limit their detection by IFN-I-inducing cytosolic receptor

such as RIG-I or MDA5 [36,37]. We highlight here an unrevealed

role of the C protein in autophagy induction upon MeV infection,

which is ultimately used by the virus to improve its infectivity.

Strikingly, whereas the expression of MeV-C is required for the

induction of the late autophagy wave in infected mononucleated

cells, its expression is not critical for the induction of autophagy in

syncytia. Indeed, we found that whereas Sch-MeVDC does not

induce autophagy in mononucleated cells, autophagy was still

observed in syncytia. Interestingly, it has recently been suggested

that viruses of the Morbillivirus genus including MeV, could induce

autophagy through a fusogenic dependent mechanism which

requires the coexpression of MeV-F and MeV-H proteins [38].

Using an alternative approach to analyse autophagy, we found an

increase of autophagosomes in multinucleated cells formed

through a MeV-H/F proteins-mediated process. Furthermore,

we found that the forced fusion between cells promoted by PEG-

treatment induces autophagy. Thus, the plasma membrane

perturbations/damages resulting from cell-cell fusion could be

sufficient to trigger an autophagy signalling, with functions to

eliminate/recycle excessive/redundant/damaged cytosolic mate-

rials within newly formed multinucleated cells. The upstream

signals inducing autophagy subsequently to the fusion between

cells remain to be investigated. Interestingly, it was proposed that

Figure 5. Ed-MeV exploits autophagy to replicate. (A) HeLa cells were treated with the indicated si-RNA for 48 h and infected with Ed-MeV
(MOI 3). One, two or three days post infection infectious viral particles were titrated by plaque assay. (B–D) HeLa cells were treated or not with
125 nM rapamycin (Rapa) or 50 mM chloroquine (CQ) and infected with Ed-MeV (MOI 1 (B) or MOI 0.1 (C–D)). Three days post infection infectious viral
particles were titrated by plaque assay (B) or 48 h post-infection, cells were lysed and MeV-N (C), MeV-P (D) expression were detected by western blot.
(C–D) Representative results are shown and are accompanied by a graph representing the intensity of MeV-N (C) or MeV-P (D) expression over actin,
normalized to the non-infected condition. For each experiment, error bars, mean 6 SD of three independent experiments. Student’s t test;
***p,0.005; **p,0.01; *p,0.05; #p.0.05.
doi:10.1371/journal.ppat.1003599.g005
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autophagy could play a role in syncytia formation [38]. Thus, an

attractive hypothesis would be that during MeV infection, the

MeV-C protein induces autophagy in infected cells through an

IRGM-dependent pathway, which could contribute to the

facilitation of the syncytia formation. In turn, through a fusogenic

process, syncytia formation could further increase autophagy in

multinucleated cells leading to a positive feedback loop of

autophagy induction, maintained by MeV-C expression. In

Figure 6. MeV-induced autophagy prevents cell death. (A–B) HeLa cells were treated with the indicated siRNA for 48 h and infected or not
with Sch-MeV (MOI 0.1 for A and MOI 1 for B). (C–D) HeLa cells were treated or not with 250 nM rapamycin (Rapa) and infected or not with Sch-MeV
(MOI 1). (A, C) 48 h post infection, cell death was analysed by trypan blue exclusion test. Graphs represent the percentage of dead cells compared to
the number of total cells. Error bars, mean 6 SD of two independent experiments made in triplicate (A) and two independent experiments made in
duplicate (C).(B, D) 48 h post infection, cell death was analysed by Annexin V and 7AAD staining. Representative results of two experiments made in
duplicate are shown. (E) HeLa cells were treated with the indicated siRNA for 48 h and infected with Sch-MeV (MOI 0.1) and treated with DMSO or
with 50 mM Z-VAD. 48 h p.i, infectious viral particles were titrated by plaque assay. Error bars, mean 6 SD of three independent experiments.
Student’s t test; ***p,0.005; **p,0.01; *p,0.05; #p.0.05.
doi:10.1371/journal.ppat.1003599.g006
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Figure 7. A virulent strain of MeV induces and exploits autophagy. (A) CD150-stably-expressing GFP-LC3-HeLa were infected with Ed-MeV at
MOI 1 or with the virulent strain of MeV G954 (G954-MeV) at MOI 1. Autophagy was monitored by the numeration of GFP+ autophagosomes 1.5 h
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accordance with this hypothesis, the number of syncytia is strongly

reduced upon infection with Sch-MeVDC compared with wild

type Sch-MeV (data not shown). Thus, whereas the first wave of

autophagy triggered by the CD46-Cyt-1/GOPC pathway would

concern exclusively the primary infected cells by infectious

attenuated viral particles, the second wave is induced following

MeV-C expression and would be maintained over time by syncytia

formation.

MeV-induced syncytia were reported to be dynamic entities

with an unusual extended life span [39]. Interestingly, we found

that autophagy contributes to protect MeV-infected cells from

apoptotic cell death. Thus autophagy induction in syncytia could

delay MeV-induced cell death, and contribute to an efficient

spreading of the virus. Indeed, we report that inhibition of

apoptosis strongly facilitates MeV replication, what is not anymore

modulated by additional autophagy inhibition. Furthermore, in

support of this hypothesis MeVDC, which does not induce

autophagy over basal level in mononucleated cells, presents a

growth defect and induces more apoptosis in infected cells than

wild type virus [40]. Thus, one way by which MeV exploits

autophagy is by protecting infected cells from cell death which

otherwise could limit viral replication and propagation of

numerous infectious viral particles. Other viruses were recently

described to manipulate autophagy in order to prevent cell death,

as the human flavivirus dengue virus type 2 and the Chikungunya

virus [41,42].

MeV infection induces an increase of the autophagy flux.

However, MeV proteins are not degraded by autophagy what

suggests that MeV proteins would escape from targeting towards

autophagosomes. Indeed, colocalization between GFP-LC3 and

the MeV-N protein was not observed. Furthermore, it has been

recently reported that the Morbillivirus replication complex and

autophagosomes do not colocalize [38]. However, we have shown

that maturation of autophagosomes is necessary to promote the

formation of infectious viral particles. Beyond delaying death of

infected cells, productive autophagy could contribute to the

generation of an excess of metabolites used by MeV to optimize its

replication. Autophagy induced by Dengue virus infection is used

to regulate cellular lipid metabolism to generate ATP and to

promote viral replication [43]. As we found that MeV proteins

synthesis is not modulated by autophagy, nucleic acids and/or

lipids generated from autophagy-mediated recycling could be

primary metabolites exploited to improve MeV replication and/or

assembly. Alternatively, the different autophagy signalling trig-

gered in the course of MeV infection might be required to

coordinate different steps of the virus cycle. Indeed, productive

autophagy has been shown to facilitate poliovirus replication,

which gradually gets benefit of the complete autophagic process :

whereas autophagosome formation is involved in the viral RNA

synthesis and early phases of the virus cycle, the acidification of the

autolysosomes contributes to the final maturation of virus particles

[44]. Similarly, autophagy impacts on the final maturation of

infectious Dengue virus particles formation, as inhibition of

autophagy leads to the production of noninfectious particles

[45]. The contribution of the different autophagy signallings in

MeV maturation remains to be investigated.

Our work describes the induction of successive molecular

pathways contributing to autophagy in response to an infection by

attenuated MeV. Whereas an early wave of autophagy induction is

triggered by the host recognition of the pathogen, via CD46-Cyt-

1/GOPC, a later one seems to be the result of a direct interaction

of viral proteins with the autophagy machinery, and is sustained

within syncytia. The sustained wave is exploited by attenuated as

well as virulent strains of MeV to promote the production of

infectious viral particles. The complete understanding of the

complex relationship between autophagy and MeV might allow a

better understanding of the contribution of autophagy for the

attenuated or virulent characters of a pathogen, and a better usage

of MeV-derived vaccine for therapy.

Material and Methods

Ethics statement
The experiments in this article were performed at Biological

Safety Level 2 in accordance with the regulations set forth by the

national French committee of genetics (commission de génie

génétique).

Cell culture
HeLa, GFP-LC3-HeLa and mRFP-GFP-LC3 HeLa cells were

maintained in RPMI 1640, Vero cells were maintained in

DMEM. All the media were supplemented with 50 mg/mL

gentamicin and 10% fetal bovine serum (FBS).

MeV strains and tiration by plaque assay
Ed-MeV was obtained from ATCC and G954-MeV was kindly

provided by B. Horvat (INSERM U1111, France). HeLa cells

were infected with MeV at the indicated MOI. After the indicated

period of infection, cells were submitted to 5 cycles of freezing at

280uC and defrosting at 37uC and infectious viral particles were

quantified by limiting dilution on confluent Vero cells.

SiRNA transfection
Smartpool siRNA targeting ATG5, ATG7 and GOPC, as well

as control siRNA (AUACCUAACUGAUGAGACCUU) were

from Dharmacon (Perbio, Brebières, France). 0.16106 HeLa,

GFP-LC3 HeLa cells were plated in 6-well plates 24 hours prior to

transfection with 100 pmol si-RNA using Lipofectamine RNAi-

MAX (Invitrogen) according to manufacturer’s instructions.

p.i.. (B) CD150-transfected GFP-LC3-HeLa cells were infected with Ed-MeV at MOI 1 or with the virulent strain of G954-MeV at MOI 0.1. Autophagy was
monitored by the numeration of GFP+ autophagosomes 24 h p.i in infected cells detected by staining for the viral nucleoprotein N (MeV-N). (C)
CD150-stably-expressing HeLa cells were infected with G954-MeV (MOI 1). At the indicated time points, cellular p62 expression was determined by
western blot. Representative results are shown and are accompanied by a graph representing the intensity of p62 over actin expression normalized
to the control condition (non infected). Error bars, mean 6 SD of two independent experiments. (D) CD150-transfected HeLa cells were infected with
G954-MeV (MOI 0.1). 24 h p.i., cellular p62 expression was determined by western blot. Representative results are shown and are accompanied by a
graph representing the intensity of p62 over actin expression normalized to the control condition (non infected). (E) CD150-transfected mRFP-GFP-
LC3 HeLa cells were infected with G954-MeV (MOI 0.1) or treated with 250 nM Rapa or 75 mm CQ during 2 h. 24 h p.i., the autophagic vesicles were
analysed as in figure 4D. (F) CD150-transfected GFP-LC3-HeLa cells were infected with G954-MeV or UV-treated G954-MeV (MOI 0.1). 24 h post
infection, the number of GFP+ vesicles per cell was assessed by confocal microscopy. (G) HeLa cells were co-transfected with a vector encoding for
the H protein of KA-MeV (a CD150-dependent strain) and one encoding for the F protein of Ed-MeV. Autophagy was determined as in figure 3C. (H)
CD150-transfected HeLa cells were treated with the indicated si-RNA for 48 h and infected with G954-MeV (MOI 0.1). Two days post infection,
infectious viral particles were titrated by plaque assay. For each experiment (except for (C)), error bars, mean6 SD of three independent experiments.
Student’s t test; ***p,0.005; **p,0.01; *p,0.05; #p.0.05.
doi:10.1371/journal.ppat.1003599.g007
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Protein expression level was assessed by western-blot three days

post transfection.

CD150 transfection
HeLa, GFP-LC3-HeLa and mRFP-GFP-LC3 HeLa cells were

transfected with the plasmid pCAGGS-CD150, kindly provided

by Y. Yanagi (Japan) [8], using lipofectamine 2000 (Invitrogen)

according to manufacturer’s instructions. 24 h post transfection,

CD150 expression was checked by FACS analysis after a staining

using an anti-CD150-PE antibody and as a negative control an

isotype antibody.

Generation of stable cells expressing CD150
The lentiviral peGAET-ires-puro expression plasmids was a gift of

P. Mangeot (ENS-Lyon, INSERM U1111, Lyon, France). To

generate peGAET-cd150-ires-puro plasmid, cd150 sequence was

amplified by PCR and replaced the tTA sequence in peGAET-ires-

puro into the EcoR1 and XhoI restriction sites. Viral particles were

commonly produced by cotransfection of 293T cells with lentiviral

peGAET-cd150-ires-puro plasmid and the helper plasmids encod-

ing the proteins required for vector packaging (Plateau AniRA

Vectorologie UMS3444, US8). Supernatant was collected at days 2

post-transfection, filtered and concentrated by ultracentrifugation.

GFP-LC3-HeLa and HeLa were transduced with concentrated

viral particles in the presence of 8 mg/ml polybrene (Sigma). 48 h

post transduction, cells were treated with 1 mg/ml puromycin for 10

days. Surviving clones were expanded in 1 mg/ml puromycin and

analysed for stable integration of the transgene and expression of

CD150 protein by flow cytometry.

MeV-H and MeV-F transfection
HeLa cells were co-transfected with the plasmid pCXN2-F

(Edmonston strain), and either with the plasmid pCXN2-H

(Edmonston strain) or pCXN2-H (KA strain) [37] using

lipofectamine 2000 (Invitrogen) according to manufacturer’s

instructions. 24 h post transfection, MeV-H and MeV-F expres-

sion were checked by FACS analysis using specific primary

antibodies.

Polyethylene glycol (PEG) treatment
GFP-LC3-HeLa cells were seeded in 25 cm2 flask to be

confluent the next day, in RPMI 10% FBS in absence of

antibiotics. A PEG solution was prepared by mixing 10 g of

autoclaved PEG 6000 (Sigma) with 10 ml of RPMI without FBS.

The cells were washed twice with warmed PBS and then incubated

10 min at 37uC with PEG. The PEG was then removed and

RPMI free of serum was added progressively onto the cells. This

RPMI was then removed and replaced by 5 ml of RPMI 10% FBS

for 4 hours. Finally, the cells were detached with Versene

(Invitrogen) and plated in 24 well-plates on cover slips coated

with Poly-L-Lysine and treated with rapamycin for 2 hours.

Western blot
Cells were lysed with lysis buffer (PBS-16, NP40 1% or 0.5%

and protease inhibitor (Roche)). Soluble proteins were separated

by SDS-PAGE (NuPAGE Novex Tris-Acetate Mini Gels, Invitro-

gen) and transferred to nitrocellulose membranes with iblot Gel

Transfer System (Invitrogen). Primary antibodies, anti-Actin

(mouse monoclonal), anti-MeV-N (mouse monoclonal), anti-

MeV-P (mouse monoclonal or rabbit polyclonal), anti-p62 (mouse

monoclonal), secondary HRP linked anti-rabbit or HRP linked

anti-mouse antibodies were used and antigen-antibody complexes

were visualized by enhanced chemiluminescence.

Confocal microscopy for autophagy analysis
After the indicated treatments, GFP-LC3-HeLa or mRFP-GFP-

LC3 HeLa cells were fixed with 4% paraformaldehyde. For

Measles nucleoprotein staining, an anti-MeV-N antibody (mouse

monoclonal, clone 120 produced in the lab) was used at 10 mg/
mL, followed by secondary antibody conjugated to Alexa Fluor

568. Cells were analysed using a Confocal Axioplan2 LSM510

microscope (Zeiss, Göttingen, Germany) equipped with the LSM

510 META system (Zeiss) and mounted with an Axioscope 636oil

immersion lens (Zeiss). The number of GFP + was numerated

from one single plan section per cell and normalized to the

number of nuclei. In the legend, a cell profile means ‘‘per nucleus’’

because for syncytia, number of GFP+ vesicles was normalized to

the number of nuclei. In each case, number of GFP+ vesicles was

numerated from 100 to 200 cells for each experiment.

Trypan blue exclusion test of cell viability
Cells were mixed with 0.4% trypan blue (Gibco) and unstained

(viable) and stained (nonviable) cells were numerated on a Bürker

microscope slide (Marienfeld). For each condition, at least 100 cells

have been numerated.

Annexin V and 7AAD staining
Cells were stained with the PE Annexin V Apoptosis Detection

Kit I (BD Pharmingen) according to manufacturer’s instructions

and cells were analysed by using an Accuri C6 flow cytometer and

the C Flow software.

Antibodies
Anti-MeV-N (mouse monoclonal, clone 120), MeV-H (mouse

monoclonal, clone 55), anti-MeV-F (mouse monoclonal, clone

Y503), and anti-GOPC (GOPC-GST rabbit anti-serum) were

produced in the lab, anti-MeV-P (mouse monoclonal 49.21 or

rabbit polyclonal J37171) were kindly provided by D. Gerlier

(INSERM U1111, France). Anti-Actin (A2066), anti-ATG5

(A0856), anti-MAP1LC3B (L7543) and anti-ATG7 (A2856) were

from Sigma (St Louis, Mo, USA). Anti-rabbit HRP (NA 934) or

anti-mouse HRP (NA 931) were from Amersham Biosciences

(Uppsala, Sweden). Anti-p62 (SQSTM1 (D-3): sc-28359) was from

Santa Cruz Biotechnology (California, USA). Anti-mouse Alexa

Fluor 568 was purchased from Invitrogen (Molecular Probes).

Anti-CD150-PE (559592) was from BD Pharmigen and isotype

(IOTest IgG2a (Mouse)-FITC/IgG1 (Mouse)-PE) was from Beck-

man Coulter (Immunotech SAS, Marseille, France).

Reagents
Pharmacological reagents used were cycloheximide (C4859,

Sigma), rapamycin (Calbiochem), chloroquine (C6628, Sigma) and

Z-Val-Ala-DL-Asp(OMe)-fluoromethylketone (Z-VAD) (N-1560,

Bachem).

Supporting Information

Figure S1 Effect of chloroquine during Ed-MeV infec-
tion. GFP-LC3 HeLa cells were infected with Ed-MeV at MOI 1

and/or treated with 75 mm Chloroquine (CQ). Autophagy was

monitored by the numeration of GFP+ autophagosomes at the

indicated period of time post infection. CQ was maintained all

along during the culture. Representative profiles are shown and

are accompanied by a graph representing the number of GFP+
vesicles per cell profile. Error bars, mean 6 MD of two

independent experiments.

(TIF)
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Figure S2 LC3-II expression during Ed-MeV infection.
GFP-LC3-HeLa cells were infected with Ed-MeV (MOI 1). At the

indicated time points post infection, autophagy was assessed by

measuring LC3 conversion by western blot.

(TIF)

Figure S3 Efficiency of siRNA. HeLa cells were treated with

the indicated siRNA. 48 h later, the expression of the respective

proteins were assessed by western blot.

(TIF)

Figure S4 Efficiency of cycloheximide treatment. GFP-

LC3 HeLa cells were infected with attenuated Ed-MeV (MOI 3) in

the presence of 1 mg/ml or 0.5 mg/ml cycloheximide (CHX). 24 h

post-infection, cells were lysed and anti-N and anti-P western blot

were performed to reveal MeV-N and MeV-P, respectively.

Representative results are shown and are accompanied by a graph

representing the intensity of MeV-N or MeV-P expression over

cellular actin, and normalized to the control condition (DMSO

treatment). Error bars, mean 6 SD of two independent

experiments. Student’s t test, ***p,0.005; *p,0.05.

(TIF)

Figure S5 FIP treatment does not affect MeV viral
protein synthesis. HeLa cells were infected or not with Ed-

MeV (MOI 3) and treated or not with the FIP peptide (10 mg/
mL). 24 h post-infection, cells were lysed and anti-N and anti-P

western blot were performed to reveal MeV-N and MeV-P,

respectively. Representative results are shown and are accompa-

nied by a graph representing the intensity of MeV-N or MeV-P

expression over cellular actin normalized to the control.

(TIF)

Figure S6 Expression of MeV-H and MeV-F on co-
transfected cells. (A) HeLa cells were co-transfected with a

vector encoding for the H protein of Ed-MeV (A) or the H protein

of KA-MeV (B), and one encoding for the F protein (A and B).

24 h post transfection, expression of MeV-H and MeV-F was

measured by FACS analysis.

(TIF)

Figure S7 Ed-MeV particle formation is reduced in
siATG7-treated cells. (A) the efficiency of siATG7 treatment is

shown by western blot, for one representative experiment. (B)

HeLa cells were treated with the indicated siRNA for 48 h and

infected with Ed-MeV (MOI= 2). Two days post infection viral

particles were titrated by plaque assays. Error bars, mean 6 SD of

six independent experiments. Student’s t test; ***p,0.005.

(TIF)

Figure S8 Autophagy protects Sch-MeVDC infected cells
from death. (A) HeLa cells were treated with the indicated

siRNA for 48 h and infected or not with Sch-MeVDC (MOI 0.1).

(B) HeLa cells were treated or not with 250 nM rapamycin (Rapa)

and infected or not with Sch-MeVDC (MOI 1). (A, B) 48 h post

infection, cell death was analysed by trypan blue exclusion test.

Graphs represent the percentage of dead cells compared to the

number of total cells. Error bars, mean 6 SD of two independent

experiments made in triplicate (A) and two independent

experiments made in duplicate (B).

(TIF)

Figure S9 The virulent strain of measles virus does not
induce autophagy in HeLa cells. GFP-LC3 HeLa cells were

infected with attenuated Ed-MeV (MOI 1) or with virulent G954-

MeV (MOI 0.1). Autophagy was monitored by the numeration of

GFP+ autophagosomes 24 h post infection in infected cells

detected by a staining for the viral nucleoprotein N (MeV-N).

Representative profiles for each condition are shown and are

accompanied by a graph representing the number of GFP+
vesicles per cell profile ( =GFP+ vesicles per one nucleus). For

syncytia, the number of dots was reported to the number of nuclei.

Error bars, mean 6 SD of three independent experiments for no

infection and G954-MeV and one experiment for Ed-MeV.

Student’s t test; #p.0.05.

(TIF)

Figure S10 Expression of CD150 on GFP-LC3 HeLa
cells. (A) GFP-LC3 Hela cells were transfected with a vector

encoding for the expression of human CD150. 24 h post

transfection, CD150 cell surface expression was monitored by

FACS. (B) GFP-LC3 Hela cells were transduced with concentrated

viral particles (peGAET-cd150-ires-puro plasmid) and CD150 was

analysed by FACS on stably expressing CD150+ cells.

(TIF)

Figure S11 G954-MeV-induced autophagy is ATG5 de-
pendent. GFP-LC3-HeLa cells were treated with the indicated

siRNA for 24 h and transfected with a vector encoding for

CD150. Cells were then infected with G954-MeV at MOI 0.1

(24 h) and autophagy was monitored by the numeration of GFP+
autophagosomes. Representative profiles are shown and are

accompanied by a graph representing the number of GFP+
vesicles per cell profile ( =GFP+ vesicles per one nucleus). For

syncytia, the number of dots was reported to the number of nuclei.

Error bars, mean 6 SD of three independent experiments.

Student’s t test; ***p,0.005.

(TIF)

Figure S12 The second autophagic wave induced by
G954-MeV requires viral protein synthesis. CD150-

transfected GFP-LC3-HeLa cells were infected or not with

G954-MeV (MOI 0.1) or treated with 125 nM Rapa and treated

or not with 0.5 mg/ml CHX. A staining against the MeV

nucleoprotein N indicates infected cells. Representative profiles

are shown and are accompanied by a graph representing the

number of GFP+ vesicles per cell profile ( =GFP+ vesicles per one

nucleus). For syncytia, the number of dots was reported to the

number of nuclei. Error bars, mean 6 SD of three independent

experiments. Student’s t test; ***p,0.005; **p,0.01; *p,0.05;

#p.0.05.

(TIF)
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