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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.
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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 2.5x10
5
 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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Autophagy is a cell autonomous process allowing each individual cell to fight intracellular
pathogens. Autophagy can destroy pathogens within the cytosol, and can elicit innate and
adaptive immune responses against microorganisms. Nevertheless, numerous pathogens
have developed molecular strategies enabling them to avoid or even exploit autophagy for
their own benefit. IRGM (immunity-related GTPase family M) is a human protein recently
highlighted for its contribution to autophagy upon infections. The physical association
of IRGM with mitochondria and different autophagy-regulating proteins, ATG5, ATG10,
SH3GLB1, and LC3, contribute to explain how IRGM could regulate autophagy. Whereas
IRGM is involved in autophagy-mediated immunity against bacteria, certain viruses seem to
have developed strategies to manipulate autophagy through the selective targeting of this
protein. Furthermore, irgm variants are linked to infection-associated human pathologies
such as the inflammatory Crohn’s disease. Here, we discuss how IRGM might contribute
to human autophagy upon viral infection, and why its targeting might be beneficial to virus
replication.

Keywords: autophagy, IRGM, virus, infection, immunity, interferon

INTRODUCTION
As obligatory intracellular parasites, viruses are continually faced
with the degradative mechanism of macroautophagy (thereafter
referred to as autophagy; Figure 1). Autophagy can destroy infec-
tious virions or virus components that are essential for replication
(Levine, 2005; Richetta and Faure, 2012). Furthermore, autophagy
can deliver viral genomes to TLR-containing endosomes, which
sets off synthesis of antiviral type I interferon (IFN-I; Lee et al.,
2007). Autophagy can also contribute to virus-derived peptide
presentation on class I and class II major histocompatibility com-
plex (MHC) molecules to trigger antiviral CD8+ and CD4+ T
cells responses, respectively (English et al., 2009; Munz, 2009).
Thus, autophagy is an intrinsic cellular antiviral process able to
enhance innate responses and to link them to adaptive immunity
to optimize the fight against viruses.

Numerous viruses have developed molecular strategies to coun-
teract autophagy. Certain viruses developed properties enabling
them to inhibit the autophagy flux. For instance, herpes sim-
plex virus (HSV)-1 or the cytomegalovirus (CMV) can inhibit
autophagy induction by targeting BECLIN1 (BECN1), an essen-
tial autophagy-associated protein, through interactions with viral
proteins (Orvedahl et al., 2007; Chaumorcel et al., 2012). Other
viruses avoid autophagy degradation by inhibiting autophago-
some maturation such as human immunodeficiency virus (HIV)-1
and influenza A virus which prevent autophagosome matura-
tion through the physical interaction of one viral protein with
BECN1 (Gannage et al., 2009; Kyei et al., 2009). Finally, viruses
can induce a complete productive autophagy process and exploit
it as a source for metabolites or as a platform for improving their
own replication (Jackson et al., 2005; Heaton and Randall, 2010).
Thus, host-virus co-evolution may have led to the selection of
very different mechanisms used by viruses to avoid or exploit
autophagy.

The understanding of the molecular pathways linked to the
proviral or antiviral functions of autophagy is still at its beginning,
especially regarding the molecular interplay between viruses and
autophagy proteins. The human immunity-related GTPase fam-
ily M (IRGM) protein was shown to be widely targeted by RNA
viruses, several among which can exploit autophagy in human cells
to improve their replication (Gregoire et al., 2011, 2012). How-
ever, how IRGM regulates autophagy upon infections remains
unknown. This aspect might be of great interest in several human
pathologies for which irgm was recently found to be involved.

IRGM AND AUTOPHAGY IN INFECTIONS
Unlike its mouse ortholog, the human irgm gene expression is
not under the control of IFN-γ (Bekpen et al., 2005). Whereas 23
immune-related genes (irg) genes exist in mice and play immune-
related functions, the IRGM-mediated cell autonomous resistance
mechanisms have been first lost in primates due to deleterious
mutations. However, irgm gene function was restored in some pri-
mates including Homo sapiens, possibly due to the insertion of
a retroviral element that promotes its expression (Bekpen et al.,
2009). In human, five different IRGM splice isoforms that differ
in their C-terminal ends could be expressed, but their individ-
ual endogenous expression has not yet been documented (Bekpen
et al., 2005; Singh et al., 2010); endogenous IRGM as well as over-
expressed IRGMd isoform can localize in mitochondria (Singh
et al., 2010; Gregoire et al., 2011).

One of the first molecular demonstrations of a role of
autophagy in immune responses against intracellular microorgan-
isms, involved the murine ortholog of IRGM, IRGM1 (Gutier-
rez et al., 2004), previously described to be involved in the
vacuolar trafficking of phagosomes containing Mycobacterium
tuberculosis (MacMicking et al., 2003). M. tuberculosis entrapped
within phagosomes can avoid its destruction by preventing
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FIGURE 1 | General steps of mammalian autophagy. Autophagy engulfs
portions of the cytosol through three main steps. The nucleation induces the
formation of an isolation membrane which could emerge from different
membrane sources (the endoplasmic reticulum, the Golgi apparatus, the
plasma membrane, the mitochondria) to form a phagophore which elongates
to form double-membraned autophagosome vesicles. Autophagosome can
sequester cytosolic material including senescent organelles such as
mitochondria, long-lived proteins or intracellular pathogens, through

independent selective autophagies (for schematic simplification, all were
represented within one single autophagosome). Autophagosome ultimately
fuses with lysosomes during the maturation step to form autolysosomes
where degradation occurs. Some of the crucial proteins involved in the
different phases of autophagy are indicated. Several viruses can induce a
complete autophagy flux, as MeV or ChikV, whereas others can inhibit
autophagosome maturation, as HIV-1 and HCV, in order to improve their
replication (see text for details).

phagosome fusion with lysosomes but the rerouting of M.
tuberculosis-containing phagosomes to the autophagic machin-
ery can ultimately degrade the bacteria. The treatment of murine
macrophages with IFN-γ induces autophagy via IRGM1 and pro-
tects from M. tuberculosis (Gutierrez et al., 2004; Singh et al.,
2006). IRGM-mediated autophagy also contributes to protection
in human cells against intracellular M. tuberculosis, Escherichia
coli, and Salmonella typhimurium (Singh et al., 2006; McCarroll
et al., 2008; Lapaquette et al., 2010; Brest et al., 2011). The fact that
there appears to be no role for IRGM or for its murine ortholog
IRGM1 in the regulation of autophagy in absence of infection sug-
gests a pathogen-specific function in autophagy for these proteins
(Gregoire et al., 2011; Matsuzawa et al., 2012).

IRGM IN VIRUS-MEDIATED AUTOPHAGY
IRGM IS A COMMON TARGET OF RNA VIRUSES
RNA viruses genome encodes very few proteins including non-
structural proteins that are often dedicated to prevent antiviral
responses (Katze et al., 2008). To optimize replication, individ-
ual viral proteins could target several different host-cell proteins
to counteract cellular antiviral responses. Alternatively, viral pro-
teins could be dedicated to the efficient targeting of few host-cell
proteins to counteract essential biological functions. The analy-
sis of the interactions between 44 autophagy-associated human
proteins and 83 viral proteins belonging to different RNA virus

families revealed IRGM as the most targeted autophagy-associated
protein by these viruses. IRGM can interact with 12 viral proteins
belonging to five different viruses, Chikungunya virus (ChikV),
Mumps virus (MuV), Hepatitis C virus (HCV), Measles virus
(MeV), and HIV-1 (Gregoire et al., 2011). Except for MuV for
whom no autophagy-related studies were yet reported, all other
viruses manipulate autophagy.

IRGM AND VIRUSES EXPLOITING THE AUTOPHAGY FLUX
Measles virus infection increases the formation of de novo
autophagosomes by inducing the autophagy flux (Figure 1; Jou-
bert et al., 2009; Meiffren et al., 2010; Gregoire et al., 2011). Genetic
inhibition of autophagy limits MeV viral particles production,
indicating that MeV exploits autophagy to replicate. The reduced
expression of cellular IRGM with specific siRNA decreased MeV
replication in HeLa cells. Furthermore, the non-structural MeV-
C protein can interact with IRGM, and its single overexpression
induces autophagy through an IRGM-dependent pathway (Gre-
goire et al., 2011). Thus, in the course of MeV infection, the
MeV-C/IRGM interaction might contribute to the exploitation
of autophagy by MeV.

Chikungunya virus infection also induces the autophagy flux
(Figure 1; Krejbich-Trotot et al., 2011; Joubert et al., 2012).
Whereas inhibition of autophagy limits ChikV viral particles pro-
duction, the experimental promotion of autophagy improved
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its replication (Krejbich-Trotot et al., 2011). ChikV replication
is required to induce autophagy upon infection, and, as a
consequence, autophagy delays cell death, which limits ChikV-
associated pathogenesis, but favors its dissemination (Joubert
et al., 2012). ChikV infection induces endoplasmic reticulum and
oxidative stresses that independently can trigger autophagy (Jou-
bert et al., 2012). However, it is unknown whether ChikV proteins
contribute directly to autophagy induction and/or maintenance
in infected cells. Especially, IRGM was found to interact with
ChikV-NS2 and E3 proteins (Gregoire et al., 2011). It will be inter-
esting to determine whether ChikV/IRGM interaction contributes
to autophagy manipulation.

IRGM AND VIRUSES INHIBITING AUTOPHAGY MATURATION
During HIV-1 infection, autophagy manipulation strategies
depend on the type of infected cells. The exposition of HIV-1-ENV
protein on membranes of infected cells induces autophagy in unin-
fected CD4+ T cells leading to their apoptotic cell death (Espert
et al., 2006). However, HIV-1 inhibits autophagy in infected CD4+

T cells, which facilitates replication (Espert et al., 2009). In den-
dritic cells (DC), HIV-1 inhibits autophagy through exhaustion
of the mTOR signaling pathway (Blanchet et al., 2010). How-
ever, autophagy is induced in HIV-1-infected macrophages where
HIV-1–NEF protein can interact with BECN1 to inhibit the mat-
uration of autophagosomes, what is required for an efficient
replication of HIV-1 (Espert et al., 2009; Kyei et al., 2009). NEF
can also interact with IRGM and the overexpression of NEF
induces an IRGM-dependent accumulation of autophagosomes
(Kyei et al., 2009; Gregoire et al., 2011). Thus, while NEF–BECN1
interaction could prevent autophagosome maturation, NEF–
IRGM interaction could be involved in autophagy induction upon
HIV-1 infection in macrophages. Through its interaction with
distinct autophagy-associated proteins, a unique HIV-1 protein
could finely regulate autophagy. Interestingly, a NEF deficient
strain of HIV-1 does not induce autophagosome accumulation,
suggesting indeed that, besides preventing autophagosome matu-
ration, NEF is involved in the induction of autophagy by HIV-1
(Kyei et al., 2009).

Infection by HCV also induces autophagy. This induction is
independent of mTOR (Su et al., 2011; Shrivastava et al., 2012),
and the contribution of the unfolded protein response remains
unclear (Sir et al., 2008; Mohl et al., 2012). However, autophagy
is required for an optimal HCV replication since inhibition of
autophagy affects HCV replication (Dreux et al., 2009; Tanida
et al., 2009; Gregoire et al., 2011). Reports have shown that HCV
infection could either induce a complete autophagy flux or inhibit
autophagosome maturation. This discrepancy might result from
the models used and/or the kinetics of infection. HCV infection
was shown to prevent autophagosome maturation at an early
time of infection (Sir et al., 2008; Gregoire et al., 2011; Su et al.,
2011). At a later one a complete autophagy flux was reported
(Ke and Chen, 2011; Mohl et al., 2012). Interestingly, a subge-
nomic replicon expressing the non-structural NS3-5B proteins
induces autophagy (Mohl et al., 2012). Furthermore, IRGM can
interact with HCV-NS3, and the reduced expression of IRGM
prevents HCV-induced and HCV-NS3-induced autophagy, and
limits HCV replication (Gregoire et al., 2011).

Thus, viruses that manipulate autophagy either by benefiting
from the complete autophagy flux or by inhibiting the maturation
step, target IRGM. Beyond its role in virus biology, how IRGM
contributes to the orchestration of autophagy upon viral infection
remains to be understood.

IRGM IN AUTOPHAGY INDUCTION UPON VIRAL INFECTIONS
IRGM AND AUTOPHAGY-ASSOCIATED PROTEINS
To date, only four cellular proteins were identified to interact with
IRGM: ATG5, ATG10, MAP1LC3C, and SH3GLB1 (Figure 2). All
these proteins contribute to autophagy, supporting the idea that
IRGM plays an essential role in this process (Gregoire et al., 2011).
ATG10, a conjugating E2-like protein, contributes to the assem-
bly of the ATG12/ATG5 complex that binds ATG16L1 to form
macromolecular ATG12/ATG5/ATG16L1 complexes essential for
the elongation of the phagophore (Figure 1; Xie and Klionsky,
2007). MAP1LC3C is a member of the MAP1LC3 (known as LC3)
sub-family and is also required for elongation of the phagophore
through lipidation with phosphatidylethanolamine and anchoring
within the extending phagophore (Figure 1; Weidberg et al., 2010).
Finally, SH3GLB1 (also known as Bif-1) is a positive regulator of
the nucleation process that initiates autophagosome formation, via
its interaction with UVRAG, a protein of the BECN1/VPS34 com-
plex. In nutrient deprived cells, SH3GLB1 colocalizes with ATG5
and LC3 to the autophagosome and potentiates the activation
of the class III PI(3)-kinase VPS34 to promote autophagosome
biogenesis (Figure 2; Takahashi et al., 2007). Thus, all the pro-
teins known to interact with IRGM regulate one of the initial
steps of autophagosome biogenesis, suggesting that IRGM might
contribute to the nucleation and/or the elongation of autophagic
vesicles through its interaction with one or several of these pro-
teins. These interactions could be facilitated upon viral infection
(Figure 2). Through the dampening of antiviral IFN-I synthesis,
this targeting might be of further benefit to viruses as discussed
below.

IRGM, MITOCHONDRIA, AUTOPHAGY, AND IFN-I IN VIRAL INFECTIONS
Overexpressed GFP-fused IRGMd was suggested to be translocated
to the inner membrane of mitochondria via its association with
cardiolipin (CL; Singh et al., 2010). CL is a phospholipid abun-
dant in the inner mitochondrial membrane that is however also
found in the outer membrane and at the contact sites between the
two membranes (Schlame et al., 2000; Schug and Gottlieb, 2009).
Thus IRGMd might also be associated to CL linked to the outer
membrane of mitochondria, and exposed to the cytosol. The four
other overexpressed GFP-fused IRGM isoforms (IRGMa/b/c/e)
were not found associated to mitochondria (Singh et al., 2010).
However, endogenous IRGM expression, detected with an anti-
body with putative ability to recognize all IRGM isoforms, is found
associated to mitochondria suggesting that: (i) all endogenous
IRGM can be located to mitochondria, (ii) IRGMd is the most
expressed isoform, or (iii) due to possibly distinct folding among
the isoforms, the epitope for the antibody is only accessible on
IRGMd (Figure 2; Singh et al., 2010; Gregoire et al., 2011). Inter-
estingly, among the proteins interacting with IRGM at least two
were found partially associated with mitochondria, SH3GLB1 and
ATG5. A fraction of SH3GLB1 localizes to mitochondria where
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FIGURE 2 | Hypothetical regulation of autophagy by IRGM upon

viral infections. IRGM is associated to mitochondria via cardiolipin (CL).
Upon viral infection, IRGM could interact with four different autophagy-
associated proteins which could support autophagosome biogenesis from
mitochondria membrane, by regulating nucleation and/or elongation steps
of autophagy. IRGM-mediated autophagy might correlate to a decrease of
IFN-I synthesis similarly to what was described for TUFM and MFN2. Both

processes could benefit to viruses to improve their replication.
Note that MFN2-mediated autophagy has not yet been reported
in the context of viral infection (see text for details). As represented,
viral double-stranded (ds)RNA can be recognized by RIG-I. IFN-I
inhibition via IRGM is not yet demonstrated (dashed line) and
putative not mitochondrial IRGM isoforms are not represented
(see text for details).

it may contribute to the regulation of morphological dynamics
of the outer mitochondrial membrane (Karbowski et al., 2004),
and to mitochondria-dependent apoptotic signals by interact-
ing with the proapoptotic protein BAX (Takahashi et al., 2005).
ATG5 was also shown to associate with mitochondria through
its binding to IPS-1, a mitochondria-associated adaptor which
relays signals from viral genome-detecting cytosolic receptors
RIG-I and MDA5, in order to promote IFN-I synthesis. This
interaction contributes to the down-regulation of IFN-I pro-
duction during viral infection (Jounai et al., 2007). A possible
hypothesis for the molecular contribution of IRGM in autophagy
would be that IRGM interacts/recruits its protein partners at
the mitochondria to induce autophagy upon infections espe-
cially as mitochondria is one possible source of membrane for
autophagosome biogenesis (Figures 1 and 2; Hailey et al., 2010).
Furthermore, the IRGM targeting to mitochondria could allow
viruses to limit IFN-I production similarly to two other mito-
chondrial proteins, MFN2 and TUFM, which were shown to
dampen IFN-I production while inducing autophagy (Figure 2).

Indeed, MFN2 contributes to the supply of mitochondria mem-
branes for the biogenesis of autophagosome (Hailey et al., 2010),
and can down-regulate the production of IFN-I upon viral infec-
tion by interacting with IPS-1 (Yasukawa et al., 2009). Similarly,
TUFM recruits the ATG5/ATG12 complex in order to induce
autophagy, while it prevents RIG-1/IPS-1 signal transduction for
IFN-I production via its interaction with NLRX1 (Lei et al., 2012).
The antagonistic activities of TUFM and MFN2 on autophagy
and IFN-I production were shown to benefit to virus replication
(Yasukawa et al., 2009; Lei et al., 2012). As IRGM is associated
to mitochondria and modulates autophagy induction upon virus
infection, it would be important to evaluate its contribution to
the ability of viruses to dampen IFN-I production; all the viruses
described to date to target IRGM are known to inhibit IFN-
I production. Thus, different mitochondrial proteins, including
IRGM, might have dual functions upon virus infection, by induc-
ing autophagy ultimately exploited by viruses, while restricting
the innate antiviral response; the selective targeting of these pro-
teins would offer an evident advantage for infectious viruses to
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replicate within a cell. It remains however possible that cytosolic
isoforms of IRGM contributes to autophagy induction upon viral
infection.

IRGM AND AUTOPHAGY-MEDIATED VIRUS-DERIVED PEPTIDE MHC
LOADING
It recently became clear that autophagy which is constitutively
active in antigen-presenting cells (APCs), can regulate adaptive
immune responses by promoting the access of antigens from intra-
cellular pathogens to compartments that assemble peptide:MHC
class II complexes for presentation to CD4+ T cells (Munz, 2009).
Among viruses targeting IRGM, it was observed that the response
of HIV-1 gag-specific CD4+ T cells to DC that process the virus
was drastically reduced upon either pharmacological or genetic
inhibition of autophagy, indicating a deficient capacity to process
and present MHC class II-restricted HIV-1 determinants when
autophagy is impaired (Blanchet et al., 2010). The negative regu-
lation of autophagy in DCs by HIV-1 could thus help the virus
evade CD4+ T cell responses. As to presentation by MHC class I
molecules, it is known that in mouse DCs, IRGM3/IGTP (another
murine ortholog or IRGM) plays an important role in cross-
presentation of phagocytosed protein antigens to conventional
CD8+ T cells without impacting antigen presentation to CD4+

T cells (Bougneres et al., 2009).

irgm VARIANTS IN HUMAN PATHOLOGIES AND VIRAL
INFECTIONS
Recent studies identified irgm variants as susceptibility genes
for Crohn’s disease (CD), tuberculosis (TB), gastric cancer and
autoimmune systemic lupus erythematosus (SLE).

IRGM, CD, AND VIRAL INFECTION
Crohn’s disease is a chronic inflammatory bowel disease resulting
from an aberrant immune response toward the intestinal flora that
leads to inflammation and tissue damages (Xavier et al., 2008).
Genome-wide association studies identified polymorphisms in
two autophagy-associated genes, atg16L1 and irgm, that are linked
to CD. CD-associated irgm polymorphisms, that influence or
not the primary protein sequence, were both reported (Parkes
et al., 2007; McCarroll et al., 2008; Moon et al., 2012). Inter-
estingly, the gut mucosa of CD patients harbors an increased
amount of the pathogenic Adherent-invasive E. coli (AIEC) and
IRGM-dependent autophagy contributes to fight pathogenic AIEC
(Lapaquette et al., 2012). Moreover, microRNA (miR)-196 binds
strongly the irgm protective haplotype, whereas expression of the
risk haplotype remains intact thus leading to overall deregulation
of IRGM expression (Brest et al., 2011). miR-196 was found over-
expressed in inflamed ileum and colon of patients, independently
of the protective or risk irgm haplotype. As a result, IRGM was less
expressed in individuals with the protective genotype. Further-
more, the transfection of HEK293T cells with miR-196 resulted in
a decreased autophagy flux, indicating that miR-196 acts as a nega-
tive regulator of autophagy via IRGM upon AIEC infection. These
studies suggested that the cornerstone of autophagy regulation by
IRGM upon infection could be its fine tuned level of expression.

Interestingly, a viral infection-plus-susceptibility autophagy
gene interaction could contribute to the onset of CD. Indeed, the

hypomorphic expression of atg16l1 develops a CD-like pathology
in mice only upon infection with a viral strain of murine norovirus
(Cadwell et al., 2010). This study pointed toward a genotype-
specific viral trigger of a pathology very similar to CD. It would be
interesting to investigate the role of viral infections in irgm variant
expressing CD patients, for a possible contribution of virus/IRGM
interactions in the onset or the development of CD.

IRGM IN TB, GASTRIC CANCER, AND SLE
As mentioned above, IRGM contributes to the control of M.
tuberculosis in macrophages via autophagy. Interestingly, an irgm
polymorphism protects from TB caused by Euro-American sub-
groups of M. tuberculosis (Intemann et al., 2009). It was proposed
that when the polymorphism occurs, IRGM is more expressed
resulting in enhanced autophagy and explaining a more efficient
destruction of bacteria. Conversely, several different polymor-
phisms in the irgm gene have been found to result in an increased
susceptibility to TB in Chinese and African American popula-
tions (Che et al., 2010; King et al., 2011). In African American
populations one CD-related polymorphism was associated pos-
itively with TB suggesting a possible link between CD and an
infectious etiology. Irgm polymorphism is possibly also a risk
factor for gastric cancer (Burada et al., 2012). Although deregu-
lation of autophagy is well established to be associated with cancer
(White, 2012), a role for IRGM in these diseases has to be further
determined. Similarly, a genetic-association study suggested that
irgm variants are linked to SLE, an autoimmune disease (Zhou
et al., 2011). A role of IRGM in these diseases remains to be fully
depicted as well as a potential influence of viral infections on
such role.

CONCLUSION
In an infected cell a virus has to counteract cell autonomous
defense mechanisms while exploiting elementary cellular pro-
cesses to replicate efficiently. By selectively targeting autophagy,
viruses might accomplish both. As discussed here, IRGM could
be a key protein for autophagy manipulation upon viral infection.
The molecular organization involving IRGM in autophagy during
viral infections requires further investigations. While interactions
of IRGM with its protein partners were only observed in trans-
fected cells for the time being, it would be important to visualize
these interactions between endogenous proteins and during pro-
ductive infections. It would also be crucial to understand why and
how IRGM plays an antibacterial function, whereas it seems to act
as a proviral factor. Furthermore, the role of IRGM could be cell
type-specific and, as described for several autophagy-related pro-
teins, IRGM might have non-autophagy-related functions upon
infections. In regards of the link of numerous irgm variants with
human pathologies, the comprehension of the role(s) of IRGM in
autophagy-mediated immunity could be of crucial importance to
fight infectious viruses and human pathologies.
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