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ABSTRACT Xenophagy targets intracellular pathogens for destruction by the host
autophagy pathway. Ubiquitin chains are conjugated to xenophagic targets and re-
cruit multiple autophagy adaptors. The intracellular pathogen Legionella pneumo-
phila resides in a vacuole that is ubiquitinated; however, this pathogen avoids xe-
nophagic detection. Here, the mechanisms by which L. pneumophila can prevent the
host xenophagy pathway from targeting the vacuole in which it resides were exam-
ined. Ubiquitin-labeled vacuoles containing L. pneumophila failed to recruit au-
tophagy adaptors by a process that was independent of RavZ function. Coinfection
studies were conducted using a strain of Listeria monocytogenes that served as a ro-
bust xenophagic target. Legionella pneumophila infection blocked xenophagic target-
ing of L. monocytogenes by a RavZ-dependent mechanism. Importantly, when coin-
fection studies were conducted with a RavZ-deficient strain of L. pneumophila, L.
monocytogenes was targeted by the host xenophagy system but vacuoles containing
L. pneumophila avoided targeting. Enhanced adaptor recruitment to the vacuole was
observed by using a strain of L. pneumophila in which all of the effector proteins in
the SidE family were deleted; however, this strain was still not targeted by the host
autophagy pathway. Thus, there are at least two pathways by which L. pneumophila
can disrupt xenophagic targeting of the vacuole in which it resides. One mechanism
involves global disruption of the host autophagy machinery by the effector protein
RavZ. A second cis-acting mechanism prevents the binding of autophagy adaptors
to the ubiquitin-decorated surface of the L. pneumophila-containing vacuole.
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Legionella pneumophila is a Gram-negative intracellular pathogen that causes a
severe form of pneumonia called Legionnaires’ disease (1, 2). Infection begins after

L. pneumophila is phagocytosed by alveolar macrophages. Following uptake, this
pathogen translocates over 300 effector proteins into the host cytosol through the
specialized type IV secretion system (T4SS) named Dot/Icm (3–5). Effector proteins
modulate intracellular transport to protect the L. pneumophila-containing vacuole (LCV)
from lysosome-mediated degradation and remodel the vacuole into an endoplasmic
reticulum (ER)-derived compartment that supports bacterial replication (6–8). These
two hallmark events, bifurcation from the endocytic pathway and subversion of secre-
tory traffic, require a functional Dot/Icm system (9). L. pneumophila must also couple
extensive remodeling of the vacuole with protective mechanisms to counteract the
host response against the modified phagosome (2). The autophagy pathway represents
an important arm of the innate immune response that seeks to destroy pathogen-
containing vacuoles (PCVs) and inhibit intracellular replication by a process called
xenophagy (10–12).

The autophagy pathway was originally characterized as an adaptive response to
starvation (13). Under nutrient-limiting conditions, double-membrane structures
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called phagophores localize to cytosolic cargo. As the phagophore membrane expands
around the cargo and fuses, it is converted to a mature sequestering organelle called
the autophagosome. The external membrane of the sealed autophagosome fuses with
the lysosome to promote degradation of the inner cargo and liberate energy-rich
substrates back into the cytosol to offset the effects of starvation (14). A hallmark of
autophagosome formation is the lipidation and subsequent conjugation of Atg8
proteins such as LC3 (microtubule-associated protein 1A/1B-light chain 3) to the
isolation membrane (15). Through the concerted action of autophagy-related genes
(ATGs), lipidated LC3 is conjugated to both the inner and outer membranes of the
maturing autophagosome (16). Importantly, LC3 is required for autophagosome ex-
pansion and fusion with lysosomes (14, 17). The autophagy pathway also functions as
a bona fide arm of the innate and adaptive immune response by selectively targeting
intracellular pathogens for degradation (18). Unlike bulk autophagy, selective au-
tophagy targets specific substrates for degradation and requires molecular identifiers to
coordinate this process.

Selective autophagy can be divided into three key events: cargo recognition,
adaptor recruitment, and lysosome-mediated degradation. During infection, intracel-
lular pathogens either modify or rupture the vacuole in which they reside, which can
trigger a xenophagic response that marks these vacuoles for degradation. Ubiquitin
labeling of xenophagic substrates is critical for targeting by the autophagy machinery
by promoting localized cargo recognition (10). Ubiquitin E3 ligases attach ubiquitin to
proteins on the pathogen-occupied vacuole or the surface of the pathogen once it is
exposed to the cytosol of the host cell (12, 19–21). These ubiquitin-tagged substrates
assemble into a “ubiquitin coat” that surrounds the pathogen to generate a signaling
platform that stimulates the recruitment of autophagy adaptors. Autophagy adaptors
contain conserved ubiquitin binding domains (UBD) and LC3-interacting regions (LIR)
that bind Atg8 proteins attached to lipids on preautophagosomal membranes (22).
Thus, autophagy adaptors serve as the molecular bridge that drives envelopment of the
ubiquitin-tagged cargo into an autophagic vacuole, which enables the autophagy
system to target intracellular pathogens for lysosomal degradation. The principal
adaptor proteins that function in xenophagy include p62/SQSTM1, NDP52 (nuclear dot
protein 52), NBR1 (neighbor of BRCA1 gene), and optineurin (23–25).

The adaptor protein p62 is one of the most extensively characterized mammalian
autophagy receptors and has been demonstrated to participate in xenophagic target-
ing of Salmonella enterica (12), Listeria monocytogenes (26), Shigella flexneri (27), Strep-
tococcus pyogenes (28), and Mycobacterium tuberculosis (29). Similar to p62, other
members of the adaptor family, such as NDP52, play specialized roles in the removal of
xenophagic substrates. For example, NDP52 is recruited to ruptured PCVs and cytosolic
bacteria (25, 30). Similarly, optineurin localizes to ubiquitin-marked compartments and
restricts bacterial replication by an autophagy-dependent mechanism (19, 23). Impor-
tantly, the autophagy regulatory protein TBK1 (TANK-binding kinase 1) phosphorylates
these adaptor proteins to augment the autophagic response (30). Upon recruitment to
xenophagic targets, these adaptors cooperate or act independently to restrict patho-
gen replication. Thus, many intracellular bacterial pathogens have evolved mechanisms
to avoid ubiquitination and adaptor-mediated degradation.

It has been shown that L. pneumophila has the ability to avoid autophagy degra-
dation (31). After bacterial uptake, the LCV accumulates ubiquitinated proteins (32).
These ubiquitinated proteins coalesce into a ubiquitin coat that surrounds the LCV
surface and remains associated with the vacuole throughout the infection. Importantly,
a previous study revealed that both K48 and K63 ubiquitin linkages, which have been
shown to activate a xenophagic response, compose the LCV ubiquitin coat (33). The
intense enrichment of autophagy-activating ubiquitinated proteins at the LCV surface
should result in targeting of the LCV by the host autophagy pathway; however, L.
pneumophila delivers an effector protein called RavZ into host cells that disrupts the
autophagy system. RavZ is a cysteine protease that irreversibly deconjugates lipidated
Atg8 proteins from maturing autophagosomes by cleaving the peptide bond before
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the conserved glycine residue at the C terminus of all Atg8 family members (34). This
cleavage event generates an Atg8 protein that can no longer be conjugated to the
expanding phagophore membrane (34, 35). Another L. pneumophila effector named
LpSPL consumes host sphingolipids, which reduces autophagosome biogenesis and
dampens basal autophagy levels (36). A RavZ-deficient strain of L. pneumophila creates
a vacuole that is decorated with ubiquitin but still avoids targeting by the host
autophagy pathway (34). Similarly, mutants deficient in both LpSPL and RavZ are not
targeted by autophagy (36). Thus, it is likely that L. pneumophila has additional effectors
that can prevent xenophagy from targeting the vacuole in which it resides. Adaptor
proteins are required to link “marked” cargo with the autophagy pathway, yet it is
unclear whether ubiquitin-marked LCVs ever recruit these critical receptors. To better
understand the mechanism by which L. pneumophila avoids autophagic targeting, this
study focused on recruitment of autophagy adaptors to the LCV.

RESULTS
The xenophagy adaptor p62 is excluded from the LCV. As described previously

(32), vacuoles containing L. pneumophila stained positive for ubiquitin at both early and
late time points of infection (Fig. 1), with the majority of vacuoles displaying an intense
ubiquitin signature as early as 1 h after infection (Fig. 1B). Vacuoles containing ΔdotA
mutants did not display this ubiquitin staining, which indicates that acquisition of a
ubiquitin coat on the vacuole membrane requires a functional Dot/Icm secretion
system. Importantly, vacuoles containing the pentuple mutant of L. pneumophila, a
strain that has five large chromosomal deletions that eliminate 71 effector proteins (37),
displayed robust ubiquitin recruitment similar to that of vacuoles containing the
wild-type (WT) strain (Fig. 1C). Thus, these 71 effectors are not essential for ubiquiti-
nation of the vacuole.

Previous data also indicated that the ubiquitin coat on the LCV is composed of both
K48 and K63 linkages (33). Both K48 and K63 ubiquitin chains have been shown to
stimulate the recruitment of p62, an autophagy adaptor recruited to most xenophagic
substrates. Immunofluorescence (IF) microscopy was used to determine if p62 was
recruited to these ubiquitin-tagged vacuoles. Despite the intense enrichment of ubiq-
uitin on the majority of vacuoles containing L. pneumophila, very few compartments
stained positive for p62 (Fig. 2). Similar results were obtained for vacuoles containing
either the ΔravZ mutant or the pentuple mutant, which indicates that the 71 different
effector proteins deleted in the pentuple mutant were not essential for blocking p62
recruitment to the LCV. Localization of p62 to the vacuole, although rare, was observed
more frequently with L. pneumophila that had a functional Dot/Icm system than with
a mutant defective in Dot/Icm function, which was expected given that ubiquitination
of the vacuole requires Dot/Icm function. The defect in p62 recruitment was observed
in both J774.A1 macrophage-like cells and Chinese hamster ovary (CHO) cells (Fig. 2B
and D). These data indicate that the ubiquitin chains on the surface of the LCV are not
efficiently recognized by p62.

Multiple xenophagy adaptors are excluded from the LCV. In addition to p62, the
adaptor proteins NBR1, optineurin, and NDP52 have all been shown to recognize
xenophagic substrates and deliver them to the autophagy pathway (18). Colocalization
experiments were used to determine if the exclusion of p62 from the LCV extended to
the other members of the autophagy adaptor family. Similar to what was observed for
p62, colocalization of NBR1 to the LCV was rare for vacuoles containing either the
parental strain of L. pneumophila, the isogenic ΔravZ mutant, or the pentuple mutant
(Fig. 3A and B). Optineurin was also excluded from these LCVs (Fig. 3C and D).

Staining for NDP52 revealed a pattern of punctate staining in proximity to the
vacuole, but NDP52 did not appear to specifically colocalize with LCVs (Fig. 4). At 1 h
postinfection, approximately 60% of vacuoles containing L. pneumophila had NDP52-
positive puncta near the perimeter of the vacuole, but specific vacuolar colocalization
was not observed (Fig. 4B and C). This punctate distribution of NDP52 was also
observed near vacuoles containing the ΔravZ mutant and the pentuple mutant but not
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for vacuoles containing the ΔdotA mutant (Fig. 4C), which suggests that the recruitment
of NDP52 to targets adjacent to the LCV is enhanced by Dot/Icm-mediated activities.
These data indicate that peripheral recruitment of NDP52 could be triggered by an
effector-dependent modification to host or bacterial proteins in proximity to the
vacuole.

FIG 1 L. pneumophila-containing vacuoles (LCVs) display a ubiquitin signature. (A) Representative deconvolved fluorescence micrographs of
J77A.1 macrophage-like cells at 1 h after infection with the indicated L. pneumophila strains. Merged panels show staining for L. pneumophila (red),
ubiquitin (green), and Hoechst (blue). The ubiquitin FK2 antibody detects both mono- and polyubiquitinated proteins. Bars, 7.5 �m. (B)
Quantification of ubiquitin colocalization to vacuoles at 1 h p.i. (C) Quantification of ubiquitin colocalization to vacuoles at each time point over
a 9-h time course. Colocalization data are representative of 3 independent experiments. For each independent experiment, approximately 100
vacuoles were scored in triplicate, for a total of 300 vacuoles per time point. The unpaired t test was used to analyze the differences between
samples. ****, P � 0.0001; ***, P � 0.001.
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The recruitment of autophagosomes to L. pneumophila vacuoles was also investi-
gated (Fig. 5). As expected, the lack of adaptor localization was consistent with the lack
of autophagosome recruitment to LCVs. The percentage of LCVs that colocalized with
LC3B in both macrophage and nonmacrophage cell lines was below 5% (Fig. 5B and D).

Phosphoribosyl-ubiquitination contributes to the exclusion of p62 on the LCV.
The SidE family of effectors catalyze ubiquitination of proteins on the LCV through
an unconventional mechanism (38). These effectors contain a mono-ADP-ribosyl-
transferase (mART) domain that generates an ADP-ribosylated ubiquitin intermediate
that mediates transfer of phosphoribosyl-ubiquitin to proteins on the LCV, which
generates a noncanonical ubiquitin linkage that may not be recognized efficiently by
autophagy adaptors (38, 39). There are four SidE family effector proteins in the L.
pneumophila Philadelphia 1 strain that function as phosphoribosyl-ubiquitinating pro-

FIG 2 LCVs do not recruit the autophagy adaptor p62/SQSTM1. (A and C) Representative fluorescence micrographs of J774.A1 cells (A) and CHO
cells (C) at 3 h after infection with WT L. pneumophila (Lp01), the ΔdotA mutant, the ΔravZ mutant, and the pentuple mutant (Δ5). Merged panels
show staining for L. pneumophila (red), p62/SQSTM1 (green), and Hoechst (blue). Bars, 7.5 �m. (B and D) Data measuring colocalization of
p62/SQSMT1 to vacuoles containing the indicated L. pneumophila strains in J774.A1 cells and CHO cells, respectively. Recruitment was measured
over a 9-h time course at the indicated intervals. All colocalization data are a representative of 3 independent experiments. For each independent
experiment, approximately 100 vacuoles were scored in triplicate, for a total of 300 vacuoles per time point.
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teins. The eponymous SidE protein is encoded at a locus unlinked from those of the
other three members of the family (SdeA, SdeB, and SdeC), which are encoded together
in a contiguous region of the chromosome called the sde locus. Effector proteins within
the sde locus (SdeA, SdeB, and SdeC) mediate phosphoribosyl-ubiquitination of the

FIG 3 NBR1 and optineurin (OPT) autophagy adaptor proteins do not colocalize with LCVs. (A and C) Representative fluorescence micrographs of CHO
cells at 3 h after infection with WT L. pneumophila (Lp01), the ΔdotA mutant, the ΔravZ mutant, and the pentuple mutant (Δ5). Merged panels show
staining for L. pneumophila (red), NBR1 or optineurin (green), and DAPI (blue). Bars, 7.5 �m. (B and D) Colocalization of NBR1 or optineurin to L.
pneumophila vacuoles in CHO cells. Recruitment was measured over a 9-h time course at the indicated intervals. Colocalization data represent the
averages from 3 independent experiments. Approximately 100 vacuoles were scored in triplicate, for a total of 300 vacuoles per time point.
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host ER-associated protein reticulon 4 at the LCV surface (40). This raised the possibility
that the exclusion of p62 from the LCV may result from the enrichment of phos-
phoribosyl-ubiquitinated reticulon 4 on this organelle. To test this hypothesis, J774.A1
macrophage-like cells were infected with a sde locus mutant of L. pneumophila that has
a chromosomal deletion removing the genes sdeA, sdeB, sdeC, lpg2154, and sidJ

FIG 4 NDP52 localization to the LCV. (A) Representative fluorescence micrographs of CHO cells 3 h after infection with WT L. pneumophila (Lp01),
the ΔdotA mutant, the ΔravZ mutant, and the pentuple mutant (Δ5). Merged panels and insets show staining for Legionella (red), NDP52 (green),
and Hoechst (blue). (B) Colocalization of NDP52 to vacuoles containing L. pneumophila in CHO cells. Recruitment was measured over a 9-h time
course at the indicated intervals. (C) Colocalization of NDP52 puncta near vacuoles containing the indicated L. pneumophila strains in CHO cells.
Recruitment was measured over a 9-h time course at the indicated intervals. Positive recruitment was defined as localization of more than 7
distinct NDP52-positive puncta near the vacuole. Bars, 7.5 �m.
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[Δ(sdeC-sdeA)] (40). No significant increase in p62 localization was observed on vacuoles
containing the sde locus mutant [Δ(sdeC-sdeA)] compared to either the parental strain
of L. pneumophila or the ΔdotA mutant (Fig. 6). Importantly, vacuoles containing the sde
locus mutant displayed reduced recruitment of p62 compared to vacuoles containing
the parental strain in both macrophage and nonmacrophage cell lines (Fig. 6A and B).
Thus, the effectors within the sde locus are not essential for the exclusion of p62 from
the LCV.

To determine if the remaining xenophagy adaptors are excluded from vacuoles
containing the sde locus mutant, colocalization studies were performed. Similar to what
was observed with p62, recruitment of NBR1 and optineurin was rarely detected on
vacuoles (Fig. 6C and D). Additionally, most vacuoles containing the sde locus mutant
were NDP52 negative (Fig. 6E). Interestingly, peripheral NDP52 staining, which was

FIG 5 Vacuoles containing L. pneumophila do not recruit LC3B. (A and C) Representative fluorescence micrographs of J774.A1 cells (A) and CHO
cells (C) 3 h after infection with WT L. pneumophila (Lp01), the ΔdotA mutant, the ΔravZ mutant, and the pentuple mutant (Δ5). Merged panels
show staining for L. pneumophila (red), LC3B (green), and DAPI (blue). Bars, 7.5 �m. (B and D) Colocalization of LC3B to vacuoles containing the
indicated L. pneumophila strains in J774.A1 cells and CHO cells, respectively. Recruitment was measured over a 9-h time course at the indicated
intervals. All colocalization data are representative of 3 independent experiments. For each independent experiment, approximately 100 vacuoles
were scored in triplicate, for a total of 300 vacuoles per time point.
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observed around vacuoles containing L. pneumophila, was not apparent around vacu-
oles containing the sde locus mutant (Fig. 6F), which suggests that phosphoribosyl-
ubiquitination of reticulon 4 molecules may provide a signal that recruits NDP52 to
membranes in close proximity to the LCV.

The sde locus mutant still encodes the effector protein SidE, which does not appear
to mediate phosphoribosyl-ubiquitination of reticulon 4 but likely modifies other
proteins on the LCV. Thus, the L. pneumophila strain JV6113, which is an isogenic
mutant deficient in all of the proteins in the SidE family (41), was examined for p62
recruitment to determine if the complete absence of phosphoribosyl-ubiquitination
activity had an effect on adaptor recruitment to the LCV (Fig. 7). The recruitment of p62
to vacuoles containing the mutant deficient in all SidE family members was measured
over the first 9 h of infection. After 1 h of infection, roughly 50% of vacuoles containing
the SidE family mutant stained positive for p62 (Fig. 7A and B). Approximately 75% of
vacuoles containing the SidE family mutant stained positive for p62 at 3 h, and then
p62 staining became less frequent at 6 h and 9 h after infection. The ability of the SidE
family mutant to suppress p62 recruitment to the LCV was restored when a plasmid
encoding the sidE gene was introduced in trans (Fig. 7A and B; JV6113 � psidE).
Recruitment of the adaptor protein NDP52 was also more frequent on vacuoles
containing the SidE family mutant, although the majority of vacuoles remained nega-
tive for NDP52 (Fig. 7C). Vacuoles containing the SidE family mutant did not display
enhanced recruitment of the adaptor NBR1 or optineurin (Fig. 7D and E). These data
suggest that phosphoribosyl-ubiquitination by SidE family members can interfere with
p62 recruitment to the LCV but that additional mechanisms likely suppress the local-
ization of other autophagy adaptors.

FIG 6 Vacuoles containing the sde locus mutant [Δ(sdeC-sdeA)] suppress adaptor recruitment. J774.A1 and CHO cells were infected with WT L. pneumophila,
the ΔdotA mutant, and the Δsde locus mutant [Δ(sdeC-sdeA)]. The recruitment of autophagy adaptors was evaluated by fluorescence microscopy. (A and B)
Colocalization of p62/SQSTM1 to vacuoles containing L. pneumophila strains in J774.A1 cells (A) or CHO cells (B). (C and D) CHO cells were infected with the
strains indicated, and colocalization of NBR1 and optineurin was measured over a 9-h infection time course. (E) CHO cells were infected with the indicated
strains, and colocalization of NDP52 to vacuoles was measured over a 9-h time course. (F) Colocalization of NDP52-positive puncta near vacuoles containing
L. pneumophila strains in CHO cells. Positive recruitment was defined as proximal localization of more than 7 NDP52-positive puncta near the vacuole. The
unpaired t test was used to analyze the differences between samples. ****, P � 0.0001; **, P � 0.01; *, P � 0.05; ns, not significant.
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FIG 7 Vacuoles containing a sidE family mutant have a defect in suppressing p62 recruitment but evade xenophagy. (A) Representative
fluorescence micrographs of J774.A1 cells infected for 1 h with WT L. pneumophila, the ΔdotA mutant, the sidE family deletion mutant (JV6113),
the complemented sidE family mutant (JV6113 � psidE), and the empty vector control (JV6113 � pEV). Merged panels show staining for L.
pneumophila (red), p62 (green), and Hoechst (blue). Bars, 7.5 �m. (B) Colocalization of p62 to vacuoles containing the indicated L. pneumophila

(Continued on next page)
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The localization of p62 to vacuoles containing the SidE family mutant raised the
question of whether these p62 molecules at the LCV were sufficient to induce a
xenophagic response. To address this question, the ravZ gene was deleted in the SidE
family mutant (JV6113 ΔravZ), and the recruitment of LC3B to vacuoles containing this
mutant was measured by fluorescence microscopy (Fig. 7F). There was no significant
increase in LC3B recruitment to vacuoles containing the SidE family mutant (JV6113
ΔravZ) compared to vacuoles containing an isogenic ravZ mutant (Fig. 7F). Importantly,
there was no significant increase in LC3B localization observed at 3 h postinfection, at
which time roughly 75% of vacuoles containing the SidE family mutant were positive
for p62. Thus, the increase in p62 recruitment to vacuoles that contain mutants unable
to mediate phosphoribosyl-ubiquitination is not sufficient to promote xenophagic
targeting of the LCV.

RavZ translocation results in a global defect in host xenophagy. Previous
studies have demonstrated that LC3-positive autophagic structures are depleted in
cells infected with L. pneumophila that produce RavZ (34), which suggests that RavZ
may have trans-acting effects that globally disrupt autophagy. To determine if RavZ
translocated by L. pneumophila during infection globally interferes with xenophagic
targeting of intracellular pathogens, host cells containing L. pneumophila were coin-
fected with a Listeria monocytogenes mutant that is efficiently targeted for destruction
by xenophagy (26). This mutant strain of L. monocytogenes does not express most
virulence proteins due to chromosomal deletions that eliminate genes encoding
multiple phospholipases and the transcriptional activator protein PrfA, but it constitu-
tively produces the major pore-forming protein listeriolysin O (LLO), which mediates
escape from the phagosome after macrophage uptake (26). Thus, this Listeria strain
(Δhly ΔprfA cLLO) is targeted by a robust xenophagic response following rupture of the
vacuole membrane.

Single-infection experiments demonstrated that there was no recruitment of LC3B
to LCVs containing either the parental strain of L. pneumophila, the ΔravZ mutant strain,
or the pentuple mutant. In contrast, robust LC3B recruitment was observed around L.
monocytogenes within the first 2 h of infection (Fig. 8). In cells coinfected with the
parental strain of L. pneumophila and L. monocytogenes, there was a dramatic defect in
LC3B recruitment around L. monocytogenes. This inhibition of LC3B recruitment was
mediated by RavZ, as LC3B recruitment to L. monocytogenes was restored in cells
coinfected with either the ΔravZ mutant or the pentuple mutant that is also deficient
in ravZ (Fig. 8B). Thus, RavZ translocated during infection by L. pneumophila has the
ability to globally suppress the xenophagy pathway from targeting intracellular patho-
gens.

Legionella pneumophila inhibits recruitment of autophagy adaptors to the
vacuole by a cis-acting mechanism that is RavZ independent. The observation that
LC3B localizes to L. monocytogenes in host cells infected with a ΔravZ mutant of L.
pneumophila suggested that adaptors remain functional to bind to xenophagic targets
in these cells. To test this hypothesis, the recruitment of p62 to L. monocytogenes was
examined in coinfected cells. These experiments revealed that p62 was recruited to L.
monocytogenes in macrophages that were first infected with the parental strain of L.
pneumophila producing RavZ (Fig. 9). Similar levels of p62 localization to L. monocyto-
genes were observed in host cells coinfected with the ΔravZ mutant and those with the
pentuple mutant, which indicated that p62 recruitment to L. monocytogenes was
independent of LC3B localization (Fig. 9B). Importantly, in macrophages that displayed

FIG 7 Legend (Continued)
strains in J774.A1 cells. (C) Colocalization of NDP52 to the indicated L. pneumophila strains in CHO cells. (D) Colocalization of NBR1 to the indicated
L. pneumophila strains in CHO cells. (E) Colocalization of optineurin to the indicated L. pneumophila strains in CHO cells. (F) Colocalization of LC3B
to the indicated L. pneumophila strains in J774.A1 cells. For all colocalization studies, recruitment was measured over a 9-h time course at the
indicated intervals. All colocalization data are representative of 3 independent experiments. For each independent experiment, approximately 100
vacuoles were scored in triplicate, for a total of 300 vacuoles per time point. The unpaired t test was used to analyze the differences between
samples. ***, P � 0.001; **, P � 0.01; ns, not significant.
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FIG 8 L. pneumophila organisms producing RavZ protect L. monocytogenes from xenophagic targeting. (A) Diagram showing recruitment of LC3B
to L. monocytogenes 6173 in coinfected cells and representative fluorescence micrographs of J774.A1 cells coinfected with L. monocytogenes 6173
and L. pneumophila. Merged panels show staining for L. pneumophila (purple), L. monocytogenes (red), LC3B (green), and Hoechst (blue). Bars, 7.5

(Continued on next page)
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robust localization of p62 to L. monocytogenes, there remained no evidence of intense
p62 recruitment to the vacuoles containing L. pneumophila, which is consistent with
what was observed during single-infection assays (Fig. 2). These data indicate that the
ubiquitinated vacuole containing L. pneumophila is protected from recognition by p62
but that L. pneumophila infection does not protect other xenophagic targets from being
recognized by p62 and degraded by the autophagy pathway. Thus, L. pneumophila has
evolved a cis-acting mechanism to restrict p62 binding to ubiquitin-tagged LCVs.

DISCUSSION

This study has uncovered new insights about L. pneumophila autophagy avoidance
through the use of adaptor localization assays and a coinfection system. These data
show that xenophagy receptors are not enriched on ubiquitinated LCVs (Fig. 1 to 4).
Given that adaptor recruitment is required for xenophagy, these data indicate that L.
pneumophila can avoid xenophagic targeting at the stage between ubiquitin signaling
and adaptor localization. Pathogens that are targeted by xenophagy acquire an acti-
vating signal such as ubiquitin, which drives the recruitment of adaptor proteins. Unlike
other pathogen-occupied vacuoles, the LCV is unique in that it is not recognized by
adaptor proteins that link ubiquitinated cargo with the xenophagy pathway. To date,
most studies have focused on the lack of LC3B recruitment to L. pneumophila vacuoles;
however, LC3B localization is a relatively late step in xenophagic targeting (14). Data
here revealed that xenophagic avoidance by L. pneumophila occurred at multiple
stages in the xenophagy pathway. The effector RavZ inhibited xenophagy globally in
infected cells. Importantly, these data revealed that even in the absence of RavZ, L.
pneumophila can suppress the xenophagic response at a stage between the ubiquitin
labeling of the LCV and the binding of xenophagic adaptors to the ubiquitin-coated
vacuole. Suppression of adaptor recruitment likely represents a mechanism by which L.
pneumophila strains that do not encode RavZ are able to avoid xenophagic targeting.

A coinfection system was used to determine if the lack of adaptor recruitment to
LCVs was specific to vacuoles containing L. pneumophila or due to global suppression
of adaptor function. To date, p62/SQSTM1 is the only member of the adaptor family to
be implicated in several antibacterial processes. Recruitment of p62 to vacuoles con-
taining L. pneumophila encoding a functional Dot/Icm system was observed infre-
quently, even though most of these vacuoles displayed an intense ubiquitin signature,
which indicated that L. pneumophila has the capacity to suppress p62 recognition of
the ubiquitin molecules associated with the vacuole. When recruitment of p62 and
LC3B to Listeria monocytogenes was investigated under coinfection conditions, two
observations were made that further defined the processes that enable L. pneumophila
to avoid xenophagic targeting. First, in coinfected cells, translocation of RavZ was found
to block LC3B recruitment to L. monocytogenes (Fig. 8). This demonstrates that RavZ
translocated at physiological levels will globally disrupt autophagic processes induced
during L. pneumophila infection and that this includes xenophagy. Second, coinfection
experiments revealed that p62 recruitment to L. monocytogenes was not blocked in
cells infected with L. pneumophila (Fig. 9). At the molecular level, this reveals that host
ubiquitin conjugation systems have the ability to detect pathogen-occupied vacuoles
containing either L. pneumophila or L. monocytogenes. However, L. pneumophila utilizes
a cis-acting mechanism to prevent xenophagic adaptors from being recruited to the
ubiquitin-positive vacuole in which it resides and not from other xenophagic targets in
the cell, such as L. monocytogenes. Thus, this cis-acting mechanism can protect L.
pneumophila from a xenophagic response without altering the host cells’ ability to
target other invading pathogens.

This study also revealed an atypical pattern of NDP52 distribution that was

FIG 8 Legend (Continued)
�m. (B) Colocalization of LC3B to L. monocytogenes strains in J774.A1 cells; recruitment was measured 1 h after L. monocytogenes invaded cells
that had been infected with the indicated L. pneumophila strains. For each independent experiment, approximately 100 bacteria were scored in
triplicate, for a total of 300 bacteria per time point. The unpaired t test was used to analyze the differences between samples. ****, P � 0.0001.
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FIG 9 L. pneumophila infection does not disrupt recruitment of autophagy adaptors to L. monocytogenes. (A) Diagram showing recruitment of p62
to L. monocytogenes 6173 in cells coinfected with L. pneumophila and representative fluorescence micrographs of J774.A1 cells coinfected with

(Continued on next page)
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observed along the perimeter of the LCV (Fig. 4 and 6). Importantly, this peripheral
distribution of NDP52 was dependent on the phosphoribosyl-ubiquitination activity
of the Sde proteins. A recent study reported that NDP52 is required to engage
protein complexes that initiate the early stages of autophagosome formation, such
as FIP200 and SINTBAD/NAP1 (42). Thus, one possible explanation is that this
distinct pattern of NDP52 localization could indicate sites of localized autophago-
some nucleation near the vacuole in which L. pneumophila resides. Because the
punctate distribution of NDP52 around the vacuole was significantly reduced
during infection by a mutant that does not produce the Sde proteins, it is possible
that phosphoribosyl-ubiquitination of reticulon 4 by the Sde proteins drives the
recruitment of NDP52 to membranes near the vacuole. In this scenario, the effectors
that act in cis on the LCV membrane would prevent the pathogen-occupied
organelle from being recognized by adaptor proteins. Further experimentation is
required to determine what drives this atypical distribution of NDP52 near the
vacuole during infection and whether phosphoribosyl-ubiquitination of reticulon 4
is required.

Many intracellular pathogens have evolved mechanisms to coopt the host ubiquitin
system and modulate ubiquitin signaling to dampen or suppress cell-intrinsic immune
responses (43–45). Because L. pneumophila encodes a number of effectors that either
mimic or hijack the host ubiquitin system (46), it is possible that cis-acting effectors may
have novel activities that modify the ubiquitin coat to disrupt efficient recruitment of
adaptors to the vacuole. The SidE family of effectors were of particular interest because
they are capable of introducing an atypical phosphoribosyl-ubiquitin linkage onto
proteins associated with the LCV (38, 40) and have also been proposed to poison the
host ubiquitin system in infected cells by modifying all available ubiquitin monomers
to phosphoribosyl-ubiquitin (39). Thus, it was important to determine if mutants
deficient in these effectors would occupy vacuoles that were capable of recruiting
xenophagic adaptors.

These data showed that a mutant deficient in the three Sde proteins retained the
ability to suppress the recruitment of p62 to the ubiquitinated LCV (Fig. 6A and B).
Unexpectedly, when the SidE protein was deleted in addition to these Sde proteins,
there was robust recruitment of p62 to the vacuoles containing this SidE family mutant
(Fig. 7A and B). Importantly, the percentage of vacuoles containing the SidE family
mutant that were p62 positive was similar to the percentage of vacuoles that stained
positive for ubiquitin (Fig. 1). Thus, phosphoribosyl-ubiquitination of proteins by mem-
bers of the SidE family of effectors plays a role in preventing the accumulation of p62
on the LCV. Although the mechanism by which this occurs is unknown, these coinfec-
tion data indicate that the SidE family of proteins act locally on the LCV and do not
globally poison the ubiquitin system during infection, as L. monocytogenes was effi-
ciently targeted for xenophagic recognition in cells that were infected with L. pneu-
mophila producing the SidE family of proteins (Fig. 8).

The SidE family of effectors were important for exclusion of p62 from the LCV, but
these vacuoles were still not efficiently recognized by other adaptors that participate in
xenophagy (Fig. 7C to E). Additionally, the accumulation of p62 on vacuoles containing
the SidE family mutant was not sufficient to promote the recruitment of autophagic
membranes to the LCV (Fig. 7F). This suggests that L. pneumophila has evolved
additional mechanisms to avoid xenophagic capture. Additional studies are needed
both to understand how phosphoribosyl-ubiquitination by the SidE family of effectors
can prevent p62 accumulation at the LCV and to identify other cis-acting effector
proteins that participate in xenophagic avoidance.

FIG 9 Legend (Continued)
L. monocytogenes 6173 and the indicated L. pneumophila strains. Merged panels show staining for L. pneumophila (purple), L. monocytogenes (red),
p62 (green), and Hoechst (blue). Bars, 7.5 �m. (B) Colocalization of p62 to L. monocytogenes strains was measured 1 h after L. monocytogenes
invaded cells infected with L. pneumophila. For each independent experiment, approximately 100 bacteria were scored in triplicate, for a total of
300 bacteria per time point. The unpaired t test was used to analyze the differences between samples. n.s., not significant.
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MATERIALS AND METHODS
Bacterial strains and cell lines. Legionella pneumophila serogroup 1 (Lp01) strains used in this study

(Table 1) were cultured on supplemented charcoal yeast extract (CYE) plates at 37°C as described
previously (47, 48). CYE medium is composed of 1% yeast extract, 1% N-(2-acetamido)-2-amin-
oethanesulfonic acid (ACES; pH 6.9), 3.3 mM L-cysteine, 0.33 mM Fe(NO3)3, 1.5% Bacto agar, and 0.2%
activated charcoal. When necessary, CYE was supplemented with streptomycin (100 �g/ml) or thymidine
(100 �g/ml). For coinfection experiments, mono-DsRed-expressing Legionella strains were used (49) and
were cultured in the presence of 1 mM IPTG (isopropyl-�-D-thiogalactopyranoside) to activate DsRed
expression and chloramphenicol (100 �g/ml). Listeria monocytogenes strains were generously provided
by Dan Portnoy (University of California, Berkeley). L. monocytogenes strains were cultured in brain heart
infusion (BHI) medium at 30°C overnight to reach post-exponential phase as previously described (26).
Infections were performed by diluting overnight samples in fresh BHI, until an optical density at 600 nm
(OD600) between 0.9 and 1.2 was reached. Samples were then subjected to centrifugation to remove the
growth medium, and the pellet was rinsed in phosphate-buffered saline (PBS) prior to infection. All
experiments described in this study included the use of J774.A1 mouse macrophages (ATCC) and Chinese
hamster ovary (CHO) cells (ATCC). Both J774.A1 and CHO cells were cultured in RPMI medium supple-
mented with 10% fetal bovine serum (FBS) and maintained at 37°C and 5% CO2.

Molecular cloning, plasmid construction, and deletion experiments. For complementation ex-
periments, lpg0234 was amplified from Lp01 genomic DNA using the primer set TM1F (GACTCTAGAGG
ATCCCCGGGTACCGAGCTCGAATTCgtgctgatttttaagtcac) and TM1R (GAGCGGATAACAATTTCACACAGGAA
ACAGAATTCttacaatcttaagagagttc). These primers were used to generate the complementation plasmid.
The sequence- and ligation-independent cloning (SLIC) method (50) was used to insert lpg0243 into the
EcoRI site of pJB1806. The resulting plasmid (psidE) was then transformed into electrocompetent L.
pneumophila, which was grown on selective medium and subsequently sequenced to confirm the
genotype of the final product (Keck DNA Sequencing Facility, Yale University). To delete ravZ (lpg1683)
from the chromosome, a deletion construct expressing flanking genetic regions (pSRS47s::ravZ) (34) was
used. Allelic exchange was performed as previously described (51), and sucrose-resistant, kanamycin-
sensitive colonies were screened by PCR to validate proper gene deletion. In addition, phenotypic
analysis was performed to confirm removal of ravZ by qualitatively assessing the presence of LC3B
puncta in infected macrophages by immunofluorescence microscopy.

Single-infection and coinfection experiments. Single-infection experiments with Legionella strains
were performed at a multiplicity of infection (MOI) of 25; under certain conditions, thymidine (100 �g
ml�1) was added to the infection. Single-infection experiments with L. monocytogenes strains were
performed at a MOI of 1, and at 30 min postinfection (p.i.), cells were rinsed in PBS to remove extracellular
bacteria and resuspended in RPMI supplemented with gentamicin (50 �g ml�1) as described previously
(26). For coinfection experiments, J774.A1 cells were first infected with DsRed-expressing Legionella for
2 h at an MOI of 50, and IPTG was added at a final concentration of 1 mM to induce the expression of
DsRed. After 2 h, L. monocytogenes strains (OD600, 0.9 to 1.2) were added to Legionella-infected cells at
an MOI of 1. Coinfected samples were incubated at 37°C for an additional 30 min to allow uptake. To
remove extracellular bacteria, the coinfected cells were rinsed in PBS and the medium was replaced with

TABLE 1 Bacterial strains and plasmids used in this study

Bacterial strain or
plasmid Description Reference(s)

Lp01 (WT) Legionella pneumophila Philadelphia 1; rpsL hsdR 4
ΔdotA mutant Lp01, avirulent mutant defective in effector secretion; ΔdotA 4
ΔravZ mutant Lp01, ΔravZ 34
Δ5 mutant Lp02, pentuple mutant from which 18.5% of genome has been genetically removed,

which includes approx 31% of Dot/Icm substrates; Δ(lpg1603-lpg1686) Δ(lpg1104-
lpg1128) Δ(lpg1136-lpg1169) Δ(lpg1933-lpg1999) Δ(lpg2369-lpg2465)
Δ(lpg2508-lpg2573)

37

sde locus mutant Lp02, sdeC-sdeA deletion; Lux� Δ(sdeC-sdeA) [Δ(lpg2153-lpg2157)] Kanr PahpC::lux; KK034 40
JV6113 Lp02, sidE family deletion; ΔsidE ΔsdeC ΔsdeB-A [Δlpg0234 Δlpg2153 Δ(lpg2156-lpg2157)] 40, 41
JV6113�pEV Lp02, sidE family deletion with empty vector plasmid; ΔsidE ΔsdeC ΔsdeB-A [Δlpg0234,

Δlpg2153 Δ(lpg2156-lpg2157)] � pJB1806
This study

JV6113�psidE Lp02, sidE family deletion with sidE (lpg0234) complementation plasmid; ΔsidE ΔsdeC
ΔsdeB-A [Δlpg0234 Δlpg2153 Δ(lpg2156-lpg2157)] � pJB1806:lpg0234(sidE)

JV6113 ΔravZ Lp02, sidE family deletion with ravZ deletion; ΔsidE ΔsdeC ΔsdeB-A [Δlpg0234 Δlpg2153
Δ(lpg2156-lpg2157)] � ΔravZ

This study

6172 Listeria monocytogenes, deficient in expression of PrfA-regulated virulence factors; Δhly
ΔprfA, with the empty integrated vector pHpPL3

26

6173 Listeria monocytogenes, deficient in expression of PrfA-regulated virulence factors; lyses
phagosome through ectopic and constitutive expression of cLLO (hly); Δhly
ΔprfA�cLLO pHpPL3-hly

26

psidE sidE complementation plasmid; pJB1806:lpg0234 (sidE) This study
ravZ deletion construct Construct generated to genetically remove ravZ from recipient strains; �pir; pSRS47s

harboring flanking genetic region
34
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RPMI supplemented with gentamicin (50 �g ml�1), and the coinfection was allowed to proceed for an
additional 60 min.

Indirect immunofluorescence and image analysis. J774.A1 and CHO cells were plated in RPMI
supplemented with 10% FBS at a concentration of 1.5 � 105 cells per well on coverslips treated with
0.02 mM poly-L-lysine (Sigma-Aldrich). Legionella pneumophila and L. monocytogenes samples were
prepared as described above for both single-infection and coinfection experiments. For LC3B and NBR1
localization assays, coverslips were fixed and permeabilized with cold methanol on ice for 60 s. For
detection of endogenous p62/SQSTM1, NDP52, and optineurin, samples were fixed with 8% paraformal-
dehyde (PFA) on ice for 10 min and subsequently treated with 0.4% Triton (Sigma-Aldrich). Ubiquitinated
proteins were detected by fixing samples in 4% PFA and permeabilizing with cold methanol. Following
fixation, coverslips were thoroughly rinsed in PBS (Gibco) and blocked for 1 h in 2% bovine serum
albumin (BSA) (suspended in PBS) at room temperature. Then coverslips were incubated in each
respective primary antibody diluted in blocking solution for 1 h, rinsed in PBS, and incubated with
secondary antibodies for 30 min. Next, coverslips were rinsed in PBS and mounted onto glass slides using
Prolong Gold antifade reagent (Life Technologies).

Primary antibodies and dilutions used were 1:5,000 rabbit anti-Legionella (Abcam), 1:4,000 rabbit
anti-Listeria (Abcam), 1:200 mouse anti-LC3B (2G6; Nanotools), 1:300 mouse anti-SQSTM1/p62 (BD
Biosciences), 1:300 mouse anti-NBR1 (BD Biosciences), 1:300 mouse antioptineurin (BD Biosciences),
1:300 mouse anti-NDP52 (Abnova), and 1:100 fluorescein-labeled mono- and polyubiquitinated conju-
gates (Enzo Life Sciences). The following secondary antibodies were used: Alexa Fluor 488-conjugated
goat anti-mouse immunoglobulin, Alexa Fluor 568-conjugated goat anti-rabbit immunoglobulin, and
Alexa Fluor 647-conjugated goat anti-rabbit immunoglobulin. All secondary antibodies were obtained
from Life Technologies and used at a final concentration of 1:2,000. Hoechst (Abcam) or DAPI (4=,6-
diamidino-2-phenylindole; Abcam) was added to secondary-antibody solutions at a final concentration
of 1:10,000. The samples were then imaged on a Nikon Eclipse TE2000-S inverted fluorescence micro-
scope with a 100�/1.4 numerical aperture lens objective and a Photometrics CoolSNAP EZ camera.
SlideBook (version 6.2) software was used for image acquisition and analysis, and ImageJ (52) was used
for final analysis of all images. For deconvolved images, 4-�m z-projections were deconvolved with
SlideBook software.

Colocalization quantification and statistical analysis. For single-infection experiments, the
colocalization of endogenous host proteins to the LCV was quantified by scoring 100 infected cells.
Average colocalization was quantified from three technical replicates for each time point, for a total
of 300 samples for statistical analysis, and three independent iterations were performed. For NDP52
punctate recruitment, positive recruitment was defined as proximal localization of more than 7
NDP52-positive puncta near the vacuole, whereas NDP52 recruitment was defined by conventional
standards, which qualitatively measure colocalization between endogenous NDP52 and bacterial
surface markers (e.g., Legionella-containing vacuole). For coinfection assays, coinfected cells were
defined as cells containing no more than 3 bacteria per cell. Coinfected cells were then scored for
recruitment of autophagy proteins (p62 or LC3-B) to L. monocytogenes (strains 6172 and 6173); 100
coinfected cells were scored in triplicate for a total of 300 cells. Three independent iterations were performed
for both experimental setups. Data from quantitative indirect immunofluorescence were analyzed using Prism
GraphPad 8. Data are presented as means � standard deviations, and the statistical significance was analyzed
by Student’s t test, as indicated in the figure legends. A P value of �0.05 was considered to indicate statistical
significance. The unpaired t test was used to analyze the differences between samples.
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