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Legionella pneumophila was first isolated as the causative agent of a deadly infectious
pneumonia at a convention of the American Legion forty years ago. Since then,
Legionnaires’ disease continues to be a significant public health concern. Today,
our understanding of the Legionella genus, comprising environmental bacteria
and opportunistic human pathogens, has dramatically increased. The study of how
pathogenic Legionella interact with host cells, both protozoan and mammalian, has
not only taught us about host-pathogen interactions but has revealed novel and
unexpected insights into human cell biology and immunology.

The capacity of pathogenic Legionella to commandeer cellular processes such as
eukaryotic vesicular trafficking to establish an ER-like replicative niche, reflects the
exquisite ability of this pathogen to manipulate eukaryotic cell biology in order to
replicate in an intracellular compartment. This requires the specific and targeted
action of a cohort of translocated bacterial effector proteins. In addition, we have
learnt much about cell autonomous innate immune sensing of intracellular bacteria
through the inability of L. pneumophila to avoid intracellular mammalian defense
mechanisms.

Now, in the age of large-scale comparative “omics”, itis clear that different Legionella
species utilize different cohorts of effectors to replicate inside eukaryotic cells.
While we understand some of the strategies employed by L. pneumophila and L.
longbeachae to replicate within eukaryotic cells, there is still much to learn about
many aspects of the Legionella life cycle.

This Research Topic highlights the latest findings regarding the biology of Legionella
species, their interactions with eukaryotic host cells, and how the application of
various technologies has increased our understanding of this important pathogen.

Citation: Newton, H., Hartland, E., Machner, M., eds. (2018). Biology and Pathogenesis
of Legionella. Lausanne: Frontiers Media. doi: 10.3389/978-2-88945-661-1
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Editorial on the Research Topic
Biology and Pathogenesis of Legionella

Legionella species are a large collection of environmental Gram-negative bacteria that have evolved
the capacity to replicate to high numbers in a range of eukaryotic cells. This trait enables some
Legionella to be pathogenic to humans, particularly when the individual is immunocompromised.
Since the 1976 outbreak of Legionnaires’ disease, and discovery of Legionella pneumophila as a
human pathogen, this bacterium has been the subject of significant research effort and important
scientific discoveries.

Research on Legionella has impacted bacteriology, with important studies covering
pathogenesis, transcriptional regulation, physiology and metabolism. Legionella has also been used
as a valuable tool to inform understanding of environmental microbiology, protein biochemistry,
innate and adaptive immunology and eukaryotic cell biology. Under the umbrella of this research
topic 14 publications have delved into these diverse research areas. These publications highlight the
current breadth of Legionella research and the future direction of the field of study. Seven original
research papers, six reviews and one hypothesis and theory article have contributed to this research
topic.

The Dot/Icm type IVB secretion system is essential for virulence of Legionella, mediating
intracellular survival and establishment of the Legionella-containing vacuole (LCV) replicative
niche through the collective action of a large cohort of effector proteins. Four original research
papers have revealed novel findings regarding effectors of the Dot/Icm system (Allgood et al;
Kubori et al.; Speir et al.; Price et al.).

The Dot/Icm effector SidF has previously been shown to block host cell apoptosis during L.
pneumophila infection (Banga et al., 2007). Here Speir et al. examined the role of apoptosis during L.
pneumophila infection and demonstrate a SidF-independent evasion of host cell death. The single-
cell live-cell imaging approach developed in this study allows detailed analysis of the dynamics of
host viability throughout L. pneumophila infection.

Allgood et al. provide further insight into the effector AnkX, previously shown to post-
translationally modify the host GTPases Rab1 and Rab35 through the addition of a phosphocholine
moiety (Mukherjee et al., 2011). In this study, the functional implications of this enzymatic activity
are explored with demonstration that AnkX perturbs endocytic recycling, a Rab35 dependent
process. This activity aids L. pneumophila infection by inhibiting LCV-lysosome fusion (Allgood
et al.). Another effector, RavZ, acts to block host autophagy by irreversibly deconjugating LC3
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(Choy et al,, 2012). Using a unique Salmonella-Legionella co-
infection system Kubori et al. demonstrate that RavZ may
also target ubiquitin. RavZ interfered with the recruitment of
ubiquitin to the Salmonella-containing vacuole in a manner that
depends on the previously identified catalytic site (Kubori et al.).

RavZ and AnkX are examples of Dot/Icm effectors that
act by post-translationally modifying host targets to control
their activity. Price et al. explored the opposite phenomenon;
host post-translational modification of Legionella effectors.
Specifically, they investigated factor inhibiting HIF1 (FIH)-
mediated asparaginyl hydroxylation, known to impact protein-
protein interactions. They demonstrated that the effectors AnkH
and AnkB can be hydroxylated by human cells (Price et al.).
Components of the modification machinery are recruited to the
LCV and removal of FIH leads to increased LCV-lysosome fusion
indicating a role for asparaginyl hydroxylation in maintenance of
the replicative LCV.

Several original research publications in this research topic
explored the importance of specific proteins and processes not
linked to the Dot/Icm system (Li and Faucher; Hoppe et al;
Lama et al.). This research represents fundamental knowledge
and exciting new targets that could be used to develop novel
approaches toward control of urban outbreaks of Legionnaires’
disease.

Hoppe et al. demonstrated that PilY] makes important
contribution to L. pneumophila virulence. Highly homologous to
PilY1 of Pseudomonas aeruginosa, the L. pneumophila PilY1 is an
outer membrane protein contributing to adherence, invasion and
replication within different human cells. Given that PilY1 also
promotes twitching motility of L. pneumophila, future studies
may demonstrate that this virulence factor is also crucial for
bacterial dissemination during lung infection.

Lama et al. developed a transposon mutagenesis screen
to identify L. pneumophila mutants attenuated for growth in
amoeba. Interestingly, the researchers identified multiple genes
required in amoebae but not macrophages and two genes
required for L. pneumophila replication in both host cells (Lama
et al.). The latter two genes, conserved among several human
pathogens, both encode components of an ATP binding cassette
(ABC) transporter complex of unknown function.

Central to the capacity of L. pneumophila to cause disease
is its ability to persist within water environments for extended
periods of time. Li and Faucher have explored this phenomenon,
identifying and characterizing a L. pneumophila membrane
protein important for survival in water. LasM, Legionella aquatic
survival membrane protein, has no impact on infectivity of
L. pneumophila but is required for the culturability of the
organism from water (Li and Faucher). Interestingly, homologs
of LasM are present in many Legionella species and other aquatic
bacteria suggesting LasM may represent a common strategy for
persistence in aquatic environments.

The Legionella life cycle and metabolic adaptation (Oliva
et al.), regulation of flagellation (Appelt and Heuner), diversity
of protozoan hosts (Boamah et al.), deciphering effector function
(Schroeder), manipulation of host ubiquitination (Qui and Luo)
and the role of host retrograde trafficking during Legionella
infection (Barlocher et al.) are all explored by the collection of

reviews presented in this research topic. Together these review
articles provide a comprehensive reference that reflects our state
of the art understanding of Legionella.

Oliva et al. examined the metabolic and morphologic changes
that L. pneuwmophila initiates in response to environmental
cues. The authors have summarized significant research
deciphering how L. pneumophila is able to adapt to extracellular
and intracellular environments and nutrient availability via
the stringent response. This regulatory network allows L.
pneumophila to transit between a replicative and transmissive
form demonstrating that environmental adaptation is an
essential trait for virulence (Oliva et al.). Flagellation represents
a key morphological trait of the transmissive form of L.
pneumophila. Appelt and Heuner authored a detailed review
of flagellation with particular focus on the regulatory networks
that influence this trait. The central importance of motility to L.
pneumophila virulence is highlighted but also that flagellation
is not a universal trait of Legionellaceae, with some pathogenic
species remaining non-flagellated (Appelt and Heuner).

Interaction between Legionella and their natural protozoan
hosts is often overlooked in pathogenesis studies, yet this
interaction is central to the evolution and environmental
persistence of the species. Boamah et al. present a comprehensive
exploration of the natural broad host range of L. pneumophila and
reflect on the diversity of these interactions which are currently
poorly represented in Legionella host-pathogen interaction
studies.

Strategies toward functional understanding of the extensive
cohort of Legionella Dot/Icm effectors is reviewed by Schroeder.
This is a timely review given that recent comparative genomics
studies have revealed the massive number of effectors present
within the Legionella pangenome (Gomez-Valero et al,
2014; Burstein et al., 2016). Schroeder discusses different
approaches, beyond traditional genetics, to uncover effector
functions including identification of protein targets and
profiling post-translational modifications using newly developed
technologies.

Research into the eukaryotic pathways targeted by Dot/Icm
effectors has yielded significant insight into novel mechanisms
of controlling the eukaryotic cell. Reviews by Qui and Luo and
Birlocher et al. summarize current knowledge of how Legionella
Dot/Icm effectors modulate the host ubiquitin network and
retrograde trafficking respectively. Ubiquitin is intrinsic to many
vital eukaryotic cellular processes impacting protein stability,
localization and/or interactions. Many L. pneumophila eftectors
are known to manipulate this pathway through both unique
actions and functional mimicry of eukaryotic enzymes. The
overview of this research area, provided by Qui and Luo, presents
a clear demonstration that L. pneumophila has the capacity to
control all aspects of the host ubiquitin network yet the impact
this has on LCV biogenesis remains poorly understood. The
review by Birlocher et al. draws on recently published data to
propose the LCV as an acceptor compartment for retrograde
transport vesicles. Retrograde trafficking aids in restriction of
several intracellular bacterial pathogens and is manipulated by
L. pneumophila through the functionally undefined effector RidL
(Barlocher et al.).
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Finally, a Hypothesis and Theory publication explored
the complex ideas behind effector redundancy (Ghosh and
O’Connor). Redundancy has been a long-standing hurdle toward
revealing the importance of specific effectors during intracellular
replication of L. pneumophila. This article outlines different
types of redundancy that have been uncovered in Legionella
pathogenesis and the selective pressure that has led to this
redundancy.

The scientific snapshot encompassed by this research topic
demonstrates that Legionella species are mysterious bacteria from
which decades of dedicated scientific research has provided
significant advances in knowledge. The future application of
new technologies and development of new approaches to study
Legionella will undoubtedly continue to unveil great insights with
broad implications.
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Identification of Conserved ABC
Importers Necessary for Intracellular
Survival of Legionella pneumophila in
Multiple Hosts

Amrita Lama, Samuel L. Drennan, Rudd C. Johnson, Grace L. Rubenstein and
Eric D. Cambronne*

Department of Molecular Microbiology and Immunology, Oregon Health and Science University, Portland, OR, United States

It is established that the human pathogen Legionella pneumophila becomes significantly
augmented for infection of macrophages after intracellular growth in amoebae when
compared to like-strains cultivated in laboratory media. Based on this observation,
we reasoned that the most critical virulence determinants of L.p. are expressed by
responding to stimuli generated by the protozoan host specifically; a process we term
“protozoan-priming.” We sought to identify L.p. virulence factors that were required
for replication in amoebae in order to highlight the genes necessary for production of
the most infectious form of the bacterium. Using a transposon mutagenesis screen,
we successfully identified 12 insertions that produced bacteria severely attenuated for
growth in amoebae, while retaining a functional Dot/lcm type Vb secretion system. Seven
of these insertion mutants were found dispensable for growth in macrophages, revealing
attractive therapeutic targets that reside upstream of the pathogen-human interface. Two
candidates identified, jpg0730 and Jpg0122 were required for survival and replication
in amoebae and macrophage host cells. Both genes are conserved among numerous
important human pathogenic bacteria that can persist or replicate in amoebae. Each
gene encodes a component of an ATP binding cassette (ABC) transport complex of
unknown function. We demonstrate the jpg0730 ortholog in Francisella tularensis subsp.
novicida to be essential for colonization of both protozoan and mammalian host cells,
highlighting conserved survival mechanisms employed by bacteria that utilize protozoa
as an environmental reservoir for replication.

Keywords: Legionella, pathogenesis, transposon mutagenesis, Acanthamoeba castellanii, macrophage, Dot/Icm
T4b secretion system, ABC transporter, Francisella

INTRODUCTION

Legionella pneumophila (L.p.) is a Gram-negative bacterium predominantly associated with
freshwater environments. Free-living bacteria persist in water, yet replication is restricted to the
confines of host protozoan cells (amoebae), where the bacterium is a facultative intracellular
parasite (Fields, 1996; Abu Kwaik et al., 1998). It is an opportunistic human pathogen, where egress
from host amoebae generates the most infectious form of the bacterium (Cirillo et al., 1994, 1999;
Brieland et al., 1996). Aerosolization of contaminated water sources provides an invariant route of
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transmission, providing access to resident lung alveolar
macrophages. Intracellular colonization and replication in
host macrophages occurs in a similar fashion to the bacterial
life-cycle in protozoa, manifesting a spectrum of pathologies
collectively termed “legionellosis.” The range of presentation,
which is largely owed to host immune-competence, includes
self-limited flu-like illness (Pontiac fever) to a severe and often
fatal pneumonia called Legionnaires’ disease (Burillo et al., 2017).

In order to survive and replicate in eukaryotic cells, L.p.
requires a specialized type IVb secretion system termed Dot/Icm
(Marra et al., 1992; Berger and Isberg, 1993; Segal and Shuman,
1997). This multi-protein secretion apparatus functions to deliver
up to 300 effector proteins into the host-cell (Zhu et al., 2011).
Effectors collectively function in the subversion of host-cellular
processes to facilitate establishment of a replication-permissive
compartment, often termed Legionella-containing vacuole (LCV)
(Roy, 2002). Strains defective for Dot/Icm-mediated transport
of effectors are rendered largely avirulent (Roy et al, 1998).
L.p. developed these intracellular survival strategies through
close associations with protozoa in the environment. Strategies
adopted for survival in protozoa therefore directly translated
to efficient replication in the hostile environment encountered
within the macrophage of the lung.

Importantly, evidence dating back over 20 years demonstrated
that L.p. cultivated in amoebae prior to infection of macrophage
cell lines or murine hosts were both hyper-invasive and
hyper-virulent; upwards of 100-fold when compared to like-
strains cultured in laboratory media; a phenomenon we term
“protozoan-priming” (Figure 1) (Cirillo et al., 1994, 1999;
Brieland et al., 1996, 1997a,b; Drennan et al., 2013). This effect has
been experimentally ascribed to a transition from an intracellular
replicative phase to a non-dividing transmissive form (Molofsky
and Swanson, 2004). Similarly “transmissive” bacteria have been
modeled in vitro by culturing L.p. to early stationary phase.
Based on these early observations however, the discrepancy
between the virulence properties associated with protozoan-
primed vs. in vitro cultured bacteria could be exploited to reveal
key determinants for L.p. dissemination.

We speculated that L.p. must respond to environmental
stimuli provided exclusively by the protozoan host-cell in order
to activate the expression of genes that contribute to the observed
augmented infection phenotypes. With this notion in mind,
we first sought to comprehensively identify genes necessary
for intracellular survival in amoebae specifically, to potentially
uncover therapeutic targets that would prevent generation of
the highly virulent and most biologically relevant form of L.p.
in the context of human infection. Additionally, these targets
would have potential to reside upstream of the bacterial-human
interface.

To this end, we conducted a genome-wide transposon
mutagenesis screen in L.p. using intracellular survival and
replication in the model protozoan Acanthamoeba castellanii
(A.c.) as a primary evaluation criterion (Holden et al., 1984).
Mutants that were attenuated or failed to replicate in A.c.
(as determined using fluorescence microscopy) were next
subjected to additional rounds of screening. Potential dot/icm
insertions were selected-against based on sensitivity to growth

L.pneumophila

b

Protozoan

Direct Route

PRIMING Route - = ~ \}‘
.

. 4 \
" i !
IS

Human
Lung

o~ - -

Intracellular life-cycle

earl late e

macrophage

replication

virulence

FIGURE 1 | Protozoan-primed Legionella pneumophila are augmented for
dissemination to human macrophages. L.p. strains that have completed an
intracellular life-cycle in natural-host protozoa are up to 100x more infectious
(Priming route) than like-strains cultivated in laboratory medium or persisting in
freshwater (Direct route). Response to specific host-cellular cues must trigger
expression of key virulence determinants for alveolar macrophage infection in
the human lung.

on artificial media containing sodium chloride, and confirmed
for a functional Dot/Icm transporter using an adenylate-
cyclase reporter assay (Vogel et al., 1996; Cambronne and Roy,
2007). Host-cell specificity among several candidate insertions
was demonstrated by examining intracellular replication in
additional host cell types including murine and human
macrophages.

Of particular interest were insertions in Ipg0730 and Ipg0122,
each encoding a structural component of a distinct ATP binding
cassette (ABC) transport complex (Theodoulou and Kerr,
2015). The assignment of substrate to each transport complex
is unresolved. However, we found both loci conserved among
several bacterial pathogens that can utilize protozoa as an
intermediate reservoir for proliferation and transmission in the
environment. Further, we demonstrated that disruption of the
Ipg0730 ortholog in Francisella tularensis subsp. novicida was
essential for colonization of both protozoan and mammalian
host-cells. Our data suggest that Lpg0730-containing
ABC transport complexes therefore represent a conserved
intracellular survival determinant that represents an attractive
target for inhibiting proliferation in environmental host
cells.

RESULTS

Construction and Screening of
L. pneumophila Mutant Library

We first generated a fluorescently-tractable isogenic L.p. strain
harboring a single copy of gfpmu3 on the chromosome that
would serve as a wild-type representation for mutagenesis
(JR32:g¢fp) (Cormack et al, 1996). GFP production was
driven by dual promoters in tandem. The isopropyl p-D-1-
thiogalactopyranoside (IPTG)-inducible tac promoter was
located immediately 5’ to the icmR promoter; active in early
stationary phase (Neild and Roy, 2003). The gfp construct
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was inserted 3’ to the stop codon of the wipA effector locus
(Figure 2A). This location was chosen due to the large 710
bp stretch of non-coding sequence 3’ to the monocistronic
wipA. WipA, which was recently reported to harbor tyrosine
phosphatase activity had been previously determined dispensable
for intracellular survival of L.p. in both macrophage and
amoebae (Ninio et al., 2005; Pinotsis and Waksman, 2017). We
additionally constructed an isogenic AdotA::gfp strain for use as
a negative control for intracellular replication (Roy et al., 1998).
Both JR32::gfp and JR32 AdotA::gfp produced GFP when cultured
in vitro in the presence of IPTG (Figure 2B/insets). However, WT
was the only strain capable of supporting intracellular replication,
which could be detected using fluorescence microscopy
(Figure 2B).

In order to provide unbiased coverage of the non-essential L.p.
genome, we constructed a library of individual insertion mutants
of L.p. strain JR32::¢fp using a modified minimariner transposon
(mini-minimariner) mutagenic strategy (Murata et al., 2006). For
library construction, we used pNH3503 plasmid carrying the
mini-minimariner transposon. This transposon targets TA di-
nucleotides on the chromosome, integrating in a random fashion
(Figure 2C) (Murata et al., 2006). Greater than 4,000 insertions
were isolated using 20 individual rounds of mutagenesis,
where 200-250 isolates were collected per round. PCR analysis
of randomly selected mutants demonstrated the presence of
transposon in every isolate examined (not shown). Individual
mutants were cataloged in 96-well format for preservation
(Figure 2C).

To screen the library, we first examined whether each mutant
could replicate intracellularly in the model host protozoan A.c.
(Holden et al., 1984). Individual mutants were used to infect A.c.
in 96-well plate format for 18 h. Infected wells were examined via
fluorescence microscopy. Mutants that were attenuated or unable
to replicate intracellularly, as judged by reduction or absence of
mature fluorescent vacuoles, were selected for further rounds of
screening (Figure 2C).

A secondary screen of candidate mutants was performed
in 24-well format under controlled multiplicity of infection.
Successful candidates that were validated as attenuated or
defective in intracellular replication were next tested for their
capacity to grow under conditions of elevated sodium chloride
concentration. WT L.p. cannot grow on media containing (150
200mM) NaCl, a consequence of a functional Dot/Icm type
IVb secretion system (Vogel et al, 1996). Conversely, L.p.
mutations in several loci encoding structural components of
the Dot/Icm transporter were shown to render L.p. permissive
for growth on elevated [NaCl] (Figure2C). This important
selection criterion therefore allowed for identification of isolates
that failed to divide in host cells yet presumably retained
a functional Dot/Icm transporter. Candidates that satisfied
the screening criteria were next used to infect a panel of
mammalian host-cell types to evaluate specificity. Thirty-eight
insertions were selected for further characterization, where 18
failed to replicate in A.c. and an additional 20 were attenuated
by 50% or greater when compared to WT (as measured
subjectively by total mature replication vacuoles per microscopic
field).

A

> | > — 710bp —({[[EPH/7
5 3

—1000bp: 1000bp—i
JR32:gfp \ [tac [iomr _[Gfpmuta]

JR32AdotA::gfp

C
JR32::gfpmuts

Transform
Select on
CYEAKm'®

ColE1ori

mini-minimariner

Catalog library of
4032 individual clones

A r.% well-based A.castellanii infection

_Return to library to
select candidates
\/ Microscopic
evaluation

3. 24 well-based A.castellanii infection
secondary screen

4.Eliminate T4SS defective strains
through selection on 200mM NaCl

Growth dotlicm

- » | defect
5. 24 well-based macrophage infection

tertiary screen

6. Those that grow
intracellularly
selected for

determination of
tpsn insertion site

FIGURE 2 | Schematic representation of genome-wide transposon
mutagenesis of L. pneumophila and survival screen in multiple host-cell types.
(A) gfomues with tandem promoters (tac, icmR) was inserted on the L.p. JR32
chromosome 3’ to the wipA (jpg2718) locus using homologous recombination.
(B) The JR32::gfp strain was used to generate a T4SS defective mutant
(Continued)
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FIGURE 2 | through in-frame deletion of dotA, resulting in JR32 AdotA::gfp.
Both strains were cultured to post-exponential phase in the presence of IPTG
(insets) and used to infect A.c. cells. Eighteen hours post-infection, light (left
column) and fluorescence (right column) micrographs were captured to
visualize replication-permissive vacuoles. Scale bar = 50 um. (C) JR32::gfpo
was subjected to transposon mutagenesis using the plasmid pNH3503, where
kanamycin resistant clones were transferred to 96-well culture plates. Each
clone was cultured to post-exponential phase and used to infect A.c. cultures
for 18 h (1). Individual wells were examined microscopically to evaluate
abundance of fluorescent vacuoles. Mutants that lacked fluorescence were
targeted for secondary infections of A.c. using controlled MOI (2-3). Mutants
that passed secondary screen were subjected to cultivation on media
supplemented with 150 mM NaCl in order to select against Dot/lcm-defective
strains (4). Salt-sensitive mutants were subsequently used to infect CHO
FcyRll-transgenic, J774.A1, and THP-1 monolayers to evaluate survival
capacity using fluorescence microscopy (5). All remaining mutants were
subjected to DNA sequencing to determine transposon insertion sites (6).

TABLE 1 | NaCl-sensitive dot/icm insertions.

Isolate Insertion Annotation
B4-3 Ipg2674 dotD

A3-4 Ipg0453 dotE/icmC
E9-4 Ipg0454 dotP/icmD
E2-9 lpg0446 dotL/icmO
E2-16 Ipg0446 dotlL/icmO
H12-32 lpg0446 dotl/icmO
C11-13 lpg0445 dotM/icmP
G9-32 lpg0445 dotM/icmP
F5-40 Ipg0445 dotM/icmP
B7-29 Ipg0445 dotM/icmP
E7-27 Ipg0455 dotN/icmdJ
A2-28 Ipg0444 icmQ

Exhibited zero growth in A.c., CHO-FcyRIl, J774.A1, THP-1.

Sequence Validation of Transposon

Insertion Sites

Of the 38 isolates, 24 were successfully sequence validated,
where transposon insertion sites were determined either by using
the transposon insertion as a site for priming and subsequent
amplification of purified genomic DNA or with “arbitrary” PCR
(O’Toole and Kolter, 1998).

Twelve of the isolates were found in dot/icm-encoding loci,
where insertions were limited to eight of the 27 genes that
comprise the transport system (Table 1). These eight dot/icm
genes therefore represented a functionally distinct class, as each
failed to grow on elevated [NaCl]. An additional 12 insertions
were located at the sites described in (Table 2). Each of these
mutants were severely attenuated or failed to replicate in one of
the four eukaryotic hosts examined. The remaining 14 mutants,
displaying a range of intermediate phenotypes in A.c. infection
were not sequenced but were cataloged. Infection phenotypes for
these isolates are described in (Table S1).

In addition to measuring survival and replication in A.c.,
each mutant was used to infect FcyRII transgenic Chinese

Hamster Ovarian (CHO) cells (Nagai et al., 2005). Here bacteria
were opsonized with polyclonal antisera directed against heat-
killed WT L.p. prior to infection, which effectively stimulated
phagocytosis and allowed for measure of survival in an artificial
host system. Mutants were also used to infect the murine
macrophage cell line ]J774.A1, or phorbol myristate acetate
(PMA)-differentiated human THP-1 macrophages. Survival
values indicated in Table 2 represent approximates of the total
number of fluorescent vacuoles per microscopic field compared
as a percentage to the total number of observed vacuoles in an
infection using WT L.p. over the same time-course of infection.

Overall, the 24 mutants identified using the selection criteria
could be divided into two classes: (I) dot/icm machinery mutants
that retained salt-sensitivity, or (II) mutants that were attenuated
for intracellular survival in one or multiple host cell types.
We found some degree of host cell-specificity associated with
survival among seven of the 12 class 2 insertions (Table 2).
Additionally, 3 of 12 class II insertions were located in intergenic
regions.

Of the insertions identified as a result of limited or
complete failure to produce mature replication vacuoles in
A.c., three interrupted dot/icm effector encoding genes. The
product of sdhA has been implicated in vacuolar integrity
and is necessary for survival in macrophages (Creasey and
Isberg, 2012). The promoter regions of effector-encoding lem25
(Ipg2422) and rvfA (Ipgl797) were also interrupted (Huang et al.,
2011). Complementation studies using plasmid-borne copies of
Ipg2422 or Ipg2423 (encoded opposite direction from transposon
insertion) in the H2-15 isolate failed to restore intracellular
survival. Further the Ipgl797 ORF alone, or in the context
of native promoter failed to complement the A9-20 isolate.
Therefore, the contribution of these transposon insertions to
observed phenotypes remains unresolved.

Two additional insertions were found to interrupt genes
encoding enzymes involved in amino acid metabolism. [pg2276
encodes a Glu/Leu/Phe/Val- family dehydrogenase, a NAD™ or
NADP™-dependent enzyme that de-aminates the amino acid
to a keto-acid form, which can be assimilated into the Krebs
cycle. The Ipg1811 locus encodes aspartokinase-diaminopimelate
decarboxylase, an enzyme important in lysine synthesis. The
requirement for this gene was strictly limited to intracellular
survival in the protozoan host.

Additional sequenced insertions included the proQm
activator of ProP osmoprotectant transporter, which functions
on ProP at a post-translational level. ProP responds to osmotic
stress functioning as a zwitterion/proton symporter (Chaulk
et al., 2011). Loss of proQm was found more detrimental
for survival in the protozoan host. The D12-34 insertion
was located between IspG and IspF, structural components
of the type II secretion system in Lp. The Lsp secretion
system has been previously implicated in intracellular
survival of L.p. through secretion of multiple enzymes
to the extracellular confines of the replication-permissive
vacuolar compartment (Cianciotto, 2005). We also found
hsp90 to be important for optimal survival in the protozoan
cell, remaining dispensable in each of the metazoan cell

types.
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TABLE 2 | Sequence-validated gene insertions identified in screen.

Isolate  Insertion Annotation  Function Intracellular survival (% of WT
infection)
Ac.? CHoP J774 THP-1

C4-1 Ipg0730 perM Membrane permease 0 0 100¢ 0¢
H2-16 lpg0730 perM Membrane permease 0 0 100 0
C9-34 lpg0730 perM Membrane permease 0 0 100 0
C6-28 lpg2276 Glu/Leu/Phe/Val dehydrogenase 0 0 100 100
A9-13 lpg1811 lysC Aspartokinase-diaminopimelate decarboxylase 0 100 100 100
H2-15 pg2422-23  lem25-hyp Dot/Icm effector Lem25 - hypothetical 0 0 50 50
D1-37 Ipg0122 ABC transporter-ATP binding protein 10 10 100 10¢
C1-1 lpg0376 sdhA Dot/Icm effector protein SdhA 10 10 10 0
G12-15  |pg0133 proQm Activator of ProP osmoprotectant transporter 10 50 50 100
D12-34  |pg1362-63  gspG-gspF  Type Il secretion 10 100 100 0
A12-18  |pg1369 htpG Heat shock protein Hsp90 50 100 100 100
A9-20 lpg1796-97  lysR-rvfA LysR family transcriptional regulator — Dot/Icm effector protein RvfA 50 100 100 100

Red indlicates genes targeted in this study. Blue indicates Dot/lcm effector-encoding genes.

If two genes are indicated for an isolate, insertion was in intergenic region.
aAcanthamoeba castellanii.

bOpsonized bacteria used to infect CHO FeyRIl monolayers.

©As measured over 72 h using CFU counts.

Identification of Putative ABC Import

Complexes

Of particular interest, was that four of the insertions interrupted
putative ATP-binding cassette (ABC) transporter components,
Ipg0730 and Ipg0122. (Table 2) (Theodoulou and Kerr, 2015).
The Ipg0730 locus is the final gene in a transcriptional unit that
contains as many as 9 ORFs. It resides 3’ to the gene encoding
phosphatidylglycerophosphate phosphatase (pgpA) involved in
lipid metabolism and membrane homeostasis (Figure 3A) (Funk
et al, 1992). Three unique transposon insertion sites were
identified in the screen, highlighting the importance of this
locus for survival in A.c. (Figure 3B). The 1,053 bp Ipg0730
ORF encodes a 350 aa (38.7 kDa) protein with 9 putative
transmembrane segments. It is annotated as a membrane
permease of the UPF0118 superfamily, which encompasses many
substrate-binding transporters. E. coli YdiK is the archetype
of this family of proteins, whose function is not determined
but it is a member of the purR regulon, responsive to purine
concentration (Cho et al., 2011). These permeases share strong
homology with a class of transmembrane domain (TMD)
proteins found in ABC transport systems.

The Ipg0122 locus is the second gene in a bi-cistronic
transcriptional unit (Figure 3A). The D1-37 isolate was
interrupted by the transposon at nucleotide position 543 of the
1,299 bp Ipg0122 ORF (Figure 3B). The gene encodes a 432 aa
(48.4 kDa) protein annotated as a nucleotide binding domain
(NBD) component of an ABC transport system. Its sequence
falls under the NtrD/SsuB transporter family that encompasses
numerous ATP-binding cassette domains that are involved in the
import of nitrates and sulfonates. Lpg0122 shares its N-terminal
252 aa with TauB, involved in taurine import (Pereira et al.,
2015). The C-terminal region is annotated as an AAA-ATPase

associated region. The product of Ipg0I121 is annotated as an
ABC membrane permease (TMD).

We surmised Ipg0730 and Ipg0122 individually represented
components of distinct ABC “importer” complexes, which
could be extrapolated based on amino acid sequence and
their arrangement on the L.p. genome. For ABC import
complexes, the TMD and NBD components are generally
distinct proteins, whereas in ABC exporters the TMD and NBD
are each sub-domains of a single fusion protein (Figure 3C)
(Theodoulou and Kerr, 2015). It is more likely that Lpg0122
(NBD) associates with the co-expressed Lpg0121 (TMD) than
with Lpg0730. Furthermore, transposon interruptions of Ipg0730
or Ipg0122 exhibited different requirements for intracellular
survival based on host cell type. Both Lpg0730 and Lpg0122
were determined to be highly conserved in Gram-negative
and some Gram-positive bacteria when translated protein
was used as template for homology search. This included
several notable human pathogens that can use freshwater
amoebae as an environmental intermediate. Multiple sequence
alignment and phylogenetic assignment of Lpg0730, Lpg0122,
and corresponding orthologous proteins are depicted in
Figures S1, S2, respectively.

Intracellular survival relative to WT was grossly estimated
visually for Ipg0730:Tn and Ipg0122:Tn as part of the
screening process. In addition to A.c., where survival rates
approximated zero and 10 percent respectively, polyclonal
anti-legionella-opsonized strains were used to infect FcyRII-
transgenic CHO monolayers to measure survival independent
from internalization (Nagai et al., 2005). Here, both insertions
generated identical survival phenotypes to those observed in A.c.
When used to infect murine J774.A1 macrophages, Ipg0730 and
Ipg0122 were found dispensable for intracellular survival, and
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FIGURE 3 | Transposon insertions found in ABC import complex
components. (A) Location on the L.p. genome of jng0730 and jpg0122.

(B) Transposon insertion sites (nucleotide relative to +1) on the jpg0730 and
Ipg0122 ORF'’s for candidates identified in screen with clone designations in
red. (C) Proposed location and function of Lpg0730 and Lpg0122 in the L.p.
inner membrane. BP, binding protein (orange); TMD, transmembrane domain
(blue); NBD, nucleotide binding domain (red); IM, inner membrane; OM, outer
membrane, transported substrate depicted in green.

performed identical to WT. These results suggested that each of
these loci were critical for survival in particular host cell types
(A.c, CHO FcyRII) while remaining completely dispensable
in another (J774A.1). Curiously, although Ipg0122::Tn also
performed similar to WT during infection of human THP-1
macrophages, each of the three Ipg0730::Tn mutants failed to
replicate, suggesting a gradient of substrate concentration or
availability among the macrophage hosts (Table 2).

Host Cell-Specific Activation of Candidate

Genes

Some degree of host cell-specificity was observed for seven of
12 of the non-dot/icm insertion mutants. Differential genetic
requirements for intracellular survival were most pronounced in
Ipg0730, Ipg1811, and Ipg2276 insertion mutants (Table 2). We
sought to determine the expression profile of these loci in WT
L.p. in the context of intracellular growth in multiple established
host cell types. Two closely related Acanthamoeba species
(A. castellanii, A. polyphaga), a more distantly related amoebae
species (Hartmanella vermiformis), and J774.A1 macrophages
were selected for the analyses. Total RNA was isolated from
bacteria either immediately after exposure to host cells or 18 h
post-infection (prior to host cell egress). Quantitative PCR was

performed using primer sets to generate ~150 bp amplicons from
Ipg0730, Ipg1811, Ipg2276, and DNA gyrase B (gyrB), which was
used for normalization. As depicted in Figure 4 each of the genes
examined were highly activated in all three amoebae species while
remaining inactivated or slightly repressed in J774.A1 over the
time-course of infection. These results suggest that the micro-
environments encountered by L.p. in various host phagosomes
must be chemically diverse.

Characterization of Ipg0730 and Ipg0122

Mutant Strains

Our mutagenesis strategy selected only for non-essential genes.
We therefore examined growth kinetics of the C4-1 (Ipg0730) and
D1-37 (Ipg0122) insertion mutants through direct comparison
to WT cultured in ACES-buffered yeast extract broth (AYE). As
shown in Figures 5A,B the growth kinetics of all three strains
were indistinguishable. Similar results were obtained through
culture in defined synthetic media (not shown) (Warren and
Miller, 1979). These results indicate that both Ipg0730 and
Ipg0122 are dispensable for L. p. growth in vitro.

It is possible that the severe intracellular growth attenuation
observed for the C4-1 and D1-37 insertion mutants in A.c.
was a result of detrimental effects on the type IV secretion
pathway, which is essential for pathogenesis. We sought
to determine whether interruptions in Ipg0730 or Ipg0122
generated strains that were defective for dot/icm-dependent
translocation of effector proteins. Reporter proteins were utilized
that consisted of the catalytic domain of the calmodulin-
dependent adenylate cyclase (Cya) from Bordetella pertussis
fused to the amino terminus of the established effectors RalF
or SidG (Cambronne and Roy, 2007). The production of
cyclic adenosine-monophosphate (cAMP) resulting from the
translocation of a Cya-effector hybrid into CHO-FcyRII cells
was used to measure productive translocation. As indicated
in Figure 5C, both the Cya-RalF and Cya-SidG hybrids were
translocated to the host cytosol with higher fidelity in the
C4-1 (Ipg0730) background than in the parent JR32 strain.
Translocation of Cya-RalF in the D1-37 (Ipg0122) strain was
slightly attenuated when compared with JR32. However, there
was no significant difference in translocation efficiency of
Cya-SidG, an icmSW-dependent effector protein. Cya-SidG
translocation was previously reported to be attenuated with
deletions in either icmS or icm W, which form an adaptor complex
in the L.p. cytoplasm that promotes delivery of a class of effectors
to the substrate receptor complex (Figure 5C) (Cambronne and
Roy, 2007). Even though SidG translocation is reduced in icmS$
or icmW mutants, both strains can form replication-permissive
vacuoles with reduced kinetics in A.c. (Coers et al., 2000; Tilney
et al,, 2001). It is likely that a mutation in [pg0122 does not have
a direct effect on type IV secretion, but may indirectly affect
kinetics of vacuole maturation.

Both Ipg0730 and Ipg0122 were next targeted for deletion using
homologous recombination in a tri-parental mating scheme.
We successfully generated a marker-less deletion of the Ipg0122
locus (Alpg0122) on the JR32::gfp genetic background. Multiple
attempts to generate a similar deletion of the Ipg0730 locus,
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Bars indicate fold-change of indicated transcripts (t1g/tg) normalized to DNA
gyrase B (gyrB). Infections were performed in triplicate (three biological
replicates) with standard deviations indicated.

including production of variant recombination vectors, failed to
generate the desired strain. We therefore continued our studies
using the C4-1 transposon insertion.

We next performed genetic complementation in trans
by cloning Ipg0730 or Ipg0122 into a low-copy plasmid,
with expression guided by an IPTG-inducible tac promoter.
Sequence validated plasmids were transformed either into the
C4-1 (Ipg0730) or Alpg0122 strains, in parallel to empty
vector (pJB1806). Parent JR32, C4-1, and Alpg0122 harboring
appropriate plasmids were cultured to early stationary phase and
used to infect A.c. After 18h of infection A.c. cultures were
imaged using light and fluorescence microscopy. A productive
infection with WT JR32:gfp can be visualized in Figure 5D.
No vacuoles were visualized with the C4-1 (Ipg0730) strain,
and the Ipg0122 deletion phenocopied the D1-37 isolate, with
sparse vacuoles and low fluorescence. Production of Lpg0730 or
Lpg0122 in trans fully restored A.c. infection fidelity to WT levels
when evaluated microscopically (Figure 5D).

To quantitatively evaluate contribution of [pg0730 and Ipg0122
to intracellular survival of L.p., [pg0730::Tn (C4-1) or Alpg0122
were used to infect either A.c. or THP-1 macrophages over a
72h time course. Parallel infections were performed with WT
(JR32::gfp), dotA deletion (JR32:gfp, AdotA), or complement
strains. The Ipg0730:Tn strain failed to replicate in either A.c.
(Figure 6A) or THP-1 (Figure 6C), and was less persistent than
AdotA in both hosts. Production of Lpg0730 via low-copy
plasmid restored survival and replication of Ipg0730:Tn to WT
levels in A.c. and THP-1 (Figures 6A,C). The Ipg0122 deletion
strain (Alpg0122) was replication competent in both A.c. and
THP-1 with significantly reduced kinetics. In A.c., maximal CFU
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FIGURE 5 | /pg0730 and lpg0122 are dispensable for replication in vitro and
do not interfere with Dot/Icm-mediated translocation of effectors. (A) Indicated
strains were suspended in AYE broth at an ODggg nm = 0.1 and cultivated at
37°C on shaker. Spectrophotometric measurements were taken at indicated
times spanning lag to exponential phase transition. (B) As in (A) with
measurements taken to cover late exponential to early stationary phase
transition. (C) L.p. strains (indicated with colored bars) harboring plasmids
producing adenylate cyclase (Cya) fusions to the L.p. effectors RalF or SidG
were used to infect CHO FcyRIl monolayers for 1 h. Cells were lysed after
which total CAMP was extracted and quantified using immunosorbent assay.
Bars indicate total CAMP produced per well (fmol). Experiments were
performed in triplicate (three biological replicates) with standard deviations
indicated. (D) jpg0730::Tn and Alpg0122 were transformed with either empty
vector (pJB1806) or plasmids that supported inducible expression of Lpg0730
or Lpg0122. Resulting strains were cultured to post-exponential phase in
parallel with JR32::gfp and used to infect A.c. cultures for 18 h (MOl = 10).
Representative fluorescence micrographs are shown for infected A.c. cells
with each indicated bacterial strain. Fluorescent foci represent individual
replication vacuoles. Scale bar = 100 um.
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counts were achieved 72h post-infection and were nearly 100-
fold lower than CFU’s recovered in the WT infection (Figure 6B).
Similar attenuation was observed over the infection time course
in THP-1 (Figure 6D). Similar to Lpg0730, plasmid-derived
Lpg0122 restored intracellular survival and replication to WT
levels in both A.c. and THP-1 (Figures 6B,D). Overall both
expression constructs complemented the growth attenuation
observed in the two mutant strains.

Conservation of Ipg0730 and /pg0122 in
Pathogens that Colonize Protozoa

In addition to Legionella species, many notable human pathogens
are capable of colonizing protozoan cells. Mycobacterium,
Salmonella, Staphylococcus, and many other Gram-negative and
Gram-positive species can use amoebae as a nutrient rich

environmental intermediate for replication and dissemination.
We used the amino acid sequences of Lpg0730 and Lpg0122 to
search for homologous and orthologous proteins in a subset of
pathogenic species known to colonize amoebae use the BLASTP
algorithm. To our surprise, both proteins were conserved in
nearly every bacterial species examined. We next performed
multiple sequence alignment and phylogenetic analysis using
Clustal Omega. Of the species examined, Lpg0730, Lpg0122, and
their respective homologs/orthologs separated into three clades
from a common ancestral protein. The phylogenetic arrangement
and multiple sequence alignments for Lpg0730 and Lpg0122 are
shown in Figures S1, S2 respectively.

We  sought to  determine  whether = Lpg0730
homologs/orthologs were necessary for intracellular survival.
We first constructed a C-terminal FLAG epitope-tagged version
of Lpg0730 by cloning this construct into the same vector used
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for complementation. Using the same A.c. infection strategy
employed in Figure 5D, WT (JR32:gfp), and dotA deletion
(JR32:gfp, AdotA), and Ipg0730::Tn (C4-1) pLpg0730rLaG
were evaluated microscopically 18 h post-infection. Similar to
expression of Lpg0730 alone appending the C-terminal FLAG
epitope had no detrimental effect on intracellular survival and
the fidelity of infection was restored to WT levels (Figure S3).

Lpg0730 is assigned by sequence to the PerM family of
membrane permeases, which is exemplified by the YdiK protein
in E. coli. Alignment of Lpg0730 and YdiK is shown in Figure S1.
We sought to determine whether an Lpg0730 homolog from
L. longbeachae (76% identity) or PerM orthologs from Salmonella
enterica subsp. Typhimurium (25.2% identity) or Francisella
tularemia subsp. novicida (22.6% identity) could complement
the intracellular survival defect of the C4-1 insertion mutant. C-
terminal FLAG epitope-tagged versions of each allele were cloned
and transformed into the C4-1 strain. Each complementing strain
was used for infection of A.c. as in Figure 5D. Expression of the
L.longbeachae allele completely restored intracellular survival of
L.p. C4-1, whereas both the Salmonella and Francisella alleles
failed to restore survival of the mutant (not shown).

Although the Lpg0730 (PerM) ortholog in F.novicida could
not restore survival of L.p., we had access to a sequence-cataloged
transposon library of F.novicida U112 in the laboratory (Provided
by F. Heffron). The library contained an insertion mutant in the
perM locus (FITN0570). We used this strain and WT F.novicida
U112 for infections of either A.c. or THP-1 macrophages. We
determined that WT F.novicida persists in A.c. for over 24h,
while the FTNO0570 failed to colonize amoebae (Figure 7A).
The FTN0570 insertion mutant was also significantly attenuated
for pathogenesis of THP-1 when compared to WT F.novicida
over a 72h time-course of infection (Figure7B). These
observations highlight the conservation of Lpg0730-like ABC
import complexes and their requirement for optimal host cell
colonization.

DISCUSSION

Details regarding physiological requirements of L.p. during
the intracellular life-cycle are only beginning to be elucidated.
Further, identification and characterization of L.p. factors
required for intracellular survival even in the presence of a
functional Dot/Icm transporter are even more limited. When
we designed this screen, we anticipated that an abundance
of candidates would be identified from the Dot/Icm effector
protein catalog (Zhu et al., 2011). Just as dot/icm is required for
virulence, nearly all effectors described to date are dispensable.
We hypothesized that the extremely large catalog of effectors in
L.p. (~10% of the genome) was owed to particular sets being
required for colonization of a particular host. The taxonomically
diverse host-range of L.p. could highlight specificity of particular
subsets of effectors for survival in a particular host cell. We chose
A. castellanii as host for the initial phase of the screen as a natural
environmental host. A.c. transitions from trophozoite to cyst and
reverts based upon nutrient availability (Lloyd, 2014).

Owing to our hypothesis, we indeed found a degree of
host-cell specificity associated with several candidates identified
in the screen, however we were surprised that only one
effector, SdhA had a transposon insertion in its ORF (Laguna
et al, 2006; Creasey and Isberg, 2012). Intergenic regions
surrounding Lem25 and RvfA were also interrupted, but multiple
complementation attempts were unsuccessful (Huang et al.,
2011). Both of these mutants were more attenuated for survival
in A.c. than in any of the metazoan host cells examined, so should
be explored with greater scrutiny in the future. We also identified
12 insertions in dot/icm encoding genes. While none of these
mutants supported translocation of Cya-RalF in the adenylate-
cyclase reporter assay (not shown), it was notable that eight of the
insertions were found in the DotLMN type IV coupling protein
sub-complex (Sutherland et al., 2012). This provides additional
evidence that separates the initial stages of substrate recognition
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(DotLMN) from a superstructure that renders L.p. sensitive to
NaCl via cytoplasm accessible conduit.

Amino acid availability to L.p. while in a phagosome was
revealed as a key physiological constraint, similar to early
studies using defined chemical media. [pg2276 (Glu/Leu/Phe/Val
dehydrogenase) was upregulated during intracellular replication
in amoebae exclusively. Similarly Ipgl811 (Aspartokinase-
diaminopimelate decarboxylase), important in lysine synthesis
was highly upregulated in amoebae. The gene was determined
dispensable in all metazoan cell types, both here and in a separate
study where the Ipg1811 locus lost functionality over time when
L.p. was continuously subjected to passage through a macrophage
cell line (Ensminger et al,, 2012). These results suggest that
accessible lysine concentrations in the host must be distinct
when comparing amoebae to macrophage. Other candidates
identified in the screen can be directly correlated with particular
environmental stressors encountered during colonization of
protozoan cells. ProQm is a RNA-associated regulatory protein
that governs activation of the ProP osmoprotectant transport
system. Osmotic pressure changes are more likely to occur in the
environmental host, especially in instances of desiccation upon
encystment. HtpG (Hsp90) was found dispensable for survival in
metazoan hosts, but was required for optimal infection of A.c.,
perhaps a result of elevated temperature used to accelerate A.c.
infections.

The most striking result of the screen was the identification
of three independent transposon insertions in the [pg0730 locus.
Each of the insertions rendered L.p. completely attenuated for
survival in A.c. and THP-1 host cells. [pg0730 and an additional
candidate Ipg0122 were both annotated to encode ABC import
complex proteins (Theodoulou and Kerr, 2015). We selected
these Joci for further characterization as the identified substrates
of the transporter families (YdiK and NtrD/SsrB, respectively) are
variable and often ill-defined experimentally. Both Ipg0730 and
Ipg0122 were demonstrated to be required for survival even in
the presence of a functional Dot/Icm transporter, highlighting
the importance of acquisition of particular substrates during
colonization of the host cell.

Additionally, both Lpg0730 and Lpg0122 were conserved
in multiple human pathogenic species that are capable of
colonizing protozoa. Here we demonstrated the PerM ortholog
in F. tularensis subsp. novicida was required for persistence
in A.c. and optimal pathogenesis in THP-1 macrophages. This
result supports the notion that in order to colonize amoebae,
these distinct import complexes must be functional, and their
activities take precedence over the contribution of other virulence
mechanisms. Identification of the imported substrates will be
of critical importance in order to develop methods to prevent
acquisition of the particular nutrients supplied by the amoebae
host.

Because the transmission of L.p. to humans is confined to
dispersal via water droplet (aerosols), outbreaks of legionellosis
are normally confined to a single source that has been
compromised with infectious bacteria (Burillo et al., 2017).
The barricade for controlling disease spread therefore resides
predominantly upstream of the pathogen-human interface. A
variety of methods are used both commercially and municipally

to eliminate water-borne pathogens, including elevating
temperature of contained water, lowering pH, or flushing water
lines with heavy metals (Zgonc and Baideme, 2015). These
treatment methods are often effective for elimination of L.p. and
other bacteria. Contrarily, these sterilization scenarios can be
insufficient to eradicate natural host amoebae; many of which
can differentiate to an environmentally resistant cyst-form as
part of their life-cycle (Lloyd, 2014).

Planktonic L.p. can be found in multiple physiological states
in freshwater. Viable bacteria, which can be free-living or
associated with polymicrobial biofilms, may be detected via
culture on artificial media. Indeed L.p. has been demonstrated
to remain infectious to human macrophage cell lines at low
levels even after incubation at low temperature (10-15°C) in
freshwater medium (Fraquil) for 6 months (Mendis et al.,
2015). A second form, viable but not culturable (VBNC) could
represent an adaptation of the bacterium to the nutrient-depleted
environment that is freshwater. The VBNC state appears to be
induced upon introduction of environmental stressors, especially
temperature above 70°C (Ducret et al., 2015). VBNC L.p. were
shown to be incapable of colonizing human airway epithelia or
macrophage cell lines, but could be resuscitated when introduced
to A. polyphaga. After completion of their intracellular life-cycle
in amoebae, these protozoan-primed VBNC were now infectious
to alveolar epithelial and macrophage cell lines (Epalle et al,
2014).

These results, along with the aforementioned studies
comparing the infectivity of L.p. cultivated in laboratory medium
compared to protozoan-primed bacteria, suggest that the state
of the bacterium encountered at the human interface is most
likely the transmissive form generated during egress from
protozoa, and not the form generated through in vitro culture
in rich medium. We felt it imperative to more thoroughly
investigate the L.p.-protozoan interface in order to identify
genetic factors required for colonization and replication of L.p.
Because replication of L.p. in freshwater is restricted to the
confines of protozoa, these genetic targets could be exploited
to block proliferation of L.p. and other pathogens in amoebae,
and if used in concert with current sterilization practices, could
significantly reduce exposure of protozoan-primed L.p., and
other bacteria to humans.

MATERIALS AND METHODS

Bacterial Strains, Plasmids, Media, and

Culture Conditions

All work performed in this study was approved by the OHSU
Institutional Biosafety Committee (protocol #08-53). Bacterial
strains, plasmids, and primers used in this study are summarized
in Table S2. L.p. strains were cultured in ACES buffered
yeast extract (AYE) or on AYE agar plates (0.2% activated
charcoal) (CYEA) at 37°C. Media was supplemented with
the following antibiotics where appropriate: chloramphenicol
(Cm); (6.25 pg/ml), kanamycin (Kan); (20 pg/ml), streptomycin
(Str); (50 pLg/ml). Sucrose (5% w/v) was included in CYEA for
counter-selection of recombinant plasmid pSR47S. Escherichia
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coli strains were cultured at 37°C in Luria Bertani (LB)
medium supplemented with Cm (25 pg/ml), Kan (50 pg/ml), Str
(50 pg/ml) where appropriate. F. novicida strains were cultured
in Tryptic Soy Broth (TSB) supplemented with 0.1% cysteine at
37°C.

Cell Culture

Axenic A.c. strain Neft (ATCC 30010) and A. polyphaga strain
(Puschkarew) Page CCAP 1501/3b (ATCC 30872) cells were
propagated in supplemented PYG medium (ATCC 712) at room
temperature (RT), harvested and diluted into fresh medium
twice weekly. H. vermiformis strain CDC-19 (ATCC 50237)
was propagated in SCGYEM medium (ATCC 1021) at 30°C,
harvested and diluted into fresh medium weekly. Murine
macrophage J774.A1 (ATCC TIB-67), human monocyte THP-
1 (ATCC TIB-202) and FcyRII transgenic—Chinese Hamster
ovary (CHO) cells (C. Roy laboratory) were maintained at
37°C with 5% CO;. Undifferentiated THP-1 cells were cultured
in suspension in RPMI medium supplemented with 10% fetal
bovine serum (FBS). Forty-eight hours prior to infection,
cells were differentiated in 24 or 96-well tissue culture plates,
using phorbol 12-myristate 13-acetate (PMA). CHO FcyRII and
J774.A1 were propagated in «MEM and DMEM respectively,
supplemented with 10% FBS.

In Vitro Growth Studies

L.p. strains were inoculated in triplicate into 10ml AYE or
minimal media to achieve an initial ODggg nm of 0.1 (Warren
and Miller, 1979). Cultures were incubated on an orbital shaker
(200 x rpm) at 37°C. One hundred microliters aliquots were
collected from each culture at indicated times post-inoculation,
suspended in 0.9 ml 1xPBS, and ODgyp nm were calculated via
spectrophotometer.

Transposon Mutagenesis

L.p. JR32::gfp was generated via single-copy allelic integration
of the gfpmus locus on to the chromosome immediately
3’ to the wipA (Ipg2718) locus. A region encompassing
sequential tandem tac and icmR promoters located 5" to the
gfPmurs ORF was amplified from the plasmid pECR350 using
primers 551/552. Flanking 1kb fragments located 5 and 3’
to the wipA stop codon were amplified using 549/550 and
553/554 respectively. The three PCR products were mixed
(1:1:1) and used as template for short overlap extension
(SOE) PCR using the 549/554 primer set. The resulting
~2.8kb PCR product was ligated into the pSR47S vector
linearized with BamH1 using T4 DNA ligase (New England
Biolabs). The resulting plasmid was designated pECL529. After
sequence validation, pECL529 was transformed into E. coli
DH5a Apir and introduced to JR32 via tri-parental mating
scheme using E. coli DH5a, pRK600 as the helper strain.
Transconjugants were generated through selection on CYEA
Str, Kan. Colonies were isolated and plated on CYEA Str
supplemented with 5% sucrose to force plasmid excision.
Sucrose-resistant/kanamycin-sensitive isolates were examined
using PCR to verify gfpmus insertion 3’ to the wipA locus.
GFP positive isolates confirmed by fluorescence after growth in

AYE broth supplemented with 1 mM IPTG. The resulting strain
generated JR32:¢fpu3. The transposon-containing plasmid,
pNH3503 was introduced into JR32:¢fpmur3by electroporation.
Twenty rounds of transformation and subsequent selection on
CYEA Kan generated over 4,200 isolates which were randomly
screened for the transposon insertion using the 573/574 primer
set. Each individual insertion mutant was cultivated on CYEA in
96-well plates for 48 h at 37°C, re-suspended in stock solution
(5% glycerol /v, 2% peptone w/v), cataloged and stored at
—80°C.

Intracellular Replication in Protozoa and

Macrophages

Seventy-two hours quantitative intracellular growth assays were
performed in a similar fashion to those previously described
(Zamboni et al., 2003; Ninio et al., 2005). For the transposon
mutagenesis screen, A.c. were suspended in supplemented ATCC
712 PYG media and cultured for 72h, after which cells were
harvested via centrifugation (400 x g) for 10 m. Media was
aspirated and cells were suspended in infection media (3.4 mM
Na citrate plus ATCC 712 salts) and seeded to tissue culture
wells at 5 x 10° (0.5ml) or 1.25 x 10° (0.125ml) per well in
24 or 96-well format, respectively. Amoebae were allowed to
adhere to plates overnight at RT. Host cells were infected with
L.p. strains cultured to post-exponential phase in AYE broth
(ImM IPTG) at MOI = 10 (24-well) or ~10 (96-well). For the
screening process, 96-well plates were floated on a 37°C water
bath for 5m and transferred to humidified incubator (37°C,
5%CO,) for 18 h. Intracellular growth was assessed qualitatively
using light and fluorescence microscopy (AMG EVOS/]). J774.A1
were cultured to near-confluency, harvested by centrifugation,
seeded (2.5 x 10°/well) in 24-well plates and incubated overnight
at 37°C, 5%CO,. One hour prior to infection, cells were washed
3x with 1x PBS, 0.5ml fresh DMEM (10% FBS) was added
to each well, and plates were returned to incubator. THP-1
monocytes were cultured for 3-5 days in RPMI (10% FBS)
prior to harvest by centrifugation. Cells were resuspended in
RPMI (10% FBS, 100 ng/ml PMA), seeded (2.5 x 10°/well) in
24-well plates and incubated 48 h at 37°C, 5%CO,. One hour
prior to infection, cells were washed 3x with 1x PBS, after
which 0.5ml RPMI (10% FBS) was added to each well. CHO
FcyRII were cultivated in aMEM (10% FBS) and processed
similar to J774.A1, with the exception being the inclusion of anti-
heat-killed L.p. polyclonal antisera (Pacific Immunology) in the
aMEM replacement media 1h prior to infection. The A.c. and
THP-1 infections with F. novicida were performed in a similar
manner, using bacteria cultured to post-exponential phase in TSB
0.1% cysteine.

DNA Sequencing

Insertion mutants were sequenced either by PCR using purified
genomic DNA as template for primer 780, or with “arbitrary”
PCR modified from O’Toole and Kolter (1998). Briefly, the 1°
PCR utilized purified gDNA as template for amplification with
the 571/Arblc primer set, followed by a 2° PCR using first
PCR product as a template for amplification with the 780/781
primer set.
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Protein Sequence Alignment
L.p. reference amino acid sequences of polypeptides were
derived from the Philadelphia 1 genome (NC_002942.5)

National Center for Biotechnology Information (NCBI).
Sequence alignments were performed using BLASTP
with  default parameters (NCBI/NLM). Phylogenetic

analysis was performed by aligning L.p. proteins with
individually selected bacterial species using BLASTP. Closest
orthologous polypeptides from each species were aligned
using Clustal Omega software (http://www.ebi.ac.uk/Tools/
msa/clustalo/) European Molecular Biology Laboratory
(EMBL).

Cya Translocation Assay

Translocation assays were performed as described previously
(Nagai et al., 2005; Ninio et al, 2005). Briefly, monolayers
containing 1 x 10° CHO FcyRII cells were infected with 3 x
10° opsonized L.p. (MOI = 30) expressing Cya hybrid proteins.
After 1h incubation at 37°C, 5% CO,, monolayers were washed
with 1x PBS and lysed. Total cAMP was extracted and quantified
using cAMP Biotrak Enzymeimmumoassay System (GE
Healthcare).

Transcriptional Analyses

To analyze transcription of L.p. genes during intracellular growth
in A. castellanii, A. polyphaga, H. vermiformis, and J774.A1, cells
were seeded in appropriate media under conditions as suited for
each, and challenged with L.p. at an MOI = 200. The infection
was synchronized by centrifuging the cells at 400 x g for 10 m
and bacterial RNA was extracted immediately (tp) and 18h
(t18) post-infection. For extraction, infection buffer was removed
and monolayers were disrupted with a sterile cell scraper. One
milliliter of PBS was added to each well and vigorously mixed
with pipette. Suspensions were transferred to a 14ml conical
tube and centrifuged for 10 m at 3,000 rpm. Supernatants were
aspirated and pellets were re-suspended in 10 ml ice cold sterile
H,O (protozoan) or 10 ml ice cold sterile H,O, 0.1% Triton X-
100 (macrophage) and incubated on ice for 10 m. Lysates were
centrifuged for 10 m at 4,000 x rpm. Supernatants were aspirated
and pellets were resuspended in 1ml guanidine thiocyanate
buffer (GTC) (4 M guanidine thiocyanate, 0.5% Na N-lauryl
sarcosine, 25 mM Na citrate, pH 7.0, 1 M B-mercaptoethanol)
and transferred to a microcentrifuge tube. Suspensions were
passed through a 21 gauge needle 3x and centrifuged 10m
at 15,000 x rpm. After aspiration, pellets were washed with
1xPBS, 0.1% Tween-20 and centrifuged an additional 10m at
15,000 x rpm. After aspiration, pellets were re-suspended in
100 pl of 10 mg/ml lysozyme (Fisher Bioreagents) in 10 mM
Tris, pH 8.0. Samples were incubated 15m at RT. 750 pl of
65°C Trizol reagent (Invitrogen) was added to each sample,
mixed and centrifuged for 10m at 15,000 x rpm. The aqueous
phase was transferred to a microcentrifuge tube and mixed
with 500 pl of 100% ethanol. Samples were finally transferred
to an RNeasy column and isolated according to manufacturer
instructions, except that the in-column DNAse treatment was
increased to 1h (Qiagen). Purified RNA samples were analyzed
with a Nano-drop ND-1000 spectrophotometer and stored in
aliquots at ~80°C.

Five Hundred nanograms of total bacterial RNA isolated from
intracellular WT L.p. was subjected to cDNA synthesis using a
Takara BluePrint RT reagent kit with random hexameric priming
(Clontech) according to manufacturer instructions. After cDNA
synthesis was performed in a thermocycler, samples were diluted
1:15 and stored on ice prior to qRT-PCR analysis. Primer
sets were designed to target specific transcripts on the L.p.
genome (Figure 4, Table S2). qRT-PCR samples were prepared
using BioRad IQ SYBR Green Supermix. Reactions for each
primer set probe were performed in triplicate in a Bio-Rad
clear 96-well multiplate on a Bio-Rad Opticon thermocycler.
Results were analyzed using Step One Software, v2.2. Relative
expression, AACt analysis, was performed using gyrB as a
reference transcript.
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SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcimb.
2017.00485/full#supplementary-material

Figure S1 | Lpg0730 is conserved in multiple genera that colonize

protozoa.(A) Clustal Omega (EMBL) phylogenetic cladogram depicting Lpg0730
(L.p.) and its relationship to homologous/orthologous polypeptide sequences
found in the genera shown. (B) BLASTP amino acid sequence alignment (NCBI) of
Lpg0730 (red) and homologous/orthologous polypeptide sequences found in the
genera shown (multispecies). Nine representative transmembrane segments are
shaded (gray). (C) BLASTP alignment of Lpg0730 and YdiK (E. coli). *indicate
conserved residues. Transmembrane segments are shaded (gray). (D) BLASTP
alignment of Lpg0730 and PerM (FTNO570) from F. tularensis subsp. novicida.
*indicate conserved residues.

Figure S2 | Lpg0122 is conserved in multiple genera that colonize

protozoa.(A) Clustal Omega (EMBL) phylogenetic cladogram depicting Lpg0122
(L.p.) and its relationship to homologous/orthologous polypeptide sequences
found in the genera shown. (B) BLASTP amino acid sequence alignment (NCBI) of
Lpg0122 (blue) and homologous/orthologous polypeptide sequences found in the
genera shown (multispecies). (C) BLASTP alignment of Lpg0730 and TauB (E.
coli). *indicate conserved residues.

Figure S3 | Complementation of jpg0730::Tn with Lpg0730g; 5. Cultured A.c.
were infected with indicated strain/plasmid combinations for 18 h. Representative
live images were captured using light and fluorescence microscopy. Scale bar =
200 pm.
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The Membrane Protein LasM
Promotes the Culturability of
Legionella pneumophila in Water
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QC, Canada

The water-borne pathogen Legionella pneumophila (Lp) strongly expresses the lpg1659
gene in water. This gene encodes a hypothetical protein predicted to be a membrane
protein using in silico analysis. While no conserved domains were identified in Lpg1659,
similar proteins are found in many Legionella species and other aquatic bacteria.
RT-gPCR showed that [pg7659 is positively regulated by the alternative sigma factor
RpoS, which is essential for Lp to survive in water. These observations suggest an
important role of this novel protein in the survival of Lp in water. Deletion of jpg7659
did not affect cell morphology, membrane integrity or tolerance to high temperature.
Moreover, pg71659 was dispensable for growth of Lp in rich medium, and during
infection of the amoeba Acanthamoeba castellanii and of THP-1 human macrophages.
However, deletion of jpg1659 resulted in an early loss of culturability in water, while
over-expression of this gene promoted the culturability of Lp. Therefore, these results
suggest that [pg7659 is required for Lp to maintain culturability, and possibly long-term
survival, in water. Since the loss of culturability observed in the absence of Lpg1659 was
complemented by the addition of trace metals into water, this membrane protein is likely
a transporter for acquiring essential trace metal for maintaining culturability in water and
potentially in other metal-deprived conditions. Given its role in the survival of Lp in water,
Lpg1659 was named LasM for Legionella aquatic survival membrane protein.

Keywords: Legionella pneumophila, freshwater, survival, [pg1659, membrane protein, metal transporter

INTRODUCTION

Legionella pneumophila (Lp) is a water-borne opportunistic pathogen that can infect human
alveolar macrophages, resulting in a severe form of pneumonia called Legionnaires’ disease (Fields
et al., 2002). Recent years have seen an increase in the incidence of sporadic cases and outbreaks
of Legionnaires' disease around the world, mostly associated with Legionella-contaminated
man-made water systems (European Centre for Disease Prevention and Control, 2013; Phin et al,,
2014).Since the major mode of transmission is through water, the dynamics of Lp in freshwater have
been studied extensively. It is known that Lp replicates only in the presence of sufficient nutrients
or permissive hosts (Fields et al., 2002). Under nutrient limitation, Lp can survive for a prolonged

Abbreviations: Lp, Legionella pneumophila; VBNC, viable but non-culturable; W'T, wild-type.
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period of time, up to 1.5 years in some cases, in varying
compositions of freshwater including tap water, drinking water
and creek water (Skaliy and McEachern, 1979; Schofield, 1985;
Lee and West, 1991; Paszko-Kolva et al., 1992; Soderberg et al.,
2008).

In an artificial freshwater model, Fraquil, Lp had less than
a 1-log reduction in CFU counts after 20 weeks at 25°C (Li
et al,, 2015; Mendis et al., 2015). Moreover, Lp can survive for
several months under a range of temperatures, pH and trace
metal concentrations and remain infectious more than 6 months
after exposure to Fraquil (Mendis et al., 2015). This ability for
long-term survival in different kinds of water and under different
conditions allows Lp to colonize water systems, and persist until
it encounters a suitable host.

A limited number of studies have identified genes that are
important for the survival of Lp in water. Soderberg et al. (2008)
found that IspD, IspE, IspF, and pilD, which encode components of
the virulence-related type Il secretion system, are necessary for Lp
to survive in water at temperatures below 17°C. In addition, the
alternative sigma factor RpoS, as well as the stringent response
regulators RelA and SpoT are required for the survival of Lp in
water at 25°C (Trigui et al., 2014). In order to identify additional
genes contributing to survival in water, we previously conducted
amicroarray analysis comparing the transcriptome of Lp exposed
to water to that of Lp grown in rich medium (Li et al., 2015).
Since bacteria tend to respond to environmental changes via
transcriptomic reorganization (Ishihama, 2000; Hecker et al.,
2009), genes that are highly up-regulated upon water exposure
could be crucial for the successful adaptation and survival of
Lp in water systems. Using this approach, we found that one
highly up-regulated gene, bdhA, encoding 3-hydroxybutyrate
dehydrogenase, is important for the long-term survival of Lp in
water at 37°C (Li et al., 2015).

Due to the success of this approach, we selected another highly
up-regulated gene, Ipg1659, for further characterization. Ipg1659
was significantly up-regulated in Lp exposed to water for 2 and 6
h (Lietal., 2015). No previous studies have characterized Ipg1659,
which encodes a hypothetical protein with no putative functions.
Nevertheless, we found that this protein is highly conserved
in many Legionella species, as well as other aquatic bacteria.
Therefore, we hypothesized that [pg1659 is important for Lp to
survive in freshwater. A deletion mutant of [pgl659 was used to
better understand its role with respect to cell structure, survival
in water and growth of Lp. We found that Lpg1659 plays a role in
the long-term culturability of Lp upon water exposure at 37 and
42°C. Evidence presented here suggests that it likely acts as an ion
transporter, facilitating the uptake of one or more essential trace
metal ions. Based on our results, the [pg1659 gene was named
lasM for Legionella aquatic survival membrane protein.

METHODS

Bacterial Strains and Culture Conditions

All Lp strains used in this study were constructed from JR32, a
streptomycin resistant derivative of Lp Philadelphia-1 (Sadosky
et al,, 1993). The constitutively competent KS79 strain, derived
from JR32, was used for the construction of the Ipg1659 mutant

strain (de Felipe et al., 2008). Unless specified otherwise, Lp
was grown on ACES-Buffered Charcoal Yeast Extract agar
supplemented with 0.4 mg ml~! L-cysteine, 0.25 mg ml™! ferric
pyrophosphate and 0.1% a-ketoglutarate (i.e., BCYEa agar) at
37°C for 3 days (Feeley et al., 1979; Edelstein, 1981). This
medium was further supplemented with 25 jLg ml~! kanamycin
or 5 g ml~! chloramphenicol, when necessary. Escherichia coli
strains derived from DH5a were grown on Luria-Bertani agar
at 37°C overnight and was supplemented with 25 pg ml™!
chloramphenicol, when necessary. Descriptions of the bacterial
strains used in this study can be found in Table 1.

Construction of Mutant, Complemented,

and Over-Expression Strains

To construct the Ipgl659 deletion mutant strain SPF248
(AlasM), 1kb length sequences upstream and downstream of
Ipg1659 were first amplified from the wild-type (WT) strain KS79
by PCR using Taq polymerase (Invitrogen), with the primer
sets 1659_UpF/1659_UpR and 1659_DownF/1659_DownR,
respectively. The kanamycin cassette was amplified from pSF6
with the primer set Kn-F/Kn-R, purified and further amplified
with the primer set 1659_KnF/1659_KnR to obtain a 1kb
kanamycin fragment where the 5 end is complementary
to the 3’ end of the upstream fragment, and 3’ end is
complementary to the 5 end of downstream fragment. A
3 kb mutant allele was amplified using the three 1 kb fragments
as template, Phusion DNA polymerase (NEB) and the primer
set 1659_UpF/1659_DownR. The purified amplicon was then
introduced into KS79 through natural transformation (de Felipe
et al., 2008). The recombinants were selected for kanamycin
resistance, and successful replacement of the target gene by the
kanamycin cassette was validated by PCR.

To construct the pSF83 plasmid (plasM) for
complementation, the target gene Ipg1659 together with 500 bp
region upstream of the translation start site was amplified from
KS79 using the primer set Com1659F2_Sacl/Com1659R_Xbal.
The amplicon and the plasmid pXDC39 were both digested with
Sacl and Xbal (NEB) and ligated using T4 DNA ligase (NEB).
The ligation mixture was transformed into competent E. coli
DHb5a and the transformants were selected for chloramphenicol
resistance. Correct insertion of the amplicon in the plasmid
extracted from transformants was validated by PCR using the
primer set pXDC39-F/Com1659R_Xbal. This pSF83 plasmid was
then introduced into the mutant strain AlasM by electroporation
as described previously (Chen et al., 2006), so as to construct
the complemented strain SPF294 (AlasM+plasM). The
recombinants were selected for kanamycin and chloramphenicol
resistance before validation by PCR.

To construct the pSF73 plasmid (plasMi) for over-expression,
the target gene Ipgl1659 was first amplified from KS79 using
the primer set Com1659F_Sacl/Com1659R_Xbal. The amplicon
and the plasmid pMMB207c were both digested with Sacl and
Xbal (NEB) and ligated with T4 DNA ligase (NEB). The ligation
mixture was transformed into competent E. coli DH5a and
the transformants were selected for chloramphenicol resistance.
The presence of the insert (Ipg1659) in the plasmid extracted
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TABLE 1 | Bacterial strains used in this study.

Name Relevant genotype References
LEGIONELLA PNEUMOPHILA

JR32 r~m+, smR Sadosky et al., 1993
KS79 (WT) JR32 AcomR de Felipe et al., 2008

LELA3118 (dotA mutant)
LM1376 (rpoS mutant)
SPF176 (prpoS)

JR32 dotA::Tn903dlllacZ
JR32 1p0S::Tn903dGent, GmR
LM1376 pSF49

Sadosky et al., 1993
Hales and Shuman, 1999
Trigui et al., 2014

SPF248 (AlasM) KS79 Alpg1659, KnR This work

SPF294 (AlasM+plasM) SPF248 pSF83, KnfcmR This work

SPF298 (WT-+plasMi) KS79 pSF73, cmR This work
ESCHERICHIA COLI

DH5a SupE44 AlacU169 (980 lacZ AM15) hsdR17 recA1 endA1 gyrA96 thi-1 relA1 Invitrogen
pMMB207C DH5a, AmobA, CmR Charpentier et al., 2008
pSF6 DH5a, pGEMT-easy-rrmb Faucher et al., 2011
pSF49 DH5a, pMMB207C-pigc-rpoS, cmR Trigui et al., 2014
pSF73 DH5a, pMMB207C-pigc-Ipg1659, cmR This work

pSF83 DHba, pXDC39-pjpg1659-IPg71659, cmR This work

pXDC39 DH5a, pMMB207¢, APtac, Alacl, cmR Xavier Charpentier

from transformants was validated by PCR using the primer
set PromF/Com1659R_Xbal. This pSF73 plasmid was then
introduced into KS79 by electroporation in order to construct the
over-expression strain SPF298 (WT+plasMi). The recombinants
were selected for kanamycin and chloramphenicol resistance
before validation by PCR. The primer sequences are listed in
Table 2.

RT-gPCR

JR32, the rpoS mutant and the complemented strain SPF176
were first suspended in ACES-buffered Yeast Extract (AYE)
broth at an initial ODggg of 0.1. Fifty milliliter cultures of JR32,
rpoS mutant, SPF176 (prpoS OFF) and SPF176 induced with
0.5 mM IPTG (prpoS ON) were grown in 250 ml Erlenmeyer
flasks at 37°C shaking (250 rpm) to exponential phase (ODgpo
of 1.0). Each culture was then centrifuged and washed with
Fraquil three times before suspending in Fraquil to an ODggo
of 1.0. Fraquil is an artificial freshwater medium that does
not support growth but allows long-term survival of Lp (Li
et al., 2015; Mendis et al., 2015).The composition of Fraquil is
0.25 pM CaClp, 0.15 pM MgSOy, 0.15 pM NaHCOs3, 10 nM
KyHPOy, 0.1 M NaNOs3, 10 nM FeCl3, 1 nM CuSQOy, 0.22 nM
(NH4)6Mo07054, 2.5 nM CoCly, 23 nM MnCl,, and 4 nM ZnSO4
in ultra-pure Milli-Q water (Morel et al., 1975). Thirty milliliter
of each suspension was transferred to 125 ml Erlenmeyer flask
and incubated at 37°C shaking for 6 h. Samples were then
collected and RNA was extracted as described previously (Li et al.,
2015). One microgram of purified RNA was used for reverse
transcription reactions along with a negative control without
reverse transcriptase. For qPCR reactions, the 16S rRNA gene-
specific primer set 16s_QF/16s_QF and the Ipg1659 gene-specific
primer set 1659_QF/1659_QR were designed with the IDT
primer design software (https://www.idtdna.com/Primerquest/),
and their amplification efficiency were proven to be >85% (data

TABLE 2 | Primer sequences used in this study.

Name Sequence (5'-3')*

1659_UpF CAATCAGAACAAGGTGTGTATGG

1659_UpR CAGTCTAGCTATCGCCATGTACGATGAGTACTGAATT
CCTGC

1659_DownF GATGCTGAAGATCAGTTGGGTCACGTCCTATCACATTC
TATTACTC

1659_DownR AGATCGATGAAGGCTTGTAGC

1659_KnF GCAGGAATTCAGTACTCATCGTACATGGCGATAGCT
AGACTG

1659_KnR GAGTAATAGAATGTGATAGGACGTGACCCAACTGATCTT
CAGCATC

1659_QF CGGTCACTCTTTGGTATATGTC

1659_QR CTGATTGACTGGATCGAACATC

16s_QF AGAGATGCATTAGTGCCTTCGGGA

16s_QR ACTAAGGATAAGGGTTGCGCTCGT

Com1659F_Sacl
Com1659F2_Sacl
Com1659R_Xbal

CCGGAGCTCGCAGGAATTCAGTACTCATCG
CCGGAGCTCCACCTTTCAGATTGTTAGTCGC
CGCTCTAGAGAGTAATAGAATGTGATAGGACG

Kn-F TACATGGCGATAGCTAGACTG
Kn-R ACCCAACTGATCTTCAGCATC
pXDC39-F GCTTCCACAGCAATGGCATCC
PromF CGTATAATGTGTGGAATTGTGAG

*The underlined bases indicate restriction sites.

not shown). qPCR was performed on an iQ™5 Multicolor Real-
Time PCR Detection System (Bio-Rad) using iTaq universal
SYBR green supermix (Bio-Rad) according to the manufacturer’s
protocol. The 16SrRNA gene was used as the reference gene
to normalize the data. Fold change was calculated as described
previously (Livak and Schmittgen, 2001) and are presented as
log, ratios.
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Bioinformatics Analysis

The hypothetical protein (accession number: YP_095686.1)
encoded by lasM was compared to proteins encoded by other
bacteria using Standard Protein BLAST (http://blast.ncbi.nlm.
nih.gov/Blast.cgi?PAGE=Proteins). The NCBI CD-search was
used to identify any conserved domains present in the LasM
protein. Three servers from the CBS Prediction Servers (http://
www.cbs.dtu.dk/services/) were then used to predict the putative
function(s) of LasM. First, TMHMM Server v.2.0 was used to
predict transmembrane helices (Sonnhammer et al., 1998; Krogh
et al, 2001). Second, SignalP 4.1 Server was used to predict
the presence and location of signal peptides (Petersen et al,
2011). Lastly, ProtFun 2.2 Server was used to predict cellular role,
enzyme class as well as the gene ontology category based on the
amino acid sequence (Jensen et al., 2002, 2003).

Microscopic Examination of Cell

Morphology

The WT strain KS79 and the mutant strain AlasM were
suspended in Fraquil at an ODgpy of 1.0. Immediately
after suspension, a wet mount was prepared and viewed at
1000x magnification using digital microscopy (Nikon Eclipse
80i). Images of 10 random microscopic fields were captured for
each strain using the NIS Element software (Nikon Instruments,
Inc.). The length of 10 cells in each image was estimated using the
Image] software in order to determine the average cell length.

Extracellular Growth Assay

The KS79 and AlasM strains were suspended in AYE broth at
an ODggp of 0.1. Twenty-five ml of each culture was transferred
into three 125 ml Erlenmeyer flasks and grown at 37°C shaking.
The ODgp of each culture was measured by a spectrophotometer
once every 4 h for a period of 32 h.

Cell Lines and Infection Assays

The amoeba Acanthamoeba castellanii was grown to confluence
in 20 ml of PYG broth (Moffat and Tompkins, 1992) in a 75 cm?
tissue culture flask (Sarstedt) at 30°C. Before infection with Lp,
the old medium with non-adherent amoebae was replaced with
10ml of fresh PYG broth. The flask was then shaken sharply to
release the adherent amoebae into the medium. This suspension
was enumerated and diluted to 5 x 10° cells per ml. One ml
was placed into each well of a 24-well plate (Sarstedt). The
amoebae were allowed to adhere for 2 h before the medium was
replaced with Ac buffer, which does not support the growth of Lp
(Moffat and Tompkins, 1992). The plate was incubated at 30°C
for another 2 h before infection.

The human monocyte-like cell line THP-1 was grown in 30 ml
of RPMI 1640 (Life Technologies) supplemented with 10% fetal
bovine serum and 2 mM glutamine at 37°C under 5% CO, (Kim
etal., 2009). Three days prior to infection, 1 ml of THP-1 culture
(5 x 10° cells per ml) was placed into each well of a 24-well plate
(Sarstedt) and treated with 1 x 10~/ M phorbol 12-myristate
13-acetate (PMA) (Fisher Scientific) to induce maturation toward
adherent macrophage-like cells. Subsequently, the medium was
replaced by fresh RPMI without PMA 2h before infection
with Lp.

For the infection assays, the KS79, AlasM, and dotA mutant
were suspended in AYE broth at an ODgg of 0.1 and then, diluted
10-fold to approximately 2.5 x 10° cells per ml. The dotA mutant
is defective for intracellular growth (Roy and Isberg, 1997) and
was used as a negative control. Two microliter of each bacterial
suspension was added to three replicate wells of A. castellanii
and THP-1 cells, resulting in an MOI of 0.1. The A. castellanii
infection plate was incubated at 30°C and the intracellular growth
of each strain was determined by CFU counts on BCYEx agar at
24 h intervals for 7 days; whereas the THP-1 infection plate was
incubated at 37°C under 5% CO;, and the intracellular growth
was monitored at 24 h intervals for 5 days.

Survival Assays in Water

Strains grown on BCYEa agar were washed three times with
Fraquil and suspended in fresh Fraquil at an ODggg of 0.1. One
milliliter of bacterial suspension was added to 4 ml of fresh
Fraquil in a 25 cm? plastic flask (Sarstedt). For each strain, three
replicate flasks were incubated at 25, 37, and 42°C, and CFU
counts were measured once per 3 weeks, once per 2 weeks and
once per week, respectively. In addition, membrane integrity of
the samples incubated at 42°C for 7 weeks was determined by
Live/Dead staining and flow cytometry, using freshly grown KS79
as the live control and KS79 boiled in a water bath for 10 min as
the dead control, as described previously (Li et al., 2015).

For the survival assay using Fraquil containinglO times
trace metals, the final salt and trace metal concentration is
0.25 pM CaCly, 0.15 pM MgSOy, 0.15 uM NaHCOs3, 10 nM
K,HPOy4, 0.1 pM NaNOs, 0.1 pM FeCl;, 10 nM CuSOy, 2.2
nM (NH4)sMo7054, 25 nM CoCly, 0.23 M MnCl,, and 40 nM
ZnSOy.

Heat Tolerance Assays

To test tolerance to heat shock, the KS79 and AlasM strains were
suspended in Fraquil at an ODggg of 0.1. One ml of each strain
was aliquoted into 13 ml tubes (Sarstedt) in triplicate. Tubes were
acclimated to 25°C for 24 h and then, transferred into a water
bath set to 55°C. Samples were taken before, after 0.5 h and after
1 h of heat shock to determine the changes in CFU counts.

To test growth at an elevated temperature, the KS79 and
AlasM strains were suspended in AYE broth at an ODg of 0.1.
Twenty-five milliliter of each culture was transferred into three
125 ml Erlenmeyer flasks and grown at 42°C shaking. The CFU
of each strain was monitored daily.

RESULTS

lasM Is Positively Regulated by RpoS in
Water

In a previous study, we found that lasM was significantly
up-regulated by more than 6-fold after 2h (Log, ratio = 2.66)
and 24-fold after 6h (Log, ratio = 4.60) of exposure to water
when compared to a control grown in rich medium (Figure 1A;
Li et al., 2015). RpoS is an alternative sigma factor and a stress
response regulator important for the survival of Lp in water
(Trigui et al., 2014). In order to test whether the expression of
lasM is controlled by RpoS, RT-qPCR was performed using RNA
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FIGURE 1 | LasM is expressed in water and is regulated by RpoS. (A) The expression of lasM based on a transcriptomic analysis of the WT JR32 strain
exposed to water for 2, 6, and 24 h compared to the control grown to exponential phase in rich medium (adapted from Li et al., 2015 published under Creative
Commons Attribution 4.0 International License; https://creativecommons.org/licenses/by/4.0/). (B) The RpoS-dependant regulation of lasM in Lp exposed to water
for 6h was assessed by RT-gPCR. The expression of lasM in the rpoS mutant was compared to that in the WT strain. The expression of lasM in the complemented
strain where rpoS is induced with 0.5 mM IPTG (prpoS ON) was compared to that of the non-induced complement (prpoS OFF). One-tailed unpaired Student’s t-test
was used to assess significant differences between the two ratios (**p < 0.0005). Data shown are the mean and SD of 3 biological replicates.

*kk

Log, ratio

rpoS mutant/WT prpoS ON/prpoS OFF

from the WT, rpoS mutant and complemented strains that were
exposed to water. The fold change of the lasM transcript upon
water exposure was lower in the rpoS mutant compared to the
WT, reflected in the negative Log, ratio of —1.3 (Figure 1B).
In contrast, induction of RpoS expression in the mutant (prpoS
ON) resulted in a positive Log, ratio of 0.8, indicative of an
increase in lasM expression, when compared to its non-induced
counterpart (prpoS OFF). Taken together, these results suggest
that the expression of lasM is positively regulated by RpoS in
water.

LasM Is a Conserved Protein Found in

Aquatic Bacteria
According to the NCBI Protein database, the hypothetical
protein encoded by lasM is composed of 347 amino acids.
Standard Protein BLAST revealed that LasM found in the
Philadelphia-1 strain of Lp is highly conserved in other strains,
such as Paris, Corby, Alcoy and Lens (>98% identity). Other
Legionella species that contain a LasM homolog include
L. norrlandica (87% 1identity), L. moravica (77% identity),
L. tucsonensis (76% identity), and L. longbeachae (68% identity).
LasM also shares significant homology (61-63% identity) with
hypothetical or membrane proteins found in Methylophaga
nitratireducenticrescens, Methylophaga lonarensis, Moritella
dasanensis, Endozoicomonas elysicola, Colwellia psychrerythraea,
Marinobacter santoriniensis among others. These bacteria were
isolated from various aquatic environments, such as water
treatment systems, soda lakes and the Arctic Ocean (Kurahashi
and Yokota, 2007; Kim et al., 2008; Handley et al., 2009; Antony
et al, 2012; Villeneuve et al., 2013). Therefore, the protein
sequence homology suggests that LasM is a conserved protein
found not only in Legionella species, but also in other aquatic
bacteria.

Since LasM does not harbor any conserved domains, in silico
analysis was performed using the CBS Prediction Servers to
predict its putative function(s). Eight transmembrane helices

were predicted using the TMHMM server (Figure 2), suggesting
that LasM is a transmembrane protein. Moreover, its N-terminal
is likely to be located on the cytoplasmic side of the membrane
(p = 0.99911). No potential signal peptides were identified
using the SignalP Server, suggesting that LasM is located in
the cytoplasmic membrane. The ProtFun Server predicted LasM
to be a non-enzyme (p = 0.809) involved in “Transport and
Binding” (p = 0.740), most likely to be a transporter (p = 0.409)
among 14 different Gene Ontology categories. Our in silico
analysis suggests that LasM is a conserved membrane protein,
that may be involved in the transport of an unknown substance
as part of its aquatic lifestyle.

Deletion of lasM Does Not Affect Cellular
Morphology

Since LasM is predicted to be a membrane protein, we
investigated whether the deletion of lasM would alter the cellular
morphology of Lp. Microscopic analysis of wet mounts of 3 days
old culture suspended in Fraquil shows that both the WT and
the lasM deletion mutant are rod shaped cells of comparable size
(Figures 3A,B). Statistical analysis confirms that there were no
significant differences (p = 0.1659) between the cell lengths of the
two strains (Figure 3C). These results indicate that the absence of
LasM in Lp does not affect cell shape or cell size.

LasM Is Dispensable for Growth In vitro

and In vivo
Growth and infection assays were performed to investigate the
potential role of LasM in extracellular and intracellular growth.
The WT and AlasM strains produced similar growth curves in
rich medium, suggesting that lasM is dispensable for the growth
of Lp in vitro (Figure 4A). The lag phase of both strains lasted 8 h
and exponential growth occurred between 8 and 20 h, followed
by a late post-exponential/stationary phase.

CFU of the WT and AlasM strains increased by 4-log
after 7 days of growth within the amoeba A. castellanii
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(Figure 4B). In contrast, both the WT and AlasM only produced
a 2.5-log increase in CFU counts after 5 days of growth
within human macrophage-like THP-1 cells (Figure 4C). As
expected, the dofA mutant that served as a negative control
demonstrated a reduction in CFU counts in both infection
models (Figures 4B,C). No significant differences were observed
between the WT and AlasM in both infection assays, showing
that deletion of lasM does not affect the ability of Lp to infect
and multiply intracellularly within A. castellanii or within THP-1
cells.

Deletion and Over-Expression of lasM

Affects the Culturability of Lp in Water

Since lasM is highly up-regulated in Lp exposed to water (Li
et al., 2015) and positively regulated by RpoS, we hypothesized
that it may be important for the survival of Lp in water. We
monitored the changes in CFU counts of the WT, AlasM and
the complemented strain (AlasM+plasM) during long-term
exposure to water at three different temperatures. At 25°C, all
three strains survived well, and no significant reduction in CFU
counts was observed after 24 weeks in water (Figure 5A). In
contrast, the CFU of all three strains dropped below detection
limit after 22 weeks of water exposure at 37°C (Figure 5B).
The AlasM strain had a faster reduction in CFU count and a
significantly lower CFU than the WT starting at week 12. The
complemented strain survived as well as the W'T, suggesting that
lasM is indeed important for Lp to maintain culturability in
water. Similar trend was observed in the strains exposed to 42°C,
where an early loss in culturability was only observed in AlasM
but not in the WT or the complemented strain (Figure 5C). At
this temperature, the CFU counts of all three strains decreased
more rapidly than at 37°C, dropping below the detection limit
after only 5 weeks of water exposure.

Since the deletion of lasM resulted in an early loss of
culturability at both 37 and 42°C, we hypothesized that
over-expression of this gene in the WT would promote the
culturability of Lp in water. Given that the difference in
culturability between the WT and AlasM strains was the greatest

at 42°C, the effect of lasM over-expression was tested at this
temperature. A plasmid containing an inducible Ptac promoter
preceding the lasM ORF was constructed and introduced into
the WT strain (WT+plasMi). Under non-inducing conditions
(WT+plasMi OFF), the decline in CFU counts over time
was similar to the WT strain (Figure 5F). Interestingly, over-
expression of LasM using IPTG (WT+plasMi ON) increased the
culturability of Lp by 1 week. This further supports the notion
that lasM is important for Lp to maintain culturability in water.

Deletion of lasM Does Not Affect the
Culturability of Lp in Water Containing

Excess Trace Metals

Given that LasM was predicted to be a membrane protein
involved in “transport and binding” and since it was found to
be important for maintaining the culturability of Lp in water,
we hypothesized that this protein could be involved in acquiring
essential nutrients that are present in low amounts in water,
such as trace metals. Therefore, we tested the culturability of the
WT, AlasM and the complemented strain (AlasM+plasM) in
water containing 10 times of trace metals at 42°C. Surprisingly,
the CFU counts declined at the same rate for all three strains
throughout the 7 weeks of exposure, and the mutant no longer
demonstrated an early loss of culturability as observed previously
(Figures 5C,D). Therefore, LasM does not alter the kinetics of
culturability over time when excess trace metals are present in
water.

Deletion of JasM Does Not Affect
Membrane Integrity of Lp Exposed to
Water

After exposure to water at 42°C for 7 weeks, we analyzed the
cell status of the WT, AlasM, and the complemented strain
(AlasM+plasM) using Live/Dead staining and flow cytometry.
Live/Dead staining differentiates between dead cells that have a
damaged membrane and viable cells with an intact membrane. In
this case, over 90% of each strain under investigation stained as
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FIGURE 3 | Deletion of lasM does not affect cell morphology or cell
size. A wet mount image of (A) the WT strain and (B) AlasM was observed
under 1000x magnification. (C) The cell length of the WT strain and AlasM
was estimated using Imaged. Data shown are the mean and SD of the length
of 10 cells per microscopic image in 10 analyzed images (n = 100).

viable cells, and less than 2% of each population were stained as
dead (Figure 5E). This data shows that the absence of membrane
protein LasM does not significantly affect the membrane integrity
of Lp after exposure to water.

Deletion of lasM Does Not Affect the

Tolerance of Lp to High Temperature

Since early loss of culturability of the lasM mutant was only
observed at 37 and 42°C but not at 25°C, we investigated
whether the mutant was sensitive to elevated temperatures. First,
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FIGURE 4 | Deletion of lasM does not affect the growth of Lp in vitro
and in vivo. (A) Optical density at 600 nm of the WT and AlasM strains grown
in rich medium for 32 h. (B) The amoeba A. castellanii or (C) cultured THP-1
macrophages were infected with the WT strain, AlasM or the dotA mutant
(negative control) at an MOI of 0.1. Changes in cell titer were monitored using
daily CFU counts and are presented as the log ratio of the CFU on each day
(CFUT) over the initial CFU (CFUg). Data shown are the mean and SD of 3
biological replicates.

we compared the tolerance of the WT and AlasM strains in
water at 55°C. The CFU counts of both strains decreased to
42-47% of the initial population after 0.5h and to 13-14% after
1 h of exposure to heat shock (Figure 6A). Increasing exposure
time significantly reduced their CFU counts (p < 0.0001), but
no significant differences were found between the two strains
(p = 0.5605). Then, we compared the tolerance of both strains in
rich medium at 42°C and, again, found no significant differences
between their CFU counts over a period of 4 days (Figure 6B).
Both strains grew in the first day and then their CFU counts
dropped below the detection limit after 3 days. Taken together,
these results suggest that deletion of lasM does not affect the
tolerance of Lp to high temperature in water or in rich medium.
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DISCUSSION

Despite the lack of nutrients, Lp can survive in freshwater
for a prolonged period of time and also remain infectious
(James et al., 1999; Li et al., 2015; Mendis et al., 2015). In this
study, we characterize Ipgl659 (lasM), a gene that encodes a
hypothetical protein with no putative functions. In silico analysis
shows that lasM encodes a membrane protein that is likely
involved in transport and binding. Differential expression of
membrane proteins are well documented in literature. In E. coli,

some membrane proteins like OmpA and general porins are
constitutively expressed at high levels, whereas other membrane
proteins are only expressed under specific conditions (Koebnik
et al., 2000). Exposure to water at varying temperatures elicited
specific changes in the outer membrane protein composition
of enterohemorrhagic E. coli (Wang and Doyle, 1998). In
another waterborne pathogen Leptospira interrogans, the inner
membrane protein LipL31 was specifically down-regulated
during exposure to distilled water, while other membrane
proteins were not affected (Trueba et al., 2004). In our case,
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the expression of the LasM membrane protein was induced
significantly after 2 and 6h of exposure to water, compared to
exponential growth in AYE (Li et al,, 2015). A previous study
showed that lasM is also induced in the post-exponential phase
of growth (Hovel-Miner et al., 2009). Therefore, it is likely that
a signal present in Fraquil and post-exponential phase, such as
starvation, induces the expression of lasM. Since Lp shuts down
transcription and translation 24 h after exposure to water (Trigui
et al,, 2014; Li et al,, 2015), genes required for survival in water
are likely induced during earlier time points (i.e., the adaptation
period), and are subsequently repressed. For example the bdhA
gene, encoding 3-hydroxybutyrate dehydrogenase, is required for
the long-term survival of Lp in water, and follows this expression
pattern (Li et al., 2015).

Since the alternative sigma factor RpoS is essential for Lp to
survive in water (Trigui et al., 2014), any genes under the control
of RpoS could also be involved in the survival of Lp in water. For
example, bdhA is positively regulated by RpoS in water and it was
found to be important for the survival of Lp in water at 37°C (Li
et al., 2015). According to a previous study, lasM is positively
regulated by RpoS in rich medium (Hovel-Miner et al., 2009).
Here, we report that lasM is also under RpoS control when Lp is
exposed to water, further suggesting an association between LasM
and water survival.

Since LasM is predicted to be a membrane protein, we
hypothesized that it may play a role in maintaining cell
morphology or membrane integrity. However, deletion of lasM
affected neither the cell shape nor size of freshly grown Lp that
was suspended in water. Moreover, the membrane integrity of Lp
exposed to water for 7 weeks was unaffected. We further found
that deletion of lasM does not affect the ability of Lp to infect
host cells such as A. castellanii and THP-1 cells. Furthermore, it
does not affect the growth of Lp in vitro. This is consistent with a
previous study showing that the insertion of a transposon in the
lasM gene did not result in growth advantages or disadvantages
in rich medium (O’Connor et al., 2011).

Nevertheless, we observed an early loss of culturability in
AlasM exposed to water at 37 and 42°C, suggesting that lasM is
important for Lp to maintain culturability in warm water. These

temperatures are commonly found in man-made water systems
such as cooling towers that Lp is able to colonize (Rogers et al.,
1994; Darelid et al., 2002). Live/Dead staining shows that the
proportion of dead cell in the AlasM population is comparable to
that of the WT, but the mutant enters a viable but non-culturable
(VBNC) state earlier than the WT. VBNC cells are in a quiescent
state awaiting revival or transitioning to death (Li et al., 2014).
Previous studies show that Lp that was induced into the VBNC
state under certain conditions, such as starvation and exposure
to disinfectants, may be resuscitated back into culturable and
infectious cells using different methods (reviewed by Li et al.,
2014). For example, Lp that entered the VBNC status 125 days
after exposure to sterilized tap water at 20°C were resuscitated
by the addition of A. castellanii (Steinert et al., 1997). However,
our attempt to resuscitate the samples using the same method
failed and the VBNC cells remained non-infectious (data not
shown). Differences in VBNC-inducing conditions (e.g., water,
temperature, etc.) and additional factors may contribute to the
failure of resuscitation (reviewed by Li et al, 2014). VBNC
cells that cannot be resuscitated are considered to be in the
process of dying. Therefore, we conclude that AlasM started
dying at an earlier time point than the WT when exposed to
water. Given that over-expression of LasM also promotes the
culturability of Lp in water, we conclude that LasM is important
for the long-term survival of Lp in water at temperatures
above 25°C.

Early loss of culturability was not observed in AlasM exposed
to water at 25°C for 24 weeks. This is mirrored in a previous
study where the deletion of bdhA results in an early loss of
culturability and causes a survival defect in Lp exposed to water
at 37°C but not at 25°C (Li et al,, 2015). In both cases, it is
possible that the survival defect becomes apparent at 25°C after a
longer incubation period in water. Since CFU counts drop more
gradually at 25°C than at 37 and 42°C (Mendis et al,, 2015),
any defect resulting from the deletion of an important gene may
appear at a later time point at 25°C.

Environmental stresses such as heat shock are known to
increase membrane fluidity and eventually result in cell damage
(Beney and Gervais, 2001; Richter et al., 2010). Therefore, it is
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possible that LasM is important for Lp to maintain culturability
at a higher temperature, not necessarily in water. If the absence of
the LasM membrane protein reduced the ability of Lp to deal with
heat-induced membrane damage, the mutant would produce a
faster drop in CFU counts than the WT at elevated temperatures.
However, we show that deletion of lasM does not affect the rate
of CFU reduction in Lp exposed to water at 55°C or the CFU
changes in Lp grown in rich medium at 42°C, suggesting that
LasM is important for maintaining culturability in water, but
that it is not directly involved in the resistance of Lp to high
temperatures.

It is noteworthy that LasM was predicted to be a transporter,
albeit with low probability (p = 0.409). Since the metabolic rate
of Lp increases with increasing temperature (Kusnetsov et al.,
1996), more energy and resources would be needed for active
metabolism at higher temperatures. Therefore, if the function
of LasM is to facilitate nutrient transport, then the loss of
LasM could result in a more severe defect in water at 37°C
or at 42°C than at 25°C. Indeed, the absence of LasM did
not affect the kinetics of culturability in water with 10 times
the original amount of trace metals, suggesting that the early
loss of culturability previously observed in the mutant can be
complemented by excess trace metals in water, namely copper,
molybdenum, cobalt, manganese, zinc, sodium and iron. This
finding supports our hypothesis that LasM is a transporter of
one or more of the essential trace metals present in water. In
the absence of this transporter, Lp might not be able to acquire
sufficient trace metals from water environment to maintain
culturability, and possibly long-term survival. Our data show that
over-expression of lasM in Lp seems to allow better acquisition
of essential trace metals, helping to maintain culturability for a
longer period of time. Extra trace metals in water might also
increase the amount that diffused into cells, and thus, allow the
mutant lacking LasM to maintain culturability as well as the WT.
It is not yet clear which trace metal is transported by LasM. Based
on our experiments, LasM could transport one or a combination
of copper, molybdenum, cobalt, manganese, zinc and iron.
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Legionnaires’ disease is an acute fibrinopurulent pneumonia. During infection Legionella
pneumophila adheres to the alveolar lining and replicates intracellularly within recruited
macrophages. Here we provide a sequence and domain composition analysis of the
L. pneumophila PilY1 protein, which has a high homology to PilY1 of Pseudomonas
aeruginosa. PilY1 proteins of both pathogens contain a von Willebrand factor A
(VWWFa) and a C-terminal PilY domain. Using cellular fractionation, we assigned the
L. pneumophila PilY1 as an outer membrane protein that is only expressed during the
transmissive stationary growth phase. PilY1 contributes to infection of human lung tissue
explants (HLTEs). A detailed analysis using THP-1 macrophages and A549 lung epithelial
cells revealed that this contribution is due to multiple effects depending on host cell
type. Deletion of PilY1 resulted in a lower replication rate in THP-1 macrophages but
not in A549 cells. Further on, adhesion to THP-1 macrophages and A549 epithelial
cells was decreased. Additionally, the invasion into non-phagocytic A549 epithelial
cells was drastically reduced when PilY1 was absent. Complementation variants of a
PilY1-negative mutant revealed that the C-terminal PilY domain is essential for restoring
the wild type phenotype in adhesion, while the putatively mechanosensitive VWFa domain
facilitates invasion into non-phagocytic cells. Since PilY1 also promotes twitching motility
of L. pneumophila, we discuss the putative contribution of this newly described virulence
factor for bacterial dissemination within infected lung tissue.

Keywords: L. pneumophila, PilY1, human lung tissue explants, adherence, invasion, twitching motility
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INTRODUCTION

Legionella pneumophila is the causative agent of the Legionnaires’
disease, a severe form of pneumonia (Fraser et al., 1977; McDade
et al, 1977; Fields et al., 2002). Upon transmission to the
respiratory tract through aerosols containing Legionella, the
bacteria enter and replicate within alveolar macrophages and
epithelial cells (Horwitz and Silverstein, 1980; Mody et al,
1993; Jdger et al, 2014). The cellular internalization of L.
pneumophila can be enhanced by the presence of antibodies and
complement. The major outer membrane protein (MOMP) of
L. pneumophila binds complement component C3 and C3i and
mediates the uptake of the bacteria via the complement receptors
CR1 and CR3 of macrophages. Phagocytosed L. pneumophila
recruit compartments from the endoplasmatic reticulum (ER),
modulate the host phosphoinositide metabolism, modify the
host endocytic pathway, intercept vesicle trafficking and avoid
fusion with lysosomes (Shevchuk et al., 2014). The development
of the Legionella-containing vacuole (LCV) is pre-dominantly
orchestrated by the Dot/Icm type IV secretion system, which is
known to export numerous bacterial effector proteins into the
host cell cytoplasm (Horwitz, 1983; Kagan and Roy, 2002; Isberg
et al.,, 2009; Hubber and Roy, 2010). Bacterial attachment and
entry into host cells are considered to be a pre-requisite for
this pathogen-directed host cell modulation (Roy et al., 1998;
Wiater et al., 1998; Hilbi et al., 2001; Charpentier et al., 2009).
Several determinants of L. pneumophila are known to contribute
to adherence and entry into different host cell types, including
type IV pili, Hsp60, the structural toxin RtxA, the intergrin analog
LaiA and the GAG binding protein Lcl and the adenylate cyclase
LadC (Garduiio et al., 1998; Stone and Abu Kwaik, 1998; Cirillo
etal., 2001; Chang et al., 2005; Newton et al., 2008; Duncan et al.,
2011).

In a previous study, we screened a L. pneumophila mini-
Tnl0 transposon library for mutants that fail to avoid fusion
of their respective LCV with lysosomes (Shevchuk et al,
2014). The range of the identified mutants indicated that
interference with lysosomal degradation is multifactorial. Several
mutants with different insertions in the Lpc2666 gene exhibited
significantly higher co-localization with lysosomal compartments
and reduced replication rates in macrophages and protozoa
(Shevchuk et al.,, 2014). The sequence analysis revealed that
Lpc2666 encodes for a type IV fimbrial biogenesis PilY1-like
protein that shares homology with the C-terminal domain of
PilY1 of Pseudomonas aeruginosa and the PilC1/2 of Neisseria
gonorrhoeae, Neisseria meningitides, and Kingella kingae. The
PilC proteins of K. kingae and Neisseria species have already
been characterized as type IV pili biogenesis factors and are
known to be involved in adherence to epithelial cells (Rudel et al.,
1995a,b; Scheuerpflug et al., 1999; Porsch et al., 2013). The PilY1
of P. aeruginosa has also been shown to be essential for type IV
pilus assembly and evidently contributes to cell adhesion and
virulence (Bohn et al., 2009; Heiniger et al., 2010). In addition,
it has been demonstrated that the PilY- or PilC-like proteins
are required for pilus stability. Accordingly, mutations in the
respective genes result in the loss of the type IV pilus dependent
twitching motility. Moreover, P. aeruginosa PilY1 participates in

the regulation of a type IV pilus independent motility (Wolfgang
et al.,, 1998; Morand et al., 2004; Bohn et al., 2009; Kuchma et al.,
2010; Porsch et al., 2013).

In the present study, we analyzed the sequence and domain
composition of the L. pneumophila PilY1. We ascertained PilY1
as an outer membrane protein that is expressed during the
stationary growth phase of the bacteria. Since the L. pneumophila
PilY1 knockout mutant exhibited defects in twitching motility
as well as in host cell adherence, invasion and intracellular
replication, we hypothesize that PilY1 mediates extra- and
intracellular virulence mechanisms which are required for the
efficient infection of human lung tissue explants (HLTEs).

MATERIALS AND METHODS

Cultivation of Bacteria and Eukaryotic Cells
L. pneumophila Corby strains and mutants were routinely
cultured on buffered charcoal-yeast extract (BCYE) agar for
3-5 days. Liquid cultures were inoculated in buffered yeast
extract (YEB) medium and grown at 37°C with agitation at
180 rpm to an OD600 of 3.0 with 12.5 g/ml chloramphenicol
and 500 WM IPTG or 20 pg/ml kanamycin if required. Human
alveolar epithelial A549 cells (DSMZ, ACC-107) were grown in
DMEM and the human monocyte cell line THP-1 (DSMZ, ACC-
16) in RPMI 1640 medium, both supplemented with 10% FCS
and 4.5 mM glutamine at 37°C and 5% CO,. For the experiments,
the A549 cells were seeded 18 h before infection into 24-well
tissue culture plates (GreinerBioOne) at a density of 5 X 10°
cells/well. The THP-1 cells were seeded in 96-well tissue culture
plates (T'TP) at a density of 10° cells/well and differentiated with
phorbol myristate acetate (PMA; Sigma) to a final concentration
of 100 nM for 48 h.

Site-Directed Mutagenesis of pilY1 and

Construction of Complementation Strains

The L. pneumophila Corby pilY1 knockout mutant was generated
by allelic exchange of the chromosomal pilY1 gene for a
kanamycin resistance cassette. For this purpose, a PCR fragment
carrying the antibiotic resistance gene flanked by a 1 kb
homologous region to the target locus was generated by a three-
step amplification procedure (Derbise et al., 2003). In the first
step, the flanking upstream and downstream regions of the pilY1
gene and the kanamycin cassette were amplified independently.
The primers PilYupR and PilYdownF contain an extension of 20
nucleotides homologous to the kanamycin resistance cassette. In
the second step, the resulting three PCR products were mixed
at equimolar concentrations and subjected to a second PCR
to generate the pilY1 knockout construct, which was ligated
into the pGEM®-T Easy vector. The third step was required
to obtain large amounts of the desired DNA. The DNA was
introduced into L. pneumophila by natural transformation as
described previously with modifications (Sexton and Vogel, 2004;
Schunder et al., 2010). Briefly, 1 ml of an exponentially grown
overnight culture was incubated with 1 g of the PCR product
for 3 days at 30°C without agitation. Subsequently, bacteria were
grown on antibiotic selective media for 4 more days at 37°C
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TABLE 1 | Plasmids and Primers used in this study.

Plasmid Description References
pXDC WTPRIIY pXDC61-derived vector expressing PilY1 This study
pXDC APilYdom pXDC61-derived vector expressing PilY1 lacking the PilY domain (Aaa 600-1169); Cm” This study
pXDC AvWFa pXDC61-derived vector expressing PilY1 lacking the vWFa domain (Aaa 405-526); Cm” This study
pXDC61 pPMMB207C-derived vector; Cm” Charpentier et al., 2009
PGEM-T Shuttle vector Promega
pGEM-T PilYKm Vector for knockout of pilY gene; Km” This study
Primer 5'-3'Sequence References
PilYup F GTTGAATATGGCTCATAGCGTCCATGATAATCAAAACC This study
PilYup R CTCAAACCCAACTTTACAAAGC This study
PilYdown F TAAAAACCTTGCAGGAATACGG This study
PilYdown R TTGTAACACTGGCAGAGGCAAATTCAATAGAGGATACCC This study
KmF TCTGCCAGTGTTACAACCAATT This study
Km R ATGAGCCATATTCAACGGGA This study
PilYconf F GGCAGATTAATTGTAATGTCAGTGT This study
PilYconf R CCAGGATTTTCATTAGTCGAGTTAAT This study
PilYcom F Xbal GCGCGTCTAGATTGAATTTGCCACCAGCC This study
PilYcom GCGCGGAATTCGTTTTGATTATCATGGACGC This study

R EcoRl GCGCGGAATTCTATCATGGACGCTTTAAC This study
PINVWEF F Xbal TGGTCAACTAACCGAAAG This study
PilYdom R

PilY-WWF R CGGTTAGTTGACCATTGCGGACAATTGCCACT This study
SP6 TATTTAGGTGACACTATAG Promega

T7 TAATACGACTCACTATAGGG Promega
pXDC F TTGACAATTAATCATCGGC This study
pXDC R CTGTATCAGGCTGAAAATC This study

with 5% CO;. Screening for mutants obtained by homologous
recombination was performed by PCR using the primer pairs
PilYconfF/R. For complementation of the pilYI mutant, the
full length pilYl PilY and vWFa domains were amplified
using the primers pilYcomF/R, PilYYWFF/comR, and PilY-
vWFF/comR/domR. The resulting PCR fragments were digested
with Xbal and EcoRI and cloned into the pXDC/pMMB207C
vector at the position of the blaM orf (Charpentier et al., 2009)
and electroporated into the strain L. pneumophila Corby ApilYI.
For a complete list of plasmids and primers prefer to Table 1.
Complementation of the strains on protein level, and the correct
localization on the surface of the bacteria were confirmed by
western blot using polyclonal rabbit a-PilY1 antibodies directed
against a central peptide of 12 amino acids (Supplementary
Information and Supplementary Figures 1 and 4).

Cellular Localization of PilY1 and Its
Variants Using Triton X-100 Solubility

Cell fractionation was performed as previously described with
modifications (Vincent et al., 2006; Kuchma et al., 2007, 2010).
Cells were resuspended in 50 mM Tris-HCI [pH 8] with lysozyme
(0.2 mg/ml~!) and DNAse (1 pg/ml) and lysed in a French

pressure cell (14,000 PSI). Extracts were then centrifuged 10
min at 10,000g to remove unlysed cells and obtain whole-
cell lysates. To separate the soluble cytoplasmic fraction from
the total membrane (TM) fraction, whole-cell lysates were
centrifuged at 100,000g for 1h at 4°C. The membrane pellet
was resuspended in 50 mM Tris-HCI [pH 8] to yield the TM
fraction. The inner membranes were solubilized by the addition
of 20 mM MgSOy4 and 1% Triton X-100; the outer membranes
were collected by additional centrifugation at 100.000 g for 1 h.
To yield the outer-membrane fraction, pellets were resuspended
in 50 mM Tris-HCI [pH 8] and SDS loading buffer. Protein
concentrations of each fraction were determined using a Roti®-
Nanoquant protein quantification assay (Roth) according to the
manufacturer’s instructions. For each cellular fraction, 25 pg
of total protein were immunoblotted with antibodies which
recognize the PilY protein, and detected by using a horseradish
conjugated secondary antibody (Dianova) and the Amersham
ECL Western Blotting Detection Reagent. The rabbit polyclonal
PilY antibody was generated against a peptide corresponding to
the PilY 359-370 aa (Eurogentec). The integrity of the cellular
fractions was confirmed using the antibodies which recognize
the inner membrane type I signal peptidase LepB and the
outer membrane protein MOMP (Vincent and Vogel, 2006).
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Alkaline phosphatase-conjugated antibodies (Thermo Scientific)
were used for detection.

PilY1 Expression Analysis

To determine PilY expression, the L. pneumophila wild type
strain was grown in YEB broth at 37°C with agitation
at 180 rpm. PilY1 expression was tested with 10° bacteria
respectively from the exponential, early stationary, stationary
and late stationary growth phases. The bacteria were lysed
with 7 M Urea, 20 mM Tris-HCI [pH 9], 100 mM DTT and
1% Triton X-100. Equal cell amounts were immunoblotted
with antibodies that recognize the PilY protein and detected
as described above. Western Blot analysis was performed
using the antibody for FlaA as a marker for the stationary
growth phase expression, and Mip as control for equal cell
amounts (Helbig et al, 1995; Heuner et al, 1995). Alkaline
phosphatase conjugated antibody (Thermo Scientific) was used
for detection.

Infection of Human Lung Tissue Explants
For infection, tumor-free pulmonary tissue samples, which had
been obtained from surgery patients, were infected with 107
bacteria/ml of early stationary phase strains of L. pneumophila.
The tissue samples were incubated in RPMI 1640 with 10%
FCS, 20 mM HEPES, and 1 mM sodium pyruvate at 37°C and
5% CO; for up to 48 h as described previously (Jdger et al.,
2014). For the determination of the CFU per g tissue, samples
from six donors were infected. At the indicated time points after
infection, samples were weighed, homogenized and dilutions
were plated on BCYE agar and incubated at 37°C with 5% CO;
for 4 days.

Infection Assays with THP-1 Macrophages
and A549 Epithelial Cells

The human monocytic cell line THP-1 and the human alveolar
epithelial cell line A549 were pre-treated as described above
and infected with L. pneumophila strains from the early
stationary phase with a MOI 1 (multiplicity of infection) for
THP-1 cells and a MOI 100 for A549 cells for 2 h in 5%
CO, at 37°C. Cells were then washed with PBS to remove
extracellular bacteria. The A549 cells were additionally treated
with 100 pg/ml gentamicin for 1 h. At indicated time points
following infection, cells were lysed with 0.01% Triton X-100,
serial dilutions were plated on BCYE agar and incubated at
37°C with 5% CO, for 4 days in order to determine the
CFU/ml.

Adhesion and Invasion Assay

The experiments were performed with confluent A549 cells
and differentiated THP-1 macrophages as described above.
Stationary phase L. pneumophila strains were added to THP-1
macrophages (MOI 20) and A549 cells (MOI 100). The infections
were synchronized by centrifugation at 300g for 5 min. For
the adhesion assay, the cells were pre-incubated with 10 uM
cytochalasin B for 1 h to prevent phagocytosis. After 30 min
of co-incubation with THP-1 macrophages and after 1 h co-
incubation with A549 cells, the monolayers were washed twice

with PBS to remove non-adherent bacteria and lysed with 0.01%
Triton X-100. Serial dilutions of the inoculum and of bacteria
recovered from lysed cells were plated on BCYE agar. Results
are expressed as the ratio of adherent bacteria compared to the
inoculum. For the invasion assay a differential staining protocol
was performed. For this, the cells were infected for 1 h (THP-
1) or 2h (A549) with bacteria that were labeled with rhodamine.
Unbound bacteria were removed by two washes of PBS, and
the cells were fixed with 4% PFA over night at 4°C. Following
fixation, PFA was removed by three washes with PBS containing
50 mM glycin, and the samples were blocked using 10% NHS
in SorC-buffer. The extracellular bacteria were additionally
stained using a polyclonal rabbit a-L. pneumophila antibody
(ABIN23774) followed by an Alexa Fluor® 488-coupled goat
a-rabbit antibody (Abcam, ab15007). Mounted samples were
analyzed using a Leica SP8 confocal laser scanning microscope.
For each strain, at least 50 cells with associated bacteria were
analyzed in three independent experiments, and the ratio of
internalized bacteria were calculated. Rhodamine labeling of
bacteria was performed as described previously (Shevchuk et al.,
2014).

Motility Assays

Surface motility was monitored as previously described (Coil
and Anné, 2009; Stewart et al., 2009). Briefly, 10 ul of early
stationary phase cultures of Legionella strains were dropped
onto fresh BCYE plates containing 1.6% (twitching motility)
or 0.5% (sliding motility) agar. The inoculated plates were
incubated at 30°C and growth was observed for the next
14 days. Plates were photographed, and the area in which
migration had occurred was calculated with Adobe Photoshop
7.0.1.

Statistical Analysis

All experiments were performed in duplicate and repeated at least
three times. Statistical analysis was performed using Student’s
t-test in GraphPad Prism 5.0. Differences were considered
significant ata p < 0.05.

RESULTS

Sequence and Domain Composition

Analyses of PilY1

Given the importance of PilY and PilC proteins in type IV pilus
biogenesis and stability, including pilus extension and retraction
in several bacterial pathogens (Orans et al., 2010; Johnson et al.,
2011; Cheng et al., 2013; Porsch et al,, 2013), we performed a
sequence-based domain annotation of the L. pneumophila PilY1
protein. Based on sequence homology with P. aeruginosa PilY1,
N. gonorrhoeae, N. meningitides, and K. kingae PilC, we predicted
the PilY1 structure of L. pneumophila as depicted in Figure 1.
At the N-terminus the PilY1 protein contains a transmembrane
domain with a putative signal peptide cleavage site, similar to
the Sec secretion signal peptide of P. aeruginosa PilY1 (Lewenza
et al., 2005; Kuchma et al., 2010). Moreover, a 200 amino acid N-
terminal region with homology to the von Willebrand factor A
(vWFa) domain was identified, which is also present in the PilY1
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FIGURE 1 | Predicted domain organization of L. pneumophila Corby PilY1 protein and that of homologous proteins from P. aeruginosa PAK, Neisseria
meningitidis, Neisseria gonorrhoeae, and Kingella kingae. Sequence analysis and diagrams were performed with SMART (Simple Modular Architecture
Research Tool) and IBS (lllustrator of Biological Sequences; Letunic et al., 2015; Liu et al., 2015). The degree of homology between the single proteins is also shown in
form of matrices for the whole protein, and the single domains for each protein (n.a., not applicable).

of P. aeruginosa and the PilC1 of K. kingae. The highest sequence
similarity within this protein class was found in the C-terminal
PilY or PilC domain. With 36% aa identity and 48% aa similarity,
the L. pneumophila PilY domain is most closely related to the PilY
domain of P. aeruginosa.

PilY1 Is Expressed during Stationary
Growth Phase

L. pneumophila employs a biphasic life cycle, where it alternates
between an infectious, non-replicating form, which promotes
transmission to and manipulation of new host cells, and an
intracellular, replicative phase, which downregulates specific
virulence traits. The expression of virulence genes correlate with
the post-exponential and stationary growth phases of the bacteria
and can be modeled in liquid culture medium (Molofsky and
Swanson, 2004). Transcriptional profiling revealed that pilY1
expression is induced during the transmissive, post-exponential
growth phase (Briiggemann et al., 2006; Faucher et al., 2011).
In the present study, we compared the PilY1 expression of
whole-cell lysates of L. pneumophila Corby during exponential
(E), early stationary (ES), stationary (S), and late stationary
(LS) growth phase by Western blot analysis (Figure 2A).
The discrimination between exponential and stationary growth
phases of L. pneumophila was confirmed using a flagellin (FlaA)
specific antibody, since flagellation is a prominent feature of the
stationary growth phases. As a control for equal cellular amounts
in the lysates, the constitutively expressed macrophage infectivity
potentiator (Mip) was used for immunoblotting. As shown in
Figure 2A, PilY1 expression was up-regulated during stationary
growth which represents the transmissive phase of infection.

PilY1 Localizes in the Outer Membrane

Fraction

According to the signal peptide prediction program SignalP,
the PilY1 protein harbors an N-terminal signal peptide
and the subcellular localization prediction tool PSORTB
3.0.2 predicts that the PilY1 protein localizes in the outer
membrane (Emanuelsson et al, 2007; Yu et al, 2010).
To determine the cellular localization of the PilY1 protein
experimentally, L. pneumophila cells from the stationary
growth phase were fractionated utilizing Triton X-100 solubility
and ultracentrifugation. Most Gram-negative bacterial inner
membrane proteins are soluble in the non-ionic detergent Triton
X-100, whereas outer-membrane proteins are typically insoluble
(Nikaido, 1994; Vincent et al., 2006). With this approach
whole cell lysates (WC) of L. pneumophila were separated
into cytoplasmic (Cyt), total membrane (TM), inner membrane
(IM), and outer membrane (OM) fractions. Western blotting
revealed the presence of PilY1 in the whole cell lysate (WC),
total membrane (TM), and outer membrane (OM) fractions
(Figure 2B). The integrity of the membrane fractions was
confirmed by detection of the inner membrane signal peptidase
LepB and the major outer membrane protein MOMP (Bellinger-
Kawahara and Horwitz, 1990; Chen et al., 2007). In summary,
these results suggest that PilY1 is located in the outer membrane
fraction of L. pneumophila.

L. pneumophila PilY1 Promotes Infection

of Human Lung Tissue Explants
Human lung tissue explants (HLTE) with their multitude
of cell types and extracellular components are well-suited
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FIGURE 2 | Growth phase dependent expression of L. pneumophila Corby PilY1 and its subcellular localization. (A) Immunoblotting of bacterial whole-cell
lysates from exponential (E), early stationary (ES), stationary (S), and late stationary (LS) growth phases with antibodies specific for PilY1, Mip (constitutive expression)
and FlaA (expression during stationary growth phase). PilY1 expression was only detected in the stationary growth phase of L. pneumophila which represents the
transmissive phase of infection. (B) Immunoblotting of subcellular fractions of L. pneumophila Corby from the stationary growth phase. Whole cell lysate (WC),
cytoplasmic (Cyt), total membrane (TM), inner membrane (IM), and outer membrane (OM) fractions were immunoblotted with antibodies against PilY1, LepB (inner

for a comprehensive investigation of extra- and intracellular
pathogenicity mechanisms of L. pneumophila at a unique
level of complexity (Jager et al., 2014). Since PilYl is
expressed during the transmissive phase of L. pneumophila,
we analyzed the contribition of this factor that is associated
with the outer membrane during HLTE infection. Tumor-free
pulmonary tissue samples had been obtained from surgery
patients and inoculated with the L. pneumophila Corby wild
type strain, the PilY1-negative L. pneumophila ApilY1 mutant,
the PilY1 domain-positive L. pneumophila ApilY] WTPilY1
complemented mutant, and the DotA-negative L. pneumophila
AdotA mutant. The CFUs/g tissue were determined during 48 h
postinoculation (Figure 3A). The L. pneumophila ApilY1 mutant
showed a significant growth defect in lung tissue with a four-
fold reduced bacterial load compared to the L. pneumophila wild
type strain 48 h post infection. Complementation restored the
ability of the mutant to replicate within the infected tissue to
a large extent. The number of DotA-negative bacteria, which
cannot replicate within host cells, did not increase significantly.
Interestingly, when the replication rates of the strains were
compared by dividing the CFUs of respective time points (CFUy)
by the initial CFU at 2 h post infection (CFUy,},), no significant
differences could be observed (Figure 3D). In summary, these
results demonstrate that PilY1 promotes the infection of human
lung tissue in an early state of establishing the infection.

PilY1 Affects Intracellular Replication of

L. pneumophila

Intracellular replication in macrophages and epithelial cells
is essential for L. pneumophila infection of lung tissue
(Mody et al, 1993; Gao et al, 1998; Jiager et al, 2014).
In a previous screening of mini-Tnl0 transposon mutants
we showed that the PilYl-negative mutants (Lpc2666) were
attenuated in their ability to replicate intracellularly within
U937 macrophage-like cells (Shevchuk et al., 2014). To assess

the impact of pilY1 on intracellular replication during the
infection of HLTEs more specifically, THP-1 macrophage-
like cells and A549 lung epithelial cells were infected with
the L. pneumophila W, the ApilY] mutant and the ApilY]
mutant complemented with PilY1. In both host cell types,
the overall intracellular replication of the ApilY] mutant was
significantly attenuated after 24 and 48 h compared with the
L. pneumophila wild type strain (Figures 3B,C). With a 40-
fold reduction after 48 h, the strongest intracelluar growth
defect was observed in the THP-1 macrophage-like cells. A
closer look at the replication rates in both cell types revealed
that the pronounced attenuation in replication in THP-1 cells
was indeed due to a defect in intracellular multiplication
(Figure 3E). In A549 cells the reduced infection was due
to a lower intracellular load with bacteria rather than to a
change in the replication rate (Figure 3F). Either growth defect
was repaired by the complementation with the full length
pilYI gene. These results show that PilY1 contributes to the
intracellular growth of L. pneumophila in macrophages and
epithelial cells by different means. This cell type dependent
effect regarding intracellular replication could also be confirmed
by immunofluorescence microscopy. In THP-1 macrophages
the ApilY] mutant co-localized with the phagolysosomal
marker LAMP-1 to a significantly greater extent than wild
type bacteria in. On the contrary, no difference in LAMP-
1 co-localization was observed in A549 cells (Supplementary
Figure 3).

PilY1 Contributes to Host Cell Adherence

and Invasion

Attachment to and invasion of host cells are critical steps
in the cellular infection cycle of L. pneumophila and a wide
variety of factors which are important for these processes
have been identified, including type IV pili (Stone and Abu
Kwaik, 1998; Cianciotto, 2001; Molmeret et al., 2004). To
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FIGURE 3 | Effect of PilY1 on L. pneumophila Corby infection of HLTEs, THP-1 macrophage-like cells and A549 lung epithelial cells. (A,D) HLTEs, (B,E)
THP-1 macrophages, and (C,F) A549 cells were infected with L. pneumophila Corby wild type strain (WT), the pilY7-negative mutant (ApilY7), the pilY1
complemented mutant (ApilY7 WTPIlY1), and the DotA deficient mutant strain (AdotA). CFUs were determined by plating serial dilutions on BCYE agar plates at the
indicated time points. The replication rates during the same infection set-ups were calculated and plotted accordingly for HLTEs (D) THP-1 macrophages (E) and
A549 cells (F) by dividing the CFU of the respective time point (CFUx) by the CFU of the 2 h time point (CFUoyp,). The graphs show means and standard deviations from
duplicate infections with tissues from six donors (A) and from three independent cellular infections in duplicate (B,C). Significance was assessed by applying an
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further dissect the effect on intracellular growth, we examined
the specific contribution of pilY1 to adhesion and invasion of
THP-1 macrophage-like and A549 lung epithelial cells. For the
determination of adherent L. pneumophila, phagocytosis was
prevented with the actin polymerization inhibitor Cytochalasin
B. The adhesion assay revealed that the adherence of the ApilY1
mutant to THP-1 macrophage-like and A549 lung epithelial cells
is decreased by ~50% compared to the L. pneumophila wild type
phenotype (Figure 4A). Complementation in trans of the ApilY1
mutant with the full length pilYI gene restored adherence, while
the truncated form of PilY1, lacking the C-terminal PilY domain
(APilYdom), was not able to restore the adherence defect. The
complementation with a deletion variant of PilY1, lacking the
vWFa domain (AvWFa), revealed that this domain is dispensable
for adhesion of L. pneumophila to THP-1 macrophage-like
cells.

In order to evaluate whether invasion of the bacteria was also
affected by the deletion of pilY1 differential immunofluorescence
staining was performed, and the ratio of intracellular bacteria
to total cell-associated bacteria was determined. Here, again cell
type dependent effects could be observed, since invasion of A549
lung epithelial cells was significantly affected and reduced by 90%.
In case of THP-1 macrophage-like cells no significant reduction
was measured. In case of A549 cells, complementation with the
vWFa domain improved the invasion efficiency (Figure 4B).

PilY1 Influences Surface Motility of

L. pneumophila

In addition to adhesion, invasion, and intracellular replication,
lung infection depends on dissemination of the pathogen
within the tissue. With respect to L. pneumophila twitching
motility, a type IV pilus-mediated movement and sliding
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analyzed with the L. pneumophila Corby wild type strain (WT), the pilY7-negative mutant (ApilY1), the complemented pilY7 mutants expressing the wild type PilY1
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three independent experiments (t-test, “p < 0.05, **p < 0.01, **p < 0.001).

motility, a flagellum- and pilus-independent translocation, which
is facilitated by secreted surfactant, were described (Coil and
Anné, 2009; Stewart et al, 2009). Analogous to twitching
and sliding motility assays, which were previously performed,
we examined the contribution of PilYl to both motility
processes (Figures 5A-C). The motility of L. pneumophila
was quantified by measuring the peripheral motility zones
of bacterial colonies grown on agar plates. Interestingly, the
ApilY] mutant exhibited a significantly reduced twitching
motility compared to the wild type strain (Figure5A). In
complementation assays, the strains expressing PilY1 (WT PilY)
or a truncated form with a deletion of the vWFa domain
(AVWFA) revealed the wild type phenotype. However, the L.
pneumophila mutant expressing a PilY1 protein without the C-
terminal PilY domain (APilYdom) was unable to complement
the twitching motility defect of the ApilY] mutant. In contrast
to the colony morphology of the wild type strain, the border
in the motility zone of the ApilY] mutant was very smooth
(Figure 5C). This different colony morphology was also observed
for the complemented strain lacking the C-terminal PilY domain
(APilYdom).

In the sliding motility assay, the spreading area of the
ApilY] mutant was greater than that of the wild type strain
(Figures 5B,C). In addition to an enhanced number and size
of the lobes in the sliding motility zone, we also observed
increased surfactant secretion on the agar surface. The genetic
complementation demonstrated that only the mutant strains
expressing PilY1 exhibited the smaller wild type motility.
Complementation with the APilYdom protein resulted in an
intermediate phenotype, while complementation without the
vWFa domain (AvWFa) resulted in sliding motility similar to
that of the ApilY] mutant phenotype. In conclusion, these data
indicate that PilY1 positively influences twitching motility, but
confines sliding motility.

DISCUSSION

PilY1 proteins are conserved within many genera of gamma-
and beta-proteobacteria, including pathogens with a broad host
spectrum (Rahman et al., 1997; Morand et al., 2001, 2004; Kehl-
Fie et al., 2008; Siryaporn et al., 2014). Sequence and domain
composition analyses revealed that the PilY1-like protein of
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L. pneumophila has the highest homology to the P. aeruginosa
PilY1. This protein, which is exposed on the cell surface, activates
virulence features such as pilus biogenesis, twitching motility,
secretion of secondary metabolites, and biofilm formation (Bohn
et al, 2009; Kuchma et al, 2010; Siryaporn et al, 2014). In
P. aeruginosa the minor pilins (FimU, PilVWXE) prime type
IVa pilus assembly and promote the surface display of the
PilY1 adhesin (Giltner et al., 2010; Heiniger et al., 2010; Luo
et al., 2015; Nguyen et al., 2015). L. pneumophila possesses
a comparable pilY] pilin gene cluster; an orthologous set of
pilin-like proteins controls type IV pilus dynamics and the
localization of PilC in N. gonorrhoeae (Winther-Larsen et al.,
2005).

Interestingly, PilY1 proteins of L. pneumophila, P. aeruginosa,
and K. kingae have a domain that shares homology with
the eukaryotic ~mechano-sensitive vWFa domain and
therefore could serve as a sensor for the mechanical cues
associated with surface contact. PilY1 of P. aeruginosa is
up-regulated upon surface contact, which is necessary for
surface-activated virulence. Furthermore, deletion of the
putatively mechanosensitive vWFa domain places PilY1l
in a constitutively active state, inducing virulence in cells,
which are not attached to the surface (Siryaporn et al., 2014).
Apparently, shear forces exerted on surface-attached P.
aeruginosa cells shift the surface adhesion PilY1 into an active
stretched state and thus inducing virulence toward a broad

range of hosts without relying upon chemical recognition
of any specific host factor. Accordingly, we hypothesize
that L. pneumophila PilY1 may exert related functions in
pathogenicity.

L. pneumophila pathogenesis in lung tissue typically
depends on intracellular growth of the pathogen and bacterial
dissemination within the tissue. In the present study, we
showed that L. pneumophila PilY1 is a cell-surface-associated
protein which is expressed during the highly virulent stationary
growth phase. The presence of PilY1 on the bacterial surface
during the transmissive phase of the pathogen seems to be
a pre-requisite for a putative mechanosensitive virulence
factor or regulator. Since L. pneumophila encounters many
different surface structures during human infection, we
analyzed the effect of PilY1 on the infection of HLTEs. This
complex infection model, which comprises a multitude of cell
types and extracellular components, including lung epithelial
cells, macrophages, and extracellular matrix (ECM), revealed
that the L. pneumophila ApilY] mutant has a significant
growth defect. In part, this defect seems to be due to
the attenuated intracellular growth of the PilY1l-negative
mutant in phagocytic host cells. This is suggested by previous
infections of U937-macrophage-like cells with the PilYl-
negative Mini-Tnl0 transposon mutant Lpc2666 (Shevchuk
et al, 2014). In the present study, we further substantiated
this conclusion using infection experiments with site-directed
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mutants in THP-1 macrophage-like cells and A549 lung
epithelial cells. The intracellular growth defects that were
observed further confirmed a multifaceted effect of PilY1l
on infection processes ranging from adherence and uptake
in non-phagocytic to additionally intracellular replication
in phagocytic cells. Thus, it is noteworthy that in HLTEs
adherence and invasion related processes strongly influence
the outcome of the infection of intracellularly replicating
L. pneumophila.

Studies performed with P. aeruginosa, Neisseria, and K.
kingae revealed a strong influence of PilYl and PilC on
adherence to epithelial cells (Kehl-Fie et al., 2008; Cheng
et al., 2013; Porsch et al., 2013). Since intracellular growth
of L. pneumophila is a result of adherence, invasion, and
intracellular replication, we further dissected the functional
contributions of PilY1l to these processes. We found that
PilY1 of L. pneumophila is required for host cell adherence
to THP-1 macrophage-like and A549 lung epithelial cells. As
adhesion is critical for host cell invasion and both processes
are critical for the intracellular life cycle, these effects, including
the resulting decrease in growth rate within phagocytic host
cells may be linked to each other. This is certainly true for
non-phagocytic A549 epithelial cells and in a broader sense
for the HLTE infection model, where absence of PilY1 resulted
in a drastic decrease in invasive capacity. Complementation of
PilY1-negative mutants with single domain deletion variants
revealed that the C-terminal PilY] domain was essential for
adherence to THP-1 and A549 cells, whereas the vWFa domain
contributes to invasion of non-phagocytic cells. These results
resemble observations made in P. aeruginosa where the deletion
of the calcium binding C-terminal PilC domain abrogated
surface-induced virulence, mimicking the loss of the full-length
PilY1 protein, whereas PilYl with a vWFa domain deletion
induced virulence in a constitutive manner (Orans et al., 2010;
Siryaporn et al.,, 2014). In analogy, we assume that the vWFa
domain of L. pneumophila may also have primarily regulatory
functions.

For interpretation of the cellular infection data of the
PilY1-negative strains, it should be taken into consideration
that the intracellular growth defect may be multifactorial
and not only related to type IV pili biogenesis. Originally
the corresponding Mini-Tnl0 transposon mutant Lpc2666
was screened for its failure to inhibit the fusion of LCVs
with lysosomes; fluorescence microscopy demonstrated a
significantly higher co-localization ratio with lysosomes, an
observation that could be confirmed with the targeted pilY1
knock-out mutant of the current study (Shevchuk et al,
2014, and Supplementary Figure 2). Furthermore, when
repeated in THP-1 macrophage-like and A549 lung epithelial
cells, these studies confirmed the differential involvement
of PilY1 during intracellular replication. In macrophages
but not in epithelial cells PilY1 contributed to avoidance
of phagolysosomal maturation as measured by LAMP-1
co-localization (Figure3 and Supplementary Figure 3).
The inhibition of the fusion of LCVs with lysosomes is an
intracellular process which is temporally and spatially distinct
from the initial type-IV pili-mediated attachment to the

host cell surface. Thus, while the effects of adherence and
invasion can be explained solely by the intimate attachment
of the type IV-pili to the host cell surface, the avoidance
of lysosomal degradation could also include some kind of
interference with host cell type specific signaling or even a
type IV-pili-independent regulation of other bacterial virulence
factors.

To further dissect the PilY1-mediated virulence mechanisms
and to support our hypothesis that PilY1 plays similar roles in L.
pneumophila and P. aeruginosa, we analyzed the surface motility
of L. pneumophila. Surface motility allows pathogens to migrate
over mucosal epithelia and to disperse to other anatomical
sites within the host (Kearns, 2010; Taylor and Buckling,
2011; Burrows, 2012). L. pneumophila and P. aeruginosa
can generally exhibit three distinct surface-associated motile
behaviors, namely, flagellum-propelled swarming motility, type
IV pilus-mediated twitching motility, and surfactant-mediated
passive sliding motility (Bohn et al, 2009; Coil and Anné,
2009; Stewart et al, 2009). In P. aeruginosa, the minor
pilins PilW and PilX, as well as PilY1l participate in c-di-
GMP-mediated repression of swarming motility. Moreover,
it has been shown that biofilm formation and swarming
motility are inversely regulated (Kuchma et al, 2012). In
twitching motility of P. aeruginosa, PilY1 functions as a
calcium-dependent regulator which is essential for type IV
pilli biogenesis (Carbonnelle et al, 2006; Heiniger et al,
2010; Orans et al, 2010; Johnson et al, 2011; Cheng et al,
2013; Porsch et al, 2013). Sliding motility of P. aeruginosa
is observed in the absence of type IV pili and responds
to many of the same regulatory proteins and environmental
cues as swarming motility (Murray and Kazmierczak, 2008).
We demonstrated that Legionella PilY1 positively influences
twitching motility, but down-regulates sliding motility. The
positive effect of PilY1 on twitching motility can be explained by
a facilitated type IV pilus assembly. The observed suppression
of sliding motility, however, cannot simply be explained by
pilus biogenesis. Possible explanations are that PilY1-negative
mutants are more leaky for surfactants, or that type IV
pili-mediated attachment hampers sliding motility, or that
PilY1 down- or up-regulates other effector molecules of
L. pneumophila.

CONCLUSION

In the present study, we characterized PilY1 as a new virulence
factor of L. pneumophila, a factor which influences intracellular
growth and surface motility of the pathogen. We propose
that PilY1 functions as an adhesion factor, which not only
influences bacterial uptake by host cells, but also the successful
establishment of the early LCV by providing close cell-cell
contact for effective effector translocation. Whether or not PilY
is a master mediator in the hierarchy of virulence regulation,
as was proposed for P. aeruginosa, remains speculative. The
observed effects of PilY1 on adherence, invasion, and twitching
motility of L. pneumophila can theoretically be explained by their
contribution to type IV pili biogenesis. The interference with
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lysosomal degradation and the suppression of sliding motility
have not yet been studied extensively enough to classify them
as type IV pili-independent. Similarly, it is an open question if
the vWFa domain of PilY1 exerts regulatory functions on the
intracellular growth cycle and on tissue dissemination of the
pathogen via assembly of type IV pili. Since bacterial cells which
are attached to the surface are subjected to larger shear forces
than planktonic cells when liquid flows over them, it is appealing
to speculate on a mechanosensing function of the vWFa domain.
For P. aeruginosa, the detection of mechanical cues associated
with surface attachment is independent of both the respective
surface and the host (Siryaporn et al., 2014; Ellison and Brun,
2015). This enables the pathogen to induce virulence toward a
broad range of hosts. Future studies will show if L. pneumophila
utilizes a similar mechanism to infect a plethora of protozoa
species and human cell types.
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Legionella pneumophila Strain 130b
Evades Macrophage Cell Death
Independent of the Effector SidF in
the Absence of Flagellin

Mary Speir’, Adam Vogrin', Azadeh Seidi’, Gilu Abraham’, Stéphane Hunot? 3,
Qingqing Han?, Gerald W. Dorn II*, Seth L. Masters®®, Richard A. Flavell?,
James E. Vince® ¢* and Thomas Naderer'*

" Department of Biochemistry and Molecular Biology, Biomedicine Discovery Institute, Monash University, Clayton, VIC,
Australia, 2 Department of Immunobiology, Howard Hughes Medical Institute, Yale University School of Medicine, New Haven,
CT, USA, ° Centre National de la Recherche Scientifique, Institut National de la Santé et de la Recherche Médicale, Institut du
Cerveau et la Moelle - Hépital Pitié-Salpétriere, Boulevard de I'hdpital, Sorbonne Universités, UPMC Univ Paris 06, Paris,
France, * Department of Medicine, Center for Pharmacogenomics, Washington University School of Medicine, St. Louis, MO,
USA, ° Walter and Eliza Hall Institute of Medlical Research, Parkville, VIC, Australia, ® Department of Medical Biology,
University of Melbourne, Parkville, VIC, Australia

The human pathogen Legionella pneumophila must evade host cell death signaling
to enable replication in lung macrophages and to cause disease. After bacterial
growth, however, L. pneumophila is thought to induce apoptosis during egress from
macrophages. The bacterial effector protein, SidF, has been shown to control host
cell survival and death by inhibiting pro-apoptotic BNIP3 and BCL-RAMBO signaling.
Using live-cell imaging to follow the L. pneumophila-macrophage interaction, we now
demonstrate that L. pneumophila evades host cell apoptosis independent of SidF. In
the absence of SidF, L. pneumophila was able to replicate, cause loss of mitochondria
membrane potential, kil macrophages, and establish infections in lungs of mice.
Consistent with this, deletion of BNIP3 and BCL-RAMBO did not affect intracellular
L. pneumophila replication, macrophage death rates, and in vivo bacterial virulence.
Abrogating mitochondrial cell death by genetic deletion of the effectors of intrinsic
apoptosis, BAX, and BAK, or the regulator of mitochondrial permeability transition
pore formation, cyclophilin-D, did not affect bacterial growth or the initial kiling of
macrophages. Loss of BAX and BAK only marginally limited the ability of L. pneumophila
to efficiently kill all macrophages over extended periods. L. pneumophila induced killing
of macrophages was delayed in the absence of capsase-11 mediated pyroptosis.
Together, our data demonstrate that L. pneumophila evades host cell death responses
independently of SidF during replication and can induce pyroptosis to kill macrophages
in a timely manner.

Keywords: infection, bacteria, pyroptosis, caspases, pneumonia, mitochondria, live-cell imaging
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INTRODUCTION

Legionella pneumophila is the aetiological agent of Legionnaires’
Disease, a potentially life-threatening form of pneumonia in the
elderly and immuno-compromised individuals (Cunha et al,
2016). Infection is initiated by inhaling aerosols derived from
L. pneumophila contaminated water sources, such as cooling
towers. Within the lungs, L. pneumophila establishes a specialized
niche, termed the Legionella-containing vacuole, in resident
alveolar macrophages, which promotes immune protection and
bacterial growth. Virulence is absolutely dependent on the
Type IV secretion system (T4SS). Many of the over 300
effector proteins translocated by the T4SS hijack host cell
processes, including apoptotic cell death pathways, important for
intracellular survival (Isberg et al., 2009; Speir et al., 2014).

Apoptosis is a tightly regulated program of cellular suicide
depending on the activation of cytosolic cysteine-dependent
aspartic acid-specific proteases, such as caspase-3. In the case
of intrinsic apoptosis, the pro- and anti-apoptotic members of
the BCL-2 protein family control the activity of the sentinel
cell death regulators, BAX, and BAK (Czabotar et al., 2014).
Activation of BAX and/or BAK leads to the loss of mitochondrial
membrane integrity and release of cytochrome-c, which nucleates
apoptosome formation to activate caspase-9 (Youle and Strasser,
2008). Active caspase-9 then cleaves caspases-3 and -7, which
initiate dismantling of the cell via proteolysis of essential
proteins (Elmore, 2007). Cellular stresses, including bacterial
infections, can promote activation of the pro-apoptotic BH3-
only proteins that either directly, or indirectly, induce BAX/BAK-
mediated apoptosis (Chipuk et al., 2010). This effectively controls
intracellular pathogens by compromising their replicative niche
and triggering bacterial clearance in a cell autonomous manner
(Chow et al., 2016).

L. pneumophila primarily replicates in macrophages and, thus,
depends critically upon the health of its host cell for survival.
For example, detection of flagellin results in the rapid induction
of caspase-1 dependent pyroptotic cell death, which prevents
L. pneumophila replication and infection in mice (Molofsky et al.,
2006; Ren et al., 2006; Zamboni et al., 2006; Miao et al., 2010;
Zhao et al.,, 2011). Similarly, L. pneumophila must also prevent
mitochondrial apoptosis to promote replication, as loss of pro-
survival BCL-2 family members, BCL-XL and MCL-1, induces
cell death of infected macrophages and Legionella clearance
in lungs (Speir et al., 2016). How Legionella evades apoptosis
remains unresolved as L. pneumophila can trigger caspase-
3 activation during macrophage invasion without inducing
immediate cell death (Molmeret et al., 2004; Abu-Zant et al,,
2005). L. pneumophila induces the transcriptional up-regulation
of several pro-survival BCL-2 family members in a T4SS
dependent manner, but, paradoxically, also pro-apoptotic factors,
such as BNIP3 (Losick and Isberg, 2006b; Abu-Zant et al., 2007).
While BNIP3 activity can be blocked by BCL-2, it can target
mitochondria directly and induce cell death independently of
BCL-2 (Zhang and Ney, 2009). SidF is the only L. pneumophila
effector identified to bind and inhibit the activity of BNIP3,
as well as BCL-RAMBO, which may similarly induce death in
a BCL-2-dependent and -independent manner (Kataoka et al.,

2001; Banga et al., 2007). Consistent with this, loss off SidF
was reported to result in increased apoptotic cell death of
L. pneumophila infected macrophages, raising the possibility
that BNIP3 and BCL-RAMBO are important host factors that
control L. pneumophila (Banga et al., 2007). In late stages of
L. pneumophila infections, macrophages are characterized by
nucleic acid fragmentation and activated apoptotic caspases,
suggesting that L. pneumophila induces BAX/BAK-dependent
apoptosis during escape (Abu-Zant et al., 2005; Santic et al,
2005; Fischer et al., 2006). Also, L. pneumophila infected lungs
of susceptible mice show apoptosis associated phenotypes (Santic
et al., 2007). While at least five effectors have been identified that
can activate mitochondria-mediated apoptosis in macrophages,
combined deletion of these effectors did not abrogate growth in
macrophage or resulted in reduced caspase-3 activity (Nogueira
et al., 2009; Zhu et al., 2013).

Besides apoptosis and flagellin/caspase-1 mediated pyroptosis,
cytosolic contamination with L. pneumophila lipopolysaccharide
triggers the activation of caspase-11, independent of flagellin,
which subsequently cleaves Gasdermin D to form pores in
the plasma membrane (Case et al, 2013; Casson et al,
2013; Shi et al, 2015). Caspase-11 can also activate the
NLRP3/caspase-1 inflammasome and caspase-1 the apoptotic
caspase-7 to control cell death-independent mechanisms as
observed in L. pneumophila infection (Akhter et al., 2009; Case
etal., 2013; Casson et al., 2013; Cerqueira et al., 2015), suggesting
that during L. pneumophila infections caspase activation can
affect multiple cellular events.

To gain a better understanding of the role of apoptosis
in L. pneumophila infection, we have established a novel
imaging method that allows for single-cell analysis of L.
pneumophila-infected macrophages in real-time. This enables the
identification of subtle and transient host-pathogen interactions,
which may be overlooked in traditional methods that extrapolate
from only a small number of isolated data points, or only
analyze cells at the population level. With this technique,
we now show that L. pneumophila is able to replicate and
induce normal macrophage killing rates in the absence of
SidE, as well as BNIP3 and BCL-RAMBO. Consistent with
this, loss of SidF, BNIP3, or BCL-RAMBO did not affect
L. pneumophila lung infections in mice. Moreover, we show
that mitochondrial apoptosis itself is not essential for the
induction of host macrophage cell death, nor for bacterial
replication.

MATERIALS AND METHODS
Ethics Statement

Animal experiments were performed in accordance with the
National Health and Medical Research Council Australian Code
of Practice for the Care and Use of Animals and were approved
by the Monash University Animal Ethics Committee (approval
number 2011/086), and by the Walter and Eliza Hall Institute
Animal Ethics Committee. All mice were maintained under
specific pathogen-free conditions. Age- and sex-matched mice
were chosen to be included in different treatment groups without
randomization.
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Legionella pneumophila Strains

Legionella pneumophila 130b serogroup 1 (ATCC BAA-74) is
a spectinomycin-resistant clinical isolate from the Wadsworth
Veterans Administration Hospital, Los Angeles, CA (Edelstein,
1986). The avirulent AdotA and the flagellin-deficient AflaA
strains are deletion mutants of L. pneumophila 130 b. To
generate the AflaA/AsidF deletion strain, ~500 bp fragments
from upstream and downstream of sidF (LPW28321) were
amplified and fused together using overlap extension PCR. The
construct was cloned into the Sall site of the plasmid pSR47S, and
AflaA L. pneumophila were transformed to select for kanamycin
resistant clones. The second integration to delete the entire
sidF coding region was selected for on 10% sucrose plates and
individual colonies were verified by PCR for loss of SidF. The
complemented AflaA/AsidF strains were generated by cloning
the full-length sidF gene into the plasmid pMMB207C. All
L. pneumophila strains were grown from —80°C frozen stocks
on buffered charcoal-yeast extract (BCYE) agar at 37°C for
48 h before each infection. To determine bacterial numbers,
L. pneumophila were re-suspended in PBS to determine optical
density at 600 nm (ODggg), whereby an ODgpp of 1 equaled
10° bacteria/mL. Based on this, macrophages were infected with
multiplicity of infections (MOI) of 10, unless otherwise indicated.

Cell Culture

Murine bone marrow-derived macrophages (BMDMs) were
obtained from femora and tibiae of female 6-8 week-old C57BL/6
mice, or from mice of the indicated genotypes. Macrophages
were cultured in RPMI 1640 medium supplemented with 15%
fetal bovine serum (Serana), 20% L-cell-conditioned medium
(containing macrophage colony-stimulating factor), and 100
U/mL of penicillin-streptomycin (Sigma) in bacteriological
dishes for 7 days, at 37°C + 5% CO,. For infections, BMDMs
were gently scraped from plates using a cell scraper (BD Falcon)
and washed three times in PBS, before seeding into tissue culture-
treated plates.

Live-Cell Imaging To Determine
Macrophage Viability

To follow Legionella infection in real-time using live-cell imaging,
macrophages (2.5 x 10° cells/mL) were seeded into 96-well
tissue culture-treated plates. Before infection, BMDMs were
stained with 1 uM Cell Tracker Green (CTG) (Invitrogen) for
20 min in serum-free RPMI 1640. Medium was then replaced
with RPMI 1640 supplemented with 15% FBS and 10% L-cell-
conditioned medium containing 50 nM tetramethylrhodamine
(TMRM) and 600 nM Draq7 (Abcam). Cells were infected with
L. pneumophila strains at a MOI of 10. In some experiments,
the CellEvent Casaspase-3/7 detection reagent (Invitrogen) was
added to measure caspase activity by time-lapse imaging. Before
imaging, 50 pL of mineral oil (Sigma) was added to each well to
prevent evaporation.

Experiments were performed on a Leica AF6000 LX epi-
fluorescence microscope equipped with an incubator chamber
set at 37°C + 5% CO; and an inverted, fully-motorized stage
driven by Leica Advanced Suite Application software. Time-lapse
images were acquired with bright-field, GFP, TxRed, and Y5
filters every hour for up to 72 h using a 10 x /0.8-A objective. To

determine the percentage of dead cells, images were analyzed in
ImageJ and in MetaMorph (Molecular Devices) using a custom-
made journal suite incorporating the count nuclei function to
segment and count the number of CTG, TMRM, caspase active
and Draq7-positive cells (adapted from Croker et al., 2011). The
data was analyzed in Excel and GraphPad Prism.

Measurement of Colony-Forming Units
(CFUs)

To determine bacterial burdens, macrophages were seeded at a
density of 2.5 x 10° cells/mL into 12-well tissue culture plates
and infected with L. pneumophila strains at an MOI of 5. After
2 h, cells were washed 3x in PBS and the medium replaced.
For analysis, cells were lysed in 0.05% digitonin for 5 min at
room temperature and serial dilutions of the cell lysates and the
corresponding culture media were plated on BCYE agar plates.
Bacterial colonies were counted after 72 h at 37°C.

Mice Infections

C57BL/6 mice were obtained from Monash Animal Research
Platform (MARP). BNIP3~/~ (Diwan et al., 2007), BAK™/~,
BAX/BAK—/~ (Willis et al, 2007), Ppif~/~ (Baines et al,
2005), Caspl/11~/~ and Casp-117/~ (Kayagaki et al, 2013)
mice have been characterized previously. A targeting vector for
BCL-RAMBO was generated from a 129/Sv genomic library,
linearized and transfected into TC-1 embryonic stem (ES) cells
by electroporation. Southern blotting was used to identify ES
cell clones with homologous recombination, which were used for
injection into blastocysts to generate chimeric mice. Chimeric
mice were bred at least 10 generations onto the C57BL/6
background and were deficient in BCL-RAMBO expression
(SI Figure 1).

Six to eight week-old male or female mice, in groups of five
or more, were anesthetized by 4% isofluorane inhalation and
infected intra-nasally with 2.5 x 10° L. pneumophila in 50 wL of
sterile PBS. For CFUs, at 6 or 48 h following infection, both lung
lobes were removed and homogenized for 30s in PBS at 30,000
rpm using the Omni Tissue Master homogenizer. Serial dilutions
of the lung homogenates were plated onto BCYE agar plates and
bacterial colonies were counted after 72 h at 37°C to determine
CFUs.

Immunoblot Analysis

2.5 x 10° cells were lysed in 120 wL SDS-loading dye, boiled
for 5 min, and samples analyzed by 12% SDS-PAGE. After
transfer to nitrocellulose membranes (Millipore), membranes
were blocked with 5% skim milk in T-BST (Tween-20, Tris-
buffer) for 1 h at room temperature. Membranes were probed
with anti-cleaved caspase-3 antibody (CST #9964) or anti-g-
actin antibody (Millipore #04-1116) (loading control) and re-
suspended in T-BST + 5% skim milk, overnight at 4 °C. After
washing, membranes were probed with secondary goat anti-
rabbit IgG (Life Technologies) and goat anti-mouse IgG (Life
Technologies) antibodies conjugated to HRP (1:20,000 dilution
in T-BST + 5% skim milk). Membranes were developed with the
luminol-based enhanced chemiluminescence (ECL) and exposed
to film (Kodak). Scanned images were processed in Photoshop
Adobe.
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Statistical Analyses

For all in vitro data, two-way analysis of variance was performed
before using Tukey’s post hoc test for pairwise comparisons. For
mice infections, data were analyzed by the Mann-Whitney U-test.
In all experiments, p < 0.05 were taken to be significant.

RESULTS

Live-Cell Imaging of L. pneumophila

Infected Macrophages

To examine L. pneumophila infection of bone marrow-derived
macrophages (BMDMs) in real-time and to monitor their
viability, infected cells were stained with the cell-permeable
fluorescent dye, tetramethylrhodamine methyl ester (TMRM),
which is sequestered by active mitochondria, depending on
the inner membrane potential. In addition, the macrophage
culture media contained the membrane impermeable DNA
fluorophore Draq7 to specifically stain dead cells (Figure 1A).
Importantly, more than 90% of BMDMs left uninfected, or
infected with the avirulent AdotA strain, which lacks a functional
T4SS, did not show uptake of Draq7 and remained viable for
up to 72 h, demonstrating that it is possible to follow host-
pathogen interactions over extended time periods (Figure 1B).
As expected, the BMDMs infected with WT L. pneumophila
died more rapidly than those infected with the flagellin-deficient
strain, AflaA, consistent with a flagellin/caspase-1-mediated
pyroptotic cell death. For example, at 30 h post infection more
than 60% of WT-infected BMDMs were Draq7-positive, whereas
<30% of the AflaA infected BMDMs (Figure 1C). Over time,
80% of BMDMs infected with WT or AflaA L. pneumophila
were killed by 72 h post infection, consistent with repeated
rounds of bacterial infection, egress, and re-infection. However,
only AflaA L. pneumophila is able to replicate in BMDMs,
demonstrating that L. pneumophila critically depends on evading
macrophage death during early stages of infections for growth.
In addition to Draq7 staining, we monitored mitochondrial
membrane potential (AWm) over time. The Adot-infected
BMDMs showed little change in TMRM fluorescence, similar
to that of uninfected BMDMs (Figure 1D). In contrast, in WT-
and AflaA-infected BMDMs the AWm decreased by more that
50% relative to uninfected BMDMs (Figure 1D). Comparable
to the Draq7 uptake, loss of AWm occurred more quickly in
the BMDMs infected with WT L. pneumophila than in those
infected with AflaA L. pneumophila (Figure 1D). These results
demonstrate that live-cell fluorescent imaging, to follow Draq7-
and TMRM-staining to quantify cell death and mitochondrial
integrity, respectively, is able to distinguish between the different
cell death kinetics involved in L. pneumophila infection.

Loss of the Bacterial Effector SidF Does
Not Lead to Increased Apoptosis of
Infected Macrophages

The L. pneumophila effector protein SidF is the only effector
reported to target and inhibit host cell pro-apoptotic factors
(Banga et al., 2007). To investigate its role in Legionella induced
killing of BMDM:s and to avoid rapid pyroptotic cell death, we

B
1009 ¢ Un-infected
901 & Adota
80
£ 704
S 604
2 50
3 40
x 304
(o]
&
£
©
3
a
°
(5]
X
T T T T T
0 10 20 30 40 50 60 70
Hours post-infection
D
50
= s AdotA
s 0 Geasstasaasateees o WT
2 % . ‘ n AflaA
o .
B W !
3 e
£ 50 o..?- .
= ° 3
" 2art ..\
-100 r T T 1
0 20 40 60 80

Hours post-infection

FIGURE 1 | Live cell imaging of macrophage and mitochondrial health
in L. pneumophila infections. (A) Wild type C57BL/6 bone marrow-derived
macrophages (BMDMs) labeled with the fluorescent dyes
tetramethylrhodamine methyl ester (TMRM) to stain active mitochondria and
Draqg7 to detect dead cells were infected at an MOI of 10 with
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FIGURE 1 | Continued

AflaA L. pneumophila. Live-cell images from 1, 24, and 48 h post-infection are
shown. (B) Draq7 positive (dead) uninfected and AdotA L. pneumophila
infected BMDMs determined by live-cell imaging over 72 h. (C) Draq7 positive
(dead) WT and AflaA L. pneumophila infected BMDMs. (D) TMRM
fluorescence (AY)y, mitochondrial membrane potential) of WT, AdotA, and
AflaA L. pneumophila treated BMDMs over 72 h. TMRM fluorescence intensity
is relative to that in uninfected BMDMs (dotted ling). Mean and SD. of three
independent biological replicates are shown.

generated a AflaA/AsidF Legionella mutant. Surprisingly, we
did not observe any significant increase in the rate or extent
of cell death in BMDMs infected with the AflaA/AsidF strain
compared to AflaA or the complemented AflaA/AsidF strain
(Figure 2A). Although loss of SidF did result in increased BMDM
death at 20 h post infection, this was not significantly different
to the AflaA- and complemented AflaA/AsidF-induced killing
(Figure 2A). Furthermore, <2% of the AflaA/AsidF-infected
BMDMs underwent apoptotic cell death during the first 24 h of
infection, as judged by cell shrinkage and membrane blebbing,
which was similar to the number of AflaA-infected BMDMs
(Figure 2B). Consistent with this finding, there was no detectable
caspase-3 cleavage, indicative of apoptotic caspase activation,
in either the AflaA- or AflaA/AsidF-infected BMDMs after 8,
12, and 24 h of infection, as determined by immunoblotting of
the caspase-3 p17/p19 fragment (Figure 2C). Finally, infection
with the AflaA/AsidF L. pneumophila strain did not result
in increased mitochondrial damage compared to AflaA over
72 h (Figure3D). Taken together, these data demonstrate
that loss of SidF does not result in a dramatic induction
of apoptosis or increased BMDM death in L. pneumophila
infections.

SidF is Dispensable for L. pneumophila

Replication in Macrophages

Given our observations that SidF does not play a major role
in preventing death of BMDMs, we next tested whether it
is required for replication of L. pneumophila, as previously
reported (Banga et al., 2007). We determined bacterial burdens
(CFU/mL) from BMDMs infected with AflaA, AflaA/AsidF,
or AflaA/AsidF + SidF L. pneumophila at 48 h post-infection
(Figure 3A). After 48 h of infection, there was a small but
significant difference (~3-fold; p < 0.01) between the CFU/mL
recovered from the AflaA/AsidF strain compared to the AflaA
or AflaA/AsidF + SidF L. pneumophila strains in BMDMs,
which was less obvious in immortalized BMDMs that support
rapid bacterial growth (SI Figure 2). Given this observed, albeit
marginal, growth defect in BMDMs, the role of SidF was further
examined in L. pneumophila infections in vivo. Bacterial burdens
from the lungs of WT C57BL/6 mice 48 h after infection
with either AflaA or AflaA/AsidF L. pneumophila were not
significantly different (Figure 3B). This demonstrates that, while
SidF promotes bacterial replication to a small degree in vitro, it is
dispensable for L. pneumophila survival and burdens during lung
infections in mice.

% Cell Death

u
24

AdotA

AflaA

AflaAlAsidF
AflaAlAsidF + SidF

e»>»m O

60

70
Hours post-infection

2.0

1.5

1.0 1

0.5+

% Apoptotic Cells

0.0 .
§'b‘2§:’\6 Ve)o’\?~

&%

AdotA AflaA AflaA/DAsidF - w«

12 24 8 12 24 8 12 24 O

17 kDaJ

] Cleaved
d Caspase-3

42 kDa

W B-Actin

% TMRM positive cells

e uninfected
= AflaA
AflaA/AsidF

10 20 30 40 50
Hours post-infection

FIGURE 2 | Loss of SidF does not induce apoptotic cell death of
infected BMDMs. (A) Drag7 positive (dead) BMDMs infected at a MOI of 10
with AdotA, AflaA, AflaA/AsidF, and AflaA/AsidF + SidF L. pneumophila.
Data are representative of three independent experiments. Mean and S.D. of
three independent biological replicates shown. (B) Percentage apoptotic cells
as determined by membrane blebbing in BMDMs infected with AdotA, AflaA,
and AflaA/AsidF L. pneumophila. >800 cells were scored from live-cell
images taken every 30 min for 48 h. Mean and S.D. shown. (C) Time course
immuno-blot analysis for cleaved (indicative of active) caspase-3 in BMDMs
infected with AflaA or AflaA/AsidF L. pneumophila. BMDMs treated with

10 uM cycloheximide (CHX) were used as a positive control. Actin blot is a
loading control. (D) TMRM fluorescence of uninfected BMDMs or infected with
AflaA and AflaA/AsidF L. pneumophila over 72 h. Mean and SEM from two
independent experiments containing three biological repeats shown.
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FIGURE 3 | L. pneumophila is able to infect lungs in the absence of
SidF. (A) BMDMs were infected with the AflaA, AflaA/AsidF, and
AflaA/AsidF + SidF L. pneumophila and bacterial burdens (CFU/mL)
calculated 48 post infection. Symbols represent biological repeats from two
independent experiments. Line indicates mean. *p < 0.01, ns, not significant
(B) C57BL/6 mice were infected intranasal with 2.5 x 106 AflaA and
AflaA/AsidF L. pneumophila and lung bacterial burdens (CFU/lung)
determined 48 h post infection. Symbols represent data from individual mice
from two independent experiments. Line indicates mean. ns = not significant.

BCL-RAMBO and BNIP3 Deficiency Do Not
Affect L. pneumophila Induced

Macrophage Death

SidF has been reported to target and inhibit BCL-RAMBO
and BNIP3 (Banga et al.,, 2007), which may act independently
to modulate cell death in both a caspase-dependent and -
independent manner (Kim et al., 2011; Rikka et al., 2011). To test
whether BCL-RAMBO and BNIP3 play role in L. pneumophila
infection, we utilized BCL-RAMBO™/~ and BNIP3™/~ mice.
As expected, loss of BNIP3 or BCL-RAMBO did not affect
the viability of uninfected or AdotA-L. pneumophila infected
BMDMs over 72 h (Figures 4A,B). Loss of BNIP3 did not
influence AflaA L. pneumophila-induced killing of BMDMs
(Figure 4C), which was marginally, but not significantly,
increased in BCL-RAMBO deficient BMDMs (Figure 4C).
Finally, loss of BNIP3 or BCL-RAMBO did not affect
AflaAlAsidF-induced killing of BMDMs, but reduced the
increased death rates observed in AflaA-infected BCL-RAMBO
deficient BMDMs (Figure 4D). This demonstrates that even in
the absence of SidF, BNIP3, and BCL-RAMBO are dispensable
for L. pneumophila-mediated killing of macrophages. To confirm
that BCL-RAMBO or BNIP3 do not contribute to L. pneumophila
infection in vivo, bacterial burdens were calculated from the
lungs of WT C57BL/6, BCL-RAMBO~/~, and BNIP3~/~ mice
48 h after infection with AflaA L. pneumophila. As shown
in Figure 4E, there was no significant difference in bacterial
numbers recovered from the lungs of the different mouse
genotypes (p > 0.05). In agreement with this, AflaA and
AflaA/ AsidF replication in BCL-RAMBO™/~ macrophages was
similar compared to WT macrophages (SI Figure 2).

L. pneumophila Induces Macrophage Cell
Death Independently of Cyclophilin-D and

BAX/BAK

Although BNIP3 and BCL-RAMBO do not influence Legionella
infection, alternate regulators of mitochondria-mediated cell
death signaling may be targeted by Legionella to promote
bacterial replication or egress. These include host cell death
mediated by formation of the mitochondrial permeability
transition pore (mPT) (Khemiri et al., 2008), or intrinsic
(mitochondrial) apoptosis, mediated by BAX and BAK
oligomerisation on mitochondrial membranes. The Ppif
gene product, Cyclophilin-D (CycD), is a critical component of
the mPT, can modulate apoptosis independent of BCL-2 and
may be targeted by BNIP3 (Carneiro et al.,, 2009; Gutiérrez-
Aguilar and Baines, 2015). We therefore tested the role of
CycD in L. pneumophila infection. As expected, AdotA infected
CycD-deficient BMDMs (Ppif ~/~) remained viable for 72 h
(Figure 5A). In the absence of CycD, AflaA-infected BMDMs
remained viable for the first 10 h post infection and then
showed increased cell death that were indistinguishable from
infected WT BMDMs (Figure 5B). This result demonstrates
that L. pneumophila can still induce cell death normally in the
absence of a functional mitochondrial permeability transition
pore complex.

To test whether Legionella infection is influenced by a loss
of intrinsic (mitochondrial) apoptosis, we utilized BMDMs
deficient in BAK alone, or both BAX and BAK, which has been
demonstrated to completely prevent intrinsic apoptotic cell death
(van Delft et al., 2006). As expected, in the absence of BAK, or
BAX and BAK together, AdotA L. pneumophila-infected BMDMs
remained viable (Figure 5C), indicating that neither BAX nor
BAK were essential to cell survival under these conditions.
Infection with AflaA L. pneumophila resulted in the death of
similar numbers of BAK~/~ and BAX~/~BAK~/~ BMDMs by
72 h post infection (Figure 5D). Deletion of both BAX and BAK
resulted in a 15-20% decrease in the rate of cell death compared
to WT, or deletion of BAK alone, between 30 and 40 h post
infection, but not during the initial killing phase (10-25 h). In
addition, the rate loss of TMRM signal was similar between WT,
BAK~/~, and BAX~/~BAK~/~ BMDM:s, suggesting that BAX
and BAK do not significantly contribute to loss of mitochondrial
membrane potential in L. pneumophila infections (Figure 5E).
Consistent with this, we and other have recently shown that
AflaA L. pneumophila replicates normally in BAX~/~BAK~/~
BMDMs (Nogueira et al., 2009; Speir et al.,, 2016). Together,
these data suggest that while AflaA L. pneumophila can induce
BAX/BAK-mediated apoptosis in late stage infections, it is not
critical for bacterial replication.

Inhibition of Host Protein Synthesis by

L. pneumophila Does Not Lead to
Apoptosis, but Pyroptosis

We have recently shown that L. pneumophila limits host
cell protein synthesis to reduce levels of the short-lived pro-
survival BCL-2 family member MCL-1, akin to chemically
inhibiting protein synthesis by cycloheximide (CHX) treatment
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(Speir et al.,, 2016). AflaA L. pneumophila infection or CHX
treatment also reduced the mitochondrial membrane potential
and induced cell death with similar kinetics at the MOI
and concentrations used (Figure 6A). To follow the activation
of apoptotic caspases on a single cell level over extended
periods, BMDMs were incubated with a fluorescent probe
to detect caspase-3/7 activity. As expected, CHX treatment
caused activation of caspase-3/7 at around 20 h post treatment,
coinciding with cell death (Figure 6B, SI Video 1). In contrast,
AflaA L. pneumophila induced cell death with minimal caspase-
3/7 activity (Figure 6B, SI Video 2, consistent with western
blot analysis (Figure2C). Only at late stage infections did
AflaA L. pneumophila cause caspase3/7 activation (Figure 6B),
at which point most BMDMs were stained by Draq7 and
thus contained compromised membranes (Figure 6A). Similar
results were obtained with AflaA/sidF L. pneumophila, whereas
uninfected BMDMs remained viable with little evidence of
caspase-3/7 activity (Figure 6B). WT L. pneumophila caused
sustained low levels of caspase-3/7 activity immediately after
infections (Figure 6B, SI Video 3).

CHX induces mitochondrial apoptosis, which is delayed by
the pan-caspase inhibitor, QVD-ph (QVD) for at least for
30 h (Figure 6C). In contrast, QVD treatment had only a
marginal effect on AflaA L. pneumophila induced killing of
BMDMs (Figure 6D). This demonstrates that L. pneumophila
kills macrophages independent of the activity of apoptotic
caspases, despite inhibition of host protein synthesis and
the loss of mitochondrial membrane potential. Given that
L. pneumophila can trigger pyroptosis, which can consequently
activate apoptotic caspases, we finally tested whether pyroptosis
is induced in late stage L. pneumophila infections. AflaA

L. pneumophila caused delayed (~10 h) death in caspase-1/11
double deficient BMDMs compared to WT BMDMs (Figure 6E).
We observed the same delayed death response in caspase-11
deficient BMDMs, suggesting that in the absence of flagellin,
L. pneumophila triggers caspase-11 mediated pyroptosis in late
stage infections (Figure 6E). Caspase-1 and -11 were not required
for efficient replication (Figure 6F) or macrophage killing at
higher infection rates (SIFigure 3), suggesting that besides
pyroptosis L. pneumophila can utilize other mechanisms to
induce macrophage death during egress.

DISCUSSION

The role of programmed host cell death signaling in Legionella
infections has been studied extensively over the past decade.
This has mainly been in the context of the caspase-1-dependent
inflammatory cell death, termed pyroptosis, during invasion
of macrophages. We have now utilized both host cell and
bacterial genetic approaches combined with live cell imaging
to more accurately define the role of apoptotic cell death in
Legionella infections. We show that loss of the critical intrinsic
apoptotic proteins, BAK and BAX, or the mPT pore component,
cyclophilin D, does not significantly alter L. pneumophila
replication or the killing of macrophages. Moreover, we also
demonstrate that the genetic deletion of BCL-RAMBO or BNIP3,
reported host cell pro-apoptotic molecules inhibited by the
bacterial effector SidF, have no impact on in vivo Legionella
replication. Therefore, although several Legionella effectors may
target mitochondria and activate apoptotic caspase activity (Zhu
et al., 2013), our data suggest that key mitochondrial cell death
signaling pathways do not facilitate bacterial replication or retard
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bacterial egress, and therefore do not significantly alter Legionella
infectivity in mice.

Several T4SS effectors have been identified that trigger
sustained NF-kB signaling and consequent transcriptional up-
regulation of BCL-2 family members, that includes pro-survival
BCL-2 and A1l (Losick and Isberg, 2006a; Abu-Zant et al., 2007).
In agreement with this, infections with virulent L. pneumophila
renders macrophages resistant to apoptosis inducing agents
(Abu-Zant et al., 2005). However, protein levels of the major
pro-survival factors in infected macrophages remain stable, or
are reduced, consistent with the notion that L. pneumophila
prevents translation of most host proteins (Speir et al., 2016).
Thus, L. pneumophila may rely on other mechanisms to
sustain macrophage viability during infection. In part, this

may depend on effectors that directly inhibit pro-death factor
which can be activated by post-translational processes. So far,
however, only one effector, SidE, has been reported to directly
block the pro-apoptotic activities of BCL-RAMBO and BNIP3
(Banga et al, 2007). Genetic deletion of SidF was reported
to more than double the number of apoptotic BMDMs in
late stage L. pneumophila infections (Banga et al, 2007). To
define the role of SidF and apoptosis in L. pneumophila-
infected BMDMs, we used live-cell imaging to follow the
entire infection cycle and to measure macrophage health in
real time by determining plasma membrane rupture and loss
of mitochondrial membrane potential. Using this technique,
we did not detect significantly increased apoptosis in BMDMs
infected with an L. pneumophila strain lacking SidF and,
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furthermore, show that SidF is dispensable in lung infections in
mice.

BMDMs derived from C57BL/6 mice readily detect flagellin
present in wild-type L. pneumophila and induce caspase-1-
mediated pyroptotic cell death. To specifically investigate the
role of SidF and apoptosis in L. pneumophila-infected mice,
we generated a AflaA/AsidF mutant, which evades caspase-
1 detection. Because the AsidF strain in the original report
was on a flagellated L. pneumophila background, it is possible

that, in the absence of SidE flagellin reached the cytosolic
sensors of NAIP5 and NLRC4 to activate caspase-1 even in
permissive macrophages, albeit at reduced rates (Zamboni et al,,
2006; Lamkanfi et al.,, 2007). The establishment and integrity
of the Legionella containing vacuole may directly dependent on
SidF and its phosphoinositide phosphatase activity which thus
likely promotes efficient bacterial growth (Hsu et al, 2012).
Besides triggering pyroptosis, caspase-1 may also cleave apoptotic
caspases, such as caspase-3 and 7 (Amer, 2010). Our study
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now shows that in the absence of flagellin-mediated pyroptosis,
the loss of SidF does not significantly affect the ability of
L. pneumophila to evade apoptosis. Of note, this and the previous
study used genetically different Legionella strains, which can
affect the degree of apoptotic death as not all of the effectors are
conserved and as some strains infect more efficiently (Gomez-
Valero et al., 2011). It is also possible that the L. pneumophila
strain used in this study contains additional effectors that
can compensate for the loss of SidF to inhibit macrophage
cell death. Nevertheless, we demonstrate that genetic deletion
of the proposed SidF pro-apoptotic host cell target proteins,
BCL-RAMBO, or BNIP3, also does not alter L. pneumophila
replication, infection or host cell death kinetics. While the co-
deletion of BCL-RAMBO and BNIP3 together may be required
to reveal a role for these potential pro-apoptotic factors in
modulating intracellular bacterial infections, the limited effects
of pan-caspase inhibition or genetic loss of cyclophilin D or
BAX and BAK, argue that abrogating mitochondrial death
signaling does not significantly influence bacterial replication and
infectivity.

L. pneumophila is able to directly manipulate host
cell apoptotic signaling during infection. For example,
L. pneumophila-infected cells have been reported to contain
high levels of active caspase-3, but only induce host cell death
with apoptotic features, such as chromosome condensation
and nucleic acid fragmentation, in late stages of infection (Gao
and Abu Kwaik, 1999; Abu-Zant et al., 2005). This led to the
notion that L. pneumophila may selectively trigger apoptosis to
facilitate egress (Molmeret and Abu Kwaik, 2002). At least five
effectors have been identified that are able to induce apoptosis
when expressed in immortalized cell lines (Zhu et al., 2013).
However, their exact roles during infections remain elusive, as
the co-deletion of these five effectors in L. pneumophila does
not influence bacterial infection and intracellular replication
in macrophages (Zhu et al., 2013). This is consistent with our
findings showing that deletion of the essential intrinsic apoptotic
executioners, BAX and BAK, does not overtly reduce the ability
of L. pneumophila to kill macrophages or to abrogated bacterial
growth (Nogueira et al., 2009). Similarly, loss of BAX/BAK
and caspase-3 did not affect L. pneumophila growth in vitro
(Nogueira et al., 2009). In contrast to macrophages, the above
effectors are able to induce apoptosis in dendritic cells and,
thus, prevent bacterial survival (Zhu et al., 2013). Bacterial
growth in dendritic cells can also be restored by overexpressing
pro-survival BCL-2, or by loss of BAX/BAK, suggesting that at
least some effectors may act upstream of BAX/BAK (Nogueira
et al., 2009). This also highlights that host cell death signaling
following L. pneumophila infection is likely to be cell-type
specific, and depend on the host cell expression levels of different
cell death components.

In the absence of apoptosis, it is possible that L. pneumophila
may induce other forms of programmed cell death to facilitate
bacterial egress. While the expression of flagellin is up-regulated
in late stage infections (Molmeret et al, 2010), flagellin-
deficient Legionella species (e.g., AflaA L. pneumophila or WT
L. longbeachae, which is naturally deficient in flagellin; Cazalet
et al,, 2010), are still able to efficiently kill macrophages in the
late stages of infection, suggesting that this is not mediated via

flagellin/caspase-1-dependent pyroptosis. Furthermore, deletion
of extrinsic apoptosis (Caspase-8 deficient BMDMs) and
necroptosis (RIPK3 and MLKL deficient BMDMs) did not
abrogate killing of macrophages by virulent L. pneumophila
(Speir et al., 2016). L. pneumophila also activates a caspase-
11-dependent form of pyroptotic cell death, particularly in
LPS-primed cells, to induce caspase-11 expression (Case et al.,
2013; Casson et al., 2013). Cytosolic caspase-11 recognizes
and binds LPS directly to either induce NLRP3/caspase-1
dependent or caspase-1 independent pyroptosis (Hagar et al.,
2013; Kayagaki et al., 2013). Although caspase-11 is not required
for NLRC4-dependent pyroptosis, nor for the restriction of
flagellated Legionella infection (Cerqueira et al., 2015), there is
some evidence that Legionella complete their terminal rounds
of proliferation within the cytosol (Molmeret et al, 2007)
and, thus, may activate caspase-11 upon escaping its vacuole,
in order to facilitate egress. Other vacuolar pathogens also
induce caspase-11-mediated death to effectively escape, as is
the case in Salmonella Typhimurium. Caspase-11 activation is
detrimental to the host as it expedites bacterial egress, allowing
S. Typhimurium to replicate extracellularly in the absence of
a caspase-1-mediated immune response (Broz et al, 2012).
However, the delay in cell death after Legionella infections in
the absence of caspase- 11 is only detectable at low infection
levels. Higher numbers of bacteria must be able to trigger escape
independently of, and more quickly than, caspase-11 activation
alone. Furthermore, even at a low infection rates, there is no
corresponding defect in bacterial replication, indicating that
this delay in cell death does not limit bacterial replication.
It is formally possible that multiple programmed cell death
pathways are activated during L. pneumophila infection to
facilitate bacterial egress. Alternatively, bacterial-induced killing
may include other mechanisms such as the expression of lytic
enzymes or overwhelming bacterial burden that lead to host cell
rupture (Molmeret et al., 2002).
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Sl Figure 1 | Genetic deletion of BCL-RAMBO. (A) Gene targeting strategy.
The targeting construct replaces exon 2 (black bar on the WT locus) with a
neomycin resistance cassette (neo) resulting also in a frame-shift. Restriction sites
are indicated (H, Hind Ill; X, Xbal; S, Sacl; B, BamHI). A 3’ probe was designed to
recognize a 5.9 kb and 8.7 kb fragment from Sac1-digested wild-type and
mutated genomic DNA alleles, respectively. (B) Southern blot analysis of Sac |
digested mouse tail DNA using the 3’ probe, showing the wild-type (lower, 5.9 kb)
and targeted (upper; 8.7 kb) alleles of Bcl-rambo gene. (C) Western blot analysis
of embryonic fibroblast cell lysates using anti-Bcl-rambo antibodies (Abcam) and
anti-Actin as internal control.

Sl Figure 2 | L. pneumophila replicates in BCL-RAMBO deficient
macrophages. WT and BCL-RAMBO deficient immortalized macrophages were
infected with AflaA and AflaA/AsidF (MOI 10) for 2 h and the colony forming units
(CFUs) determined at 6 and 48 h post infection. Mean and SD (from three
independent colonies) are shown.
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FIH-mediated post-translational modification through asparaginyl hydroxylation of
eukaryotic proteins impacts regulation of protein-protein interaction. We have identified
the FIH recognition motif in 11 Legionella pneumophila translocated effectors,
YopM of Yersinia, lpaH4.5 of Shigella and an ankyrin protein of Rickettsia. Mass
spectrometry analyses of the AnkB and AnkH effectors of L. pneumophila confirm
their asparaginyl hydroxylation. Consistent with localization of the AnkB effector to the
Legionella-containing vacuole (LCV) membrane and its modification by FIH, our data
show that FIH and its two interacting proteins, Mint3 and MT1-MMP are acquired
by the LCV in a Dot/lcm type IV secretion-dependent manner. Chemical inhibition
or RNAi-mediated knockdown of FIH promotes LCV-lysosomes fusion, diminishes
decoration of the LCV with polyubiquitinated proteins, and abolishes intra-vacuolar
replication of L. pneumophila. These data show acquisition of the host FIH by
a pathogen-containing vacuole and that asparaginyl-hydroxylation of translocated
effectors is indispensable for their function.

Keywords: FIH, asparagine hydroxylation, ankyrin, Dot/lcm, AnkB, hypoxia-inducible factor (HIF), bacterial
pathogenesis, Legionella

INTRODUCTION

Exploitation of host post-translational machineries by translocated bacterial effector proteins
is a growing paradigm for effector sub-cellular localization and function in the host cell.
Bacterial effectors that are injected into the host cell can be modified by host post-translational
modifications including ubiquitination, sumoylation, phosphorylation, and various lipidations
including prenylation, palmitoylation, S-acylation, and myristoylation (Kubori and Galan, 2003;
Reinicke et al., 2005; Lewis et al., 2008; Patel et al., 2009; Ivanov et al., 2010; Price et al., 2010b;
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Gaus et al., 2011; Hicks et al., 2011; Hayashi et al., 2013; Beyer et al., 2014). For example, the
injected SopE and SptP effectors of Salmonella and YopE of Yersinia are ubiquitinated by the host
resulting in their turnover by proteasome-mediated degradation, while ubiquitination of the SopB
effector of Salmonella and farnesylation of AnkB of L. pneumophila direct sub-cellular localization
and impacts function of these injected effectors (Kubori and Galan, 2003; Patel et al., 2009;
Ivanov et al., 2010; Price et al., 2010b; Gaus et al., 2011). Therefore, uncovering the host-mediated
post-translational modifications of injected bacterial effectors is crucial in understanding function.
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Host Asparaginyl Hydroxylation of Bacterial Effectors

Although intracellular bacterial pathogens have been
shown to exploit various host post-translational machineries,
their exploitation of the host asparaginyl hydroxylation post-
translational modification has never been described. The
2-oxoglutarate dioxygenase, designated as factor inhibiting
HIF1 (FIH), is a key eukaryotic enzyme, which selectively
hydroxylates an asparagine residue within the L(X)5[D/E]¢N¢
motif (¢ represents aliphatic amino acids) in eukaryotic proteins
(Hewitson et al., 2002; Lando et al., 2002a,b; Cockman et al.,
2009). The addition of the strongly electronegative oxygen
atom increases both polarity of a protein and can act as a
hydrogen bond donor and acceptor. Therefore, hydroxylation
can function as a “molecular switch” for protein-protein
interactions (Loenarz and Schofield, 2011). FIH plays a key
role in various cellular processes and in particular, it regulates
the activity of hypoxia-inducible factor (HIF1), which is the
master transcriptional regulator of hypoxia (Webb et al., 2009).
During normoxia, HIF1 is hydroxylated by FIH on an asparagine
residue and this modification acts as a molecular switch to
prevent interaction with its co-activator p300/CBP, blocking
transcription of hundreds of HIF1-regulated genes involved in
oxygen homeostasis, energy production and immune responses
(Hewitson et al., 2002; Lando et al., 2002a,b). In addition, FIH
catalyzes asparaginyl hydroxylation of approximately 20 ankyrin
repeat domain-containing (ARD) proteins such as pl105 and
IkBa (Cockman et al., 2009). FIH-dependent hydroxylation of
the ARD protein, ASPP2, is required for binding of this protein
to its target Par-3 (Janke et al,, 2013). Therefore, asparaginyl
hydroxylation acts as a molecular switch to promote or reduce
protein-protein interactions between HIF1-p300/CBP and
ASPP2-Par3 (Hewitson et al., 2002; Lando et al., 2002a,b; Janke
et al., 2013). Additionally, FIH hydroxylates the deubiquitinase
OTUB, which appears to regulate cellular metabolism (Scholz
et al, 2016). A recent study has revealed a complex FIH
interactome with many proteins that may serve as substrates
for FIH enzyme activity, thus greatly expanding the number
of eukaryotic proteins modified by asparaginyl hydroxylation
(Rodriguez et al., 2016). However, the biological consequence of
asparaginyl hydroxylation of eukaryotic proteins largely remains
unclear.

When L. pneumophila invades amoebae or human
macrophages, it evades the default endosomal-lysosomal
degradation pathway and remodels its phagosome into a
specialized ER-derived vacuole via intercepting ER-to-golgi
vesicular traffic (Isberg et al,, 2009; Al-Quadan et al., 2012;
Price et al., 2014). This is achieved by the translocation of ~300
effector proteins via the Dot/Icm type IVB secretion system (de
Felipe et al., 2008; Isberg et al., 2009; Zhu et al., 2011). These
effectors modulate a myriad of eukaryotic processes including
host signaling, vesicular trafficking, protein synthesis, apoptosis,
prenylation, ubiquitination, and proteasomal degradation
(Al-Quadan et al., 2012; Price et al.,, 2014). Surprisingly, very
few of these effectors are essential for intracellular replication of
L. pneumophila, suggesting specific requirements for different
effectors in different environmental hosts.

The AnkB translocated effector is essential for proliferation
of L. pneumophila within the two evolutionarily-distant hosts,
mammalian and protozoan cells, and for intrapulmonary

bacterial proliferation and manifestation of pulmonary disease
in the mouse model (Al-Khodor et al., 2008; Price et al., 2009,
2010a,b, 2011; Lomma et al., 2010). Recent characterization of
the crystal structure of AnkB has confirmed that it is a non-
canonical F-box protein with three ankyrins repeats domain
(Price et al., 2009; Lomma et al, 2010; Wong et al., 2017).
The crystal structure has also confirmed that the F-box domain
of AnkB interacts with the host SCF1 ubiquitin ligase, which
explains show AnkB functions as a platform for the docking of
polyubiquitinated proteins to the Legionella-containing vacuolar
(LCV) membrane within macrophages and amoebae (Price et al.,
2009; Lomma et al., 2010; Wong et al, 2017). The AnkB-
assembled polyubiquitinated proteins are predominately Lys48-
linked that are ultimately degraded by the host proteasome
machinery, which generates higher levels of cellular amino acids
that are the main sources of carbon and energy to power
replication of L. pneumophila (Price et al., 2011). This enables
intracellular bacteria to overcome host limitation of essential
nutrients and favorable sources of carbon and energy, such as
amino acids (Price et al., 2011; Abu Kwaik and Bumann, 2013).

Here we show that 11 L. pneumophila type IVB-
translocated effectors including, AnkB and AnkH, harbor the
recognition motif for FIH-dependent asparaginyl-hydroxylation.
Furthermore, the FIH recognition motif is found in translocated
effectors from other intracellular microbial pathogens including
YopM from Yersinia pestis, IpaH4.5 of Shigella flexneri and a
putative translocated ARD-protein of Rickettsia felis. We show
that the AnkH and AnkB effectors are modified by asparaginyl
hydroxylation. The LCV recruits FIH, which is indispensable for
intra-vacuolar proliferation of L. pneumophila and plays a partial
role in the ability of the LCV to evade lysosomal fusion and
is needed for AnkB-dependent assembly of polyubiquitinated
proteins on the LCV. This is the first example of an injected
microbial effectors post-translationally modified by asparaginyl
hydroxylation.

MATERIALS AND METHODS

Bacterial Strains and Cell Cultures

L. pneumophila strain AA100/130b (ATCC BAA-74), the isogenic
mutants, dotA and ankB or complemented ankB mutants
were grown as described previously (Al-Khodor et al., 2008).
Maintenance of HEK293T cells was performed as previously
described (Price et al., 2009). Human monocyte-derived
macrophages (hMDMs) were isolated from healthy donors as
described previously (Price et al., 2009). Substitutions in the
ankB gene were performed using standard molecular biology
techniques, and the resulting alleles were used to complement the
AA100 ankB mutant. All methods were carried out and approved
in accordance to the University of Louisville Institutional Review
Board guidelines and blood donors gave informed consent as
required by the University of Louisville Institutional Review
Board (IRB # 04.0358).

qPCR of HIF1-Dependent Genes

To analyze the effect of the FIH inhibitor, N-oxalyl-D-alanine on
FIH enzyme activity, the expression level of four HIF1-dependent
genes were chosen as a readout. A total of 3 x 10° hMDMs

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

59

March 2017 | Volume 7 | Article 54


http://www.frontiersin.org/cellular_and_infection_microbiology
http://www.frontiersin.org
http://www.frontiersin.org/cellular_and_infection_microbiology/archive

Price et al.

Host Asparaginyl Hydroxylation of Bacterial Effectors

were seeded into 6-well plates and incubated with and without 8
mM N-oxalyl-D-alanine or 1 mM dimethyloxalylglycine (Enzo)
for 8 h. Total RNA was isolated from the hMDMs using a
RNeasy Mini Kit (Qiagen) according to the manufacturer’s
instruction. Purified RNA was converted to first strand cDNA
using Superscript III (Invitrogen) and then analyzed by qPCR.
Primers specific to GLUT1 (5'-AACTCTTCAGCCAGGGTCC
AC-3', 5'- CACAGTGAAGATGATGAAGAC-3'), GLUT3 (5'-
ACTTTGACGGACAAGGGAAATG-3/, 5- ACCAGTGACAG
CCAACAGG-3'), LDHA (5'- ACCCAGTTTCCACCATGATT-
3’, 5'- CCCAAAATGCAAGGAACACT-3') and PGK1 (5'- AT
GGATGAGGTGGTGAAAGC-3',5'- CAGTGCTCACATGGCT
GACT-3') were analyzed relative to the house-keeping control
ACTB (5'- GACAGGATGCAGAAGGAGATCACT-3, 5'- TGA
TCCACATCTGCTGGAAGGT-3). gPCR was performed using
PerfeCTa Sybr supermix (Quanta Biosciences) using a StepOne
Plus qPCR machine (Applied Biosystems). Determination of
fold change in gene expression was calculated using REST-XL
software (Pfaffl et al., 2002).

Co-Immunoprecipitation of Skp1 and ankB

Mutants

To assess interaction of the AnkB mutants with the known host
target protein, Skpl, HEK293T cells were co-transfected with
p3XFLAG CMYV 10-AnkB or its mutant alleles and pHA-Skpl.
Briefly, a total of 1 x 10° HEK293T cells were seeded into 6-well
plates, and the following day transfected with plasmid DNA using
polyethyleneimine for 24 h. Following transfection, 3XFLAG
AnkB was immunoprecipitated using anti-FLAG M2 magnetic
beads (Sigma) according to the manufacturer’s instructions.
Purified 3XFLAG-AnkB was then subjected to western blot
analysis using anti-FLAG M2 antibody (Sigma). Blots were then
stripped and reprobed with anti-HA antibody (Santa Cruz), to
determine if HA-Skpl co-immunoprecipitated with AnkB using
standard procedures.

Translocation Assay

To assess translocation of the AnkB mutant alleles by
L. pneumophila during infection of host cells, adenylate cyclase
fusions were generated using standard molecular biology
techniques. A total of 1 x 10° hMDMs were infected with
L. pneumophila harboring plasmids expressing various adenylate
cyclase fusions at an MOI of 20 for 1 h. Cells were then lysed
and processed to assess CAMP concentration by ELISA using the
Direct cAMP ELISA kit (Enzo) according to the manufacturer’s
instructions.

Localization of FIH, Mint3, MT1-MMP, and
Polyubiquitin to the LCV

Dependent upon the experiment, the wild type strain, the
isogenic mutants dotA and ankB, and complemented ankB
mutants were grown on BCYE agar for 3 days at 37°C prior
to infection. A total of 5 X 10° hMDMs were seeded into 24-
well plates containing sterile glass coverslips and infected with
L. pneumophila at an MOI of 10 for 1 h, resulting in cells
infected with a single bacterium. The hMDMs were treated
for 1 h with gentamicin to kill remaining extracellular bacteria

and then fixed and permeabilized with —20°C methanol for
5 min. The hMDM monolayers were labeled with rabbit anti-
FIH, Mint3, or MT1-MMP antibody (1/200 dilution, Santa Cruz)
or mouse FK1 antibody (1/100 dilution, Enzo). L. pneumophila
were labeled with mouse or rabbit anti-L. pneumophila antiserum
(1/1,000 dilution) for 1 h. Corresponding Alexa-fluor conjugated
secondary antibodies were used for visualization (1/4,000
dilution, Invitrogen). Monolayers were analyzed by confocal
microscopy using an Olympus FV1000 scanning fluorescence
confocal microscope. On average, 8-15 0.2 um serial Z sections
of each image were captured and stored for further analyses,
using Adobe Photoshop CS5. For “polyubiquitin cloud” area
measurements, Z-stack images of ubiquitin positive LCVs
were analyzed using FV10-ASW 3.1 software (Olympus). Co-
localization was assessed through visual inspection of Z-stack
images using FV10-ASW 3.1 software (Olympus).

Intracellular Replication of L. pneumophila
in h(MDMs

The wild type strain and the isogenic mutant dotA were grown
on BCYE agar for 3 days at 37°C prior to infection. A total
of 1 x 10° hMDMs were plated in 96-wells and treated with
and without increasing concentrations of the FIH inhibitor, N-
oxalyl-D-alanine (Enzo) for 2 h prior to infection. The hMDM
monolayers were infected with L. pneumophila at an MOI of 10
for 1 h and then treated for 1 h with gentamicin to kill remaining
extracellular bacteria At 2, 24, and 48 h post-infection the
hMDMs were lysed with sterile water and L. pneumophila CFUs
were determined by plating serial dilutions onto BCYE agar.
The inhibitor was present throughout the course of the infection
and did not affect viability of the hMDMs or L. pneumophila.
Experiments were performed in triplicate.

FIH RNAi

HEK293T cells seeded into 24-well plates with glass coverslips
were transfected with and without Silencer Select Negative
Control #1 or FIH-specific siRNA (sense 5'-GAUAAAAGGUU
ACAAACGALt-3/, antisense 5-UCGUUUGUAACCUUUUAU
Ctg-3") (Ambion) using Lipofectamine RNAiMax (Invitrogen)
following the manufacturers’ instructions for 24 h prior to
infection with L. pneumophila. To assess knockdown of FIH
in transfected cells, cell monolayers were lysed using M-PER
reagent (Pierce) and then run on SDS-PAGE gels (BioRad) and
analyzed by immunoblotting using a goat anti-FIH antibody
(1/200 dilution) (Santa Cruz) and detected using an anti-goat
HRP-antibody conjugate (Thermo Scientific). Immunoblots were
then immediately stripped and reprobed with an anti-p-tubulin
antibody (1/1,000 dilution) (Santa Cruz) to show equal protein
loading between lanes.

Replicative Vacuole Analysis of

L. pneumophila

A total of 2 x 10° RNAi treated HEK293T cells as described
above or hMDMs were added to 24-well plates containing glass
coverslips. The cell monolayers were infected with wild type
L. pneumophila at an MOI of 20 for 1 h (HEK293T cells) or
the wild type, dotA or ankB mutants, or complemented ankB
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mutants (hMDMs, MOI 10), and then the monolayers were
treated with gentamicin for 1 h to kill remaining extracellular
bacteria. Following extensive washing to remove gentamicin,
the infection proceeded for 10 h. At 10 h the monolayers were
permeabilized and fixed using 100% methanol held at —20°C
for 5 min, and then labeled with rabbit anti-Legionella antiserum
(1/1,000 dilution) and counter-labeled with Alexa-Fluor 488 anti-
rabbit antibody (1/4,000 dilution, Invitrogen) and DAPI to stain
the nuclei. Monolayers were examined by confocal microscopy.
A total of 100 replicative vacuoles from 100 individual cells
were analyzed for each experimental condition and performed in
triplicate.

Vesicular Trafficking of L. pneumophila in

hMDMs

The wild type strain was grown on BCYE agar for 3 days at 37°C.
For killed bacteria, bacterial cells were resuspended in PBS with
3.7% formalin and incubated for 30 min at room temperature
and then washed 3 times with PBS to remove residual formalin.
A total of 5 x 10° hMDMs were seeded into 24-well plates
containing sterile glass coverslips and treated with and without
increasing concentrations of the FIH inhibitor, N-oxalyl-D-
alanine (Enzo) for 2 h prior to infection. The hMDM monolayers
were infected with live and formalin killed L. pneumophila at
an MOI of 10 for 1 h. A total of 2 x 10° HEK293T cells
transfected with control or FIH RNAi were seeded into 24-
well plates containing sterile glass coverslips were infected with
wild type bacteria at an MOI of 20 for 1 h. For both hMDMs
and HEK293T cells, the monolayers were treated for 1 h with
gentamicin to kill remaining extracellular bacteria and then
the cells were fixed and permeabilized with —20°C methanol
for 5 min. The cell monolayers were labeled with rabbit anti-
L. pneumophila antiserum (1/1,000 dilution) and mouse anti-
LAMP2, CathD, or KDEL (1/2,000, 1/100, and 1/200 dilutions
respectively, Transduction Labs, Stressgen). Anti-mouse IgG
Alexa-fluor 555 and anti-rabbit IgG Alexa-fluor 488 secondary
antibodies (1/4,000 dilution, Invitrogen) were used to visualize
vacuolar markers L. pneumophila respectively. A total of 100
LCVs from 100 individual cells were analyzed by confocal
microscopy for each experimental condition and performed in
triplicate.

Mass Spectrometry

The analysis for the presence and extent of asparagine (N)
hydroxylation was conducted as described by Petkowski et al.
(2013) with some modifications (Petkowski et al., 2013) as
described below. A colloidal Coomassie blue stained, 1D-SDS-
PAGE gel band was excised, de-stained and equilibrated into 0.1
M triethylammonium bicarbonate, pH 8.5 and digested with 80
ng mass spectrometry grade trypsin (Promega, Madison, WI) per
gel plug. The digest supernatant was transferred to a new tube and
the gel plugs extracted using a modification of Shevchenko et al.
(1996). A 5 ul aliquot of this peptide solution was loaded onto a
Dionex Acclaim PepMap 100 75 pm X 2 c¢m, nanoViper (C18,
3 wm, 100A) trap, and resolved on a Dionex Acclaim PepMap
RSLC 50 wm X 15 cm, nanoViper (C18, 2 pm, 100A). The
sample was eluted using a linear 2 to 60% acetonitrile gradient

using an EASY nano1000 UHPLC and introduced into a LTQ-
Orbitrap ELITE mass spectrometer (ThermoElectron, Waltham,
MA) for accurate mass measurements using a Nanospray Flex Ion
Source (ThermoElectron, Waltham, MA), a stainless steel emitter
with a capillary temperature set to 225 C and a spray voltage
of 1.6 kV and lock mass enabled (0% lock mass abundance) for
the 371.101236 m/z polysiloxane peak as an internal calibrant
(Cox et al,, 2011). Data dependent tandem mass spectra were
collected using HCD and ETD fragmentation using an Nth
Order Double Play with ETD Decision Tree method (Swaney
et al., 2008) was created in Xcalibur v2.2 and included a parent
mass list for 42 or +3 charge states of tryptic peptides (0,
1, or 2 miss cleavages) based on the protein sequence and
putative hydroxylation. Targeted and data dependent spectra
were acquired and searched using MASCOT ver 2.1 and Sequest
through Proteome Discoverer 1.4 using the 2/13/2013 version
of the UniprotKB Homo sapiens reference proteome (canonical
and isoform sequences) appended with the Legionella sp proteins
considering up to two missed cleavages, and N-hydroxylation as
variable modifications. The false discovery rate was controlled by
use of (1) a decoy database generated from this database with
the program decoy.pl (matrixscience.com) and use of Peptide &
Protein Prophet algorithm to report FDRs below 1%.

RESULTS

Identification of the FIH Consensus Motif in
Translocated Effectors of L. pneumophila

and Other Bacterial Pathogens

To date only HIF1 and ~20 human ARD proteins are known
to be hydroxylated by FIH (Hewitson et al., 2002; Lando et al.,
2002a,b; Cockman et al., 2009). L. pneumophila translocates at
least 11 ARD proteins by its Dot/Icm type IVB translocation
system into the host cell upon invasion, including those that
contribute to intracellular replication (AnkB, H, J) (Al-Khodor
et al., 2008; Habyarimana et al., 2008; Pan et al., 2008; Price
et al., 2011). Therefore, we examined the ARD proteins of
L. pneumophila for the presence of the FIH consensus motif. The
AnkB, AnkH, and AnkN effectors all harbor the FIH consensus
motif in the ARD regions, suggesting that these effectors are
potential targets for FIH asparaginyl hydroxylation upon their
translocation into the host cell (Table S1). In silico analysis of
the whole L. pneumophila genome identified 8 additional effector
proteins that harbor the FIH recognition motif (Table SI).

To assess whether some of the 11 L. pneumophila translocated
effectors and YopM from Y. pestis that harbor the FIH
consensus sequence are hydroxylated, LC-MS MSI1 analysis
was performed. Purification of translocated effector proteins
endogenously produced by intracellular bacteria during infection
of host cells results in insufficient material for analysis. To
overcome this limitation, the effector proteins were expressed
and purified from transiently transfected HEK293T cells. Of the
twelve translocated effectors, only AnkN, SdeC, SdcA, LepB,
AnkH, AnkB, and YopM could be reliably expressed in HEK293T
cells and purified in sufficient quantities for mass spectrometry
analysis of post-translational modification. LC-MS MS1 analysis
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of AnkH protein purified from HEK293T cells assigned a site
of hydroxylation on the 92N residue within the predicted
FIH recognition motif in the second ankyrin repeat of AnkH
(Table S1, Figure 1A). LC-MS MSI analysis of AnkB revealed
three hydroxylation sites, on residues 62N, 111N, and 126N
(Figure 1B, Figure S1), while detection of hydroxylation sites
within YopM was not reproducible in three attempts. Although
the hydroxylated asparagine residues in AnkB were not part of
the predicted FIH consensus motif, they were within the three-
ankyrin repeat containing domain (Wong et al., in press) (Table
S1, Figures 1B,C and Figure S1). LC-MS MSI1 analyses of the
AnkN, SdeC, SdcA, LepB effectors did not reveal asparaginyl
hydroxylation modification. Therefore, our data shows that at
least 2 out of the 7 effectors analyzed are modified by asparaginyl
hydroxylation.

Acquisition of FIH, Mint3, and MT1-MMP

by the LCV

The AnkB effector is localized to the LCV membrane through
host-mediated farnesylation (Price et al., 2010b). In addition, the
effectors LepB, SdeC, and SdcA which are potential candidates for
FIH-mediated asparaginyl hydroxylation are also LCV-localized
(Chen et al., 2004, 2007; Luo and Isberg, 2004; Bardill et al,
2005; Ingmundson et al., 2007; Tan et al., 2011). Since FIH
is a cytosolic enzyme that can be sequestered to membranous
structures such as the Golgi apparatus through interaction with
Mint3 and MT1-MMP in macrophages (Sakamoto and Seiki,
2009, 2010) and the LCV intercepts ER-Golgi vesicular traffic
(Isberg et al., 2009; Al-Quadan et al., 2012; Price et al., 2014),
we determined if FIH and its two interacting partners (Mint3
and MT1-MMP) were recruited to the LCV within hMDMs. The
data showed that by 2 h of infection, 75, 65, and 56% of the
LCVs harboring wild type bacteria co-localized with FIH, Mint3,
and MT1-MMP, respectively (Figures 2A-D). In contrast, only
27, 18.2, and 0% of the LCVs harboring the dotA translocation-
deficient mutant co-localized with FIH, Mint3, and MT1-MMP,
respectively (Figures 2A-D) and this was significantly reduced
relative to co-localization observed for wild type LCV's (unpaired
t-test, p < 0.01). This indicates recruitment of these proteins to
the LCV is dependent on the Dot/Icm T4SS apparatus.

Role of 62N, 111N, and 126N on ankB

Function

The AnkB F-box effector is required for recruitment of
polyubiquitinated proteins to the LCV and intra-vacuolar
replication of L. pneumophila (Al-Khodor et al., 2008; Price
et al,, 2009, 2011; Lomma et al, 2010). To determine the
functional importance of the three hydroxylated asparagine
residues identified in AnkB, the ankB mutant was complemented
with ankB alleles in which each of the three asparagine
residues were substituted with alanine and the effect on intra-
vacuolar replication and polyubiquitinated protein recruitment
to the LCV were determined. Intra-vacuolar growth in human
monocyte-derived macrophages (hMDMs) was assessed by
enumerating replicative vacuoles at 10 h post-infection using
confocal microscopy. The data showed that expression of ankB

alleles with a single alanine substitution at 62N, 111N, or 126N
resulted in a partial defect in intra-vacuolar replication compared
to the wild type allele (Figures 3A,B). Strikingly, expression of
ankB alleles with multiple substitutions significantly reduced the
number of LCVs harboring > 7 bacteria compared to wild type
LCVs (unpaired ¢-test, p < 0.01), approaching that observed for
the ankB null mutant (Figures 3A,B).

Since AnkB is intimately involved in recruitment of
polyubiquitinated proteins to the LCV we next determined
the impact of alanine substitutions at 62N, 111N, or 126N
on this process. Following 2 h infection of hMDMs, ~70%
of LCVs harboring wild type bacteria were decorated with
polyubiquitinated proteins compared to only 29% for LCVs
harboring the ankB mutant (Figures 3C,D). Complementation
of the ankB mutant with the wild type ankB gene restored
decoration of the LCV with polyubiquitinated proteins to wild
type levels (~70%) (Figures 3C,D). In contrast, decoration of
LCVs harboring the ankB mutant complemented with ankB 62N,
111N, or 126N substitution alleles was significantly reduced to
~50% (unpaired ¢-test, p < 0.01) compared to wild type LCVs.
Furthermore, when multiple substitutions were made, decoration
of the LCV with polyubiquitinated proteins was further reduced
to ~40% (unpaired t-test, p < 0.01) compared to wild type,
approaching that observed for the ankB mutant (Figure 3C,D).
Importantly, substitution of these N residues did not impact
translocation of the altered AnkB effectors into host cells
compared to the wild type protein and did not impact interaction
of this effector with its Skpl component of the E3 ubiquitin ligase
(Figures S2A,B). Taken together, this indicates that these three
asparagine residues are important for AnkB function.

Role for FIH in Recruitment

Polyubiquitinated Proteins to the LCV

Assembly of polyubiquitinated proteins at the LCV (Dorer
et al., 2006) is mediated by the AnkB effector (Price et al,
2009, 2011; Lomma et al., 2010). Since AnkB is hydroxylated
on three asparagine residues and substitution of these residues
reduces polyubiquitinated protein recruitment to the LCV, we
determined whether FIH activity is required for the assembly
of polyubiquitinated proteins by AnkB on the LCV. FIH was
chemically inhibited by N-oxalyl-D-alanine (NODA) and the
effect on recruitment of polyubiquitinated proteins to the
LCV was analyzed. NODA exhibited FIH inhibitory activity in
hMDMs, as shown by elevated expression of HIF1-dependent
genes by qPCR (Table S2). Following 2 h infection of untreated
hMDMs, 75% of the wild type-containing LCVs were decorated
with polyubiquitinated proteins (Figures 4A,B). Compared to
untreated cells, blocking FIH activity with NODA, caused a
dose-dependent inhibition of recruitment of polyubiquitinated
proteins with only 38% of the LCVs decorated when 12
mM NODA was used (Figures4A,B) (unpaired t-test, p <
0.01 compared to untreated cells), mimicking the effect of
substituting the three hydroxylated asparagine residues of AnkB
(Figures 3C,D). In addition to the reduced number of LCVs
positive for polyubiquitinated protein in hMDMs treated with
NODA, microscopic examination indicated that the area of the
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FIGURE 1 | AnkH and AnkB are modified by host asparaginyl hydroxylation. High resolution LCMS analysis 1D-LC-LTQ-Orbitrap-ELITE-MS of AnkH and AnkB
protein expressed in HEK293T cells identifies hydroxylated asparagine residues. (A) AnkH: (Top) HCD fragmentation spectrum for +2 charged ion with a
monoisotopic m/z: 1,566.81 Da; (Bottom) HCD fragmentation spectrum for +-2 charged ion with a monoisotopic m/z: 1,582.81 Da; ProteomeDiscover v1.3 analysis

(Continued)
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FIGURE 1 | Continued

of upper MS/MS data set identifies a tryptic peptide (Mascot lon Score 77.8, Sequest Xcorr 3.94, and deltaCn 0.49) with the sequence LLLTYGADPNATYTR. Analysis
of lower MS/MS data set identifies a tryptic peptide (Mascot lon Score 19.7, Sequest Xcorr 2.33, and deltaCn 0.30) with the sequence LLLTYGADPN(OH)ATYTR.
Both peptides were observed with sub-5 ppm mass accuracy and with near complete b-ion (red hash; includes b-, b*-, and b+2H+- ions) and y-ion (blue hash;
includes y-. y*-, and y+2H+-) coverage of parent ions. (B) AnkB: (Top) CID fragmentation spectrum for +2 charged ion with a monoisotopic m/z: 1,274.64 Da;
(Bottom) CID fragmentation spectrum for +2 charged ion with a monoisotopic m/z: 1,290.64 Da; ProteomeDiscover v1.4 analysis of upper MS/MS data set identifies
a tryptic peptide (Mascot lon Score 81.7) with the sequence ELWGNLMVAAR. Analysis of lower MS/MS data set identifies a tryptic peptide (Mascot lon Score 41.1)
with the sequence ELWGN(OH)LMVAAR. Both peptides were observed with <1 ppm mass accuracy and with near complete b-ion (red hash; includes b- ions) and
y-ion (blue hash; includes y-. y*-, and y+2H+-) coverage of parent ions. (C) X-ray crystal structure of the AnkB ARD region illustrating the hydroxylated asparagine

residues shown in yellow.
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FIGURE 2 | FIH, Mint3, and MT1-MMP are recruited to the LCV in a Dot/Ilcm-dependent manner. h(MDMs were infected with wild type L. pneumophila or the
isogenic dotA mutant for 2 h to determine co-localization of the LCV with FIH (A), Mint3 (B), and MT1-MMP (C). Bacteria were labeled with anti-Lpn antiserum (green)
and FIH, Mint3, or MT1-MMP was labeled with specific antibodies (red) and then analyzed by confocal microscopy. The arrows indicate co-localization of FIH, Mint3,
or MT1-MMP with the LCV. Quantification of % co-localization is shown in (D) and data represents (mean £+ SD, n = 100 LCVs) of the frequency of acquisition of FIH,
Mint3, or MT1-MMP by the LCV. *above the dotA bars indicates statistically significant difference in % co-localization compared to the corresponding wild type LCVs
(unpaired t-test, p < 0.01). The data is representative of three independent experiments.

polyubiquitin “cloud” surrounding the LCV that were positive
was reduced. To semi-quantitate the polyubiquitin cloud, the
area of the cloud was measured using Z-stack confocal images.
The average polyubiquitinated cloud surrounding LCVs in
untreated hMDMs was 14.5 wm? while those in hMDMs treated
with 12 mM NODA was significantly reduced to only 7 pm?
(unpaired t-test, p < 0.01 compared to untreated cells) with
many LCVs showing little extension of the “cloud” away from
the periphery of the LCV (Figure 4C, Figure $3). Taken together,
these data clearly show that inhibition of FIH had a negative

impact on the biological function of AnkB in assembly of
polyubiquitinated proteins at the LCV.

FIH is Required for Intracellular Replication

of L. pneumophila

Since FIH is recruited to the LCV in a Dot/Icm-dependent
manner, we determined the biological relevance of host FIH on
intra-vacuolar replication of L. pneumophila. FIH was chemically
inhibited by NODA and the effect on intra-vacuolar replication
in hMDMs was analyzed. The data showed that NODA inhibited
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FIGURE 3 | Amino acid residues 62N, 111N, and 126N are required for AnkB function. (A) To determine intra-vacuolar replication at 10 h post-infection,
hMDMs were infected with either wild type L. pneumophila (WT), ankB mutant or complemented ankB mutants (c.ankB) and then labeled with anti-Lpn antiserum

1 2-6 = >7

(green). Images are representative of over 100 infected cells. (B) Quantitation of replicative vacuole analysis in hMDMs. The numbers of bacteria were determined by
analyzing Z-stack confocal images of infected cells, bars represent (mean + SD, n = 100 LCVs) the % total of bacteria per LCV. *above the >7 bacteria bars indicates
statistically significant decrease in bacterial numbers relative to that observed for wild type (unpaired t-test, p < 0.01). (C) Representative confocal microscopy images
of L. pneumophila infected hMDMs at 2 h post-infection to determine % co-localization of polyubiquitinated protein with the LCV. (D) Quantitation of the number of
LCVs decorated by polyubiquitinated proteins in h(MDMs at 2 h post-infection. Bars represent (mean £ SD, n = 200 LCVs) and are representative of three independent
experiments *above the bars indicates statistically significant decrease in polyubiquitin recruitment relative to that observed for wild type (unpaired t-test, p < 0.01).

intra-vacuolar replication of L. pneumophila in a dose-dependent
manner. At 2 mM, NODA had a minor negative effect
but at 12 mM, it essentially blocked intracellular replication
of L. pneumophila compared to untreated cells (Figure 5A).
L. pneumophila numbers increased by 3.2 log units over 48 h of
infection, but in cells treated with 12 mM NODA, only a 1.3 log

unit increase was observed and this difference was statistically
significant (unpaired t-test, p < 0.01) (Figure 5A). The addition
of 12 mM NODA did not affect viability of the hMDMs or
L. pneumophila during the course of the experiment and did not
affect L. pneumophila in vitro growth in broth culture (data not
shown). To confirm the effect of chemical inhibition of FIH on
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FIGURE 4 | Docking of polyubiquitinated proteins to the LCV in hMDMs requires FIH activity. (A) hMDMs pretreated with the FIH inhibitor, NODA (0-12 mM),
were infected with wild type L. pneumophila for 2 h. Representative confocal microscopy images of infected hMDMs show co-localization of polyubiquitinated protein
with the LCV. Quantification of % co-localization is shown in (B) and data represents (mean + SD, n = 100 LCVs) of the frequency of acquisition of polyubiquitinated
proteins by the LCV, *above the bars indicates statistically significant decrease in polyubiquitin recruitment relative to that observed for untreated cells (unpaired ¢-test,
p < 0.01). (C) Semi-quantitative analysis of the polyubiquitin “cloud” on the LCVs in infected hMDMs treated with increasing concentrations of the FIH inhibitor, 2 h
post-infection. Data represents the distribution of polyubiquitin recruitment size (mean =+ SD, n = 100 LCVs) and is representative of three independent experiments.
*above the data points indicates statistically significant decrease in polyubiquitin “cloud”size relative to that observed for untreated cells (unpaired t-test, p < 0.01).
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intracellular replication, expression of FIH was knocked down
in HEK293T cells using specific RNAi (Figure 5B). Intracellular
growth was assessed by enumerating replicative vacuoles at 10
h post-infection using confocal microscopy (Figures 5C,D). The
data showed that replication of L. pneumophila was significantly
reduced in HEK293T cells treated with FIH specific RNAI, with
only 38% of LCVs harboring replicative LCVs (three or more
bacteria/LCV), compared to 69 and 77% of LCVs in untreated
or control RNAi-treated cells, respectively (unpaired t-test, p <
0.01 compared to untreated cells) (Figure 5D). Knockdown of
FIH in HEK293T cells did not affect cellular viability during the
course of the experiments (data not shown). Taken together, the
data clearly show that the function of FIH is indispensable for
intra-vacuolar replication of L. pneumophila.

The Role of FIH in Biogenesis of the LCV

Since blocking FIH had a dose-dependent negative impact
on intracellular replication of L. pneumophila, we determined
whether this growth defect was associated with alterations
in the biogenesis of the LCV that is rough ER-derived, and
evades lysosomal fusion (Isberg et al., 2009; Al-Quadan et al.,
2012; Price et al, 2014). The infected hMDMs were fixed

at 2 h post-infection and labeled with antibodies specific for
the late endosomal/lysosomal marker, LAMP2, and lysosomal
enzyme, cathepsin D, and the ER marker, KDEL. In untreated
hMDMs, only 10 and 18% of LCVs harboring live wild type
bacteria co-localized with LAMP2 and cathepsin D respectively
(Figures 6A,B,D). In contrast, 49 and 66% of LCVs harboring
live wild type bacteria in 12 mM NODA-treated hMDMs co-
localized with LAMP2 and cathepsin D, and this increase was
significant (unpaired ¢-test, p < 0.01 compared to untreated cells)
(Figures 6A,B,D). As expected, over 90% of LCVs containing
formalin-killed bacteria co-localized with LAMP2 and cathepsin
D (Figures 6A,B,D). Furthermore, only 28% of LCVs co-
localized with the KDEL ER marker in NODA-treated cells
compared to 80% in untreated cells (unpaired t-test, p <
0.01 compared to untreated cells) (Figures 6C,D). No LCVs
harboring formalin killed bacteria were positive for KDEL co-
localization (Figures 6C,D).

To confirm the effect of chemical inhibition of FIH-dependent
evasion of lysosomal fusion and remodeling of the LCV by the
ER, expression of FIH was silenced using specific RNAi. Similar
to NODA, knockdown of FIH significantly increased the number
of LCVs co-localized with LAMP?2 and cathepsin D, 55 and 57%
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FIGURE 5 | FIH is indispensable for intracellular proliferation of

L. pneumophila. (A) Growth kinetics of L. pneumophila in hMDMs treated
with increasing concentrations of the FIH inhibitor, (NODA). The hMDMS were
infected with the wild type strain or the isogenic dotA mutant and then CFUs
were determined at 2, 24, and 48 h post-infection. *indicates statistically
significant reduced CFUs at 48 h post-infection relative to that observed for
wild type (unpaired t-test, p < 0.01). Data represents (mean 4 SD, n = 3
infected h(MDM monolayers). (B) Immunoblots showing specific knockdown of
FIH protein expression in HEK293T cells transfected with control or FIH
specific RNAI following 24 h. Cell lysates were run on SDS-PAGE, and FIH
proteins were detected on a western blot probed with an anti-FIH antibody.
The immunoblot was stripped and reprobed using an anti-p-tubulin antibody
to show equivalent protein loading between lanes. (C) Representative confocal
images of L. pneumophila replicative vacuoles in untreated HEK293T cells or
cells treated with control or FIH specific RNAi at 10 h post-infection. Bacteria
are labeled with anti-Lpn anti-serum (green), while the cell nucleus is stained
with DAPI (blue). Images are representative of over 100 infected cells. (D)
Replicative vacuole analysis quantitation in HEK293T cells treated with FIH
RNAI. The numbers of bacteria were determined by analyzing Z-stack confocal
images of infected cells, bars represent (mean + SD, n = 100 LCVs) the %
total of bacteria per LCV. *above the >3 bacteria bars indicates statistically
significant decrease bacterial numbers relative to that observed for wild type
(unpaired t-test, p < 0.01 and is representative of three independent
experiments.

respectively, compared to untreated or control RNAI treated cells
(unpaired t-test, p < 0.01) (Figures 7A,B,D). In addition, only
33% of LCVs co-localized with the KDEL ER marker compared
to 80 and 78% in untreated and control RNAi HEK293T
cells, respectively (unpaired t-test, p < 0.01) (Figures 7C,D).
Confirmation of specific and complete FIH knockdown is shown
in Figure 5B, as assessment of LCV trafficking and impact on
intra-vacuolar replication of L. pneumophila was performed in
parallel. Taken together, these data clearly show that FIH is
partially required for Dot/Icm-dependent lysosomal evasion and
ER-mediated remodeling of the LCV.

DISCUSSION

An emerging theme clearly shows that not only do translocated
effectors of bacterial pathogens mimic eukaryotic protein
functions, but they are also modified by various eukaryotic
post-translational modification machineries (Ivanov and Roy,
2013; Kim et al., 2014). Our data show for the first time
that injected effectors are modified by host FIH-dependent
asparaginyl hydroxylation.

Our search for bacterial effectors that are potentially modified
by host-asparaginyl hydroxylation was based upon the canonical
FIH hydroxylation motif that was defined by using sequence data
derived from the HIF1 and ARD hydroxylation sites (Hewitson
et al., 2002; Lando et al., 2002a,b; Cockman et al., 2009). For
AnkH, the motif was identified within the first ankyrin repeat and
the predicted asparagine residue was modified by hydroxylation.
Until recently, the biological consequence of asparaginyl
hydroxylation within ARDs was unclear, however studies
have now shown this modification regulates protein-protein
interaction of ARD containing proteins, which subsequently
affects their functions (Janke et al., 2013; Peng et al., 2014).
Though AnkH contributes to intra-vacuolar replication of
L. pneumophila, its functional role is unknown (Habyarimana
et al., 2008, 2010). Further studies will be needed to determine
the impact of asparaginyl hydroxylation on the ability of AnkH to
mediate potential protein-protein interactions with its substrate,
which may in turn affect its function. We also identified a
single FIH hydroxylation motif within the ARD region of
AnkB, but in contrast to AnkH, the predicted asparagine
was not modified. However, we identified three additional
asparaginyl hydroxylation sites on AnkB that occurred at distinct
sites identified by the motif defined by sequence analysis.
Nevertheless, they are located within the three-ankyrin repeat
containing domain of AnkB (Wong et al., 2017). Interestingly,
one of the hydroxylated residues (N126) occurs in a loop
structure adjacent to a putative substrate interacting residue
(Y127) (Wong et al, 2017) and therefore, we predict that
alteration in local electronegative charge may enhance or
interfere with substrate binding. FIH has not been shown to
hydroxylate asparagine residues outside of the predicted motif
(Wilkins et al, 2012) and therefore it will be interesting to
determine if substrate specificity of FIH is wider than expected
or that other host enzymes contribute to this post-translational
modification. AnkB plays a central role for L. pneumophila
by promoting the degradation of polyubiquitinated proteins
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FIGURE 6 | FIH activity is required for biogenesis of the LCV. hMDMs untreated or pretreated with the FIH inhibitor, NODA, were infected with live or
formalin-killed (FK) wild type L. pneumophila for 2 h. Representative confocal microscopy images of infected cells are shown indicating % co-localization of the LCV in
hMDMS or HEK293T cells with (A) LAMPZ2, (B) CathD, and (C) KDEL. Bacteria were labeled with anti-Lpn antiserum (green) and LAMP2, CathD, and KDEL was
labeled with specific antibodies (red) and analyzed by confocal microscopy. The arrows indicate co-localization of LAMP2, CathD, and KDEL with the LCV. (D)
Quantification of the frequency of co-localization of LAMP2, CathD or KDEL with LCVs. Data represents (mean £ SD, n = 100 LCVs). *represents statistically
significant increase in NODA-treated cells vs. untreated cells (unpaired t-test, p < 0.01). *represents statistically significant decrease in NODA-treated cells vs.
untreated cells (unpaired t-test, p < 0.01). The data is representative of three independent experiments.

which allows this organism to access essential amino acids that
are used for both energy and a carbon source (Price et al,
2009, 2011). Substitution of the three hydroxylated asparagine
residues significantly impacts the ability of AnkB to recruit
polyubiquitinated proteins to the LCV and concomitantly fails
to restore intra-vacuolar replication of an ankB mutant strain
of L. pneumophila. Furthermore, blocking host FIH activity
results in a similar phenotype to the AnkB substitutions, and
taken together suggests that asparaginyl hydroxylation of AnkB
contributes to the function of this effector.

Blocking FIH activity results in a dose-dependent inhibition
of intra-vacuolar replication of L. pneumophila. Interestingly
however, only ~55% of LCVs trafficked to a lysosomal
compartment, indicating that the FIH-mediated block in intra-
vacuolar replication of L. pneumophila has both lysosomal
evasion-independent and -dependent mechanisms. Both AnkB
and AnkH are needed for intra-vacuolar proliferation of
L. pneumophila but neither impacts the normal trafficking and

biogenesis of the LCV (Al-Khodor et al., 2008; Habyarimana
et al., 2008, 2010; Price et al.,, 2009, 2010a,b, 2011; Lomma
et al., 2010). However, since both AnkB and AnkH are
needed for intra-vacuolar replication, it is more likely that
change in the asparaginyl hydroxylation status of these injected
effectors contributes to the intra-vacuolar growth defect in a
lysosomal evasion-independent manner. Indeed, we observed
that substituting the hydroxylated residues in AnkB significantly
impairs its function which correlates to the data obtained
using chemical inhibition and RNAi depletion of FIH activity.
The lysosomal evasion-dependent mechanism may involve both
injected effectors, though no single injected effector to date
has been shown to be required for the ability of the LCV
to evade the lysosomes (de Felipe et al, 2008; Isberg et al,
2009; Zhu et al.,, 2011). A number of host proteins involved in
vesicular trafficking have been identified on the LCV (Urwyler
et al., 2009; Hoffmann et al., 2014; Bruckert and Abu Kwaik,
2015), and a preliminary bioinformatic analysis of the human
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FIGURE 7 | FIH protein is required for biogenesis of the LCV. HEK293T cells were transfected with control or FIH-specific RNAi and infected with wild type

L. pneumophila for 2 h. Representative confocal microscopy images of infected cells are shown indicating % co-localization of the LCV in hMDMS or HEK293T cells
with (A) LAMP2, (B) CathD, and (C) KDEL. Bacteria were labeled with anti-Lpn antiserum (green) and LAMP2, CathD, and KDEL was labeled with specific antibodies
(red) and analyzed by confocal microscopy. The arrows indicate co-localization of LAMP2, CathD, and KDEL with the LCV. (D) Quantification of the frequency of
co-localization of LAMP2, CathD, or KDEL with LCVs. Data represents (mean + SD, n = 100 LCVs) *represents statistical significance in FIH RNAi-treated cells vs.
untreated or control RNAi-treated cells (unpaired t-test, p < 0.01). The data is representative of three independent experiments.

genome suggests that the FIH hydroxylation motif is found  promote transcription of glycolytic genes that are needed by
in a number of these including AP1G1, CopB2, ATP6AP1, the macrophage to generate ATP (Sakamoto and Seiki, 2009,
CLTC, and PICALM (data not shown). It is possible that  2010). L. pneumophila uses host amino acids as the primary
alterations in the hydroxylation status of these proteins and  source of carbon and energy by AnkB-dependent proteasomal
others may impact trafficking of the LCV, misdirecting it to  degradation, but exogenous pyruvate alone can compensate for
the lysosome. It is clear that blocking FIH has a broad effect  proteasomal degradation to enable intra-vacuolar replication of
both on injected L. pneumophila effectors and host proteins, L. pneumophila (Price et al, 2011). This indicates that host
culminating in a complete block in L. pneumophila intra-vacuolar ~ pyruvate is an additional metabolite scavenged by intra-vacuolar
replication. L. pneumophila. Therefore, a consequence of FIH recruitment to
A central documented role of FIH is in regulation of the LCV may be increased HIF1 activity, which will ultimately
HIF1, the key transcription factor that modulates expression of  increase availability of pyruvate that the bacteria can scavenge
numerous genes involved in oxygen homeostasis, metabolism  from the intracellular environment to use as an energy source and
and immune function (Webb et al., 2009). It is possible that  building block of macromolecules.
the LCV recruits FIH through interaction with Mint3 and The biological consequence of FIH-dependent asparaginyl
MT1-MMP, which are localized to the LCV, analogous to  hydroxylation of many ARD-containing proteins remains
FIH Golgi-localization observed in macrophages (Sakamoto  unclear, but is likely to impact function and/or sub-cellular
and Seiki, 2009, 2010). In macrophages, membrane-associated  localization of these proteins in the host cell. For L. pneumophila,
FIH is inactive, at least in terms of HIF1 hydroxylation  host FIH is essential for intra-vacuolar proliferation, and
activity, but through its binding to Mint3 it enables HIF1 to  this involves lysosomal evasion-dependent and -independent
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mechanisms, which likely involves hydroxylation of both
injected effectors and host proteins. Additionally, we identified
effectors from other bacterial pathogens that harbor type III
and IV secretion systems that potentially undergo asparagine
hydroxylation (Table S1), suggesting this post-translational
modification is a potential general paradigm in host-pathogen
interaction.
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Department of Biological Sciences, University of Delaware, Newark, DE, United States

The facultative intracellular bacterium Legionella pneumophila proliferates within
amoebae and human alveolar macrophages, and it is the causative agent of
Legionnaires’ disease, a life-threatening pneumonia. Within host cells, L. pneumophila
establishes a replicative haven by delivering numerous effector proteins into the host
cytosol, many of which target membrane trafficking by manipulating the function of
Rab GTPases. The Legionella effector AnkX is a phosphocholine transferase that
covalently modifies host Rab1 and Rab35. However, a detailed understanding of the
biological consequence of Rab GTPase phosphocholination remains elusive. Here, we
broaden the understanding of AnkX function by presenting three lines of evidence that
it interferes with host endocytic recycling. First, using immunogold transmission electron
microscopy, we determined that GFP-tagged AnkX ectopically produced in mammalian
cells localizes at the plasma membrane and tubular membrane compartments, sites
consistent with targeting the endocytic recycling pathway. Furthermore, the C-terminal
region of AnkX was responsible for association with the plasma membrane, and
we determined that this region was also able to bind the phosphoinositide lipids
PI(3)P and PI(4)P in vitro. Second, we observed that mCherry-AnkX co-localized with
Rab35, a regulator of recycling endocytosis and with major histocompatibility class |
protein (MHC-I), a key immunoregulatory protein whose recycling from and back to
the plasma membrane is Rab35-dependent. Third, we report that during infection of
macrophages, AnkX is responsible for the disruption of endocytic recycling of transferrin,
and AnkX’s phosphocholination activity is critical for this function. These results support
the hypothesis that AnkX targets endocytic recycling during host cell infection. Finally,
we have demonstrated that the phosphocholination activity of AnkX is also critical for
inhibiting fusion of the Legionella-containing vacuole (LCV) with lysosomes.

Keywords: L. pneumophila, AnkX, endocytic recycling, phagosome maturation, phosphocholination

INTRODUCTION

Legionella pneumophila (strain Philadelphia-1, hereafter Legionella) is a Gram-negative, facultative
intracellular bacterium that is regarded as an important cause of hospital- and community-
acquired pneumonia (CDC, 2011; Viasus et al., 2013). In nature, Legionella proliferates within
protozoa; however, human infection can occur following inhalation of contaminated aerosolized
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water droplets (Horwitz and Silverstein, 1980; Segal and Shuman,
1999). In the lung, alveolar macrophages engulf Legionella by
phagocytosis, but are unable to degrade it through the usual
process of phagosome maturation, which entails the sequential
fusion of the phagosome with endocytic compartments and
ultimately with the lysosome (Clemens et al., 2000). Instead,
Legionella remains enclosed in a plasma membrane-derived
compartment known as the Legionella-containing vacuole
(LCV) that undergoes drastic remodeling into a compartment
resembling the endoplasmic reticulum (Tilney et al., 2001).
This process is dependent on the Dot/Icm specialized type IV
secretion system (T4SS) that translocates over 300 bacterial
effector proteins into the host cytosol (Berger and Isberg, 1993;
Segal and Shuman, 1999; Luo and Isberg, 2004; Segal, 2013).
Because of functional redundancy among Legionella effectors
(O’Connor et al, 2011), the molecular strategies important
for Legionella’s escape from phagolysosomal maturation are
not yet well-understood. AnkX was first identified as one of
several Legionella effector proteins that harbor ankyrin repeats
(Pan et al, 2008). Mainly found in eukaryotes and some
intracellular pathogens, ankyrin repeats are commonly involved
in protein-protein interactions (Li et al., 2006), although for
AnkX, whether these interactions involve any host components
is unknown. The Legionella AankX mutant is impaired in its
ability to escape phagosome maturation, and more than 50%
of the LCVs in AankX-infected macrophage fuse with the
lysosomal marker LAMP-1 (Pan et al., 2008). This is a dramatic
effect considering that functional redundancy among Legionella
effectors often masks phenotypes caused by the deletion of
single genes. Although, existing data indicate that AnkX prevents
microtubule-dependent vesicular transport (Pan et al., 2008), the
precise mechanism through which AnkX inhibits LCV fusion
with lysosomes has not yet been defined.

A subsequent study revealed that AnkX contains an N-
terminal FIC domain (filamentation induced by cAMP; Roy
and Mukherjee, 2009). The FIC domain is found in proteins
from bacteria to humans and it typically catalyzes adenylylation
or phosphocholination (Worby et al., 2009; Yarbrough et al.,
2009; Mukherjee et al, 2011). AnkX’s FIC domain catalyzes
phosphocholination, which is the covalent addition of a
phosphocholine moiety to a serine or a threonine residue
of Rab GTPases (Mukherjee et al, 2011). Rab GTPases are
small GTPases that function as molecular switches alternating
between an active GTP-bound form and an inactive GDP-bound
form (Stenmark, 2009). These proteins play central roles in
defining the identity of membrane compartments and controlling
membrane trafficking (Zerial and McBride, 2001). Growing
evidence suggests that Legionella effector proteins tap into the
host’s membrane transport network by manipulating the activity
of Rab GTPases either through mimicry of host regulatory
proteins that control the nucleotide-bound state of Rab GTPases
or by post-translational modification (Stein et al., 2012; Sherwood
and Roy, 2013).

Rabl, a key regulator of ER-to-Golgi traffic, is recruited to
the LCV early during infection, and multiple effectors are at
work during infection to tightly control Rab1 activity (Machner
and Isberg, 2006, 2007; Brombacher et al., 2009; Neunuebel

et al,, 2011, 2012; Tan and Luo, 2011; Mihai Gazdag et al., 2013;
Mousnier et al., 2014). AnkX phosphocholinates inactive (GDP-
bound) Rab1l which prevents its activation by guanine exchange
factors (GEF) as well as its membrane extraction by the guanine
dissociation inhibitor (GDI; Goody et al., 2012). In addition to
Rabl, AnkX also phosphocholinates Rab35 and renders it unable
to interact with Connecdenn, a protein that activates Rab35 by
functioning as a GEF (Mukherjee et al, 2011). Despite these
important biochemical observations, the biological functions of
Rab GTPase phosphocholination have not yet been determined.
In RAW 264.7 murine macrophages phosphocholination of Rab1
did not contribute to recruitment or retention of Rabl on the
LCV in this system (Hardiman and Roy, 2014). However, it is not
yet known why AnkX targets Rab35 during infection.

Rab35 shares extensive sequence homology with Rabl;
however, these Rab GTPases regulate distinct membrane
transport pathways (Chua et al., 2010). Rab35 controls endocytic
recycling of cargo between the plasma membrane and early
endosomes (Klinkert and Echard, 2016) and has been implicated
in phagosome maturation in both mammalian (Egami et al.,
2011) and protozoan cells (Verma and Datta, 2017). An
increasing number of bacterial pathogens have been reported to
target endocytic recycling to promote their intracellular survival,
including enterohemorrhagic E. coli (Furniss et al., 2016),
uropathogenic E. coli (Dikshit et al., 2015), Coxiella (Larson and
Heinzen, 2017), and Chlamydia (Ouellette and Carabeo, 2010;
Larson and Heinzen, 2017). Given the known cellular functions
of Rab35, we hypothesized that by targeting Rab35, AnkX
would interfere with both endocytic recycling and phagosome
maturation. Here, we demonstrate that Legionella disrupts
endocytic recycling during macrophage infection. Moreover, we
show that AnkX plays a significant role in disrupting endocytic
recycling, and we reveal that its phosphocholination activity is
critical for this function. We also found that in the absence of
its phosphocholination activity, AnkX was unable to efficiently
prevent acquisition of lysosomal markers on the LCV. We
conjecture that AnkX interferes with phagosome maturation by
disrupting endocytic recycling.

RESULTS

AnkX Localizes to the Plasma Membrane

and Peripheral Endosomes

A previous study reported that AnkX was distributed in a
punctate pattern when produced ectopically in mammalian cells
(Pan et al., 2008). Immunostaining with an early endosome
marker showed that GFP tagged AnkX did not co-localize with
early endosomes (Mukherjee et al., 2011). We hypothesized that
AnkX’s cellular destination may be, at least in part, determined
by the localization of its enzymatic substrates, Rabl and Rab35.
However, AnkX did not localize at the Golgi where Rabl is
predominantly found (Mukherjee et al., 2011), and we reasoned
that perhaps AnkX is co-opted at cellular locations where
Rab35 is present, namely the plasma membrane and endosomes.
We fused AnkX to an N-terminal GFP tag and analyzed its
subcellular localization within transiently transfected COS-1
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cells using immunogold transmission electron microscopy. We
determined that GFP-AnkX was associated with the plasma
membrane, nascent endosomes, and tubular compartments at the
periphery of the cell, reminiscent of the subcellular localization
of recycling endosomes (Figure 1, Supplementary Figures 1, 2).
These membrane compartments shuttle cellular components
to the plasma membrane and commonly assume a tubular
morphology (van Ijzendoorn, 2006).

The C-Terminal Half of AnkX Associates

with Plasma Membrane

We then investigated which region of AnkX was responsible for
localization to the plasma membrane. To address this question
we generated truncated variants of AnkX fused to an N-terminal
mCherry tag as follows: AnkX1-490 (containing the FIC domain
and 4 ankyrin repeats), AnkX688-949 (containing 2 ankyrin
repeats), AnkX721-949 (containing 1 ankyrin repeat), AnkX491-
809 and AnkX491-949 (containing the same 8 ankyrin repeats),
and AnkX810-949 (containing no ankyrin repeats; Figure 2A).
These fragments were selected based on secondary structure
predictions and available structural information (Campanacci
et al.,, 2013). To establish which of these fragments localize at
the plasma membrane, we transiently transfected HeLa cells
with constructs carrying the mCherry-fused ankX truncations
or full length ankX. We then stained the cells with Wheat
Germ Agglutinin, a carbohydrate-specific dye that marks the

plasma membrane, and analyzed the localization of mCherry-
tagged AnkX and AnkX fragments in relation to the plasma
membrane (Figure2B). As expected based on the TEM
results, mCherry-AnkX co-localized with WGA at the plasma
membrane. In singly transfected cells, we did observe that
mCherry-AnkX was not uniformly distributed along the plasma
membrane, and instead it assumed a rather patchy distribution,
favoring one side of the cell (Supplementary Figure 4). In
5% of the cells, mCherry-AnkX did not appear to be present
at the plasma membrane, at least not in levels detectable
by confocal microscopy (Supplementary Figure 4). Among
all other constructs visualized by confocal microscopy only
cells producing mCherry-AnkX491-949 or mCherry-AnkX688-
949 displayed fluorescence at the plasma membrane. HeLa
cells producing either mCherry-AnkX721-949 or mCherry-
AnkX810-949 displayed fluorescence predominantly in the
cytosol, although the latter also displayed lower signal in
the nucleus. The FIC domain-containing mCherry-AnkX1-
490 variant was dispersed throughout the cytosol and was
also present on vesicular compartments, whereas mCherry-
AnkX491-809 was present in the cytosol, and, surprisingly
also in the nucleus. Therefore, the C-terminal half of AnkX
possesses properties that provide AnkX with the ability
to bind the plasma membrane, but also to bind nuclear
components. To further analyze the cellular distribution of
mCherry-tagged AnkX variants, we then performed cellular

100 nm.

FIGURE 1 | AnkX localizes to the plasma membrane, nascent endosomes, and tubular compartments. Representative TEM images showing immunogold localization
of GFP-AnkX in COS-1 cells. Fixed cells were stained with a polyclonal rabbit anti-GFP antibody. Areas highlighted by rectangles (dashed line) on the top panels are
magnified in the bottom panels. Arrows indicate immunogold labeled GFP-AnkX localized to endosomes (E), plasma membrane (PM), or tubules (T). Scale bar is

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

14

September 2017 | Volume 7 | Article 397


http://www.frontiersin.org/cellular_and_infection_microbiology
http://www.frontiersin.org
http://www.frontiersin.org/cellular_and_infection_microbiology/archive

Allgood et al. AnkX Disrupts Host Endocytic Recycling

A ;
1 :56 5 ? o | Ankyrin Repeats | 415
Full-length FE T ANNNENNNEN N
1-490 FIC - — -~ R
HFB0D e s s o e s e e TECEE -~
49249 o o s i s o e s INIEEE N
088-949 = i i i i i e e s s s S e e | | | |
721-949 e mmmmmee - | |
810949 oo e e e e s e e e e e e S e A—
B 1-490 491-809 491-949 688-949 721-949 810-949 Full length

1-490 491-809 491-949 688-949 721-949 810-949 Full length

PCM PCM PCM PCM PCM PCM PCM
ey | [ | W e | L | | e
Tubulin (e || [y |[nan (men [Sen  |[(wa |
Calnexin|~ —"- -H“ -H"" qH- -H- —va"r

FIGURE 2 | AnkX domain mapping. (A) Schematic of AnkX domain variants (The FIC domain, orange; 12 ankyrin repeats, purple; dashed lines, deleted region).

(B) Subcellular localization of AnkX fragments. Hela cells transiently producing mCherry-AnkX or mCherry-AnkX variants were incubated with the plasma membrane
dye WGA-488 post-fixation and intracellular localization was determined by confocal microscopy. Images show one z-slice of the confocal stack. (C) Cellular fraction
of HEK293T cells producing mCherry-AnkX or mCherry-AnkX variants. The post-nuclear supernatant (P) was separated by ultracentrifugation into cytosolic (C) and
membrane (M) fractions. The presence of mCherry-AnkX variants in each fraction was assessed by immunoblotting using a mCherry antibody. Tubulin and calnexin
were used as markers for the cytosolic and membrane fractions, respectively.

fractionation studies using HEK293T cells producing these A lighter band was detected for mCherry-AnkX688-949 in
protein variants. We chose to employ HEK293T cells for  the membrane fraction compared to cells producing mCherry-
this approach due to their increased transfection efficiency = AnkX491-949. It is possible that this shortened fragment had
with AnkX-derived constructs. Cellular fractionation studies a weaker interaction with the plasma membrane that was
confirmed that mCherry-AnkX, mCherry-AnkX491-949, and  disrupted during ultracentrifugation. As expected based on
mCherry-AnkX688-949 were membrane-associated (Figure 2C).  our confocal microscopy results, mCherry-AnkX721-949 and
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mCherry-AnkX810-949 were found in the cytosolic fraction.
Both mCherry-AnkX1-490 and mCherry-AnkX491-809 were
present in the cytosolic and membrane fractions indicating that
these fragments are potentially also present on endosomes.

To identify the molecular mechanism underlying AnkX
localization at the plasma membrane, we analyzed AnkX’s
ability to bind phosphoinositide lipids. Multiple Legionella
effectors were reported to specifically recognize and bind
phosphoinositide lipids (Hilbi et al, 2011). Most of the
phosphoinositide binding effectors identified thus far bind PI(4)P
and/or PI(3)P (Hilbi et al., 2011). Given that the LCV is
enriched in PI(4)P, phosphoinositide binding is thought to
serve as an anchoring mechanism for Legionella effectors that
attach to the cytosolic surface of the LCV after translocation
into the host cell. Additionally, this mechanism can facilitate
targeting of particular host membrane compartments (Pizarro-
Cerda et al., 2014). To evaluate AnkX’s ability to bind
phosphoinositide lipids, we performed a protein-lipid overlay
assay using purified GST-AnkX and a commercially available
nitrocellulose membrane spotted with phosphatidylinositol and
all seven phosphoinositide species (Figure 3A). Through this
approach we determined that AnkX bound mainly PI(3)P
and PI(4)P (Figure 3B). To identify which region of AnkX
was responsible for phosphoinositide binding, we generated
two GST-tagged AnkX variants: GST-AnkX1-490 and GST-
AnkX491-949 (Supplementary Figure 3). Our protein-lipid
overlay assay showed that the C-terminal region of AnkX was
capable of phosphoinositide binding while the N-terminal region
was not (Figure 3B). We concluded that the C-terminal half of
AnkX harbors the elements necessary to mediate association with
the plasma membrane.

AnkX Targets Rab35-Positive

Compartments
AnkX’s localization at the plasma membrane and its ability
to phosphocholinate Rab35 suggested that AnkX could target

A PIP strip B Full-length GST-AnkX GST-AnkX
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FIGURE 3 | AnkX interacts with phosphoinositide lipids via its C-terminal
region. (A) Schematic of lipids spotted on the phosphoinositide strip (LPA,
lysophosphatidic acid; LPC, lysophosphocholine; Ptdins, phosphatidylinositol;
PE, phosphatidylethanolamine; PC, phosphatidylcholine; SIP,
sphingosine-1-phosphate; P, phosphate; P2, biphosphate; P3, triphosphate;
PA, phosphatidic acid; PS, phosphatidylserine). (B) Protein-lipid overlay assay
reveals that a C-terminal fragment of AnkX preferentially binds PI(3)P and
PI(4)P. Untagged full-length AnkX was detected with an AnkX antibody and a
GST antibody was used to detect the GST-tagged truncated versions of AnkX.

Rab35-positive recycling endosomes. To determine whether
AnkX associates with these endosomes, we transiently co-
transfected HeLa cells with a plasmid encoding GFP-Rab35
and a plasmid encoding either mCherry-AnkX or mCherry
as a control. By confocal microscopy, we observed that the
GFP-Rab35 signal was present in the cytosol, membrane
compartments, the plasma membrane, and in some cells the
nucleus (Figure 4A); nuclear localization of GFP-Rab35 has
previously been observed, but this is believed to be caused by
nuclear translocation of GFP alone (Kouranti et al., 2006). In
agreement with our electron microscopy data, mCherry-AnkX
was found to be present at the plasma membrane and on
intracellular membrane compartments. When the two proteins
were co-produced they co-localized on vacuolar compartments
that resembled enlarged endosomes. Similar structures were
observed in cells producing GFP-Rab35 in the absence of AnkX
(Figure 4A).

FIGURE 4 | AnkX co-localizes with Rab35 and MHC-I, a Rab35-dependent
cargo. (A) Confocal images of Hela cells co-transfected with plasmids
encoding mCherry and GFP-Rab35 or plasmids encoding mCherry-AnkX and
GFP-Rab35. Insets show magnified view of an area of interest. Bottom panel
insets highlight an area where fluorescent signal from the two proteins
co-occurred on intracellular vacuolar compartments. (B) Hela cells ectopically
producing mCherry or mCherry-AnkX were allowed to internalize monoclonal
fluorescently labeled MHC-I antibodies for 30 min, followed by an acid wash.
Bottom panel insets highlight the compartments where mCherry-AnkX
co-occurred with internalized MHC-I.
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Rab35 regulates recycling of protein cargo between the plasma
membrane and endosomes, and therefore, we next sought
to determine whether AnkX targets Rab35-positive recycling
endosomes. The major histocompatibility Class I (MHC-I) enters
cells through clathrin-independent endocytosis and then either
returns back to the plasma membrane via recycling tubules or
is degraded by lysosomes (Caplan et al., 2002). Loss of Rab35
activity has been shown to inhibit MHC-I recycling, indicating
that its recycling back to the plasma membrane is, at least in
part, dependent on Rab35 (Allaire et al, 2010). To determine
whether AnkX targets recycling tubules that are carrying MHC-
I, we performed an antibody uptake assay, whereby HelLa
cells producing mCherry or mCherry-AnkX were incubated
with MHC-I antibody conjugated with Alexa 488 fluorophore
to mark endosomes that internalize MHC-I. Using confocal
microscopy, we observed that mCherry-AnkX co-localized
extensively with MHC-I at the plasma membrane and on tubular
compartments (Figure 4B). These results support the hypothesis
that AnkX targets Rab35-positive recycling endosomes in human
cells.

AnkX Disrupts Endocytic Recycling during

Macrophage Infection

A series of biochemical approaches have shown that
phosphocholination prevents activation of Rab35. Therefore,
we hypothesized that during infection AnkX would have
the same effect, and thus disrupt the normal dynamics of
recycling endosomes. To determine whether AnkX affects
endocytic recycling during macrophage infection, we performed
a transferrin-recycling assay. Transferrin is routinely used as a
marker for endocytic recycling; it remains bound to its receptor
throughout the recycling pathway and is released outside the
cell upon returning to the cell surface (Mellman, 1996). U937
macrophages were infected with Lp01, Lp01AdotA, Lp01 AankX,
Lp01AankX complemented with a plasmid carrying wild-
type ankX, or Lp0lAankX complemented with a plasmid
carrying ankXpzoa, a point mutant in the catalytic motif of
the FIC domain that renders the protein catalytically inactive
(Mukherjee et al., 2011). At 1 h post-infection, macrophages
were subjected to a pulse-chase sequence with fluorescently
labeled transferrin followed by incubation with unlabeled
transferrin (Figure 5A). After the pulse step, U937 cells retained
comparable levels of transferrin regardless of which Legionella
strain they were infected with (Supplementary Figure 6). We
then quantified the amount of fluorescently labeled transferrin
remaining after a 30-min chase with unlabeled transferrin
(Figure 5B). Macrophages infected with Lp01 displayed the
highest level of fluorescence, indicating increased retention of
transferrin within these cells. This result supports the idea that
endocytic recycling of transferrin was blocked at an early stage of
infection. In contrast, macrophages infected with the Lp01AdotA
translocation-deficient mutant showed the lowest fluorescence
signal among the five conditions, indicating that endocytic
recycling of transferrin was robust in the absence of translocated
Legionella effectors. Macrophages infected with the Lp01 AankX
strain displayed levels of fluorescence that were significantly

lower than those of cells infected with Lp01, and, thus, in the
absence of AnkX, labeled transferrin along with its receptor
were recycled back to the plasma membrane. We also noted
that, although significantly reduced in Lp0l1AankX-infected
cells, the amount of labeled transferrin was 1.6 times higher
than that detected in macrophages infected with the Lp01AdotA
mutant (Figure 5B). When macrophages were infected with the
ankX complemented Lp0lAankX strain, retention of labeled
transferrin increased to a level similar to that of the Lp01-infected
cells. Interestingly, macrophage infection with the Lp01AankX
ectopically producing the catalytically inactive AnkXH2294
resulted in diminished retention of labeled transferrin compared
to macrophages infected with the Lp01 AankX strain producing
active AnkX (Figure 5B). This change was not attributable to a
difference in the production of AnkX or AnkXj2294 within the
Lp01AankX background since we verified that the two proteins
were produced at comparable levels prior to macrophage
infection (Supplementary Figure 5). Based on these results
we concluded that the phosphocholination activity of AnkX
was responsible for disruption of endocytic recycling. Notably,
transferrin was not present at the LCV, consistent with previous
findings that this compartment lacks transferrin (Joshi et al.,
2001).

Phosphocholination Activity of AnkX Is
Required for Avoidance of Phagosome

Maturation

The Lp0lAankX mutant has previously been shown to be
impaired in its ability to escape phagosome maturation
early following macrophage infection (Pan et al., 2008). Our
results above indicated that the phosphocholination activity
of AnkX is important for exerting its biological function.
Therefore, we hypothesized that phosphocholination could play
a key role in the avoidance of phagolysosome maturation.
To test this hypothesis, we infected U937 macrophages with
Lp01, Lp01AdotA, Lp01AankX, Lp0l1AankX complemented
with a plasmid carrying wild-type ankX, and Lp0l1AankX
complemented with a plasmid carrying ankXp9a. At 2 h
post-infection, macrophages were fixed, immunostained with an
antibody against the lysosomal marker LAMP-2, and quantified
with regard to the number of LAMP-2 positive LCVs. U937
cells infected with wild-type displayed 18(45)% of LAMP-
2 positive vacuoles, whereas cells infected with Lp01AdotA
and Lp0l1AankX displayed 77.3(£9)% and 63(44.3)% LAMP-
2 positive vacuoles, respectively (Figure 5C). These results are
in agreement with findings reported by Pan et al. (2008). In
addition, we showed that when macrophages were infected
with the Lp01AankX strain complemented producing AnkX the
percentage of LAMP-2 positive LCVs decreased to 31.6(%6)%.
In contrast, infection with the Lp01 AankX strain complemented
with catalytically inactive AnkX'?2°A did not rescue the
phenotype and showed that 70.6(£7.3)% LCVs were LAMP-
2 positive, similar to the percentage observed in cells infected
with the Lp0l1AankX or the Lp0l1AdotA strains. Therefore,
we concluded that AnkX’s phosphocholination activity plays a
critical role in avoidance of phagosome maturation.
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FIGURE 5 | Legionella blocks host endocytic recycling and prevents accumulation of lysosomal markers on the LCV in a phosphocholination-dependent manner.

AankX-pankX AankX-pankXic:

(A) Representative images of human transferrin-Alexa 488 fluorescent signal in U937 cells infected with Legionella strains as labeled. At 1 h post-infection, U937 cells
were incubated with transferrin-Alexa 488 for 60 min, then washed and incubated with unlabeled transferrin for 30 min. Cells were fixed and immunostained with
anti-Legionella antibodies and visualized by confocal microscopy; scale bar, 5um. (B) The graph displays the amount of fluorescence retained by infected U937 cells.
The mean and standard error of the mean from three independent experiments are indicated for each condition. Statistical significance was determined by one-way
ANOVA followed by Tukey Kramer post-hoc test. The asterisks denote a p < 0.001. (C) Quantification of LAMP-2 positive LCVs in U937 cells infected with various
strains of Legionella. Bar graph displays the percentage of LVCs that were LAMP-2 positive at 2 h post-infection. Statistical significance was determined using the
Student’s t-test with a p-value cut off of < 0.05. The asterisks denote a p < 0.001.

DISCUSSION

In eukaryotic cells, membrane transport plays essential roles
in regulating signaling, metabolism, immunity, and interactions
with the extracellular environment, and therefore, it is a major
target for intracellular pathogens. Legionella manipulates the
host’s membrane transport system by delivering effector proteins
that hijack Rab GTPases, a large class of small GTPases (over 60
in humans) performing essential roles in membrane trafficking
(Stenmark, 2009). Delineating membrane transport pathways
crucial for Legionella survival is complicated by the functional
redundancy among Legionella effectors, and usually deletion of
individual Legionella genes encoding effectors that target Rab
GTPases does not markedly affect bacterial survival (O’Connor
et al, 2011). Despite this hurdle, a previous study showed
that deletion of ankX alone significantly increased fusion of
LCVs with lysosomes revealing that AnkX plays an important
role in safeguarding the LCV from phagosome maturation
(Pan et al., 2008). However, the mechanistic details of how

AnkX is involved in this process are not precisely understood.
Here we narrow in on the biological consequences of AnkX
activity during macrophage infection and demonstrate that AnkX
disrupts endocytic recycling and phagolysosome biogenesis in a
phosphocholination-dependent manner.

The Legionella effector AnkX functions as a phosphocholine
transferase, and of the six Rab GTPases previously tested,
Rabl and Rab35 were efficiently phosphocholinated by AnkX
(Mukherjee et al., 2011). Although the biochemical details of
Rabl and Rab35 phosphocholination are well-understood, the
biological consequences of Rabl and Rab35 phosphocholination
remain elusive. Rab1 is heavily recruited to the LCV early during
infection (Kagan et al.,, 2004), however AnkX is not required
for this process (Hardiman and Roy, 2014). The importance
of Rab35 manipulation by Legionella effectors has not yet
been explored. Rab35 regulates a number of cellular processes
including endocytic recycling and cytokinesis, exosome release,
phagocytosis, cell migration, immunological synapse formation
and neurite outgrowth (Klinkert and Echard, 2016). Because
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it is involved in shuttling protein cargo between the plasma
membrane and early endosomes through recycling endosomes,
Rab35 localizes predominantly at the plasma membrane and on
tubular recycling endosomes (Chua et al., 2010). Using electron
microscopy, we found that GFP-tagged AnkX had a localization
pattern similar to that of Rab35 (Figure1l). Moreover, in
HeLa cells mCherry-AnkX co-localized with GFP-Rab35 on
vacuolar compartments (Figure 4A). These compartments could
be enlarged early, sorting, or recycling endosomes, where Rab35
is known to localize. Alternatively, they may be similar to
vacuolar compartments that have been observed to form as
a consequence of Rab35 inactivation (Kouranti et al., 2006).
If this were the case the formation of these Rab35-positive
vacuoles would likely be a consequence of AnkX’s inhibitory
effect on Rab35 activity. However, other indirect effects cannot
be excluded until confirmation by experiments using mCherry-
AnkxH2294

We next asked whether association of AnkX with the plasma
membrane was due to its interaction with Rab35. We addressed
this question by determining the subcellular localization of
mCherry-tagged AnkX fragments in mammalian cells in relation
to the plasma membrane. Surprisingly, we found that the N-
terminal AnkX fragment containing the FIC domain did not
associate with the plasma membrane, indicating that targeting
of Rab35 is not sufficient to stably recruit AnkX to the plasma
membrane (Figure 2). However, mCherry-AnkX1-490 can still
localize to intracellular vesicles. A potential explanation for this
observation is that AnkX’s substrate specificity is more relaxed
allowing other Rab GTPases to be modified, and perhaps the C-
terminal region required for binding the plasma membrane limits
AnkX’s activity to specific compartments. Further insight into
AnkX’s substrate preference could clarify this issue.

The AnkX491-949 fragment contained the elements necessary
to mediate plasma membrane binding. We showed that this
fragment was also able to bind PI(3)P and PI(4)P (Figure 3),
although it is not yet clear if phosphoinositide binding alone
is sufficient to mediate association with the plasma membrane.
Furthermore, binding of multiple phosphoinositide species may
suggest that AnkX has functional roles at several stages of
infection since Legionella actively changes the phosphoinositide
composition of the LCV (Weber et al., 2014). Within seconds
following uptake of Legionella by amoebae, the early phagosome
membrane displays PI(3,4,5)P, immediately followed by a rise
in PI(3)P levels. Subsequently, the vacuolar membrane gradually
loses these lipids and by 2 h post-infection becomes enriched in
PI(4)P. PI(3)P- and PI(4)P-binding regions of Legionella effectors
are thought to mediate anchoring to the LCV (Weber et al., 2006;
Hilbi et al., 2011); they may also function in conjunction with
Rab GTPase binding domains as a two-pronged mechanism to
specifically target membrane compartments. The precise region
of AnkX that recognizes PI(3)P and PI(4)P remains to be
identified. Intriguingly, the AnkX688-949 fragment was present
at both the plasma membrane and on endosomes, whereas the
AnkX721-949 fragment missing just one ankyrin repeat lost its
membrane localization (Figure 2B). It is possible, therefore, that
this ankyrin repeat or other elements in this region mediates
the binding. We hypothesize that a multifactorial mechanism

regulates AnkX interaction with the plasma membrane, wherein
both Rab35 and phosphoinositide binding are both important,
but an additional component may be necessary to stabilize the
interaction.

In COS-7 cells, a Rab35 siRNA knockdown causes
enlargement of early endosomes (Allaire et al., 2010), and,
intriguingly, heterologous production of AnkX in mammalian
cells results in a similar phenotype (Mukherjee et al., 2011).
Given AnkX’s co-localization with Rab35 (Figure 4A) and its
known inhibitory effect on Rab35 activity in vitro, we reasoned
that AnkX would disrupt pathways regulated by this Rab
GTPase. Rab35 has been implicated in the recycling of various
cargo proteins back to the plasma membrane including the
MHC-I, MHC-II, and the T-cell receptor (Patino-Lopez et al.,
2008; Walseng et al., 2008; Allaire et al., 2010). Our MHC-I
internalization and recycling assay showed that AnkX co-
occurred with MHC-I, supporting the notion that AnkX targets
Rab35-dependent endocytic recycling (Figure 4B). MHC-I is
involved in presenting intracellular antigens to cytotoxic T
cells such that cells infected with intracellular pathogens can be
eliminated (Mantegazza et al., 2013). It is plausible that Legionella
disrupts recycling of these receptors in order to modulate host
immune responses during infection to prevent the death of its
host cell.

In light of these findings, we hypothesized that AnkX
manipulates endocytic recycling during infection of macrophages
by targeting Rab35. Our data showed that, indeed, endocytic
recycling of transferrin, a widely used marker for this transport
pathway, is blocked early during macrophage infection
(Figures 5A,B). The inhibitory effect was dependent on
Legionella effectors since infection with a translocation-deficient
mutant did not disrupt transferrin recycling. Infection with the
Lp01 AankX mutant showed a sharp decrease in accumulation
of transferrin-positive vesicles, indicating that AnkX is largely
responsible for disruption of endocytic recycling. This phenotype
was reversed when the mutant was complemented with
ectopically expressed ankX, but not when it was complemented
with ankXp2294. The necessity of an enzymatically active AnkX
highlighted the key role of phosphocholination in disruption
of transferrin recycling. Importantly, this result implies that
phosphocholination of Rab35, and perhaps other host proteins,
leads to disruption of endocytic recycling. Notably, the absence
of AnkX did not abrogate Legionella’s ability to block endocytic
recycling. This observation supports the idea that other
Legionella effectors may also interfere with endocytic recycling.

Targeting of endocytic recycling appears to be a common
strategy for intracellular pathogens. For example, uropathogenic
E. coli (UPEC) has been proposed to manipulate endosomal
recycling and degradative lysosomal fusion by modulating Rab35
to survive within bladder epithelial cells (Dikshit et al., 2015), and
enterohemorrhagic E. coli (EHEC) modulates Rab35 recycling
by secretion of the effector protein EspG in order to prevent
maturation of recycling endosomes during infection (Furniss
etal., 2016). More recently, a high-content imaging study showed
that transferrin uptake gradually increased throughout infection
of HeLa cells with Coxiella burnetii or Chlamydia trachomatis
suggesting that bacterial infection expanded the endosomal
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system to increase capacity for endocytic material (Larson and
Heinzen, 2017). The Shigella effector protein, IpgD, is responsible
for recruiting Rab11-positive vesicles to the invasion site to assist
in the rupture of the Shigella-containing vacuole, a step required
for bacterial escape into the cytosol (Mellouk et al., 2014).

An important question is why Legionella would manipulate
transferrin recycling during infection. It is unlikely that the
pathogen is attempting to transport iron to the LCV as
Legionella genetically encodes and translocates its own iron-
sequestering pathway, which has been shown to be important
for infection (Joshi et al., 2001; Chatfield et al., 2012; Isaac
et al,, 2015). Instead, we propose that Legionella effectors target
Rab35 to counteract phagosome maturation. Upon phagocytosis
into macrophages, Legionella immediately prevents phagosome
maturation, avoiding fusion of early endosomes with the
LCV. Rab35 is involved in formation of the phagocytic cup
in macrophages (Egami et al, 2011). Silencing of Rab35 by
RNA interference drastically reduced the rate of FcyR-mediated
phagocytosis in macrophages, revealing that Rab35 is involved
in the early stage of phagocytosis. Interestingly, in Entamoeba
histolytica, an intestinal protozoan parasite, Rab35 is not only
required for phagocytic cup formation, but also for biogenesis
of phagolysosomal compartments (Verma and Datta, 2017).
In light of these results, we hypothesized that similar to
UPEC, Legionella manipulates Rab35 to subvert both endosomal
recycling and degradative lysosomal fusion. Therefore, we
anticipated that AnkX’s phosphocholination activity would be
crucial for its previously established ability to prevent fusion
of lysosomes with the LCV. Our results confirmed that in
the absence of AnkX, Legionella cannot efficiently escape
phagosome maturation (Figure 5C). Moreover, we showed that
phosphocholination played a critical role in Legionella’s ability
to escape phagosome maturation. Given that amoebae are the
natural host of Legionella, targeting of Rab35 to modulate
phagosome maturation would be a desirable benefit for the
bacterium. In human cells, where Rab35 regulates recycling of
proteins involved in innate immunity, targeting of Rab35 by
Legionella could offer an added benefit for the bacterium, and
perhaps facilitate evasion of immune surveillance.

In conclusion, our data indicate that Legionella effectors
inhibit endocytic recycling at the early stage of infection, and
that the phosphocholination activity of AnkX plays a significant
role in targeting this membrane transport pathway. Overall,
our study reveals the biological relevance of AnkX-catalyzed
phosphocholination during infection of human macrophages
and provides new insight into subversion of membrane transport
pathways by Legionella effectors. A complete perspective of how
Legionella effectors target endocytic recycling merits further
investigation and promises to reveal important details about
survival of Legionella and other intracellular pathogens.

MATERIALS AND METHODS

Strains, Tissue Culture Cells, and Media

L. pneumophila strains Lp0l (hsdR rpsL) and Lp0l1AdotA
(T4SS™) are derivatives of L. pneumophila strain Philadelphia-
1 (Berger and Isberg, 1993). The wild-type Lp01, Lp01AankX

mutant, Lp01AdotA, and the pJB1806-ankX plasmid were
a generous gift from Dr. Craig Roy. All bacterial strains
used in this study are listed in Supplementary Table 1.
The pJB1806-ankXpiz94 shuttle vector was generated by
quick-change mutagenesis using oligonucleotides listed in
Supplementary Table 2 using a standard protocol. Legionella
strains were grown in AYE liquid media or on CYE solid
media and maintained as described (Feeley et al., 1979). The
pJB1806-ankX and pJB1806-ankXma9a shuttle vectors were
transformed into the Lp0lAankX strain to complement the
deletion strain with catalytically active or inactive AnkX,
respectively. Bacterial growth media was supplemented with
25 pg/ml chloramphenicol to maintain pJB1806 plasmids
in the Lp0l1AankX strain and 1 mM IPTG was added to
the medium to induce gene expression. HelLa tissue culture
cells were maintained in RPMI 1640 medium supplemented
with 2 mM L-glutamine and 10% FBS, and incubated
in 5% CO, at 37°C. COS-1 and HEK293T cells were
grown in DMEM medium supplemented with 2 mM L-
glutamine supplemented with 10% FBS. U937 cells were
grown in RPMI 1640 medium supplemented with 10%
FBS and were differentiated by supplementing the medium
with 10 ng/ml 12-O -tetradecanoylphorbol-13-acetate (TPA)
for 16 h.

Antibodies and Plasmids
Antibodies were purchased from BioLegend (MHC-I, clone
w6/32 IgG2a), ThermoFisher Scientific (Goat anti-Rat Alexa
350, A-21093; Goat anti-Rat Texas Red, T-6392; Goat anti-
Mouse Alexa 488, A-11001; Mouse monoclonal anti-GST,
MA4-004; Rabbit polyclonal anti-mCherry, Pa5-34974, HRP-
conjugated anti-mouse antibody, NA931), Abcam (Rabbit
polyclonal anti-LAMP-2; ab37024; Rabbit polyclonal anti-GFP
antibody, ab6556), Enzo (Rabbit polyclonal Calnexin, ADI-SPA-
860), ProteinTech (Mouse Monoclonal Alpha Tubulin, 66031-
1-Ig), and Jackson ImmunoResearch (Rabbit IgG ChromePure,
011-000-003). The rat polyclonal anti-Legionella antibody and
the rabbit polyclonal anti-AnkX used for detection of purified
AnkX in Figure 3 were a kind gift from Dr. Matthias Machner
(NIH). We also thank Dr. Zhao-Qing Luo (Purdue University)
for the rabbit polyclonal anti-AnkX antibody used for detection
of AnkX in Legionella lysate (Supplementary Figure 5).
Full-length ankX and truncations were amplified using
oligonucleotides in Supplementary Table 2 and were inserted
by recombination into pPDONR221™. The inserted fragments
were then recombined into the mammalian expression vector
362-pCS-Cherry-DEST (Addgene plasmid #13075) or the
pcDNAG6.2/N-EmGFP-DEST vector (ThermoFisher Scientific)
using the Gateway™ cloning technology (ThermoFisher
Scientific). Plasmids encoding GST-tagged AnkX variants
were generated by using the pDONR221-ankX;_490 and
pDONR221-ankX491—949 donor vectors to recombine ankX into
the destination plasmid pDEST15™ (ThermoFisher Scientific).
The pEGFP-C1-Rab35 plasmid was a kind gift from Dr. Julie
Donaldson (NIH). Plasmids used in this study are listed in
Supplementary Table 1.
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Confocal Microscopy

HeLa cells grown on 12 mm cover glass (Fisherbrand™) were
transiently transfected with plasmids encoding fluorescently-
tagged constructs using the Lipofectamine 3000 reagent
(ThermoFisher Scientific). At 14 h post-transfection cells were
washed with PBS and fixed with 4% paraformaldehyde in PBS for
20 min at room temperature. To visualize the plasma membrane,
cells were treated with a Wheat Germ Agglutinin Alexa Fluor
488 conjugate (ThermoFisher Scientific) at 5 pg/ml for 10 min at
37°C. Coverslips were mounted using ProLong Diamond anti-
fade reagent (ThermoFisher Scientific) and image acquisition
was performed using a ZEISS 710 confocal microscope, a 63x
Plan-Apochromatic oil immersion objective (numerical aperture
of 1.4), and the ZEN 2012 software (Carl ZEISS Microlmaging).

Transmission Electron Microscopy

COS-1 cells transiently producing GFP-AnkX were washed
briefly with PBS and fixed overnight with 4% paraformaldehyde
and 0.5% glutaraldehyde in 0.1 M sodium cacodylate buffer pH
7.4 at 4°C. Cells were then washed with 0.1 M sodium cacodylate
buffer pH 7.4, scraped, and pelleted. The cell pellet was enrobed
with 4% low melting point agarose and cut into small 1-2 mm?
cubes. The cells were washed with 0.1 M sodium cacodylate buffer
pH 7.4, dehydrated in an ascending ethanol series and infiltrated
with LR White resin. Samples were embedded in gelatin capsules
and polymerized by UV at 4°C for 2 days. The samples were
sectioned on a Reichert-Jung Ultracut E ultramicrotome, and
60-70 nm thick sections were collected onto formvar/carbon
coated 200 mesh nickel grids. Immunogold Labeling—Samples
were blocked with 0.05 M glycine for 15 min and Aurion goat
blocking solution for 30 min before being incubated on drops
of anti-GFP antibody diluted to 2.8 pg/ml in Aurion 0.1%
BSA-c 7.4 for 1 h. Control grids were incubated on drops of
ChromePure rabbit IgG (Jackson ImmunoResearch, Cat No. 011-
000-003) diluted to 2.8 pg/ml in Aurion 0.1% BSA-c 7.4. Grids
were washed on six drops of Aurion 0.1% BSA-c and incubated
on drops of Aurion goat anti-rabbit IgG conjugated to 10 nm
gold diluted 1:20 in Aurion 0.1% BSA-c for 2 h. Grids were
washed on six drops of Aurion 0.1% BSA-c, 3 drops of PBS,
fixed on drops of 2% glutaraldehyde in PBS, and then washed
on five drops of Nanopure water. The grids were then post-
stained with 2% uranyl acetate in 50% methanol and Reynolds’
lead citrate. The samples were examined with a ZEISS Libra
120 transmission electron microscope operating at 120 kV, and
images were acquired with a Gatan Ultrascan 1000 CCD camera.

Cellular Fractionation

HEK293T cells producing mCherry-AnkX or -AnkX variants
were scraped, washed, resuspended in PBS supplemented with
protease inhibitors, and lysed by 30 passes through a 27” gauge
needle. The post-nuclear supernatant (PNS) was obtained via
centrifugation at 15,000xg for 10 min at 4°C. To obtain the
cytosolic fraction, the PNS was spun at 51,000 rpm for 45 min
at 4°C using a TLA-100 rotor in a Beckman ultracentrifuge. PBS
was added to the pellet and spun again to wash away cytosolic
contaminants. The pellet was resuspended with an equal volume
of 2% NP-40 in PBS and collected as the membrane fraction. The

PNS, cytosolic fraction, and membrane fraction were analyzed via
SDS-PAGE and immunoblot.

Detection and Quantification of
LAMP-2-Positive LCVs

U937 macrophages were challenged with Legionella strains at a
multiplicity of infection (MOI) of 50 and spun at 200 x g for 5
min and then incubated at 37°C. At 2 h post-infection cells were
washed three times with PBS and fixed in 4% paraformaldehyde
for 20 min. To distinguish extra- and intracellular bacteria a
two-step immunostaining procedure was performed. Without
macrophage permeablization, Legionella was detected with an
anti-Legionella rat primary antibody (1:3,000) followed by
Cascade Blue-conjugated Goat anti-Rat IgG antibody (1:1,000).
Cells were then permeabilized with ice-cold methanol for
20s and internalized bacteria were detected anti-Legionella rat
primary (1:3,000) and Texas Red-conjugated Goat a-Rat IgG
(1:1,000).

For detection of LAMP-2-positive LCVs, infected U937
cells were immunostained with anti-LAMP-2-rabbit primary
antibody (1:150) washed three times with PBS and fluorescently
labeled with Alexa 488-rabbit secondary antibody (1:1,000).
Coverslips were mounted using ProLong Diamond anti-fade
reagent (ThermoFisher Scientific). The percentage of LAMP-2-
positive LCVs was determined by scoring 100 cells per coverslip
with three replicates for each specific condition. The unpaired
two-sided Student’s ¢-test was performed with a p-value cut off
of < 0.05 to determine where there was a statistically significant
difference in localization to the LCV.

Transferrin Recycling Assay

To determine efficiency of recycling, U937 cells were grown on
glass coverslips in a 24-well plate and following differentiation
into macrophages cells were infected with Legionella strains Lp01,
Lp01AdotA, Lp0l1AankX, Lp0l1AankX harboring pBJ1806-
ankX, and Lp01AankX harboring pJB18060-ankXi229a at an
MOI of 50 for 1h. Infected macrophages were then allowed to
uptake fluorescently labeled human transferrin (Tf-Alexa-488;
ThermoFisher Scientific) at 5 wg/ml in RPMI for 1h. Cells
were either fixed to measure the fluorescence intensity after the
pulse step or they were washed with PBS containing unlabeled
human transferrin (100 pg/ml) three times and then incubated
further with unlabeled transferrin at 100 pg/ml in RPMI for 30
min. Cells were fixed and immunostained to identify infected
cells and visualized by confocal microscopy as described above.
All parameters for imaging remained consistent throughout
the experiment. Using Image]-FIJI software (Schindelin et al.,
2012, 2015) the mean fluorescence intensity of Tf-Alexa-488
in 50 infected cells from three replicates for each condition
was measured. To account for variation in cell size, the mean
fluorescence intensity was determined by normalizing each cell’s
fluorescence intensity to the total area of the cell. A one-way
ANOVA was performed with a p < 0.01 to determine if any
strains showed a significant difference in recycling. Post-Hoc
Tukey-Kramer test was performed with a p-value cut off of < 0.01
in order to identify which pairs of infected cells were significantly
different from each other.
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Production and Purification of

Recombinant Proteins
Recombinant HaloTag-AnkX was produced in the Single Step
(KRX) competent E. coli strain (Promega), and AnkX was
purified using the HaloTag protein purification system as
previously described (Neunuebel et al., 2012). Briefly, E. coli
cells producing HaloTag-AnkX were lysed using an LV10
microfluidizer (Microfluidics). The cell lysate was spun at 25,000
x g for 20 min, and pre-equilibrated HaloLink resin were
incubated with the supernatant for 2h at 4°C. The resin was
then washed and AnkX was cleaved off the resin using His-tagged
tobacco etch virus (TEV) protease (Promega) for 2 h at 4°C.
HisLink resin (Promega) was used to remove the TEV protease
from the supernatant.

AnkX fragments were produced as GST fusion proteins in
E. coli BL21 (DE3) at 25°C overnight after induction with 0.5
mM isopropyl-p-dithiogalactopyranoside (IPTG). E. coli cells
producing GST-tagged variants were harvested and resuspended
in PBS supplemented with 1 mM MgCl, and 1 mM -
mercaptoethanol (PBS-MM) followed by lysis using the LV10
microfluidizer (Microfluidics). The cell lysate was centrifuged at
24,000x g for 35 min, and the supernatant was incubated with
pre-equilibrated Glutathione Sepharose 4B (GE Healthcare) for 2
h at 4°C. The resin was washed three times with PBS-MM, and
proteins were eluted with 50 mM Tris-HCI (pH 8) containing
10 mM reduced glutathione (Sigma). Glutathione was removed
by passing the eluate through a Zeba column (ThermoFisher
Scientific).

Protein-Lipid Overlay Assay

Protein-lipid overlay assays were performed using commercially
available  phosphoinositide strips (Echelon Biosciences
Inc.). Nitrocellulose membranes pre-spotted with different
phospholipids were blocked with 3% non-fat milk in PBST
[PBS and 0.1% Tween-20 (v/v) pH 7.5] for 1h at room
temperature. The blocked membranes were incubated with
AnkX, GST-AnkX1-490, or GST-AnkX491-949 (0.5 pg/ml in
blocking buffer) overnight at 4°C. Protein binding to lipids
was visualized with an anti-GST antibody (1:2,000) or an
anti-AnkX antibody, and an HRP-conjugated anti-mouse
antibody (1:5,000) using a ChemiDoc Touch Imaging system
(Bio-Rad).
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Bacterial pathogens like Salmonella and Legionella establish intracellular niches in host
cells known as bacteria-containing vacuoles. In these vacuoles, bacteria can survive
and replicate. Ubiquitin-dependent selective autophagy is a host defense mechanism
to counteract infection by invading pathogens. The Legionella effector protein RavZ
interferes with autophagy by irreversibly deconjugating LC3, an autophagy-related
ubiquitin-like protein, from a phosphoglycolipid phosphatidylethanolamine. Using a
co-infection system with Salmonella, we show here that Legionella RavZ interferes with
ubiquitin recruitment to the Salmonella-containing vacuoles. The inhibitory activity is
dependent on the same catalytic residue of RavZ that is involved in LC3 deconjugation.
In semi-permeabilized cells infected with Salmonella, external addition of purified RavZ
protein, but not of its catalytic mutant, induced removal of ubiquitin associated with
Salmonella-containing vacuoles. The RavZ-mediated restriction of ubiquitin recruitment
to Salmonella-containing vacuoles took place in the absence of the host system required
for LC3 conjugation. These observations suggest the possibility that the targets of RavZ
deconjugation activity include not only LC3, but also ubiquitin.

Keywords: Legionella, Salmonella, ubiquitin, vacuole, effector proteins, autophagy

INTRODUCTION

Legionella pneumophila is a Gram-negative bacterial pathogen that has a wide variety of eukaryotic
hosts, ranging from amoebas to humans (Isberg et al, 2009). Host phagocytosis normally
mediates entry of L. pneumophila into cells. Immediately after entry, L. pneumophila remodels the
phagosome into a replicative niche, often referred to as a Legionella-containing vacuole (LCV).
In order to establish the niche, L. pneumophila translocates ~300 effector proteins from bacteria
into host cells via the specialized Dot/Icm type IV secretion system (T4SS), and by the coordinated
function of these effector proteins it modulates a variety of host cellular processes (Ensminger and
Isberg, 2009; Isberg et al., 2009; Hubber and Roy, 2010).

Similarly to other bacterial pathogens, L. pneumophila utilizes or modulates host ubiquitin
pathways for its own benefit (Hubber et al, 2013; Zhou and Zhu, 2015). It was reported
that L. pneumophila recruits ubiquitin to LCVs by a process depending on the Dot/Icm
T4SS and bacterial protein synthesis (Dorer et al., 2006). The ubiquitin associated with LCVs
is targeted for host proteasomal degradation, which was suggested to generate amino acids
required for bacterial intracellular growth (Price et al, 2011). L. pneumophila possesses a
large array of effector proteins involved in the modulation of the host ubiquitin system.
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Currently, several effector proteins have been found to possess
the F-box and U-box domains implicated in E3 ubiquitin
ligase activity (Kubori et al, 2008; Hubber et al., 2013). A
recent structural analysis revealed that the bacterial protein SidC
represents a novel family of E3 ubiquitin ligases (Hsu et al,
2014) containing a unique PI(4)P-binding domain (Luo et al.,
2015). SidC associates with LCV's through its high affinity PI(4)P-
binding domain (Weber et al., 2006; Ragaz et al., 2008; Dolinsky
et al, 2014) and has a direct or indirect role in ubiquitin
recruitment to LCVs in early stages of infection (Horenkamp
et al., 2014). L. pneumophila SidE family proteins exhibit not
only deubiquitinase activity (Sheedlo et al., 2015) but also unusual
ubiquitin ligase activity independent of the canonical E1 and E2
enzymes (Qiu et al., 2016; Kotewicz et al., 2017).

Autophagy is a conserved eukaryotic catabolic process
for breakdown of intracellular components such as proteins
or organelles. The target components are sequestered into
a membrane-bound compartment called the autophagosome,
which eventually fuses with a lysosome, a digestive compartment
(Kuballa et al, 2012). Ubiquitin-like conjugation systems
including Atg (Autophagy-related genes) proteins are crucially
involved in autophagy (He and Klionsky, 2009). Microtubule-
associated protein light chain 3 (LC3), an Atg8 homolog in
mammalian cells, is a well-known marker of autophagy that
localizes in autophagosome membranes (Kabeya et al., 2000).
The conjugation of LC3 to phosphatidylethanolamine (PE) on
the early autophagosome structure is a critical step of autophagy
(Ichimura et al., 2000).

Selective autophagy-mediated clearance of invading microbes
is becoming recognized as a potent host immune response
(Huang and Brumell, 2014). Salmonella enterica serovar
Typhimurium has been well-studied as a model intracellular
bacterium subjected to autophagy (Narayanan and Edelmann,
2014). Recognition of S. Typhimurium by the host autophagy
machinery is thought to be mediated mainly by two signals:
ubiquitin, which is associated with cytosolic bacteria or bacteria-
containing vacuoles (Birmingham et al, 2006), and a sugar
p-galactoside on the luminal surface of bacteria-containing
vacuoles that can be exposed by membrane rupture and
is sensed by cytosolic receptor galectin-8 (Thurston et al.,
2012). Recruitment of autophagic machinery to bacteria or
bacterial vacuoles is mediated by LC3-binding adaptor proteins
like p62/SQSTM1 and Nuclear dot protein 52 kDa (NDP52)
(Thurston et al., 2009; Deretic, 2010; Cemma et al., 2011). In
addition to an LC3 binding site, p62 carries a ubiquitin binding
site (Zheng et al., 2009), and NDP52 has both ubiquitin and
galectin-8 binding sites (Thurston et al., 2012). Another type
of adaptor protein, Tecpr-1, which interacts with autophagy
proteins Atg5 and WIPI2 (Atgl8 homolog in mammalian cells),
does not interact with ubiquitin or galectin-8 (Ogawa et al., 2011).

To counteract autophagy, bacteria have developed evasion
strategies. The S. Typhimurium effector protein SseL
deubiquitinates proteins on Salmonella-containing vacuoles
(SCVs), preventing recognition by autophagic machinery
(Mesquita et al., 2012). The L. pneumophila effector RavZ
irreversibly deconjugates LC3 from PE (Choy et al, 2012),
robustly inhibiting host autophagy. However, even in the

absence of RavZ, L. pneumophila does not recruit LC3 on the
vacuole (Hubber et al., 2017) and is highly resistant to clearance
by selective autophagy, suggesting that L. pneumophila has
alternative mechanisms for autophagy evasion (Choy et al,
2012; Rolando et al., 2016). The fact that L. pneumophila rarely
recruits LC3 even in the absence of RavZ makes it difficult
to identify alternative L. pneumophila factors inhibiting LC3
recruitment to LCVs. In an attempt to explore the possible
alternative mechanisms, we used SCVs to examine potential
roles of L. pneumophila effector proteins related to inhibition
of selective autophagy. Using co-infection with L. pneumophila
and S. Typhimurium, we unexpectedly found that RavZ
plays a role in interfering with ubiquitin recruitment to the
Salmonella-containing vacuoles.

MATERIALS AND METHODS

Bacterial Strains, Plasmids, and Culture

S. Typhimurium SR-11 x3181 carrying an mCherry-expressing
plasmid (Hubber et al., 2014) was used for infection throughout
the study. Legionella strains used in this study were derivatives
of L. pneumophila strains Philadelphia-1 (Lp01) (Berger and
Isberg, 1993). Salmonella was grown in Luria-Bertani (LB)
medium containing 20 pwg/ml of chloramphenicol to maintain
the mCherry expressing plasmid. Legionella strains were grown
in liquid N-(2-acetamido)-2-aminoethanesulfonic acid (ACES)
buffered yeast extract (AYE) media (Horwitz and Silverstein,
1983). The ravZ and dotA deletion strains were constructed by
allelic exchange as described previously (Zuckman et al., 1999).
Eukaryotic expression plasmids for RavZ were constructed by
cloning the PCR-amplified wild-type or mutant (C258A) ravZ
into the p3xFLAG-CMV-10 expression vector (Sigma). Site-
directed mutagenesis was conducted using the Quickchange II
Site-Directed Mutagenesis Kit according to the manufacturer’s
recommendations (Agilent Technologies).

Cell Cultures and Transfection

HeLa-FcyRII and HEK293T-FcyRII cells were grown in
Dulbecco’s modified Eagle medium supplemented with 10%
fetal calf serum. Bone marrow derived macrophages (BMDMs)
were prepared from A/] mice (Japan SLC, Inc.). The cells were
plated onto cover glass in 24-well tissue culture plates 1 day
before infection or transfection. Transfection was conducted
using Lipofectamine 2000 (Invitrogen) or Fugene HD (Promega)
according to the manufacturers’ recommendations.

Antibodies

Mouse antibody against mono- and polyubiquitinylated
conjugates (FK2) was purchased from Enzo (BML-PW8810).
Mouse antibody against ubiquitin (P4D1) was purchased from
Cell Signaling (#3936). Mouse antibody against a-tubulin was
purchased from Sigma (T6074). Rabbit anti-Legionella antibody
was purchased from Biodesign (B65051G). Secondary antibodies
were purchased; Peroxidase-conjugated goat anti-mouse
antibody (62-6520, Invitrogen), Alexa Fluor 488-conjugated
goat anti-mouse antibody (A-11029, Thermo Fisher Scientific)
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and Rhodamine RedX-conjugated goat anti-rabbit antibody
(R6394, Thermo Fisher Scientific).

Bacterial Infections

Overnight Salmonella culture was diluted 1:30 with fresh LB
medium containing 20 pg/ml of Chloramphenicol, grown to
an ODggp value of about 2.0, and used for infection. Overnight
liquid culture of Legionella was used for infection. The bacterial
cultures were spun down by microfuge, the culture media
were replaced with phosphate-buffered saline (PBS), and the
suspension was immediately used for infection. HeLa cells were
infected with Salmonella with multiplicity of infection (MOI) 300
for 1 h. After 20 min of infection, the cell culture medium was
replaced with fresh medium containing 50 pg/ml of gentamycin
to kill extracellular Salmonella. For the co-infection, a pre-
mixed solution of Salmonella and Legionella was prepared and
immediately used for infection with MOI 300 of both bacteria
for 1 h. The time course study of Legionella infection in BMDMs
was conducted with MOI 50. After 1 h of infection, the cells were
washed three times with PBS to remove extracellular Legionella
and the culture medium was replaced with fresh medium.

Immunostaining

Infected cells were fixed with 4% (w/v) of paraformaldehyde
(PFA) after three washes with PBS and permeabilized with chilled
methanol or with 0.1% (w/v) of Triton X-100 in PBS. After
blocking with 2% (w/v) of goat serum in PBS for 20 min, the cells
on the coverslips were reacted with a primary antibody for 1 h,
followed by a secondary antibody for 30 min, at concentrations
recommended by the manufacturers.

Protein Purification

BL21(DE3) carrying pET15b-ravZ (pNH1678) or pET15b-
ravZcassa (PNH1679) was grown to logarithmic phase at 37°C
in 11 of L-broth. After addition of IPTG to a final concentration
of 0.4 mM to induce the production of His-RavZ, cells were
cultured overnight at 16°C. E. coli cells were recovered by
centrifugation and suspended in buffer A (20 mM Tris HCI
pH 7.5, 5 mM EDTA) containing complete protease inhibitor
cocktail (Roche). After treatment with 250 pg/ml lysozyme for 30
min, cells were disrupted by sonication. Lysate was centrifuged
(20,000 g, 20 min) to remove insoluble materials and applied
to Q-sepharose Fast Flow (~25 ml bed volume; GE Healthcase)
equilibrated with buffer B (20 mM Tris HCI pH 7.5, 10 mM -
mercaptoethanol) in an open column format. After washing with
buffer B containing 200 mM NaCl, the fraction containing His-
RavZ was eluted with buffer B containing 300 mM NaCl. This
fraction was further applied to a HisSelect column (1 ml bed
volume; Sigma-Aldridge) equilibrated with buffer C (20 mM Tris
HCI pH 7.5, 300 mM NaCl, 10 mM B-mercaptoethanol). After
washing with buffer C containing 10 mM imidazole, fractions
were eluted with a linear gradient of 10-100 mM imidazole
in buffer C. Fractions containing His-RavZ were pooled and
concentrated and subjected to a size exclusion column (Superdex
200 16/60 pg; GE healthcare). His-RavZ was eluted in 20 mM Tris
HCl pH 7.5, 300 mM NaCl, 1 mM DTT.

Semi-permeabilized Cells Experiment

After 1 h of infection with Salmonella, HeLa cells were washed
twice with semi-permeabilization buffer [125 mM K(OAc),
2.5 mM Mg(OAc);, 25mM Hepes-KOH pH 7.4, 1 mg/ml
Glucose, 1 mM DTT]. The cells were treated with 30 pg/ml
digitonin in the semi-permeabilization buffer for 4 min at room
temperature and washed another three times with the buffer. The
permeabilized cells were treated with purified His-tagged wild-
type or mutant RavZ proteins with gentle agitation for 1 h at
room temperature. After two washes, the cells were fixed with 4%
(w/v) PFA and subjected to immunostaining.

Statistical Analysis

Immunofluorescence experiments were conducted with at least
100 bacterial vacuoles counted per single experiment. Values were
compared using paired Students t-tests on three independent
experiments.

Ethics Statement

All animal experiments were performed in accordance with the
institutional guidelines and were approved by the Animal Care
and Use Committee of the Research Institute for Microbial
Diseases, Osaka University, Japan (Biken-AP-H26-10-0).

RESULTS

LC3 Recruitment to Salmonella-Containing
Vacuoles Is Inhibited by Co-infecting

L. pneumophila

As previously described, Legionella RavZ is sufficient to inhibit
macroautophagy in mammalian cells, but it is not the only
determinant preventing LC3 recruitment to LCVs (Choy et al.,
2012). In an attempt to identify L. pneumophila protein factors
responsible for the prevention of LC3 recruitment, we used
an S. Typhimurium and L. pneumophila co-infection system.
Selective autophagy targets a fraction (~25%) of Salmonella-
containing vacuoles (SCVs) at 1 h post-infection, as evidenced
by the LC3-positive SCVs observed in GFP-LC3 expressing HeLa
cells challenged with S. Typhimurium (Figure 1 SR-11). When
HeLa cells were co-infected with wild-type L. pneumophila, LC3
recruitment to SCVs was reduced (Figure 1 SR-11+Lp01). In
contrast, in HeLa cells co-infected with L. pneumophila strains
lacking functional Dot/Icm T4SS or RavZ, LC3 recruitment to
SCVs was not affected (Figure 1 SR-114+Lp01 AdotA/AravZ).
These results illustrate that the co-infection experiment can be
used to identify a L. pneumophila effector responsible for the
restriction of LC3 recruitment to bacteria-containing vacuoles.
These results also demonstrate that the restriction of LC3
recruitment to SCVs in the experimental condition can be
explained solely by the function of the L. pneumophila effector
RavZ, and any other effectors play only a limited role.

Legionella Co-infection Restricts p62,

NDP52, and Ubiquitin Recruitment to SCVs
Adaptor proteins such as p62 and NDP52 carry both LC3-
and ubiquitin-binding domains and are proposed to play a
critical role in the recognition of invading microorganisms and
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FIGURE 1 | Legionella interferes with LC3 recruitment to SCVs in a T4SS- and
RavZ-dependent manner. Hela cells expressing GFP-LC3 were co-infected
with Salmonella expressing mCherry and Legionella for 1 h. (A) LC3
recruitment to SCVs was visualized by fluorescence microscopy. (B) Average
percentage of LC3-positive SCVs in the cells was calculated from three
independent examinations. Data present the average + SD; *P < 0.02.

the induction of selective autophagy. We thus examined the
effect of co-infecting L. pneumophila on the recruitment of
these adaptor proteins to SCVs. A fraction of SCVs acquired
GFP-p62 or GFP-NDP52 in HeLa cells producing GFP-p62
or GFP-NDP52 respectively at 1 h post-infection (Figure 2
SR-11). Intriguingly, the recruitment to SCVs of both GFP-
p62 and GFP-NDP52 was severely restricted by co-infecting
L. pneumophila, as in the case of LC3 (Figures2A,B,C SR-
114+Lp01). The restriction was dependent on the presence of
functional Dot/Icm T4SS in the co-infecting L. pneumophila
(Figures 2A,B,C SR-114+Lp01 AdotA). RavZ disruption restored
the GFP-p62 and GFP-NDP52 recruitment to extents similar to
or somewhat less than those observed in HeLa cells infected
solely with S. Typhimurium (Figures 2A,B,C SR-11+AravZ).
We also examined the recruitment to SCVs of Tecprl-GFP,
another autophagy adaptor protein that does not possess
ubiquitin-binding activity. In contrast to GFP-p62 and GFP-
NDP52, Tecprl-GFP recruitment to SCVs was not affected

by co-infecting L. pneumophila (Figures 2A,D). These results
prompted us to examine ubiquitin recruitment to SCVs,
an upstream event before adaptor recruitment, in the co-
infection system. Using immunofluorescence microscopy with
anti-conjugated-ubiquitin antibody (FK2), we found that the
fraction of ubiquitin-positive SCVs was significantly reduced
in the presence of co-infecting L. pneumophila, (Figures 3A,B
SR-114Lp01). As in the case of LC3, p62, and NDP52, the
restriction required a functional Dot/Icm T4SS and the effector
RavZ of co-infecting L. pneumophila (Figures 3A,B SR-11+Lp01
AdotA/AravZ).

RavZ Restricts Ubiquitin Recruitment to
SCVs

The L. pneumophila effector RavZ appears to be necessary
for the reduction of ubiquitin-positive SCVs in the co-
infection condition. To test whether RavZ was suflicient for this
reduction, we examined ubiquitin recruitment to SCVs in HeLa
cells ectopically expressing RavZ (Figure 4A). The fraction of
ubiquitin-positive SCVs in 3xFLAG-RavZ producing HeLa cells
was lower (~5%) than that in vector-transfected cells (~30%),
indicating that RavZ is sufficient for the restriction. RavZ
deconjugates LC3, and the RavZcysga mutation disrupts this
enzymatic activity. Ectopic expression of 3xFLAG-RavZc;sga did
not affect ubiquitin recruitment to SCVs, demonstrating that the
same enzymatic activity is required for the restriction of ubiquitin
recruitment to SCV's (Figure 4A).

To further characterize the role of RavZ in decreasing
ubiquitin-positive ~ SCVs, we wused semi-permeabilized
Salmonella-infected HeLa cells. The semi-permeabilized cells
were washed to remove cytoplasmic proteins and compounds,
and purified His-RavZ or His-RavZcisga was added back at
various concentrations. LC3 and ubiquitin levels on SCVs
were determined by immunofluorescence staining using
specific antibodies. Treatment with His-RavZ at a saturating
concentration of 25 pg/ml (430 wM) decreased LC3 detectable
on SCVs (Figure4B, FigureS1A). In the same condition,
the fraction of ubiquitin-positive SCVs was reduced two-
fold (Figure 4C). The added His-RavZ significantly reduced
ubiquitin and LC3 levels on SCVs at a concentration as low as
0.008 pg/ml (140 nM), and the reactions were readily saturated
as His-RavZ concentration increased (Figure S1), indicating the
RavZ activity toward ubiquitin had an effective concentration
comparable to that of its activity toward LC3. There was a
residual fraction of ubiquitin-positive SCVs even at the saturated
concentration of RavZ, suggesting that a certain fraction or
species of ubiquitin cannot be removed by the action of RavZ
(Figure S1B). Collectively, these results demonstrated that the
activity of RavZ is necessary and sufficient for the reduction of
ubiquitin levels on SCVs, presumably by enzymatically removing
ubiquitin from unknown substrates on Salmonella or SCVs.

RavZ Does Not Affect Ubiquitin

Recruitment to LCVs
We examined whether RavZ inhibits ubiquitin recruitment
to LCVs in L. pneumophila-infected cells. In HeLa cells
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FIGURE 2 | Legionella interferes with the recruitment of ubiquitin-dependent adaptor proteins to SCVs in a T4SS- and RavZ-dependent manner. Hela cells
expressing GFP-p62, GFP-NDP52, or Tecpr1-GFP were co-infected with Salmonella expressing mCherry and Legionella for 1 h. (A) Recruitment of the adaptor
proteins to SCVs was visualized by fluorescence microscopy. Adaptor-positive SCVs are indicated by arrows. Average percentage of p62 (B), NDP52 (C), or Tecpr1
(D)-positive SCVs in transfected cells was calculated from three independent examinations. Data present the average + SD; *P < 0.02, **P < 0.01.

infected with a L. pneumophila AravZ strain, the frequency  appearance of LCVs highly decorated with ubiquitin in a T4SS-
of ubiquitin-positive LCVs was not significantly affected by  dependent manner (Figure5). However, up to 10 h post-
ectopically expressed 3xFLAG-RavZ or its catalytic mutant infection, there was no significant difference in the fractions
(Figure 4D). In mouse bone marrow-derived macrophages  of ubiquitin-positive LCVs containing wild-type and AravZ
(BMDMs), infection with L. pneumophila resulted in the  strains. It has been shown that ubiquitin recruitment to LCVs
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FIGURE 3 | Legionella interferes with ubiquitin recruitment to SCVs in a T4SS-
and RavZ-dependent manner. Hela cells were co-infected with Salmonella
expressing mCherry and Legionella for 1 h. (A) Recruitment of ubiquitin to
SCVs was visualized by immunofluorescence microscopy. Conjugated
ubiquitin was stained with the FK2 antibody (green). (B) Average percentage of
ubiquitin-positive SCVs in the cells calculated from three independent
examinations. Data present the average + SD; **P < 0.01.

requires bacterial protein synthesis (Dorer et al., 2006). To
examine the possibility that the persistent ubiquitin recruitment
to LCVs obscures RavZ-dependent ubiquitin reduction, we
repeated this experiment in the presence of chloramphenicol,
a bacterial translation inhibitor, in order to restrict de novo
supply of ubiquitin to LCVs (FigureS2). The fraction of
ubiquitin-positive LCVs was strongly reduced in the presence of
chloramphenicol, while again there was no significant difference
in the fractions of ubiquitin-positive LCVs containing wild-
type and AravZ strains. These results do not support a

potential contribution of RavZ to removing ubiquitin from
LCVs.

The RavZ-Dependent Reduction of
Ubiquitin-Positive SCVs Does Not Require

a Functional LC3 Conjugation System

Autophagy adaptor proteins p62 and NDP52 can bind both to
ubiquitin and to LC3. RavZ possesses the enzymatic activity
to irreversibly deconjugate LC3 from PE. Therefore, one of
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FIGURE 4 | Legionella RavZ appears to remove ubiquitin from SCVs in a
manner dependent on the catalytic residue responsible for autophagy
inhibition. (A,D) 3xFLAG-RavZ or its catalytic mutant was expressed in HelLa
cells by transfection. The cells were infected with Salmonella expressing
mCherry (A) or Legionella (D) for 1 h. (B,C) The purified His-tagged RavZ or its
catalytic mutant protein was supplied into Hela cells expressing GFP-LC3 (B)
or Hela cells (C) semi-permeabilized with Digitonin-containing buffer after 1 h
of infection with Salmonella expressing mCherry. Conjugated ubiquitin was
stained with the FK2 antibody. Average percentage of LC3 (B) or ubiquitin
(A,C,D)-positive SCVs or LCVs calculated from three independent
examinations. Data present the average + SD; *P < 0.02, **P < 0.01.

the possible explanations for the reduction of ubiquitin-positive
SCVs in the presence of functional RavZ is that RavZ-dependent
deconjugation of LC3 leads to destabilization or dissociation
of ubiquitinated complexes containing adaptor proteins in the
vicinity of SCVs. Alternatively, the apparent decrease in ubiquitin
could be attributed to loss of ubiquitinated LC3 from SCVs.
These feedback scenarios predict that the reduction of LC3-
positive SCVs is a prerequisite for the reduction of ubiquitin-
positive SCVs. To test this possibility, we examined the ubiquitin
levels on SCVs in Atg7 knockout (KO) MEF cells, in which
LC3 conjugation to PE does not take place (Komatsu et al.,
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FIGURE 5 | RavZ appears not to affect ubiquitin recruitment to LCVs. Mouse
bone marrow-derived macrophages were infected with Legionella for the
indicated hours. (A) Recruitment of ubiquitin to LCVs was visualized by
immunofluorescence microscopy. Legionella was stained with anti-Legionella
antibody (red). Conjugated ubiquitin was stained with the FK2 antibody
(green). Ubiquitin-positive LCVs are indicated by arrows. (B) Percentage of
ubiquitin-positive LCVs. Data present the average + SD calculated from three
independent experiments.

2005) (Figure 6). We found that the RavZ-dependent reduction
of ubiquitin-positive SCVs was observed both in wild-type
and Atg7 KO MEF cells (Figure 6). This strongly suggests
that the RavZ-dependent restriction of ubiquitin-positive SCVs
does not result from the RavZ-mediated deconjugation of LC3
from PE.

DISCUSSION

Autophagy is carried out by a set of Atg proteins. Among
the ~30 Atg proteins, the ubiquitin-like proteins Atgl2 and
Atg8 have important roles in the process (Geng and Klionsky,
2008). Similarly to the proteins involved in ubiquitin conjugation
reactions, E1 and E2-like Atg proteins (Atg7 and Atg3/10
respectively) have been identified (Shintani et al., 1999; Tanida
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*¥
35 * %k | I 18 %k le
16 f
30 I I

) X 14
wI
> 25 L
3 Q 12
4] ]
£ 20 2 10
%) ‘@
o
2 15 3 8
= (=)
E E ¢
3
Z 10 z
=) 5 4

3 7

0 0

Y L * L
o0 Q@A c)ooV' & Q:Z»A (,)‘b\?.
¥ & & ¥ & 2
& & &V
°)+ (9& o)'\' Q’Q\
Q\Y <<\’\>
3¢ ¥

FIGURE 6 | Deficiency for LC3 maturation is not a cause of RavZ-mediated
ubiquitin reduction on SCVs. Wild-type (A) or Atg7 knockout (B) MEF cells
expressing RavZ or its catalytic mutant were infected with Salmonella
expressing mCherry for 1 h. Conjugated ubiquitin was stained with the FK2
antibody. Percentage of ubiquitin-positive SCVs calculated in three
independent experiments. Data present the average + SD; **P < 0.01.

et al,, 1999; Ichimura et al., 2000; Geng and Klionsky, 2008).
Atg8 is a yeast counterpart of LC3, and structural studies of
Atg8 family proteins including LC3 (Kouno et al., 2005) revealed
structural similarity to ubiquitin (Shpilka et al., 2011). Atg8-PE
conjugation is a crucial step for autophagosome maturation and
is a reversible by the deconjugation enzyme Atg4 (Nakatogawa
et al., 2007). RavZ was found to possess Atg4-like activity to
deconjugate Atg8 family proteins from PE. There were several
critical differences in their enzymatic activities. RavZ cleaves
a distinct amide bond of LC3-PE from that targeted by Atg4
(Choy et al., 2012). Therefore, LC3 deconjugation by RavZ is
an irreversible process in which deconjugated LC3 is no longer
available for reconjugation to PE. Furthermore, RavZ cleaves LC3
conjugated to PE but not to another protein such as YFP, whereas
Atg4 can cleave both LC3-PE and LC3-YFP.

The experiment using semi-permeabilized cells demonstrated
that pre-existing ubiquitin on SCVs can be targeted by RavZ
and that the reduction in ubiquitin-positive SCVs is dependent
on the active site of RavZ, which is known to be responsible
for LC3 delipidation (Figure 4). Furthermore, the effect was
observed in the absence of LC3 conjugation to SCVs (Figure 6).
One possible explanation for these results is that the known
amide-bond-cleavage activity of RavZ targets not only LC3-PE
but also ubiquitin-conjugated molecules on SCVs. The recently
solved crystal structure of RavZ suggests mechanisms for how
RavZ preferentially targets the early autophagosomal membrane
to cleave lipid-conjugated LC3 (Horenkamp et al., 2015). The
structure contained a catalytic domain that showed structural
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similarity with Ulp family deubiquitinase-like enzymes and a C-
terminal domain including a phosphatidylinositol 3-phosphate
(PI3P) binding site. These and our results raise the possibility
that RavZ has deubiquitinase-like enzymatic activity depending
on binding to PI3P present on bacterial vacuoles. A recent report
about chemical approaches using semisynthetic LC3 proteins
with various modifications described that RavZ activity is strictly
dependent on the lipid structure of the substrate (Yang et al.,
2017). Together with the fact that RavZ recognizes the LC3
conjugated to a phosphoglycerolipid PE but not LC3-protein
conjugates (Choy et al, 2012), it is tempting to speculate
that RavZ may have activity toward ubiquitin conjugated to
some phosphoglycerolipids containing an amine group, for
example PE and phosphatidylserine (PS) in bacteria-containing
vacuoles. Cellular polyubiquitin levels are not affected by ectopic
expression of RavZ, indicating that RavZ is not likely to be
a canonical deubiquitinase (Figure $3). Such a ubiquitin-lipid
conjugate might play a role as a signal for selective autophagy.
Although this is an intriguing hypothesis, the possibility still
remains that RavZ might play an indirect role in ubiquitin
removal from SCVs, in a manner dependent on the same active
site for LC3 deconjugation but not on the removal of LC3. It
was reported that a subset of cytosolic Salmonella associates with
autophagy proteins (Yu et al., 2014). In this context, ubiquitin
or LC3 located on not only bacterial vacuoles but also cytosolic
bacteria might be targeted by RavZ activity. Future studies to
clarify the molecular mechanisms of ubiquitin removal from
bacterial-containing vacuoles mediated by RavZ may shed light
on the recognition process of selective autophagy, an important
host response for restricting invading microorganisms.
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The Legionella genus comprises more than 60 species. In particular, Legionella
pneumophila is known to cause severe illnesses in humans. Legionellaceae are
ubiquitous inhabitants of aquatic environments. Some Legionellaceae are motile and their
motility is important to move around in habitats. Motility can be considered as a potential
virulence factor as already shown for various human pathogens. The genes of the flagellar
system, regulator and structural genes, are structured in hierarchical levels described as
the flagellar regulon. Their expression is modulated by various environmental factors.
For L. pneumophila it was shown that the expression of genes of the flagellar regulon is
modulated by the actual growth phase and temperature. Especially, flagellated Legionella
are known to express genes during the transmissive phase of growth that are involved in
the expression of virulence traits. It has been demonstrated that the alternative sigma-28
factor is part of the link between virulence expression and motility. In the following review,
the structure of the flagellar regulon of L. pneumophila is discussed and compared to
other flagellar systems of different Legionella species. Recently, it has been described
that Legionella micdadei and Legionella fallonii contain a second putative partial flagellar
system. Hence, the report will focus on flagellated and non-flagellated Legionella strains,
phylogenetic relationships, the role and function of the alternative sigma factor (FliA) and
its anti-sigma-28 factor (FIgM).

Keywords: Legionella, flagellar regulon, flagellin, virulence, FliA, FleQ, alternative sigma factor

INTRODUCTION AND OVERVIEW

The Legionellaceae family consists of a single genus: Legionella that comprises more than 60
species so far (Gomez-Valero et al., 2009; Bajrai et al., 2016; Khodr et al., 2016). New species
are identified continuously (i.e., Legionella drancourtii, Legionella gresilensis, and Legionella
beliardensis), extending the list of known Legionella species (Lo Presti et al., 2001; La Scola et al.,
2004; Gomez-Valero et al., 2009; Rizzardi et al., 2015; Bajrai et al., 2016; Khodr et al., 2016). More
than 20 pathogenic Legionella species are known today that differ in their ability to infect hosts
and to cause severe to mild diseases in humans (Rizzardi et al., 2015). Human pathogens known to
cause the Legionnaires’ disease—an atypical pneumonia—are for instance Legionella pneumophila,
Legionella micdadei, and Legionella longbeachae (Yu et al., 2002; Whiley and Bentham, 2011).
Legionella known to cause the Pontiac fever—a mild flu-like disease—are for instance Legionella
feelei, L. micdadei and Legionella anisa, but also L. pneumophila. Often Legionella strains of the
same species and same serogroup cause one of the mentioned diseases (Swanson and Hammer,
2000; Fields et al., 2002; Wang et al., 2015).
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Nevertheless, it was assumed that humans are accidental
hosts of Legionella species within which the bacterium replicates
(Horwitz and Silverstein, 1980; Cianciotto et al., 1989; Horwitz,
1992; Fields, 1996; Neumeister et al., 1997; Newton et al,
2010). Known natural hosts are protozoa, especially free-living
amoebae: Acanthamoeba spp., Naegleria spp., or Hartmanella
vermiformis (Barbaree et al, 1986; Rowbotham, 1986; Fields,
1996; Atlas, 1999; Fields et al., 2002; Greub and Raoult, 2004;
Abdel-Nour et al.,, 2013; Richards et al., 2013; Cateau et al,,
2014). Accordingly, in general, Legionella species are prevalent
inhabitants of soil, mud and above all of aquatic environments
(Fliermans et al., 1981; Fields, 1996; Atlas, 1999; Gomez-Valero
etal., 2009; Declerck, 2010; Schalk et al., 2014; Currie and Beattie,
2015). The ability of L. pneumophila to grow within biofilms
made by Klebsiella pneumoniae or Pseudomonas aeruginosa
in aquatic or wet environments raised questions about their
host-free persistence (Stewart et al., 2012). In connection with
favorable aquatic habitats and potential protozoa hosts, especially
flagella-driven motility of some Legionella spp. is an important
feature needed to move around, to find new hosts and to form
maybe even biofilms (Kirov et al., 2004; Danhorn and Fuqua,
2007; Heuner and Albert-Weissenberger, 2008). For Legionella
infecting humans, motility may also be crucial for spreading
within lungs of patients, as flagellated forms of L. pneumophila
were detected in alveolar spaces (Chandler et al., 1980; Jager
et al., 2014). Recently, it was published that L. feelei strains that
cause Legionnaires” disease are flagellated while L. feelei strains
that cause the Pontiac fever are non-flagellated (Wang et al,
2015). The majority of Legionella species are flagellated (Elliott
and Johnson, 1981; Bornstein et al., 1991; Bangsborg et al., 1995;
Heuner et al.,, 1995), but not all pathogenic Legionella have a
complete flagellar regulon (i.e., L. longbeachae and Legionella
oakridgensis, see below) (Orrison et al., 1983; Heuner et al., 1995;
Cazalet et al., 2010; Kozak et al., 2010; Brzuszkiewicz et al., 2013).

The assumption that the expression of flagella and virulence
are linked was already made at an early stage (Rowbotham,
1986) and later on confirmed. It was shown that there is a
regulatory link between the expression of a virulent phenotype
and the flagellum (Pruckler et al., 1995; Byrne and Swanson,
1998; Hammer et al., 2002; Gal-Mor and Segal, 2003; Molofsky
et al, 2005; Heuner and Albert-Weissenberger, 2008; Albert-
Weissenberger et al., 2010; Schulz et al., 2012). The expression
of flagellar genes is regulated on the flagellar regulon, extensively
investigated in L. pneumophila due to its biphasic intracellular
life cycle during which the bacterium undergoes a shape
change. Within the host, after replication inside of Legionella-
containing vacuoles (LCVs), when nutrients become limited,
L. pneumophila differentiates into a flagellated, non-replicating
form. The flagellated, transmissible, mature form is stress-
resistant, virulent and metabolically resting as well as infectious
(abbr. MIF) (Rowbotham, 1986; Byrne and Swanson, 1998;
Heuner et al., 1999; Swanson and Hammer, 2000; Faulkner and
Garduno, 2002; Garduno et al., 2002; Hammer et al., 2002;
Molofsky and Swanson, 2004; Fonseca and Swanson, 2014;
Eisenreich and Heuner, 2016). The actual release process of
mature forms is still under discussion: either the bacteria are
released from the LCV into the environment by lysis of the host

or the bacteria are released first into the cytosol of the host and
then after an additional putative round of replication into the
environment (Rowbotham, 1986; Molmeret et al., 2004). The
latter hypothesis implies that the flagellum is produced inside
the cytosol of the host and not in LCVs as proposed earlier.
Furthermore, there is also a possibility that the bacteria are
released by the host via a non-lytic mechanism (Chen et al., 2004;
Bouyer et al., 2007; Berk et al., 2008). However, the released form
is well-prepared to reinfect new hosts or to differentiate into a
viable-but-nonculturable form (VBNC) meant to enable a long-
term survival of the bacteria (Rowbotham, 1986; Steinert et al.,
1997; Ohno et al., 2003; Molmeret et al., 2010; Al-Bana et al.,,
2014). VBNC forms can be resuscitated when they are taken up
by amoebae (Steinert et al., 1997; Ohno et al., 2003; Al-Bana et al.,
2014). Further, different morphological forms of L. pneumophila
have been recently discussed (Robertson et al., 2014). Next to the
biphasic intracellular life cycle it was shown that L. pneumophila
exhibits also a life stage-specific bipartite metabolism, an area
for further investigations (Schunder et al., 2014; Eisenreich and
Heuner, 2016; Gillmaier et al., 2016; Hauslein et al., 2016).

MOTILITY OF LEGIONELLA

Different forms of bacterial motility are known including
swarming, twitching and sliding. Notably the flagellum—next
to pili—allows bacteria to move. Bacterial motility is often
related to chemotactic behavior that enables a bacterium to
locate special environmental conditions and to get closer to
higher concentrations of attractants (Szurmant and Ordal,
2004; Hazelbauer et al., 2008; Micali and Endres, 2016). Some
Legionella have a chemotaxis system (L. longbeachae, Legionella
parisiensis, and Legionella bozemanii) but most Legionella do not
have the corresponding genes (e.g., L. pneumophila, L. micdadei,
and L. oakridgensis). Moreover, the ability of Legionella to swarm
and to show a chemotaxis behavior has not yet been reported.

Twitching motility is based on a functional type IV pilus.
The ability to move forward by twitching has been reported
for L. pneumophila (Coil and Anne, 2009; Hoppe et al., 2017).
In addition, sliding motility, a surfactant-mediated motility, has
been described for L. pneumophila (Stewart et al., 2009).

THE FLAGELLUM AND THE FLAGELLAR
REGULON

The Structure of the Flagellum and

Flagellar Systems

Most Legionella species are motile due to a single polar flagellum
(Figure 1) (Chandler et al, 1980; Elliott and Johnson, 1982;
Heuner et al,, 1995). More than 50 genes are involved in the
expression of functional flagella, and due to high metabolic
costs, a tight regulation is essential (Chilcott and Hughes,
2000; McCarter, 2006; Osterman et al., 2015). The flagellum
of Legionella consists of a basal body, a hook structure and
a filament (Figure 2; Heuner and Steinert, 2003; Heuner and
Albert-Weissenberger, 2008). For the assembly of the flagellum,
needed proteins (hook, rod and the filament forming proteins)
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are exported out of the cell by a flagellum-specific export
apparatus, a type III-like secretion system (T3SS) (Heuner and
Albert-Weissenberger, 2008; Altegoer and Bange, 2015).

The basal body consists of a rod, three rings
[“membrane/supramembrane” (MS), “peptidoglycan” (P),
and “lipopolysaccharide” (L)] and a motor switch complex
(MotAB). The MotAB is providing the energy for the rotation of
the flagellum (Minamino and Imada, 2015). For the formation of
the slightly curved hook structure, FIgE and FlgD are essential.
The hook cap protein FIgD assists when FIgE is incorporated
into the hook structure (Altegoer and Bange, 2015).

Interestingly, an uncommonly straight hook has been
reported for L. pneumophila mutant strains (AfliA, AfliD, and
AflaA, i.e., aflagellin mutant) (Figure 1) (Schulz et al., 2012). The
findings give credit to the assumption that L. pneumophila might
have a straight hook that is hard to detect in wildtype strains.
The filament consists mainly out of a single protein, the flagellin
(FlaA or FliC) (Figure 2). The cap protein FliD is essential for
the assembly of flagellin subunits into the filament. To assemble
the filament, flagellin is exported through the filament structure
by a flagellum-specific export apparatus (T3SS) and assembled at
the tip of the filament (Heuner and Albert-Weissenberger, 2008;
Altegoer and Bange, 2015).

More details about the flagellum structure can be found in
dedicated review articles (Aldridge and Hughes, 2002; Heuner
and Steinert, 2003; Macnab, 2003; Pallen et al., 2005; Heuner and
Albert-Weissenberger, 2008; Altegoer and Bange, 2015).

Next to the regular flagellar system, a second putative flagellar
system was suspected for two Legionella species: Legionella
fallonii and L. micdadei (Gomez-Valero et al., 2014). Comparative
genome analysis led to the suspicion that the strains do have
homologs to flagellar genes of L. pneumophila. The identified
genetic region is comprised of genes that encode a putative basal
body, a secretion system, as well as a putative hook structure. No
homologs to flaA or fliD were found in the predicted genomic
region. Yet, further investigations are needed to find out if a
T3SS or a putative second flagellum is encoded. Additionally,
in silico investigation, performed on the draft genome sequence
of Legionella israelensis, identified a similar operon. A BLAST
search using the operon (10,041 bp, ctg 064, L. israeliensis
draft-genome; Burstein et al., 2016) as query identified similar
genes in L. drancourtii, L. fallonii, L. worsleiensis, L. quateirensis,
L. birminghamensis, and L. drozanskii (Heuner, unpublished
results). Initial findings show that the operon is present in two
out of three Legionella clades (Figure 3), leaving a margin for
additional studies.

The Flagellar Regulon

The expression of flagellar genes of L. pneumophila is regulated
in a hierarchical cascade (Figure4) (Heuner et al, 1995,
2006; Heuner and Steinert, 2003; Jacobi et al., 2004; Albert-
Weissenberger et al., 2010; Schulz et al., 2012). Their expression
depends on growth phase, temperature, medium viscosity and
nutrient availability (e.g., amino acids and fatty acids) (Ott et al,,
1991; Byrne and Swanson, 1998; Heuner et al, 1999, 2006;
Heuner and Albert-Weissenberger, 2008).

In short, intracellular alarmone accumulation—ppGpp, a
signal molecule, produced when environmental conditions are
unfavorable (e.g., limited nutrient supply)—is regulated by RelA
and SpoT. RelA senses the amount of available intracellular
amino acids and SpoT senses the amount of intracellular fatty
acids (Hammer and Swanson, 1999; Dalebroux et al., 2009, 2010).

Alarmone accumulation triggers the activation of an
alternative stationary-phase sigma factor (RpoS) and of the two
component system LetA/S (Byrne and Swanson, 1998; Hammer
et al., 2002; Zusman et al., 2002; Molofsky and Swanson, 2004;
Dalebroux et al., 2009, 2010; Edwards et al., 2009; Rasis and Segal,
2009; Sahr et al., 2009) (Figure 4). RpoS and LetA/S promote the
transcription of small regulatory RNAs (RsmX, RsmY, RsmZ).
RsmX plays a role in the virulence of L. pneumophila (Sahr et al.,
2012). The transcription of rsmZ/rmsY is also influenced by
a quorum sensing system regulator, LqsR (Tiaden et al., 2007;
Schell et al.,, 2016). The two regulatory RNAs are able to bind a
number of carbon storage regulator molecules (CsrA) at once
(Sahr et al,, 2017). CsrA is a negative regulator and through
the binding on RsmY or RsmZ, other targets of the regulatory
RNAs can be expressed. The expression of transmissive traits
starts and main activator proteins (e.g., FleQ) are produced and
flagellar genes are expressed (Zusman et al., 2002; Molofsky
and Swanson, 2003; Rasis and Segal, 2009; Sahr et al.,, 2009,
2017; Albert-Weissenberger et al., 2010). Notably, some parts
of the function of the negative regulator CsrA (flaA expression
and motility of L. pneumophila) can be “complemented” by
ectopically expressed csrT, a CsrA-like regulatory gene associated
with integrative conjugative elements (Abbott et al., 2015).

CrsA is also controlling a major regulator involved in the
expression of flagella, FleQ (Sahr et al., 2017). FleQ is responsible
for the expression of early flagellar genes belonging to class II
and III genes in an RpoN-dependent and RpoN-independent
pathway (Jacobi et al., 2004; Albert-Weissenberger et al., 2010;
Schulz et al., 2012). RpoN is an enhancer-binding protein
encoding an alternative sigma factor that initiates transcription
when activator proteins like FleQ, FleR, and PilR (Jacobi et al,,
2004) are present. When class II and III genes are expressed,
the activity of FliA—the alternative sigma factor—leads to the
expression of class IV genes and the assembly of the flagellum
(Figure 4). RpoN and FleR seem to be responsible for a negative
feedback loop on flagellar genes (Albert-Weissenberger et al.,
2010). It was found that RpoS and FlaR (transcriptional regulator
FlaR, LysR family member) are also involved in the expression of
the flagellin gene (Heuner et al., 2000; Bachman and Swanson,
2001, 2004; Rasis and Segal, 2009; Sahr et al., 2009). The
production of FlaA is also regulated by cyclic di-GMP, shown
by the analysis of a gene (cdgS13) coding for a protein with
diguanylate cyclase activity (Levi et al., 2011). The influence of
cyclic di-GMP on flagellum-based motility has been shown for
other bacteria than Legionella species (Wolfe and Visick, 2008).

THE FLAGELLUM AND VIRULENCE

Already early on, it has been hypothesized that virulence and
flagellum expression are genetically linked with each other.
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FIGURE 1 | Electron microscopic images of flagellated and non-flagellated Legionella wild-type strains as a flagella mutant strain. Shown are (A,B) Legionella
pneumophila Corby (Lpc wt) and (C) Legionella oakridgensis (Loa wt) wild-type strains that are either representative of flagellated or non-flagellated Legionella. An
electron microscopic image of a fliA L. pneumophila mutant strain (Lpc AfiiA), is also shown (D). The straight hook structure of the mutant strain is indicated by black
arrows (D). Bacteria were grown in AYE medium at 30°C and the samples were stained with 0.5% uranyl acetate. White scale bars: 1 um; black scale bars: 200 nm.

It has been shown that motile, transmissive Legionella were
more infectious for amoebae than non-motile replicative phase
Legionella (Rowbotham, 1986; Pruckler et al., 1995; Bosshardt
et al, 1997; Byrne and Swanson, 1998; Hammer et al., 2002;
Heuner et al., 2002; Molofsky et al., 2005; Heuner and Albert-
Weissenberger, 2008). Different experiments could show that the
motility but not the flagellin promotes the contact with host cells.
Motility increases the infectivity and the fitness. Furthermore, it
turned out that the flagellum is not necessary for intracellular
replication (Pruckler et al., 1995; Dietrich et al., 2001; Polesky
etal., 2001; Heuner et al., 2002; Jacobi et al., 2004; Molofsky et al.,
2005; Schulz et al., 2012).

The four major regulators of the flagellar regulon (RpoN,
FleQ, FleSR, FliA) seems to be involved in the invasion process of
L. pneumophila into hosts. These findings point out the proposed
link between virulence traits and flagellum expression (Dietrich
et al, 2001; Hammer et al., 2002; Molofsky et al., 2005; Heuner

and Albert-Weissenberger, 2008; Albert-Weissenberger et al.,
2010; Schulz et al., 2012). Especially the FliA regulon plays an
important role (please, see the section: FliA and its implication in
virulence below). FliA, but not the flagellin (flaA), is involved into
the ability of L. pneumophila to form biofilm that allow bacteria
to survive whenever environmental conditions are not favorable.
(Mampel et al., 2006). Notably unwanted biofilms are a health
issue causing a significant amount of nosocomial infections
(Bryers, 2008). Legionella are known to survive within biofilm
of other bacteria (e.g., Klebsiella pneumophila and Pseudomonas
aeruginosa) (Molofsky et al., 2005; Stewart et al., 2012). More
recently, findings about L. pneumophila’s ability to form biofilms
by itself in natural environments and on medical devices have
attracted attention (Lau and Ashbolt, 2009; Abu Khweek et al.,
2013). Biofilm formation is regulated by temperature, surface
material and intracellular growth (Konishi et al., 2006; Piao et al.,
2006; Bigot et al., 2013) and biofilm-derived L. pneumophila do
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FIGURE 2 | Overview of the structure of a flagellum. Schematic drawing of a flagellum consisting of basal body, hook structure and filament. Cap, FIiD protein that is
essential for the assembly of the filament, Motor, MotAB proteins that provide energy for the rotation; T3SS, type lll-like secretion system; FIgD (not shown), the hook
cap protein needed to incorporate FIgE; IM, inner membrane; OM, outer membrane; PG, peptidoglycan layer; (Heuner and Albert-Weissenberger (2008), modified).

not express flagellin (Abu Khweek et al., 2013). More information The expression of flagellar class IIT and IV genes is induced
about biofilms and L. pneumophila can be found in a recent  in a FleQ-dependent manner. The FliA-regulated class IV genes
review (Abdel-Nour et al., 2013). are involved in the assembly of the filament and flagella motility

The flagellum also affects the resistance of hosts to  (flgl, fliD, flaA, motY). Both lead to the complete synthesis of
Legionnaires’ disease and when Legionella do not produce  the flagellum (Jacobi et al., 2004; Albert-Weissenberger et al.,
flagellin they can evade the innate immune response in  2010). The fliA gene itself is expressed in a FleQ-dependent but
macrophages (Hawn et al., 2003; Molofsky et al, 2006; Ren =~ RpoN-independent manner (Albert-Weissenberger et al., 2010).
et al., 2006; Abu Khweek et al., 2013). Resistance is mediated by = Nevertheless, FleQ and RpoN are not necessary for a basal
the Naip5/Ipaf-dependent recognition of flagellin, which induces ~ expression of fliA. For a basal expression, fliA is transcribed
a protective immunity in non-A/] mouse models (Ricci et al,  from a putative sigma-70 promoter element and later, during
2005). Detailed information about addressed points can be found  the exponential phase, the expression of fliA is induced in a
in dedicated reviews (Fontana and Vance, 2011; Schell etal.,, 2016;  FleQ-dependent manner (Schulz et al., 2012). Accordingly, it
Mascarenhas and Zamboni, 2017). was hypothesized that during the exponential phase the basal

fliA promotor activity may be mediated by DksA independent of
the ppGpp concentration, whereas during the post-exponential
phase DksA cooperates with ppGpp to activate fliA (Dalebroux

et al.,, 2010). The identification of the transcription start point o
1 ). The identifi f th p p f
) ) fliA corroborates the presence of a putative DksA binding site, an
FliA Expression A/T rich discriminator site (Schulz et al., 2012).

One of the major regulators involved in the expression of

the flagellum is FliA and an increased alarmone level leads ~ FliA and Its Implication in Virulence

to accumulation of functional FliA (Bruggemann et al., 2006;  FliA is a regulator that is also involved in the expression
Heuner et al., 2006; Dalebroux et al., 2010). The alternative sigma  of putative virulence genes (Bruggemann et al., 2006; Albert-
factor (02%) is directly involved in the regulation and expression ~ Weissenberger et al., 2010; Tlapak et al., 2017).

of the flagellin gene (flaA) and others (Figure 4). A fliA mutant Several investigations performed on a fliA mutant strain
of L. pneumophila does not produce flagellin and is consequently ~ of L. pneumophila pointed out that the mutant (at low
non-flagellated. Moreover, a AfliA mutant of Escherichia colican ~ MOI) is not replicating in host cells anymore (Dictyostelium

be completed with a fliA gene of L. pneumophila (Heuner et al.,  discoideum). The fliA mutant seems to be less infectious
1995, 1997, 2002; Bruggemann et al., 2006; Albert-Weissenberger ~ for macrophages and non-cytotoxic to bone marrow-derived
etal., 2010; Schulz et al., 2012). macrophages. Moreover, the mutant has a reduced fitness
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FIGURE 3 | Evolutionary relationships of Legionella species and distribution of flagellar regulon and chemotaxis genes. Shown is a phylogenetic tree of Legionella spp.
based on the fliA gene (left side) and also the distribution of flagellar regulon and chemotaxis genes (right side). The phylogenetic tree was reconstructed on the basis
of the fliA gene using the Neighbor-Joining method (Saitou and Nei, 1987) and a bootstrap of 1,000 (Felsenstein, 1985). The bootstrap >50 is reported next to the
branches. The phylogenetic distances were computed using the Tamura-Kumar method (Tamura and Kumar, 2002) and refers to the units of the number of base
substitutions per site. For the evolutional analysis, performed in MEGA7 (Kumar et al., 2016), position containing gaps and/or missing data were eliminated. To
determine whether selected genes belonging to the flagellar regulon and chemotaxis genes are present among investigated Legionella, an in silico BLAST search was
performed using Legionella draft genomes recently published by Burstein et al. (2016). The complete structure of genes of the flagellar regulon of L. pneumophila
strain Corby, L. longbeachae, L. israeliensis, and L. oakridgensis are given in Figure 5. Data for L. pneumophila strains were taken from Cazalet et al. (2010), Glockner
et al. (2008), and Albert-Weissenberger et al. (2010). Legionella clade | is highlighted in green, clade Il in blue and clade Ill in purple. On the left, in the phylogenetic
tree, possible time points when the flagellin gene (flaA) and the chemotaxis (che) genes were lost (=) or acquired (+) are indicated with arrows. On the right, the
presence (+) and/or absence (-) of selected genes belonging to the flagellar regulon, the chemotaxis operon or an operon encoding a putative second flagellum or a
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potential in amoebae (Dietrich et al., 2001; Hammer et al.,
2002; Heuner et al, 2002; Jacobi et al, 2004; Molofsky
et al., 2005; Heuner and Albert-Weissenberger, 2008; Schulz
et al.,, 2012). Likewise, a fliA mutant strain of L. oakridgensis
showed a reduced fitness in its host (Acanthamoeba lenticulata)
(Tlapak et al., 2017). In addition, another L. pneumophila fliA
mutant strain exhibited a reduced ability to form biofilms
(Mampel et al., 2006).

FliA is obviously a virulence factor, and target genes of fliA
were investigated to understand its implication for virulence
(Bruggemann et al., 2006; Albert-Weissenberger et al., 2010;
Tlapak et al., 2017). Target genes of fliA in L. pneumophila
strains include genes of the flagellar regulon (e.g., flaA and fIgM)
and others (e.g., enhA and IvrA), illustrated in Figure4 and
listed in Table 1 (Bruggemann et al., 2006; Albert-Weissenberger
et al,, 2010; Schulz et al., 2012). Other identified FliA-dependent
genes encode for putative virulence factors corroborating the
involvement of FliA in the establishment of Legionella infections.
Identified putative virulence factors are: Ipp0952, Ipp1290, and
Ipp0972. The first one, Ipp0952, is coding for a GGDEF/EAL

and PAS/PAC domain protein (Bruggemann et al., 2006; Albert-
Weissenberger et al, 2010). The two remaining genes are
homologs of the enhanced entry proteins EnhA. Respective
homologs were also found in L. longbeachae which is non-
flagellated, putatively associated with the flagellar system (Kozak
etal., 2010).

Recently, especially L. oakridgensis simplified the
identification of fliA targets potentially involved in virulence
(Tlapak et al., 2017). L. oakridgensis strains are non-flagellated,
the entire flagellar regulon is missing and only homologs of
FliA and FIgM are present (Figure5). L. oakridgensis is less
infectious then L. pneumophila, but still causes Legionnaires’
disease. In addition, L. oakridgensis replicates in guinea pigs, in
human cell lines, in Acanthamoeba lenticulata and for growth
in media no additional cysteine is needed. (Orrison et al., 1983;
Fields et al., 1986; O’Connell et al., 1996; Neumeister et al., 1997;
Lo Presti et al., 2001; Brzuszkiewicz et al., 2013). Nevertheless,
L. oakridgensis exhibits a functional T4SS, homologs of known
virulence factors, as well as newly identified virulence factors
(Brzuszkiewicz et al., 2013). L. oakridgensis is used to investigate
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FIGURE 4 | The flagellar regulon cascade. The regulatory cascade which
leads to the expression of proteins that are needed to construct a functional
flagellum is shown (Heuner and Albert-Weissenberger, 2008; Sahr et al., 2017,
modified). Specific environmental factors lead to the activation of the pathway
through alarmone (ppGpp) accumulation. Some main players of the flagellar
regulon cascade are: the activator protein FleQ, the alternative sigma factor 28
(FliA), the two-component system (LetA/S) and the carbon storage regulator
(CsrA) as examples. FleQ is the master regulator of the flagellar genes (Class |l
and class ll). FliA is the regulator of flagellar genes of class IV. Black lined,
continuous arrows refer to positive regulation events. The broken lines in black
refer to negative regulatory effects of respective factors. Question marks (?)
indicate pathway points with putative mode of actions that need to be
specified by further investigations. RsmXYZ, regulatory RNAs; FlaA, flagellin;
FlaR, transcriptional regulator (LysR family); FleQ and FleR, sigma factor 54
activator protein; FIgM, anti-sigma 28 factor; RpoS, alternative sigma 38 factor.

FliA since a fliA L. oakridgensis knockout will not cause the
inactivation of the entire flagellar regulon and target genes
of FliA can still be identified as well as genes involved in the
expression of virulence traits. However, mutant strain analyses
aimed at identifying target genes of FliA in L. oakridgensis
yielded no results for putative FliA-dependent virulence genes
yet (Table 1; Tlapak et al., 2017). Additional investigations are
needed including phenotypic characterizations and deletion
analyses of further target genes of FliA.

FliA-FIgM Interaction in Legionella

oakridgensis

Flagellated bacteria regulate the FliA activity often post-
transcriptionally. For Salmonella, Escherichia, and Vibrio species
it is known that an anti-sigma-28 factor (FIgM) binds FliA,
preventing the binding of FliA to FliA-dependent promoter sites,
and FliA-dependent genes are consequently not translated. After

assembling of the hook-basal body structure, FIgM is exported
and FliA is not repressed anymore (Gillen and Hughes, 1991;
Ohnishi et al., 1992; Chilcott and Hughes, 2000; Aldridge et al.,
2006). In Helicobacter pylori, the FIgM protein is inactivated
instead of being exported out of the cells (Rust et al., 2009). FliA-
FlgM interactions in Legionella are still unknown. Recent findings
suggest that FliA-FIgM interaction might be different than in
other flagellated bacteria, at least for L. oakridgensis. Respective
species do not have a flagellum (Figure 1C), a flagellar regulon
(Figure 5) and a basal body although flgM and fliA homologs
are present which encode for functional FIgM and FliA proteins
(Brzuszkiewicz et al., 2013; Tlapak et al., 2017); consequently, the
mechanism controlling FliA-FIgM interactions must be different.
For L. pneumophila as well as for L. oakridgensis it was
found that the expression of FIlgM or homologs is sigma-28-
dependent (Albert-Weissenberger et al., 2010; Tlapak et al.,
2017). Although L. oakridgensis has no flagellar system, the
expression of fliA-dependent genes is growth phase- and
temperature-dependent (Heuner et al., 1999; Tlapak et al., 2017).
Moreover, for L. oakridgensis it was demonstrated that FlgM is
a negative regulator of FliA-dependent genes and the protein
itself seems to be degraded in a growth phase- and temperature-
dependent manner (Tlapak et al., 2017). Thus, it seems likely
that, as described for H. pylori, FIgM in L. oakridgensis is
degraded by protease activity instead of being secreted. However,
investigations are needed to show if FIgM in L. pneumophila is
effectively secreted in a basal body-dependent manner.

DISTRIBUTION OF THE FLAGELLAR
SYSTEM AMONG LEGIONELLA SPECIES

Phylogenetic reconstruction—based on concatenated amino acid
alignment of 78 orthologous ORFs—divided the Legionella
species into three major clades (clade I and clade II, clade III)
(Burstein et al., 2016). Clade I is comprised of most Legionella
species including L. pneumophila, L. parisiensis, L. bozemanii,
and L. longbeachae (Burstein et al., 2016). Clade II comprises
among others L. feelei and L. micdadei and clade III, a deep-
branching clade, includes three members: Legionella adelaidensis,
L. oakridgensis and Legionella londiniensis (Burstein et al,
2016). Phylogenetic reconstructions performed herein, yielded
similae results that are given in Figure 3. As opposed to former
investigations, the phylogenetic tree was reconstructed on the
basis of the fliA gene.

The flagellar system can be found in Legionella species
classified as clade I or II (Cazalet et al., 2004, 2010; Chen et al.,
2004; Bruggemann et al., 2006; Glockner et al., 2008; Kozak
et al,, 2010; Brzuszkiewicz et al., 2013; Gomez-Valero et al.,
2014; Burstein et al., 2016), but not in clade III Legionella. Clade
III Legionella do not have a functional flagellar system and do
not have most of the flagellar regulon genes, except for fliA
and its anti-sigma factor flgM (L. oakridgensis, L. adelaidensis,
and L. londiniensis) (Cazalet et al., 2010; Brzuszkiewicz et al.,
2013; Tlapak et al, 2017) and two additional genes: fleQ
and fleN (L. londiniensis) (Figures 3, 5). Also, some clade I
Legionella species do not have a functional flagellar system
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TABLE 1 | Genes belonging to the FliA regulon (FliA target genes) of
L. pneumophila Paris (Lpp)*.

Gene name Annotation FC

$ lpp1294, flaA Flagelline 0.003
lop1293, flaG Unknown 0.007
§ Ipp0972 Similar to enhanced entry protein EnhA 0.010
#§ Ipp2282 Unknown 0.024
lpp1746, fliA Sigma factor 28 0.042
#§ Ipp2998 Similar to conserved hypothetical protein 0.045
$lpp1292, fliD Flagellar capping protein 0.045
lpp0197 Similar to adenine specific DNA methylase 0.046
lop1291, fiS Similar to flagellar protein FliS 0.048
lop 1745, motA Flagellar motor protein MotA 0.052
$ lpp1290 Similar to enhanced entry protein EnhA 0.053
$ lpp1841 Unknown 0.059
lpp0968, figN Hook-associated protein 0.068
#lpp0969, figM Anti-sigma-28 factor 0.081
lpp0198 Similar to Type lll RM enzyme- helicase subunit 0.097
lpp1050 Unknown 0.114
§ Ipp3034, motY  Similar to sodium-type flagellar protein MotY 0.116
lop1743 Similar to hypothetical poteins 0.122
§ Ipp0952 Regulatory protein (GGDEF and EAL domains) 0.122
lpp2281 Similar to membrane-associated metalloprotease 0.133

proteins

lpp2376 Similar to Legionella vir region protein LvrA 0.165
lpp0763 Weakly similar to L. pneumophila lcmL protein 0.187
lop1941 Unknown 0.202
lpp2634 Similar to hypothetical proteins 0.228
lop 1568, plaB Phospholipase 0.232
§ Ipp2260 Unknown 0.262
Ipp2635, fihB' Similar to FInB protein 0.295
lpp0010 Similar to GTP-binding protein HflX 0.296
Ipp0009 Similar to host factor-1 protein 0.366
plpp0131 Similar to alanyl tRNA synthetase 0.370
lop1742, prfB Highly similar to peptide chain release factor 2 0.371
lpp2386 Unknown 0.374
lpp1234, figL Flagellar hook-associated protein FIgL 0.379

*From Table S7 (Albert-Weissenberger et al., 2010), modified; *Homolog gene belonging
to the FliA-regulon of L. oakridgensis (data from Tlapak et al., 2017); SBelonging to the
FliA regulon of L. pneumophila Paris replicating in A. castellanii (data from Bruggemann
et al., 2006); FC, fold-change values.

(clade I: L. longbeachae, Figure 5, Legionella gratiana, Legionella
cincinnatiensis, Legionella sainthelensi, and L. israelensis). It
has been hypothesized that the loss of flagellar genes has not
happened recently (Kozak et al., 2010). This is corroborated
by the finding that L. longbeachae and all subclade members
are negative for the flagellar regulon but positive for genes
coding for the sigma factor FliA, the regulator FleN and the
two component system comprising of FleR and FleS, as well
as FlgD (Figure 3) (Cazalet et al, 2010; Kozak et al, 2010).
Also L. israelensis is negative for flaA (Heuner et al., 1995) and
most flagellar regulon genes, except: fleQ, fliA, fleN, and flgM
(Figure 5). The finding allows to assume that the flagellar system
may have been lost at different time points during the evolution

of Legionella species (Figure 3). In addition, some genes that
have regulatory functions outside of the flagellar system are still
present (Albert-Weissenberger et al., 2010; Cazalet et al., 2010;
Kozak et al., 2010; Tlapak et al., 2017). The same applies to
flgD which is involved in the assembly of the hook structure
of the flagellum with unassigned hypothetical alternative
functions.

The investigated Legionella genomes were also screened for
the presence/absence of genes of major regulators of the flagellar
system as well as of the chemotaxis operon (Figure 3). It was
found that the genes of the chemotaxis operon are only found
in a subclade of the clade I Legionella. L. longbeachae is the first
Legionella species described to exhibit chemotaxis genes (Cazalet
et al., 2010; Kozak et al.,, 2010) that do not have flagellar genes.
It seemed paradoxical that L. pneumophila is flagella positive but
chemotaxis negative and L. longbeachae is flagella negative but
chemotaxis positive. The distribution of the chemotaxis operon
may indicate that the chemotaxis operon was acquired by a
common "ancestor’ of this sub-tree clade (Figure 3).

CONCLUSION

The review aimed to summarize knowledge gained about
flagella and the flagellar regulon of different Legionella species.
The majority of Legionella species exhibit genes encoding
for a functional flagellum and they are flagellated (Elliott
and Johnson, 1981; Bornstein et al., 1991; Bangsborg et al.,
1995; Heuner et al,, 1995). Motility increases infectivity and
fitness, helping the bacteria to reach new hosts after successful
replication within protozoan host cells and release into aquatic
environments.

Some Legionella—including some pathogenic species (e.g.,
L. longbeachae, and L. oakridgensis)—are not flagellated and most
flagellar regulon genes are absent (Orrison et al., 1983; Heuner
et al,, 1995; Cazalet et al., 2010; Kozak et al., 2010; Brzuszkiewicz
et al, 2013). With the advance in molecular techniques and
the ability to produce and to process metagenomics datasets,
it was found that some of the non-flagellated Legionella have
still parts of the flagellar regulon, mainly genes with regulator
functions.

However, in Legionella flagellum synthesis is associated with
the expression of a virulence phenotype; and motility can be
seen as a virulence and a fitness factor in Legionella and other
bacteria. The alternative sigma factor FliA is also involved in the
expression of virulence traits. FliA-dependent putative virulence
genes were already identified by initial investigations that need
to be extended. Also, additional investigations are needed to
determine the role of FliA and molecular mechanisms of FliA-
FlgM interactions in Legionellae. FIgM and FliA, two main
players involved in the expression of the flagellum genes, are
still present in non-flagellated Legionella, a promising take-
off for future investigations. Nevertheless, the flagellum is
not necessarily needed for an intracellular replication within
host cells. Moreover, in some hosts the Naip5/Ipaf-dependent
recognition of flagellin can cause an innate immune response
leading to resistance against Legionella infections (Molofsky et al.,
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2006; Ren et al., 2006). For example, it was reported that biofilm-
derived L. pneumophila without flagellin expression evade the
innate immune response in macrophages (Abu Khweek et al.,
2013), as it was suggested for the non-flagellated L. longbeachae
(Cazalet et al., 2010; Kozak et al., 2010). It seems that under
certain conditions, the loss of the flagellum may increase the
fitness of bacteria. For instance, L. pneumophila which can
be found mainly in aquatic environments, is still flagellated
whereas L. longbeachae which can be found predominantly

in soil, is non-flagellated (Kozak et al, 2010). Nevertheless,
if the loss of the flagellar system from Legionella species
depends on the habitat or environmental conditions remains
unanswered.

As outlined, flagellated and non-flagellated Legionella are
positive for genes belonging to the chemotaxis operon. The ability
of Legionella to swarm and to show off a chemotaxis behavior has
not yet been reported. Interestingly, some chemotaxis-positive
and flagellar operon-negative Legionella (e.g., L. longbeachae)
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give credit to the assumption that chemotaxis genes may not
be involved in flagellum-mediated motility. Recent investigations
could even show that chemotaxis sensory systems—different
from those found in E. coli—in distinct bacteria (e.g., Myxococcus
spp., Geobacter spp.) are not necessarily involved in bacterial
flagellum-mediated motility (Kirby, 2009; Kozak et al., 2010).
Chemotaxis-like systems seem to be involved among other things
in type IV pilus-based motility and cell to cell interaction and/or
social motility (Kirby, 2009; Kozak et al., 2010). Accordingly,
additional experimentations are needed to investigate the role
of the chemotaxis operon in flagellated and non-flagellated,
chemotaxis-positive Legionella.
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The 1976 outbreak of Legionnaires’ disease led to the discovery of the intracellular
bacterial pathogen Legionella pneumophila. Given their impact on human health,
Legionella species and the mechanisms responsible for their replication within host cells
are often studied in alveolar macrophages, the primary human cell type associated with
disease. Despite the potential severity of individual cases of disease, Legionella are not
spread from person-to-person. Thus, from the pathogen’s perspective, interactions with
human cells are accidents of time and space—evolutionary dead ends with no impact
on Legionella’s long-term survival or pathogenic trajectory. To understand Legionella
as a pathogen is to understand its interaction with its natural hosts: the polyphyletic
protozoa, a group of unicellular eukaryotes with a staggering amount of evolutionary
diversity. While much remains to be understood about these enigmatic hosts, we
summarize the current state of knowledge concerning Legionella’s natural host range, the
diversity of Legionella-protozoa interactions, the factors influencing these interactions,
the importance of avoiding the generalization of protozoan-bacterial interactions based
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on a limited number of model hosts and the central role of protozoa to the biology,
evolution, and persistence of Legionella in the environment.
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In the environment, bacteria are targets of predation by grazing protozoa (Hahn and Hoéfle, 2001;
Published: 30 November 2017

Molmeret et al., 2005). In response to predation, many bacteria have developed strategies to either
avoid predation or survive, and in some cases, replicate within protozoa. As bacteria are destined
to encounter a large number of protozoa species in nature, their fitness will be determined by
the breadth and diversity of protozoa within which they are able to grow. Though many types
of bacteria are able to replicate within protozoa (Greub and Raoult, 2004), this behavior is best
characterized in the bacterial pathogen Legionella, in particular Legionella pneumophila, which will
be the major focus of this review.
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Protozoan Host Range of Legionella

L. pneumophila IN THE ENVIRONMENT

L. pneumophila is ubiquitous in nature (Fliermans, 1996;
van Heijnsbergen et al., 2015). While various species
of Legionella have been isolated from soil and marine
environments, freshwater systems serve as the major reservoirs of
L. pneumophila (Fliermans, 1996; van Heijnsbergen et al., 2015).
L. pneumophila can exist in a planktonic form however, it is more
often found within mixed community biofilms (Mampel et al.,
2006). L. pneumophila intercalates into existing biofilms (Lau and
Ashbolt, 2009; Stewart et al., 2012) where it acquires nutrients
by forming synergistic relationships with other members of
the biofilm (Tison et al., 1980; Pope et al., 1982; Bohach and
Snyder, 1983; Wadowsky and Yee, 1983; Stout et al., 1986;
Stewart et al., 2012; Koide et al., 2014). L. pneumophila is also
capable of surviving in nutrient-poor conditions by necrotrophic
growth on dead cell masses (Temmerman et al., 2006). Although,
its interactions with other bacteria promote L. pneumophila
survival in oligotrophic environments, intracellular growth
within protozoa is likely the predominant mechanism of
L. pneumophila proliferation in its natural habitat (Rowbotham,
1980).

THE IMPACT OF NATURAL HOSTS ON
Legionella PERSISTENCE IN THE
ENVIRONMENT AND PATHOGENESIS

Protozoa function as natural reservoirs of L. pneumophila and
promote disease in humans. The intracellular environment of
the host cell protects L. pneumophila from harsh environmental
conditions while providing a nutrient rich replicative niche
(Greub and Raoult, 2004; Abdel-Nour et al., 2013). The ability
of L. pneumophila to survive within amoebae also protects the
bacteria from killing by water disinfection procedures (Plouffe
et al.,, 1983; King et al., 1988; Kilvington and Price, 1990; Biurrun
et al., 1999; Storey et al., 2004; Bouyer et al., 2007; Garcia et al.,
2008; Cervero-Arago et al., 2014, 2015), a reciprocal relationship
that also enhances survival of the host (Garcia et al., 2007). As
a consequence, L. pneumophila are commonly found in man-
made potable water supply and distribution systems (Ikedo and
Yabuuchi, 1986; Breiman et al., 1990; Yamamoto et al.,, 1992;
Fields et al., 2002; Lasheras et al., 2006; Brousseau et al., 2013;
Thomas et al., 2014). Although, there is one reported case of
probable human-to-human transmission of Legionella (Correia
et al, 2016), the vast majority of evidence suggests a non-
communicable disease. Instead, human exposure predominantly
occurs through the inhalation of contaminated water aerosols
(Fields, 1996), which can lead to pneumonic respiratory disease.
L. pneumophila passaged through amoebae are more virulent in
animal models of infection compared to bacteria grown in broth
culture (Cirillo et al., 1994, 1999; Barker et al., 1995; Brieland
et al., 1996; Gardufio et al., 2002). The earliest description of
L. pneumophila’s interaction with amoebae even proposed that
an important route of human infection may be the inhalation
of the pathogen in an amoebal-encapsulated state (Rowbotham,
1980). Thus, the interaction of L. pneumophila with protozoa is

a critical determinant in both the persistence of Legionella in
environmental and man-made reservoirs, and the incidence and
severity of disease.

THE BROAD HOST RANGE OF
L. pneumophila

Many bacterial pathogens become highly specialized for growth
in one or a small subset of hosts but few are able to grow
in multiple hosts. Host jumping has been observed for some
pathogens but often comes at a price, the inability to grow in
the previous host (Ma et al., 2006). In contrast, L. pneumophila
exhibits an extensive host range replicating within a diverse array
of protozoan hosts that span multiple phyla, from Amoebozoa
(amoebae) to Percolozoa (excavates) to Ciliophora (ciliated
protozoa) (Rowbotham, 1980; Fields, 1996). The ability to
maintain such a broad host range is due to the assembly of a large
cohort of genes that allow L. pneumophila to adapt to variations
between hosts (O’Connor et al.,, 2011). Moreover, the ability to
continually evolve and alter the composition of its virulence gene
repertoire allows L. pneumophila to adapt to shifts in protozoan
populations in their natural habitats (O’Connor et al., 2011).
Since the discovery that L. pneumophila can survive and replicate
within free-living amoeba (Rowbotham, 1980), the relationship
between L. pneumophila and its protozoa hosts has garnered
significant attention, largely due to the important role of protozoa
in the epidemiology of this pathogen. In this review, we expand
on the early works of Rowbotham and Fields (Rowbotham,
1980, 1986; Fields, 1996) to summarize the current knowledge
of the host range of L. pneumophila in environmental reservoirs
and the factors that impact the outcome of Legionella-protozoa
interactions.

THE DIFFERENT FATES OF L. pneumophila
WITHIN PROTOZOAN HOSTS

While L. pneumophila has an extensive host range, the fate
of the bacterium once it enters the host cell can vary greatly.
Several protozoa are able to efficiently deliver L. pneumophila
to the lysosome for degradation, resulting in the death of the
bacterium (Amaro et al., 2015). L. pneumophila predation by
protozoa does not seem to be restricted to one particular group.
While members of the Cercozoa phylum seem to be especially
adept at digesting L. pneumophila (Amaro et al., 2015), distantly
related members of the Amoebozoa phylum (Cashia limacoides,
Vannella platypodia, and Vexillifera bacillipedes) are also efficient
at killing L. pneumophila (Rowbotham, 1986). In contrast, many
protozoa serve as hosts for L. pneumophila replication. In these
cases, the Legionella-protozoa interaction is detrimental to the
host: the bacteria multiply to high numbers and then kill the
host as they exit the cell (Rowbotham, 1983). Alternatively,
L. pneumophila can be toxic to the host in the absence of
replication, a protist version of food-poisoning (Amaro et al.,
2015). L. pneumophila within amoebae has been shown to
inhibit both amoebae proliferation (Mengue et al., 2016) and
chemotactic motility (Simon et al., 2014). The fates of the

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

November 2017 | Volume 7 | Article 477


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Boamah et al.

Protozoan Host Range of Legionella

two organisms are not solely defined by this “it’s you or me”
relationship, as a number of intermediate outcomes have been
observed. In response to extreme stress, amoebae undergo
encystation, transforming into a dormant, highly resistant
cyst form. While encystation restricts bacterial replication
(Rowbotham, 1986; Ohno et al., 2008), L. pneumophila is able to
survive the encystation process until more favorable conditions
arise (Kilvington and Price, 1990; Greub and Raoult, 2003).
Similarly, for some Legionella-protozoa pairs, L. pneumophila is
resistant to grazing by the protozoan and thus survives within
the host cell but fails to replicate (Smith-Somerville et al.,
1991). Alternatively, L. pneumophila can be packaged into multi-
membrane vesicles that are distinct from the replication vacuole
and expelled into the extracellular environment (Rowbotham,
1983; Berk et al., 1998; Hojo et al., 2012; Amaro et al., 2015).
The release of Legionella-containing pellets has been observed
in both the ciliated protozoa Tetrahymena spp. (Faulkner et al.,
2008; Hojo et al.,, 2012) and the amoebal hosts Acanthamoeba
castellanii and Acanthamoeba astronyxis (Bouyer et al., 2007;
Amaro et al., 2015), and does not appear to coincide with
bacterial replication. Whether this process is driven by the
bacterium or the host is still unclear. The pellet compartment can
protect L. pneumophila from environmental stress (Bouyer et al.,
2007; Koubar et al., 2011) which would be beneficial during its
transition between host cells and thus a potential mechanism to
ensure its survival. Consistent with this idea, a functional Type
IVDb secretion system, a major L. pneumophila virulence factor
required for lysosome avoidance and intracellular replication,
appears to be important for the release of L. pneumophila
in pellets (Berk et al., 2008). Alternatively, the inability to
digest the bacteria may simply trigger a host response that
involves bacterial expulsion, as a similar phenomenon is observed
with non-pathogenic Escherichia coli, Bacillus subtilis, and
Mpycobacterium luteus (Hojo et al., 2012; Denoncourt et al,
2014). Whether L. pneumophila resists predation or is expelled
in pellets, the host is considered to be only partially restrictive
due to the survival of L. pneumophila and its potential to
transition to other host cells. Indeed, one might speculate
that such intermediate host-bacterial interactions (resistance
to protozoan predation in the absence of replication) might
resemble the first evolutionary step toward becoming an
intracellular pathogen.

METHODS FOR DEFINING PROTOZOAN
HOSTS OF Legionella

Protozoan hosts of Legionella are defined by two main
techniques: co-culture and co-isolation. When combined
with microscopy, co-culture techniques allow for the direct
visualization of Legionella within host cells, and by analyzing
infected cells over time, bacterial replication within a particular
host provides direct experimental evidence of Legionella survival
and replication. When combined with plating assays to monitor
bacterial numbers, co-culture methods allow bacterial growth
rates, maximum growth and the impact of bacterial dose and
various external conditions on the interaction to be analyzed.

However, while Legionella may be able to replicate in a given host
under specific laboratory conditions, the experimental system
may not reflect conditions encountered in the environment
and thus, biologically relevant interactions that commonly
occur in nature. Co-isolation studies attempt to address this
issue by examining the co-existence of protozoa and Legionella
in environmental samples. In rare cases, protozoa harboring
Legionella have been isolated from environmental samples
providing direct evidence of their interaction in the environment
(Thomas et al., 2006; Hsu et al., 2011; Kao et al., 2013). More
commonly, Legionella are identified by 16S sequencing of
DNA extracts from bacteria isolated by Legionella-selective
culture methods on bacteriological medium (Salloum et al,
2002; Sheehan et al., 2005) or enrichment through co-culture
of environmental samples with amoebae (Pagnier et al., 2008).
Protozoa may be identified microscopically by fluorescence
in situ hybridization (FISH) or the morphological appearance
of trophozoites (Jacquier et al, 2013; Muchesa et al., 2014),
or by 18S sequencing of DNA extracts following an amoebal
enrichment step in which individual isolates are cultured on
lawns of bacteria permissive to amoebal grazing (Greub and
Raoult, 2004; Delafont et al., 2013; Muchesa et al., 2014). Thus,
while most co-isolation studies do not provide direct evidence
of Legionella growth within the protozoa identified, they can
be used to predict environmentally relevant interactions, to
substantiate experimental findings from co-culture techniques
and are likely to implicate new protozoan species as potential
hosts of Legionella.

EXPERIMENTALLY DEFINED PROTOZOAN
HOSTS OF L. pneumophila

The initial discovery that L. pneumophila is capable of
surviving and replicating in protozoa fostered a number of
independent investigations to examine the host range of this
bacterium (Table 1). Co-culture methods in combination
with various microscopy techniques demonstrated growth
of L. pneumophila in diverse protozoan hosts encompassing
several species of Acanthamoeba (A. castellanii, Acanthamoeba
polyphaga, and Acanthamoeba palestinensis), Hartmannella
(Vermamoeba vermiformis, formerly Hartmannella vermiformis
and Hartmannella cantabridiensis) and Naegleria (Naegleria
gruberi, Naegleria lovaniensis, and Naegleria jadini) as
well as Tetrahymena pyrofomis, Echinamoeba exudans,
and Tetramitus jugosus (formerly Vahlkampfia jugosus)
(Rowbotham, 1980, 1986; Tyndall and Domingue, 1982; Anand
et al., 1983; Barbaree et al, 1986). While the list of hosts
was dominated by three particular genera (Acanthamoeba,
Hartmannella, and Naegleria), collectively it represented three
different phyla Amoebozoa, Ciliophora, and Percolozoa and
amongst them, four distantly related classes of protozoa,
Discosea (Acanthamoebae), Tubulinea (Echinamoeba and
Hartmannella), Heterolobosea (Naegleria and Tetramitus), and
Oligohymenophorea (Tetrahymena) (Figure 1).

Subsequent studies to investigate L. pneumophila pathogenesis
have progressively expanded the list of protozoan hosts of this
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FIGURE 1 | An 18S phylogenetic tree of the experimentally defined hosts of L. pneumophila. Evolutionary history was inferred using the Neighbor-Joining method
based on an alignment of 18S rRNA sequences. Evolutionary analyses were performed using MEGA7 (Kumar et al., 2016). Restrictive host species that do not
support L. pneumophila replication or survival are indicated by lighter shading and the annotation “(—)”. Taxonomic designations are based on the classification system

Willaertia magna Percolozoa

bacterium (Table 1 and Figure 1), including additional species
of Acanthamoeba (Acanthamoeba lenticulata and Acanthamoeba
royreba) and Naegleria (Naegleria fowleri) as well as more
distantly related genera from their respective phyla such as
Dictyostelium discoideum (Hégele et al., 2000; Solomon et al.,
2000) and Balamuthia mandrillaris (Amoebozoa) (Shadrach
et al., 2005) and Willertia magna (Percolozoa) (Dey et al., 2009;
Tyson et al., 2014). Similarly, a number of additional ciliated
protozoa were identified that were permissive for L. pneumophila

survival, including Tetrahymena spp. (Tetrahymena tropicalis
and Tetrahymena vorax), Oxytricha bifaria, Stylonychia mytilus,
Paramecium caudatum and a member of the Ciliophrya genus,
and in one case L. pneumophila replication (Tetrahymena
thermophila), greatly expanding representation from this group
(Kikuhara et al., 1994; Rasch et al., 2016; Watanabe et al.,
2016). The beneficial interaction of L. pneumophila with these
organisms appears to be specific as members from each of
the representative phyla were also identified that were highly
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restrictive to L. pneumophila survival (Figurel): T. vorax
(Ciliophora), A. astronyxis, and Cashia limocoides (Amoebozoa)
and Solumitrus palustris (Percolozoa) (Rowbotham, 1986; Smith-
Somerville et al., 1991; Amaro et al., 2015). In addition,
L. pneumophila was unable to grow in V. platypodia and V.
bacillipedes (Rowbotham, 1986), which form a distantly related
clade of the Amoebozoa phyla (Figure1). Similarly, of the
members of the Cercozoa phylum examined so far, Cercomonas
sp., Euglypha sp., and Paracercomonas sp., all three are restrictive
for L. pneumophila growth (Amaro et al., 2015; Rasch et al.,
2016), suggesting that distinct orders and families within this
class may be more restrictive than others. Thus, while the host
range of L. pneumophila is vast, it does appear to have its
limitations.

SUGGESTED ENVIRONMENTAL HOSTS OF
L. pneumophila

Protozoa in both natural and man-made environments can
alter the composition of microbial communities by eliminating
bacteria through predation or augmenting populations of
bacteria that are capable of replicating within these organisms
(Yamamoto et al., 1992). Co-isolation techniques have been used
to describe the composition of these communities within natural
fresh water systems such as hot springs, thermal spas, lakes,
ponds, streams, and anthropogenic reservoirs, such as cooling
towers, industrial and private water networks and compost
facilities. L. pneumophila is capable of surviving an array of
physical conditions including temperatures ranging from 6 to
63°C (Fliermans et al., 1981). Thermal springs have been of
particular interest as they boast characteristically high water
temperatures, providing optimal conditions for L. pneumophila
growth (Hsu et al, 2011; Ji et al, 2014; Rasch et al.,, 2016).
Artificial aquatic reservoirs are of considerable epidemiological
significance and typically support higher numbers of bacteria
compared to natural water systems (Yamamoto et al., 1992), likely
due to higher average water temperatures (Ikedo and Yabuuchi,
1986; Fields et al., 2002; Lasheras et al., 2006). The results of
these population level analyses have validated many of the co-
culture defined hosts of L. pneumophila while identifying several
additional potential hosts (Table 2).

There is tremendous concordance between co-culture-
confirmed Legionella-protozoa interactions and the results of co-
isolation studies (Tables 1, 2). With the exception of Balamuthia
and Dictyostelium, all protozoan genera shown to support
intracellular growth in laboratory co-culture studies reside with
L. pneumophila in the environment (Table2). While this is
not surprising for Acanthamoeba, Hartmannella, and Naegleria,
as these are some of the most abundant protozoa in nature,
in many cases co-isolation studies identified the same species
of these genera. In particular, three of the protozoa identified,
A. palestinensis, N. lovaniensis, and V. vermiformis that had
been shown to support L. pneumophila replication in co-culture
experiments (Anand et al.,, 1983; Rowbotham, 1986; Declerck
etal., 2005; Thomas et al., 2006) were isolated from water samples
harboring L. pneumophila (Kao et al., 2013). Similarly, amoebal

enrichment assays resulted in the isolation of Acanthamoeba
jacobsi harboring L. pneumophila directly from a thermal spring
water sample (Hsu et al, 2011). These results identify A.
jacobsi as a new host of L. pneumophila and provide direct
evidence of an interaction between L. pneumophila and these
four protozoan hosts in the environment. The lack of co-isolation
of L. pneumophila with either Balamuthia or Dictyostelium
species is likely because these protozoa are typically found in
soil and the majority of samples analyzed were isolated from
aquatic environments (Dunnebacke et al, 2004; Vadell and
Cavender, 2007). The high degree of correlation between the
co-culture and co-isolation studies supports the role of these
organisms as natural hosts of L. pneumophila in environmental
reservoirs.

Co-isolation studies predict a number of additional phyla
and classes of protozoa may support L. pneumophila survival
or growth (Table 2). In addition to the Amoebozoa, Ciliophora,
and Percolozoa phyla, protozoa from Apusozoa (Diphylleia
rotans), Cercozoa (Euglypha sp.), Euglenozoa (Bodonidae
sp.), and Opsithokonta (Rhinosporidium sp.) were identified.
Two additional classes of protozoa from previously identified
phyla are also represented, Variosea (Flamella balnearia)
and Oligohymenophorea with representatives encompassing
four different families spanning three orders within this
group. For those classes of protozoa already identified as
hosts by co-culture experiments, three additional orders,
Thecamoebida (Stenamoeba limacina), Arcellinida (Centropyxis
sp.), and Sporadotricina (Aspidiscidae family) and five genera
(Comandonia operculata, C. limacoides, Paravahlkampfia
ustiana, Learamoeba waccamawenis, and  Singhamoeba
horticola) were identified. Finally, of the known hosts of
L. pneumophila from co-culture experiments, additional species
of Acanthamoeba (A. jacobsi), Naegleria (Naegleria pagei and
Naegleria australiensis), Tetramitus (Tetramius enterica), and
Vahlkampfia (Valkampfia avara) were also isolated. Combined,
co-isolation and co-culture experiments represent 7 of the 8
phyla of the protozoa kingdom, 12 of the 41 classes within
these phyla and 21 of the 82 defined orders, demonstrating the
tremendous diversity amongst L. pneumophila hosts.

Protozoa more commonly found associated with
L. pneumophila in environmental reservoirs may indicate
that they are more likely to be true hosts of the bacterium.
While the Acanthamoeba spp., Naegleria spp., Vahlkampfia spp.,
and Hartmannella spp. (including Vermamoeba vermifomis)
are commonly found in multiple sources (Table 2), particular
protozoa appear to co-reside with L. pneumophila in more than
one environmental sample (Table 2). A. hatchetti, A. polyphaga,
H. cantabrigensis, N. fowleri, N. lovaniensis, Neoparamoeabe
sp., and Willertia sp. have been isolated from both natural
and man-made water sources (Table 2), suggesting that these
protozoa may function as hosts of L. pneumophila in both natural
reservoirs and potable water. Both E. exudans and Echinamoeba
thermarum have been identified in more than one potable water
sample (Table 2), suggesting these amoebae may play more
prominent roles in the epidemiology of L. pneumophila. A
higher incidence of specific protozoa with L. pneumophila may
indicate a stronger likelihood that these protozoa are responsible
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TABLE 2 | Suggested protozoan hosts of L. pneumophila.

Protozoa

Environment source

Identification method used

References

Acanthamoebidae

Cooling towers

Identified morphologically via microscopy

Yamamoto et al., 1992

Acanthamoeba spp.

Compost facilities
Cooling towers

Drinking water systems

Hospital water networks

Industrial water networks

Natural water systems

Sequence analysis
Identified morphologically via microscopy
Sequence analysis
Sequence analysis

Identified morphologically via microscopy
Identified morphologically via microscopy;

Sequence analysis
Sequence analysis

Conza et al., 2013, 2014
Kurtz et al., 1982
Declerck et al., 2007

Marciano-Cabral et al., 2010;
Valster et al., 2011; Jiet al.,
2014

Rohr et al., 1998; Steinert
etal., 1998

Scheikl et al., 2014

Declerck et al., 2007; Hsu
etal., 2011; Jietal., 2014

Acanthamoeba castellanii

Compost facilities

Sequence analysis

Conza et al.,, 2013

Acanthamoeba hatchetti

Compost facilities
Hospital water network
Natural water systems

Sequence analysis
Identified morphologically via microscopy
Sequence analysis

Conza et al., 2013, 2014
Breiman et al., 1990
Hsu et al., 2015

Acanthamoeba jacobsi

Natural water systems

Sequence analysis

Hsu et al., 2011

Acanthamoeba lenticulata

Compost facilities

Sequence analysis

Conza et al.,, 2013

Acanthamoeba palestinensis

Natural water systems

Sequence analysis

Kao et al., 2013

Acanthamoeba polyphaga

Compost facilities
Cooling towers
Natural water systems

Sequence analysis
Not specified
Sequence analysis

Conza et al., 2013, 2014
Rowbotham, 1986
Hsu et al., 2009

Amoebidae Cooling towers Identified morphologically via microscopy Yamamoto et al., 1992
Aspidiscidae Cooling towers Identified morphologically via microscopy Yamamoto et al., 1992
Bodonidae Cooling towers Identified morphologically via microscopy Yamamoto et al., 1992

Cashia limacoides

Cooling towers

Not specified

Rowbotham, 1986

Centropyxis sp.

Natural water systems

Identified morphologically via microscopy

Rasch et al., 2016

Ciliophrya sp.

Natural water systems

Identified morphologically via microscopy

Rasch et al., 2016

Colpodidae

Cooling towers

Identified morphologically via microscopy

Yamamoto et al., 1992

Comandonia operculata

Hospital water network

Identified morphologically via microscopy

Breiman et al., 1990

Cyclidium spp.

Cooling towers

Identified morphologically via microscopy

Barbaree et al., 1986

Diphylleia rotans

Sewage treatment systems

Sequence analysis

Valster et al., 2010

Echinamoeba spp.

Hospital water networks

Identified morphologically via microscopy

Rohr et al., 1998

Echinamoeba exudans

Drinking water systems
Hospital water networks

Sequence analysis
Identified morphologically via microscopy

Valster et al., 2011
Fields et al., 1989

Echinamoeba thermarum

Drinking water systems
Cooling towers

Sequence analysis
Seqguence analysis

Valster et al., 2011
Valster et al., 2010

Euglypha sp.

Natural water systems

Identified morphologically via microscopy

Rasch et al., 2016

Filamoeba nolandi

Hospital water networks

Identified morphologically via microscopy

Breiman et al., 1990

Flamella balnearia

Compost facilities

Sequence analysis

Conza et al.,, 2013

(Continued)
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TABLE 2 | Continued

Protozoa

Environment source

Identification method used

References

Hartmannellidae

Cooling towers

Identified morphologically via microscopy

Yamamoto et al., 1992

Hartmannella spp.

Cooling towers

Hospital water networks

Natural water systems

Sequence analysis
Identified morphologically via microscopy
Identified morphologically via microscopy

FISH; Identified morphologically via
microscopy

Sequence analysis

Declerck et al., 2007
Kurtz et al., 1982

Fields et al., 1989; Breiman
et al., 1990; Nahapetian
etal., 1991

Zbikowska et al., 2014

Declerck et al., 2007

Hartmannella cantabrigiensis

Hospital water networks

Identified morphologically via microscopy

Rowbotham, 1986; Fields
etal., 1989

Learamoeba waccamawenis

Compost facilities

Sequence analysis

Conza et al., 2013, 2014

Mayorella spp.

Hospital water networks

Identified morphologically via microscopy

Steinert et al., 1998

Naegleria spp.

Cooling towers

Compost facilities
Drinking water systems

Hospital water networks

Industrial water networks
Natural water systems

Identified morphologically via microscopy
Sequence analysis
Sequence analysis
Sequence analysis

Identified morphologically via microscopy

Identified morphologically via microscopy
Sequence analysis

FISH; Identified morphologically via
microscopy

Barbaree et al., 1986
Declerck et al., 2007
Conza et al., 2013, 2014

Marciano-Cabral et al., 2010;
Jietal., 2014

Nahapetian et al., 1991; Rohr
etal., 1998

Scheikl et al., 2014

Declerck et al., 2007; Hsu
etal, 2011; Jietal, 2014

Zbikowska et al., 2014

Naegleria australiensis

Compost facilities
Natural water systems

Sequence analysis
Sequence analysis

Conza et al.,, 2013
Huang and Hsu, 2010

Naegleria fowleri

Thermal saline bath

Natural water systems

FISH; Identified morphologically via
microscopy
FISH; Identified morphologically via
microscopy

Zbikowska et al., 2013

Zbikowska et al., 2014

Naegleria gruberi

Compost facilities
Natural water systems

Sequence analysis
Sequence analysis

Conza et al.,, 2013
Hsu et al., 2015

Naegleria lovaniensis

Natural water systems

Sequence analysis

Huang and Hsu, 2010; Kao
etal., 2013

Naegleria pagei

Natural water systems

Sequence analysis

Huang and Hsu, 2010

Neoparamoeba spp.

Drinking water systems
Natural water systems

Sequence analysis
Sequence analysis

Valster et al., 2011
Valster et al., 2010

Oxytricha bifaria

Natural water systems

Identified morphologically via microscopy

Rasch et al., 2016

Paravahlkampfia ustiana®
(Vahlkampfia ustiana)

Hospital water networks

Identified morphologically via microscopy

Breiman et al., 1990

Pleuronematidae

Cooling towers

Identified morphologically via microscopy

Yamamoto et al., 1992

Rhinosporidium sp.

Tap water system

Sequence analysis

Valster et al., 2010

Saccamoeba spp.

Hospital water networks

Identified morphologically via microscopy

Rohr et al., 1998

Singhamoeba horticola

Compost facilities

Sequence analysis

Conza et al., 2013, 2014

Stenamoeba spp.

Compost facilities

Sequence analysis

Conza et al., 2013, 2014

(Continued)
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TABLE 2 | Continued

Protozoa

Environment source

Identification method used

References

Stenamoeba limacina

Compost facilities

Sequence analysis

Conza et al., 2014

Stylonychia mytilus

Natural water systems

Identified morphologically via microscopy

Rasch et al., 2016

Tetrahymenidae

Cooling towers

Identified morphologically via microscopy

Yamamoto et al., 1992

Tetrahymena spp.

Cooling towers

Identified morphologically via microscopy

Barbaree et al., 1986

Tetramitus spp.

Compost facilities

Sequence analysis

Conza et al., 2013

Tetramitus enterica®
(Vahlkampfia enterica)

Compost facilities

Sequence analysis

Conza et al., 2013

Vahlkampfia spp.

Compost facilities
Cooling towers

Drinking water systems
Hospital water networks

Natural water systems

Sequence analysis
Sequence analysis
Sequence analysis
Identified morphologically via microscopy

Sequence analysis

Conza et al., 2014
Declerck et al., 2007
Marciano-Cabral et al., 2010

Breiman et al., 1990; Rohr
etal., 1998; Steinert et al.,
1998

Declerck et al., 2007; Hsu
etal, 2011

Vahlkampfia avara

Compost facilities

Sequence analysis

Conza et al., 2013, 2014

Vannella spp.

Hospital water networks

Identified morphologically via microscopy

Rohr et al., 1998

Vannella platypodia

Cooling towers

Not specified

Rowbotham, 1986

Vermamoeba vermiformis®
(Hartmannella vermiformis)

Compost facilities

Drinking water systems

Hospital water networks

Industrial water networks

Natural water systems

Tap water systems

Sequence analysis

Sequence analysis

Identified morphologically via microscopy

Sequence analysis
Identified morphologically via microscopy
Sequence analysis

Sequence analysis
Sequence analysis
Sequence analysis

Conza et al., 2013, 2014

Valster et al., 2011; Jiet al.,
2014

Rowbotham, 1986; Fields
etal., 1989; Breiman et al.,
1990; Rohr et al., 1998

Thomas et al., 2006
Scheikl et al., 2014

Hsu et al., 2011, 2015; Ji
etal., 2014

Kao et al., 2013
Valster et al., 2010
Valster et al., 2010

Vexillifera bacillipedes

Cooling towers

Not specified

Rowbotham, 1986

Vorticellidae

Cooling towers

Identified morphologically via microscopy

Yamamoto et al., 1992

Willaertia spp.

Cooling towers
Natural water systems

Sequence analysis
Sequence analysis

Declerck et al., 2007
Declerck et al., 2007

Willaertia magna

Compost facilities

Sequence analysis

Conza et al., 2013

aVahlkampfia ustiana has been renamed Paravahlkampfia ustiana.
b\/ahikampfia enterica has been renamed Tetramitus enterica.

CHartmannella vermiformis has been renamed Vermamoeba vermiformis (Smirnov et al., 2011).

for the persistence of L. pneumophila in environmental
reservoirs.

Not all protozoa species isolated from the same environmental
source are hosts of L. pneumophila. Of several species of
free-living amoeba collected from a cooling tower, only A.
polyphaga supported intracellular growth of L. pneumophila

whereas L. pneumophila failed to replicate within C. limacoides,
V. platypodia, and V. bacillipedes (Rowbotham, 1986). Similarly,
of several ciliated protozoa species in biofilm samples isolated
from a thermal spa, L. pneumophila was able to infect Ciliophrya
sp., O. bifaria, and S. mytilus, but no intracellular bacteria were
detected within Euglypha sp. or Centropyxis sp. (Rasch et al.,
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2016). Thus, L. pneumophila is able to persist in environments
comprised of both L. pneumophila-restrictive and permissive
protozoan hosts. The relative abundancy of L. pneumophila in
different environmental niches may reflect mixed populations of
these two types of protozoa. Alternatively, in some circumstances
L. pneumophila may deplete entire populations of permissive
hosts, enriching for resistant species of protozoa that remain.
Thus, the absence of certain types of protozoa may not necessarily
rule them out as contributors to L. pneumophila growth and
persistence in the environment.

The distribution of protozoa between the types of water
sources examined (natural water reservoirs, cooling towers,
potable water distribution system, and compost sites; Table 2)
was relatively uniform with a few notable exceptions. Amoebozoa
and Percolozoa, making up the majority of the protozoa
identified, were found in all water sources. Amoebozoa were
more predominant in cooling towers and potable water systems.
The lower abundance of Percolozoa in cooling towers coincided
with a higher abundance of Ciliophora (ciliated protozoa)
whereas in potable water, an enrichment in organisms from the
Tubulinea class of Amoebozoa, in particular Echinamoeba was
observed. In contrast, fewer members of the Discosea class were
reported and in particular, no members of the Centramoebida
order despite their presence in all other sites. The perseverance
of L. pneumophila within various water environments despite
variation in the protozoa composition demonstrates the highly
adaptive nature of this bacterium to fluctuations in host
population dynamics.

METAGENOMICS

Although co-isolation studies provide valuable insights into
the microbial communities that support L. pneumophila, these
methods cannot adequately define the full diversity of these
communities (Kunin et al., 2008). While enrichment steps are
often necessary to identify low abundance organisms, they
create experimental bottlenecks and biases by selecting against
protozoa that cannot be cultured using standard protocols
(Hugenholtz and Tyson, 2008; Gomez-Alvarez et al., 2012) and
Legionella isolates with host specificities that do not overlap with
amoebal species commonly used in these techniques (Evstigneeva
et al,, 2009). Metagenome-based analyses may circumvent the
limitations inherent to culture-based approaches and provide
a more comprehensive, unbiased profile of these communities
(Hugenholtz and Tyson, 2008; Gomez-Alvarez et al., 2009).
For example, metagenomic studies of samples from three
separate watersheds showed both a high level of diversity in the
population of Legionella (encompassing 15 different species) and
a correlation between the levels of Amoebozoa present in the
water and the abundance of Legionella isolates (Peabody et al.,
2017). Monitoring the abundance of Legionella, Hartmannella,
and Naegleria from two environmental water sources over the
course of a standard water purification procedure suggested a
correlation between the abundance of Legionella and Naegleria,
but not Hartmannella (Lin et al., 2014). In general however,
metagenomics studies have been somewhat difficult to interpret.

Often individual sites are dominated by one or a few amoebal
species and the relative abundance of L. pneumophila is extremely
low compared to other bacteria (Liu et al., 2012; Delafont et al.,
2013): these features make it difficult to correlate the presence
of L. pneumophila with specific protozoa. As the sensitivity and
depth of metagenomics analysis improves, metagenomics will
most certainly be a source of tremendous insight into the full
repertoire of protozoan hosts of L. pneumophila.

FACTORS AFFECTING THE OUTCOME OF
Legionella-PROTOZOA INTERACTIONS

The outcome of the interaction between L. pneumophila and
protozoa can be influenced by a number of factors; the identity
of the host cell, variations in the predatory behavior or feeding
preferences of the host, the strain or species of the bacterium,
the relative abundance of the two organisms, the external
environment, and other microorganisms.

The identity of the host cell can greatly impact the
outcome of the infection. While some hosts are permissive for
L. pneumophila replication, others are restrictive, either impeding
bacterial growth or in extreme cases, survival (Amaro et al,
2015). The maximum amount and rate of L. pneumophila growth
between hosts can vary significantly (Declerck et al., 2005).
For example, L. pneumophila can achieve up to 10,000-fold
growth in A. castellanii but only 10-fold growth in N. lovaniensis
over the same time period (Declerck et al., 2005). Similarly,
L. pneumophila strain Paris grows robustly in A. castellanii and V.
vermiformis but is defective for growth in W. magna (Dey et al.,
2009). Moreover, the differential growth of L. pneumophila Paris
varies between different strains of W. magna, with robust growth
in strain T5[S]44 (Tyson et al., 2014) but failure to grow in strains
c2c Maky or Z502 (Dey et al., 2009). Thus, some hosts are more
optimal than others for L. pneumophila survival and replication.

The predatory behavior and feeding preferences of the
host can also influence Legionella-protozoa interactions. For
example, the L. pneumophila auto-inducer LAI-1 disrupts
chemotactic migration of D. discoideum (Simon et al., 2015)
and promotes L. pneumophila uptake in both D. discoideum
and A. castellanii (Tiaden et al., 2010). By restricting amoebal
movement, L. pneumophila may localize feeding to the site
of the bacteria—such modulation may also enrich for specific
types of amoebae that support L. pneumophila replication. The
LAI-1 biosynthesis genes are not conserved in all Legionella
species (Burstein et al., 2016) suggesting that individual species
may differentially promote their interaction with amoebae or
do so via different mechanisms. Consistent with this idea, the
host cell receptors that mediate L. pneumophila adhesion to
V. vermiformis, A. castellanii, A. polyphaga, and N. lovaniensis
and the underlying mechanisms governing bacterial uptake vary
between these amoebal hosts (Venkataraman et al., 1997; Harb
et al, 1998; Declerck et al., 2005, 2007). As a consequence,
bacterial uptake can vary between protozoa. Indeed, A. castellanii
has been shown to ingest L. pneumophila with much greater
efficiency than N. lovaniensis (Declerck et al., 2005). Variations
in sensing, targeting, adhesion and phagocytosis of bacteria
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can influence the affinity, specificity, frequency and duration
with which L. pneumophila interacts with specific protozoa and
thus, the impact of their cohabitation on the persistence of
L. pneumophila in environmental reservoirs.

The genetic composition of the bacterium can greatly impact
its fate within the host cell, as the survival and replication of
different strains and species of Legionella can vary dramatically.
Despite the growth defect of L. pneumophila Paris in Willertia
magna, both the L. pneumophila Philadelphia-1, Lens and
130b strains are able to replicate in this amoebal host (Dey
et al., 2009; Tyson et al., 2014). Similarly, comparisons between
clinical and environmental isolates of L. pneumophila showed
that while one clinical isolate was highly adept at growing
in A. lenticulata another was severely defective and the
relative amounts of replication of the environmental isolates
in this host were somewhere in between (Molmeret et al,
2001). Similar differences are observed between species of
Legionella. While L. pneumophila, Legionella steelei, Legionella
dumoffii, and Legionella norrlandica are able to grow within A.
castellanii, several other species including Legionella longbeachae,
Legionella jordanis, and Legionella anisa are unable to do so
(Neumeister et al.,, 1997; Edelstein et al., 2012; Rizzardi et al.,
2014). Thus, the fate of both the bacterium and the host
cell is greatly determined by the inherent properties of each
organism.

The outcome of a Legionella-protozoa interaction is not
only influenced by their respective identities but the relative
abundance of each organism. For instance, when L. pneumophila
is present at low levels they are digested for nutrients by
Tetrahymena sp. but when the bacteria reach a threshold
concentration, they are packaged into vesicles and secreted
in pellets (Berk et al., 2008; Hojo et al., 2012). The greater
the number of bacteria present, the greater the production
and secretion of these bacterial pellets. Similar packaging and
secretion of other types of bacteria (Denoncourt et al., 2014)
suggests this may be a mechanism by which protozoa compensate
for over-eating, or stock-pile food (Hojo et al., 2012).

The external environment can have a profound effect on
Legionella-protozoa interactions. For example, temperature can
greatly impact the intracellular fate of L. pneumophila. Although,
intracellular replication of L. pneumophila in A. castellanii occurs
at a range of temperatures (Rowbotham, 1981), intracellular
growth is significantly reduced at lower temperatures (Ohno
et al., 2008). Within more restrictive hosts, such as A. polyphaga,
intracellular replication only occurs at higher temperatures
whereas below 25°C, L. pneumophila is readily consumed
(Nagington and Smith, 1980). In contrast, in Tetrahymena spp.
L. pneumophila exhibits robust intracellular growth at 35°C
(Fields et al., 1984; Barbaree et al., 1986; Kikuhara et al., 1994)
but at lower temperatures, L. pneumophila is packaged into
vesicles and secreted into the environment (Faulkner et al,
2008; Koubar et al,, 2011). The factors affecting intracellular
growth of L. pneumophila are not mutually exclusive, as different
combinations of the strain of L. pneumophila, the host cell type
and temperature can significantly alter intracellular growth of the
bacterium (Buse and Ashbolt, 2011).

Much of the research examining Legionella-protozoa
interactions has focused on specific bacterial-host pairings,
which cannot address the impact of other organisms on
these interactions. L. pneumophila naturally inhabits complex
microbial communities, which could have both positive
and negative impacts on L. pneumophila survival and
population dynamics. For example, A. castellanii harboring
the endosymbiont Neochlamydia S13 are unable to support
L. pneumophila replication despite efficient uptake and lack
of degradation in the lysosome (Ishida et al., 2014). The
impact of Neochlamydia S13 on L. pneumophila replication
is specific because L. pneumophila is able to replicate in A.
castellanii infected with the endosymbiont Protochlamydia RI18.
Moreover, curing A. castellanii of Neochlamyida S13 restores
intracellular growth of L. pneumophila, suggesting that the
presence of the endosymbiont renders A. castellani resistant
to L. pneumophila pathogenesis. In contrast, L. pneumophila
has been shown to promote the intracellular growth of
Brucella neotomae when the two pathogens share the same
vacuole (Kang and Kirby, 2017). While sharing resources does
not appear to affect L. pneumophila, it is conceivable that
L. pneumophila may similarly benefit from the activities of
other bacteria when it finds itself in more restrictive protozoan
hosts.

FUTURE DIRECTIONS

A critical challenge in understanding the molecular mechanisms
of L. pneumophila pathogenesis, evolution and environmental
persistence is the staggering diversity of the protozoan hosts
that support L. pneumophila replication. Indeed, such diversity
is thought to be responsible for shaping L. pneumophila into
a generalist pathogen with a broad host range—a feature
clearly important for pathogenesis in humans. Rather than
having a single, defined “natural host,” L. pneumophila wanders
from host to host and is constantly shaped by these disparate
interactions. Such a lifestyle is a challenge for researchers
studying these bacteria: (1) many protozoa remain poorly
characterized, difficult to culture, and/or unsequenced; (2)
the shear diversity of protozoa and complexity of natural
interactions makes experimental analysis of phenotypes under
“physiologically relevant” conditions extremely daunting
(which hosts should be used and under what chemical and
physical conditions should the interaction be studied?); and
(3) how can non-binary interactions with mixed bacterial
and host populations be examined in a reproducible and
informative fashion? Given the importance of protozoa to
L. pneumophila biology (and pathogen evolution in general),
we strongly advocate efforts for the sequencing and detailed
study of these organisms. While it is enticing to retreat
to the comfort of studying Legionella-host interactions in
mammalian macrophages and perhaps one or two model
protozoa, an exciting, informative, frustrating, and messy
reality remains largely unexplored. Perhaps once the diversity
of bacterial-protozoan behaviors is better understood, a
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panel of model hosts could be chosen not based on ease of
culture, but instead to capture the greatest breadth of this
diversity.
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Legionella pneumophila is a gram-negative bacterium that inhabits freshwater
ecosystems, where it is present in biofilm or as planktonic form. L. pneumophila is mainly
found associated with protozoa, which serve as protection from hostile environments
and as replication niche. If inhaled within aerosols, L. pneumophila is also able to infect
and replicate in human alveolar macrophages, eventually causing the Legionnaires’
disease. The transition between intracellular and extracellular environments triggers a
differentiation program in which metabolic as well as morphogenetic changes occur. We
here describe the current knowledge on how the different developmental states of this
bacterium are regulated, with a particular emphasis on the stringent response activated
during the transition from the replicative phase to the infectious phase and the metabolic
features going in hand. We propose that the cellular differentiation of this intracellular
pathogen is closely associated to key metabolic changes in the bacterium and the host
cell, which together have a crucial role in the regulation of L. pneumophila virulence.

Keywords: Legionella pneumophila, regulation, virulence, metabolism, life cycle

ENVIRONMENTAL AND MORPHOGENETIC CHANGES

Whatever strategy microbial pathogens have evolved to successfully infect and replicate in their
hosts, they have adapted in the course of evolution to face hostile environments. This adaptation
allows them to benefit from the environment of the susceptible host cell and simultaneously to
ensure their persistence for another infection cycle. A conspicuous group of bacteria, referred to
as facultative and obligate intracellular pathogens, exploits a variety of different hosts to establish a
cytosolic or vacuolar niche for replication. Thereby they face and learned to tolerate acidification,
starvation, and changes in temperature, oxidative stress and many other host defense mechanisms.
Most of these bacteria are also located in the extracellular space between intracellular infection
cycles and display thus a dual intracellular/extracellular lifestyle. Among those, the intracellular
pathogen Legionella pneumophila thrives in fresh water environments, where it either spreads
planktonically as free-living microbe or it is associated with biofilm communities (Steinert et al.,
2002; Hilbi et al., 2011), but it never has been demonstrated to replicate in these environments.
In the environment Legionella replicate within eukaryotic phagocytic cells like the environmental
amoeba Acanthamoeba castellanii, as well as in human monocytes and alveolar macrophages
(Horwitz and Silverstein, 1980; Rowbotham, 1986). L. pneumophila has successfully adapted to
new and challenging environments created by human activities, such as showers, air conditioning
systems, water fountains, cooling towers or other artificial water systems facilitating access to
humans and human infection, which can result in a severe pneumonia, called Legionnaires
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disease or legionellosis (McDade et al., 1977). However, mainly
the susceptible population like immunocompromised or elderly
persons develop pneumonia caused by Legionella, as this
bacterium evolved with aquatic protozoa and thus it has not
evolved mechanisms to counteract the host defense in healthy
humans. In addition to biofilm communities and protozoan
predators, L. pneumophila has been found to colonize more
extreme environmental niches, such as antarctic freshwater lakes
at temperature at 0°C as well as extremely acidic habitats and
water sources with temperature over 60°C (Hilbi et al., 2011).
Therefore, L. pneumophila endures in disparate environmental
conditions throughout its life cycle with respect to nutrient
access and availability, pH, temperature, and host defenses during
intracellular replication. The transition between intracellular
and extracellular habitats triggers morphogenetic and metabolic
changes during the bacterial lifecycle (Molofsky and Swanson,
2004). Accordingly, L. pneumophila alternates between different
morphogenetic forms including a replicating form (RF), and
a transmissive/virulent form that have many distinct features
(Molofsky and Swanson, 2004; Briiggemann et al., 2006; Steinert
et al., 2007). Starvation and environmental stress induce the
transition from the metabolically active, replicating bacteria
to motile, stress-resistant virulent bacteria (Molofsky and
Swanson, 2004). Moreover, a mature intracellular form (MIF),
characterized by bacteria that are highly infectious, motile and
cyst-like was described (Gardufio et al., 2002; Robertson et al.,
2014) as well as viable but non-cultivable (VBNC) forms that
develop in response to disparate conditions (Steinert et al.,
1997; Al-Bana et al., 2014). The fine-tuned regulation of these
different forms ensures the persistence and successful life cycle
of this bacterium. Thus, L. pneumophila employs a multitude
of regulatory elements allowing it to govern its multi-phasic life
cycle.

ONE STRATEGY, MULTIPLE HOSTS

In the environment, L. pneumophila preferentially establishes
a parasitic relationship with protozoa, which provides not
only a nutrition source for the persistence, replication and
dissemination of Legionella, but also functions as shelter offering
protection from adverse environmental conditions (Barker et al.,
1995; Cunha et al., 2016). Interestingly, bacteria released from
protozoa are more infectious, are highly motile and more efficient
in surviving and multiplying within human monocytes in vitro
compared to bacteria grown on agar (Cirillo et al., 1994; Brieland
et al., 1997). The protozoan predators (amoebae and ciliates) are
the natural hosts of L. pneumophila, and humans are accidental
hosts as judged by the evidence that only a single and recent
case of human-to-human transmission has been reported to
date (Correia et al., 2016). Thus, L. pneumophila transmission
to humans occurs primarily from man-made environmental
sources (Hilbi et al., 2010; Newton et al., 2010). The dual host
specificity of Legionella is thought to be derived from the fact that
protozoa are primordial phagocytes and as such they share many
similarity at both cellular and molecular level with macrophages.
Therefore, the intracellular growth of L. pneumophila is very

similar in both hosts (Fields et al., 2002; Hilbi et al., 2007)
suggesting that the co-evolution of Legionella within protozoa
had provided the bacterium with an effective strategy to colonize
two evolutionally different host cells. Indeed, this co-evolution
is reflected in its genome as sequence analyses revealed that L.
pneumophila as well as L. longbeachae have acquired genes coding
for proteins with eukaryotic-like properties from its protozoan
predators (Cazalet et al., 2004, 2010; de Felipe et al., 2005;
Gomez-Valero et al,, 2011). These eukaryotic-like proteins were
shown to be secreted effectors that mimic the functions of their
host counterparts (Cazalet et al., 2004; de Felipe et al., 2005;
Nora et al., 2009; Gomez-Valero et al., 2011; Escoll et al., 2016).
Their translocation to the host cell is achieved by the Dot/Icm
type 4B secretion system (T4BSS), which is indispensible for
intracellular replication of this bacterium (Ninio and Roy, 2007;
Isberg et al., 2009; Zhu et al., 2011). Thus, this intriguing feature
of molecular mimicry is a major virulence strategy developed by
this opportunistic bacterium due to a selective pressure from the
natural environment (Nora et al., 2009; Escoll et al., 2016).

HUMAN INFECTION

Adaptation of L. pneumophila to harsh environmental conditions
allowed them to become ubiquitous in human-made aquatic
systems where the temperature is higher than the ambient
temperature. As consequence, thermally altered aquatic habitats
may shift the availability of predators and bacterial preys,
eventually promoting Legionella replication and the emergence
of the disease by inhalation of infected aerosols. Potential sources
of Legionella transmission include potable water sources, such
as fountains, showers and taps, and non-potable sources such
as spas, cooling towers and evaporative condensers (Steinert
et al., 2007; Newton et al., 2010; Cunha et al., 2016). Upon
inhalation of bacteria-contaminated aerosols, Legionella reach
the lung and are engulfed by alveolar macrophages wherein
they can actively replicate, causing a life-threatening pneumonia
called Legionnaires” disease (Newton et al., 2010). As Legionella
is an opportunistic pathogen, persons with chronic lung diseases,
elderly, immune-compromised, male gender and smokers are
mainly susceptible to contract the disease (Newton et al., 2010;
Cunha et al., 2016). Interestingly, not all Legionella species seem
to be able to cause human disease as among the 58 Legionella
species currently identified, only about 20 have been associated
to human disease. Among those, L. pneumophila serogroup 1
is responsible for over 85% of the Legionnaires’ disease cases
world-wide (Yu et al., 2002; Newton et al., 2010)

LIFE WITHIN A HOST CELL

One of the striking features of L. pneumophila is its ability
to replicate within a large number of different host cells. The
intracellular lifestyle and the adaptation capacity require a series
of temporally distinct events leading to the establishment of
a successful infection cycle, many of which are provoked by
the action of one or more of the over 300 effector proteins
known to be secreted by the Dot/Icm secretion system. Following
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the uptake of L. pneumophila by phagocytic cells through
conventional or coiling phagocytosis (Bozue and Johnson,
1996; Escoll et al, 2013), this bacterium avoids lysosome-
mediated degradation and forms a unique replication-permissive
compartment within its host cell (Figurel). This single-
membrane Legionella containing vacuole (LCV) differs from the
cellular compartment containing non-pathogenic bacteria since
it does not acidify and it has a distinct membrane identity that is
achieved by the recruitment of vesicles rich in lipids and proteins
on the cytoplasmic face. Four hours after entry into phagocytes,
vesicles derived from rough endoplasmic reticulum (ER) cluster
near the nascent LCV. Based on the localization of ER-associated
proteins within the LCV, these vesicles, which exit the ER,
are able to deliver their content into the vacuoles containing
L. pneumophila (Robinson and Roy, 2006). In this compartment
the bacteria are replicating intravacuolarly, but the LCV was
found later in association with the late lysosomal compartment,
suggesting that it may also play a role in the replication of
the bacteria by providing a nutrient-rich environment (Sturgill-
Koszycki and Swanson, 2000). Recent studies demonstrated that
L. pneumophila evades the host-cell response and interferes
also with the host autophagy machinery by modulating the
host sphingolipid metabolism or autophagosome formation
(Choy et al, 2012; Rolando et al., 2016). The question
remains open, whether the manipulation of the host sphingolipd
metabolism may not only modulate autophagy, but also provide
L. pneumophila nutrients for replication. However, additional
membrane trafficking events may occur and modulate the
intracellular life cycle of this bacterium to manipulate the host

response. Following intracellular multiplication, the depletion of
nutrients triggers morphological changes and a switch from a
replicative form, where bacteria are metabolically active but not
infectious, to a transmissive form, which ensures that the bacteria
activate the infectious traits for the escape and transmission into
a new suitable host or the survival in the environment (Byrne
and Swanson, 1998; Garduilo et al., 2002; Molofsky and Swanson,
2004; Robertson et al., 2014; Figure 1).

THE BIPHASIC LIFE CYCLE OF
L. PNEUMOPHILA

L. pneumophila Undergoes Morphologic
Changes during Its Life Cycle

In a simple model one can describe the L. pneumophila life
cycle as alternating between two distinct and reciprocal forms:
a replicative and a transmissive form that was referred to
as microbial differentiation (Molofsky and Swanson, 2004).
This term implies physiological, morphogenetic and metabolic
changes of the bacterium. Indeed, pronounced morphogenetic
changes in the bacterial cell wall, the bacterial shape and
in motility as well as the enrichment of the cell in energy-
rich polymers are observed (Rowbotham, 1986). Within the
LCV, acid-resistant, replicating bacteria exploit the nutrient-
rich environment and actively inhibit the phagosome-lysosome
fusion to be able to efficiently multiply. Therefore, bacterial
density strongly increases whereas nutrient access dramatically
decreases over time. Actively replicating bacteria appear as
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FIGURE 1 | Schematic overview of the L. pneumophila morphological states during its growth cycle. 1. Uptake of virulent L. pneumophila by the host cell like
protozoa or macrophages through convention or coiling phagocytosis. 2. After internalization, the bacteria evade the phagosome-lysosome fusion and start the
intracellular multiplication within the LCV, which is surrounded by vesicles (in yellow) rich in lipids and proteins. 3. Nutrient starvation induces the activation of the
stringent response and morphological changes. Bacteria express the transmissive traits such as motility (flagella) and become cytotoxic. 4. These infectious bacteria
are able to lyse the vacuolar membrane and are released in the extracellular environment. 5. Free-living transmissive bacteria may start a new cycle or persist in the
extracellular environment as planktonic form. 6. Alternatively, L. pneumophila may be associated within biofilms, either in natural fresh-water habitats or artificial ones.
7. In broth culture, L. pneumophila displays also a biphasic life cycle, which closely mimics the replicative and transmissive intracellular forms.
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slender rods, are non-motile and display a wavy cell wall
(Faulkner and Garduiio, 2002). During this metabolically active
state, traits related to virulence and transmission such as motility
and cytotoxicity are not required thus the replicating bacteria
either lack an activator of transmission and/or constitutively
express a repressor of transmission traits (Byrne and Swanson,
1998; Molofsky and Swanson, 2003). As local nutrient levels
become limiting and disadvantageous conditions are about to
be faced, the bacteria convert into the infectious/transmissive
variant. Interestingly, virulent bacteria appear as short, stubby
rods with blunt ends containing cyst-like inclusions of poly-
3-hydroxybutyrate (PHB), and display a smooth thick cell
wall (Faulkner and Gardufio, 2002). Those phenotypically
distinct bacteria coordinately activate the expression of the
so-called transmissive traits, which are required for lysosome
evasion, escape from the spent host cell, survival in the
extracellular environment and the invasion of a new suitable
host. After successfully establishing a new intracellular niche,
L. pneumophila reverts to its replicative form, starting a new cycle
(Hammer and Swanson, 1999; Molofsky and Swanson, 2004). To
limit costly energy levels, L. pneumophila has adopted a strategy
employing a reciprocal biphasic expression pathway. Therefore,
when conditions are favorable for multiplication, the virulence
traits are neither required nor expressed. Conversely, in adverse
conditions such as the nutrient deprivation, the bacteria do not
replicate (Byrne and Swanson, 1998). Strikingly, the analyses
of the global gene expression profiles of L. pneumophila in the
in vivo infection model A. castellanii as well as in the in vitro
broth culture model revealed that the pathogen’s life cycle is very
similar, as judged by the profound and similar changes in the gene
expression program from the replicative/exponential growth
phase to the transmissive/post-exponential growth phase of the
bacteria (Briiggemann et al., 2006; Faucher et al., 2011). Thus,
replicative and transmissive bacteria share a gene expression
program similar to that of in vitro grown exponential (E) and
post-exponential (PE) bacteria, respectively, suggesting that the
biphasic life cycle is globally controlled by the bacterial growth
phase and by nutrient availability. In addition, intracellular
infection of the natural host A. castellanii revealed only few
strain-specific differences, such as a shorter lag phase of strain L.
pneumophila Paris and an earlier transition to transmissive form
(Briiggemann et al., 2006). Interestingly, the global expression
profiles of replicative and transmissive phases of three different
L. pneumophila strains have been shown to be very similar
(Briiggemann et al., 2006). In contrast, comparison of the gene
expression program of the E and PE phases of the two major
disease-associated species L. pneumophila and L. longbeachae,
revealed clear differences. Particularly, the transition between
the replicative and transmissive form is less pronounced in L.
longbeachae, which seems to regulate this transition mainly by
engaging secondary messenger molecules and less transcriptional
and post- transcriptional regulators than L. pneumophila
(Cazalet et al, 2010). Taken together, the transition from
the exponential/replicative to the post-exponential/transmissive
phase governs a common virulence program engaged of L.
pneumophila within host cells (Briiggemann et al., 2006; Faucher
etal., 2011).

The Key Metabolic Capacity of
L. pneumophila |s Adapted to Its Biphasic
Life Cycle

In response to fluctuating intracellular environmental
conditions, L. pneumophila certainly requires a well-balanced
adaptation of its metabolism. Main questions are (i) what are
the essential nutrients required for intracellular proliferation
of L. pneumophila during infection, (ii) what is the nutrient
availability in the LCV and (iii) what are the capacities of the
bacterium to catabolize these compounds. The development
of a chemical defined liquid medium gave first insights into
the nature and physiology of this intracellular pathogen by
suggesting that it utilizes only amino acids as energy and carbon
sources (Pine et al., 1979; George et al., 1980; Ristroph et al,
1981; Tesh et al., 1983). While formulating this medium, it has
been demonstrated that cysteine was an absolute requirement
for the bacterial growth and that the addition of soluble
ferric pyrophosphate had stimulatory effects. Unlike other
microorganisms, L. pneumophila has been found to use serine
and threonine as a primary supply for energy production rather
than any other organic substrate (Pine et al., 1979; George et al,,
1980; Ristroph et al., 1981; Fields, 1996). Accordingly, microarray
analyses performed during replicative growth of L. pneumophila
either in broth or upon infection of A. castellanii, revealed
that while replicating, bacteria express genes indicating that an
aerobic metabolism and amino acid catabolism, particularly
for serine, threonine, glycine, tyrosine, alanine, and histidine
is taking place (Sauer et al., 2005; Briiggemann et al., 2006).
However, unexpectedly the up-regulation of genes encoding
the Entner-Doudoroff (ED) pathway, as well as of a putative
glucokinase, a sugar transporter and the myo-inositol catabolism
indicated that L. pneumophila may be also able to exploit
host carbohydrate-derivatives during the replicative phase of
growth within amoebae (Briiggemann et al., 2006). Interestingly,
these analyses suggested for the first time that intracellular
L. pneumophila also may utilize starch or glycogen as judged
by the expression of a eukaryotic-like glucoamylase (GamA)
during exponential growth (Briiggemann et al., 2006). Indeed,
later, it was shown that GamA is responsible for glycogen-
and starch-degrading activities of L. pneumophila and that
it is expressed and active during intracellular replication in
A. castellanii, suggesting that L. pneumophila is degrading
glycogen during intracellular replication (Herrmann et al., 2011).
Hence, intracellular L. pneumophila not only uses amino acids
but also diverse carbohydrates as carbon supply (Weiss et al.,
1980; Eylert et al., 2010).

However, L. pneumophila is auxotrophic for the amino acids
Arg, Cys, Ile, Leu, Met, Thr, Val, Ser, Pro, and Phe (Pine
et al., 1979; George et al,, 1980; Ristroph et al,, 1981; Tesh
et al, 1983). Moreover, 3C- isotopologue profiling revealed
that L. pneumophila is able to perform gluconeogenesis and to
use the pentose phosphate pathway (PPP), although not all the
genes encoding canonical enzymes involved in these pathways
are present (Eylert et al., 2010). Based on the presence of a
glucose transporter protein and on '3C-tracer experiments, it
was reported that glucose, metabolized through the ED and PPP
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pathways serves as co-substrate for L. pneumophila, although
the addition of glucose in broth culture does not increase the
bacterial growth rate (Tesh et al, 1983; Eylert et al, 2010;
Eisenreich and Heuner, 2016; Hauslein et al., 2016). Isotopologue
profiling of key metabolites of L. pneumophila unveiled a bi-
partite metabolism, in which it preferentially uses serine as
major carbon, nitrogen and energy supply, whereas glycerol
and glucose are shuffled into anabolic processes (Eisenreich
and Heuner, 2016; Héuslein et al., 2016; Figure 2). In addition,
as expected from an intracellular bacterium, which engages
a growth phase-dependent program to control its virulence,
it was shown that also the carbon and energy sources are
metabolized in dependence of the growth phase (Gillmaier
et al., 2016; Héuslein et al., 2016). As such, Serine is mainly
metabolized during the replicative phase for amino acid (Ser>
Ala >Glu> Asp = Gly) and protein biosynthesis (>50 mol%)
and for energy production. *C-labeled serine was found to
enter mainly the TCA cycle, generating pyruvate and then
acetyl-CoA, and to produce PHB (Eylert et al., 2010; Gillmaier
et al., 2016; Hauslein et al., 2016). Conversely, during the
post-exponential phase, despite the availability of serine in the
medium, serine-dependent protein biosynthesis appears to be
reduced, whereas carbon from serine is still used for PHB and
fatty acid biosynthesis until the post-exponential phase of growth.
Hence, upon entry into the stationary phase and under nutrient
starvation, the PHB produced is catabolized by L. pneumophila,
serving as main carbon and energy storage (James et al., 1999;

Eylert et al., 2010; Gillmaier et al., 2016; Héuslein et al., 2016;
Figure 2).

The other player in this bi-partite metabolism is glucose,
which in L. pneumophila predominantly enters into the PPP
for the novo production of histidine and sugars (in particular
mannose) and that is also used in lower amounts for the
synthesis of other amino acids and PHB. Conversely to serine,
glucose is mainly metabolized throughout the late exponential
and post-exponential phase of growth (Figure 2). As previously
mentioned, L. pneumophila uses mainly the ED pathway, the
gluconeogenesis and the PPP, and to a minor extent the glycolysis
to metabolize glucose (Harada et al., 2010; Hduslein et al., 2016).
Furthermore, glucose metabolism through the ED pathway is
necessary for full fitness of L. pneumophila during its biphasic
life cycle (Eylert et al., 2010). Earlier studies provided the first
indication that glycerol may be used by L. pneumophila as
carbon source, as deduced from the upregulation of a glycerol-
3-phospate dehydrogenase (glpD) during intracellular growth in
human macrophages (Faucher et al., 2011). Indeed, glycerol is
predominantly metabolized during the late and post-exponential
phase of growth like the life stage dependent usage of other
carbon sources. Similar to glucose, the carbon from glycerol is
mainly shuffled into gluconeogenesis and PPP for histidine and
mannose production, but only low flux rates of carbon from
glycerol into the TCA cycle were reported (Hiuslein et al., 2016).
In contrast, saturated lipids like palmitate, another carbon source
shown to be predominantly used after amino acid depletion,
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FIGURE 2 | Simplified representation of exponential and post-exponential phase-dependent utilization of serine, glucose and glycerol by L. pneumophila. In vitro
isotopologue labeling experiments using 13C-serine, 13C-glucose and '3C-glycerol revealed a bipartite metabolism in which serine (in red) is mainly used during the
exponential phase of growth and enters primarily the TCA cycle, whereas glucose (in blue) and glycerol (in green) are shuffled into anabolic processes during the
post-exponential growth phase of L. pneumophila. Relative carbon fluxes are depicted by the thickness of the arrows. For more detail, see the text. ED,
Entner-Doudoroff pathway; PPP, pentose phosphate pathway; EMP, Embden-Meyerhof-Parnas pathway (glycolysis); TCA, tricarboxylic acid cycle (adapted from

Eisenreich and Heuner, 2016).
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is used for energy production and PHB synthesis (Héuslein
et al,, 2017). Taken together, the results from !3C- isotopologue
profiling and flux analyses suggested that the life cycle switch
of Legionella is also reflected by a metabolic shift from amino
acids usage during replication to glycerolipids and glucose when
entering transmissive phase (Hauslein et al., 2017; Figure 2).

The Metabolism of Intracellular

L. pneumophila

The acquisition of nutrients within host cells is an indispensable
prerequisite for L. pneumophila multiplication and for a
successful infection cycle. The presence and the up-regulation
of genes encoding 12 different ABC transporters, amino acid
permeases, proteases and phospholipases during intracellular
multiplication within host cells suggested how L. pneumophila
exploits host nutrient to support its intracellular growth
(Briiggemann et al., 2006). Indeed, it was shown that intracellular
replication of L. pneumophila depends on the host cell amino acid
transporter SLC1A5 (Wieland et al., 2005) and that it employs the
phagosomal transporter A (PhtA) to acquire threonine during
growth (Sauer et al, 2005). Furthermore, '3C-Isotopologue
compositions of amino acids from bacterial and amoebal proteins
showed that L. pneumophila takes indeed amino acids up from its
host (Schunder et al., 2014). In addition to the above mentioned
transport systems, L. pneumophila was also reported to employ
its effector proteins to generate nutrients for its growth. The L.
pneumophila effector AnkB (Price et al., 2009; Lomma et al.,
2010) is secreted in the host cell where it poly-ubiquitinates its
targets leading to their proteolysis by the host proteasome. Price
and colleagues suggested that in this way AnkB may generate
short peptides and amino acids, which represent nutrients for
intracellular bacterial multiplication as these free amino acids
may be imported into the LCV via different host solute carriers
and transporters, such as the glucose (Slc2al, Slc2a6) and glycerol
transporters (Slc37al) (Price et al., 2011). A recent study reported
opposing effects of two Dot/Icm secreted effector families, Lgt
and SidE on the master regulator of host amino acid metabolism,
the mechanistic target of rapamycin complex 1 (mTORCI).
However, these two-effector families work synergistically to
inhibit host translation and thereby liberate amino acids for L.
pneumophila growth (De Leon et al., 2017). Thus, L. pneumophila
not only employs its own transport systems for the uptake and
to use amino acids but also seem to exploit the host proteasome
machinery and mTORCI to generate nutrients. Isoptopologue
profiling during the replicative intracellular growth phase showed
that L. pneumophila uses serine and other amino acids as main
carbon and energy sources for protein biosynthesis, amino acid
biosynthesis and PHB production (Price et al., 2011). Although
less is known about the intracellular metabolism in the late
phase of growth, it is likely that L. pneumophila gets access
to carbohydrate sources such as glycogen, glucose and other
polymers from the host upon LCV lysis (Lang and Flieger, 2011).
In addition, the transmissive form of L. pneumophila contains
high amounts of PHB, which serves as energy and carbon storage
for the maintenance of the intracellular growth cycle (Gillmaier
et al.,, 2016; Hiuslein et al., 2017). Moreover, intracellular L.

pneumophila metabolizes myo-inositol, which was reported to
promote infection of A. castellanii and macrophages (Manske
et al,, 2016), and engages the translocated protein MavN, which
once integrated in the host-derived LCV membrane, facilitates
the acquisition of iron into its vacuole (Isaac et al., 2015).
Once nutrients are limited in the LCV, this may be the signal
for L. pneumophila to activate the infectious traits to escape
the spent host. This transition from the replicative to the
transmissive/virulent phase is highly regulated by a complex
regulatory network, described in the following sections.

Regulation of L. pneumophila

Differentiation

Triggers of the Stringent Response

After replicating within the LCV to high numbers, nutrients
become limited, which triggers complex and coordinated
regulation to allow the expression of transmissive traits, which
provide L. pneumophila with the ability of leaving the host cell, of
long-term survival under hostile extracellular conditions and of
re-infecting a new host cell. By analogy to E. coli, it was proposed
that L. pneumophila, when starved for amino acids, initiates
a stringent response by synthesizing the second messenger
guanosine tetraphosphate (p)ppGpp via the synthetase enzyme
RelA (Hammer and Swanson, 1999). Indeed, a L. pneumophila
relA mutant replicates efficiently within either amoebae or
macrophages however upon entry into the post-exponential
phase of growth, the mutant strain does not produce the second
messenger (Zusman et al., 2002). Additionally, virulence traits
are poorly expressed when L. pneumophila lacks RelA and
consequently the alarmone (p)ppGpp (Hammer and Swanson,
1999; Zusman et al, 2002; Dalebroux et al., 2010a). The
mild effects displayed by the lack of RelA on the expression
of the virulent traits suggested that additional clues and
redundant strategies are employed by L. pneumophila to govern
its virulence (Hammer and Swanson, 1999; Zusman et al.,
2002). Indeed L. pneumophila is equipped with two ppGpp
synthetases, which respond to two distinct metabolic cues.
Whereas, RelA synthesizes (p)ppGpp is following fluctuations
in amino acid availability, the bifunctional enzyme SpoT leads
to the accumulation of the alarmone (p)ppGpp in response to
fatty acid depletion. By analogy to E. coli, a L. pneumophila strain
depleted of relA and spoT lacks (p)ppGpp completely, however
whether it results in rRNA transcriptional activation and/or in
the synthesis of stable RNA remains unclear (Dalebroux et al,,
2009; Dalebroux and Swanson, 2012; Trigui et al,, 2015). Thus,
the L. pneumophila biphasic life cycle requires the fine tuning of
the levels of alarmone (p)ppGpp present in the bacteria. When
nutrients are abundant, virulent bacteria hydrolyze (p)ppGpp
in a SpoT-dependent manner, allowing the bacteria to actively
multiply and repress the transmission traits (Molofsky and
Swanson, 2003; Dalebroux et al., 2009, 2010a; Trigui et al., 2015).
Conversely, as replicating bacteria exhaust the available nutrients
within the LCV, (p)ppGpp is produced by RelA and additionally,
the equilibrium of SpoT is shifted more toward synthesis
instead degradation. This leads to a massive accumulation of
the alarmone and triggers the entry into the transmissive state
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(Hammer and Swanson, 1999; Molofsky and Swanson, 2004;
Dalebroux et al., 2009). SpoT is required throughout the entire
infection cycle to mediate (p)ppGpp turnover via its hydrolase
and synthase activities (Xiao et al., 1991; Potrykus and Cashel,
2008; Dalebroux et al., 2009, 2010a).

Transcriptional Control by Sigma Factors

In L. pneumophila the signaling alarmone (p)ppGpp is a key
player for the reorganization of the bacterial transcriptome
by recruiting sigma factors, allowing the activation of genes
necessary for the adaptation to the new condition and the
repression of the ones that are no longer required (Dalebroux
et al, 2010a). Particularly, the accumulation of (p)ppGpp
increases the amount of the alternative sigma factor RpoS
(6%/38), which results in the regulation of multiple pathways
associated with motility and pathogenic functions as well as
the activity of transcriptional regulators and Dot/Icm effectors
(Hales and Shuman, 1999; Bachman and Swanson, 2004; Trigui
et al, 2015). The mechanism that links the accumulation
of (p)ppGpp with the expression of RpoS remains to be
elucidated, however (p)ppGpp is suggested to destabilize the
binding of the vegetative sigma factor 6P/7° to the core and
endorses the recruitment of alternative sigma factors and the
expression of their targets, as demonstrated for E.coli (Jishage
et al., 2002). An additional regulatory element, which acts as
cofactor for (p)ppGpp-dependent transcriptional regulation is
the RNA polymerase (RNAP) secondary channel interacting
protein DksA (Haugen et al., 2008; Potrykus and Cashel, 2008).
L. pneumophila DksA function may be dependent on bacterial
stimuli. In particular, DksA seems to respond to fatty acid
stress by inducing bacterial differentiation in a (p)ppGpp-
independent manner, as judged by the expression of certain
transmissive traits within macrophages (Dalebroux et al., 2010b).
However, upon (p)ppGpp accumulation, DksA and (p)ppGpp
coordinately regulate the hierarchical cascade for flagellar
expression. Therefore, L. pneumophila employs both (p)ppGpp
and DksA to act independently or cooperatively during bacterial
differentiation (Dalebroux et al., 2010b). At the bottom of the
hierarchical cascade governing L. pneumophila differentiation
one can find the flagellar regulon, composed of four different
classes of genes, whose coordinated expression is crucial for
efficient and maximal virulence of the bacterium (Heuner et al.,
1997; Dietrich et al., 2001; Briiggemann et al., 2006; Appelt and
Heuner, 2017). Class I genes, which include the genes encoding
the flagellar master regulator and the o°* activator protein
FleQ together with the alternative sigma factor RpoN (0°%), are
required for the expression of the class II genes, leading to the
formation of the flagellar basal body, hook and the activation of
the regulatory proteins (Jacobi et al., 2004; Steinert et al., 2007;
Albert-Weissenberger et al., 2010). Finally, the flagellar sigma
factor FliA (6%) (encoded by a class IIT gene and regulated by
DksA) is directly controlling the flagellar class IV genes such
as flaA and fliDS, encoding the flagellin and the filament cap
respectively, leading to the complete formation of the flagellum
(Heuner and Steinert, 2003; Jacobi et al., 2004; Briiggemann
et al., 2006; Albert-Weissenberger et al., 2007, 2010; Dalebroux
et al., 2010b). Interestingly, the flagellar sigma factor FliA is not

only implicated in the regulation of the flagellum production but
also acts as regulator of virulence genes that are required for
the expression of pathways important for cytotoxicity, lysosome
evasion, and replication of L. pneumophila (Heuner et al., 2002;
Molofsky and Swanson, 2004; Briiggemann et al., 2006).

Post-transcriptional Regulation of Transmissive Traits
As in many other bacterial pathogens, L. pneumophila post-
transcriptional regulation is controlled by two-component
systems (TCS), which use protein phosphorylation cascades for
signal transduction (Padilla-Vaca et al., 2017). L. pneumophila
employs at least four distinct TCSs LetA/S, PmrA/B, LsqR/ST,
and CpxR/A that govern its differentiation from the replicative
to the transmissive state (Gal-Mor and Segal, 2003a; Tiaden et al.,
2007; Zusman et al., 2007; Altman and Segal, 2008). Particularly,
the TCS LetA/LetS (Legionella transmission activator and sensor,
respectively) of L. pneumophila is an important regulator system
for the activation of a large set of virulence phenotypes and
the control of the progression into the transmissive state
(Hammer et al., 2002; Gal-Mor and Segal, 2003b; Lynch et al.,
2003). Probably directly activated by the accumulation of the
alarmone (p)ppGpp, LetA is regulating the expression of the
small ncRNAs RmsX,Y,Z, which are required to relieve the
repression exerted by the global regulator CsrA, an RNA-
binding protein, on many virulence genes, thereby ensuring
the expression of the transmissive traits (Hovel-Miner et al.,
2009; Rasis and Segal, 2009; Sahr et al., 2009; Edwards et al.,
2010). The carbon storage regulator protein CsrA was reported
to bind more than 450 mRNA targets in L. pneumophila,
altering their translation, transcription and/or their stability
(Sahr et al., 2009, 2017). Among those targets, CsrA affects
the expression of the previously mentioned regulators FleQ,
RpoS, the quorum sensing regulator LqsR and it also control
the expression of over 40 Dot/Icm substrates (Sahr et al., 2017).
Moreover, CsrA controls its own expression and the reJA mRNA
in a regulatory feedback loop. This in turn makes the CsrA
protein indispensable for L. pneumophila thus only conditional
or partial mutants could be obtained, which are all however
strongly attenuated for intracellular multiplication, underlining
its essential role in the life cycle of L. pneumophila (Molofsky
and Swanson, 2003; Sahr et al., 2017). Another TCS important
for virulence gene expression is PmrA/B (Zusman et al., 2007).
L. pneumophila PmrA/B not only activates the expression of
43 effector-encoding genes but also positively regulates CsrA
and consequently post-transcriptional repression of the CsrA-
regulated effectors (Zusman et al., 2007; Al-Khodor et al., 2009;
Rasis and Segal, 2009) (Figure 3). It is likely that a regulatory
switch between at least two sets of effectors occurs: one set of
effectors, activated by PmrA/B and expressed in the replicative
state and the second group of effectors which is regulated by
the LetA/S TCS upon entry into the transmissive phase of L.
pneumophila. Another player in this complex regulatory network,
is the TCS LqsRS (Legionella quorum sensing), whose role in
the regulation of gene expression during the transmissive phase
has been extensively studied (Hochstrasser and Hilbi, 2017).
Importantly, the production of LgsR is regulated at the post-
transcriptional level by the global repressor CsrA (Sahr et al,

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

January 2018 | Volume 8 | Article 3


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Oliva et al.

Regulation of L. pneumophila Virulence and Metabolism

2009, 2017). Finally, the CpxR/A TCS, which acts as dual
regulator and thus as an activator and repressor, was shown to
control the expression of at least 27 Dot/Icm substrates as well
as type II- secreted virulence factors, playing a important role
in L. pneumophila virulence gene regulation (Gal-Mor and Segal,
2003a; Altman and Segal, 2008).

In addition to TCSs and the RNA-binding protein CsrA,
another major player in the regulation of the transition from
replicative to transmissive L. pneumophila is the RNA binding
protein and chaperone Hfq (McNealy et al., 2005; Trigui et al.,
2013). This pleiotropic regulatory element is known to modulate
gene expression by facilitating the interaction between sRNA and
their mRNA targets in diverse bacterial pathogens, controlling
pathways related to metabolism, transport, energy production
and conversion or membrane proteins (Boudry et al.,, 2014).
In L. pneumophila, Hfq expression is influenced by RpoS and
LetA regulatory elements as both directly or indirectly turn on
hfq transcription upon onset of the late post-exponential phase.
Furthermore, L. pneumophila Hfq regulates its own expression
in an auto-regulatory loop (Oliva et al, 2017). Although,
only two direct targets (hfg mRNA and Anti-hfq sRNA) of
L. pneumophila Hfq have been identified to date by in vitro
assays, Hfq was reported to regulate the bacterium’s virulence,
as judged by the findings that this post-transcriptional regulator
promotes motility and is required for efficient multiplication of L.
pneumophila within A. castellanii at environmental temperatures
(McNealy et al., 2005; Oliva et al., 2017) (Figure 3).

L. pneumophila Engages sRNAs to Control Its
Virulence

The complex and hierarchical regulation of the L. pneumophila
life cycle includes also the recruitment of small RNAs, which
ensure a fast and more cost-effective regulation. Previous
evidences in E. coli showed that the BarA/UvrY TCS (the
L. pneumophila LetA/S homolog) controls the expression of
two sRNAs, named CsrB and CsrC, whose sequences contain
GGA motifs, which are the characteristic binding sequences for
CsrA (Liu et al,, 1997). A first bioinformatics search revealed
in L. pneumophila the presence of two homologs of CsrB,
named RsmY and RsmZ (Kulkarni et al., 2006). Functional
analyses confirmed that these SRNAs were the missing regulatory
elements linking the LetA/S TCS and the RNA binding protein
CsrA in L. pneumophila (Rasis and Segal, 2009; Sahr et al.,
2009). In detail, LetA binds directly to a conserved consensus
sequence upstream the rsmY/Z genes, leading to their expression.
These sRNAs contain multiple CsrA binding motifs and act
as sponge to bind and sequester CsrA from their target
mRNAs, leading to the expression of virulence traits. RsmY
and RsmZ were the first characterized sRNAs implicated in
the regulation of L. pneumophila virulence. However, deep
RNA sequencing from exponentially (replicative) and post
exponentially (virulent) in vitro grown L. pneumophila have
identified more than 700 sSRNAs, 60% of which are growth-phase
dependently regulated, including a third LetA-dependent SRNA,
named RsmX, suggesting that a set of these yet uncharacterized
sRNAs, might influence the expression of replication or virulence
determinants in L. pneumophila (Sahr et al., 2012). Recently,

we characterized one of these ncRNAs, a cis-encoded sRNA
for which we showed that it is implicated in the regulation of
the RNA binding protein Hfq (Oliva et al., 2017). This sRNA,
named Anti-hfq, is transcribed antisense to the hfg transcript and
controls the expression of Hfq through a base pairing mechanism
during the exponential phase of L. pneumophila growth (Oliva
et al., 2017). Moreover, it is important to mention that Hfq
was reported to influence L. pneumophila differentiation by
interacting with the major regulatory elements of the cascade.
Thus, it is expected that Hfq, acting as RNA chaperone and
RNA binder might regulate a number of still unknown sRNAs
implicated in bacterial virulence.

Taken together, L. pneumophila is equipped with a
sophisticated regulatory network, including transcriptional
and post-transcriptional regulatory elements, including small
non-coding sense and antisense RNAs to control the reciprocal
expression of distinct sets of genes under different environmental
conditions (Figure 3).

CROSS TALK BETWEEN METABOLISM
AND THE STRINGENT RESPONSE

Similarly to what has been described in other bacterial pathogens,
many regulatory factors implicated in virulence gene expression

[fatty acids]e.
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Virulence, stress response, Stress response,
carbohydrate, fatty acid Virulence, virulence,
and amino acid metabolism, motility quorum sensing,
PHB biosynthesis fitness

FIGURE 3 | Model the stringent response network governing L. pneumophila
differentiation. Amino acid and fatty acid starvation triggers RelA and SpoT to
produce the alarmone (p)ppGpp. Its accumulation induces the activation of the
stress sigma factor RpoS, the LetA/LetS TCS and consequently an increased
transcription of the RsmZ, RsmX, and RsmY sRNAs. The three sRNAs act as
“sponge,” sequestering CsrA and leading thereby to the activation of the
infectious traits and to changes in the metabolism. The dashed arrows indicate
suggested but not yet confirmed direct interactions.
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are also major regulators of metabolic pathways. Indeed,
L. pneumophila exhibits a bipartite metabolism, which requires
a fine-tuned regulation. An intriguing example of a regulator that
is important for the expression of virulence and the regulation of
metabolic traits is the RNA binding protein CsrA. Interestingly,
L. pneumophila harbors some of the key genes encoding
enzymes of the glycolysis/gluconeogenesis (glyceraldeyde-3-
phosphate dehydrogenase or Gap, phosphoglycerate kinase, and
pyruvate kinase) and the PPP (transketolase) in one single
operon. The combined or individual regulation of these two
pathways is under the control of the RNA binding protein
CsrA, whose presence ensures the efficient expression of the
both parts of this operon (Sahr et al, 2017). When nutrients
are abundant CsrA binds within the gap transcript, and
stabilizes the alternative secondary structure that covers the Rho-
dependent transcription termination site. Consequently, this
leads to a CsrA-dependent transcription of the glycolysis part
of the operon toward gluconeogenesis, which under starvation
or stress is not expressed. Another example of how CsrA
influences metabolism, is that this regulatory element affects
the production of secondary metabolites, in particular thiamine
pyrophosphate, ensuring the effecting functioning of central
enzymes of the carbohydrate metabolism when required (Sahr
etal., 2017).

Indeed, using !*C-isotopologue profiling and carbon-flux
analyses of a wild-type and a csrA mutant strain confirmed
that CsrA plays a major role in regulating the carbon flux
between the PPP and the glycolysis (Héduslein et al, 2017).
Furthermore, this study highlighted the impact of CsrA on
the bipartite metabolism of L. pneumophila, as the absence
of CsrA induces a reduction of the carbon flux from serine
via gluconeogenesis into the PPP. By contrast, CsrA has a
negative impact on the incorporation and the metabolism of
glycerol and glucose. As such, the absence of CsrA results in
the increase of the carbon flux from glucose into the PPP
and ED pathways and the carbon flux from glycerol into the
PPP and the gluconeogenesis (Hiuslein et al., 2017). These
studies also showed the important influence of CsrA on the
production of the storage molecule PHB suggesting that CsrA is
a major player in the utilization of the different carbon sources
during the biphasic life cycle of L. pneumophila (Hauslein et al.,
2017). The biphasic life cycle of L. pneumophila within the
host supports the usage of amino acids as main carbon and
energy source during multiplication due to the expression of
CsrA that is simultaneously repressing the usage of alternative
carbon sources, such as glycerol. Conversely, upon onset of the
post-exponential phase of growth, the stress response induces
the sSRNA RsmX, Y, and Z that sequester CsrA, resulting in an
increased utilization of glycerolipids, which along with glucose,
mostly trigger the synthesis of lipopolysaccharide sugars through
the PPP and in addition, the production of the energy and
carbon storage polymer PHB (Hiuslein et al., 2017). Hence,
CsrA is a major organizer of the biphasic life cycle of Legionella
pneumophila integrating and coordinating the metabolic carbon
switch and the transition between replicative and transmissive
traits.

CONCLUDING REMARKS

L. pneumophila is an intracellular opportunistic pathogen,
which exploits amoebae and other protozoa as environmental
hosts, but that is also able to infect human macrophages,
eventually causing Legionnaires’ disease, a severe pneumonia
that is often fatal when not treated promptly. L. pneumophila
is ubiquitously found in fresh water habitats, as planktonic
form or forming biofilm. In response to diverse and hostile
environmental conditions encountered during its life cycle,
L. pneumophila has evolved sophisticated mechanisms to
successfully replicate within different host niches and to also
survive in extracellular environments. As such, this intracellular
bacterium displays at least two reciprocal stages: a replicative
and a transmissive form. The transition between the non-virulent
replicative and the virulent non-replicative phase is governed
by a complex regulatory network, in which transcriptional and
post-transcriptional regulatory elements are engaged to insure
an efficient infection cycle. The trigger of this morphological
stress response is mainly mediated by metabolic changes and
therefore the availability of nutrients in the surroundings. Thus,
within the LCV the usage of serine as carbon and energy
source supports the multiplication of the bacteria in which the
replicating bacteria show a high metabolic activity. Upon amino
acid depletion, the stringent response mediates the expression
of the virulent traits but in parallel also enables the bacteria to
survive for long term under stress and starving condition. This is
ensured amongst others by the expression of stress and virulence
related genes and an overall metabolic shift leading to the
usage of alternative carbon sources like glucose and glycerolipids
and an increased production of the storage molecule PHB.
Under these conditions, L. pneumophila is optimally equipped
to escape the spent host, survive for an uncertain period in the
extracellular environment and eventually start a new infection
cycle.

Taken together, the biphasic life cycle of L. pneumophila
results in distinct morphological changes and a bipartite carbon
metabolism. Thus, during the biphasic life cycle the metabolism
influences the transition between replicative and transmissive
phase as well as the reciprocal expression of virulence factors and
their regulators, in particular CsrA, which is implicated in the
regulation of virulence and the metabolism. A comprehensive
analysis of L. pneumophila adaptation to metabolic cues during
the transmissive phase in vivo either in amoebae or macrophages
is still missing and would provide additional information
about the utilization of diverse carbohydrates, and the cross-
talk of the regulatory elements which govern L. pneumophila
virulence. Continuous unrevealing of this complex interplay
between metabolism and virulence of L. pneumophila
may teach us also about host-pathogen interaction in
general.
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The defective in organelle trafficking/intracellular multiplication (Dot/lcm) Type Vb
secretion system (T4SS) is the essential virulence factor for the intracellular life style
and pathogenicity of Legionella species. Screens demonstrated that an individual
L. pneumophila strain can use the Dot/lcm T4SS to translocate an unprecedented
number of more than 300 proteins into host cells, where these, so called lcm/
Dot-translocated substrates (IDTS) or effectors, manipulate host cell functions to the
benefit of the bacteria. Bioinformatic analysis of the pan-genus genome predicts at least
608 orthologous groups of putative effectors. Deciphering the function of these effectors
is key to understanding Legionella pathogenesis; however, the analysis is challenging.
Substantial functional redundancy renders classical, phenotypic screening of single gene
deletion mutants mostly ineffective. Here, | review experimental approaches that were
successfully used to identify, validate and functionally characterize T4SS effectors and
highlight new methods, which promise to facilitate unlocking the secrets of Legionella’s
extraordinary weapons arsenal.

Keywords: Legionella, Type IVb secretion system, Dot/Icm, effectors, toolbox, host targets, infection models,
functional genomics

INTRODUCTION

Legionella pneumophila was recognized as human pathogen in 1976 after a devastating outbreak
of pneumonia, termed Legionnaires’ disease, at an American Legion convention (Fraser et al,
1977; McDade et al., 1977). Investigations into the epidemiological and pathological mechanisms
soon established that L. pneumophila is a ubiquitous, facultative intracellular pathogen of protozoa
(Rowbotham, 1980), which, after inhalation, can also thrive in human alveolar macrophages.
Key to exploiting phagocytic hosts is its ability to evade phago-lysosomal degradation (Horwitz,
1983a). Instead the bacteria create the Legionella containing vacuole (LCV) (Horwitz, 1983b),
which shelters them from intracellular defenses and intercepts nutrients, supporting replication.
The defective in organelle trafficking/intracellular multiplication (Dot/Icm) Type IVb secretion
system (T4SS) is critical for LCV biogenesis and intracellular replication (Berger and Isberg, 1993;
Segal et al., 1998). It is located at the bacterial poles and, upon membrane contact, translocates
proteins into host cells (Charpentier et al., 2009; Jeong et al., 2017), which manipulate cellular
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processes and are therefore called effectors. Although for many
Icm/Dot-translocated substrates (IDTS) an actual effect on the
host awaits demonstration, they will here collectively be referred
to as effectors.

Facilitated by the genome sequences of prototype
L. pneumophila strains (Cazalet et al, 2004; Chien et al,
2004) screens for T4SS substrates established that each strain
translocates more than 300 proteins (Nagai et al., 2002; Luo
and Isberg, 2004; De Felipe et al., 2005, 2008; Kubori et al.,
2008; Burstein et al., 2009; Huang et al., 2011; Zhu et al., 2011;
Lifshitz et al., 2013). Comparative genomics of an increasing
number of L. pneumophila isolates and more than 38 Legionella
spp. showed that, while sharing the Dot/Icm T4SS, extensive
diversity in the effector arsenals exists (Schroeder et al., 2010;
Gomez-Valero et al., 2014; Burstein et al., 2016). Only 7 proteins
of an estimated 608 orthologous groups of effectors across the
genus are conserved in all species (Burstein et al., 2016).

Despite advances in our understanding about some effectors
(Finsel and Hilbi, 2015; So et al., 2015; Qiu and Luo, 2017),
we still lack knowledge about the functions of the majority.
Deciphering their functions is challenging, as effectors are a
heterogeneous group with limited homology to characterized
proteins. This mini-review summarizes methods that were
employed to characterize Dot/Icm T4SS effectors and highlights
additional methods that could help uncovering the weapons
which Legionella spp. hold in their arsenals.

CHARACTERISTICS OF DOT/ICM T4SS
EFFECTORS

Work over the past 15 years revealed several characteristics
of effectors. A translocation signal, which directs them to the
T4SS, is commonly found in the C-terminus (Nagai et al,
2005). It consists of a pattern of 20-35 amino acids with
specific biophysical properties, e.g., small polar and/or charged
residues, and can include a so called E-Block motif encompassing
several glutamic acid residues (Nagai et al., 2005; Kubori et al.,
2008; Burstein et al., 2009; Huang et al., 2011; Lifshitz et al.,
2013). Some effectors comprise an additional internal export
signal (Cambronne and Roy, 2007; Jeong et al, 2015). Many
effectors are large (>100 kDa), with modular architecture
(Figure 1A), consisting of different functional domains, e.g.,
localization, target binding, and enzymatic activity domains.
Most prominent feature, which facilitated the discovery of the
first effector RalF, is the occurrence of domains with striking
homology to eukaryotic proteins (Nagai et al., 2002; Cazalet
et al, 2004; De Felipe et al, 2005; Gomez-Valero et al.,
2011).

Integration of these characteristics and parameters, such
as regulatory motifs, in machine-learning approaches enabled
prediction algorithms. Several programs are available (Meyer
et al.,, 2013; Zou et al,, 2013; An et al., 2016). Dot/Icm effector-
focused algorithms were applied to 38 Legionella spp., revealing
not only 608 orthologous groups of effectors, but also 99
frequently-occurring domains, which facilitate the identification
of new effectors (Burstein et al., 2009, 2016; Lifshitz et al., 2013).

PROBING TRANSLOCATION AND
LOCALIZATION

Several assays for the validation of T4SS-mediated transport exist
(Figure 1B). The visualization of endogenous effectors in host
cells using antibodies and immunofluorescence (IF) or electron
microscopy (EM) is the gold standard to infer physiologically
accurate information (Figure 1B.1) and was achieved for a few
effectors, e.g., SdeA, LidA, RidL, SidC, SidM, RalE, (Nagai et al.,
2002; Luo and Isberg, 2004; Bardill et al., 2005; Machner and
Isberg, 2006; Finsel et al., 2013). An antibody against SidC was
used to visualize the reconstitution of translocation of a SidC
variant lacking its translocation signal by fusion to putative
effectors (Vanrheenen et al., 2006; Huang et al., 2011).

Alternatively, effectors were detected in host cell extracts by
immunoblot (Vanrheenen et al., 2006; Lin et al., 2015), which
in combination with fractionation steps to isolate organelles or
LCVs, also informed about their subcellular localization (Ivanov
et al., 2010; Hoffmann et al., 2014a; Lin et al., 2015).

As many effectors seem to be of low abundancy, several
assays employ overexpression and exploit that the T4SS tolerates
reporter domains fused to the N-terminus of effectors, if these
do not fold rapidly into rigid structures (Amyot et al., 2013).
One or multiple epitope tags [e.g., M45 (Weber et al., 2006),
4xHemagglutinin (HA) (Dolezal et al.,, 2012), 13xMyc (Viner
etal., 2012) or 3xFlag (Isaac et al., 2015)] were employed to detect
translocated effectors.

An early screen using an enzymatic reporter domain
measured restoration of an antibiotic resistance gene by the
Cre/loxP recombinase after T4SS-mediated translocation of Cre-
effector fusions from a Legionella donor into bacterial recipients
(Figure 1B.2) (Luo and Isberg, 2004). However, the B-lactamase
TEM-1 and the calmodulin-dependent adenylate-cyclase domain
of Bordetella pertussis toxin Cya are the most frequently used
enzymatic reporters (Figures 1B.3, 4), providing high sensitivity
by enzymatic signal amplification (TEM1: cleavage of a f-lactam
fluorescence resonance energy transfer (FRET) sensor; Cya;
generation of cyclic AMP) (Chen, 2004; Nagai et al., 2005; De
Felipe et al., 2008).

Despite localization of several effectors by IF, SidC is the only
imaged by super-resolution microscopy (Naujoks et al., 2016)
and no live imaging data tracking Legionella effectors during
infection exists. Lack of fluorescent protein tags compatible
with T4SS-mediated translocation might account for this.
Split fluorescent proteins, used for Salmonella T3SS effectors
(Figure 1B.5) (Van Engelenburg and Palmer, 2010) and new
enzyme-tags (Figure 1B.6) (Halo-, Snap and Clip-tags), which
self-label with fluorophores that are suitable for live-, super-
resolution- and electron-microscopy (Bottanelli et al., 2016; Liss
et al., 2016), are promising tools to reveal the dynamics and
distribution of effectors on a nanoscale.

INFECTION MODELS

Legionella effectors target fundamental processes, conserved
between protozoa and mammals, resulting in a range of
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FIGURE 1 | (A) Scheme of the typical architecture of Dot/lcm T4SS effectors. Effectors often show a modular structure consisting of a translocation signal and
localization, target binding and enzymatic activity domains. (B) Reporter systems for determining the translocation and localization of Dot/lcm T4SS effectors.

(1) Fluorophore- or gold particle-conjugated antibodies specific for an effector or an epitope tag are used to detect the effector in host cell lysates by immunoblot or
visualize it by immunofluorescence- or electron microscopy. (2) Cre/loxP recombinase system: After delivery of Cre-effector fusions into recipient cells the recombinase
removes a loxP-flanked disruptor cassette from a gene reporter conferring antibiotic resistance. (3) B-lactamase (TEM-1) assay: Translocation of TEM-1-effector
fusions results in hydrolysis of a green fluorescent p-lactam FRET substrate, separating FRET donor and acceptor, generating a blue fluorescent product.

(4) Calmodulin-dependent adenylate-cyclase (Cya) assay: Upon arrival of a Cya-effector fusion in the host, Cya gets activated by binding calmodulin and turns over
ATP to cyclic AMP, which can be quantified by ELISA. (5) Split-GFP reporter system: Effectors are fused to the small (GFP11) fragment of a split GFP. Upon delivery
into cells expressing the non-fluorescent large (GFP1-10) GFP fragment, spontaneous reassembly of effector-fused GFP11 and GFP1-10 occurs, restoring
fluorescence emission which can be visualized by fixed or live imaging fluorescence microscopy. (6) Halo-tag reporter: After translocation into the host the
Halo-tagged effector can be ligated with versatile fluorophores for detection by conventional, super-resolution- or electron microscopy.
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infection models, which, despite similarities, have each
strengths, and weaknesses. Hartmannella  vermiformis,
Naegleria spp. and in particular Acanthamoeba castellanii
and Dictyostelium discoideum are frequently used environmental
hosts (Rowbotham, 1980; Newsome et al., 1985; Fields et al.,
1990; Moffat and Tompkins, 1992; Solomon and Isberg, 2000;
Hoffmann et al., 2014b). Requirements for specific effector
subsets in different protozoa vary and are more stringent than
in macrophages (O’Connor et al, 2011), making protozoa
indispensable to study the evolutionary pressures behind the
acquisition of effectors. To analyze the interaction of Legionella
with macrophages, various mammalian [e.g., U937 (Pearlman
et al., 1988), HL-60 (Marra et al., 1990), THP-1, Raw264.7
(Cirillo et al., 1994), J774 (Husmann and Johnson, 1992), M-HS
(Matsunaga et al., 2001)] and insect [S2 and Kc167 (Dorer et al.,
2006; Sun et al., 2013)] cell lines served as models. Moreover,
non-phagocytic cells [e.g., HEp-2 (Cirillo et al., 1994), A549
(Mousnier et al., 2014), HeLa (Finsel et al., 2013), HEK293
(Losick et al., 2010), CHO (McCusker et al., 1991; Kagan and
Roy, 2002)], with optional ectopic-expression of Fcy-receptor to
boost the invasion efficiency of Legionella, were employed. To
evaluate the relevance of findings for human disease, differences
in patterns of protein family expansion, e.g., Rab GTPases
(Klépper et al,, 2012), and innate immune signaling, e.g.,
inflammasome activation (Krause and Amer, 2016), between cell
lines, mice and humans need to be considered. Ultimately, results
need validation in primary macrophages and in vivo models that
approximate the complexity of the human immune system.

Insects such as Drosophila melanogaster (Kubori et al., 2010)
and Galleria mellonella (Harding et al., 2012, 2013b; Aurass et al.,
2013) mount innate immune responses and represent straight-
forward infection models. Tests in mammals, e.g., guinea pigs,
rats, rhesus monkeys, and marmosets, showed that guinea pigs
develop disease similar to humans (Baskerville et al., 1983; Davis
etal., 1983). Mice, with exception of A/] mice, which are defective
in an NAIP5-dependent inflammasome response to flagellin,
are resistant to Legionella (Brieland et al., 1994). Nevertheless,
because of the wealth of engineered mouse strains, infections of
A/] mice with wild-type or non-permissive mice with flagellin-
deficient Legionella have become the predominant in vivo models
and gave important insight into effector and immune biology
(Brown et al.,, 2016). In the future, humanized mice (Walsh et al.,
2017) and ex vivo human lung tissue models (Jager et al., 2014)
will improve our capabilities to define roles of effectors in human
infection.

GENETICS APPROACHES TO DETERMINE
EFFECTOR FUNCTIONS

Legionella is amenable for gene deletion by homologous
recombination (Merriam et al, 1997; Bryan et al, 2011;
O’Connor et al., 2011) and mutagenesis with transposons (Ott,
1994; Pope et al., 1994; Edelstein et al., 1999; O’Connor et al.,
2011). Assays recording intracellular growth by colony counting
or continuously, using fluorescent or bioluminescent strains, are
established (Coers et al., 2007; Tiaden et al., 2013; Schroeder

etal.,, 2015). Mixed infection competition experiments measuring
performance of a wild type vs. a mutant strain achieved better
resolution of differences in virulence in some cases (Ensminger
et al., 2012; Finsel et al., 2013; Harding et al., 2013b). However,
attenuation of strains lacking single effectors was rarely observed.
Some effectors might be dispensable in a specific host; but
Legionella also achieves resilience by deploying families of
paralogue effectors, which seem functionally redundant (Cazalet
et al., 2004; Chien et al., 2004).

To reduce the complexity of the effector network, O’Connor
and Isberg developed two genetic approaches. Insertional
mutagenesis and depletion (iMAD, Figure2A) is based on
the combinatorial screening of effector deletion mutants for
intracellular growth in hosts, which are also host factor depleted
(O’Connor et al,, 2012; O’Connor and Isberg, 2014). Additive or
compensatory effects of the lack of an effector and a host factor
are monitored and interrogated using computational clustering
and network analysis, grouping effectors with similar profiles and
predicting functional redundancy.

In a second approach five genomic regions were deleted
to create a minimized genome strain lacking 31% of effectors
(O’Connor et al, 2011). This strain grows normally in
macrophages; but is attenuated in protozoa, underlining the
importance of examining several infection models. Subsequently,
the minimized genome strain and intermediates lacking subsets
of the genomic regions proved to be valuable tools to link
Dot/Icm T4SS dependent phenotypes to a chromosomal region
and, through gene-by-gene screening, to individual effectors
(Choy et al., 2012; Arasaki et al, 2017; Kotewicz et al,
2017). Deletion of additional effectors could generate even
more powerful strains for loss-of-function or gain-of-function
experiments, in which the perturbation of host processes by
individual effectors can be dissected.

HETEROLOGOUS EXPRESSION SYSTEMS
FOR PHENOTYPIC ANALYSIS

Alternatives to investigating effectors during infection rely on
heterologous expression and delivery. These are often technically
and analytically less complex, but do not reflect physiological
concentrations, microenvironment of delivery and the effects
of other effectors. Microinjection of recombinant effectors, e.g.,
SetA (Jank et al., 2012), offers excellent control of concentration
and timing of injection, enabling the characterization of
toxic effectors; however requires protein purification and a
microinjector. Relinquishing the tight control over the delivery,
but reducing technical requirements, microbial microinjection
exploits a Yersinia enterocolitica strain with functional type III
secretion system (T3SS), but lacking effectors (Waélke et al., 2011),
to deliver individual Dot/Icm effectors (Rothmeier et al., 2013).
The suitability of this approach for a wide range of T4SS effectors
still needs confirmation.

Ectopic-expression in mammalian cells remains the
workhorse to assess effector-induced modulation of host
processes and subcellular targeting by co-localization with
organelle markers. Numerous studies exist. Libraries containing
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FIGURE 2 | Genetics and proteomics methods for the functional characterization of Dot/lcm T4SS effectors. (A) Insertional mutagenesis and depletion (IMAD)
disentangles the complex network of effector-host manipulations: (1) Characterization of a Legionella mutant lacking a single effector (E1), which acts through host
protein A, does not result in reduced intracellular growth, because a second effector (E2) induces a redundant process through host protein B. (2) Following the IMAD
strategy, screening of single effector mutants in host cells, which are also depleted for host factors, eliminates redundant pathways, resulting in attenuation of the
strain. (B) Nucleic Acid-Programmable Protein Array (NAPPA) for profiling of host cell targets of effectors: Human genes are printed as array on slides and translated
in vitro. Recombinant Halo-tagged effector is added and after washes reacted with a fluorophore-ligand for the Halo-tag, allowing detection of the human proteins,
which bound and retained the effector on the array. (C) Proteomics approaches for the characterization of effectors: (1) BirA/Bio-tag system: Bio-tagged effector is
translocated into biotin ligase BirA expressing cells leading to biotinlylation of the Bio-tag. After optional cross-linking the bioinylated effector and bound host proteins
are isolated by tandem-affinity purification for interactome analysis by MS. (2) Proximity biotinylation: Translocation of an effector fused to e.g., the peroxidase APEX or
a promiscuous biotin ligase (BiolD) results in biotinylation of host proteins in the proximity of the effector, which can be processed as for (1) to identify potential
interactors. (3) Identifying post-translational modifications (PTMs): Infected cells are infused or metabolically-labeled with a chemical substrate analog (CSA) for a
PTM-catalyzing enzyme. Host proteins and effectors, which are modified with the CSA, can be isolated after ligation of an affinity handle such as biotin to the CSA and
characterized by MS. (4) Profiling the enzymatic activities of effectors with activity-based probes (ABPs): Infected cells or lysates are treated with a chemical ABP,
which irreversibly binds to a specific enzyme class and contains or allows addition of an affinity handle. Effectors, which possess such enzymatic activity, react with the
probe, are isolated and identified by MS.
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up to 275 effectors for viral transduction or transfection were
used to screen for effectors, which modulate, e.g., caspase
activation (Zhu et al.,, 2013), the cytoskeleton (Liu et al., 2017),
translation (Barry et al., 2013), or NF-kB activation (Ge et al.,
2009; Losick et al., 2010).

Saccharomyces cerevisiae is an important tool to study
effectors (Popa et al., 2016). Phenotypic screens identified
Legionella effectors that subvert endosomal trafficking or are
cytotoxic for yeast (Campodonico et al., 2005; Shohdy et al,
2005). The availability of yeast gene deletion and overexpression
strain collections (Gelperin et al., 2005; Sopko et al., 2006;
Giaever et al., 2014) bears particular potential. These have proven
useful to test enzymatic activities of effectors, e.g., LegS2 or
SidP, in functional complementation assays (Degtyar et al., 2009;
Toulabi et al., 2013) and to profile synergistic and antagonistic
genetic interactions between yeast and effector genes, allowing to
infer affected pathways (Viner et al., 2012). Moreover, screening
of overexpressed host proteins or effectors for suppression of
effector-induced toxicity toward yeast identified host targets,
effectors pairs with antagonistic activities and, so called meta-
effectors, which regulate other effectors (Tan and Luo, 2011; Tan
etal., 2011; Guo et al.,, 2014; Urbanus et al., 2016).

IDENTIFICATION OF PROTEIN TARGETS

Dissecting the molecular mechanisms underlying effector-
induced phenotypes often requires the identification of host
targets. Yeast two-hybrid screening is a powerful method to
identify protein-protein interactions and was used for several
effectors (Banga et al, 2007; Lomma et al., 2010; Harding
et al., 2013a; Michard et al., 2015). Similarly, pull-down of
interactors from host cell lysates using purified effector or co-
immunoprecipitation (Co-IP) from cells ectopically expressing
an effector bait were frequently used (Machner and Isberg, 2006;
Price et al., 2009; Finsel et al., 2013; Urbanus et al., 2016). In a cell-
free assay system, the Nucleic Acid-Programmable Protein Array
(NAPPA, Figure 2B) (Yu et al., 2015), human bait gene arrays are
translated in vitro, exposed to Halo-tagged effector and bound
effector detected by ligation of a fluorophore to the Halo-tag.
This system, circumventing protein isolation, promises to reveal
a global view of interactors.

Despite their proven value, all above-mentioned in vitro and
heterologous expression methods struggle with the identification
of false-positive and -negative targets, because they do not reflect
the unique proteomic landscape which an effector experiences
when injected at the LCV membrane into a cell that responds to
the infection and is manipulated by hundreds of effectors.

We established a method to determine the interactomes
of effectors during infection (Figure2C.1) (Mousnier et al,
2014). Legionella expressing an effector fused to a tandem-
affinity tag including a biotinylation site (Bio-tag), are used to
infect cells expressing Escherichia coli biotin ligase BirA. The
translocated effector is biotinylated, allowing isolation of effector-
host target complexes for analysis by mass spectrometry (MS).
Using this approach, we identified new interactors of PieE and
profiled the infection-relevant interactions of the promiscuous

Rab GTPase-binding effectors SidM and LidA (Mousnier et al.,
2014; So et al., 2016).

Exciting prospects for effector target discovery arise from the
development of proximity-biotinylation systems (Figure 2C.2).
These rely on promiscuous biotinylation of proteins in proximity
of engineered BirA (Roux et al., 2012) or the peroxidase APEX2
(Hung et al,, 2016) followed by characterization of biotinylated
targets by MS. Translocation of T3SS effector-APEX2 fusions by
Chlamydia was recently described (Rucks et al., 2017) suggesting
that this could be adopted for T4SS effectors.

PROFILING POST-TRANSLATIONAL
MODIFICATIONS (PTMS) AND ENZYMATIC
ACTIVITIES

Effectors exploit host proteins as receptors (Gaspar and Machner,
2014) and subvert their functions, which is often achieved by
post-translational modification (PTM) (Michard and Doublet,
2015). The discovery of the phosphocholination activity of
AnkX and phosphoribosyl-ubiquitin ligase activity in SdeA
illustrated that careful analysis of protein targets by MS is
key to identify new PTMs (Mukherjee et al., 2011; Bhogaraju
et al,, 2016; Qiu et al, 2016). PTM specific antibodies were
used e.g., to study effector-mediated phosphorylation or histone
modifications (Ge et al., 2009; Rolando et al., 2013). This can
be complemented by autoradiography assays using radioactive
substrates, which excel in sensitivity, and are employed to study,
e.g., AMPylation (Neunuebel et al., 2011; Tan and Luo, 2011) or
glycosyltransferase effectors (Jank et al., 2012). Non-radioactive
chemical substrate analogs (CSAs), which can be functionalized
to visualize and isolate modified proteins, were developed for
several PTMs (Grammel et al., 2011; Lu et al., 2012; Fischle and
Schwarzer, 2016). CSAs can also reveal PTMs on effectors, as
demonstrated for the post-translational lipidation of effectors
(Figure 2C.3) (Ivanov et al, 2010; Lin et al., 2015; Schroeder
et al., 2015). CSAs enable profiling of PTMs on proteome level
from cell extracts, living cells or, as shown for SidM-mediated
AMPylation, on NAPPA arrays (Yu et al., 2015), promising global
overviews of PTMs at a coverage similar to the Legionella-shaped
ubiquitinome (Ivanov and Roy, 2013; Bruckert and Abu Kwaik,
2015).

The discovery of new enzymatic activities is challenging as
small molecules, e.g., ATP or lipids, can be substrates and/or
effectors not necessarily target host proteins. Bioinformatic
analysis to identify homologous enzymes and catalytic motifs
is critical to find leads (Watson et al., 2005) for focused
enzymatic assays, as exemplified by LpdA (lipolysis, Schroeder
et al., 2015), SidF (phosphate release, Hsu et al., 2012) or LncP
(nucleotide transport, Dolezal et al., 2012). Biophysical methods,
e.g., differential scanning fluorimetry, allow screening of ligands
(Ciulli, 2013).

For the identification of enzymes-of-interest, e.g., redundant
effectors, in the Legionella proteome activity-based probes
(ABPs) offer a solution (Figure 2C.4). ABPs are typically small
molecules that irreversibly react with a specific enzyme class and
functionalized to allow purification of modified enzymes for MS
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analysis. ABPs are available for many enzymes including the
ubiquitin-conjugation and chromatin-modifying machineries
(Willems et al., 2014; Fischle and Schwarzer, 2016; Hewings et al.,
2017). ABPs will help to disentangle the redundancy problem,
probe for eukaryotic-like enzymes and assign functions in new
Legionella isolates.

SYNTHESIS

Deciphering the functions of thousands of effectors is a
formidable challenge; however new genetics tools and a
rapidly growing number of chemical biology and proteomics
methods provide a well-suited toolbox to reveal fascinating new
mechanisms of host manipulation by Legionella.
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Protein ubiquitination is critical for regulation of numerous eukaryotic cellular processes
such as protein homeostasis, cell cycle progression, immune response, DNA repair,
and vesicular trafficking. Ubiquitination often leads to the alteration of protein stability,
subcellular localization, or interaction with other proteins. Given the importance of
ubiquitination in the regulation of host immunity, it is not surprising that many
infectious agents have evolved strategies to interfere with the ubiquitination network
with sophisticated mechanisms such as functional mimicry. The facultative intracellular
pathogen Legionella pneumophila is the causative agent of Legionnaires’ disease.
L. pneumophila is phagocytosed by macrophages and is able to replicate within a niche
called Legionella-containing vacuole (LCV). The biogenesis of LCV is dependent upon the
Dot/lcm type IV secretion system which delivers more than 330 effector proteins into host
cytosol. The optimal intracellular replication of L. pneumophila requires the host ubiquitin-
proteasome system. Furthermore, membranes of the bacterial phagosome are enriched
with ubiquitinated proteins in a way that requires its Dot/lcm type IV secretion system,
suggesting the involvement of effectors in the manipulation of the host ubiquitination
machinery. Here we summarize recent advances in our understanding of mechanisms
exploited by L. pneumophila effector proteins to hijack the host ubiquitination pathway.

Keywords: type IV secretion, effectors, posttranslational modification, bacterial virulence, cell signaling

INTRODUCTION

Post-translational modification (PTM) is a biochemical mechanism in which amino-acid residues
in a protein are covalently modified by specific enzymes. PTMs regulate the function of most
proteins, thereby allowing the modulation of a wide range of cellular processes, which permits cells
to respond to endogenous developmental signals or external stimuli imposed by environmental
changes. More than 200 types of PTM have been described, including ubiquitination which is
among one of best studied (Deribe et al., 2010).

The Eukaryotic Ubiquitination Network

Ubiquitination is a central signaling system that is conserved among all eukaryotic organisms
(Hershko and Ciechanover, 1998; Figure 1A). Ubiquitination is defined as the covalent conjugation
of one or several ubiquitin moieties to residues (mostly lysines) of target proteins. The
conventional conjugation of proteins with ubiquitin occurs through the universally conserved
three-enzyme cascade (Hershko and Ciechanover, 1998). Free ubiquitin is first activated by E1
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FIGURE 1 | Enzymes and chemical reactions involved in ubiquitination catalyzed by the canonical mechanism and by members of the SidE family proteins. (A) In the
canonical mechanism, a ubiquitin molecule is activated by E1 at the expense of an ATP. The activated ubiquitin is first linked to E1 via a labile thioester bond prior to
being transferred to the E2 conjugation enzyme, also linked by a thioester bond. The final step of the reaction differs greatly among different groups of E3 enzymes
which dictate substrate specificity. For members of the HECT family of ES enzymes (left), a reaction intermediate is formed, again by the formation of a thiolester bond
between ubiquitin and E3, from where it is finally linked to lysine residues of the substrate. For other groups of E3 enzymes such as the RING family, the ubiquitin
moiety is directly transferred to the substrate without the formation of an intermediate. (B) The reaction catalyzed by the SidE family begins with ubiquitin activation by
ADP-ribosylation at Arggo to produce the reaction intermediate ADP-ribosylated ubiquitin (ADPR-Ub), a nicotinamide moiety is released in this step of the reaction. In
the second reaction, ADPR-Ub is cleaved by a phosphodiesterase (PDE) activity also embedded in these proteins, resulting in the attachment of phosphoribosylated
ubiquitin to serine residues of the substrate and the release of AMP. How ubiquitin is recognized by the mART motif is unknown, nor is the mechanism of substrate

recognition presumably by the PDE domain.

(ubiquitin-activating enzyme) at the expense of ATP to form a
ubiquitin-AMP intermediate that is used to modify E1 by a thiol-
ester linkage formed between the carboxyl-terminus of ubiquitin
and a cysteine residue on El. The El-linked ubiquitin is then
transferred via a transthiolation reaction to a cysteine residue
on E2 (ubiquitin-conjugating enzyme). Finally, E3 (ubiquitin-
protein ligase) catalyzes the covalent attachment of ubiquitin to
substrate via a isopeptide bond formed between the C-terminal
end of ubiquitin to the e-amino group, mostly on a lysine
residue (Hershko and Ciechanover, 1998). In eukaryotic cells,
there are two genes that encode E1 enzymes and dozens of genes
encode E2 enzymes (Ye and Rape, 2009). Since E3 enzymes
play an important role in determining substrate specificity, there
are a large number of genes (over 1,000 in human genome
in estimation) encoding E3 enzymes (Rytkonen and Holden,
2007). The large number of E3 ligases are classified into three
major types according to the presence of different catalytic
motifs and the mechanisms of catalysis. Members of the HECT
(Homologous to the EGAP C-terminus) domain family E3 ligases
require the formation of a thiol-ester intermediate with ubiquitin
on the active cysteine residue prior to being transferred to

substrates (Metzger et al., 2012). Members of the RING (really
interesting new gene) family E3 ligases function as adaptors
that bind to both E2 and the substrate, thereby facilitating the
direct transfer of ubiquitin molecule from E2 to the substrate
(Metzger et al, 2012). The RING-IBR (In-Between-RINGs)-
RING (RBR) type of E3s catalyze ubiquitination through a RING-
HECT hybrid mechanism (Wenzel et al., 2011; Metzger et al,,
2014).

The effect of ubiquitination to a large extent depends on
the length and linkage type of the ubiquitin chain attached
to the protein. Based on the length of the ubiquitin chain,
ubiquitination can be divided into mono-ubiquitination,
multi-monoubiquitination, and polyubiquitination.
Monoubiquitination and multi-monoubiquitination have been
shown to regulate subcellular protein localization, endocytosis,
and the recruitment of ubiquitin-binding proteins (Haglund
and Dikic, 2005). The formation of polyubiquitin chains can
occur on one of the seven lysine residues (K6, K11, K27, K29,
K33, K48, and K63) and the amino terminal methionine (M1)
(Komander and Rape, 2012). Polyubiquitin chains linked via K48
render the modified proteins to be recognized by the proteasome

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

December 2017 | Volume 7 | Article 487


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Qiu and Luo

Ubiquitin and Legionella Virulence

for destruction. In contrast, polyubiquitin chains conjugated
via K63 controls a wide range of important cellular signaling
involved in processes such as DNA repair, endocytosis, vesicle
trafficking, immunity, and cell cycle progression (Haglund and
Dikic, 2005).

Ubiquitination is a reversible process catalyzed by a group of
proteins known as deubiquitinating enzymes or deubiquitinases
(DUBs) that cleave the isopeptide bond between ubiquitin and
the modified protein. Therefore, DUBs act to recycle ubiquitin
and restore the ubiquitinated substrate back to its original form.
The human genome is predicted to encode nearly 100 DUBs,
which according to the mechanism of action, are classified
into five different families: the ubiquitin-C-terminal hydrolases
(UCHs), ubiquitin-specific proteases (USPs), Machado-Joseph
domain (MJD) DUBs, ovarian-tumor (OTU) domain DUBs,
and the Jabl/Mov34/Mprl Padl N-terminal+ (MPN+) (JAMM)
domain proteases (Wilkinson, 2009).

Subversion of Ubiquitination by Bacterial

Pathogens

Prokaryotic cells do not possess genes coding for ubiquitin,
therefore the prototypical ubiquitination pathway is absent
in bacteria. Proteins modified by ubiquitination are critical
regulators in virtually every eukaryotic cellular process. Thus,
effective hijacking of the host ubiquitination system is essential
for the success of many pathogens in their evasion of host
immunity or their exploitation of host resources. For symbiotic
and pathogenic bacteria, such exploitation is achieved by
virulence factors that are either secreted into the extracellular
milieu (which enter the host cells via various mechanisms) or are
directly translocated into the cytosol of host cells via specialized
secretion systems (e.g., Type III and Type IV secretion systems;
Ashida et al, 2014). Some examples are species of Shigella,
enteropathogenic Escherichia coli (EPEC), as well as pathogenic
species of Salmonella, Legionella and Chlamydia. Accumulating
evidence has shown that bacterial effector proteins exploit the
host ubiquitination machinery by diverse strategies (Ashida et al.,
2014; Zhou and Zhu, 2015).

The study of how bacteria co-opt the host ubiquitination
machinery is a rapidly growing research field, and great progress
has been made in past decades (Ashida et al, 2014). In this
review, we will focus on discussing the current knowledge of
effectors utilized by Legionella pneumophila to interfere with
host ubiquitination signaling pathways. Strategies used by other
human or plant bacterial pathogens will not be covered, and
readers are referred to other excellent reviews (Rytkonen and
Holden, 2007; Ashida et al., 2014; Zhou and Zhu, 2015; Lin and
Machner, 2017).

Intracellular Replication of Legionella

pneumophila

L. pneumophila is an opportunistic human pathogen that causes
Legionnaires’ disease, a form of potentially fatal pneumonia
(Rowbotham, 1980). The genus Legionella was originally
described in 1979 after the bacterium was identified following
an outbreak of lethal pneumonia that affected participants of the

1976 American Legion Convention in Philadelphia (Fraser et al.,
1977). Legionella spp. are ubiquitous environmental bacteria,
found in freshwater niches and soil where they exist as parasites
of unicellular eukaryotes such as amoebae, which are considered
their natural hosts and the major source of evolutionary pressure
(Moliner et al., 2010). Inhalation of aerosols contaminated
by Legionella spp. by susceptible individuals can lead to lung
infection due to robust intracellular replication in alveolar
macrophages (Newton et al., 2010). The majority of human
infections are caused by serogroup 1 of L. pneumophila and
L. longbeachae (Newton et al, 2010). We will focus our
discussion on L. pneumophila, the best-studied species of this
pathogen.

The intracellular life cycle of L. pneumophila in human
cells is similar to that in amoebae, which is characterized by
quick establishment and maturation of the Legionella-containing
vacuole (LCV) into a compartment with features typical for
the rough endoplasmic reticulum (Swanson and Isberg, 1995).
The maturation of this compartment is accompanied by
sequential intimate interactions with organelles such as the
ER, mitochondria, and ribosomes. The early LCV undergoes
phosphoinositide conversion from PI(3)P to PI(4)P (Weber et al.,
2014), the acquisition of ER resident proteins (Swanson and
Isberg, 1995; Lu and Clarke, 2005) and expansion due to ER
remodeling probably in part driven by the large GTPase Atlastin
(Steiner et al., 2017). It is believed that this conversion allows the
LCV to evade fusion with the lysosomal network (Isberg et al.,
2009).

Intracellular replication of L. pneumophila depends
completely on the Dot/Icm type IV secretion system (T4SS),
which translocates more than 330 protein substrates into host
cells (Finsel and Hilbi, 2015; Ensminger, 2016). These effectors
comprise more than 10% of the genes predicted to code for
proteins, which represent the largest arsenal of effectors among
characterized bacterial pathogens. Considerable progress has
been made in biochemical and cell biological studies of these
effectors in the past decade, which revealed the manipulation of
diverse host processes by sophisticated and novel mechanisms
(Qiu and Luo, 2017).

The importance of the ubiquitin network in L. pneumophila
virulence was first observed in a study aiming at identifying
host factors important for its LCV formation and intracellular
replication (Dorer et al, 2006). One of the targets found
was Cdc48/p97 (Dorer et al, 2006), an AAA-ATPase that
is critical for many ubiquitin-dependent processes including
ER-associated degradation (ERAD) (Jarosch et al, 2002).
Cdc48/p97 also recognizes ubiquitinated proteins, and often
acts as a chaperone to facilitate the delivery of ubiquitinated
proteins to the proteasome (Gallagher et al., 2014). This study
also found that the LCV is decorated with ubiquitinated
proteins shortly after its formation and such decoration
requires the Dot/Icm transporter (Dorer et al, 2006), which
suggests the co-option of host ubiquitination by Dot/Icm
effectors. Here we will highlight the subversion of the host
ubiquitination machinery by Dot/Icm effectors that function by
mimicking known mechanisms or by unprecedented modes of
action.
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L. PNEUMOPHILA EFFECTORS THAT
FUNCTION AS E3 UBIQUITIN LIGASES

Pathogen-mediated ubiquitination is mostly catalyzed by
virulence factors that mimic the function of E3 ligases (Maculins
et al., 2016). In the case of L. pneumophila, a large cohort of
effector proteins are known to be involved in ubiquitination,
either by mimicking classic E3 ligase families or by completely
novel mechanisms (Table 1).

U-Box and F-Box E3 Ligases

The RING type E3 ligases which contain a conserved RING
domain constitute the large majority of known E3s in eukaryotic
cells (Metzger et al., 2014). The RING domain consists of 40—
60 residues and coordinates two Zn>* ions in a cross-braced
arrangement to form a platform for binding to E2s. RING-
type domains can either exist as single-subunit proteins which
tend to form homodimers and heterodimers, or as multi-subunit
assemblies, including Cullin RING E3 ligase complexes (CRLs).
Each CRL subfamily consists of a Cullin protein serving as
scaffold, a small RING protein (in most cases Rbx1/Rocl/Hrtl),
an adaptor protein and a protein for substrate binding. The best-
studied CRLs are the SCF (Skpl-Cull-F-box protein) family,
which contains the RING-domain protein Rbx1, Cullin 1, SKP1
(S-phase-kinase associated protein 1), and an F-box domain-
containing protein that directly binds SKP1 (Schulman et al.,
2000). In addition, F-box-containing proteins are capable of
recognizing specific substrates via leucine-rich repeat (LRR) or
WD40 protein-binding domains. The U box is a motif of 70
amino acids that is present in proteins from yeast to humans;
it is capable of assembling poly-ubiquitin chains (Hatakeyama
et al., 2001). Due to the structural similarity between U-box
and RING domain, U-box-containing E3 ligases are classified as
RING-type E3s. The U-box E3s use intramolecular interactions
other than zinc chelation to maintain the RING finger motif
due to the absence of canonical cysteine residues for Zn>*
coordination (Hatakeyama et al., 2001). A wide range of host
signaling pathways are controlled by ubiquitination catalyzed by
the RING-type family E3 ligase, and this mechanism is often
targeted by bacterial pathogens for their own advantage.

A study aiming at screening for genes that encode
proteins with features typical for eukaryotic proteins in the
L. pneumophila genome identified proteins that harbor domain
structures known to be involved in ubiquitin manipulation.
These include two proteins that harbor an F-box domain and
one gene product that harbors a U-box domain (de Felipe et al.,
2005). Currently, seven F-box-containing proteins (LegU1, LicA,
Lpgl975/Lpp1959, AnkB/LegAU13), PpgA/Lpg2224 Lpg2525,
and Lpp2486 (Only in strain Paris) and two U-box-containing
proteins (LubX/LegU2 and GobX) have been identified in
L. pneumophila strain Philadelphia 1 (Hubber et al., 2014).
Without exception, these proteins are translocated to the host
cytosol via the Dot/Icm machinery during infection. Although,
the exact number varies, proteins that contain these domains
exist in predicted effectors among all sequenced Legionella
species (Burstein et al., 2016). Four of them LegU1, AnkB, LubX,
and GobX have been proven to possess E3 ligase activity through

biochemical studies (Kubori et al., 2008; Ensminger and Isberg,
2010; Ensminger, 2016).

Effector proteins are generally thought to target host proteins.
However, LubX is capable of binding and ubiquitinating
SidH, another L. pneumophila effector protein, leading to its
degradation by the proteasome (Kubori et al., 2010). LubX is
thus designated as a “metaeffector, an effector that regulates
the activity of one or more other effectors. Expression and
thus the translocation of LubX only occur several hours after
bacterial uptake by host cells, and peaks at 10 h post infection.
This delayed translocation of LubX to the host cytosol results
in the shutdown of SidH within the host cells at later stages
of infection, suggesting a temporal regulation of SidH activity
by LubX (Kubori et al., 2010; Figure 2A). These results suggest
that SidH is only beneficial for bacterial infection in the first
several hours after uptake. Indeed, disruption of [ubX led to the
persistence of intracellular SidH accompanied by a hyper-lethal
phenotype of L. pneumophila in a fly infection model (Kubori
et al., 2010).

LubX contains two domains that have a remarkable similarity
to the eukaryotic U-box. LubX has ubiquitin ligase activity
with a preference for the UbcH5a or UbcH5c E2 enzymes
(Kubori et al., 2008). Structural studies have provided more
detailed insights in the molecular mechanism adopted by U-
box domains of LubX (Quaile et al., 2015). The two U-box
domains are structurally similar and both have adopted the
typical fold of their eukaryotic counterparts. The structure of
LubX in complex with E2 enzyme UBE2D2 highlighted the
remarkable differences in recognizing E2 enzymes between the
U-box domains within LubX. Although, the U-box folds are
highly conserved, there are significant variations of residues in U-
box 2 that are critical for the formation of canonical E2 binding
site in most U-boxes, preclude E2 association by U-box 2 (Quaile
etal., 2015). Additionally, among the surface-exposed residues in
LubX, Argj2; was the only residue identified to be critical for the
interaction between LubX and SidH (One of the L. pneumophila
effector proteins). However, Arg;,; localizes to the alpha C helix
connecting the two U-box domains, and thus is not part of the
U-box fold (Quaile et al., 2015). Notably, the U-box 2 domain
employed by Kubori et al. is required for the association of SidH
and also contain the alpha C helix, and thus the Arg»; is included
(Kubori et al., 2010). Interaction of LubX and SidH might occur
over a large area, and require the contribution of a number of
residues for interaction. Therefore, single point mutation likely
fails to disrupt the interaction surface. Instead, Argj,; may be
important for the stabilization of the LubX structure (Quaile
et al., 2015).

LubX also binds to the host factor Cdc2-like kinase 1 (Clk1)
and directs its polyubiquitination in vitro. The N-terminal U-
box domain (U-box 1) of LubX is essential for ubiquitin ligation,
and serves as the E2 binding site, while the C-terminal U-
box (U-box 2) is dispensable for interaction with Clkl (Kubori
et al., 2008). Thus, LubX has a non-canonical U-box domain
that functions to mediate substrate recognition rather than
E2 binding, which is a function not previously reported for
eukaryotic U-box domains. The reason that LubX adopts a U-box
domain for substrate binding is unclear. Clk kinases have been
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TABLE 1 | L. pneumophila Dot/lcm effectors involved in ubiquitination.

Effectors (gene Aliases Interactor/Substrate Enzymatic activity Function References

number)

Ipg0171 legU1 SKP1, Cullin 1, BAT3 F-Box protein, E3 Unknown Ensminger and Isberg, 2010
ubiquitin ligase

lpg1408 licA SKP1 F-Box protein Unknown Ensminger and Isberg, 2010

Ipg2144/Ipp2082 legAU13/ankB SKP1, Cullin 1, Parvin B F-Box protein, E3 Recruitment of polyubiquitinated Price et al., 2009, 2011;
ubiquitin ligase species to LGV, Ensminger and Isberg,

Generation of amino acids for 2010; Lomma et al., 2010
L. pneumophila replication

Ipg2224 PpgA Unknown F-Box protein Unknown Ensminger and Isberg, 2010

lpg2525 . Unknown F-Box protein Unknown Ensminger and Isberg, 2010

lpp2486 - Unknown F-Box protein Unknown

lpg2455 GobX Unknown U-Box protein, E3 Unknown Linetal., 2015
ubiquitin ligase

1pg2830 LegU2/LubX Clk1, SidH U-Box protein, E3 SidH degradation Kubori et al., 2008, 2010
ubiquitin ligase

Ipg2510 SdcA and SidC Unknown ES3 ubiquitin ligase Recruitment of ER vesicles and Hsu et al., 2014

Ipg2511 polyubiquitinated species to LCV

lpg0234 SidE Rab1, Rab6a, Rab30, All-in-one ubiquitin Intracellular replication; regulation of Sheedlo et al., 2015;

192153 SdeC Rab33b, Rtn4 conjugation enzyme; ubiquitin dynamics on the LCV; Bhogaraju et al., 2016; Qiu
Deubiquitinase Recruitment of ER markers to the et al., 2016; Kotewicz et al.,

Ipg2156 SdeB LCV: ER tubule 2017

lpg2157 SdeA Rearrangement.

lpg1148 LupA Unknown Deubiquitinase Unknown Urbanus et al., 2016

Ipg2155 SidJ Rab1, Rab6a, Rab30, Phosphodiesterase, Recruitment of ER markers to the Liu and Luo, 2007; Qiu

Rab33b, Rtn4 Deubiquitinase LCV; Regulation of SidEs-mediated etal, 2017

substrates modification

shown to interact with, and phosphorylate, serine- and arginine-
rich (SR) proteins, which in turn regulate mRNA splicing (Prasad
etal.,, 1999). Inhibition of Clk kinases interferes with intracellular
growth of L. pneumophila, suggesting that these enzymes regulate
pathways important for the development of the bacterial vacuole
(Kubori et al.,, 2008). However, deletion of lubX did not cause
any growth defect in mouse macrophages or in protozoan cells;
in addition, over-expression of LubX in cells only ubiquitinates
a small amount of Clkl (Kubori et al., 2008). Therefore, the
mechanism used by Clkl to modulate L. pneumophila growth
and whether Clkl is ubiquitinated by LubX under infection
conditions as well as the consequences of modification remain
to be clarified.

Another Dot/Icm effector protein GobX possesses a central
domain that has a secondary structure remotely similar to
U-box motif. GobX exhibits E3 ubiquitin ligase activity in
reactions with the E2 enzymes UbcH5a, -5b, -5¢, or UbcH6
(Lin et al, 2015). GobX exhibit limited homology at the
primary sequence level to other U-box domains, however,
the conserved hydrophobic/aromatic residues involved in E2
interaction used by other U-box proteins are also present
in the secondary structure of GobX, as mutations in Ile-58
or Trp-87 strongly attenuated its ubiquitination activity (Lin
et al,, 2015). In addition, the hydrophobic lipid palmitate is
covalently attached to Cys;75 of GobX, which allows the protein
to specifically localize to the Golgi apparatus (Lin et al., 2015).
Therefore, GobX exploits host cell S-palmitoylation to gain
accurate host subcellular targeting. Similar to most Dot/Icm

effector proteins, GobX is dispensable for intracellular survival
and proliferation of L. pneumophila within host cells, which
again highlights the potential functional redundancy within the
effector repertoire (Lin et al., 2015). Host substrates of GobX are
currently unknown, which limits our understanding of how its
ubiquitination activity benefits intracellular bacterial growth.

To date, all sequenced L. pneumophila strains encode genes
with predicted F-box domains. For example, strain Philadelphia-
1 harbors five F-box motif-containing proteins (Ensminger and
Isberg, 2010). The F-box is a motif that is best known for its
role in interaction with other proteins such as SKP1, a core
component of the SCF complex (Skaar et al., 2013). Since bacteria
do not produce any SKP1, CULL, or RBX1, L. pneumophila F-
box proteins require SCF components provided by host cells to be
functional. All the F-box motif-containing proteins are delivered
into host cells during infection through the Dot/Icm apparatus
(Ensminger and Isberg, 2010). Three of the L. pneumophila F-box
proteins, LegU1, AnkB, and LicA were able to interact with SKP1
in mammalian cells, indicating the presence of a functional F-box
domain within these proteins (Ensminger and Isberg, 2010). In
contrast, no interaction of SKP1 was detected in cells expressing
either PpgA/Lpg2224 or Lpg2525, suggesting that these proteins
may not function as canonical F-box proteins (Ensminger and
Isberg, 2010). Additionally, LegU1 and AnkB also interact with
Cullin 1 and integrated into functional SCF complexes which
may confer E3 ligase activity. Although, LicA binds to SKP1,
it fails to interact with Cullin 1, suggesting that this effector is
unable to form a functional E3 ligase. Alternatively, LicA may
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FIGURE 2 | Temporal regulation of effector activity by effectors. (A) Regulation of SidH by LubX. The expression of lubX does not become apparent until after several
hours postinfection. This ubiquitin E3 ligase functions with the host machinery to ubiquitinate SidH, resulting its degradation by the proteasome. (B) Regulation of
SidEs by SidJ. SidEs catalyze the ubiquitination of RTN4 or ER-associated Rab small GTPases such as Rab33b whereas SidJ reverses such modification by its
phosphodiesterase activity. In the early phase of infection, the ratio between translocated SidEs and SidJ favors ubiquitination of relevant substrates, which is
beneficial for the biogenesis of the LCV. Several hours after bacterial uptake, the activity of SidJ becomes dominant due to higher amount of translocated protein,

which reverses the ubiquitination imposed by the SidEs.

require a different set of eukaryotic proteins to form an active
E3 complex (Ensminger and Isberg, 2010). In addition, due to
the presence of another predicted choline kinase domain, it
is also possible that LicA functions to modulate SKP1 activity
(Ensminger and Isberg, 2010).

Consistent with the predicted function of F-box proteins,
SCF complexes formed by LegUl or AnkB exhibit E3 ligase
activity (Ensminger and Isberg, 2010). The E2 proteins UBCH5a
and UBCHb5c¢ stimulate robust formation of self-ubiquitinated
LegUl and LegAU13. LegUIl binds the host protein HLA-
B-associated transcript 3 (BAT3) and specifically directs its
polyubiquitination (Ensminger and Isberg, 2010). BAT3 is an
abundant and highly conserved protein in higher eukaryotes; it
participates in the regulation of a wide range of host processes
including apoptosis, the response to ER stress, p53-regulated
gene expression, and Hsp70 stability (Desmots et al., 2008; Sasaki
et al., 2008). However, the biological role of LegU1-catalyzed
polyubiquitination of BAT3 in L. pneumophila pathogenesis
remains unknown. LegU1 also interacts with another effector
protein Lpg2160 via the BAT3-LegU1 complex. Yet, LegU1 does
not detectably ubiquitinate Lpg2160 (Ensminger and Isberg,
2010). Since both LegUl and Lpg2160 interact with BATS3,
they might have overlapping functions during L. pneumophila
infection. The host proteins targeted by AnkB for ubiquitination

are still mysterious. Lomma et al. reported that Lpp2082, the
ortholog of AnkB in Legionella strain Paris, interacts with the host
protein Parvin p/ParvB, an endogenously ubiquitinated protein
(Lomma et al., 2010). Surprisingly, expression of Lpp2082 in cells
led to a decrease of ubiquitinated ParvB (Lomma et al., 2010).
Lpp2082 might modulate ParvB ubiquitination by competing
with the interaction sites normally used by eukaryotic E3 ligases.
ParvB functions as a pro-apoptotic protein (Fukuda et al., 2003;
Zhang et al., 2004), and thus reduction of ParvB ubiquitination
by Lpp2082 will compromise its pro-apoptotic effects. Indeed,
Lpp2082 is implicated in apoptotic signaling, as supported by the
evidence that infection of cells with a Lpp2082 deficient mutant
strain led to a significant reduction of caspase-3 activity (Lomma
et al., 2010).

It is possible that some of the F-box and U-box proteins
are responsible for the enrichment of ubiquitin species on
the LCV (Dorer et al, 2006). These effectors may function
to facilitate the degradation of proteins by proteasome that
are detrimental to intracellular bacterial growth. This notion is
consistent with the fact that inhibition of proteasome activity
leads to arrest in the development of the LCV (Dorer et al.,
2006). In L. pneumophila strains AA100 and Paris, significant
defects in recruitment of ubiquitinated species to LCV were
observed in AA100 strain with insertion mutation of ankB gene
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or Paris strain with an in-frame deletion of Lpp2082 (Price
et al,, 2009; Lomma et al., 2010). In addition, these strains
also displayed striking intracellular growth defect in mouse
macrophages and Acanthamoeba castellanii (Al-Khodor et al.,
2008; Lomma et al., 2010). However, the importance of AnkB in
L. pneumophila virulence differs greatly among different strains.
In strain Philadelphia-1, single mutants lacking one of the F-
box and U-box proteins which has established E3 ligase activity,
including LegU1, AnkB, LegU2, did not show significant growth
defect within any examined host cells (Ivanov and Roy, 2009).
Strikingly, recruitment of ubiquitinated proteins to the LCV was
also not affected either by single mutants or a quadruple mutant
strain lacking legU1, ankB, licA, and legU2 (Ivanov and Roy,
2009). The genetic background of different strains and/or subtle
differences in mutant strain construction may be responsible for
such discrepancy.

New Type of E3 Ligases (SidC and SdcA)

The mature LCV is characterized by an enrichment of a particular
phosphoinositide lipid, PI(4)P. Upon being delivered by the
Dot/Icm machinery into the host cytosol, SidC is highly enriched
on the LCV membrane via its PI4P binding domain located at
the C-terminal end of the protein (Luo and Isberg, 2004; Ragaz
et al., 2008). SidC and its paralog SdcA were shown to play
a key role in recruiting ER-derived vesicles and ubiquitinated
proteins onto the LCV, which requires the N-terminal domain
of SidC and SdcA (Ragaz et al., 2008). Therefore, SidC and
SdcA have since been considered as tethering factors for host
proteins. Several groups determined the crystal structure of N-
terminal domain of SidC, which showed a novel fold without
resemblance to any characterized proteins (Gazdag et al., 2014;
Horenkamp et al., 2014; Hsu et al, 2014). Detailed sequence
homology analysis revealed a canonical Cys-His-Asp (C46, H444,
and D446) catalytic triad located at the surface of SidC, a motif
usually found in cysteine proteases and deubiquitinase (Hsu
et al., 2014). Further study revealed that instead of acting as
hydrolytic enzymes, SidC and SdcA exhibit E3 ligase activity
in a mechanism that requires the Cy6-Haq4-Daye catalytic triad
(Hsu et al, 2014). Among the several E2 enzymes tested,
SidC functions most efficiently with UbcH7 and preferentially
catalyzes the formation of K11 and K33-linked polyubiquitin
chains (Hsu et al., 2014). SdcA shares 72% sequence identity
with SidC; Yet, it prefers UbcH5 for efficient poly-ubiquitin chain
assembly. The molecular mechanism of differential preference
for E2 enzymes by SidC and SdcA remains to be studied.
The E3 activity is essential for the recruitment of ER proteins
and ubiquitinated proteins to the LCV by SidC and SdcA,
as a C46A mutation abolishes this activity (Hsu et al., 2014).
Further structural analysis of a larger portion of SidC that
encompasses the E3 ligase domain and the PI4P binding domain
(Luo et al., 2015) suggests that the PI4P binding domain
masked the active site of the E3 ligase domain (Luo et al,
2015). Indeed, the activity of full-length SidC is lower than
its truncation mutants lacking the PI4P-binding domain (Luo
et al,, 2015), suggesting that PI4P association leads to an “open”
conformation where the catalytic sites of the SidC E3 ligase
domain are exposed (Luo et al., 2015). Taken together, these
findings suggest an intramolecular regulation model for SidC.

Further, binding to PI4P may not only compartmentalize the
activity of SidC and SdcA to the LCV but also maximize
their activity. Such regulation would reduce non-specific protein
ubiquitination and exert less unintended interference of host
processes.

The observation that SidC and SdcA play important roles for
the recruitment of ER-derived vesicles to the LCV suggests these
E3 ligases manipulate the function of host proteins involved in
vesicle trafficking. Indeed, the small GTPase Rab1, a key regulator
of ER to the cis-Golgi trafficking, was mono-ubiquitinated during
L. pneumophila infection in an manner that requires SidC and
SdcA (Horenkamp et al., 2014). However, mono-ubiquitination
of Rabl was not detected in cells coexpressing these two proteins
or in reactions containing all of the components required for the
activity of SidC and SdcA (Hsu et al., 2014). Future studies need
to focus on the identification of the substrates modified by SidC
and SdcA, which will definitely shed light on how these E3 ligases
benefit intracellular bacterial replication.

All-in-One Ubiquitin E3 Ligases

The three-enzyme cascade is the fundamental principle of
all described ubiquitination events, in which E1 and E2
enzymes are indispensible for the reaction to occur (Qiu
et al, 2016; Figure1lA). However, recent studies of the
L. pneumophila SidE effector family (SidEs) rewrote this strict
rule of ubiquitination (Qiu et al, 2016). SidEs distinguish
themselves from most of the L. pneumophila Dot/Icm effectors
by their importance in intracellular bacterial growth in the
protozoan host Dictyostelium discoideum (Luo and Isberg, 2004;
Bardill et al., 2005). Bioinformatics analysis identified a putative
mono-ADP-ribosyltransferase (mART) motif located in the
middle of all SidE family proteins such as SdeA that is essential for
their toxicity to yeast and for the ability to complement a mutant
lacking this effector family (Qiu et al., 2016). Proteins containing
an mART motif usually catalyze mono-ADP-ribosylation of
arginine residues in target proteins with nicotinamide adenine
dinucleotide (NAD) as the substrate (Simon et al., 2014).
However, no ADP-ribosylation activity was detected in reactions
containing recombinant SdeA. Surprisingly, when expressed in
mammalian cells, SidEs were found to induce ubiquitination
of several ER-associated Rab small GTPases including Rab33b
and Rabl, in a manner that requires the mART motif (Qiu
et al, 2016). Further analysis revealed that SidEs catalyze
ubiquitination by a mechanism that is fundamentally different
from the classical three-enzyme cascade (Qiu et al, 2016).
First, the reaction is independent of the host ubiquitination
machinery and does not require E1 and E2 enzymes; second,
instead of ATP, it utilizes NAD as the energy source; Third, SidEs
activate ubiquitin via ADP-ribosylation of Argy, of the modifier
molecule to produce the reaction intermediate ADP-ribosylated
ubiquitin (ADPR-Ub). Consistent with this observation, the two
glycine residues in the carboxyl end of ubiquitin essential for
the canonical reaction are not required for the new reaction. It
also suggests that the ubiquitin is linked to the substrate via a
covalent bond that differs from the isopeptide bond used by most
canonical reactions (Figure 1B). This discovery represents the
first example of an ubiquitin-specific mART, as well as the first
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documentation of E1/E2 independent ubiquitination (Bhogaraju
and Dikic, 2016).

Two subsequent studies revealed that ADPR-Ub produced
by the mART motif is utilized by a phosphodiesterase (PDE)
activity also embedded in SidEs to modify target proteins
(Bhogaraju et al., 2016; Kotewicz et al., 2017). In this reaction,
the phosphodiester bond between the two phosphate groups in
ADPR-Ub is cleaved by a phosphodiesterase activity conferred by
the PDE domain, leading to the release of AMP and attachment
of phosphoribosylated ubiquitin (PR-Ub) to serine residues in
the presence of target proteins or the production of the free PR-
Ub when water is the acceptor molecule (Bhogaraju et al., 2016;
Kotewicz et al., 2017; Figure 1B).

Ubiquitination of Rab33b by SdeA detectably affects its
activity in GTP loading and hydrolysis but did not detectably
affect its stability (Qiu et al., 2016). However, how ubiquitination
of the Rabs by SidEs contributes to L. pneumophila virulence
remains to be studied. Notably, SidEs appear to have multiple
structurally diverse substrates in host cells. These ligases
ubiquitinate reticulon 4 (Rtn4), a protein that regulates the
dynamics of the tubular ER. Ubiquitination of Rtn4 causes
a rearrangement in tubule ER and its enrichment on the
LCV (Kotewicz et al., 2017). It is anticipated that SidEs
likely attack additional host proteins. Interestingly, both ADPR-
Ub and PR-Ub produced by the activity of SidEs potently
impair the conventional ubiquitination reaction by blocking the
activation of E1 and E2 enzymes, leading to the interference
of a wide range of ubiquitination-dependent cellular events
including mitophagy and TNF signaling (Bhogaraju et al., 2016).
Because a SdeC mutant defective in the PDE activity was
unable to restore the virulence of the L. pneumophila mutant
lacking the SidE effector family, ubiquitination of substrates
but not the interference of host normal ubiquitination events
is responsible for the role of the SidEs in bacterial virulence
(Kotewicz et al., 2017). Nevertheless, the strong inhibitory effects
of ADPR-Ub and PR-Ub suggest that eukaryotic cells may
regulate ubiquitin signaling by producing these molecules from
endogenous enzymes (Bhogaraju and Dikic, 2016; Bhogaraju
et al., 2016).

Although, the biochemical mechanism of SidEs-mediated
ubiquitination has been largely elucidated, several questions
remain. First, how do SidEs recognize ubiquitin and substrates?
Second, how do the mART and PDE motifs coordinate their
activity? Are these two activities channeled or do they function
independently of each other? Third, how does the activity
of SidEs contribute to virulence? Future structural and cell
biological studies will continue to provide exciting insights into
these questions.

Pathogenic bacteria, especially intracellular pathogens often
acquire toxins or effector proteins by horizontal gene transfer
during their coevolution with host cells. It is therefore likely that
eukaryotic cells utilize mechanisms similar to that by SidEs for
ubiquitination. It is possible that proteins harboring domains
capable of producing and utilizing ADPR-Ub form complexes
to modify their substrates. The identification of such enzymes
will surely lead to better appreciation of the cellular processes
regulated by ubiquitin.

L. PNEUMOPHILA DEUBIQUITINASES
(DUBS)

Ubiquitination is a reversible process and the removal of
ubiquitin from modified proteins is carried out by the action
of a large family of proteases known as deubiquitinase (DUBs).
DUBs specifically catalyze the cleavage of isopeptide linkage
between ubiquitin and substrate or within poly-ubiquitin chains,
resulting in the release of ubiquitin as well as the termination
or alteration of biological events of the substrate proteins
(Wilkinson, 2009). DUBs have been found to be employed
by several bacterial pathogens to effectively modulate the host
signaling pathway regulated by ubiquitin (Zhou and Zhu, 2015).
Examples include SseL of Salmonella enterica Typhimurium,
ChlaDubl, and ChlaDub2 by Chlamydia trachomatis, and ElaD
by E. coli (Misaghi et al., 2006; Catic et al., 2007; Rytkonen and
Holden, 2007; Rytkénen et al., 2007). Not surprisingly, recent
studies revealed that L. pneumophila contains effector proteins
with DUB activity that play an important role in remodeling the
bacterial phagosome (Sheedlo et al., 2015).

DUBs That Cleave Isopeptide Bonds

In addition to the mART and PDE domains mentioned above,
the SidE family proteins harbor a DUB domain located at its
amino terminal end, characterized by the presence of the Cys;g-
Hisgy-Aspgo catalytic triad found in many proteases (Sheedlo
et al,, 2015). The DUB activity of SidEs exhibits a preference for
K63-linked poly-ubiquitin chains (Sheedlo et al., 2015). These
DUBs are also active against Neddylation, indicating substrate
promiscuity (Sheedlo et al., 2015). The DUB activity of SidEs
plays a role in the enrichment of polyubiquitin to the LCV, as
more vacuoles harboring the SidEs deletion mutant are positive
in the association with polyubiquitinated species (Sheedlo et al.,
2015). Yet, the DUB activity of SidEs is not required for maximal
intracellular bacterial replication (Sheedlo et al., 2015); This DUB
may function to release ubiquitin from modified proteins to
provide a reaction precursor for the ligase activity conferred by
the mART and PDE domains.

Another L. pneumophila effector protein LupA (Lpgl148)
also harbors a DUB domain. LupA catalyzes the removal of
ubiquitin from target proteins, a reaction that requires the
predicted C-H-D catalytic triad (Urbanus et al., 2016). LupA
rescues the yeast growth defect caused by the L. pneumophila
effector protein LegC3; In addition, LupA removes ubiquitin
modification from LegC3 when co-expressed in mammalian cells
(Urbanus et al., 2016). Collectively, these observations suggest
that the activity of LegC3 may depend upon on ubiquitination
by one or more host E3 ligases, and LupA functions to inactivate
it via specific deubiquitination (Urbanus et al., 2016). The
biological role of LupA during bacterial infection requires further
investigation.

A DUB That Cleaves the Linkage Induced
by Members of the SidE Family Effectors

One unique feature of L. pneumophila effectors is the regulation
of one effector activity by another effector, with the latter
being designated as metaeffector (Kubori et al., 2010). Such
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regulation is achieved by affecting protein stability exemplified by
LubX and SidH and more commonly by effectors with opposite
biochemical activities such as SidD and Lem3 that antagonize
the activity of SidM and AnkX, respectively (Tan and Luo,
2011; Tan et al, 2011). Although, the biological significance
is not known, regulation by direct protein-protein interactions
between effectors has also been suggested (Urbanus et al., 2016).
The activity of SidEs is regulated by another effector Sid],
which itself is also required for maximal bacterial intracellular
growth (Liu and Luo, 2007). Sid] suppressed yeast toxicity
of members of the SidE family (Havey and Roy, 2015; Jeong
et al, 2015), suggesting that it may reverse the modification
imposed by the ligases. Indeed, recombinant Sid] effectively
removes ubiquitin from modified substrates such as Rab33b
by cleaving the phosphodiester bond between ubiquitin and
substrate protein (Qiu et al., 2017; Figure 3A). These results
establish Sid] as a phosphodiesterase (PDE). Although, it has
been reported that some DUBs cleave non-isopeptide bond like
oxyester and thio-ester linkages, this is the first DUB known to
cleave a phosphodiester linkage (Ronau and Hochstrasser, 2017).
Substitution mutants failed to rescue SidEs-induced toxicity
against eukaryotic cells also failed to complement the Asid]
mutant in infection. Without exception, these mutants have
almost completely lost the DUB activity (Qiu et al, 2017).
Thus, the DUB activity is responsible for the role of Sid] in
L. pneumophila infection.

Surprisingly, Sid] also displays activity against isopeptide
bond, and is able to deubiquitinate from proteins modified
by the canonical pathway (Figure3B). Sid] hydrolyzes K11,
K33, K48, and K63-linked diubiquitin, but with a preference
for the K63 linkage. Intriguingly, although it is sensitive to N-
ethylmaleimide, a commonly used inhibitor that reacts with
and blocks active thiol groups, mutations in any of the three
cysteine residues did not detectably affect the activity of Sid]
(Qiu et al, 2017), suggesting that SidJ is not a member of
the thiol protease family. Sid] may represent a unique DUB
which uses a novel catalytic mechanism to cleave both isopeptide
and phosphoribosyl linkage. Whether these two activities are
conferred by a single or two catalytic motifs are unknown. It
is worth noting that Sid] purified from L. pneumophila but not
from E. coli showed the DUB activity (Qiu et al., 2017), suggesting
that Sid] needs co-factor(s) unique to L. pneumophila to function.
The exact catalytic mechanism of SidJ and the nature of such
co-factor(s) await further investigation.

Although, Sid] is constitutively expressed in broth-grown
L. pneumophila (Liu and Luo, 2007), the quantity of protein
translocated into host cells significantly increase as infection
proceeds (Qiu et al., 2017; Figure 2B). The increasing ratios
between Sid] and SidEs in infected cells render the DUB activity
to become dominant at later infection phases, thus allowing
temporal regulation of the activity of SidEs. Indeed, the amount
of ubiquitinated Rab33b begins to decrease several hours after
infection with wild type bacteria, but such decrease was delayed
in infections using the Asid] mutant (Qiu et al., 2017). Based
on its ability to make SidEs undetectable from the LCV by
immunostaining, it has been suggested that SidJ also spatially
regulates the activity of SidEs (Jeong et al., 2015). Yet, the
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FIGURE 3 | A diagram of the dual biochemical activities of SidJ. (A) Cleavage
of phosphodiester bond by SidJ. SidJ specifically recognizes the
phophosdiester bond that links phosphoribosylated ubiquitin to serine residue
on the substrate. This activity allows the substrate to return to its unmodified
form; it also produces phosphoribosylated ubiquitin, which may be further
hydrolyzed by enzymes from either the host or the bacterium or both.

(B) Cleavage of isopeptide bond by SidJ. SidJ recognizes and cleaves the
isopeptide bond that links ubiquitin to lysine residue of the substrate or
another ubiquitin moiety. This activity produces free ubiquitin. Since mutants
that retain only one of these two activities have not been isolated, the
importance of the classical DUB activity of SidJ is not clear.

mechanism of such regulation, even if it exists, is unknown. The
fact that the ligase activity of SdeA (likely other members of the
SidE family, too) does not affect its cellular localization suggests
that self-ubiquitination is not important for the association of
SdeA with specific organelles. As a result, the DUB activity of
Sid] unlikely plays a role in altering the cellular localization of
SdeA.

Intriguingly, the amount of ubiquitinated substrates
eventually decreases in cells infected with the Asid] mutant,
suggesting the existence of additional bacterial proteins or host
enzymes capable of reversing ubiquitination induced by SidEs.
Such enzymes from host cells may function with the putative
endogenous ligases that catalyze NAD-dependent ubiquitination
to regulate certain cellular processes.

CONCLUDING REMARKS

L. pneumophila encodes a large cohort of effectors to modulate
the host ubiquitination system for its benefit, which emphasizes
the importance of the ubiquitin network in the virulence of
this pathogen. The diverse strategies ranging from functional
mimicry of canonical E3 ligases or DUBs to mechanisms of
completely different chemistry employed by this pathogen have
deepened our understanding in not only bacterial pathogenesis
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but also in cell biology of the host cell. Despite the progress in
biochemical characterization of these ubiquitin-editing effectors,
our understanding of their role in the biogenesis of the
LCV remains limited. A major challenge is that we know
very little about the host proteins specifically targeted by
these enzymes, let alone the biological significance of the
modification imposed by these effectors. Given the complexity
of the regulation of the ubiquitin network, it is anticipated
that more Dot/Icm effectors involved in hijacking this signaling
mechanism will be uncovered. A detailed understanding of
their biochemical activities and the coordination of these
effectors during bacterial infection will provide insights into
both L. pneumophila pathogenesis and signaling in eukaryotic
cells.
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Formation of the Legionella
Replicative Compartment at the
Crossroads of Retrograde Trafficking

Kevin Bérlochert, Amanda Welin' and Hubert Hilbi*

Institute of Medical Microbiology, University of Zirich, Zurich, Switzerland

Retrograde trafficking from the endosomal system through the Golgi apparatus back to
the endoplasmic reticulum is an essential pathway in eukaryotic cells, serving to maintain
organelle identity and to recycle empty cargo receptors delivered by the secretory
pathway. Intracellular replication of several bacterial pathogens, including Legionella
pneumophila, is restricted by the retrograde trafficking pathway. L. pneumophila
employs the Ilcm/Dot type IV secretion system (T4SS) to form the replication-permissive
Legionella-containing vacuole (LCV), which is decorated with multiple components
of the retrograde trafficking machinery as well as retrograde cargo receptors. The
L. pneumophila effector protein RidL is secreted by the T4SS and interferes with
retrograde trafficking. Here, we review recent evidence that the LCV interacts with
the retrograde trafficking pathway, discuss the possible sites of action and function of
RidL in the retrograde route, and put forth the hypothesis that the LCV is an acceptor
compartment of retrograde transport vesicles.

Keywords: Dictyostelium discoideum, effector protein, host-pathogen interaction, pathogen vacuole, retrograde
transport, retromer, sorting nexin, type IV secretion

COMPONENTS OF THE RETROGRADE TRAFFICKING PATHWAY

Eukaryotic cells employ complex endomembrane systems to process internalized material and
transport newly synthesized proteins from the endoplasmic reticulum (ER) via the Golgi apparatus
to target organelles and membranes (Johannes and Wunder, 2011). The sub-compartments of these
endocytic and secretory (anterograde) pathways, respectively, communicate through vesicular
trafficking. Endosomes represent sorting hubs, where the endocytic, secretory and lysosomal
pathways meet and diverge.

Retrograde transport from endosomes back to the ER maintains organelle integrity, prevents
lysosomal degradation and recycles cargo receptors of the secretory transport machinery (Johannes
and Popoff, 2008; Seaman, 2012; Burd and Cullen, 2014; Lu and Hong, 2014; Progida and Bakke,
2016). Dependent on the cargo and various endogenous factors, retrograde transport can occur
from different endosomal donor compartments such as early, late and recycling endosomes (EE, LE,
RE) as well as the tubular endosomal network (TEN) (Bonifacino and Rojas, 2006; Figure 1). Each

Abbreviations: Icm/Dot, intracellular multiplication/defective organelle trafficking; LCV, Legionella-containing vacuole;
OCRL, Oculocerebrorenal syndrome of Lowe; PI, phosphoinositide; PtdIns, phosphatidylinositol; SNARE, soluble
N-ethylmaleimide-sensitive factor attachment receptor; SNX, sorting nexin; T4SS, type IV secretion system; TGN, trans-Golgi
network.
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FIGURE 1 | Positioning of the Legionella-containing vacuole in the retrograde route. Tubular/vacuolar early endosomes (EE; green) represent a sorting hub, where
endosomal, recycling and retrograde trafficking pathways emerge to deliver cargo to late and recycling endosomes, the plasma membrane or the trans-Golgi network
(TGN). The pathways employ distinct transport machineries (indicated with gray arrows and boxes), including small Rab GTPases, the Pl 5-phosphatase OCRL, the
retromer and sorting nexins (SNXs). Some of these retrograde trafficking components as well as retrograde cargos (MPR, sortilin) are also found on the LCV (indicated
in red), suggesting that the pathogen vacuole is participating in these pathways. Possible retrograde transport routes involving the LCV are shown with red arrows.
Inhibition of retrograde trafficking by RidL targeting the retromer might occur in cis, considering the LCV as (A) acceptor or (B) donor compartment for retrograde
transport vesicles, or (C) in trans with the endosome as donor compartment. A possible role in LCV formation of late secretory (anterograde) trafficking emanating from

membrane is defined by the presence of specific mono- or
polyphosphorylated phosphoinositide (PI) lipids and small
GTPases of the Rab family, which together determine the spatio-
temporal recruitment of specific transport machineries (Di Paolo
and De Camilli, 2006; Wandinger-Ness and Zerial, 2014).

The PI 5-phosphatase OCRL (Oculocerebrorenal syndrome
of Lowe) is required for retrograde trafficking from EEs to the
trans-Golgi network (TGN) and for receptor recycling between
endosomes and the plasma membrane (PM) (Noakes et al,

2011; Vicinanza et al., 2011; Sharma et al., 2015). OCRL and its
Dictyostelium homolog Dd5P4 (D. discoideum 5-phosphatase 4)
hydrolyze PtdIns(4,5)P; and PtdIns(3,4,5)Ps to yield PtdIns(4)P
and PtdIns(3,4)P, (Zhang et al., 1995; Loovers et al., 2007). OCRL
binds to clathrin-coated pits (Ungewickell et al., 2004; Mao et al.,
2009) as well as to a range of Rab GTPases including Rab5 on EEs
(Hyvola et al., 2006; Fukuda et al., 2008; Hou et al., 2011).

Cargo shuttled via the retrograde endosome-to-TGN pathway
comprises many different membrane and soluble proteins as
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well as lipids. Membrane protein cargos include Vps10 domain
family cargo receptors such as cation-dependent or cation-
independent mannose 6-phosphate receptor (CD- or CI-MPR)
and sortilin/Vps10 (Seaman et al., 1997; Seaman, 2007). Soluble
protein cargos include well-studied bacterial AB toxins, such
as Shiga toxin (STxB) and cholera toxin (CTxB), which bind
to the cell surface glycosphingolipids Gb3 (Lingwood, 1993)
or GM1 (Kuziemko et al, 1996), respectively, and hijack
the retrograde trafficking pathway to reach the host cell
cytosol.

A key component of retrograde trafficking is the retromer
complex consisting of a Vps26-Vps29-Vps35 heterotrimer
(herein referred to as “retromer”) and different combinations
of sorting nexin (SNX) proteins, which harbor a PI-binding
PX (phox homology) domain (Cullen and Korswagen, 2011;
Teasdale and Collins, 2012). Additional factors required for
retromer recruitment are retrograde cargo receptors and the
small GTPase Rab7a, a regulator of late endosome dynamics, in
its activated, GTP-bound form (Rojas et al., 2008; Lucas et al.,
2016). The binding of Rab7a to the membrane is negatively
regulated by the GTPase activating protein (GAP) TBC1D5,
which itself binds to Vps29 (Seaman et al., 2009; Harrison et al.,
2014; Jia et al., 2016).

The retromer interacts with the membrane-associated
heterodimer of SNX-BAR subfamily members SNX1/2
and SNX5/6, which harbor an additional dimerization and
membrane curvature sensing BAR (Bin/Amphiphysin/Rvs)
domain (Rojas et al., 2007; Wassmer et al., 2007; Frost et al.,
2009). Together with further accessory proteins including the
WASH complex (Gomez and Billadeau, 2009; Harbour et al.,
2010), EHD1/dynamin large GTPases (Gokool et al., 2007) and
plSOgI“ed/microtubule motor dynein (Wassmer et al., 2009),
the retromer-SNX-BAR complex gives rise to tubule formation,
elongation, scission, and transport of vesicles along microtubules
to receiver compartments (Carlton et al., 2004; van Weering
etal., 2012).

SNXs also include the SNX-PX subfamily member SNX3,
which comprises of only a PX domain, binds to Vps35-Vps26
and is necessary for retromer recruitment to the endosomal
membrane and the recognition of some cargo (Chen et al.,
2013; Harrison et al., 2014; Lucas et al., 2016). The SNX-
FERM subfamily member SNX27 interacts with cargo, Vps26,
SNX1-SNX2, and the WASH complex (Temkin et al., 2011;
Steinberg et al., 2013; Gallon et al, 2014). The SNX27-
retromer complex is necessary for Rab4-dependent endosome-
to-PM recycling of different cargos including many transporters
such as glucose transporter 1 (GLUT1) (Steinberg et al,
2013).

After un-coating of the transport carrier, different
components such as tethering factors and SNARE (soluble
N-ethylmaleimide-sensitive factor attachment receptor) proteins
are necessary for selective delivery to target membranes (Progida
and Bakke, 2016). Thus, eukaryotic cells employ many distinct
types of cargo-specific retrograde trafficking machinery to
retrieve proteins and lipids from endosomes for recycling and to
maintain organelle integrity.

FORMATION AND MATURATION OF THE
LEGIONELLA-CONTAINING VACUOLE

The opportunistic pathogen L. pneumophila is the clinically
most relevant Legionella species causing the severe pneumonia
Legionnaires’ disease (Bangsborg, 1997; Newton et al., 2010).
Legionella spp. are ubiquitous Gram-negative environmental
bacteria that colonize both natural and technical water
systems, periodically causing disease outbreaks tracing back to
cooling towers, whirlpools and showers. In the environment,
L. pneumophila survives in both extra- and intracellular niches,
i.e., the bacteria colonize biofilms, but also parasitize free-living
protozoa (Hilbi et al., 2011). Natural hosts for L. pneumophila
include Acanthamoeba, Hartmannella, and Tetrahymena species,
and the bacterium also thrives within Dictyostelium discoideum,
a commonly employed protozoan experimental host (Hoffmann
et al., 2014b).

Through an evolutionarily conserved mechanism,
L. pneumophila avoids killing by protozoan and mammalian
phagocytes alike, allowing replication within a distinct
intracellular compartment termed the Legionella-containing
vacuole (LCV) (Isberg et al, 2009; Hubber and Roy, 2010;
Hilbi and Haas, 2012; Sherwood and Roy, 2013; Finsel and
Hilbi, 2015). Accidental infection of humans occurs through
the inhalation of contaminated aerosols, although recently, a
probable person-to-person transmission was reported for the
first time (Correia et al., 2016). If the alveolar macrophages fail
to eliminate the invading bacteria through cell-autonomous
processes, intracellular replication of the bacteria will ensue,
possibly culminating in a severe pneumonia (Simon and Hilbi,
2015).

The formation of the LCV is a complex process governed by
the Icm/Dot type IV secretion system (T4SS). This T4SS injects
more than 300 different “effector” proteins into the host cell,
dictating every step from uptake to interference with various
vesicle trafficking pathways and autophagy, interaction with the
ER, and finally escape from the host cell (Finsel and Hilbi,
2015; Ensminger, 2016). To this end, the Icm/Dot-translocated
proteins subvert numerous host cell targets, including PI lipids,
which are used by several effectors as membrane anchors, and
small GTPases (Haneburger and Hilbi, 2013; Rothmeier et al.,
2013; Finsel and Hilbi, 2015). LCVs avoid luminal acidification
and fusion with lysosomes, but continuously and extensively
communicate with multiple vesicle trafficking routes (Horwitz,
1983; Urwyler et al., 2009a; Xu et al., 2010; Zhao et al., 2017).

Interaction with the endocytic pathway is indicated by the
presence of the small GTPases Rab5a, Rab7a, and Rab21 on the
LCV membrane (Urwyler et al., 2009b; Hoffmann et al., 2014a).
Moreover, LCVs acquire PtdIns(3)P within 1min of bacterial
uptake, and gradually lose this PI lipid within 2h (Weber et al,,
2014). In the endocytic pathway, PtdIns(3)P is a crucial regulator,
necessary for recruitment of early endosomal antigen 1 (EEA1)
and for downstream events leading to fusion of the phagosome
with bactericidal lysosomes (Stenmark, 2009).

A hallmark of LCV maturation is the intimate interaction of
the pathogen vacuole with the ER (Swanson and Isberg, 1995; Lu
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and Clarke, 2005; Robinson and Roy, 2006), as a consequence
of Rabl-dependent recruitment of secretory vesicles at ER exit
sites (Kagan and Roy, 2002; Arasaki and Roy, 2010; Arasaki
et al., 2012). PtdIns(4)P is a major regulator of secretory vesicle
trafficking through the Golgi apparatus (Jean and Kiger, 2012),
required for late steps of endocytosis (Jeschke et al., 2015) and
present on LCVs (Weber et al., 2006, 2014). In fact, PtdIns(4)P
transiently localizes to LCVs independently of the Icm/Dot
T4SS immediately following bacterial uptake, but is then rapidly
cleared. Over the following 2 h, PtdIns(4)P again accumulates on
LCVs in an Iem/Dot-dependent manner, preceding attachment
of the ER (Weber et al.,, 2014). In addition to Rabl, several
other small GTPases involved in the secretory pathway are
present on the LCV (Urwyler et al., 2009b; Hoffmann et al.,
2014a). Of these, Rab8a, Rabl10, and Rab32, all implicated in
Golgi to endosome trafficking, promote intracellular replication
of L. pneumophila (Hoffmann et al., 2014a). Thus, L. pneumophila
exploits the secretory trafficking pathway to promote formation
of the replication-permissive LCV.

RESTRICTION OF INTRACELLULAR
REPLICATION OF L. PNEUMOPHILA BY
RETROGRADE TRAFFICKING

A number of intracellular bacterial pathogens subvert retrograde
trafficking (Personnic et al.,, 2016). These include the obligate
intracellular pathogen Chlamydia trachomatis (Aeberhard et al.,
2015; Mirrashidi et al., 2015), facultative intracellular Salmonella
enterica serovar Typhimurium (McGourty et al., 2012), and
Coxiella burnetii (McDonough et al., 2013).

An early study using D. discoideum already implicated a
role for retrograde trafficking during intracellular replication of
L. pneumophila (Weber et al., 2009). This study revealed that
the PI 5-phophatase OCRL/Dd5P4 restricts intracellular growth
of L. pneumophila, while promoting the accumulation of ER
on LCVs as well as the transition from “tight” to “spacious”
pathogen vacuoles (Weber et al, 2009). In a more recent
study, depletion of individual components of the retrograde
machinery, such as the retromer subunits Vps26a/Vps26b or
Vps29, or the retrograde cargo CI-MPR, led to increased
intracellular replication of L. pneumophila (Finsel et al., 2013).
Among the small Rab GTPases implicated in retrograde
trafficking, Rab5a but not Rab7a, Rab%9a or Rablla restrict
intracellular replication (Hoffmann et al., 2014a). Furthermore,
in D. discoideum the TBC1D5 homolog promotes intracellular
growth of L. pneumophila (Bérlocher et al, 2017). Since
mammalian TBC1D5 functions as a Rab7 GAP and negatively
regulates Rab7a, which is implicated in retrograde trafficking,
these findings corroborate a function of the retrograde pathway
in restricting L. pneumophila replication.

INTERACTION OF LCVS WITH THE
RETROGRADE TRAFFICKING PATHWAY

Proteomics analysis of isolated LCVs from infected protozoan
and mammalian host cells revealed components of the retrograde

trafficking pathway including small GTPases (Shevchuk et al.,
2009; Urwyler et al., 2009b; Hoffmann et al., 2014a; Herweg
et al., 2015; Schmolders et al, 2017). Whereas the late
endosomal marker Rab9 is present on L. pneumophila wild-
type as well as AicmT mutant-containing vacuoles, Rab4,
Rab5, Rab7, and Rabll are recruited to LCVs in an Icm/Dot-
dependent manner (Finsel et al., 2013; Hoffmann et al,
2014a; Birlocher et al, 2017). Rab4 and Rabll associate
predominantly with EE/RE or with RE/TGN, and are involved
in EE/RE-to-PM or RE-to-PM/TGN trafficking, respectively
(Zerial and McBride, 2001; Miserey-Lenkei et al, 2007;
Figure 1).

With respect to retromer components, Vps26, Vps29, and
Vps35 as well as SNX1, SNX2, SNX5, and TBC1D5 can be
detected on LCVs (Finsel et al., 2013; Barlocher et al., 2017).
Moreover, retrograde cargos including Vps10, MPR, and Vamp4
are present on the pathogen vacuole (Finsel et al, 2013;
Hoffmann et al, 2014a; Figure 1). The CI-MPR is shuttled
between endosomes and the TGN in retromer-, SNX1/2- as well
as Rab7b- and Rab9-dependent pathways (Lombardi et al., 1993;
Arighi et al., 2004; Rojas et al., 2007; Progida et al., 2010, 2012).
The SNARE Vamp4 is a retrograde cargo predominantly found
at the TGN, which cycles to the cell surface and back via EE/RE
(Tran et al., 2007).

The L. pneumophila Icm/Dot substrate RidL (Retromer
interactor decorating LCVs) was identified as a binding partner
of the retromer complex, and the effector protein promotes
intracellular bacterial replication (Finsel et al., 2013). Upon
infection of D. discoideum or macrophages, RidL decorates
the LCV membrane and accumulates preferentially at the
bacterial poles. Pulldown and protein-lipid overlay experiments
revealed that RidL interacts specifically with the retromer
Vps29 subunit and the PI lipid PtdIns(3)P, respectively.
Ectopically produced RidL inhibits retrograde trafficking
of fluorescently labeled STxB in HeLa cells, as evidenced
by reduced Golgi localization of the toxin. Furthermore,
in macrophages infected with wild-type L. pneumophila,
retrograde trafficking of fluorescently labeled CTxB is impaired
in a RidL-dependent manner. In presence of RidL, CTxB
colocalizes with an EE/RE marker (transferrin receptor),
but not with markers for lysosomes (dextran) or the Golgi
apparatus (GM130). In absence of RidL, however, the toxin
colocalizes with both EE/RE and Golgi markers, but not
with the lysosome marker, consistent with a RidL-dependent
inhibition of retrograde trafficking at endosome exit sites
(Finsel et al., 2013).

A recent study revealed that the 29 kDa N-terminal domain
of RidL (RidL;-g1) adopts a new “foot-like” fold comprising a
protruding hydrophobic B-hairpin at its “heel,” which interacts
with Vps29 (Barlocher et al., 2017). In HeLa cells, the
fragment RidLg-»55 co-localizes with the retromer complex and
displaces the Rab7 GAP TBC1D5 from the retromer. Similarly,
RidL translocated by L. pneumophila reduces the amount of
TBC1D5 on LCVs during infection of D. discoideum. Thus,
displacement of TBC1D5 from the Vps29 retromer subunit by
the hydrophobic B-hairpin of RidL might contribute to effector
function.
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THE LCV AS AN ACCEPTOR
COMPARTMENT IN THE RETROGRADE
TRAFFICKING PATHWAY

Identification of the site of action of RidL and the position
of the LCV in the retrograde trafficking route are pivotal
for an understanding of effector function (Figure 1). Further
insights into the role of RidL were obtained by studying the
effects of ridL deletion on the levels of retrograde trafficking
components on LCVs (Finsel et al., 2013). Deletion of ridL does
not affect the localization of the retromer subunits to the LCV,
but the retrograde cargos Vps10 (a D. discoideum homolog of
mammalian sortilin) and CI-MPR decorate a larger portion of
LCVs. Moreover, the late endosomal/lysosomal marker LAMP1
increasingly localizes to LCVs in the absence of RidL. A larger
portion of LCVs also stain positive for SNX1 and SNX2 in the
absence of RidL, possibly because RidL competes with the SNXs
for PtdIns(3)P binding. Additionally, the level of the retrograde
trafficking regulator and Rab7 GAP TBCID?5 is increased on
LCVs in absence of RidL (Bérlocher et al., 2017). Collectively,
these findings suggest that RidL and its inhibition of retrograde
trafficking results in decreased levels of retrograde cargos and
some components of the retrograde machinery on LCVs.

Regarding the position of the LCV in the retrograde trafficking
route different scenarios are conceivable. The LCV might
represent a donor compartment in the retrograde trafficking
route. Blockage of the pathway at the LCV by RidL would
prevent vesicles from budding, elongation or scission, resulting
in increased levels of retrograde components on the LCV in the
presence of RidL (Figure 1). However, this is the opposite of what
was observed, and therefore, it is unlikely that the LCV is a donor
compartment in the retrograde pathway.

Alternatively, the LCV might be an acceptor compartment
of retrograde trafficking vesicles (Figurel). Blockage of
incoming vesicles by RidL would prevent tethering, un-
coating, attachment or fusion, leading to decreased levels
of retrograde cargo, as observed (Finsel et al,, 2013). Under
these circumstances, the components of the retrograde
transport machinery on the LCV would likely not be directly
affected, unless incomplete vesicle un-coating or “kiss-and-run”
interactions take place (Trahey and Hay, 2010). Furthermore,
the presence of Rab4 (EE) and Rabll (RE) on the LCV
is also in agreement with the pathogen vacuole being a
compartment accepting incoming retrograde trafficking from
endosomes.

Interestingly, the retrograde cargos STxB and CTxB do not
accumulate on LCVs, regardless of whether RidL is present or not
(Finsel etal., 2013), and thus, the pathogen vacuole seems to serve
as an acceptor compartment in some retrograde routes, e.g., the
CI-MPR trafficking pathway, but not in others. At this point, we
cannot rule out that the LCV is an acceptor compartment in the
secretory pathway. Inhibition of retrograde trafficking by RidL
might also reduce anterograde delivery of cargos such as MPR or
Vps10/sortilin to the LCV by affecting the whole transport cycle
(Riederer et al., 1994; Arighi et al., 2004). However, given the
accumulation of retrograde machinery on LCVs such an indirect
scenario seems less plausible.

CONCLUSIONS AND PERSPECTIVES

The retrograde vesicle trafficking pathway appears to represent a
pivotal component of cell-autonomous immunity, since several
bacterial pathogens produce effector proteins subverting the
pathway. L. pneumophila is unique in translocating an effector,
RidL, which directly targets the eukaryotic retromer complex
(Finsel et al., 2013). RidL binds the Vps29 retromer subunit,
inhibits retrograde vesicle trafficking and promotes intracellular
bacterial replication. The 29 kDa N-terminal domain of RidL
adopts a novel fold including a hydrophobic B-hairpin, which
binds Vps29, thereby displacing the Rab7 GAP TBCI1D5
and contributing to subversion of retrograde trafficking in
L. pneumophila-infected cells (Barlocher et al., 2017).

The exact mode of action of RidL remains to be determined.
While its 29 kDa N-terminal fragment is sufficient to displace
TBCID5, the C-terminal 102 kDa fragment of RidL likely
harbors additional (perhaps catalytic) activities. Indeed, several
L. pneumophila Icm/Dot substrates are large (>80 kDa)
and represent multi-domain proteins with distinct (catalytic)
activities (Itzen and Goody, 2011; Sherwood and Roy, 2013;
Finsel and Hilbi, 2015). Thus, in addition to anchoring to
Vps29 and displacing TBC1D5, RidL likely has other functions
contributing to the inhibition of retrograde trafficking.

Moreover, the site of RidL action and the position of the
LCV in the retrograde trafficking route are ill-defined at present.
Cargos of the retrograde trafficking route (e.g., CI-MPR, sortilin)
as well as the retromer subunits and the bacterial effector localize
to LCVs. Yet, the retrograde toxin cargos STxB or CTxB cannot
be detected on the LCV membrane, although their trafficking is
affected by RidL. Due to its presence on the pathogen vacuole,
RidL seems to act in cis (on the LCV) but might also function
in trans (in a distance from the pathogen vacuole). Most available
data is in agreement with the pathogen vacuole being an acceptor
compartment in the retrograde trafficking pathway, such that
RidL blocks the productive interaction of the LCV with incoming
retrograde vesicles in cis, rather than inhibits the formation
of retrograde transport vesicles at endosome exit sites in trans
(Figure 1). Further studies will address the molecular function
of RidL and the position of the LCV along the retrograde route.
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Redundancy has been referred to as a state of no longer being needed or useful.
Microbiologists often theorize that the only case of true redundancy in a haploid organism
would be a recent gene duplication event, prior to divergence through selective pressure.
However, a growing number of examples exist where an organism encodes two genes
that appear to perform the same function. For example, many pathogens translocate
multiple effector proteins into hosts. While disruption of individual effector genes does not
result in a discernable phenotype, deleting genes in combination impairs pathogenesis:
this has been described as redundancy. In many cases, this apparent redundancy could
be due to limitations of laboratory models of pathogenesis that do not fully recapitulate
the disease process. Alternatively, it is possible that the selective advantage achieved
by this perceived redundancy is too subtle to be measured in the laboratory. Moreover,
there are numerous possibilities for different types of redundancy. The most common
and recognized form of redundancy is functional redundancy whereby two proteins have
similar biochemical activities and substrate specificities allowing each one to compensate
in the absence of the other. However, redundancy can also exist between seemingly
unrelated proteins that manipulate the same or complementary host cell pathways. In
this article, we outline 5 types of redundancy in pathogenesis: molecular, target, pathway,
cellular process, and system redundancy that incorporate the biochemical activities,
the host target specificities and the impact of effector function on the pathways and
cellular process they modulate. For each type of redundancy, we provide examples
from Legionella pathogenesis as this organism employs over 300 secreted virulence
proteins and loss of individual proteins rarely impacts intracellular growth. We also discuss
selective pressures that drive the maintenance of redundant mechanisms, the current
methods used to resolve redundancy and features that distinguish between redundant
and non-redundant virulence mechanisms.

Keywords: redundancy, pathogenesis, effector, functional redundancy, genetic redundancy, Legionella

REDUNDANCY—BIOLOGY’S CONTINGENCY PLAN

Bacteria are one of nature’s ultimate survivalists, able to adapt to extreme and dynamic
environmental conditions. One of the reasons for their robustness is redundancy, contingency
plans for a given process that enhances their fitness. Genetic redundancy describes two copies
of the same gene whereby the protein encoded by one can function in place of the other.
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Redundancy in Bacterial Pathogenesis

A classic example of genetic redundancy occurs in metabolism,
where two genes encode proteins that catalyze the same reaction
(Toda et al., 1987). However, redundancy extends beyond gene
duplication. Two proteins or sets of proteins with different
catalytic activities can generate the same product (Wagner, 2000).
The ability to synthesize a molecule de novo and the ability
to acquire that molecule from the environment is also a form
redundancy. In this case, the proteins and their functions are
completely unrelated but they serve a common goal. Thus,
redundancy can occur at multiple levels within a system and is
largely defined by what a bacterium is trying to accomplish.

REDUNDANCY IN MICROBIAL
PATHOGENESIS

Koch’s postulates outline a set of criteria to define causal
relationships between pathogens and disease (Koch, 1891; Evans,
1976). With advances in molecular biology techniques and
bacterial genetics, Stanley Falkow proposed a molecular version
of Koch’s postulates to define virulence factors responsible for
the pathogenesis of an individual microorganism (Falkow, 1988).
The postulate sets an exclusive condition where disruption of
a gene should result in a virulence defect and that phenotype
should be reversed upon allelic replacement of the gene. For
decades, the postulate has been used to identify many virulence
factors in numerous pathogens (Isberg et al, 1987; Hersh
et al,, 1999). At the same time however, a growing number of
genes that failed Falkow’s criteria but played important roles
in disease began to emerge (Falkow, 2004; Choy et al., 2012;
Gaspar and Machner, 2014). The lack of phenotypes associated
with genetic mutations was attributed to redundancy amongst
virulence factors. While redundancy is not the only explanation
for this phenomenon (discussed below), it is becoming a
common feature in microbial pathogenesis with examples
from Legionella (Luo and Isberg, 2004; Belyi et al, 2006),
Pseudomonas (Kvitko et al., 2009; Cunnac et al., 2011), Yersinia
(Ratner et al, 2016), Chlamydia (Cocchiaro and Valdivia,
2009), Salmonella (Zhou et al, 2001), and Mpycobacterium
(Downing et al., 2005; Ganapathy et al., 2015). While an exciting
challenge for microbiologists, redundancy is a major obstacle in
identifying virulence factors, deciphering their roles in disease
and developing new therapeutic agents to combat infection.

REDUNDANCY IN LEG/IONELLA
PATHOGENESIS

Legionella pneumophila is an intracellular bacterial pathogen
with a broad host range spanning over 15 species of amoebae
and ciliated protozoa (Rowbotham, 1980) to mammalian
macrophages (Horwitz and Silverstein, 1980). Intracellular
growth of L. pneumophila requires a number of key events
be accomplished. L. pneumophila must disrupt endocytic and
autophagic targeting of its membrane-bound compartment,
termed the Legionella-containing vacuole (LCV) to avoid
digestion in the lysosome (Horwitz, 1983; Berger et al., 1994;
Swanson and Isberg, 1995; Wiater et al., 1998; Choy et al.,

2012); transform the phagosome into a replication-permissive
compartment (Kagan and Roy, 2002; Derre and Isberg, 2004;
Kagan et al., 2004); acquire nutrients to grow (Sauer et al., 2005;
Allard et al., 2009; Isaac et al., 2015); expand and maintain the
integrity of the replication vacuole to accommodate increasing
bacterial numbers (Laguna et al., 2006; Creasey and Isberg, 2012);
avoid detection by host innate immune recognition (Laguna
et al., 2006; Zamboni et al., 2006; Coers et al., 2007; Fontana
et al., 2011; Pereira et al., 2011; Creasey and Isberg, 2012; Barry
et al.,, 2013); inhibit host cell death to maintain an intracellular
environment that supports replication (Losick and Isberg, 2006;
Abu-Zant et al., 2007); and eventually, exit from the host cell
(Horwitz and Silverstein, 1980). As it turns out, L. pneumophila
employs multiple strategies to accomplish each of these tasks.

With Falkow’s molecular Koch’s postulates in mind, several
genetic screens to correlate gene disruptions with virulence
defects have been employed to identify L. pneumophila virulence
genes (Berger and Isberg, 1993; Sadosky et al., 1993; VanRheenen
et al, 2004; Laguna et al, 2006). Parallel genetic screens
independently identified a collection of 26 genes encoding
components of a Type IVb secretion system, subsequently named
Icm/Dot (Marra et al,, 1992; Berger and Isberg, 1993; Brand
et al,, 1994). Mutations in icm/dot genes abolish L. pneumophila
intracellular growth in macrophages (Berger and Isberg, 1993;
Brand et al, 1994) and amoebal hosts (Segal and Shuman,
1999) demonstrating a critical role for the Icm/Dot complex in
L. pneumophila pathogenesis. The identification of Icm/Dot was
not surprising as numerous pathogens employ secretion systems
to deploy proteins, termed effectors to the host cell to establish
growth. Yet the search for Icm/Dot translocated substrates
(IDTS) using similar genetic screening strategies was relatively
unsuccessful, identifying only a small handful of IDTS-encoding
genes that were important for L. pneumophila pathogenesis
(VanRheenen et al.,, 2004; Laguna et al., 2006; Isaac et al., 2015).
As a consequence, more creative genetic screening strategies were
implemented (Luo and Isberg, 2004; Campodonico et al., 2005):
not only did this lead to the identification of the first set of IDTS
but also the presence of multiple paralogs of many IDTS in the
L. pneumophila genome (Luo and Isberg, 2004). As a result, the
lack of phenotypes associated with genetic mutations in a single
IDTS was attributed to redundancy.

The presence of multiple IDTS paralogs was the first evidence
of redundancy in L. pneumophila pathogenesis. However, the
simultaneous deletion of all paralogs from a single family of
IDTS did not impair L. pneumophila intracellular growth (Bardill
et al,, 2005). The simplest explanation was that these genes were
dispensable under the experimental conditions tested. However,
the subsequent use of biochemical and bioinformatics-based
approaches had begun to define a collection of 270 translocated
proteins (de Felipe et al., 2005; Huang et al., 2011; Zhu et al,,
2011). In the process, pairs of IDTS that modulate the same host
protein via different mechanisms or different components of the
same pathway were identified (Nagai et al., 2002; Machner and
Isberg, 2006; Murata et al., 2006; Belyi et al., 2008). In parallel,
genetic screens in host cells to identify host factors important for
L. pneumophila pathogenesis demonstrated that while depletion
of a single host factor rarely impaired L. pneumophila replication,
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the combined deletion of pairs of host proteins that function in
common processes significantly disrupted intracellular growth
of the bacterium (Dorer et al.,, 2006). Collectively, these results
suggested that redundancy extends beyond paralogs to more
complex mechanisms that function at pathway and system
levels, providing an explanation for the lack of phenotypes for
mutants lacking all members of a paralogous family of IDTS.
In support of this, it was subsequently shown that deleting
specific combinations of unrelated IDTS impairs L. pneumophila
intracellular growth while deletion of each gene individually
failed to elicit a phenotype (O’Connor et al, 2011, 2012).
Thus, redundancy appeared to be a multi-tiered phenomenon
integrating many different forms.

TYPES OF REDUNDANCY

Redundancy in microbial pathogenesis manifests in many forms
that encompass a broad spectrum of functional relationships and
multiple levels of biological systems: this complexity necessitates
a structured nomenclature to define the different types of
redundancy. Genetic and functional redundancy are often used
interchangeably, defining compensatory roles for two proteins
with the same biochemical activities that allow one to substitute
in place of the other. However, the use of function can be
somewhat subjective, as it can refer to a precise biochemical
activity or more generally, to the impact of that activity on
a particular pathway or cellular process. As a consequence,
the term functional redundancy has been omitted here as it
could be used to describe more than one type of redundancy
outlined below. Instead, we propose 5 types of redundancy
(Figure 1A): molecular, target, pathway, cellular process, and
system redundancy that incorporate the biochemical activities of
effectors, their host target specificities, their impact on host cell
biology and their contributions to pathogenesis. In many cases,
virulence strategies are multi-tiered encompassing several types
of redundancy.

Molecular Redundancy

Molecular redundancy defines two or more effectors that modify
the same host target using the same molecular mechanism
(Figure 1A). In this case, one effector can function in place of
the other because it has the same activity and target specificity
as its counterpart(s). In some cases, molecular redundancy is
likely to be a byproduct of gene duplication however, this is
not the sole source with examples of horizontal gene transfer
and convergent evolution leading to the presence of molecularly
redundant proteins.

Molecular redundancy is exemplified by the L. pneumophila
SidE family of IDTS, SidE, SdeA, SdeB, and SdeC (Luo
and Isberg, 2004). Individual paralogs consist of a mono-
ADP-ribosyltransferase domain, a deubiquitylation domain,
and a phosphohydrolase domain that collectively catalyze the
ubiquitination of the host proteins Reticulon 4 (Rtn4) (Kotewicz
et al., 2016) and Rab33b (Qiu et al., 2016) (Figure 1B). While
each member of this family is individually dispensable for
intracellular replication, the simultaneous deletion of all four
members impairs growth of L. pneumophila in the amoebal hosts

Acanthamoebae castellanii (Bardill et al., 2005) and Dictyostelium
discoideum (Qiu et al., 2016). The virulence defects can be
rescued by SdeA alone (Bardill et al., 2005; Qiu et al., 2016)
demonstrating that, at least in these two hosts, a single paralog
is sufficient for L. pneumophila intracellular replication.

A second example of molecular redundancy in L. pneumophila
is the Lgt family of proteins consisting of Lgt1, Lgt2/LegC8, and
Lgt3/LegC5 (de Felipe et al., 2005; Belyi et al., 2006) (Figure 1B).
Each paralog is a functional glucosyltransferase that covalently
modifies the host protein elongation factor 1A (eEF1A) at
serine 53 via mono-O-glycosylation (Belyi et al., 2006, 2008).
Modification of eEF1A by any of the three paralogs impairs host
protein synthesis (Belyi et al., 2006, 2008). The simultaneous
deletion of all three 3 paralogs does not impair L. pneumophila
intracellular growth nor does it completely abolish host protein
translation in infected cells (Belyi et al., 2006, 2008) suggesting
that L. pneumophila encodes additional IDTS that modulate this
process.

Effectors with Similar Activities Can Be
Misinterpreted as Redundant

Effector paralogs are most readily identified by sequence
and/or structural similarities. However, homology does not
necessarily indicate that two proteins perform the same
function and therefore have molecular redundancy. For example,
the IDTS VipD is targeted to early endosomes through its
interaction with the host protein Rab5 (Gaspar and Machner,
2014). Binding to Rab5 activates VipD phospholipase activity
resulting in dephosphorylation of phosphoinositol 3-phosphate
on endosomes (Gaspar and Machner, 2014). Sequence homology
comparisons identified three paralogs of VipD encoded in
the L. pneumophila genome: VdpA, VpdB, and VpdC, each
consisting of a functional phospholipase domain based on the
conservation of all active site and catalytic residues (VanRheenen
et al, 2006; Gaspar and Machner, 2014). However, in vitro
binding assays demonstrated that unlike VipD, neither VpdA
nor VpdB bind Rab5 (Gaspar and Machner, 2014). Thus, while
it appears that the catalytic activities of these four proteins are
conserved and they are all likely to alter host phosphoinositide
pools, their respective binding partners and the host pathways
they modulate may vary significantly.

The unlikelihood of redundancy amongst larger families of
effectors with conserved activities or domains is more apparent,
as demonstrated by the five F-box domain-containing proteins of
the E3 ubiquitin ligase family in L. pneumophila (Ensminger and
Isberg, 2010). The F-box protein provides substrate specificity
to the E3 ubiquitin ligase complex, typically Skp-Cullin-F-
box (SCF) (Zheng et al., 2002). Despite their common F-box
domain, only LegU1, LegAU13/AnkB, and LicA interact with
Skp1 while only LegU1 and LegAU13/AnkB interact with CUL1
(Ensminger and Isberg, 2010). Moreover, the pattern of host
protein ubiquitination varies significantly between the five IDTS
(Ensminger and Isberg, 2010). Thus, despite similar biochemical
activities, the host proteins they target for ubiquitination and
the corresponding host processes they impact are likely to
differ. Indeed, many families of IDTS with common functional
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domains such as kinases, phosphatases, ankyrin-repeat, or coil-
coil domains (de Felipe et al., 2005) typically have additional,
unrelated functional domains that set them apart.

Effectors that exhibit similar activities or target specificities
in vitro or in vivo outside the context of an infection can

also be misinterpreted as redundant, as these similarities may
not translate to redundancy in the context of a host under
native conditions. Additionally, enzymatic functions and/or
target specificities defined in vitro could be biased based on
the substrates and/or assays used to investigate them and thus,
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misleading as to their true functions within a host. As a
consequence, in vitro studies may suggest redundancy between
two proteins that are in fact quite distinct in the context of an
infection.

Target Redundancy

Target redundancy defines effectors that modulate the same host
protein using different molecular mechanisms (Figure 1A). In
this case, the activity of one effector cannot replace the other
but can have a similar impact on the function of the targeted
host protein, and its component pathway. Thus, contrary to
molecular redundancy, target redundancy defines redundant
strategies rather than redundant activities. Effectors that are
redundant at the target level are more difficult to identify
because they typically lack sequence, structural and functional
similarity.

Target redundancy is exemplified by the IDTS SidM/DrrA
(Machner and Isberg, 2006; Murata et al, 2006) and
AnkX/LegA8/AnkN (Pan et al, 2008; Mukherjee et al,
2011; Allgood et al., 2017), herein after referred to as AnkX
(Figure 1B). Both effectors modulate the activity of the host
small GTPase Rabl to remodel the LCV but do so by different
molecular mechanisms. SidM/DrrA AMPylates the GTP-
bound form of Rabl preventing GTP to GDP exchange by
its cognate GAP protein (Muller et al., 2010), whereas AnkX
phosphocholinates GTP-bound Rabl, locking it in the active
state (Mukherjee et al., 2011). Two additional effectors SidD and
Lem3 reverse Rabl constitutive activation by de-AMPylation
and de-phosphocholination, respectively (Neunuebel et al,
2011; Tan and Luo, 2011). Thus, L. pneumophila encodes
two sets of IDTS, SidM-SidD and AnkX-Lem3 that are both
able to regulate Rabl activity but do so through different
mechanisms.

A second example of target redundancy is observed between
the glucosyltransferases Lgtl, Lgt2, Lgt3 (Belyi et al.,, 2008), and
SidI (Shen et al,, 2009) (Figure 1B). While the Lgt proteins
and SidI both impair host protein synthesis by targeting eEFA1,
SidI appears to do so by an alternative mechanism. Similar
to Lgtl, Lgt2, and Lgt3, SidI directly interacts with eEFA1
to impair its function however, direct binding is not solely
responsible for this effect (Shen et al., 2009). If Sidl inactivates
eEF1A through modification, the lack of a glycosyltransferase
domain suggests it is likely to differ from glycosylation.
In addition to Lgtl, Lgt2, Lgt3, and Sidl, a fifth effector,
SidL has been implicated in impairing host protein synthesis
(Fontana et al., 2011), although the mechanism has yet to be
elucidated including whether this occurs through eEF1A or
another component of the translation machinery. Moreover,
the deletion of all five of these IDTS only partially restores
host protein synthesis (Fontana et al,, 2011), suggesting that
additional IDTS regulate this process. Thus, this example
encompasses multiple types of redundancy from molecular and
target redundancy to pathway and possibly, cellular process
redundancy (see below). We predict that many virulence
strategies will similarly consist of more than one type of
redundancy.

Effectors with Similar Targets but Different Activities
Can Be Misinterpreted as Redundant

It is important to distinguish between effectors that modulate
the activity of common host proteins but do not achieve
the same effect on the component host pathway: these
types of effectors are not redundant. An example of non-
redundant IDTS with a common target is SidM/DrrA and LepB.
SidM/DrrA functions as a GDI displacement factor to recruit
Rabl to the Legionella vacuole, then constitutively activates
Rabl by locking it in the GTP bound form via covalent
modification (Machner and Isberg, 2007; Muller et al., 2010).
Upon de-AMPylation of Rabl by SidD (Neunuebel et al.,
2011), LepB acts as a Rabl GTPase activating protein (GAP)
promoting GTP hydrolysis and release of Rabl from the LCV
(Ingmundson et al, 2007). Although, SidM and LepB both
target Rabl, they have opposite effects on its activity and
distribution which differentially impacts Rabl-mediated vesicle
trafficking events. Thus, SidM/DrrA and LepB are not target
redundant.

Pathway Redundancy

Pathway redundancy defines effectors that modulate a single
host pathway but target different components of that pathway
(Figure 1A). Sets of effectors that belong to this category can
manipulate different proteins in a single complex, different
components at various steps along the pathway or regulators
of the pathway. However, while the mechanisms and the host
proteins used to modulate the pathway differ, the outcome of that
modulation is the same and these effectors collectively serve to
achieve a common goal.

Pathway redundancy is illustrated by the IDTS VipD and SidK
that both modulate the endocytic pathway but do so by targeting
different components at different stages of LCV maturation
on the way to the lysosome (Figure 1B). On early endosomes,
VipD dephosphorylates PI3P, which functions as an anchor
for the tethering protein EEA1 (Gaspar and Machner, 2014).
The lack of EEAI at endosomal surfaces prevents endosome
fusion with the LCV (Gaspar and Machner, 2014). Vacuole
acidification occurs downstream of early endosome fusion events
and is mediated by vATPases, multi-component proton pumps
(Forgac, 2007). SidK directly binds VatA, a component of the
vATPase to inhibit its function (Xu et al.,, 2010). While VipD
can impair early endosome fusion with the LCV, it is not
sufficient to avoid endosomal fusion completely as 40% of
LCVs containing wild type bacteria stain positive for the early
endosomal marker Rab5 (Gaspar and Machner, 2014). SidK acts
as part of a contingency plan when endocytic maturation of
the LCV is not completely thwarted. Moreover, while vacuoles
containing the AvipD mutant are more likely to accumulate
Rab5 than those containing wild type bacteria, the frequency
is significantly lower than that observed for a dot- mutant
(Gaspar and Machner, 2014): this suggests that other effectors
function to modulate the endocytic pathway. Several effectors
including VipA, VipE, SetA, and Cegl9 are likely candidates
based on their ability to disrupt trafficking along the vacuole
sorting pathway in yeast (Shohdy et al., 2005; Franco et al.,
2012).
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A second example of pathway redundancy is observed
between the effectors RidL, LpnE, and AnkX which target
separate mediators of retrograde trafficking between endosomes
and the trans-Golgi network to alter the fate of the LCV
(Figure 1B). RidL directly interacts with the retromer complex
subunit Vps29 to compete with endosome sorting nexins for
retromer and PI3P binding (Finsel et al., 2013). LpnE directly
interacts with OCRL1 (Weber et al., 2009), a phosphoinositol
5-phosphatase that regulates retrograde trafficking by altering
phosphoinositide phosphate pools. AnkX phosphocholinates
Rab35 (Mukherjee et al., 2011), a regulator of cargo sorting
and recycling from recycling endosomes. Modification of Rab35
prevents microtubule-dependent endosomal vesicle transport
to the LCV (Pan et al, 2008). Loss of RidL, LpnE, or AnkX
moderately increases the frequency of LAMPI staining of
LCVs demonstrating that the all three effectors independently
contribute to disrupting maturation of the LCV along the
endocytic pathway (Newton et al., 2007; Pan et al., 2008; Finsel
etal., 2013).

Cellular Process Redundancy

Cellular process redundancy occurs when sets of effectors
compensate for one another by targeting redundant or
complementary host pathways that collectively govern a single
cellular process (Figure 1A). An example of a cellular process
that is mediated by multiple pathways is the unfolded protein
response (UPR). The UPR is activated through three separate
sensory pathways: inositol requiring enzyme-1 (IRE1), protein
kinase RNA-like ER kinase (PERK), and activating transcription
factor 6 (ATF6) (Walter and Ron, 2011). Distinct pathways allow
the cell to respond to multiple signs of ER stress enhancing the
sensitivity and breadth of the sensory system but all pathways
lead to a common response that includes global translation
inhibition, upregulation of ER stress proteins, ER membrane
expansion and under extreme conditions, activation of pro-
apoptotic pathways (Walter and Ron, 2011). While multiple
pathways provide robustness to the host, it affords pathogens
multiple ways to hijack a cellular process and when necessary,
the ability to do so without completely abolishing the cellular
process, which can have negative, even detrimental effects on the
pathogen itself.

A critical event in Legionella pathogenesis is remodeling and
maintenance of the LCV to support bacterial replication: this is
accomplished through the recruitment of ER-derived membrane
material. Three parallel mechanisms by which Legionella achieves
this have been described (Figure 1B). The SdeA, SdeB, and
SdeC family of IDTS drives rearrangement of tubular ER and
its association with the LCV through ubiquitination of Rtn4
(Kotewicz et al., 2016), a regulator of tubular ER dynamics (Zurek
etal., 2011) (Figure 1B). SidM/DrrA and RalF target components
of the early secretory pathway to redirect vesicles trafficking
between the ER and the Golgi to the LCV. SidM/DrrA does so
by recruiting and activating Rab1l at the LCV and promoting
non-canonical functional pairing between the plasma membrane
tSNARE syntaxins at the LCV and the ER-derived vesicle
VvSNARE Sec22b (Arasaki et al., 2012). RalF does so by recruiting
and activating the host protein ARF1 at the LCV (Nagai et al.,

2002) (Figure 1B). The loss of either SidM/DrrA or RalF alters
the timing and efficiency of ER protein accumulation at the
LCV (Nagai et al., 2002; Ingmundson et al., 2007) demonstrating
redundant roles for these proteins in LCV remodeling.

A second example of redundancy at the level of cellular
processes is SidF and SidP (Figure 1B). Each effector contributes
to modulation of host lipid metabolism to modulate the relative
abundance of phosphoinositides (PIs) at the LCV, specifically
conversion from a PI(3)P rich environment to a PI(4)P rich
environment. SidF is a phosphoinositide 3-dephosphatase with
specificity for PI(3,4)P, and PI(3,4,5)P3 preventing PI(3)P
accumulation at the LCV (Banga et al, 2007) while SidP
is a phosphoinositide 3-phosphatase that hydrolyzes PI(3)P
and PI(3,5)P, removing PI(3)P from the LCV (Toulabi et al.,
2013). The host protein ORCLI, a PI(4,5)P, 5-phosphatase
also localizes to the LCV and thus may also promote PI(4)P
accumulation at the surface (Weber et al.,, 2009) (Figure 1B).
OCRL1 targeting to the LCV is Icm/Dot-dependent but the
specific IDTS required for this has yet to be determined (Weber
et al., 2009). Phosphoinositides distinguish individual organelle
membranes in the host cell and serve as anchors for organelle-
specific host proteins. Several IDTS exploit PIs decorating the
LCV to anchor themselves to the surface. Many of these IDTS
have been implicated in LCV remodeling including SidM/DrrA,
SidC, LidA, and RidL (Machner and Isberg, 2006; Murata et al.,
2006; Finsel et al., 2013; Hsu et al., 2014). Loss of SidF impairs
Rabl recruitment to the LCV (Toulabi et al., 2013), likely as a
consequence of the inability of SidM to attach itself to the LCV
surface. Thus, PI dynamics play a central role determining the
repertoires of IDTS at the vacuole surface and thus the fate of the
Legionella vacuole.

System Redundancy

System redundancy defines effectors that modulate more than
one host cellular process to accomplish a single task (Figure 1A).
An example in biology of a single event that is governed
by multiple host cellular processes is cell death. Cell death
can be achieved through apoptosis, necrosis, pyroptosis, or
autophagy. Each process may be triggered by different cues and
the mechanisms by which the cell is terminated may vary but the
result is the same—death. In some cases, components mediating
these pathways are completely distinct; in other cases they may
overlap. For a pathogen, the more options at its disposal for
manipulating the host cell to accomplish a specific goal, the
greater the likelihood of its success. System redundancy provides
yet another layer of insurance by allowing a pathogen to tap
into multiple cellular processes to ensure completion of a critical
event.

Intracellular growth of L. pneumophila requires the viability
of the host cell but cell death is induced by host cells when
bacteria cannot be eradicated through lysosomal targeting.
L. pneumophila regulates host cell death by targeting host
signal transduction, translation, and apoptosis (Figure 1B). The
IDTS LnaB and LegKl activate the host transcription factor,
nuclear factor kB (NFkB) causing upregulation of anti-apoptotic
pathway-associated genes (Losick and Isberg, 2006; Ge et al.,
2009). While the mechanism of action of LnaB is unknown,
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in vitro studies suggest that LegK1 promotes the degradation of
the NFkB inhibitor IkB through direct phosphorylation (Ge et al.,
2009). Lgt1, Lgt2, Lgt3, Sidl, and SidL promote prolonged NFkB
signaling by blocking host protein synthesis and thus cellular
levels of I« B from being replenished (Fontana et al., 2011). SidF
promotes host cell survival by inhibiting the activity of the pro-
apoptotic proteins BNIP3 and Bcl-Rambo through direct binding
(Banga et al, 2007). Thus, L. pneumophila orchestrates the
induction of host cell survival mechanisms while simultaneously
obstructing host cell death pathways by targeting distinct cellular
processes.

Lysosomal avoidance by L. pneumophila is orchestrated
through four separate cellular processes: the endocytic pathway
using VipD (Gaspar and Machner, 2014) and SidK (Xu et al.,
2010); retrograde transport via RidL (Finsel et al., 2013), LpnE
(Weber et al.,, 2009), and AnkX (Mukherjee et al., 2011); actin
cytoskeleton dynamics through LegK2 (Michard et al., 2015)
and VipA (Franco et al., 2012); and autophagy by RavZ (Choy
et al., 2012) (Figure 1B). The mechanisms of action of VipD,
SidK, RidL, LpnE, and AnkX have been discussed previously (see
section Pathway Redundancy). Altering endosome transport to
the LCV is also achieved by manipulating the actin cytoskeleton.
LegK2 phosphorylates the Arp2/3 complex subunits ARPC1B
and ARP3 (Michard et al., 2015): this prevents actin nucleation
at the site of the LCV thus perturbing endosome trafficking
to the LCV (Michard et al., 2015). In contrast, VipA localizes
to endosomes and promotes actin polymerization by directly
binding to actin. In yeast, VipA impairs vacuole sorting and
thus is predicted to similarly alter organelle trafficking during
infection (Shohdy et al., 2005; Franco et al., 2012). Host cells
are not without their own forms of redundancy. When bacteria
fail to be delivered to the lysosome, host cells can also target
pathogens to the lysosome via autophagy (Xie and Klionsky,
2007). The IDTS RavZ localizes to the LCV where it irreversibly
deconjugates the autophagic protein Atg8 thereby preventing
autophagasome membrane nucleation at the site of the LCV
(Choy et al., 2012).

System redundancy is also exemplified by SidM/DrrA,
SdeA, SdeB, SdeC, RalF, and a functional complex formed
by LegC2/YIfB, LegC3, and LegC7 (Figure 1B). SidM/DrrA,
SdeABC, and RalF modulate LCV remodeling by hijacking
tubular ER dynamics and vesicle trafficking along the early
secretory pathway (see section Cellular Process Redundancy).
LegC2/YIfB, LegC3, and LegC7 collectively mimic Q-SNARE
proteins and directly bind the R-SNARE protein VAMP4 (Shi
et al., 2016). LegC2/Y1fB-LegC3-LegC7/YIfA complex pairing
with VAMP4 diverts VAMP4-containing vesicle trafficking along
the retrograde transport pathway between endosomes and the
trans-Golgi network to the LCV (Shi et al., 2016). L. pneumophila
mutants lacking LegC2/YIfB and LegC7/YIfA show reduced
accumulation of the ER marker calnexin at the LCV but do
not exhibit an increase in LAMP1 staining (Campodonico et al.,
2016). Thus, recruitment of VAMP4-containing vesicles serves
to remodel and maintain the LCV but does not impact LCV
trafficking to the lysosome (Campodonico et al., 2016; Shi et al,,
2016). Differential targeting of endosomes to the LCV suggests
the existence of distinct populations of endosomal vesicles,

some of which are actively recruited to the LCV to enable
L. pneumophila replication while others are actively excluded
because they promote L. pneumophila trafficking to the lysosome.

Effectors and Host Target Specificity

Several studies have identified a number of effectors capable of
interacting with more than one host target that often function
in more than one host pathway or host cellular process. The
most common example in L. pneumophila pathogenesis is IDTS
that target host Rab proteins, the gatekeepers of membrane
transport and trafficking. In addition to Rabl, SidM/DrrA also
binds Rab8B, Rab10, and Rab27A (Machner and Isberg, 2006;
Yu et al,, 2015). Similarly, the IDTS LidA binds activated Rabl
and Rab6A (Machner and Isberg, 2006; Murata et al., 2006; Chen
and Machner, 2013) but has also been shown to interact with
Rab8B, Rab10, and Rab27A (Yuetal., 2015). Lpg0393 is a guanine
nucleotide exchange factor for Rab5, Rab21, and Rab22, all of
which are associated with endosomal trafficking (Sohn et al,
2015) while PieE can interact with Rabl, Rab2, Rab5c, Rabb6a,
and Rab7 (Mousnier et al., 2014) which encompass various
stages of secretory, endocytic, and endosome recycling pathways
as well as late endosome- and autophagosome-lysosome fusion
events (Stenmark, 2009). While overlapping functions between
IDTS may provide a source of redundancy and thus, insurance
against failure to complete critical events in the infection cycle,
it can also be a potential source of decreased specificity. In
cases where L. pneumophila has to exploit subtle differences in
host cellular pathways, for instance to discriminating between
subpopulations of endosomal vesicles, redundancy may be less
beneficial. Importantly, many of the Rab protein targets were
identified using in vitro systems or in vivo systems outside the
context of infection. In the case of SidM/DrrA, initial screening
experiments identified seven putative Rab protein targets but
subsequent validation experiments narrowed the list down to
only two (Yu et al, 2015). Thus, extreme caution has to be
exercised in assigning redundant functions before the biological
relevance of effector-host target interactions is determined.

SELECTIVE PRESSURES DRIVING THE
MAINTENANCE OF REDUNDANT
VIRULENCE PROTEINS

Genetic redundancy is unstable over time. Genes performing
similar functions tend to experience genetic drift, unless each
gene undergoes independent selective pressure (Clark, 1994;
Force et al, 1999; Bergthorsson et al., 2007). So how are
redundant proteins maintained? The simplest explanation is that
so-called redundant effectors have both overlapping and distinct
functions and that selection for their independent activities drives
the maintenance of their redundant functions. For example,
within the Lgt1/Lgt2/Lgt3/SidI/SidL family of IDTS that inhibit
protein synthesis by targeting eEF1A, SidI also interacts with
eEF1By (Shen et al., 2009) another component of the translation
machinery (Browne and Proud, 2002). Similarly, Lgtl has a
second putative binding partner, Hsb1 that plays a role in mRNA
surveillance during translation (Belyi et al., 2009). In addition,
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members of this family vary in their ability to block the unfolded
protein response during L. pneumophila infection (Hempstead
and Isberg, 2015; Treacy-Abarca and Mukherjee, 2015). While
the significance of these differences has not been elucidated, the
independent activities of individual members of this group may
be responsible for their maintenance in the genome despite their
apparent redundant functions.

Redundancy amongst effectors may compensate for temporal
or regulatory differences in gene expression. For instance, Lgtl
is expressed early in the infection cycle while Lgt3 is expressed
at later stages prior to bacterial egress (Belyi et al., 2008). The
overlapping functions of effectors may allow a specific host
processes to be modulated throughout the infection cycle despite
differences in their individual expression patterns. Differences in
gene expression between redundant effectors may correlate with
requirements for their non-overlapping functions at different
stages of the infection cycle or differences in the regulatory
mechanisms controlling their expression. While redundancy
resulting from gene duplication is likely to establish common
regulatory networks for individual paralogs, this is unlikely
for independently acquired redundant effector genes that are
dispersed throughout the genome. Indeed, the mechanisms by
which newly acquired effector genes are integrated into existing
regulatory networks are not well established. Conservation of
redundant effectors may ensure their functions are fulfilled
despite variations in their respective gene expression patterns.

Redundancy between effectors may drive the maintenance
of redundant virulence strategies when a host protein, pathway
or process is impaired by a single effector but not completely
abolished. For instance, while VipD can impair fusion of early
endosomes with the LCV; it is not sufficient to avoid it completely
(Gaspar and Machner, 2014). Variations in the numbers of
endosomes in a host cell, the timing and amount of VipD
translocated into the host cell, the efficiency of VipD targeting
to endosomes, variations in substrate abundance and/or rates
of catalysis or the efficiency of endosome fusion with the LCV
may render VipD insuflicient to avoid downstream events of the
endocytic pathway. SidK (Xu et al., 2010) is part of a back-up plan
when inhibition of endosome fusion with the LCV is incomplete.
As many IDTS, including VipD are toxic when expressed at
high levels, the need to limit effector abundance may restrict
the ability of any one effector to completely control a particular
event. Additional IDTS like LegK2 (Michard et al., 2015), AnkX
(Mukherjee et al., 2011), RidL (Finsel et al., 2013), and VipA
(Franco et al,, 2012) allow L. pneumophila to impair endocytic
maturation of the LCV at different points without obliterating
major cellular processes.

Redundancy can provide an advantage when enhanced
fidelity is required for critical functions (Thomas, 1993).
Variations in the host cell type or fluctuations in their external
environment may necessitate redundant virulence strategies. In
its natural habitat, L. pneumophila is destined to encounter
many amoebal species thus, the greater the number of amoebae
L. pneumophila can survive and replicate within, the greater
its fitness. The importance of individual IDTS could be
impacted by multiple factors: differences in amoebal cell biology,
nutrient availability, variations in host targets that impact their

recognition or manipulation by IDTS or differences in the
components or pathways governing cellular processes targeted
by L. pneumophila. Maintaining a large cohort of IDTS arms
the bacterium with the specific combinations of IDTS necessary
for optimal growth in multiple hosts but as a consequence
may indirectly result in the accumulation of IDTS that perform
overlapping or redundant functions under certain circumstances.
Redundancy may also provide a means for pathogens to evolve
virulence strategies without compromising fitness. For pathogens
that are subject to dynamic and unpredictable environments,
have broad host ranges, or find themselves in a perpetual
co-evolutionary arms race with their host, this is particularly
important.

WHEN REDUNDANCY IS NOT
REDUNDANCY AT ALL

Redundancy is not the only explanation for the absence of
phenotypes associated with genetic mutations. Whether a gene
is required for pathogenesis can vary depending on the host
examined, the conditions under which gene requirements are
assessed or the type and sensitivity of the assay used. As
a consequence, what may be perceived as redundancy is
instead an inability to detect phenotypes using a particular
experimental system. For example, the IDTS SdhA is essential
for L. pneumophila replication in bone marrow-derived primary
macrophages but not in cultured U937 cells, a monocyte-derived
macrophage cell line (Laguna et al., 2006). Loss of SdhA causes
the induction of host cell death in response to L. pneumophila
challenge (Laguna et al, 2006; Creasey and Isberg, 2012),
which is likely to differ between primary and immortalized
cells. Similarly, the SidE family of IDTS is important for L.
pneumophila growth in amoebal hosts but is dispensable in
primary macrophages (Bardill et al., 2005; Qiu et al,, 2016). In
these two cases, the host cell type greatly impacts whether a
gene is designated as important for L. pneumophila pathogenesis.
While redundancy is becoming the default justification for a lack
of phenotypes, it is not always the culprit. As more effectors
and the host processes they modulate are characterized, key
differences between effectors that appear to be redundant will
most certainly be revealed.

METHODS TO RESOLVE REDUNDANCY

A significant body of work has focused on defining the role
of individual virulence factors in isolation, yet understanding
how these components coordinately contribute to pathogenesis
is necessary to define key determinants of disease. This is
particularly important for pathogens that employ compensatory
virulence strategies, as redundancy can greatly impact the
ability to define what a pathogen requires to survive and grow
within a host. A number of strategies have emerged to address
redundancy in bacterial pathogenesis that encompass genetic,
biochemical and bioinformatics-based techniques. While many
of the approaches do not specifically determine redundant
mechanisms at a molecular level, they do define functional
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relationships between individual proteins, and in some cases the
host pathways they target, enabling targeted analyses to decipher
the basis of redundancy at multiple levels.

Brute-Force Characterization One Effector

at a Time

Combined biochemical, molecular, and cell biological
characterization of effectors is the most comprehensive way
to identify redundant proteins. It provides detailed information
about their mechanism of action, their host cell targets and their
direct impact on host cellular processes. Moreover, deciphering
the intricate details of an effector’s function can define subtle
distinctions between effectors with overlapping functions and
thus circumvent their improper classification as redundant.
However, this method is not without its drawbacks. The
amount of time required to exhaustively characterize protein
function can be lengthy, especially if the techniques to do so
are not available or the function of the host target protein or
its component pathway have yet to be characterized. For a
pathogen like L. pneumophila that employs at least 270 IDTS,
such an endeavor would be an arduous one. In addition, for
many effectors, sequence homology and structure prediction
tools are not always informative. For L. pneumophila, as many
as one third of all IDTS lack domain homology to any other
protein characterized to date and often very little is learned
from structural predictions. Finally, while there are several
methods to define host targets, including more recently adapted
high throughput methods (Mousnier et al, 2014; Yu et al,
2015), this can be challenging as host targets can range from
proteins to lipids to small molecules (Machner and Isberg, 2006;
Toulabi et al., 2013; Isaac et al., 2015). Thus, while characterizing
individual effector functions can be highly informative, the road
to defining redundant virulence mechanisms can be bumpy and
painstakingly slow.

Insertional Mutagenesis and Depletion
(iMAD)

iMAD is a genetic screening strategy developed to resolve
redundancy amongst effectors by defining sets of bacterial
proteins that target common host pathways and parallel
pathways exploited by a pathogen to accomplish a single
task (O’Connor et al, 2012; O’Connor and Isberg, 2014).
To do so, iMAD integrates bacterial mutagenesis and host
RNA interference to systematically identify genetic interactions
between a pathogen gene and a host gene based on impaired
replication of the pathogen (O’Connor et al., 2012; O’Connor
and Isberg, 2014). In the case of L. pneumophila, a library of
transposon mutants were assessed for their ability to replicate
within host cells depleted of one of five early secretory proteins
that promote L. pneumophila intracellular growth (O’Connor
etal, 2012). Hierarchical clustering of bacterial gene mutations in
IDTS with similar behavioral patterns across all host conditions
examined revealed several important functional relationships:
(1) Common phenotypic signatures identified sets of bacterial
proteins that target common host pathways: these sets of proteins
defined distinct functional groups; (2) Deleting pairs of bacterial

genes from separate functional groups impaired intracellular
growth of L. pneumophila: these functional groups defined
separate but redundant host pathways targeted by L. pneumophila
to generate a replication vacuole; (3) Specific defects in host
cell biology resulting from loss of bacterial proteins could be
predicted for genes based on the characterization of other
members of its group: this identified three sets of proteins
that independently contribute to the maintenance of replication
vacuole membrane integrity; (4) Different combinations of
bacterial genes were required for optimal growth in different
hosts defining sources of adaptation to host variation. By
grouping individual effectors that commonly manipulate a single
host pathway and redundant pathways that contribute to a
single process, iMAD defines functional relationships between
effectors at the target, pathway, cellular process, and system
levels. With more efficient methods for generating arrayed
bacterial mutant libraries, commercially available RNAi libraries
and the development of CRISPR technology to facilitate host cell
protein depletion, and the replacement of DNA microarrays with
massively parallel sequencing techniques to monitor bacterial
mutant populations, more comprehensive, high-throughput
iMAD screens are now possible.

Genome Reduction and Minimal Effector

Repertoires

Genome reduction followed by effector repertoire reconstitution
is another strategy used to identify redundant effectors and the
host pathways they target (Cunnac et al., 2011). Progressive
removal of all 28 effector genes from the plant pathogen
Pseudomonas syringae Pto DC3000 determined 15 of the
effector genes are collectively dispensable for growth in the
plant host Nicotiana benthamiana (Kvitko et al,, 2009). The
subsequent reintroduction of different combinations of effectors
defined several redundant-effector groups (REGs) that promote
P. syringae growth in N. benthamiana, two of which were
determined to mediate resistance to independent arms of plant
innate immunity (Block and Alfano, 2011; Cunnac et al,, 2011).
By analyzing correlates between effector combinations and
rescued P. syringae growth during infection, a minimal set of
8 effectors was defined that was sufficient to promote growth
of P. syringae to near wild type levels. The effector repertoire
reconstitution linked individual REGs with the host pathways
they target, identified specific combinations of effectors that are
sufficient to cause disease and demonstrated the ability to swap
different members of individual REGs and still achieve robust
P. syringae growth. For genetically amenable pathogens with
manageable sizes of effector repertoires, preferably clustered in
a minimal set of genetic loci to facilitate combinatorial effector
reintroduction into the genome, effector repertoire reduction,
and reconstitution strategies provides a comprehensive method
to define redundant effectors, the cellular processes they
modulate and the minimum set of effector functions required for
pathogenesis.

Effector Interactome Mapping
Proteome-based analyses that use high throughput mass
spectrometry allow the interactomes of entire effector subfamilies
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to be mapped. Affinity purified-mass spectrometry has been
used to define the host interacting partners of 58 secreted
virulence factors in Chlamydia trachomatis called inclusion
membrane proteins (Incs) (Mirrashidi et al., 2015). The results
not only allowed groups of effectors to be assigned to specific
cellular processes but identified sets of Inc proteins that target
the same host proteins or different members of the same
multiprotein complex. Mapping the interactome network of all
58 Inc proteins revealed sets of Inc proteins that converge on
common targets, pathways and cellular processes: this defined
focal points of host modification by C. trachomatis and thus,
potential sources of redundancy. Moreover, the C. trachomatis
Inc-human interactome had significant overlap with that of other
pathogens. Comparisons with three viral-human interactomes
(Jager et al, 2011; Davis et al., 2015; Ramage et al, 2015)
identified 98 shared host targets between C. trachomatis and at
least one of the three viruses. Similarly, a number of the Inc
host protein targets are also common targets of L. pneumophila
IDTS including Rtn4 (Kotewicz et al., 2016), vATPases (Xu
et al., 2010), and the retromer complex (Finsel et al., 2013).
The lack of similarly between the respective C. trachomatis
Inc proteins and L. pneumophila IDTS and differences in the
host protein complex subunits targeted demonstrates that each
bacterial pathogen has acquired or evolved different mechanisms
to modulate the same host proteins, pathways and/or cellular
processes. Comparing effector functions between pathogens not
only allows additional redundant virulence mechanisms to be
defined but establishes a critical set of events central to microbial
pathogenesis.

Comparative and Functional Genomics
Can Predict Redundant Virulence

Mechanisms

Comparative genomics combined with phenotypic analyses
provide a means to define correlates between effector
conservation and redundant virulence mechanisms (Baltrus
et al,, 2011). The P. syringae pan-genome effector repertoire
consists of 57 effectors but different subsets of effectors are
sufficient for growth in the same plant host. Computational
analyses that correlate specific combinations of effectors and
host tropism (Baltrus et al., 2011) allow redundant virulence
mechanisms to be elucidated on a global scale. Alternatively,
comparative genomes can be used as a more targeted approach.
For example, in L. pneumophila SdhA is a critical virulence
determinant in macrophages (Laguna et al., 2006). While the
precise function of SdhA is still unclear, the severe growth
defect of the AsdhA mutant is due to loss of vacuole integrity
that leads to a robust host innate immune response and
consequently either bacterial or host cell death (Laguna et al.,
2006; Creasey and Isberg, 2012). L. pneumophila encodes two
paralogs of SdhA, SidH, and SdhB, but their deletion only
moderately enhances the already severe intracellular growth
defect of the AsdhA mutant (Laguna et al., 2006). Legionella
feeleii lacks a sdhA paralog but grows almost as well as the
wild type strain of L. pneumophila in macrophages (Figure 2).
While the presence of sidH in L. feeleii may compensate for

the absence of sdhA, deletion of sidH does not impair L.
feeleii growth in macrophages (Figure 2). The dispensability
of SdhA (and SidH) in L. feeleii is not due to the lack of plaA
and/or tral, which suppresses the AsdhA mutant phenotype in
L. pneumophila (Creasey and Isberg, 2012). Thus, while SdhA
plays a critical role in L. pneumophila pathogenesis, the entire
family of SidH paralogs is dispensable in L. feeleii. While there
are a number of explanations for this discrepancy, L. feeleii
encodes 27 additional putative IDTS that are not conserved in
L. pneumophila (Burstein et al., 2016), one or more of which
may compensate for the absence of SdhA despite their lack of
homology. As more genomes of pathogen isolates are sequenced,
correlates between effector conservation and phenotypes will
allow alternate virulence mechanisms employed by pathogens to
be defined.

FUTURE DIRECTIONS

Much of the research in microbial pathogenesis employs a
reductionist’s approach, where the individual components are
investigated in isolation. While this strategy has proven extremely
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FIGURE 2 | Lack of the SidH family of Dot/lcm translocated substrates does
not impair growth of L. feeleii in macrophages despite being indispensable in
L. pneumophila. Growth of wild type L. pneumophila, L. pneumophila AsdhA,
wild type L. feeleii and L. feeleii AsidH in A/J mouse bone marrow-derived
macrophages, based on recovered colony forming units (CFU) on solid media
from lysed host cells, was monitored over 72 h encompassing 3 consecutive
rounds of infection (Supplemental Material). Plotted is the total bacterial yield at
the indicated time points normalized to the L. pneumophila wild-type strain by
the number of intracellular bacteria 2 h post infection. Data are representative
of at least 2 independent experiments + standard deviation of 3 replicates. An
asterisk indicates a P < 0.05 based on a Student’s t-test relative to the

L. pneumophila wild type strain.
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useful in identifying key players and their functions, it does
not offer tremendous insight into the complex interactions that
exist at the systems level. Pathogens invest an incredible amount
of resources to build a robust virulence strategy. Redundancy
allows pathogens to rapidly adapt to frequently changing
environments and the elaborate, multi-tiered antimicrobial
strategies employed by their hosts. As more and more
effectors are characterized, a striking pattern of redundancy is
beginning to emerge. In this review, we establish a structured
nomenclature for the different forms of redundancy observed
across multiple levels of biological organization. The types
of redundancy defined here are not mutually exclusive nor
are they expected to be exhaustive as more virulence factors
are characterized. Instead, we offer a framework to generate
a broader, more dynamic view of the mechanisms governing
microbial pathogenesis.
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