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TLR-4 distribution at the BMDMs after C. burnetii LPSs stimulation.

BMDMs from wild type mice were challenged for 5 min with C. burnetii LPS (1 pg/ml) and

the distribution of TLR-4 at the BMDMs surface was examinated by confocal microscopy. TLR
distribution at the cell surface analyses were performed using ImageJ software. PseudoColor indicate
the level of distribution of TLR4. (adapted from Conti et al, in this issue).

Image taken from: Conti F, Boucherit N, Baldassarre V, Trouplin V, Toman R, Mottola G, Mege JL, Ghigo
E. Coxiella burnetii lipopolysaccharide blocks p38a.-MAPK activation through the disruption of TLR-2
and TLR-4 association. Front Cell Infect Microbiol. 2015 Jan 6;4:182.

Intracellular pathogens, such as bacteria and parasites, have evolved specialized mechanisms
to survive and replicate in their host, leading to disorders and diseases. The principle of these
mechanisms is to reprogram the microbicidal cell function in order to disable the host cells
defence that aims to control and eliminate foreign invaders. Devoid of their defence, cells
become permissive to pathogens invasion.

The aim of this Research Topic is to highlight and cover recent understanding of mechanisms
and molecules used by pathogens to interfere with the microbicidal function of cells. This
Research Topic will focus on the reprogramming of the cellular dynamics, the immune
response, the phagolysosome biogenesis and the signal transduction pathways bypathogens.
Special attention will be made on non-proteic virulence factors, however this Research Topic
is not restricted to non-proteic virulence factors.
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Microbes such as bacteria, parasites and fungi, have evolved specialized mechanisms to survive
and replicate in their host. While high pathogen reproduction is the main purpose to improve
next generation growth, adaptation of pathogens to their hosts depends on factors affecting mostly
their survival rate. The principle of these mechanisms is to hijack the microbicidal cell function in
order to disable and destabilize the host cell defense that. controls and eliminates foreign invaders.
Devoid of their defense, cells become permissive to pathogens invasion, a phenomenon that leads to
disorders and diseases. To counterstrike the microbicidal functions of the host, microbes use a large
arsenal of molecules, known as virulence factors, ranging from proteins and lipids to saccharides.
Several evidences highlighted that pathogens use these molecules in order to interfere with the
phagolysosome biogenesis, to reprogram signal transduction pathways and, therefore, create a
replicative niche.

This special issue covers recent understanding of mechanisms and molecules used by bacterial
pathogens such as Coxiella burnetii (LPS), Mycobacterium tuberculosis (LAM) and parasites such
as Leishmania (LPG) to interfere with the microbicidal function of cells (e.g., Rab network,
ubiquinilation, TLRs signaling). Attention is mainly focused on the reprogramming of the
cellular dynamics (granulomas formation), immune response, phagolysosome biogenesis and
signal transduction pathways by pathogens. Thus, Vergne and colleagues well summarize the
scientific literature on Lipoarabinomannan, a major immunomodulatory lipoglycan found in the
cell envelope of Mycobacterium tuberculosis, focusing their attention on its structure and its ability
to manipulate the endocytic pathway as well as phagocyte functions (Vergne et al., 2015). In similar
manner, the review of Astarie-Dequeker group, address exclusively the role played by phthiocerol
dimycocerosates in the modulation of the resident macrophage response (Arbues et al., 2014).
Similarly, the composition of the Leishmania lipophosphoglycan, its peculiar chemical structure
and what is currently known about its effects favoring parasite virulence in the mammalian host,
are the subject of a short perspective written by Forestier et al. (2015). The capacity for bacteria to
used LPS to hijack molecular process is highlighted by Conti and colleagues which described how
C. burnetii avoids macrophage activation by the disruption of the TLR-2 and TLR-4 association
through the reorganization of the macrophage cytoskeleton by C. burnetii LPS (Conti et al.,
2015); the same pathogen is the object of the work of Faugaret which have studied the molecular
mechanisms of granuloma formation in response to C. burnetii and found that it is that it is
associated with a core of transcriptional response based on inflammatory genes (Faugaret et al.,
2014). Finally, Mottola comments and emphasizes the recent discoveries on bacterial pathogens
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Pathogens and microbicidal response

that control the localization or function of the small GTPases
Rab5 and Rab7, and therefore modify the maturation from early
to late phagosomes (Mottola, 2014). Alomairi and colleagues
recapitulate what is currently known about the normal functions
of ubiquitination during host cell infection, and they highlight
its hijacking to escape clearance and proliferate (Alomairi et al.,
2015). It is also important to note that model organisms in the
continuous effort to decipher the role of the molecular players
involved, contribute strongly to the study of host pathogen
interaction and to the discovery of new virulence factors or
microbicidal mechanisms: in this special issue, three articles will
discuss their invaluable characteristics, with a special attention to
the unconventional animal models called also exotic models or
ExoMod (Conti et al., 2014; Abnave et al., 2015; Coulaud et al.,
2015).
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ANIMALS AS TOOLS

Historically, biology has greatly benefited
and is still benefiting from the study of
animals. A quick search of the PubMed
database for “animal models” yields some
41,000 studies, and many others will come.
Once regarded as the subject of biologi-
cal studies [Darwin’s finches are a well-
known example (Peterson, 2008)], animals
have become tools to seize and solve the
genetic secrets that underlie most of the
biological aspects of life. Like in devel-
opmental or cancer biology, studies of
bacterial infections and more general stud-
ies on the interactions involved in host-
parasite relationships have been greatly
boosted by the availability of animal mod-
els that can recapitulate such complex
events.

Looking backward for the root of this
transition, the work of the English sci-
entist Edward Jenner can be observed as
an important turning point. At the begin-
ning of the 19th century, it was known
that milkmaids were generally immune to
smallpox. Thus, Jenner postulated that the
pus that was discharged from the blis-
ters that milkmaids received from cowpox
(a less virulent disease) protected them
from smallpox. A short time later, Jenner
scratched some matter from fresh human
cowpox and injected it into a child’s arm
in an attempt to make him ill with cowpox
and, at the same time, to test its protec-
tive properties against smallpox. The child
became mildly ill with cowpox, fully recov-
ered a week later, and did not contract
smallpox once Jenner deliberately inocu-
lated the virus into his arm. The child
was then immune, and Jenner went on to

test his idea in other humans. Jenner had
turned animals (in this case, the cow) into
tools, similar to Pasteur, who discovered
the vaccines for chicken cholera and rabies
a few decades later.

Thereafter, the status of animals
changed. They were no longer only sub-
jects of study, they became tools in human
hands and, like every tool, animals, such as
mice, rabbits and flies, underwent several
rounds of optimization. Although exper-
imental immunology began with large
animals, today, mouse models, and to a
lesser extent Drosophila and C. elegans,
dominate modern biological research. Too
often however, scientists think of these
models as perfect models of human biol-
ogy, as if manipulating some genes could
actually recapitulate physiology and dis-
eases in different species. Experiment
involving mice, genetically modified or
not, are extremely helpful to mirror the
pathophysiology of most of the diseases,
but the comparison human equal mice can
turn particularly dangerous. Furthermore,
mice used in research are usually young,
while many of the diseases that are studied
by researchers (such as cancer and neuro-
logical diseases) are most common in old
people.

Very recently, a large scale collaborative
research project showed that inflamma-
tion response in human is not depicted
by the corresponding mouse models as,
the authors stated, “these results show that
the genomic responses to different acute
inflammatory stresses are highly similar in
humans, but these responses are not repro-
duced in the current mouse models. New
approaches need to be explored to improve

the ways that human diseases are studied”
(Seok et al., 2013).

Moreover, animal research focusing
excessively on one laboratory species
(mice) may lessen the chance of large
scientific advances occurring in the next
years.

Here, we will discuss how these chances
may be improved greatly by evaluating the
unique opportunities that are offered by
other unconventional model organisms.

THE REVENGE OF THE FALLEN:
DICTYOSTELIUM, ZEBRAFISH, AND
LARGE ANIMALS

Living within the soil, D. discoideum
(Figure 1A) phagocytose bacteria for
nutritional purposes. In turn, bacteria
have evolved several mechanisms to escape
amoeboid phagocytosis, and this defense
would add an effective advantage to the
bacterium. On the other hand, D. dis-
coideum is not without defense against
infection by bacteria and has evolved
mechanisms to efficiently detect and kill
bacteria.

A recent study shows that D. dis-
coideum cells can discriminate between
Gram-negative and Gram-positive bacte-
ria (Nasser et al., 2013; Snyder, 2013). It
is still not clear whether this recognition
plays a role in defense against potential
pathogenic bacteria, and it is conceivable
that metabolic alterations induced in path-
ways may act as triggers for other defense
responses. The group of Adam Kuspa iden-
tified different sets of genes that are critical
for the survival of D. discoideum dur-
ing feeding on Gram-positive or Gram-
negative bacteria. The group showed
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Unconventional animal models

FIGURE 1 | (A) The soil-living amoeba Dictyostelium discoideum. (B) The tropical freshwater fish Danio rerio (Zebrafish) (C) Bos taurus, also known as cow (credit:
Wikipedia). (D) The freshwater flatworm Schmidtea mediterranea. (A-C) illustrations are under the Creative Common Attribution License (Credit: Wikipedia).

that the cell-surface glycol-protein gp130,
among others, is required for growth
on Gram-positive bacteria, whereas the
putative AX4 family lysozyme-like pro-
tein AlyL is essential for sustained growth
on Gram-negative bacteria. Moreover, the
same group has shown that the metabolic
flux of hexose monomers, from the
catabolic breakdown of bacterial cell walls
to the anabolic production of pentose
monomers, is used by D. discoideum to
tune the appropriate responses to Gram-
positive bacteria (Nasser et al., 2013).
Interestingly, a recent study links the burst
of pentose phosphate to the activation of
macrophages. The sedoheptulose kinase
CARKL (Carbohydrate Kinase-Like pro-
tein) orchestrates the balance between pro-
and anti-inflammatory immune responses
through metabolic control. These exam-
ples highlight how the study of a very
simple amoeba may shed light into the
function of innate immune systems in a
variety of different organisms (Haschemi
etal., 2012).

The expansion of Danio rerio
(zebrafish) (Figure 1B) organism in
biomedical research is establishing it
as a suitable disease model to study
infection related pathologies such as
tubercolosis (TB). In fact, D. rerio is
naturally susceptible to TB caused by
Mycobacterium marinum (Mm) and,
similarly to mammals, both innate and
adaptive immunity are involved in pro-
tection against TB infection. In 2002,
Davis et al., thanks to the optical trans-
parency of zebrafish embryos, performed
a real time visualization of granuloma

formation following M. marinum infec-
tion (Davis et al., 2002). In this study
the authors showed that granuloma
structures appeared surprisingly at the
early step of the infection in a con-
text of innate immunity. This result
was remarkable since previous reports
suggested that components of adaptive
immunity, principally T lymphocytes,
played a leading role in the recruitment
and activation of macrophages to form
Mycobacterium granulomas (Flynn and
Chan, 2001).

The use of large animals as experi-
mental models has provided important
advances in an increasing number of
developmental immunology studies, and
swine, horses, cattle, sheep, and deer might
be as good as or better than mice for
studying several human pathologies such
as influenza, tuberculosis, Crohn’s disease,
asthma, and viral diarrhea. Beyond the
obvious advantages due to their size (sam-
pling tissues or liquids and easier surgi-
cal intervention), it is important to note
that large animals and humans have often
developed as out-bred populations over
millennia, so it is plausible that their
immune systems have been modeled by
exposure to a similar extent of infectious
agents.

A classic example of convergent dis-
ease, even if still controversial, is Crohn’s
disease in humans, which shows some
similarities with Johne’s disease in large
animals (Figure 1C) (Shanahan, 2002).
Johne’s disease is caused by Mycobacterium
avium (Spp. paratuberculosis or MAP), and
the main clinical signs, which are rarely

evident until two or more years after the
initial infection, are diarrhea and wasting.
Several studies showed that a high per-
centage of people with Crohn’s disease are
infected with M. avium (Spp. paratuber-
culosis). Interestingly, recent studies have
shown that IL-23 plays a central role
in driving the inflammatory response in
Crohn’s disease; therefore, extending these
studies to cattle at the clinical stage of
infection might reveal that IL-23 also
plays a central role in Johne’s disease
and that IL-23 might be one of the
factors involved in the breakdown in
protective immunity. Despite M. paratu-
berculosis began first proposed as an eti-
ologic agent in Crohn’s disease more
than 25 years ago (Davis and Madsen-
Bouterse, 2013), in some cases, there is no
clear evidence indicating that M. avium
is a causative agent or that its pres-
ence only represents an incidental asso-
ciation. More detailed studies in cattle
may provide background information for
comparisons to the immune response dur-
ing the latent stage of MAP infection
in healthy subjects and in patients with
Crohn’s disease.

FROM HERE TO ETERNITY: THE
PLANARIANS EXPERIENCE

Planarians (Figure 1D) are non-parasitic
flatworms that live in fresh waters. They
are mainly known by the scientific
community for their ability to almost
limitlessly regenerate thanks to the high
presence of neoblast throughout their tis-
sues. Neoblast are pluripotent somatic
stem cells present in the parenchyma and
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they can give rise to all other 30—40 dif-
ferent cell types. Due to this property,
planarians have been extensively used
as an animal model: they are cheap,
small and can multiply by simply cut-
ting their body, which is a property
that is mainly used for developmen-
tal biology studies. Finally, they do
not rise any ethical concern (Newmark
and Sanchez Alvarado, 2002; Séinchez
Alvarado, 2007).

Lately, planarians have become one of
the model references for studying stem
cell biology, but these flatworms may also
be useful for studying other biological
issues. More than 20 years ago, M. Morita
and T. Sakurai (Ishii and Sakurai, 1991;
Morita, 1991; Morita and Collins, 1995)
noted the peculiar role of certain cells
called “reticular cells” that could mediate
the early immune response. These high-
degree mobility cells could recognize for-
eign material, such as bacteria, as early
as 8h after their introduction. In 2012,
Zhou et al. characterized a serine pro-
tease whose expression was induced after
ingestion of bacteria (a non-pathogenic
laboratory strain of E. coli DH5a) in the
flatworm Dugesia japonica (Zhou et al.,
2012). As serine proteases may be medi-
ators of immune responses in mosquito,
the authors hypothesized that induction,
which is specifically triggered when the
worms were challenged with bacteria,
could represent a first step of a wider and
unknown host-pathogen relationship in
planarian.

Finally, it has been shown (Abnave
et al., 2014) that planarians are highly
resistant to infections by bacteria that are
highly pathogenic to humans, C. elegans
and D. melanogaster, and planarian display
a genuine immune response
ing at least three genes with orthologs
in humans, MORN2 (Membrane
Occupation and Recognition Nexus-
2 protein), DUSP19 (Dual-Specificity
phosphatase enzyme), and PAQR3 (pro-
gestin/adipoQ receptor-3). Particularly,
they demonstrated for the first time that
MORN?2 has a role in LC3-associated
phagocytosis (LAP), and it is essential
in eliminating bacterial pathogens by
human macrophages as well as by flat-
worms. Thus, the dataset collected by
P. Abnave and colleagues highlights, for
the first time, a major interest in studying

involv-

planarian defense mechanisms to identify
conserved immune factors.

Last year, the discovery that S. man-
soni, a parasitic tapeworm that is the cause
of Schistosomiasis, one of the most preva-
lent human parasitic diseases, has its own
neoblast population prompted researchers
to hypothesize that some species of
planarians (Schmidtea mediterranea and
D. japonica) might be good models for
studying the disease, whose cure currently
relies on a single compound, praziquantel
(Collins and Newmark, 2013; Collins et al.,
2013).

THINK DIFFERENTLY

It is now widely accepted that mouse mod-
els, although still very precious, may show
some limits in simulating human bio-
logical processes or diseases (Seok et al.,
2013; Ozdemir et al., 2014). Using non-
human primates may be a straightfor-
ward solution because their physiologies
are closer to that of humans, but eco-
nomical and ethical issues are a barrier
for most research institutes. Regarding
host-parasite diseases, working on new
model such zebrafish might open com-
pletely new routes of study. In the same
way, using S. mediterranea or D. japon-
ica flatworms as model organisms (actu-
ally absent) to study the physiology of
the parasite S. mansoni might help us to
find new drugs to counter Schistosomiasis,
whose control currently relies on a single
drug. On the other hand, some less-
considered animals could effectively mir-
ror the human immune response. Cow,
for example, can be a suitable model
to study intestinal and uterine infection
because the production of lipopolysac-
charides or pro-inflammatory cytokines is
similar to that observed during human
inflammation processes.

It is indisputable that mouse models
are and will be for a long time the most
suitable and convenient animal model in
biological research, but it is now clear
that mice do not represent the best bio-
logical model due to the intrinsic dif-
ferences between rodents and humans.
Hence, there is interest in developing and
studying less regarded organisms that,
as the few examples here have shown,
may be greatly useful to the biological
understanding of complex host-pathogen
interactions.
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The strategies evolved by pathogens to infect hosts and the mechanisms used by the
host to eliminate intruders are highly complex. Because several biological pathways
and processes are conserved across model organisms, these organisms have been
used for many years to elucidate and understand the mechanisms of the host-pathogen
relationship and particularly to unravel the molecular processes enacted by the host to
kill pathogens. The emergence of RNA interference (RNAI) and the ability to apply it
toward studies in model organisms have allowed a breakthrough in the elucidation of
host-pathogen interactions. The aim of this mini-review is to highlight and describe recent
breakthroughs in the field of host-pathogen interactions using RNAI screens of model
organisms. We wiill focus specifically on the model organisms Drosophila melanogaster,
Caenorhabditis elegans, and Danio rerio. Moreover, a recent study examining the immune
system of planarian will be discussed.

Keywords: D. melanogaster, C. elegans, D. rerio, RNA interference, host-pathogen interaction, innate immunity,

orthologs

INTRODUCTION

The innate immune system is the first line of defense against
invading pathogens and is therefore considered to be of prime
importance in host-pathogen interaction studies. Various model
organisms have been studied for many years to understand the
role of various components of the innate immune system path-
ways involved in host-pathogen interactions. Several strategies are
available to identify the role of genes involved in various pathways.
Gene knock-outs or mutations have been used routinely to iden-
tify the functions of genes. However, these strategies are limited
by several constraints; for example, the number of genes that can
be targeted, two or three at a time, is highly limited. The develop-
ment of RNA interference, a post-transcriptional gene silencing
technique in small model organisms, represents a major break-
through in these types of studies. When the RNAIi system was
discovered in Caenorhabditis elegans by Fire and Mello in 1998,
the scientific community soon realized the potential of this tool
for research (Fire et al., 1998). Later, when it was confirmed that
RNAI also operates efficiently in Drosophila (Hammond et al.,
2000), large-scale gene silencing strategies were developed for
Drosophila cells (Ramet et al., 2002; Kiger et al., 2003; Lum et al.,
2003; Boutros et al., 2004). The RNAi technique is associated
with several limitations and shortcomings such as, transient and
incomplete inhibition and even if there is sufficient down reg-
ulation of gene the phenotype can differ from the genetic null
phenotype. It has also been observed that RNAi may not elicit
effective and specific inhibition in all situations and may have
nonspecific and off-target effects. However, despite some impor-
tant limitations such as the lack of cell-type specifity, RNAi has
become one of the highly popular and favorite techniques of
researchers for analyzing gene functions. The high-throughput
screens carried out in various model organisms have enabled the

discovery of several components involved in host-pathogen inter-
actions and thus helped to identify and/or validate the functions
of their orthologs present in the mammalian immune system.

In this mini review, we will highlight various components of
innate immune pathways involved in multiple stages of host-
pathogen interactions, which were discovered from RNAi screen-
ings in D. melanogaster, C. elegans, D. rerio and their orthologs
in mammals. Finally, a recent study confirming the existence of
a genuine innate immune response in planarian will be discussed
briefly.

DROSOPHILA MELANOGASTER

Several Drosophila immune response elicitors have been discov-
ered so far (Table 1). Pattern recognition receptors (PRRs) are
molecules involved in recognizing microbe specific patterns. They
are proteins expressed by cells of the innate immune system
(which includes macrophages and neutrophils in mammals) to
identify pathogen-associated molecular patterns (PAMPs) that
play a role during pathogen defense or cellular stress. They are
also known as primitive PRRs, as they evolved before adaptive
immunity (Buchmann, 2014). Usually, these molecules induce an
antimicrobial signaling cascade in response to microorganisms.
Peptidoglycan recognition molecules (PGRPs), which include
CD14 (cluster of differentiation 14), TLR2 (Toll-like receptor 2),
NOD1, and NOD2 (nucleotide-binding oligomerization domain
1 and 2), and peptidoglycan-lytic enzymes (lysozyme and ami-
dases), are PRRs that are highly conserved in higher eukaryotes,
from insects to mammals (Dziarski, 2003).

In Drosophila, PGRP-LC, a transmembrane protein required
for the response to bacterial infection, was discovered by three
separate groups in the year 2002 (Choe et al., 2002; Gottar et al.,
2002; Ramet et al., 2002). One of these discoveries was a study
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Table 1| Discoveries in D. melanogaster, C. elegans and D. rerio using RNAi and the homology of the identified genes in mammals.

Mammalian D. melanogaster C. elegans D. rerio References
Orthologs
Recognition Glycopeptide FSHR1 Cho et al., 2007
hormone receptors
PGRPs PGRP-LC PGRP-SC1a Choe et al., 2002; Gottar
PGRP-SC2 et al.,, 2002; Ramet et al.,
2002; Li et al., 2007
TOL receptors TOL1 Aballay et al., 2003
Bus-2/2/12/8 Gravato-Nobre et al.,
20M
C-type lectins C-type lectins
Signaling IAPs lap2 Foley and O'Farrell, 2004;
Dnr1 Gesellchen et al., 2005
PDGF/VEGF receptor PVR Ragab et al., 2011
Myd88 Myd88 (TLR adaptor) van der Sar et al., 2006
Deaf-1 Kuttenkeuler et al., 2010
CNOT4 Not4 Gronholm et al., 2012
GRK5 Gprk2 Valanne et al., 2010
Akirin1/2 Akirin

Insulin receptor

FOXO

P38 MAPK JNK

TGF$

DAF-2 Murphy et al., 2003
(Membrane

receptor)

DAF-16 Murphy et al., 2003

(Transcription
Factor)
P38 MAPK JNK

TGFB

Pukkila-Worley et al.,
2012

Irazoqui et al., 2010

Antimicrobial response

Transglutaminases

Transglutaminases

Shibata et al., 2013

NADPH oxidase Duox Flores et al., 2010
(NOX)
SPP proteins SPP proteins Roeder et al., 2010
Cell migration CXCR3/CXCR5 CXCR3.2 Meijer and Spaink, 2011
(Chemokine
receptor)
MMP9 MMP9 Meijer and Spaink, 2011

(Metalloproteinase)

by Ramet and colleagues. It involved the first large-scale RNAi
screen in Drosophila S2 cells, and it demonstrated the potential
of the RNAI screening approach. Rosetto and colleagues reported
in 1995 that the Toll receptor acts as an immune activator in
a Drosophila blood cell line, thereby demonstrating the role of
the Toll pathway in immunity (Rosetto et al., 1995); moreover,
the importance of the Toll receptor for antifungal resistance in
Drosophila was confirmed the next year (Lemaitre et al., 1996).
Unlike in other species, the Drosophila Toll receptor acts as a
cytokine receptor and not as a PRRs (Ramet, 2012). Kuttenkeuler
et al. (2010) performed a genome-wide RNAi screen to iden-
tify the transcriptional factors involved in the Toll-dependent
immune response and demonstrated that Deformed Epidermal
Autoregulatory Factor 1 (DEAF1) is required for the expres-
sion of the Toll target gene Drosomycin, both in cultured cells

and in vivo. They also showed that DEAF1 is required to sur-
vive fungal, but not E. coli, infection (Kuttenkeuler et al., 2010).
Another targeted screen by Huang and colleagues revealed that
the endosomal proteins Myopic (MOP) and Hepatocyte growth
factor-regulated tyrosine kinase substrate (HRS) are required to
activate the Toll signaling pathway both in cultured cells and in
flies (Huang et al., 2010). During the same year, Valanne et al.
performed genome-wide RNAi screening to find components of
the NF-kB (nuclear factor kappa-light-chain-enhancer of acti-
vated B cells) pathway and identified an evolutionarily conserved
G-protein coupled receptor kinase 2 (GPRK2) that interacts with
Cactus and regulates the Toll pathway.

The JAK/STAT (Janus kinase and Signal Transducer and
Activator of Transcription) pathway is known to play an impor-
tant role in the control of a wide variety of biological processes. To
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investigate its mechanisms in the context of infection, two groups
(Baeg et al., 2005; Muller et al., 2005) carried out a genome-wide
RNAI screen in cultured Drosophila cells. Comparison between
the screens by Baeg and Muller reveals that although both groups
used essentially the same library of dsRNA molecules, they per-
formed the studies under distinct conditions and used different
cell lines and reporters, causing very little overlap (5-6%) in their
discoveries. During the Muller screen, 73% of the genes identified
are positive regulators of the pathway (regulators that enhance
the Drosophila JAK/STAT activity), whereas 75% of the genes
identified during the Baeg screen are putative negative regula-
tors (regulators that negatively regulate the Drosophila JAK/STAT
pathway). Negative regulators were also discovered during in vivo
genome-wide RNAi screens (Kleino et al., 2005; Cronin et al.,
2009) to discover genes implicated in susceptibility or resis-
tance to infection with the bacterium Serratia marcescens. The
group identified multiple genes involved in antibacterial defense
and showed that the JAK-STAT signaling pathway regulates stem
cell proliferation, highlighting an essential role of epithelial cell
homeostasis in the gut during the immune response (Cronin
et al., 2009). Several other screens allowed the identification of
essential components of the immune deficiency (IMD) path-
way. These screens identified Inhibitor of apoptosis 2 (IAP2)
and TAK1-associated binding protein 2 (TAB2/TAB/CG7417) as
essential components of the IMD pathway (Gesellchen et al,
2005; Kleino et al., 2005) and demonstrated that the proteolytic
activity of DREDD is required to cleave IMD proteins (Paquette
etal., 2010). Applying RNAi to target transglutaminases (TGs) in
Drosophila has demonstrated that TG suppresses the expression of
genes encoding IMD-controlled antimicrobial peptides, enabling
immune tolerance against commensal microorganisms (Shibata
et al., 2013).

Phagocytosis is a specific form of endocytosis involving the
vesicular internalization of solids, such as bacteria. Utilizing
this phagocytic capability of Drosophila S2 cells, several RNAi
screenings have been performed to discover various components
involved in phagocytosis. Ramet and colleagues identified 34 gene
products involved in phagocytosis, including proteins that par-
ticipate in vesicle transport, actin cytoskeleton regulation and a
cell surface receptor, and they demonstrated the involvement of
PGRP-LC in phagocytosing Gram-negative bacteria (Ramet et al.,
2002). Using Mycobacterium fortuitum, factors required for gen-
eral phagocytosis and infection in Drosophila S2 cells have been
identified; they are mostly involved in the actin cytoskeleton and
vesicle trafficking (Philips et al., 2005). These results have been
confirmed by the results of several other studies, identifying host
factors required for the pathogenesis of intracellular bacteria,
such as Listeria monocytogenes (Agaisse et al., 2005), and yeast,
such as Candida albicans (Stroschein-Stevenson et al., 2006). A
comparison of the genes appearing in multiple screens revealed
that most of the involved genes encode actin regulatory proteins
and vesicle transport proteins, suggesting the importance of these
processes for pathogen phagocytosis. Moreover, a recent screen
targeting factors required for the phagocytosis of Leishmania
donovani indicated the importance of the small GTPase RAB5,
the RACl-associated protein SRA1 and the actin cytoskeleton
regulatory protein SCAR in parasite phagocytosis (Peltan et al.,

2012). Thus different RNAI screenings performed in Drosophila
as well as in Drosophila S2 cells have discovered several compo-
nents of innate immune system such as pathogen recognition
receptors (PGRP-LC), transcriptional factors (DEAF1) involved
in immune response, components required for phagocytosis of
pathogens, components of IMD and NF-kB pathway, molecules
required to activate Toll signaling pathway (MOP, HRS) and also
the modulators of JAK/STAT pathway.

CAENORHABDITIS ELEGANS

C. elegans exhibits a strong host defense response when
challenged by different microorganisms (Table1). For these
worms, microorganisms are both a food source and potential
pathogens. Although C. elegans does not have PGRPs, it nev-
ertheless appears to discern microorganisms directly by bind-
ing pathogen-associated molecules. The underlying mechanism
remains unknown (Schulenburg and Ewbank, 2007). The results
of studies on S. marcescens avoidance implicate G protein-coupled
chemoreceptors; other candidate pathogen recognition receptors
include proteins with leucine-rich repeat domains (Schulenburg
etal., 2004) or the large family (>500 members) of F-box domain
proteins (Thomas, 2006).Very recently, the role of DCARI1 (dihy-
drocaffeic acid receptor 1), a G-coupled receptor, has been con-
firmed by Ewbank’s group (Zugasti et al., 2014) in antimycotic
response using a genome-wide RNA screen. Although the surface
of the nematode C. elegans is poorly understood, it is critical for
interactions with its surroundings and with pathogens. Recently,
Hodgkin’s group identified six genes (bus-2, bus-4, bus-12, srf-3,
bus-8, and bus-17) encoding proteins predicted to act in surface
glycosylation, thereby influencing disease susceptibility (Gravato-
Nobre et al., 2011). Mutations in these genes induce resistance
to Microbacterium nematophilum and perturb the adhesion and
biofilm formation of Yersinia species, highlighting the importance
of interactions with complex surface carbohydrates during infec-
tion and biofilm formation processes. A clear, recent example
of the potential benefits of this type of study can be found in
the work of Alper’s group (De Arras et al., 2013). Focusing on
host-pathogen interactions, they performed comparative RNA-
interference screens in the nematode C. elegans and in mouse
macrophages. Specifically, they analyzed molecular candidates
necessary to recognize pathogens through the LPS (lipopolysac-
charide) ligand. Using RNAi, they showed that nearly every
gene in this network modulates the response to LPS in mouse
macrophage cell lines.

In C. elegans, only one Toll homolog (TOL-1) has been iden-
tified until now. In 2008, Tenor and Aballay (Tenor and Aballay,
2008) showed that TOL-1 is necessary to avoid Salmonella enter-
ica invasion through the pharynx, a first line of defense against
pathogens in C. elegans. They also demonstrated that TOL-1 is
required for the expression of a defensin-like molecule (ABF-2)
and a heat-shock protein (HSP-16.41) that is a member of the
HSP family proteins needed for C. elegans immunity. Thus, for
the first time, TOL-1 has been shown to play a direct role in the
defense of C. elegans against pathogens.

One notable pathway activated by the cell host during
pathogen invasion is the mitogen-activated protein kinase sig-
naling pathway. The MAPK signaling mediated innate immunity
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in C. elegans during S. enterica infection (Aballay et al., 2003).
The C. elegans homolog of P38 mitogen-activated protein kinase
(MAPK), which is encoded by the pmk-1 gene, is a prerequisite
for activation of the Salmonella-induced programmed cell death
(PCD). Inactivation of pmk-1 using RNAi completely attenuated
Salmonella-elicited PCD. The same group confirmed the impor-
tance of the P38 MAP kinase pathway in the C. elegans immune
response (Pukkila-Worley et al., 2012).

One well-described mechanism that regulates aging in C. ele-
gans is the DAF-2 mediated pathway; “the abnormal Dauer
formation/insulin-like growth factor (DAF-2/IGF) pathway.”
DAF-2 activity shortens life span through its inhibition of DAF-
16, a forkhead transcription factor. Using microarrays, Kenyon’s
group (Murphy et al, 2003) has shown that several DAF-
16 targets are antimicrobial genes, as well as genes encoding
saposins (related to NK-lysin) and thaumatins which also exhibit
antimicrobial activity. Other DAF-16 targets are involved in
detoxification and resistance to oxidative stress (e.g., glutathione-
S-transferase, catalase and superoxide dismutase) or more general
anti-stress mechanisms (Ookuma et al., 2003). Daf-2 mutant
worms are resistant to infection, particularly by Gram-positive
bacteria.

Intrinsic agents, such as antimicrobial peptides, are important
to protect the worm against infection, and most of these peptides
belong to the Signal Peptide Peptidase (SPP) protein family. In
the intestine of C. elegans, SPP-5 exhibits a pore-forming effect on
the bacterial membrane and thus kills the bacteria. This antimi-
crobial polypeptide is needed to deal with Escherichia coli, the
food source of C. elegans in the laboratory, as worms lacking these
molecular tools develop poorly due to the substantial number of
bacteria that spread throughout their intestines. Certain genes,
such as SPP-3, require a contact with particular bacteria to be
expressed, whereas others, such as SPP-6, are expressed regardless
of the bacteria they get along (Roeder et al., 2010).

C. elegans was found to produce reactive oxygen species (ROS)
as a powerful defense against infection. Through a combination
of studies employing RNA interference and mutants to examine
this ROS production (Hoeven et al., 2011), Hoeven and col-
leagues proposed a theoretical model in which the ROS produced
by Ce-Duox1/BLI-3 during infection form part of a protective
immune response in the nematode, indicating that ROS pro-
duction is a conserved, ancient defense mechanism. It is clear
from the cited studies that the knowledge on C. elegans immune
response greatly benefited from RNAIi screening approach. The
roles of some well-known key factors such as JNK-MAP kinases
and DAF-2 protein have been better understood in the immu-
nity context and the remarkable study of Melo and Ruvkun (Melo
and Ruvkun, 2012) clearly filled the existing gap between cellular
events and behavioral response, showing how molecular path-
ways coordinate aversion mechanism allowing animals to detect
invading pathogens.

DANIO RERIO

Morpholino is the most efficient method for gene silencing in
D. rerio (zebrafish). In zebrafish, four PGRPs have been identified,
three of which have been cloned and named pglyrp-2 pglyrp-
5, (pgrp-sc), and pglyrp-6 (Li et al., 2007); these genes encode

6 PGRPs (Chang et al., 2007). Zebrafish PGRPs share common
features with mammals PGRPs (Table 1); they possess both ami-
dase and broad-spectrum bactericidal activities. In vitro, zebrafish
PGRPs exhibit bactericidal activity against both Gram-negative
and Gram-positive bacteria. In vivo, pglyrp-5 has been identified
using morpholino knockdown to be an essential component of
the host defense against Salmonella typhimurium and Bacillus sub-
tilis in the absence of adaptive immunity in the zebrafish embryo.
The intracellular signaling pathway downstream of this recep-
tor has been described, indicating that pglyrp-5 (pgrp-sc) is not
only linked to the immune response but also to apoptosis and
developmental processes (Chang et al., 2009).

The adaptor protein MyD88 plays a role in signal transduc-
tion downstream from the recognition of pathogens by TLR. In
zebrafish, MyD88 morphants are more susceptible to a strain
of avirulent Salmonella typhimurium (van der Sar et al., 2006).
Similarly to mammals, the zebrafish MyD88 signaling pathway
causes induction of il1b and interferon (ifnphil) (Stockhammer
et al., 2009). In terms of TLRs homologous to mammalian cell
surface and endosomal TLRs, zebrafish has specific TLRs (TIr19,
TIr20a/b, Tir20f, Tlr21, TIr22) that are present on the endosome
(Matsuo et al., 2008; Keestra et al., 2010; Meijer and Spaink,
2011). Traf mediates signal transduction from members of the
TNF receptor superfamily.

Unlike mammals, zebrafish possess two type II (y) IFNs:
Ifn-y1 (ifngl-1) and Ifn-y 2 (ifngl-2). Morpholino knockdown
studies have shown a partially redundant function of ifngl-1
and ifngl-2 in mediating resistance of the zebrafish embryo
to Escherichia coli and Yersinia ruckeri infections (Sieger et al.,
2009). IFN-y has been demonstrated to be the major inducer
of ROS production in mice and humans. Furthermore, the role
of ROS in pathogen killing was first suggested by the observa-
tion that patients with chronic granulomatous disease, who have
increased susceptibility to infections, were found to produce lit-
tle or no superoxide radicals (Curnutte and Babior, 1974). In the
zebrafish, a tissue-scale gradient of H,O, is formed following
wound induction (Niethammer et al., 2009). Using morpholino
knockdown, researchers have shown that H,O, is necessary
for the migration of leukocytes to the wound site, particularly
due to its known antiseptic role. In this context, the function
of ROS production has been shown in zebrafish larvae from
knockdown of the NADPH oxidase family member dual oxidase
(duox) (Flores et al., 2010); duox morphants are unable to con-
trol enteric Salmonella typhimurium infection. In 2010, Phennicie
and colleagues reported that cystic fibrosis transmembrane con-
ductance regulator (cftr) knockdown disturbs ROS production,
which increases the bacterial burden during Pseudomonas aerug-
inosa infection of zebrafish embryos (Phennicie et al., 2010). The
role of TNF receptor signaling in resistance to Mycobacterium
marinum has been described using knockdown in a zebrafish
embryo model (Clay et al., 2008). Disruption of TNF recep-
tor expression increases bacterial growth and accelerates granu-
loma formation. Because granuloma has been shown to play a
critical role in tissue dissemination of Mycobacterium marinum
(Clay et al., 2007), it appears clear that TNF signaling is protec-
tive during early stages of infection in the absence of adaptive
immunity.
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PLANARIAN

Over the last several years, planarians have become a favored
model system for studying regeneration and development (Elliott
and Sénchez Alvarado, 2012). Studies of these organisms have
provided invaluable insights into the mechanisms of tissue
growth and regeneration. Twenty-two years ago, a pioneering
study suggested that planarians exhibit a phagocytic response
to heat-killed bacteria (Morita, 1991). However, no further
efforts were made to carry out a more in-depth molecular
characterization of planarian immunity.

Quite recently, Abnave et al. (2014) examined and doc-
umented the extraordinary capacity of planarians to destroy
a wide range of pathogenic bacteria. Using an RNAi screen-
ing technique on Dugesia Japonica species, they identified 18
antibacterial resistance factors and highlighted the gene MORN2,
which is conserved in Homo sapiens but has been lost in
the C. elegans and D. melanogaster. Functional analysis of
the MORN2 gene in macrophages demonstrated the role of
human MORN2 (Hs-MORN?2) in restricting bacterial intracel-
lular growth through non-canonical phagocytosis. This work
established planarians as a suitable model organism for iden-
tifying anti-bacterial immune factors. Out of 18 antibacterial
resistance genes identified they found the human orthologs for
half of the genes including MORN?2. In planarians, MORN2 pro-
tected against all strains of bacteria tested. Combining genetic
and functional screen in planarians, researchers ascribed the
function of human MORN2 to phagocytosis-mediated restric-
tion of S. aureus, L. pneumophila and M. tuberculosis growth
in macrophages. Further analyses supported the importance of
MORN?2 expression in promoting LC3-associated phagocytosis
of M. tuberculosis and the targeting of bacteria to cathepsin-
D-positive phagolysosomes. Complementary to these findings,
MORN?2 co-immunoprecipitated with LC3 and promoted the
lipidation of LC3-I in cells challenged by autophagy-inducing
stressors: LPS, IFN-y and starvation.

CONCLUSION

Genetic screening in model organisms have proved to be a power-
ful and valuable tool in researcher’s hand, and several remarkable
studies on model organism (Tobin et al., 2010, 2012) have helped
to understand fundamental principles of vertebrates resistance
to infection. Few methods have been as important in changing
biology research as the RNAi technique, and it can truly be con-
sidered one of the most important technological breakthroughs in
modern biology. Today, RNAi methods have greatly evolved, and
high-throughput screening can be used to identify and function-
ally assess the thousands of genes within a genome that potentially
participate and tune biological processes. Moreover, as the molec-
ular machinery required for this RNAi technique is naturally
present in the cells and is also highly conserved throughout differ-
ent species, we can readily apply this technique on various animal
models.

Study of the immune response process has greatly benefited
from the application of RNAIi screens, as this approach is most
successful when it incorporates a focused search for predicted
pathway-regulatory proteins; moreover, the ability to adapt the
RNAi method to several species, broadening the spectrum of

meaningful data, has allowed researchers to deepen knowledge of
the immune system in a way that was never possible before.
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INTRODUCTION

Pediculus humanus humanus is a strictly human ectoparasite
with a worldwide distribution (Brouqui and Raoult, 2006)
and represents a serious public health threat because it acts
as a vector for pathogenic bacteria (Raoult and Roux, 1999).
Human body lice may transmit epidemic typhus, which is
caused by Rickettsia prowazekii (Bechah et al., 2008), the louse-
borne relapsing fever, which is caused by Borrelia recurrentis
(Houhamdi and Raoult, 2005), and trench fever, which is caused
by Bartonella quintana (Badiaga and Brouqui, 2012). It has also
been described that body lice can vectorize Acinetobacter bau-
mannii (La Scola and Raoult, 2004). Because body lice are vec-
tors of several human diseases, it is important to understand
and identify the compartments (organs, tissue, cells) in which
these bacteria reside to define new strategies to counterstroke
the capacity of vectorization of the bacterial pathogens by body
lice.

Whereas the immune systems of several invertebrates, such
as mosquitos (Blandin and Levashina, 2007; Hillyer, 2009),
shrimps (Tassanakajon et al., 2013), fruit flies (Kounatidis and
Ligoxygakis, 2012), Caenorhabditis elegans (Pukkila-Worley and
Ausubel, 2012), and more recently, Mytilus galloprovincialis
(Koutsogiannaki et al., 2014), have been investigated, there is a
crucial lack of knowledge concerning the immune system of body
lice.

In 2012, evidence suggesting that the immune system of
Pediculus humanus humanus relies on phagocytosis was reported
(Kim et al., 2012), which implied the existence and function
of phagocytic cells in these organisms. It is known that phago-
cytes from vertebrates can be hosts or reservoirs for several

Pediculus humanus humanus is an human ectoparasite which represents a serious public
health threat because it is vector for pathogenic bacteria. It is important to understand
and identify where bacteria reside in human body lice to define new strategies to
counterstroke the capacity of vectorization of the bacterial pathogens by body lice.
It is known that phagocytes from vertebrates can be hosts or reservoirs for several
microbes. Therefore, we wondered if Pediculus humanus humanus phagocytes could
hide pathogens. In this study, we characterized the phagocytes from Pediculus humanus
humanus and evaluated their contribution as hosts for human pathogens such as Rickettsia
prowazekii, Bartonella Quintana, and Acinetobacter baumannii.
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microbes. Therefore, we wondered if Pediculus humanus humanus
phagocytes could hide pathogens.

In this study, we characterized the phagocytes from Pediculus
humanus humanus and evaluated their contribution as hosts
for human pathogens such as Rickettsia prowazekii, Bartonella
quintana and Acinetobacter baumannii.

RESULTS

BODY LICE HEMOCYTE PREPARATION AND CULTURE

To purify hemolymph phagocytes, we took advantage of the
phagocytes’ adherence to coated dishes. Hemolymphs in the
abdomen of the body louse (Figure 1A) was collected and incu-
bated at either 28 or 37°C in different culture media (EMEM,
RPMI, L-15, Schneider) in the presence or absence of CO,
(Figures 1B-D), and the percentage of adherent cells was mea-
sured after 16h of incubation. At 37°C or 28°C and in the
presence of CO,, approximately 10% of cells were adherent,
independent of the type of culture medium used (Figure 1B).
Similar results were obtained at 37°C in the absence of CO,
(Figure 1C). At 28°C and in the absence of CO;, approximately
70% of cells were adherent when grown in Schneider medium
(Figures 1C,D), whereas less than 55% of cells were adherent in
the other medium conditions (Figures 1C,D). Furthermore, 7-
day-old hemocytes could be maintained in Schneider medium
without extensive cell death. Indeed, after 4 days of culture, cell
viability of 72% was observed (Figure 1E), and after 7 days of cul-
ture, the cell viability decreased to 46%. Beyond 7 days, the cell
viability decreased more rapidly, reaching 6% on the 15th day in
culture (Figure 1E). Therefore, the subsequent experiments were
performed in Schneider medium for no more than 7 days.
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FIGURE 1 | Body lice hemocyte preparation and culture. (A) Hemolymph
was collected from the abdomen of Pediculus humanus humanus (black
arrow) using an insulin syringe equipped with a 29G needle. Scale bar,

400 um. (B,C) The collected hemolymph was added to various culture media
in the (B) presence or (C) absence of CO,. After 16 h, the number of
adherent cells in each condition was evaluated, and the percentage of
adherent cells was calculated. The results are expressed as the means +
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SDs (n=5) (*p < 0.05). (D) Representative image of adherent cells observed
under phase contrast microscopy after incubation at 28°C without CO5 in (a)
EMEM, (b) RPMI, (c) L-15 medium, or (d) Schneider medium. Scale bar,

25 um. (E) Hemocytes from Pediculus humanus humanus were cultivated in
Schneider medium at 28°C without CO5 for 15 days, and their viability was
evaluated each day by counting cells. The results are expressed as the mean
percentages of viable cells + SDs (n = 3).

CHARACTERIZATION OF THE PHAGOCYTIC PROPERTIES OF BODY LICE
HEMOCYTES

We then analyzed the functional properties of the isolated adher-
ent cells to define their phagocytic and microbicidal activities.

Mammalian cells that are able to ingest particles, generate ROS
and clear bacteria are often considered phagocytes (Aderem and
Underhill, 1999; Underhill and Ozinsky, 2002; Puertollano et al.,
2011; Underhill and Goodridge, 2012). First, the capacity of the
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cells to phagocytose was evaluated (Figures 2A,B). The cells were
incubated with latex beads at 28°C, and the number of beads cap-
tured per cell (Figure 2A) (phagocytosis index) was evaluated at
various time points (Figure 2B). The adherent cells internalized
latex beads in a time-dependent manner, and after 30 min, 17% of
the cells had phagocytosed 2-3 latex beads; thus, the phagocytosis
index was 44.2 + 5.40 (Figure 2B). The percentage of cells that
phagocytosed beads and the number of beads per cell increased
over time. After 6h, the phagocytosis index reached 401.6 +
20.1, with 80% of cells having internalized at least 5 beads/cell
(Figures 2A,B).

Phagocytosis Index

0 1 2 3 4 5 6
Time (Hours)

1.5x10%

1.0x10%

CFU/wells

5.0x10%

0 6 days
Time (days)

FIGURE 2 | Characterization of the phagocytic properties of the body
lice hemocytes. (A,B) The phagocytic capacity of the hemocytes was
assessed based on their capacity to internalize latex beads (1/5000 dilution)
over time at 28°C. (A) Representative image of actin-labeled cells (green)
that had internalized latex beads (red). Scale bar, 10 WM. (B) The number of
beads per cell and the percentage of cells containing engulfed beads were
evaluated by microscopy, and these results were used to calculate the
phagocytosis index. The mean £ SD is shown (n = 3). (C) The production of
reactive oxygen species was evaluated using a NBT test. Cells were
incubated with latex beads in Schneider medium at 28°C to stimulate the
production of ROS, and the cells were observed by microscopy. Nearly more
than 85% of cells were blue, indicating that they all produced ROS. Images
representative of 3 experiments are shown. (D) The microbicidal activity of
the hemocytes was evaluated by measuring their capacity to eliminate the
non-pathogenic bacterial strain E. coli K12. Replication was evaluated by cfu
counting. The results are shown as the means &+ SDs (n = 2).

Second, the capacity of the isolated adherent cells to possess
microbicidal activities was assessed by analyzing the ability of the
adherent cells to produce ROS and to eliminate non-pathogenic
bacteria. To evaluate ROS production, we used Nitro blue tetra-
zolium assays (NBT). We observed the formation of formazan
precipitates in more than 85% of cells, which demonstrated that
adherent cells produce ROS (Figure 2C). To evaluate the microbi-
cidal capacity of the isolated hemocytes, cells were incubated with
the non-pathogenic bacterial strain E. coli K12, and the behav-
iors of the bacteria were followed by cfu counting (Figure 2D).
We found that E. coli were phagocyted by the hemocytes and then
eliminated. Indeed, after 4 h (day 0) of incubation 976 + 58 cfu
were detected, and after 6 days, bacteria were not detected (no
cfu). Taken together, these data show that hemocytes are able to
phagocytose and that they have microbicidal activities; therefore,
we named these adherent cells from the body louse hemolymph
as body louse phagocytes (BLPs).

BLPs ARE RESERVOIRS FOR HUMAN PATHOGENS

Next, we investigated whether BLPs may serve as hosts for bac-
terial pathogens. For that, we selected several microbes that
are vectorized by Pediculus humanus humanus, including R.
prowazekii, B. quintana, and A. baumannii. BLPs were infected
with the set of selected microbes and cultivated for several days
at 28°C in Schneider medium, and the bacterial behaviors and
BLP viability were evaluated (Figure 3). After internalization,
R. prowazekii survived and replicated in BLPs. Indeed, using real
time PCR, we detected 1 x 10° 4 140 copies of bacterial DNA
after 4h of infection (day 0); the number of copies of bac-
terial DNA increased at day 3 and then reached 1.5 x 10* &
2 x 10? copies 6 days post-infection (Figures 3A,B). We observed
that R. prowazekii replication dramatically affected the viabil-
ity of the BLPs (Figure 3E), and thus bacterial replication led
to BLP death and bacterial release into the culture medium.
In a similar manner, we found that B. quintana was internal-
ized by BLPs (4 x 10° £ 1.20 x 10 B. quintana DNA copies)
and that B. quintana replicated in the phagocytes (1.8 x 10* +
4 x 10® B. quintana DNA copies at day 6) (Figures 3C,D). As for
R. prowazekii, BLPs infected with B. quintana exhibited decreased
viability (Figure 3E). Surprisingly, we observed that A. bauman-
nii was not internalized by BLPs, and this lack of internalization
was independent of the infection time or the bacteria-to-cell ratio
(Table 1).

To complete the analysis, we compared the behaviors of the
bacteria in BLPs to their behaviors in human macrophages.
Interestingly, we found that R. prowazekii, B. quintana, and
A. baumannii were able to infect human macrophages (Table 2).
R. prowasekii and B. quintana survived but did not replicate
in human macrophages, whereas A. baumannii replicated and
induced the death of human macrophages (Table2). Taken
together, these results revealed that BLPs were unable to eliminate
R. prowazekii and B. quintana and allowed their replication.

DISCUSSION

Several experimental models of body infestation
(Houhamdi et al., 2002) have shown that body lice acquire
R. prowazekii after feeding from an infected host, thereby allow-
ing R. prowazekii to infect the epithelial cells of the upper gut of

louse
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FIGURE 3 | BLPs are reservoirs for R. prowazekii and B. quintana.
Body lice phagocytes were infected for 4h (day 0) with

R. prowazekii (100 bacteria-to-cell ratio) or B. quintana (100
bacteria-to-cell ratio), bacterial replication was then evaluated by real
time PCR, and cell viability was evaluated. (A) R. prowazekii
replicate in BLPs. The results are shown as the means + SDs
(n=4, *p<0.05. (B) Representative epifluorescence microscopy

4 6 8
Time (Days)

image of body lice phagocytes infected with R. prowazekii (green) at
6 days post-infection. Scale bar, 25um. (C) B. quintana replicate in
BLPs. The results are shown as the means £+ SDs (n=3,

*p < 0.05). (D) Representative epifluorescence microscopy image of
body lice phagocytes infected with B. quintana (green) at 6 days
post-infection. (E) Cell viability was evaluated by cell counting. The
results are shown as the means + SDs (n=3, *p < 0.05).

the lice (Houhamdi et al., 2002). While the immune systems of
insects such as Drosophila melanogaster (Lemaitre and Hoffmann,
2007) have been carefully investigated, few studies have focused
on the immune systems of body lice (Pedra et al., 2003; Kim
et al., 2012). Recently, it was reported that the immune system
of body lice involves a humoral immune response that requires
phagocytosis (Kim et al., 2012). However, the cells involved in this

process were not characterized, and their contributions to disease
vectorization by the body louse Pediculus humanus humanus
remained unknown. We have isolated hemocytes from body
louse hemolymph and have unraveled the capacity of these cells
to produce ROS and to internalize and eliminate non-pathogenic
bacteria, similar to mammalian phagocytes. Thus, we suggest
that body lice hemocytes are phagocytic cells (BLPs) that are fully
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equipped to have antimicrobicidal activity. Body lice, similar to
other organisms, have an immune system containing phagocytes.

Next, we investigated the capacity of BLPs to be infected by
human pathogens vectorized by Pediculus humanus humanus.
BLPs were able to phagocytose pathogens such as R. prowazekii
and B. quintana; however, despite their antimicrobial capacity,
BLPs were unable to eliminate internalized R. prowazekii. In
addition, we found that R. prowazekii and B. quintana repli-
cated within BLPs. Interestingly, we observed that replication of
R. prowazekii and B. quintana induced BLP lysis, and thus, the
bacteria were released into the culture media. Surprisingly, A.
baumannii is not internalized by BLPs, indicating that BLPs are
not permissive to A. baumannii. We compared the behaviors of
R. prowazekii, B. quintana and A. baumannii in BLPs to their
behaviors in human macrophages. Interestingly, the becoming of
R. prowazekii and B. quintana into human macrophages was dif-
ferent than in BLPs. Indeed, we observed survival of R. prowazekii
and B. quintana in human macrophages; however, these bacteria
replicated strongly in BLPs. This finding suggests that BLPs most
likely do not have the microbicidal equipment to kill R. prowazekii
and B. quintana, in contrast to human macrophages. Unlike
A. baumannii, R. prowazekii and B. quintana, we found that A.
baumannii were not internalized by BLPs, whereas there were
internalized by macrophages. It is possible that receptors allowing
A. baumannii uptake in mammalian phagocytes are not expressed
by BLPs or are not conserved from mammalian phagocytes to
BLPs.

Our results suggest that BLPs might host microbes and con-
tribute to making Pediculus humanus humanus a vector for
human diseases. In addition, our data provide new knowledge
about the possible localization of human pathogens in body lice.
It was known that R. prowazekii invades the gut cells (Houhamdi

Table 1| A. baumannii is not internalized by BLPs.

Infection time (hours) A. baumannii-to-cell ratio

10 25 50 100 200

2 0 cfu 0 cfu 0 cfu 0 cfu 0 cfu
0 cfu 0 cfu 0 cfu 0 cfu 0 cfu

6 0 cfu 0 cfu 0 cfu 0 cfu 0 cfu
12 0 cfu 0 cfu 0 cfu 0 cfu 0 cfu
24 0 cfu 0 cfu 0 cfu 0 cfu 0 cfu

BLPs were incubated for different periods of time with various concentrations of
A. baumannii, and A. baumannii uptake was evaluated by CFU counting.

et al., 2002); here, we discover that hemocytes can also be hosts
for this pathogenic bacterium. Moreover, the death of the BLPs
during bacterial replication might contribute to the spreading of
the bacteria into the body lice, and thus, this could be a method
for bacterial contamination of the host. It is possible that some
viruses and microbes that are responsible for human diseases
have no identified vectors because there are hiding in hemocytes,
which is small population of the cells of body lice (we scored ~750
hemocytes/body lice), and thus, the microbes responsible for
human diseases could not be detectable using the classical meth-
ods of investigation. We also suggest that, in the near future, it
will be important to search for viruses and microbes that infect
BLPs because as amoebas, BLPs could be reservoirs for unidenti-
fied pathogens. In conclusion, we have characterized phagocytes
of body lice and unraveled their capacity to be vectors for human
pathogens.

MATERIALS AND METHODS

MEDIA

PMI 1640, DMEM Leibovitz’s 15 medium, and Schneider
medium were obtained from Invitrogen and were supplemented
with 10% fetal calf serum (Gibco-BRL) and 100 U/ml penicillin
(100 U/ml), streptomycin (50 pg/ml), gentamycin (10 pg/ml),
and vancomycin (5 pg/ml). Before the experiments, the antibi-
otics were removed by extensive washing.

BACTERIAL STRAINS

Rickettsia prowazekii (Rp22 strain) (Birg et al.,, 1999; Bechah
etal., 2010), Bartonella quintana strain Oklahoma (ATCC 49793)
(Kernif et al.,, 2014), and Acinetobacter baumannii homeless

isolate (La Scola and Raoult, 2004) were grown as previously
described.

BODY LICE STRAINS
Colonies of Pediculus humanus humanus, strain Orlando, were
grown as previously described (Fournier et al., 2001).

HEMOLYMPH COLLECTION

Pediculus humanus humanus were starved for 48h and then
washed 3 times in each of four successive solutions: solution A,
phosphate-buffered saline (PBS), pH 7, plus Tween 80 (0.1%);
solution B, sterile water; solution C, 70% ethanol; solution D,
sterile PBS, pH 7. The hemolymph was collected from the
abdomens of body lice using an insulin syringe equipped with
29G needles. The collected hemolymph was added to the culture
media.

Table 2 | R. prowasekii, B. quintana or A. baumanii behaviors in human macrophages.

Day 0

1.6 x 10° £ 1.2 x 108
2.5 x 10% + 2.4 x 10*
1.0 x 104 £ 2.0 x 102

R. prowasekii (DNA copy numbers)
B. quintana (DNA copy numbers)
A. baumanii (CFU)

Day 6 Cell viability (%) at day 6
1.7 x 10° + 1.45 x 108 83.6 + 15.3
3.4 10° £+ 2.8 x 10% 88.2 +13.8
5 x 10% + 1.05 x 10° 54432

Human macrophages were infected for 4 h (day 0) with R. prowazekii, B. quintana or A. baumannii, and bacterial replication was evaluated at day 6 by real time PCR

or CFU counting.
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CELL VIABILITY

The percentage of adherent cells was measured using a phase con-
trast microscope (Leica DMI 3000 B; Leica, France) as previously
described (Prescott and Breed, 1910).

PHAGOCYTOSIS ASSAY

Cells were incubated at day 3 with latex beads (1 pm, Sigma) at
28°C, washed extensively to remove non-internalized beads and
then fixed with 3% paraformaldehyde for 20 min. Using an epiflu-
orescence microscope (Leica DMI 3000 B), the numbers of latex
beads per cell and the numbers of cells containing latex beads were
evaluated. The phagocytosis index is defined as (the average num-
ber of latex beads per cell in cells containing latex beads) x (the
percentage of cells containing beads).

DETECTION OF REACTIVE OXYGEN SPECIES

The production of reactive oxygen species was evaluated using the
NBT test, as previously described (Jozefowski and Marcinkiewicz,
2010). The cells were incubated with latex beads (1 pm, Sigma)
for 2 h in Schneider medium at 28°C to induce the production of
ROS.

BACTERIAL INFECTION

BLPs were infected with R. prowazekii, B. Quintana, or A. bau-
mannii and then extensively washed to remove the free bacteria;
the BLPs were then incubated further. In some experiments, the
bacteria were visualized by immunofluorescence, as previously
described (Bechah et al., 2010), and cellular F-actin was stained
using Alexa 488-conjugated phallacidin. Infection was quantified
by real time PCR or cfu counting.

STATISTICAL ANALYSIS

The results are expressed as the means &+ SDs and were analyzed
using the nonparametric Mann—Whitney U-test. Differences
were considered significant at p < 0.05.
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Response of immune and non-immune cells to pathogens infections is a very dynamic
process. It involves the activation/modulation of many pathways leading to actin
remodeling, membrane engulfing, phagocytosis, vesicle trafficking, phagolysosome
formation, aiming at the destruction of the intruder. These sophisticated and rapid
mechanisms rely on post-translational modifications (PTMs) of key host cells’ factors,
and bacteria have developed various strategies to manipulate them to favor their
survival. Among these important PTMs, ubiquitination has emerged as a major
mediator/modulator/regulator of host cells response to infections that pathogens have
also learned to use for their own benefit. In this mini-review, we summarize our current
knowledge about the normal functions of ubiquitination during host cell infection, and we
detail its hijacking by model pathogens to escape clearance and to proliferate.
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INTRODUCTION

Host invasion by bacteria initiates an immune response which
relies on multiple cell populations and communications between
them. This normally results in the clearance of the intruder.
However, in the case of pathogenic bacteria, host defenses are
challenged with specific attacks on their molecular machineries.

Several pathogenic bacteria use different types of apparatus
(secretion systems), and various molecules (such as endotoxins
and exotoxins) to modulate host cells processes and responses to
infection. The pathogenicity of these bacteria is associated with
their capacity to survive and replicate within a specialized vac-
uole or within the cytoplasm of host cells. This can be achieved
by avoiding or surviving the phagolysosome formation, escap-
ing the autophagy process of bacteria, a process also known as
Xenophagy, and interfering with signaling pathways important
for immune response, cell survival, and apoptosis.

Host cells response to invaders depends on the modulation
of key cellular functions, from signals transduction to receptors
and vesicles trafficking. This rapid tuning is only enabled by
post-translational modifications (PTMs) of key proteins impli-
cated in these processes (Broberg and Orth, 2010). These PTMs
can be of different kinds, chemical such as protein phospho-
rylation or peptidic such as protein modification by ubiquitin
(ubiquitination) and other ubiquitin-like proteins (Ubls) like
SUMOs (Sumoylation) and Nedd8 (Neddylation).

modifications,
phagocytosis, xenophagy, immunological response

ubiquitin, intracellular bacterial pathogens, cell signaling,

Ubiquitination is considered as one of the most common
PTM, and regulates virtually every intracellular functions as it is
involved in essential eukaryotic cellular processes (Hochstrasser,
2009). Ubiquitin is a small 76 amino acids protein which is linked
to a lysine residue of the target protein by its carboxyl termi-
nal end to the amino group of the lysine, creating an isopeptide
bond. Ubiquitin itself contains seven lysine residues which can
be ubiquitinated. This results in the formation of seven different
types of polyubiquitin chains, in addition to the linear ubiquitin
chain type that consists in the conjugation of one ubiquitin to the
N-terminus of another one. PTM by ubiquitin is a three step pro-
cess requiring the successive action of an activating enzyme (E1),
a conjugating enzyme (E2), and a ligase (E3) which gives target
specificity (Pickart and Eddins, 2004) (Figure 1). Like any PTM,
protein modification by ubiquitin can be reversed by the activ-
ity of specific deubiquitinating enzymes (DUBs) (Nijman et al.,
2005).

The large variety of regulations mediated by ubiquitin con-
jugation is also due to this variety of modifications. Indeed, a
protein can be mono-ubiquitinated (one ubiquitin on one lysine
residue), multi-monoubiquitinated (several mono-ubiquitinated
lysine residues), or polyubiquitinated with different kind of
polyubiquitin chains (depending on the lysine residue of ubiqui-
tin engaged in the chain). Hence, PTM of proteins by ubiquitin
can result in a large variety of modulations, from activity to
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FIGURE 1 | Schematic representation of the core ubiquitination machinery
pathogens, Salmonella typhimurium and Shigella flexneri.

of the host cell and main examples of its hijacking by two model

stability, from interactions to sub-cellular localization. Hence,
ubiquitination plays important roles in every crucial step of cel-
lular response to pathogens. Therefore, these kinds of PTMs
represent good targets for pathogens to impede host cells defense
and to increase their virulence.

ROLE OF UBIQUITIN IN NORMAL HOST CELL RESPONSE TO
NON-PATHOGENIC BACTERIA

When a bacterium is recognized by a host defense cell, such as
a macrophage, it is rapidly phagocytosed with the aim to be
destroyed. During this process, the bacterium is typically packed
into a membrane, forming a phagosome which is addressed to the
lysosome. There, membranes from both organelles fused to form
the phagolysosome where the acidic pH and degradative enzymes
rapidly digest the intruder (15-30 min). PTMs play important
roles in every steps of this process and ubiquitination has a par-
ticularly important role at the cell signaling level (inflammatory
signals) and at the membrane dynamic level (vesicle trafficking
and membrane fusion).

UBIQUITIN IN INFECTION SIGNALING

The first necessity for host defense cells is to recognize invad-
ing bacteria as targets. This necessary step is endorsed by
receptors of the Toll-like family, a type of pattern recognition

receptors (PRRs), which recognize pathogen-associated molec-
ular patterns (PAMPs). When engaged and activated, these
receptors initiate several signaling pathways, major one being
the NF-kB pathway which is involved in cytokines production
for immune response and cell survival. Interestingly, activa-
tion of this pathway is highly dependent on the proteolytic
and non-proteolytic ubiquitination of key proteins (Chen,
2005).

NF-kB is a family of heterodimeric transcription factors that,
in absence of stimulation, are bound to inhibitory proteins of kB
family (IkB) and thereby sequestrated in the cytoplasm.

Bacteria derived molecules, PAMPs, are recognized by toll-
like receptors (TLRs) which trigger signaling cascades inside host
immune cells once activated (Kawai and Akira, 2010). Upon
recognition of PAMPs by TLRs, the kinase IRAK1 (Interleukin-
1 Receptor-Associated Kinase 1) is phosphorylated by IRAK4
kinase, and then associates with TRAF6 (TNF receptor associated
factor 6), a member of a family of RING-domain E3 ubiquitin
ligases (Deng et al., 2000).

TRAF6 then interacts with an E2 ubiquitin-conjugating com-
plex to polymerize K63-linked polyubiquitin chains on itself
and on NEMO (NF-kB essential modulator) (Deng et al., 2000;
Chen, 2005). Ubiquitinated TRAF6 recruits TAB2 (via its ubig-
uitin binding domain) and activates the TAB2-associated kinase
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TAK1 (Tat-associated kinase 1). TAK1 then phosphorylates the
beta subunit of IKK complex, which further phosphorylates the
inhibitory IkB component of the NF-kB complex. Ubiquitin-
activated TAK1 also phosphorylates and activates MKK kinases,
such as MKK6, which in turn activates the JNK and p38
kinases pathways (Wang et al., 2001). Phosphorylated IkB is
then polyubiquitinated with K48-linked chains and targeted for
proteasomal degradation, while releasing NF-kB to activate the
transcription of cytokines and chemokines (Kawai and Akira,
2010).

UBIQUITIN AND XENOPHAGY

Autophagy is a mechanism by which cells can isolate part of their
content in a double membrane structure to create autophago-
somes in order to degrade it via its fusion with lysosome
(Mizushima et al., 2011). This includes cytosol, old mitochon-
dria, proteins aggregates, and also intruders such as bacteria.
Like every kinds of autophagy, this class of autophagy, termed
Xenophagy (digestion of foreign materials), is a process highly
dependent on ubiquitin and ubiquitin-like conjugation (Kirkin
et al., 2009). Since its first observation 30 years ago (Rikihisa,
1984), xenophagy appeared to be crucial for pathogens elimina-
tion (Gomes and Dikic, 2014). Pathogens targeting to autophagy
for destruction has now been extensively studied and we cur-
rently know that this process depends on the core machinery of
autophagy. Ubiquitin seems to correspond to a “eat-me” signal for
autophagy pathways, and this is also true for xenophagy (Perrin
et al., 2004; Kirkin et al., 2009).

Following internalization, some pathogens can actively mod-
ify their vacuolar compartment in order to block its maturation,
or even escape from it and replicate within the cytosol. Host
cells xenophagy can target pathogens at any steps of this process,
whether they are in their intact or damaged vacuole or within
the cytoplasm. Indeed, ubiquitination can take place on proteins
of the damaged membrane (Birmingham et al., 2006) and/or
directly on bacterial proteins (Perrin et al., 2004). This ubiquiti-
nation depends on the activation of PRRs as well as others danger
receptors which can sense perturbations in host cell homeostasis
caused by invading bacteria (Chen and Nunez, 2010).

This ubiquitination enables the recruitment of standard
autophagy receptors which then initiate the formation of the
phagophore (also termed isolation membrane), to which ATG
(autophagy-related) proteins are recruited. These autophagy
receptors include p62 (Zheng et al., 2009), nuclear domain 10
protein 52 (NDP52) (Thurston et al., 2009), and optineurin
(OPTN) (Wild et al., 2011), neighbor of BRCA1 gene 1 (NBR1),
or TANK binding kinase 1 (TBK1) (Watson et al., 2012).

HIJACKING OF HOST CELL UBIQUITINATION MACHINERY

BY PATHOGENIC BACTERIA

Bacterial pathogens have developed multiple ways for manipu-
lating host cell functions to avoid their elimination. As we could
previously see, because ubiquitination is involved in major cell
signaling responses to infection as well as xenophagy process,
interfering with cell host ubiquitination machinery proved to be
an efficient way for the survival of many pathogens. Indeed, pro-
tein ubiquitination plays a role in any of these processes and

pathogens have learned to use it for their own benefit and there
are many examples of pathogens interfering with ubiquitination
of the host cell. Many pathogenic bacteria utilize specialized type
III or type IV secretion systems (T3SS or T4SS) to deliver bacte-
rial effectors proteins into host cells, to modify a variety of cellular
processes. There are increasing numbers of effectors that infringe
on the ubiquitin pathway, acting as substrates for host cell ubiqg-
uitination machinery or as ligases that target specific host and/or
bacterial proteins (Figure 1).

LEGIONELLA PNEUMOPHILA

Legionella is a Gram-negative intracellular pathogen that is
responsible for a severe pneumonia in humans called as
Legionnaire’s disease. It establishes a niche called the Legionella-
Containing Vacuole (LCV), which is permissive for intracellular
bacterial propagation. Legionella has a type IV secretion sys-
tem injecting a cocktail of bacterial proteins targeting host cell
processes to support bacterial growth, and numbers of these
Icm/Dot effectors contain regions with sequence similarity to F-
box or U-box domains contained in eukaryotic E3 ligases (Cazalet
et al., 2004; de Felipe et al., 2005). Several of these effectors, such
as LegAU13/AnkB, LegU1, and LicA, have been shown to interact
with components of the Skp-Cullin-F-box (SCF) ubiquitin ligase
complex (Price et al., 2009; Ensminger and Isberg, 2010; Lomma
et al., 2010). Moreover, the ubiquitin ligase activity has been ver-
ified in vitro for LegU1, LegAU13/AnkB (Ensminger and Isberg,
2010) as well as for LubX (Legionella U-box protein) (Kubori
etal., 2008). Some substrates for these different Legionella’s ligases
have been identified by using standard interactomic techniques
such as yeast two hybrid. Hence, LubX was shown to polyubiq-
uitinate the host cell kinase Clk1 (Kubori et al., 2008) and the
Legionella effector SidH (Kubori et al., 2010). LegU1 was shown
to mediate the ubiquitination of the host cell chaperone BAT3
(Ensminger and Isberg, 2010).

Recently, a unique family of ubiquitin ligases has been iden-
tified among Legionella’s effectors, SidC (substrate of Icm/Dot
transporter C) (Hsu et al., 2014). This protein is anchored to the
cytoplamic face of the LCV and recruits host endoplasmic reticu-
lum (ER) proteins to this organelle. Structure analysis revealed the
presence of a catalytic triad containing a cysteine, a histidine, and
an aspartate residue. It has the capacity to catalyze the formation
of high-molecular-weight polyubiquitin chains of different types.
Its role is essential for phagosomal membrane remodeling by
Legionella (Hsu et al., 2014).

SALMONELLA TYPHIMURIUM
Salmonella is a common cause of gastroenteritis in humans.
It has the ability to invade non-phagocytic cells such as ente-
rocytes of the intestinal epithelium. This capacity depends on
a T3SS, known as T3SS1. A second T3SS, T3SS2, is required
for post-invasion establishment of the replicative niche, a
modified phagosome known as the Salmonella-containing vac-
uole (SCV) (Steele-Mortimer, 2008). Several Salmonella effec-
tors, from both T3SS1 and T3SS2, alter host cell ubiquitin
pathways.

Invasion of host cells by Salmonella depends on the sequen-
tial activity of SopE, a guanine nucleotide exchange factor (GEF)
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which activates Cdc42 and Racl (Hardt et al., 1998), and of SptP, a
GTPase-activating protein (GAP) which inactivates SopE (Fu and
Galan, 1999). Actually, both proteins are targeted for ubiquitin-
dependent degradation, but SopE is degraded more efficiently
and therefore inactivated more rapidly than SptP (Kubori and
Galan, 2003).

SopB, an inositol phosphate phosphatase that has several func-
tions during invasion (Steele-Mortimer et al., 2000; Bakowski
et al., 2010), is another essential effector for Salmonella virulence.
Following delivery into host cells, SopB is monoubiquitinated on
at least six lysine residues, via a mechanism that does not require
any of the known Salmonella E3 ubiquitin ligases (Knodler et al.,
2009). This ubiquitination down-regulates SopB activity at the
plasma membrane but increases its retention on the SCV. Hence,
depending on its ubiquitination status, SopB has several func-
tions, ranging from actin-mediated bacterial internalization and
Akt activation to vesicular trafficking and intracellular bacterial
replication at the phagosome (Knodler et al., 2009).

Some Salmonella effectors are real ubiquitin enzymes acting as
ligases or DUBs. Based on functional and structural data, SopA is
a novel HECT-like E3 ligase, although it has little sequence simi-
larity with any eukaryotic E3 ligase. SopA was shown to form an
Ub-thioester intermediate and its crystal analysis revealed a C-
terminal domain architecture that resembles the N- and C-lobe
arrangement of HECT domains (Diao et al., 2008). It has been
shown to interact with the host cell conjugating enzyme UbcH7
(Lin et al., 2012). But so far, no substrate has been identified.
Interestingly, SopA can be targeted for degradation following
ubiquitination by the endoplasmic reticulum (ER)-bound RING
finger protein 5 (RNF5/RMA1) (Zhang et al., 2005), a protein part
of the ER-anchored Ubiquitin ligase complex which processes
malfolded proteins (Delaunay et al., 2008).

Three other effectors of Salmonella, SlrP, SspH1 and SspH2,
are ligases of the NEL family (Novel E3 Ligase). The NEL domain
contains a conserved catalytic cysteine residue involved in E2
binding and ubiquitination reaction (Quezada et al., 2009), as
well as a leucine-rich repeat (LRR) of variable length suppos-
edly involved in substrate-recognition (Quezada et al., 2009).
Whereas SspH2 is injected into host cells only by T3SS2 (Miao
etal., 1999), SIrP and SspH1 are translocated via both T3SS1 and
T3SS2. Hence SspH2 has function in late infection whereas Slrp
and SspH1 play a role during the early steps of infection. The NEL
domain of these ligases has no equivalent among all known mam-
malian ligases but these ligases are very efficient in using the host
cells ubiquitination machinery such as the conjugating enzyme
UBCHS5, and the negative regulation of their activity seems to be
realized upon the binding of the LRR to a target protein (Quezada
et al., 2009). Only few potential host substrates have been iden-
tified, such as PKN1 (protein kinase called protein kinase N
1) for SspH1 (Haraga and Miller, 2006), and Thioredoxin and
ERdj3 for SIrP (Bernal-Bayard and Ramos-Morales, 2009; Bernal-
Bayard et al., 2010). However, the biological outcome of these
identifications still needs further investigation.

At least two Salmonella effectors are deubiquitinases, SseL and
AvrA, and both were shown to be involved in down regulat-
ing immune signaling (Collier-Hyams et al., 2002; Le Negrate
etal., 2008). AvrA was supposed to have anti-inflammatory effects

because of its ability to deubiquitinate number of proteins, such
as IkB-a and P-catenin, thereby regulating host inflammatory
responses through NF-kB (Collier-Hyams et al., 2002) and f-
catenin (Sun et al., 2004). However, it has also been shown
that AvrA has no significant anti-inflammatory function when
injected by Salmonella at endogenous levels (Du and Galan,
2009). Therefore, the real function of AvrA still needs to be fully
determined. Similarly, recent reports showed that SseL has no
effect, negative or positive, on the NFkB pathway (Mesquita et al.,
2013), but its deubiquitinase activity was shown to reduce the
autophagic flux in infected cells and to favor bacterial replication
(Mesquita et al., 2012).

Finally, a recent study of the impact of Salmonella LPS stim-
ulation on the ubiquitination profile of macrophages revealed
a profound and global alteration of this PTM in the host cell
(Nakayasu et al., 2013). This change negatively modulates the
activity of DUBs, resulting most likely in the polyubiquitination
and degradation of specific proteins such as DBCI1 (deleted in
breast cancer 1), a histone deacetylase (HDAC) inhibitor that
controls chromatin remodeling during inflammatory response.
This work is a unique example showing that bacterial membrane
associated factors can also interfere with many ubiquitination
pathways of the host cell.

SHIGELLA FLEXNERI

Shigella is a Gram-negative pathogenic bacterium which causes
shigellosis in human by invading intestinal epithelial cells, after it
has been ingested. Shigella delivers effectors into host cells via a
type III secretion system in order to modulate cellular processes
and to favor multiplication (Ashida et al., 2011). As usual, several
targets of these effectors are signaling pathways important for host
defense cell. The phosphothreonine lyase activity of OspF effector
inhibits the MAPK signaling pathway by irreversibly dephospho-
rylating MAPKs, Li et al. (2007) and Zhu et al. (2007). IpaH9.8
and IpaH4.5, which belong to a new IpaH family of E3 ubiquitin
ligases (Rohde et al., 2007), inhibit the NF-kB signaling pathway
by mediating the ubiquitination of NEMO and of p65 (Ashida
et al., 2010; Wang et al., 2013).

Moreover, the VirA effector of Shigella inactivates Rabl
with TBC-like GAP activity, inhibiting the host cell autophagy-
mediated defense (Dong et al., 2012).

A recent study revealed that a newly identified Shigella effec-
tor, Ospl, targets the host UBCI3 by deamidating glutamine
100, producing a glutamate residue, and leading to the disrup-
tion of TRAF6-catalyzed polyubiquitination (Sanada et al., 2012).
The disruption of TRAF6 polyubiquitination suppresses the
diacylglycerol-CBM (CARD-BCL10-MALT1 complex)-TRAF6-
NF-kB signaling pathway and significantly reduces the host
inflammatory responses (Sanada et al, 2012). Ospl targets
UBCI13 via extensive interactions and UBC13 binding remod-
els the structure of Ospl for catalysis. The structural analysis
of UBC13 in complex with Ospl, TRAF6, CHIP, and OTUBI1
revealed that Ospl binds to the same surface region on UBC13
as the host proteins (Fu et al., 2013).

OspG is an effector kinase whose function during invasion is
to suppress the host inflammatory response. OspG can interact
with at least 10 distinct human ubiquitin-charged E2 conjugating
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enzymes, and this binding strongly enhances the kinase activity of
OspG (Pruneda et al., 2014).

LISTERIA MONOCYTOGENES

Listeria is the causative agent of listeriosis, a serious invasive
disease that primarily affects pregnant women, newborns and
immunocompromised individuals (Bonazzi et al., 2009). It can
invade host cells through two different pathways, depending on
which cell surface receptors is engaged, internalin A (InlA) which
binds to E-cadherin of the host cell, or internalin B (InlB) which
binds to c-Met (Braun et al., 1999; Lecuit et al., 1999). Both path-
ways involve PTMs of host cell proteins, such as ubiquitination, as
well as actin remodeling (Cossart and Lecuit, 1998; Bonazzi et al.,
2008).

The surface-bound protein InlA binds to E-cadherin, a cell
to cell adhesion molecule that forms a physical link between
the cell membranes of adjacent cells (Mengaud et al.,, 1996).
In epithelial cells, E-cadherin complexes are endocytosed fol-
lowing activation of the tyrosine kinase Src, which induces
tyrosine phosphorylation of E-cadherin thus enabling its subse-
quent phospho-dependent ubiquitination by the ubiquitin lig-
ase Hakai (Fujita et al., 2002). Internalization of Listeria via
InlA induces the same phospho-dependent ubiquitination of
E-cadherin followed by clathrin-dependent endocytosis (Sousa
et al., 2007).

InlB binds to the host cell receptor c-Met, a RTK (Receptor
Tyrosine Kinase) (Shen et al, 2000) which is normally acti-
vated by HGF (Hepatocyte Growth Factor). InlB interacts with
the first immunoglobulin-like domain and the Sema domain of
c-Met thereby stabilizing the receptor that can initiate signal-
ing (Niemann et al., 2007). Activation of c-Met receptor leads to
its clathrin-dependent internalization and its down-regulation, a
process that requires the ubiquitin ligase c-Cbl, which is recruited
to c-Met in a phospho-dependent manner (Peschard et al., 2001).
Binding of InlB to c-Met induces the c-Cbl-dependent ubiqui-
tination and endocytosis of c-Met and so the internalization of
the bacteria. Importantly, Listeria invasion is directly dependent
on the c-Cbl mediated ubiquitination of the receptor (Veiga and
Cossart, 2005).

This bacterium also uses the host cell ubiquitination machin-
ery to target some of its own proteins. Listeriolysin O (LLO), a
pore-forming toxin that is essential for Listeria to escape from
the phagosome into the host cell cytoplasm, may also be dele-
terious for the pathogen if not tightly regulated. Hence LLO is
normally ubiquitinated and degraded by host cell machinery, and
stabilizing mutation or overexpression of LLO seriously decreases
the virulence of this bacterium (Schnupf et al., 2007).

CONCLUDING REMARKS

Pathogenic bacteria have coevolved with their target organisms
and therefore they have learned how to use and/or subvert
their defense mechanisms. The cell response to bacterial inva-
sion needs to be rapid and hence relies on PTMs of key proteins.
Ubiquitination appeared to be one of these PTMs important
for host cell defense that is targeted by pathogens. These last
years, new tools have been developed to explore PTMs dynam-
ics (Vertegaal, 2011; Bonacci et al., 2014) that will surely help

to identify new important mechanisms enabling pathogens to
survive and proliferate within host cells.
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Non-pathogenic bacteria are commonly
eliminated by the host. Professional
phagocytic cells of the immune system,
such as macrophages and dendritic cells,
recognize and by phagocytosis internalize
microbes in specialized endocytic com-
partments called phagosomes. By fusing
with endosomes, phagosomes mature,
changing from an early to late state, and
early and late endosomes differ in their
external and internal biochemical compo-
sition. Then, fusion of late phagosomes
with lysosomes leads to the formation
of an acidic and degradative compart-
ment, the phagolysosome, where bacteria
are ultimately eliminated (Fairn and
Grinstein, 2012). Bacterial pathogens have
evolved several mechanisms to subvert the
process of phagosome maturation and to
survive and replicate in an intracellular
niche that is protected from the immune
response. Remarkably, distinct bacterial
pathogens can be localized in similar
endocytic compartments, suggesting they
have a role in the control of the same endo-
cytic steps. The biological machineries
controlling endocytosis involve a variety
of regulatory events in each step of intra-
cellular membrane trafficking. Here, I
would like to summarize and comment on
all the discoveries on bacterial pathogens
that control the localization or function
of the small GTPases Rab5 and Rab7,
and therefore modify the maturation
from early to late phagosomes, because
I believe such a transition is the best
way to highlight how bacterial pathogens
exploit the complexity of membrane
trafficking to establish specific subversion
mechanisms.

Phagosome maturation is highly
dependent on the endocytic pathway and
requires several regulators of this path-
way. Rab proteins make up a large family
of small GTPases that specifically con-
trol various steps in the endosomal and
phagosomal transport process (Gutierrez,
2013; Sherwood and Roy, 2013). Each Rab
protein is associated with an organelle
and a specific step in intracellular traf-
ficking and controls several factors, such
as protein and lipid composition of an
organelle membrane, fusion between dis-
tinct compartments, vesicle motility along
microtubules, and interaction with the
cytoskeleton. Each compartment has a
specific and precise set of Rab proteins,
which confers organelle identity. The
complexity of Rab protein function is
reflected in their life cycle. All Rabs alter-
nate between an active (GTP-bound) state
and an inactive (GDP-bound) state. This
molecular switch is strictly regulated; one
or more guanine nucleotide exchange fac-
tors (GEFs) catalyze the release of GDP
in exchange for GTP. In the GTP-bound
form, Rabs are targeted to their specific
organelle membrane by prenylation and
recruit a large number of downstream
effectors. In the GDP-bound form, they
associate with a soluble factor, the guanine
dissociation inhibitor (GDI), which stabi-
lizes the inactive species in the cytosol and
precludes access to the GEFs. The hydrol-
ysis of GTP to GDP by GTPase-activating
proteins (GAPs) terminates the activity of
the Rab protein until another activation
cycle is initiated.

Rab5 and Rab7 are the
characterized Rab proteins in

best-
the

endocytic process and, especially by anal-
ogy, in phagosome maturation (Fairn and
Grinstein, 2012). Rab5 is mainly asso-
ciated with early endosomes and early
phagosomes and controls the identity
and functionality of these compartments.
Rab7 defines late endosomes and late
phagosomes, and it has been implicated
in the transport through these com-
partments. Therefore, when internalized,
bacteria are first localized in Rab5-positive
phagosomes and then in Rab7-positive
phagosomes. There is much debate about
the mechanisms whereby an early Rab5-
positive endosome or a phagosome
becomes a late Rab7-positive endosome
or phagosome and whereby Rab5 is con-
secutively replaced by Rab7 and much
effort has been given to understanding
the regulation of Rab5 and Rab7 function.
The picture so far shows Rabs as complex,
highly regulated molecular machineries.
A large number of effector proteins inter-
acting with each Rab and of the GEFs and
GAPs that regulate their function have
been described. In the case of Rab5, for
example, more than 60 effectors have been
found and several remain to be charac-
terized, and at least 4 GEFs of Rab5 have
been characterized so far (Horiuchi et al.,
1997; Christoforidis and Zerial, 2000;
Kajiho et al., 2003; Otomo et al., 2003;
Olchowik and Miaczynska, 2009; Balaji
et al., 2012). These discoveries led to a
more detailed investigation of the com-
partment where pathogens reside, which
is not simply Rab5- or Rab7-positive, and
to a larger comprehension of the molec-
ular mechanisms that bacterial pathogens
have evolved. In fact host activities and
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molecules that pathogens modify the Rab5
to Rab7 transition are different and spe-
cific for each pathogen (Figurel). For
example, Mycobacterium tuberculosis and
Listeria monocytogenes have been local-
ized in modified Rab5-positive endocytic
compartment. Nonetheless, at molecu-
lar level they distinctly affect the Rab5
machinery. M. tuberculosis, responsi-
ble for the human disease tuberculosis,
enters alveolar macrophages and modi-
fies the formation of phosphatidylinositol
3-phosphate [PI(3)P] at the early phago-
some membranes (Fratti et al., 2001).
The mannose-capped lipoarabinomannan
(man-LAM) in the bacterial membrane
is released into the phagosomal mem-
brane and inactivates Vps34, the PI(3)P
kinase that regenerates PI(3)P (Fratti et al.,
2003). At the same time, an M. tubercu-
losis lipid phosphatase, SapM, consumes
PI(3)P and arrests phagosome matura-
tion (Saikolappan et al., 2012; Puri et al.,
2013). PI(3)P is specifically enriched in
early endosome/phagosome membranes

and stabilizes Rab5 and all its effectors. Its
absence in M. tuberculosis infection inter-
feres with the recruitment of the Rab5
effectors and therefore with phagosome
maturation to the Rab7 state (Purdy et al.,
2005). Interestingly, the M. tuberculosis-
containing phagosome is also enriched
for Rab22a, which inhibits Rab7 acquisi-
tion and arrests phagosomal maturation
(Roberts et al., 2006).

A GEF Rabex5-Rabaptin5 complex is
recruited by the active GTP-bound form
of Rab5 and through a positive feed-
back loop regulates Rab5 recruitment to
the early endosomes (Lippe et al., 2001).
Recent evidence suggests that Rab5 acti-
vation is also regulated by RINI, a RAS
effector and a Rab5-GEF (Jiwani et al.,
2012; Balaji et al., 2014). Listeria mono-
cytogenes is a gram-positive food-borne
pathogen that causes severe infection with
symptoms ranging from gastroenteritis
to bacterial meningitis and has a mor-
tality rate of about 30% (Chen et al,
2013). L. monocytogenes invades intestinal

epithelial cells and survives in a Rab5-
positive phagosome until it is prepared to
lyse the phagosomal membrane and escape
into the cytosol (Farber and Peterkin,
1991). For this purpose, L. monocyto-
genes acts at the level of Rab5 localiza-
tion and functions in two steps. First, its
attachment to the host cell triggers activa-
tion of RIN1, which activates Rab5 for effi-
cient internalization by receptor-mediated
phagocytosis and transport to early phago-
somes (Jiwani et al., 2012; Balaji et al,
2014). Bacteria then need to block Rab5
activity to avoid maturation of early
phagosomes into late phagosomes. Thus,
the L. monocytogenes glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) pro-
tein ADP-ribosylates Rab5, rendering this
GTPase unresponsive to activation by
GEFs, and thereby blocks maturation
into Rab7-positive phagosomes (Prada-
Delgado et al., 2005).

Tropheryma whipplei is a nice exam-
ple of blockade of endocytic trafficking
in an intermediate state of the Rab5 and

A
L. monocytogenes

M. tuberculosis

T. whipplei

GEF/
. RIN1 7 ?
Vps SN A
GTP Rabex$S = - GTP
PI(3)P e PIC3)P GTP GTP
-
 — (. .
Early
endosomes/
phagosomes

FIGURE 1 | Simplified view of the molecular mechanisms involved in
Rab5 to Rab7 transition exploited by bacterial pathogens. Rab5 in its
active form recruits on the early compartment a GEF Rabex5, which
stabilizes Rab5 recruitments to the membrane, and Vps34, the PI(3)P
kinase that regenerates PI(3)P. Rab5 activity at the early
endosomes/phagosomes is also regulated by GEF RIN1. Two events take
place on the early endosomes, which implicate simultaneous recruitment
of Rab7 and maturation toward the late endosomes/phagosomes.

(A) SAND1/Mon1 binds Rabex5 and displaces it from early endosome,
inactivating the Rab5 recruitment loop. Additionally, SAND1/Mon1 interacts
with a Rab7 GEF, the Vps39 subunit of the HOPS complex (blue). (B) The
HOPS complex Vps11 subunit interacts with Rab5-GTP, probably stabilizing

the Rab5-Rab7 transition. Interestingly p38a-MAPK dependent
phosphorylation of the HOPS complex Vps41 subunit also seems
important for Rab7 recruitment. Upon Rab7 recruitment and activation,
Rabb is released and early endosomes/phagosomes mature in late
endosomes/phagosomes. For each of the described steps a distinct
subversion mechanism has been evolved by bacterial pathogens.

L. monocytogenes engages RIN1 to promote accumulation in a
Rabb-positive compartment. M. tuberculosis inactivates Vps34 and
consumes PI(3)R interfering with Rab5 recruitment. T whipplei blocks the
transition in a Rab5- and Rab7 positive state by an unknown mechanism.
C. burnetii interferes with Vps41 phosphorylation and Rab7 recruitment.
B. cenocepacia affects Rab7 activation on the membranes.

C. burnetii

B. cenocepacia

Late
endosomes/
phagosomes
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Rab7 transition. This pathogen is respon-
sible for a multi-systemic infection called
Whipple’s disease, which is fatal with-
out antibiotic treatment (Schneider et al.,
2008). T. whipplei resides and replicates in
both macrophages and non-microbicidal
cells in a phagosome that does not
become a phagolysosome (Ghigo et al.,
2002, 2010). Recently, the purification
and characterization of the intracellular
compartment where T. whipplei localizes
revealed that T. whipplei-containing com-
partments are the first example of Rab5-
and Rab7-positive phagosomes containing
bacteria (Mottola et al., 2014). How is
the pathogen establishing this interme-
diate state? Actually, the transition from
a Rab5-positive to Rab7-positive endo-
some requires both Rabs, and Rab7
is already present on early endosomes
together with Rab5 (Poteryaev et al,
2007). Such transition involves two multi-
meric complexes. The SAND1/Monl and
cczl complex binds Rabex5 and displaces
it from the early endosome, inactivat-
ing the Rab5 recruitment loop (Figure 1
and Poteryaev et al., 2007). At the same
time, the SAND1/Mon1-Cczl complex is
also a Rab7 GEF (Nordmann et al., 2010;
Cabrera et al.,, 2014). Intriguingly, Rab5
and Rab7 both bind to the hexameric teth-
ering complex HOPS (“homotypic fusion
and protein sorting”). Rab5 binds to sub-
unit Vps11 (Rink et al., 2005). Rab7 inter-
acts with subunits Vps39 and Vps41, but
SAND1/Monl also interacts with Vps39,
which in yeast is a Rab7 GEF (Peralta
et al., 2010; Plemel et al., 2011). By a hith-
erto undescribed mechanism T. whipplei
therefore might affect either the func-
tion of the SAND1/monl-cczl complex or
of the HOPS complex and block endo-
somes at an intermediate Rab5- and Rab7-
positive state. Further investigation of the
mechanism responsible for the presence
of both Rab5 and Rab7 on T. whipplei
phagosomes will help us better understand
both the T. whipplei infectious process and
the regulatory mechanism of the Rab5-to-
Rab7 switch.

The investigation of Coxiella burnetii
subversion mechanisms has also revealed
insights on pathogen specificity. C. bur-
netii, the causative agent of the zoono-
sis Q fever, is also responsible for lethal
endocarditis (Raoult et al., 2005). In
macrophages, virulent C. burnetii bacteria

reside and replicate in compartments
known as “phagolysosome-like vacuoles”
that have properties of both late endo-
somes and lysosomes. These compart-
ments do not harbor lysosomal enzymes
or Rab7, but they have acidic prop-
erties and are positive for lysosomal-
associated membrane protein-1 (LAMP-1)
(Ghigo et al., 2009, 2012). Recently,
by using an avirulent form of this
pathogen, Barry A.O. et al. discovered
that p38a-MAPK-dependent phosphory-
lation of HOPS complex Vps4l sub-
unit is crucial for Rab7 recruitment
to endosomal membranes (Barry et al.,
2012). Remarkably, the lipopolysaccha-
ride of virulent C. burnetii (LPS), a
bacterial outer membrane component, is
responsible for this subversion mecha-
nism (Barry et al., 2012). Indeed, it inter-
feres with the activation of p38a-MAPK
and therefore with Vps41l phosphoryla-
tion. Consequently, C. burnetii-containing
phagosomes become positive for Rab5,
lose Rab5, but do not recruit Rab7.

Burkholderia cenocepacia has evolved a
distinct mechanism to interfere with early
to late phagosome transition. B. ceno-
cepacia is an opportunistic pathogen
that infects patients with cystic fibrosis
(Drevinek and Mahenthiralingam, 2010).
It can survive within macrophages because
it arrests the fusion of phagosomes with
lysosomes by acting at the level of Rab7
function (Lamothe et al., 2007; Lamothe
and Valvano, 2008). Vacuoles containing
B. cenocepacia transiently recruit Rab5
and synthesize PI(3)P. Vacuoles can also
acquire the late phagosomal markers
CD63 and Rab7, but activation of Rab7
is impaired by the bacteria (Huynh et al.,
2010). Findings have indicated that the
type III secretion system is not neces-
sary for maturation arrest (Lamothe et al.,
2007), and B. cenocepacia also expresses
type IV and type VI secretion mechanisms
(Aubert et al., 2008; Sajjan et al., 2008),
but the identities of the secreted effectors
and their mode of action on Rab7 remain
unclear.

In conclusion, I have described five dis-
tinct pathogens that distinctly exploit the
complexity of Rab5 and Rab7 regulation in
order to survive and replicate in the host
environment. Why is that important? First,
this example highlights the coevolution of
the two systems. Mammalian cells have

evolved a complicated regulation of Rab5
and Rab7 transition in order to guarantee
redundancy and therefore “resistance” to
any possible dangerous genetic or acquired
alteration. Also, pathogens more specifi-
cally explore transport steps to establish
their own pathogen-specific subversion
mechanism. Indeed, such specificity guar-
antees longer survival and evolution before
the host immune system becomes able
to find and positively select an adequate
immune response. Moreover, this example
underlines the strong need for multidisci-
plinary approaches in the study of infec-
tious diseases. To understand pathogen
behavior, membrane trafficking in these
pathological contests must be investigated
biologically and biochemically. This will be
determinant in the development of spe-
cific prognostic, diagnostic, and therapeu-
tic tools against an infectious pathology.
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Mycobacterial pathogens, including Mycobacterium tuberculosis, the etiological agent
of tuberculosis (TB), have evolved a remarkable ability to evade the immune system in
order to survive and to colonize the host. Among the most important evasion strategies
is the capacity of these bacilli to parasitize host macrophages, since these are major
effector cells against intracellular pathogens that can be used as long-term cellular
reservoirs. Mycobacterial pathogens employ an array of virulence factors that manipulate
macrophage function to survive and establish infection. Until recently, however, the role
of mycobacterial cell envelope lipids as virulence factors in macrophage subversion has
remained elusive. Here, we will address exclusively the proposed role for phthiocerol
dimycocerosates (DIM) in the modulation of the resident macrophage response and that of
phenolic glycolipids (PGL) in the regulation of the recruitment and phenotype of incoming
macrophage precursors to the site of infection. We will provide a unique perspective of
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ipbs.fr potential additional functions for these lipids, and highlight obstacles and opportunities to
further understand their role in the pathogenesis of TB and other mycobacterial diseases.
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INTRODUCTION more specifically, how these lipids interact with the host at the

Research progress has identified key players for mycobacterial
pathogenicity including the major lipid virulence factor, phthio-
cerol dimycocerosates (DIM), and its structurally-related com-
pound, phenolic glycolipids (PGL). In an elegant study, Cambier
et al. proposed an exciting mechanism for their role in immune
evasion strategies evolved by Mycobacterium tuberculosis (Mtb),
and its close pathogenic relative M. marinum (Cambier et al.,
2014). The objective of this perspective is to present a brief view
of the literature concerning the immunomodulatory functions of
DIM and PGL at the initial site of infection, and to propose a sce-
nario for their molecular mechanism of action. In particular, we
will address their impact on resident macrophages and recruit-
ment of incoming precursors to the site of infection. Considering
that very little is known about the actual interaction of these lipid
virulence factors with the host immune system, a better under-
standing about their role in immune evasion may contribute to
novel therapeutic strategies for mycobacterial diseases, such as
tuberculosis (TB).

The virulence of mycobacterial pathogens is a multifaceted
process that grants the means to circumvent a dedicated immune
response and to thrive in host cells, including macrophages.
In spite of recent progress demonstrating the contribution of
mycobacterial cell envelope lipids to pathogenicity (for review
see Guenin-Mace et al., 2009; Neyrolles and Guilhot, 2011), rel-
atively little is known about their mechanism of action, and

molecular level. Most biological effects caused by lipids loosely
associated to mycobacterial envelope derived from specific inter-
actions with pattern recognition receptors (PRRs) on innate
immune cells. Among the different PRR families, carbohydrate-
recognition receptors (e.g., calcium-dependent (C)-type lectin
receptors, CLR) have generated great interest because they recog-
nize specific sugar moieties on glycolipids, referred to as PAMPs
(pathogen associated molecular patterns). This, in turn, can trig-
ger the internalization of mycobacteria and eventually a down-
stream signaling cascade that can generate opposite effects on
host immune responses. For example, the macrophage inducible
CLR Mincle recognizes the mycobacterial trehalose-6,6 dimyco-
cerosate (TDM), likely through its trehalose motif, and triggers
a pro-inflammatory cytokine production and Thl and Th17 cell
responses (Ishikawa et al., 2009; Schoenen et al., 2010). By con-
trast, the mannosylated moieties from the mycobacterial lipogly-
cans, ManLAM, mediate entry of the bacillus into macrophages
through mannose receptor and DC-SIGN, whose signaling cas-
cades engage an anti-inflammatory effect that enables Mtb to
evade immune surveillance (for review see Mishra et al., 2011).
Interestingly, the critical motifs of ManLAM for its recogni-
tion by DC-SIGN have been shown to be the mannose caps
as well as the fatty acids (Maeda et al., 2003; Riviere et al,
2004). Moreover, data indicated that fatty acids are involved in
a supramolecular organization of ManLAM, associated with an
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increased avidity for their receptors (Riviere et al., 2004).These
findings strongly suggest that the lipid moiety of glycolipids inter-
feres with their macromolecular organization, which may be
necessary for efficient recognition of the terminal mannosyl epi-
topes. Lipids may also physically interfere with host membranes
and thereby impair immune response-related signaling pathways,
as proposed by Laneelle and Daffe (1991). Indeed, insertion of
TDM in model or natural membranes can affect their biophys-
ical properties (Laneelle and Tocanne, 1980; Sut et al., 1990;
Almog and Mannella, 1996), decreasing notably membrane fluid-
ity by ordering the surrounding phospholipids and cross-linking
the leaflets (Laneelle and Tocanne, 1980; Almog and Mannella,

1996). Taken together, these data highlight the importance to con-
sider the specific structural features of lipids in exploring their
functional role. This is especially true for the highly hydropho-
bic DIM, and even more essential for their glycosylated version,
PGL. DIM and PGL exhibit a common lipid backbone which is
well conserved, with minor structural variations, among the few
mycobacterial species synthesizing these molecules (Figurel).
In contrast, the saccharide domain of PGL is species-specific
(Figure 1). Of note, all the major mycobacterial pathogens pro-
duce both substances, but in the particular case of Mtb only a
subset of clinical isolates belonging to Beijing family is capable
to synthesize PGL.
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FIGURE 1 | Structures of DIM and PGL produced by various
mycobacterial species. (A) Structure of the major DIM and PGL lipid
moieties. The lipid core is composed of a long-chain B-diol (phthiocerol
and phenolphthiocerol), showing slight length variations (see m1 and m2
values in embedded table), esterified by polymethyl-branched fatty acids.
In most cases, the configuration of the asymmetric centers bearing the
methyl branches (asterisks) are of the D series, mycocerosic acids, but in
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a limited number of mycobacterial species, they belong to the L series
and are then called phthioceranic acids (see table). Minor structural
variants of the p-diol can contain a keto group in place of the methoxy
group. (B) Structure of the species-specific sugar moiety of the major
forms of PGL produced by Mtb (PGLTb1), M. marinum (PGLmar) and
M. leprae (PGL:1). Rhamnose is represented in green, fucose in orange
and glucose in blue.
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NOW YOU SEE ME, NOW YOU DON'T: THE HIDING EFFECT
OF DIM AND MORE

The role of DIM in virulence was first suggested by two inde-
pendent studies using signature-tagged transposon mutagenesis
(Camacho et al., 1999; Cox et al., 1999), and thereafter supported
by a large body of evidence (for review, see Neyrolles and Guilhot,
2011). Historically, the only well-established function for DIM
was their structural support to the mycobacterial cell wall as pro-
tective permeability barrier (Camacho et al., 2001). For example,
DIM deficient mutants are sensitive to reactive nitrogen species
(RNS) generated in murine macrophages pretreated with IFN-y
and TNF-a (Rousseau et al., 2004). However, it is now appar-
ent that other roles exist for DIM beyond the physical protection
against host microbicidal factors, as mutants incapable of trans-
porting DIM or spontaneous DIM deficient variants are more
attenuated in mice lacking inducible nitric oxide synthase (iNOS)
compared to control counterparts (Murry et al., 2009; Kirksey
et al.,, 2011). Indeed, recent progress indicate that DIM play a
dominant role in the modulation of protective host immune
responses, specifically during the early steps of infection, when
the bacilli encounter host macrophages (Rousseau et al., 2004;
Astarie-Dequeker et al., 2009; Cambier et al., 2014; Passemar
etal., 2014).

Two different but likely complementary mechanisms have
emerged from the latest set of studies addressing this subject. On
the one hand, Cambier et al. postulated that DIM mask physically
mycobacterial PAMPs, and thus prevent their recognition by toll-
like receptors (TLR) and the subsequent recruitment of micro-
bicidal macrophages (Cambier et al., 2014). Using zebrafish to
model in vivo the earliest interactions between bacteria and host
macrophages, these authors reported that a M. marinum mutant
lacking DIM on its surface was unable to prevent the recruitment
of iNOS-expressing macrophages, which were effective in killing
this mutant through RNS production. Further analysis indicated
that DIM act by preventing TLR signaling via the common TLR
adaptor MyD88 (Cambier et al., 2014). Supporting this notion,
Rousseau et al. reported that infection of murine macrophages
with a DIM-deficient Mtb mutant induced a high secretion
of TNF-a and IL-6, two pro-inflammatory cytokines produced
downstream of TLR- and MyD88-dependent signaling pathway
(Rousseau et al., 2004). The authors also mentioned that the
greater amount of TNF-a and IL-6 at the site of infection could
overstimulate the recruitment of macrophages. The exact mech-
anism of how DIM are able to mask the mycobacterial PAMPs,
and which TLR-containing immune cell is involved, remain to
be described. On the other hand, our group proposed that DIM
target lipid organization in the membrane of host macrophages,
thereby modifying its biophysical properties and subsequently
the activity of membrane effectors (Astarie-Dequeker et al,
2009). We observed that DIM-deficient mutants are poorly effi-
cient to infect human macrophages, and accumulate in acidified
phagosomes at early time post-infection. Importantly, preven-
tion of phagosomal acidification by the proton-ATPase inhibitor,
bafilomycine, rescued the growth defect of a DIM deficient
mutant (Passemar et al., 2014). This suggests that DIM con-
tribute to the intracellular growth of Mtb by excluding some-
how the proton-ATPase from the phagosomal membrane. At

late post-infection stages, DIM-deficiency affects the capacity
of Mtb to induce cell death and to disseminate into bystander
macrophages (Passemar et al., 2014). While these results should
be interpreted with caution, they suggest that DIM participate
in control of the outcome of infected macrophages and cell-to-
cell spread of Mtb. At the root of these observations, we noticed
that Mtb interacts with macrophages in a manner that induces
changes in membrane fluidity along with the requirement of
DIM at the bacterial surface (Astarie-Dequeker et al., 2009). The
ability of DIM to induce changes in membrane fluidity is consis-
tent with their hydrophobic properties that would facilitate their
insertion into membranes. As non-covalently bound molecules
to the outer cell wall layer of mycobacteria, DIM could thus insert
into membranes of macrophages to induce biophysical changes
that would modulate the activity of membrane-associated effec-
tors. At the level of the plasma membrane, this would increase
macrophage infection by enhancing the activity of phagocytic
receptors (e.g., complement receptor 3, CR3), and subsequent
bacterial replication through inhibition of phagosome acidifi-
cation (Astarie-Dequeker et al., 2009; Passemar et al., 2014).
Moreover, DIM could also collaborate with the secreted Mtb pro-
tein, ESAT-6 by modulating its membrane lytic activity. Indeed,
DIM and ESAT-6 share the capacity to induce cell death and cell-
to-cell spread of Mtb (Aguilo et al., 2013; Passemar et al., 2014),
two events associated to membrane damages.

Collectively, these results clearly established that DIM play an
active role at modulating the recognition of mycobacterial PAMPs
and avoiding the activation of pro-inflammatory macrophages,
and at the same time, altering macrophage responses to its favor
possibly by provoking changes in the membrane fluidity that
ultimately affect the microbicidal functions.

SEEKING THE RIGHT PARTNER TO PLAY: THE SIGNIFICANCE
OF PGL STRUCTURAL VARIABILITY

PGL possess a common lipid core closely related to DIM that,
consequently, may share the properties just described for these
molecules. However, PGL also exhibit species-specific saccharide
domains (Figure 1) and this variation in sugar content may have
a strong impact on the PRRs involved in their recognition, and
therefore, on their biological activities.

Most of Mtb clinical isolates, as well as the reference labora-
tory strains, are unable to produce PGL (Constant et al., 2002).
Yet, some Mib strains are able to synthesize a specific form of PGL
named PGL-Tb1. This strongly suggests that PGL are not essential
for TB pathogenesis. However, their presence may have an impact
on the interaction with the host and increases Mtb virulence.
Indeed, Reed et al. established that the production of PGL-Tb1 in
a Beijing clinical isolate is associated with a hypervirulent pheno-
type in animal models (Reed et al., 2004). It was also reported that
treatment of mouse macrophages with purified PGL-Tb1 inhibits
the production of the pro-inflammatory cytokines TNF-a, IL-6
and CCL2, and that this effect was dependent on its saccha-
ride domain. The activity of PGL-Tbl on the modulation of
the immune response was also supported by independent results
showing that the production of this lipid in the laboratory strain
H37Ryv, usually unable to synthesize it, modifies cytokine secre-
tion by infected macrophages (Sinsimer et al., 2008). However,
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in that series of experiments, PGL-Tb1-producing H37Rv was
not found to be more virulent than the parental strain in mice.
Pointing to the relevance of this molecule, PGL-deficient Mtb
strains were found to release p-hydroxybenzoic acid derivatives
(p-HBAD), a truncated form of PGL containing just the saccha-
ride domain and the phenol ring, which may also have biological
activities (Constant et al., 2002). Mutants unable to produce PGL-
Tb1 glycosylated-phenol moiety (p-HBAD II) induced increased
secretion of the pro-inflammatory cytokines TNF-o, IL-6 and
IL-12p40 (Stadthagen et al., 2006).

PGL are also produced by the fish pathogen M. marinum,
used in several laboratories to model host-pathogen interactions
in the context of human TB. PGL-mar (Figure 1) was found to
be a key factor in the phagosomal maturation arrest induced by
M. marinum (Robinson et al., 2008). In addition, the ability of
purified PGL-mar to abrogate the secretion of pro-inflammatory
cytokines TNF-o and IL-12p40 by human macrophages was also
described. Little more was known about the biological activities
of this molecule until recently, when it was demonstrated that
PGL-mar is involved in the chemokine (C-C motif) receptor 2
(CCR2)-dependent recruitment of macrophages by inducing the
expression of the chemokine CCL2 through a molecular mecha-
nism still unknown (Cambier et al., 2014). Indeed, by selectively
recruiting pathogen-permissive macrophages, Cambier et al.
demonstrated that PGL-mar, in a proposed coordinated manner
with the masking effect of DIM, increases M. marinum fitness in
the host.

Finally, PGL-1 from M. leprae has retained special attention
among the different PGL species since its discovery in the early
1980s, mainly due to the high immunogenicity of its sugar moi-
ety (for a review see Spencer and Brennan, 2011). Like PGL-Tb1,
PGL-1 contains a trisaccharide domain but the structure is dif-
ferent (Figure 1). Mainly due to the inability to grow the leprosy
bacillus in vitro, there is a large body of literature using isolated
PGL-1 to study its role in the modulation of host immune (Mehra
et al., 1984; Schlesinger et al., 1994). Among others, PGL-1
was found to inhibit the pro-inflammatory cytokine secretion
by human monocytes (Silva et al., 1993). In addition, M. lep-
rae induces a poor activation and maturation of dendritic cells,
and dampens their ability to induce T-cell responses (Hashimoto
et al., 2002). This inhibition was partially relieved by treatment
of M. leprae-infected cells with anti-PGL-1 antibodies. Together,
those studies suggest that PGL-1, through its terminal trisaccha-
ride motif, is the factor responsible for the immunosuppression
observed in lepromatous leprosy, one of the most characteris-
tic forms of the disease. Using an original genetic engineering
strategy, our team has demonstrated that PGL-1 expression in
M. bovis BCG enables this recombinant strain to exploit CR3
to promote bacterial uptake and to inhibit TNF-a secretion by
human macrophages (Tabouret et al., 2010). In line with this
finding, a recent study showed that synthetic PGL-1 saccharide
moiety reduces the production of cytokines (TNF-a, IL-6, IL-1f
and CCL2) induced by TLR-2 (Elsaidi et al., 2013).

These results indicate that mycobacteria make use of PGL
to modulate host innate immune response, and that this activ-
ity is primarily mediated by their saccharide domain through
an unknown molecular mechanism. Our data also support the

notion that some PGL forms, such as PGL-1, could enable
mycobacteria to take advantage of CR3 (Tabouret et al., 2010) to
invade macrophages and exert anti-inflammatory properties by
interfering with the TLR-dependent pro-inflammatory responses,
as previously described for other pathogens (Wang et al., 2007;
Hajishengallis and Lambris, 2011; Dai et al., 2013). However,
we cannot rule out the possibility of a direct inhibition of TLR-
dependent cytokine secretion, or the direct interaction with a
“PGL receptor” on epithelial cells, is involved in the induction of
CCL2 and subsequent macrophage recruitment, as hypothesized
by Cambier et al. for M. marinum (Cambier et al., 2014). Finally,
it is important to keep in mind that the structure of the saccharide
domain of PGL is highly variable and species-specific (Figure 1).
Therefore, it remains to be seen whether the strategy involved in
immunomodulation is the same or varies for each PGL variant,
and whether a PGL variant is more active than others.

CONCLUSION: PLAYING HIDE-AND-SEEK WITH HOST
MACROPHAGES

From these data, it emerges that pathogenic mycobacteria utilize
DIM, on their own or in conjunction with PGL (depending on
mycobacterial strains) for diverting macrophages from their nat-
ural function and for establishing infection. Most of the research
has focused on the macrophage because its dialog with mycobac-
teria is thought to be the seminal step of the immune response.
The study of Cambier et al. marks an important step in under-
standing the functions of lipids, as it takes into account the full
repertoire of the innate immune system (Cambier et al., 2014).
However, several questions remain pending: for example, what is
the population of recruited macrophages? If we refer to the model
illustrating changes in macrophage polarization throughout the
infectious process (Lugo-Villarino et al., 2011), lipids might
mediate evasion of microbicidal functions of M1 macrophages in
the early stage of infection, whereas they might favor recruitment
of M2 macrophages with weak microbicidal competences later
on during infection. It also remains to be determined how lipids
behave within macrophages with distinct phenotype/polarization
in order to assess whether, by virtue of their pleiotropic effect,
they have an intracellular impact throughout the disease.

We anticipate that the identification of the molecular mecha-
nisms involved in Mtb lipid effects will lead to the characterization
of signaling pathways that are modulated for the benefit or detri-
ment of mycobacteria survival in the host. Therefore, we would
like to provide a framework to study the molecular mechanisms
governing mycobacterial DIM and PGL activity at the direct inter-
face with macrophages (Figure 2). We propose that DIM exert
more than a masking effect of cell wall exposed Mtb PAMPs
(Cambier et al.,, 2014) and play an active role through their
hydrophobic part to reshape macrophage activity (Figure 2A).
We also propose that PGL, on their part, act through their saccha-
ride domains as potential ligands for carbohydrate-recognizing
receptors expressed at the surface of macrophages (Figure 2B).

For the purpose of conciseness, we focused the current per-
spective on DIM and PGL, but we believe that in the near future
there will be a need for a broad assessment of mycobacterial lipids
and their overall effects in the immune system. Novel strategies
need to be devised in order to deal with the redundant role as
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FIGURE 2 | Putative molecular mechanisms through which DIM and
PGL remodel macrophage activity during the early steps of infection.
When mycobacteria encounter macrophages, they use cell surface
exposed PAMPs to recognize numerous plasma membrane PRRs, such
as TLR (e.g., TLR-2) and carbohydrate-recognition receptors (e.g., CR3 or
other lectin receptors). (A) During bacterial recognition, DIM exert a
masking effect on PAMPs, thereby preventing TLR-2 detection and
triggering of subsequent bactericidal and immune responses. DIM could
also insert into plasma membrane, changing its biophysical properties in
a manner that increases CR3-mediated bacteria uptake, and decreases
bactericidal functions. Likewise, DIM could insert within intracellular
membranes (e.g., phagosomal membranes) where they collaborate with

\J
4 Immune response T Macrophage

recruitment

ESAT-6 to increase its membrane lytic activity, thereby inducing
membrane damage and consequently allowing mycobacteria to escape
into the cytosol. Altogether, DIM-mediated effects may lead to
mycobacteria replication and innate immune evasion. (B) Some PGL
species, such M. leprae PGL1 and potentially Mtb PGL:-Tb1, are able to
decrease host immune response either by direct inhibition of TLRs or by
taking advantage of lectin receptor (e.g., CR3) capacity to interfere with
TLR-triggered pro-inflammatory cytokine secretion (e.g., TNFa). They may
also exploit these lectin receptors to promote mycobacterial uptake by
macrophages. In the case of PGl-mar, a putative “PGL receptor” at the
surface of epithelial cells has been proposed to be responsible for the
induction of CCL2, and the subsequent macrophage recruitment.

virulence or immunomodulatory factor among mycobacteria cell
envelope lipids. In this aspect, our group has undertaken the con-
struction of single and multiple lipid mutants to assess the role
of trehalose-derived lipids, sulfolipids, diacyltrehaloses and poly-
acyltrehaloses, and their respective contribution to the virulence
together with DIM (Passemar et al., 2014). Similarly, there is a
well-known redundancy among host PRRs that may hamper the
characterization of signaling pathways triggered by mycobacterial
lipids; our group has also made headways to develop techniques
for the simultaneous double-gene silencing in primary mononu-
clear phagocytes (Troegeler et al., 2014). Finally, PGL variants
merit careful consideration, as there is a strong potential for

variation at the functional level according to species. This is
particularly true for the assessment of permissive macrophage
recruitment toward the site of infection for both PGL-Tb1 and
PGL-1. Unlike the inducing effect by PGL-mar in the context
of zebrafish infection (Cambier et al., 2014), both PGL-Tb1 and
PGL-1 inhibit the CCL2 secretion by macrophages (Reed et al.,
2004; Elsaidi et al., 2013). This divergence could be due to a dif-
ferential effect of PGL depending on cellular context, or more
interestingly, through a distinctive recognition by the involved
receptor according to the saccharide composition. To address this
type of question, the strategy developed by our team based on
the use of M. bovis BCG as surrogate might be a valuable tool to
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enable the direct comparison of the effects of the PGL variants in
the context of a relevant mycobacterial envelope and within the
same genetic background (Tabouret et al., 2010).

In conclusion, we believe that the development of micro-
biological tools and adequate research models, in combination
with multidisciplinary strategies, should open up new venues
to achieve a better understanding of the ever-evolving relation-
ship between host and pathogen. In many ways, the lipid at the
mycobacteria wall is just a starting point!
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Lipoarabinomannan is a major immunomodulatory lipoglycan found in the cell envelope
of Mycobacterium tuberculosis and related human pathogens. It reproduces several
salient properties of M. tuberculosis in phagocytic cells, including inhibition of
pro-inflammatory cytokine production, inhibition of phagolysosome biogenesis, and
inhibition of apoptosis as well as autophagy. In this review, we present our current
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mechanisms employed and the signaling pathways hijacked. Available information is
discussed in the context of M. tuberculosis pathogenesis.
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INTRODUCTION

Mpycobacterium tuberculosis (M.tb), the causative agent of tuber-
culosis, is one the most effective human pathogens. Its viru-
lence is multifactorial but initially relies on its ability to parasite
and manipulate phagocytic cells in the lung. Mannose-capped
lipoarabinomannan (ManLAM), a macroamphiphilic lipoglycan
exposed at the surface of M.tb cell envelope (Nigou et al., 2003;
Pitarque et al., 2008), is a key factor allowing the bacilli to
manipulate phagocyte functions (Chatterjee and Khoo, 1998;
Gilleron et al., 2008). Indeed, it reproduces several salient prop-
erties of M.tb in phagocytic cells, including inhibition of pro-
inflammatory cytokines production, inhibition of phagosome
maturation, inhibition of macrophage apoptosis, and inhibi-
tion of autophagy. ManLAM is a Pathogen-Associated Molecular
Pattern recognized by several receptors of the innate immune
system, including the C-type lectins Mannose Receptor (MR),
DC-SIGN and Dectin-2, as well as TLR2 (Gilleron et al., 2008;
Ray et al., 2013). It is a potential ligand for the entry of M.tb
into macrophages via the MR (Schlesinger et al., 1994) and
into dendritic cells (DCs) via DC-SIGN (Maeda et al., 2003;
Tailleux et al., 2003). ManLAM inhibitory properties mainly rely
on its ability to bind these two lectins. ManLAM can be a lig-
and of these receptors not only at the surface of M.tb bacilli but
also as a soluble molecule. Indeed, it is delivered from infected
macrophages, through exosomes or apoptotic vesicles, to non-
infected bystander phagocytic cells (Beatty et al., 2000; Schaible
et al., 2003). This pathway is thought to be critical for shap-
ing immune response but might also be used by the pathogen
as a way to disseminate immunomodulatory molecules such as
ManLAM.

Keywords: lipoarabinomannan, Mycobacterium, cytokine, phagosome, apoptosis, autophagy

LIPOARABINOMANNAN STRUCTURE AND

PHYSIOLOGICAL ROLE

Lipoarabinomannan (LAM) is ubiquitously found in mycobac-
terial species (Nigou et al., 2003; Briken et al., 2004; Gilleron
et al., 2008; Mishra et al., 2011; Angala et al., 2014). It presents
a tripartite structure including a lipid anchor, namely Mannosyl-
Phosphatidyl-myo-Inositol (MPI), a polysaccharide backbone
composed of D-Mannan and D-Arabinan, and finally caps
(Figure 1A). MPI anchor is based on a sn-glycerol-3-phospho-
(1-D-myo-inositol) unit with one a-D-Mannopyranosyl (a-D-
Manp) unit linked at O-2 of the myo-inositol. Four potential
sites of acylation are present on the anchor: positions 1 and 2
of the glycerol unit, position 6 of the Manp unit and position
3 of the myo-inositol (Nigou et al., 1999; Gilleron et al., 2000)
(Figure 1A). LAM and its biosynthetic precursors, phosphatidyl-
myo-inositol-mannosides (PIMs) and lipomannan (LM), are
predominantly tri- and tetra-acylated by palmitic and tuber-
culostearic (10-methyl-octadecanoic) acids (Khoo et al., 1995;
Gilleron et al., 1999). Position O-6 of myo-inositol is glycosylated
by the mannan core. PIMs comprise different glyco-forms, con-
taining one to six a-D-Manp units (PIM; to PIMg), PIM; and
PIM; being the most abundant ones. The D-mannan core of LAM
and LM is composed of an (a1—6)-Manp backbone substituted
at some O-2 by a single a-D-Manp unit. The D-arabinan por-
tion of LAM contains about 60 arabinofuranosyl (Araf) units
which are present as a single arabinan chain attached through
an (a1—2) linkage near the middle of the D-mannan core (Kaur
et al., 2014). The innermost region is made of a linear (al—5)-
Araf backbone and is followed by a branched region. The non-
reducing termini consist of branched hexa-arabinofuranosides
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FIGURE 1 | Structural model of and cell signaling pathways triggered
by ManLAM and its biosynthetic precursors LM and PIMs. (A)
ManLAM is a 17kDa heterogenous macromolecule exhibiting a tripartite
structure: (i) a MPI anchor, which can be mono- to tetra-acylated, (i) a
polysaccharide backbone composed of D-Mannan and D-Arabinan, and
(i) mannose caps, which are mono-, (a1—2)-di- and
(a1—2)-tri-mannoside units. PIMs and LM are biosynthetic precursors of
LAM. Their structure is based on the MPI anchor, glycosylated by one
to six mannose units (PIMs) or the full mannan domain (LM). To our
present knowledge, the MPI anchor and the Mannose caps are the
main structural determinants of ManLAM biological properties. (B) LM,
and to a much lesser extent PIMs, PILAM and ManLAM, induce
pro-inflammatory cytokines production in DCs and macrophages via the
recognition of tri- or tetra-acylated MPI anchor by TLR2/TLR1
heterodimer. ManLAM elicits cytokines in bone marrow-derived DCs via
mannose caps binding to Dectin-2. But it also inhibits the production of
pro-inflammatory cytokines 1112, TNFa, and IL:6, and induces Il:10 by
LPS-stimulated human DCs through DC-SIGN ligation. The signaling
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pathway involves activation of Raf-1, which results in the
phosphorylation of the p65 subunit of NFkB at Ser276, leading to the
acetylation of p65 by two histone acetyltransferases. Translocation of
NF«B in response to TLR activation, and initially dedicated to the
transcription of the pro-inflammatory cytokine-coding genes, is reoriented
on anti-inflammatory promoter targets, resulting in the decrease of these
cytokines to the benefit of I:10. ManLAM also inhibits 1-12 and TNF-a
in macrophages independently of [-:10 production, by directly acting on
the TLR4 signaling cascade through induced expression of IRAK-M,
which can compete with IRAK1 for binding to TRAF6 and thus inhibit
NF-«B activation. ManLAM also promotes tyrosine dephosphorylation of
multiple proteins including MAPK, an effect that might be explained by
an increased activity of tyrosine phosphatase SHP-1. MR is likely to
mediate ManLAM immunosuppressive activities in macrophages,
although it has no signaling motif in its cytoplasmic domain, raising the
intriguing question as to whether it associates with adapter molecules
to transduce signals. The ability of ManLAM to bind MR might in part
determine its other inhibitory properties as detailed in Figure 2.

and linear tetra-arabinofuranosides, which end with an Araf-
(B1—2)-Araf-(al— motif. Some B-Araf units are substituted
at O-5 by capping motifs. The caps differ according to the
mycobacterial species. LAM from slow-growing mycobacteria,
including the pathogenic species M.tb, Mycobacterium leprae and

Mycobacterium ulcerans, are capped with mono-, (a1—2)-di- and
(a1—2)-tri-mannoside units (mannose-capped LAM is referred
to as ManLAM) (Chatterjee et al., 1992) (Figure 1A). In contrast,
LAM from fast-growing species is either capped by phospho-myo-
inositol units (PILAM), such as in the non-pathogenic model
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organism Mycobacterium smegmatis, or not capped (AraLAM).
LAM in any strain further displays considerable structural micro-
heterogeneity, with various acyl-forms and glyco-forms. In addi-
tion, ManLAM may be substituted by discrete motifs, such
as succinyl residues on the arabinan chain or (al—4)-linked
methyl-thio-D-xylose (MTX) residues on some terminal Manp
units of the mannose caps or the mannan core.

LAM is not restricted to mycobacteria. Indeed, LAM-like
molecules are also produced by phylogenetically close rel-
atives of bacteria of the suborders Corynebacterineae and
Pseudonocardineae, including Corynebacterium (Tatituri et al,
2007), Rhodococcus (Garton et al., 2002; Gibson et al., 2003b),
Tsukamurella (Gibson et al., 2004), Turicella (Gilleron et al.,
2005), Amycolatopsis (Gibson et al., 2003a), or Saccharothrix
(Gibson et al., 2005) genera. In these bacteria, lipoglycans are
thought to functionally replace lipoteichoic acid otherwise pro-
duced by low G+C Gram-positive bacteria. These macroam-
phiphiles play a fundamental role in the physiology of bacteria,
although yet not fully understood (Ray et al., 2013). Defective
or deficient lipoglycans synthesis is associated with lethality or
growth defects (Gilleron et al., 2008) and changes in lipogly-
can structures have a significant impact on the cell wall integrity
of mycobacteria (Fukuda et al., 2013). For example, structural
defects in LM and LAM in M. smegmatis result in loss of acid-
fast staining, increased sensitivity to B-lactam antibiotics, and
faster killing by macrophages (Fukuda et al., 2013). Accordingly,
mycobacterial D-arabinan biosynthesis is the target of etham-
butol (Deng et al., 1995), a first-line drug in the treatment of
tuberculosis, as well as of benzothiazinones (Makarov et al.,
2009), which are new antituberculous drug candidates in preclin-
ical development. The elucidation of the complete biosynthetic
pathways of these important molecules is therefore expected to
afford novel therapeutic targets (Angala et al., 2014).

In the context of host-pathogen interaction, to our present
knowledge, the MPI anchor and the mannose caps are the main
structural determinants of ManLAM biological properties, the
role of the discrete motifs remaining elusive. The MPI anchor
is recognized by TLR2/TLR1 heterodimer, whereas the mannose
caps allow the binding to C-type lectins (Gilleron et al., 2008; Ray
et al., 2013).

MANIPULATION OF PHAGOCYTES RESPONSES

The success of M.tb as an intracellular pathogen relies on its
extraordinary capacity to disarm phagocyte antibacterial defenses
whereby turning hostile phagocytes into safe havens for repli-
cation. Beyond their impact on innate immune responses such
manipulations can also be detrimental in development of an
efficient adaptive immunity. Interestingly, several of these manip-
ulations can be mirrored by purified ManLAM.

PRO-INFLAMMATORY CYTOKINES PRODUCTION

The inflammatory response is crucial to control M.tb infec-
tion through macrophage activation and granuloma formation.
LM, and to a much lesser extent PIMs, PILAM, and ManLAM,
induce pro-inflammatory cytokines production via the recogni-
tion of tri- or tetra-acylated MPI anchor by TLR2/TLR1 (Gilleron
et al., 2003, 2006; Vignal et al., 2003; Quesniaux et al., 2004;

Nigou et al,, 2008; Ray et al, 2013) (Figure 1B). However,
a prolonged stimulation of TLR2 has been shown to result
in inhibition of MHC class II transactivator expression, MHC
class IT molecule expression and antigen presentation (Gehring
et al., 2004). M.tb might have subverted this general mechanism
of negative-feedback regulation that prevents excessive T cell-
mediated inflammation to evade recognition by CD4" T cells
(Harding and Boom, 2010).

ManLAM was recently shown to elicit TNF-a, IL-6, and IL-
10 in bone marrow-derived DCs via mannose caps binding to
Dectin-2 (Yonekawa et al., 2014) (Figure 1B). However, we previ-
ously found that M.tb ManLAM can also inhibit the production of
pro-inflammatory cytokines IL-12 and TNF-o by LPS-stimulated
human DCs (Nigou et al., 2001, 2002) (Figure 1B). We initially
proposed the C-type lectin MR to mediate ManLAM inhibitory
activity because the latter (i) relied on the presence of both the
mannose caps and the fatty acids which are also required for
ManLAM binding to MR and (ii) could be mimicked by an ago-
nist anti-MR monoclonal antibody. However, it was later shown
that ManLAM binding to DCs is not inhibited by anti-MR but
rather by anti-DC-SIGN antibodies and that a blocking anti-DC-
SIGN antibody inhibits ManLAM-induced IL-10 production by
LPS-stimulated DCs (Geijtenbeek et al., 2003). Why ManLAM
only binds DC-SIGN on DCs, although MR is expressed on these
cells, remains unclear (Blattes et al., 2013). ManLAM also inhibits
IL-12 and TNF-a in human THP-1 (Knutson et al., 1998) and
murine RAW 264.7 (Pathak et al., 2005) macrophage cell lines
although DC-SIGN is absent. MR is likely to mediate ManLAM
effect in these cells, as the ability of MR to trigger an anti-
inflammatory signal was confirmed by other independent studies
(Chieppa et al., 2003; Zhang et al., 2005).

How DC-SIGN or MR signal into the cells and interfere with
LPS-induced TLR4 signaling is not yet completely understood
(Figure 1B). DC-SIGN displays intracellular motifs that are able
to constitutively recruit the lymphocyte-specific adaptor protein
LSP1 which associates the complex KSR1-CNK-Raf-1 (Gringhuis
etal., 2009) (Figure 1B). Upon ligand binding, activation of Raf-
1 results in the phosphorylation of the p65 subunit of NF-kB
at Ser276, leading to the acetylation of p65 (Gringhuis et al.,
2007). NF-kB activity is then prolonged and increases the tran-
scription rate at the IL-10 anti-inflammatory cytokine promoter.
However, Raf-1 signaling alone does not induce cytokine expres-
sion. Translocation of NF-kB in response to TLR activation and
initially dedicated to the transcription of the pro-inflammatory
IL-12p35, IL-12p40, IL-6, and TNF-a cytokine-coding genes is
reoriented on anti-inflammatory promoter targets, resulting in
the decrease of these cytokines to the benefit of IL-10 (Gringhuis
et al., 2007) (Figure 1B). Gringhuis et al. (2009) proposed that
DC-SIGN may discriminate among mannosylated and fucosy-
lated ligands and modulate the TLR signaling into a pro- or
anti-inflammatory response respectively. However, this appears to
be in contradiction with the set of data showing that ManLAM
or synthetic mannosylated analogs engaging DC-SIGN inhibit
pro-inflammatory cytokines production (Nigou et al., 2001;
Geijtenbeek et al., 2003; Blattes et al., 2013). MR has no signaling
motif in its cytoplasmic domain, raising the intriguing question
as to whether it associates with adapter molecules to transduce
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signals. Pathak et al. (2005) demonstrated that ManLAM damp-
ens IL-12 in RAW 264.7 macrophages independently of IL-10
production, by directly acting on the TLR4 signaling cascade
through induced expression of IRAK-M, which can compete with
IRAKI1 for binding to TRAF6 and thus inhibit NF-«B activation
(Figure 1B).

ManLAM anti-inflammatory activity relies on its ability to
bind DC-SIGN or MR and both the mannose caps and the
fatty acids are required for efficient binding (Nigou et al., 2001,
2002). Indeed, fatty acids induce a supramolecular organization
of ManLAM in aqueous solution, resulting in the formation of
a 30 nm spherical structure (Figure 1B), composed of approx-
imately 450 molecules with the mannose caps exposed at the
surface (Riviere et al., 2004). This multivalent supramolecular
structure allows multipoint attachment of ManLAM, via man-
nose caps, to the Carbohydrate Recognition Domains (CRD) of
multimeric DC-SIGN receptors (Feinberg et al., 2001; Mitchell
et al.,, 2001), thereby ensuring high affinity binding (Nigou et al.,
2001; Riviere et al., 2004) (Figure 1B). Following this rationale,
we were able to design fully synthetic compounds mimicking
the bioactive supramolecular structure of ManLAM, i.e., mann-
odendrimers, that display potent anti-inflammatory activity both
in vitro and in vivo and that could be of therapeutic use (Blattes
et al., 2013).

The ability of ManLAM to bind MR might in part determine
its other inhibitory properties as described below (Figure 1B)
(Gilleron et al., 2008).

PHAGOSOME MATURATION

One main function of professional phagocytes is the uptake of
microorganisms through phagocytosis. This event results in for-
mation of a vacuole called phagosome which then matures into
a phagolysosome through a series of fusion reactions with the
endocytic and secretory pathways and ultimately fusion with lyso-
somes (Flannagan et al., 2012). Maturation endows phagosome
with new bactericidal properties predominantly hydrolase activi-
ties, acidic pH and antimicrobial peptides. Therefore, phagosome
maturation process is crucial for killing of captured microbes as
well as their antigen presentation to T lymphocytes. Inhibition
of phagosome maturation by M.tb was reported more than 40
years ago (Armstrong and Hart, 1971). Since then, numerous
mycobacterial factors have been identified and characterized as
disruptors of phagosome maturation (Russell, 2011), including
ManLAM and PIMs (Fratti et al.,, 2001; Vergne et al., 2004).
Importantly, the ability of M.tb to block phagosome maturation is
shared by other pathogenic mycobacteria such as Mycobacterium
avium and Mycobacterium marinum which produce ManLAM
but not by non-pathogenic M. smegmatis which produces PILAM
(Anes et al., 2006; Appelmelk et al., 2008; de Chastellier et al.,
2009).

Early work by Deretic and colleagues showed that mycobac-
teria block phagosome maturation between stages orchestrated
by Rab5 and Rab7, two small GTPases involved in membrane
trafficking and present on early and late endosomes, respec-
tively (Via et al., 1997). Later on, they pinpointed this block
to impairment in recruitment of EEAI, a tethering protein and
Rab5 effector, essential for phagosome maturation (Fratti et al.,

2001). EEA1 recruitment is instrumental in delivering hydro-
lases such as Cathepsin D and H*-ATPase subunit Vo from
Trans-Golgi-Network (TGN) to the phagosome (Fratti et al,
2003). EEAL is recruited to the phagosomal membrane via Rab5
and phosphatidylinositol 3-phosphatase (PI3P) which is synthe-
sized by type III PI3Kinase, hVPS34 (Fratti et al., 2001). In
the same report, authors showed that ManLAM-coated beads,
in contrast to control beads, prevent EEA1 recruitment to the
phagosomal membrane, delivery of Cathepsin D, and phagosome
acidification (Fratti et al., 2001, 2003). Inhibition of phagosome
maturation by ManLAM was later confirmed by several groups
(Hmama et al., 2004; Kang et al., 2005; Welin et al., 2008).

Another important player in phagosome maturation is Ca?*
signaling. Phagocytosis of dead M.tb but not of live M.tb trig-
gers an increase of cytosolic Ca** that results in activation of
calmodulin-dependent kinase IT (CaMKII) (Malik et al., 2000,
2001). Inhibition of Ca?*, Calmodulin (CaM) and CaMKII pre-
vents phagosome containing dead M.tb to fuse with lysosomes.
Vergne et al. showed that Ca?* signaling is central for PI3P syn-
thesis on phagosomal membrane, consequently for EEA1 recruit-
ment (Vergne et al., 2003). CaM and CaMKII seem to play a role
in hVPS34 recruitment and/or activation. Notably, in contrast to
PILAM, ManLAM limits Ca?* influx in cytosol, thus explain-
ing its effect on EEA1 recruitment and phagosome maturation
(Figure 2). Interestingly, PIMs can also inhibit phagosome acidi-
fication, not by preventing EEA1 recruitment, but by promoting
fusion between phagosome and early endosomes (Vergne et al,,
2004). How PIMs trigger early endosome fusion remains to be
elucidated but it might involve Rab14, a small GTPase specif-
ically recruited by live mycobacteria to favor phagosome-early
endosomes fusion and block phagosome acidification (Kyei et al.,
2006) (Figure 2).

What are ManLAM molecular targets, upstream of Ca®*
signaling, responsible for phagosome maturation arrest? Two
main mechanisms, non-mutually exclusive, have been uncov-
ered. Schlesinger’s group has demonstrated that ManLAM limits
phagosome maturation by binding to MR (Kang et al., 2005).
Interestingly, ManLAM acyl chains are important to maintain
this blockade beyond 1 h, suggesting a possible additional mech-
anism for ManLAM action. ManLAM can insert into lipid
microdomains, called rafts, via the MPI anchor, resulting in
membrane disorganization and inhibition of membrane fusion
(Hayakawa et al., 2007; Welin et al., 2008). However, it is
still unclear whether rafts disruption and/or MR are responsi-
ble of Ca?™ signaling inhibition or are completely independent
mechanisms.

APOPTOSIS

The role(s) of apoptosis and other cell-death pathways in
Tuberculosis remain(s) a matter of intense debate. Several reports
suggest that inhibition of excessive apoptosis may be beneficial
for the pathogen during early stage of infection for maintaining
its replicative niche and limiting cross-presentation and cross-
priming of CD8% T-cells through phagocytosis of apoptotic
bodies by DCs. M.tb seems to be able to block both extrinsic
pathway of host cell apoptosis which relies on activation of death
receptors (Fas/CD95, TNFR1) and the intrinsic pathway triggered
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FIGURE 2 | Schematic representation of ManLAM and PIM action on
phagosome maturation and autophagy. Right part: After
phagocytosis, mycobacteria reside in a vacuole, called phagosome.
Phagosome maturation consists in a series of fusion events with
exocytic and endocytic pathways. One key step is the delivery of
Cathepsin D and HT-ATPase subunit Vo from Trans-Golgi-Network (TGN)
to the phagosome. This step is mediated by tethering protein EEA1
which is recruited to the phagosome by small GTPase Rab5 and
phosphatidylinositol 3-phosphate (PI3P). ManLAM blocks phagosome
maturation through inhibition of CaZ*/CaM/CaMKIl signaling pathway
involved in PI3P production by type lll PI3Kinase hVPS34. ManLAM can
also block phagosome maturation by engaging mannose receptor and
disrupting membrane microdomains, rafts, however, the link with
Ca?t/CaM signaling has not been studied. PIMs, ManLAM precursor,
impair phagosome maturation by stimulating fusion between phagosome
and early endosomes. Mycobacterium tuberculosis recruits Rab14 to
phagosome to promote early endosome fusion thus impairs phagosome
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maturation. It remains to be established whether PIMs promotes early
endosome fusion through Rab14 recruitment. Left part: Mammalian
target of rapamycin (MTOR) kinase, activated by Ser/Thr kinase Akt and
inhibited by AMP-activated Protein Kinase (AMPK), is a master repressor
of autophagy. Beclin-1, an autophagy-related protein in complex with
hVPS34, is essential for autophagy. Beclin-1/hVPS34 complex is
activated by AMPK and repressed by Bcl-2. ULK1, another important
autophagy-related protein, is activated by AMPK and inhibited by mTOR.
CaZt influx has been shown to activate AMPK, hVPS34, and represses
Bcl-2 expression. IFNy induces autophagy. Based on known effects of
ManLAM on Ca?t influx, Bcl-2, Akt and IFNy signaling, we postulate
that ManLAM might inhibit autophagy by targeting Beclin-1/hVPS34
complex, Akt/mTOR or IFNy pathways. The relationship between effects
of ManLAM on these different signaling pathways and autophagy awaits
investigation. Arrows and characters are represented in gray to indicate
that the molecular mechanisms of LAM action on autophagy are
hypothetical.

by mitochondrial outer membrane permeabilization (Briken and
Miller, 2008). Although M.tb genes involved in these inhibitions
are just beginning to be unveiled, ManLAM was one of the first
mycobacterial product identified as an inhibitor of apoptosis
(Rojas et al., 2000; Briken and Miller, 2008).

The mechanisms of apoptosis inhibition by ManLAM seem to
be multiple. As for phagosome maturation, ManLAM inhibition
of Ca®* signaling appears to be an important step in block-
ing infection-induced apoptosis (Rojas et al., 2000). Numerous
Ca’*-associated events are known to play a role in apoptosis,
among them alteration of mitochondrial permeability transition
and down-regulation of anti-apoptotic protein Bcl2 have been
shown to be repressed by ManLAM (Rojas et al., 2000). Besides
Ca’* signaling, ManLAM can prevent intrinsic apoptosis path-
way through activation of Ser/Thr kinase Akt and phosphoryla-
tion of the pro-apoptotic protein Bad (Maiti et al., 2001). More
recently, one report indicates that ManLAM can promote extra-
cellular release of soluble TNF-a receptor. Thus, ManLAM might

also interfere with the extrinsic apoptosis pathway by neutralizing
TNF-a (Richmond et al., 2012).

AUTOPHAGY
Autophagy is a highly conserved eukaryotic intracellular process
that carries out lysosomal degradation of damaged, superfluous
or toxic cytoplasmic components (Levine et al., 2011; Rubinsztein
et al., 2012). In addition to its housekeeping role, autophagy
plays major immunological functions, especially, in host anti-
bacterial defenses (Levine et al., 2011; Deretic et al., 2013). These
functions range from effector of pattern recognition receptors
and inflammation regulation to antigen presentation and direct
elimination of microbial agents. Specifically, autophagy is a key
immune effector involved in intracellular clearance of important
bacterial pathogens such as M.tb.

Autophagy is orchestrated by more than 30 dedicated pro-
teins, called autophagy-related proteins (Atg) (Marino et al,
2014). The autophagic process begins with formation of an
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isolation membrane initiated by Ser/Thr kinase Ulkl (Atgl),
which phosphorylates Beclin-1 (Atg6) in complex with hVPS34
to promote its activation (Russell et al., 2013). The isolation
membrane is then expanded through action of two ubiquitin-
like conjugation systems, the covalent linkage of Atgl2 with
Atg5 and of LC3 (Atg8) with phosphatidylethanolamine, which
lead to engulfment of intracellular components inside a double-
membrane bound organelle called autophagosome. LC3, along
with entrapped cytosolic content, is then degraded after fusion
of autophagosome with lysosomes. In the context of phagocy-
tosis, a non-canonical autophagy pathway, called LC3-associated
phagocytosis (LAP), has been described which involves direct LC3
lipidation on the phagosomal membrane (Mehta et al., 2014).
This alternative pathway, triggered by some Pattern Recognition
Receptors, such as TLR2, appears to be ULK1 independent and
important in modulating innate immune response (Mehta et al.,
2014). However, the detailed molecular mechanisms and the
functional role(s) of LAP still remain to be fully elucidated.

M.tb, like other intracellular intracellular pathogens, has devel-
oped mechanisms to manipulate autophagic pathway (Huang and
Brumell, 2014). Interestingly, Shui et al. showed that phagosomes
containing ManLAM-coated beads display less LC3 than those
containing PILAM-coated beads (Shui et al., 2011). Likewise,
macrophage treatment with ManLAM for 24 h results in diminu-
tion of autophagy as seen by LC3 immunoblotting (personal
observation). Autophagy-related proteins play major roles in
mediating IFNy-induced host defenses (Levine et al., 2011;
Deretic et al., 2013). Since ManLAM can repress IFNYy responses,
it is tempting to speculate that ManLAM might also interfere with
autophagy in this context (Sibley et al., 1988; Chan et al., 1991).
The action mechanism of ManLAM on autophagy has not been
revealed yet, but based on its effect on hVPS34 in phagosome mat-
uration one can postulate that it might inhibit autophagy by mod-
ulating hVPS34 in complex with Beclin-1 (Figure 2). In addition,
Bcl-2 interacts with Beclin-1 to block autophagy, thus ManLAM
might impair autophagy via upregulation of Bcl-2 expression
(Rojas et al., 2000; Pattingre et al., 2005). ManLAM inhibition
of Ca?* influx could also affect the Ca**/AMP-activated protein
kinase (AMPK) signaling pathway involved in mammalian target
of rapamycin (mTOR) kinase- and ULK1-dependent autophagy
(Vergne et al., 2003; Alers et al., 2012). Alternatively, ManLAM
might repress autophagy through activation of type I PI3Kinase
and Akt (Maiti et al.,, 2001; Ravikumar et al., 2010). Further
investigations are definitely required to better understand how
ManLAM interferes with autophagy, whether it represses canon-
ical autophagy and/or LAP and what is the significance of this
inhibition in terms of phagosome trafficking and phagocyte
survival.

CONCLUSION

ManLAM, as a purified molecule, reproduces several salient
inhibitory properties of M.tb in phagocytic cells. However, the
role played by ManLAM in the context on an infection by M.tb
remains unclear. ManLAM immunosuppressive activities rely on
the presence of the mannose caps. But, an M.tb mutant lack-
ing the mannose caps on LAM was not affected for its virulence
in mice nor for its interaction with phagocytic cells in vitro

(Appelmelk et al., 2008; Afonso-Barroso et al., 2012). In contrast,
an aptamer against ManLAM was found to inhibit M.tb infec-
tion in mice and Rhesus monkeys (Pan et al., 2014). Moreover,
protein LprG, which binds ManLAM and determines its cell
surface localization, was found to be essential for virulence of
M.tb and to control phagolysosomal fusion (Gaur et al., 2014;
Shukla et al., 2014). These data are not necessarily contradictory.
Indeed, the envelope of mycobacteria is exceptionally rich in man-
noconjugates bearing (al1—2)-oligomannosides, including LM,
PIMg, arabinomannan or mannoproteins that are able to bind
C-type lectins (Pitarque et al., 2005; Torrelles and Schlesinger,
2010). Of note, LprG has been shown to bind LM and PIMs, in
addition to ManLAM (Drage et al., 2010), suggesting that the
role of LprG might not be attributable to ManLAM inhibitory
activities only. Altogether, data converge to indicate that DC-
SIGN/MR ligands are most probably redundant at the M.tb cell
surface, possibly because targeting these receptors is manda-
tory for the pathogen to manipulate and survive inside the
infected host.
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To survive in macrophages, Coxiella burnetii hijacks the activation pathway of
macrophages. Recently, we have demonstrated that C. burnetii, via its lipopolysaccharide
(LPS), avoids the activation of p38a-MAPK through an antagonistic engagement of Toll-like
receptor (TLR)-4. We investigated the fine-tuned mechanism leading to the absence of
activation of the p38a-MAPK despite TLR-4 engagement. In macrophages challenged with
LPS from the avirulent variants of C. burnetii, TLR-4 and TLR-2 co-immunoprecipitated.
This association was absent in cells challenged by the LPS of pathogenic C. burnetii. The
disruption makes TLRs unable to signal during the recognition of the LPS of pathogenic
C. burnetii. The disruption of TLR-2 and TLR-4 was induced by the re-organization of the
macrophage cytoskeleton by C. burnetii LPS. Interestingly, blocking the actin cytoskeleton
re-organization relieved the disruption of the association TLR-2/TLR-4 by pathogenic
C. burnetii and rescued the p38a-MAPK activation by C. burnetii. We elucidated an
unexpected mechanism allowing pathogenic C. burnetii to avoid macrophage activation

T These author have contributed
equally to this work.

by the disruption of the TLR-2 and TLR-4 association.

Keywords: TLR-2, TLR-4, cytoskeleton, Coxiella burnetii, macrophages

INTRODUCTION

Coxiella burnetii is an intracellular bacteria responsible of the Q
fever zoonosis and is a potential bio warfare and bioterrorism
agent (Regis, 1999; Madariaga et al., 2003). Q fever is charac-
terized by a lethal endocarditis (Raoult et al., 2005). It has been
shown that molecular variations in C. burnetii lipopolysaccharide
(LPS) between LPS from virulent and avirulent C. burnetii (vLPS
and avLPS, respectively) determine the pathogenic properties of
C. burnetii (Lukacova et al., 2008; Toman et al., 2009; Toman and
Vadovi¢, 2011; Barry et al., 2012).

To survive in macrophages, C. burnetii inhibits phagolysosome
biogenesis (Ghigo et al., 2002; Barry et al., 2012) and induces
cytoskeleton rearrangement of macrophages (Meconi et al., 1998;
Honstettre et al., 2004). It has been demonstrated that LPS is the
principal actor of the survival mechanism of C. burnetii (Meconi
et al., 1998; Honstettre et al., 2004; Barry et al., 2012). vLPS
stimulates morphologic changes characterized by an intense and
transient membrane rearrangement of F-actin leading to protru-
sions and polarized projections, whereas avLPS does not induce
any modification of the cell cytoskeleton morphology (Meconi
et al., 1998; Honstettre et al., 2004). In addition, C. burnetii tar-
geting to degradative compartments also involves an antagonistic
engagement of Toll-like receptor (TLR)-4 by vLPS, lack of p38a-
MAPK-driven phosphorylation, and block in recruitment of the

HOPS (homotypic fusion and protein-sorting complex) compo-
nent Vps41 to vLPS-containing vesicles (Barry et al., 2012).

In response to LPS stimulation, TLR-signaling initiates dis-
tinct innate immune defensive programs, such as the maturation
of phagosomes (Blander and Medzhitov, 2004, 2006). This pro-
cess involves crosstalk between mitogen-activated protein kinase
(MAPK) signaling and components of the vesicular trafficking
machinery (Blander and Medzhitov, 2006; Symons et al., 20065
Fontana and Vance, 2011). TLR-4 is involved in the recognition of
Gram-negative bacteria such as E. coli through recognition of pro-
totypic LPS. TLR-2 interacts with Gram-positive bacteria follow-
ing interaction with lipoproteins, proteoglycans or lipopeptides.
However, several studies have highlighted that LPS recognition is
not restricted to TLR-4. Indeed, TLR-2 is able to recognize the
LPS from Porphyromonas gingivalis (Medzhitov, 2001; Underhill,
2004). Recent studies have highlighted that TLR-2 is required
along with TLR-4 for the response to bacterial LPS (Good et al.,
2012); this response involves a physical interaction between TLR-
2 and TLR-4 (Lee et al., 2004; Good et al., 2012). Much remains to
be learned regarding the molecular basis underlying the crosstalk
between the LPS variants and TLRs.

In this study, we investigated the mechanism leading to the
absence of activation of the p38a-MAPK despite TLR-4 engage-
ment by C. burnetii vVLPS. We found that the association between
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TLR-2 and TLR-4 is required to activate p38a-MAPK and was
disrupted by the vLPS. The disruption of TLR-2 and TLR-4
association by vLPS was induced by the re-organization of the
macrophage cytoskeleton. Interestingly, the block of the actin
cytoskeleton re-organization inhibited the disruption of associ-
ation TLR-2/TLR-4 by pathogenic C. burnetii and allowed the
p38a-MAPK activation by C. burnetii LPS. We elucidated an
unexpected mechanism allowing pathogenic C. burnetii to avoid
activating macrophages.

RESULTS

vLPS DISRUPTS TLR-4 AND TLR-2 ASSOCIATION AT THE BMDMs
MEMBRANE SURFACE

In wild-type BMDMs, vLPS was unable to induce the activa-
tion of p38a MAPK (<0 RFUs), in contrast to the avLPS (13.5
RFUs at 30 min) (Figure 1) as previously described (Barry et al.,
2012). These data confirm the previous finding that the recogni-
tion of vLPS by TLRs is required to block p38a MAPK activation
(Barry et al., 2012). We decided to deepen our analysis by inves-
tigating the distribution of TLR-4 and TLR-2 at the membrane
surface of BMDMs challenged with C. burnetii LPSs (Figure 2).
In control BMDMs, we observed a large number of TLR-2 and
TLR-4 fluorescent small dots (129.2 &+ 12.3 and 109.5 + 18 a.u,
respectively) with a dispersed distribution at the macrophage sur-
face (Figures 2A—C) with a reduced area (5 + 2 and 9 + 5 a.u,
respectively) (Figures 2A,B,D). In macrophages treated with the
avLPS, we found a significant decrease in TLR-2 (4.5-fold) and
TLR-4 (2.8-fold) dots compared to the control (Figures 2A—C) at
the macrophage surface. The decreased dot number is associated
with an increase in dot area (Figures 2A,B,D). Indeed the TLR-2
and TLR-4 dot area increased significantly 7.6-fold and 4.4 fold,
respectively, compared to the control (Figures2A,B,D). vLPS
induced a significant a decrease of 3.6-fold of the small dots num-
bers present at cell membrane (Figures 2A—C) associated with
a significant reorganization of TLR-2 small dots in large patch
compared to control (23 & 3 a.u vs. 5 £ 2) (Figures 2A,B,D).
Interestingly, vLPS does not affect the distribution or the size of
TLR-4 fluorescent dots at the BMDMs membrane surface. Then,
we assessed the co-localization of TLR-4 with TLR-2 in BMDM:s
treated with C. burnetii LPSs (Figures 2E). In macrophages chal-
lenged with avLPS we find a strong co-localization of TLR-4 with
TLR-2 (Pearson’s coefficient 0.72 + 0.12) whereas in presence
of VLPS we found that TLR2 did not co-localize with TLR-
4 (Pearson’s coefficient 0.1 £ 0.02). Next, we investigated, by
co-immunoprecipitation, the association of TLR-2 with TLR-
4 in BMDMs either challenged or not challenged with vLPS
or avLPS (Figure 2F). We observed that TLR-2 and TLR-4 co-
immunopreciptated in the BMDMs control as well in BMDMs
challenged with avLPS. In contrast, TLR-2 and TLR-4 did not
co-immunoprecipitate in macrophages treated with vLPS. Taken
together this data suggests that vLPS disrupts the membrane
distribution of TLR-2 and TLR-4.

CYTOSKELETON RE-ORGANIZATION INDUCED BY vLPS DISRUPTS
P38 MAPK ACTIVATION THROUGH TLRs

VvLPS is known to induce cytoskeleton reorganization (Meconi
et al., 1998; Honstettre et al., 2004). We postulated that this
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FIGURE 1 | Activation of p38x¢ MAPKs. BMDMs from wild type mice,
were challenged with C. burnetii vLPS and avLPS (1 g/ml) for different
periods (up to 120 min). The phosphorylation of p38a MAPK was
determined using phospho-p38a MAPK cell-based ELISA. The results are
expressed as normalized RFU and represent the mean 4 SD (n = 3).

reorganization could influence the TLR-2 and TLR-4 distribu-
tion observed in BMDMs challenged with vLPS. We have eval-
uated the capacity of C. burnetii LPS to induce cytoskeleton
reorganization. We observed, as previously described, that vLPS
induced a dramatic reorganization of the BMDMs cytoskeleton
(Figure 3A), whereas avLPS did not (Figure 3B) (Meconi et al.,
1998; Honstettre et al., 2004). vLPS induced macrophage spread-
ing and the formation of polarized filopodia and lamellipodia.
F-actin was concentrated beneath filopodia and lamellipodia and
as spots in cytoplasmic areas (Figure3A). In contrast, avLPS
had a slight effect on F-actin organization (Figure 3B). After
10 min of stimulation with vLPS, 81 & 4% of macrophages exhib-
ited filopodia, and the percentage of macrophages with filopo-
dia decreased thereafter (Figure 3C). Only 35% of cells treated
with avLPS exhibited filopodia (Figure 3C). Next, we have inves-
tigated if the block of the cytoskeleton re-organization could
rescue the association between TLR-4 and TLR-2. We inhibited
cytoskeleton re-organization using cytochalasin-D (Figure 3C).
We revealed that in presence of cytochalasin-D, TLR-2 and TLR-4
co-immunoprecipitate in contrast to the experimental condition
without the inhibitor (Figure 3D). Finally, we found that the
inhibition of the cytoskeleton reorganization by cytochalasin-D
recovers activation of p38a MAPK via vLPS (14.1 £ 0.56 RFUs
after 90 min), whereas in the absence of cytochalasin-D, p38a
MAPK is not activated (Figure 3E).

DISCUSSION

C. burnetii, the bacteria that causes Q fever, has evolved sev-
eral strategies to survive in macrophages. One of these strategies
is to avoid being targeted to the degradative compartments of
immune cells. To do that C. burnetii, through its vLPS, blurs
its own recognition by TLR receptors in order to interfere with
the transduction of the signal (Barry et al., 2012). The conse-
quences of such strategies are a deficiency of p38a-MAPK-driven
phosphorylation and a block in recruitment of the homotypic
fusion. In addition, several years ago it was shown that C. bur-
netii interferes with the cytoskeleton, and this inference is crucial
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FIGURE 2 | TLR-2 and TLR-4 distribution and colocalization. BMDMs
from wild type mice were challenged for 5 min with C. burnetii LPS (1 wg/ml).
The distribution of (A) TLR-2 and (B) TLR-4 at the BMDMs surface was
determined by confocal microscopy. The scale bar indicates 5 wm. The
number of TLRs signal detected (C) and the area (D) were quantified using
ImageJ software. The results are expressed as the mean £ SD (n= 3,

*p < 0.05). (E) The colocalization of TLR-2 with TLR-4 was determined using

confocal microscopy. The colocalization of TLR-2 with TLR-4 was quantified
using ImageJ software. The results are expressed as the mean + SD (n= 3,
*p < 0.05). The scale bar indicates 5 um. (F) BMDM s in non-starved
conditions were either left untreated or treated with vLPS or avLPS (1 wg/ml)
for 5min, then TLR-2 was immunoprecipitated and coimmunoprecipitated
with TLR-4 was visualized by immunoblotting. The blot shown is
representative of three experiments.
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FIGURE 3 | Cytoskeleton remodeling induced by C. burnetii LPS
impairs TLRs signaling. BMDMs were challenged with (A) vLPSs or (B)
avLPS at 1 pg/ml for 5 min, then F-actin was labeled with phalloidin
alexa-488. Macrophages were examined by confocal microscopy.
Representative cells are shown, the scale bar indicates 5 um. (C) The
percentage of BMDMSs showing filopodia was evaluated. For some
experiments macrophages were treated with cytochalasin-D. The results
are expressed as the mean + SD (n= 3 *p < 0.05). (D) BMDMs in
non-starved conditions were either left untreated or treated with vLPS

(1 pg/ml) for 5min in presence or not of cytochalasin-D, then TLR-2 was
immunoprecipitated and coimmunoprecipitated with TLR-4 was visualized

(E) BMDM s from wild type mice were challenged with vLPS (1 ng/ml) for
different periods (min) in presence or not of cytochalasin-D, and the
phosphorylation of p38a MAPK was determined using phospho-p38a
MAPK cell-based ELISA. The results are expressed as normalized RFU and
represent the mean + SD (n = 3).

by immunoblotting. The blot shown is representative of three experiments.

for its survival in macrophages (Meconi et al., 1998; Honstettre
et al., 2004). We have investigated if the dramatic cystoskeleton
re-organization induced by C. burnetii could explain the decrease
of p38a MAPK signaling. In macrophages challenged with C. bur-
netii avLPS we observed a phosphorylation of the p38a MAPK.
In contrast, p38a MAPK is not activated in macrophages chal-
lenged with vLPS has previously described (Barry et al., 2012).
Because it is known that TLR-2 is required along with TLR-4 for
the response to bacterial LPS (Good et al., 2012), through a phys-
ical interaction between TLR-2 and TLR-4 (Lee et al., 2004; Good
etal., 2012) we have analyzed the distribution of TLR-2 and TLR-
4 at the surface of macrophages via confocal microscopy. We have
observed that C. burnetii vLPS induces a strong reorganization
of the TLR-2 and TLR4 at the membrane. This redistribution
hampers the colocalization between TLR-2 and TLR-4, in con-
trast to what is observed in macrophages challenged by avLPS.
In addition, the co-immunopreciptation experiments highlight
a physical link between TLRs in cells challenged with avLPS,
whereas in cells treated with vLPS this is not found. Finally, we
postulated that the TLR distribution was linked to the cytoskele-
ton re-organization induced by C. burnetii vLPS. Interestingly, the
inhibition of the cytoskeleton reorganization by cytochalasin D
allowed for the activation of p38a MAPK by vLPS. We observed
also that in this condition TLR-4 co-immunoprecipitated with
TLR-2. A possible mechanism to explain the role of the vLPS
in the default of activation of p38a MAPK is that vLPS through
the induction of the cytoskeleton remodeling, induces a relative
dispersion and redistribution of TLR-2, TLR-4 receptors at outer
membrane level, in such a way that TLR-2 and TLR-4 are not able
to signal via p38a MAPK. Moreover, it has been already reported
that a crosstalk between TLRs signaling and G-protein coupled
receptors, such as Rho-GTPase and Rnd proteins, exists and could
lead to a dramatic cytoskeleton rearrangement (Ruse and Knaus,
2006). Previously, we have demonstrated that C. burnetii vLPS
interferes with phagosome maturation by inhibiting the activa-
tion of p38a MAPK (Barry et al., 2012), here we deepened the
previous study by demonstrating that C. burnetii, through it vLPS
blurs the TLR-2 and TLR-4 signaling through dramatic cytoskele-
ton reorganization and redistribution of TLR-2 and TLR-4 at the
macrophage cells surface.

MATERIALS AND METHODS

ETHICS STATEMENT

All animal experiments were conducted according to the
Guiding Principles of Animal Care and Use defined by the
Ethics Committee for Animal Experimentation (N°14 desig-
nated by the National Study Committee on the Ethics of Animal
Experimentation) according to the rules of Decree N°87-848 as
of October 19, 1987. All of the animal experiments conducted in
this study were also approved by the Ethics Committee for Animal
Experimentation (N°14 from the National Study Committee on
the Ethics of Animal Experimentation) where the experiments
were performed (Faculty of Medicine, Marseille, experimentation
permit number to Eric Ghigo 10-300122013).

ANTIBODIES AND FLUORESCENT COMPOUNDS
Antibodies specific for TLR-2 and TLR-4 were purchased
from the BD Bioscience. Cytochalasin D was purchased from
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Sigma-Aldrich. Secondary antibodies and phalloidin alexa-448
were purchased from Invitrogen

LPS PREPARATIONS

LPS from virulent (vLPS) and avirulent (avLPS) C. burnetii
(Barry et al., 2012) were isolated from C. burnetii RSA 493 (clone
7) and RSA 439 (clone 4), as previously described (Skultety et al.,
1996; Toman and Skultety, 1996). The quality of the LPS prepa-
ration was confirmed using silver staining and compositional
GC-MS (Toman et al., 2009).

CELL CULTURE

Bone marrow-derived macrophages (BMDMs) were generated
from 6- to 8-week-old C57BL/6 mice, as previously described
(Ren et al., 2005; Cook et al., 2007; Trouplin et al., 2013). BMDM
were grown in DMEM supplemented with 10% fetal calf serum,
2mM L-glutamine, 100 IU/ml penicillin, and 100 png/ml strepto-
mycin at 37°C in 5% CO,. For some experiments macrophages
were challenged with 1 wg/ml of C. burnetii LPS.

CONFOCAL MICROSCOPY

Cells were fixed with 3% paraformaldehyde in phosphate-
buffered saline (PBS pH 7.4) and prepared for immunofluores-
cence labeling, as previously described (Forestier et al., 1999;
Chu and Ng, 2004; Ghigo et al., 2010). Coverslips were mounted
in Mowiol, and the cells were imaged using an inverted Leica
TCS SPE confocal laser-scanning microscope (Leica, Heidelberg,
Germany). Image acquisition was performed using the Leica
Confocal software. The collected images were processed using
Adobe Photoshop CS5 software. The cells were evaluated as fol-
lows: twenty-five fields containing at least three cells per field
were examined for each experimental condition; in total, approx-
imately 100 cells were examined per experimental condition,
as described elsewhere (Barry et al., 2012). TLR distribution
at the cell surface and colocalization analyses were performed
using Image] software (http://rsb.info.nih.gov/ij) (Bolte and
Cordelieres, 2006; Barr et al., 2008). In certain experiments, mor-
phological changes in BMDMs challenged or not challenged with
C. burnetii LPS (1 pg/ml) were evaluated as previously described
(Honstettre et al., 2004).

P38« MAPK PHOSPHORYLATION ASSAY

The phosphorylation of p38 was assessed using phospho-p38
MAPK cell-based ELISA (R&D Systems) (Boucherit et al., 2012)
following the manufacturer recommendations.

IMMUNOPRECIPITATION

BMDMs were treated with or without LPSs (1 pg/ml) for 30 min
and then lysed with 1% Triton X-100 in a buffer consisting of
10 mM Tris-HCl pH 7.4, 150 mM NaCl, and 1 mM EDTA pH 8.0.
TLR-4 (bdbiosciences) was immunoprecipitated via overnight
incubation of the total protein with the anti-TLR-2 antibody
(bdbiosciences) followed by incubation with protein ASepharose
beads (Roche). The immunoprecipitated pellets were washed and
analyzed via immunoblotting on 6% polyacrylamide gels using
anti-TLR-2 and anti-TLR-4 antibodies. The detection of TLR-2
from the input sample was performed using 50 jLg of protein. The
immunoblots were visualized using an LAS 4000 camera system

(GE Healthcare) or an Amersham Biosciences revelator. In some
experiments, macrophages were treated with 1 pg/ml of cytocha-
lasin D (Sigma—Aldrich) as previously described (Meconi et al.,
1998; Honstettre et al., 2004).

STATISTICAL ANALYSIS

The results are expressed as means & SD and were analyzed using
the non-parametric Mann—Whitney U-test. Differences were con-
sidered significant at p < 0.05.
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A key feature of many pathogenic microorganisms is the presence of a dense glycocalyx
at their surface, composed of lipid-anchored glycoproteins and non-protein-bound
polysaccharides. These surface glycolipids are important virulence factors for bacterial,
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THE LEISHMANIA SURFACE COAT

Like all the parasites of the Trypanosomatid family, Leishmania is
characterized by the presence of a glycocalyx covering the entire
parasite surface (Ferguson, 1999). The surface coats of these dif-
ferent trypanosomatid parasites exhibit a significant diversity in
composition. However, all of the surface-bound molecules of this
family share a common structural feature, which is that they all
contain a highly conserved glycosylphosphatidylinositol (GPI)-
anchor motif. Notably, this type of GPI-lipid anchor is unusual
and structurally very different from those found in mammalian
cells (Mcconville and Ferguson, 1993).

Unlike other trypanosomatids in which the glycocalyx is
primarily composed of GPI-anchored glycoproteins, the glyco-
calyx of the Leishmania promastigote stage is dominated by
GPI-anchored phosphoglycosylated glycans. Lipophosphoglycan
(LPG) represents one of the most abundant promastigote-
specific surface glycoconjugates, with approximately 5 x 10°
copies/cell (Turco and Descoteaux, 1992). The glycosylinositol
phospholipids (GIPLs) also termed free GPI, constitute a com-
plex family of abundant low-molecular-weight molecules, with
approximately 107 copies/cell. Three different types of GIPL
molecules have been described based on the nature of their gly-
can moiety (Mcconville et al., 1993). In the GIPL of type 1,
the glycan part is structurally similar to that of the LPG gly-
can core, whereas in the GIPL of type 2, the glycan part is
related to that of the GPI-anchored glycoprotein. The GIPLs of
type 3 exhibit features of type 1 and 2. The membrane-bound
proteophosphoglycans (mPPGs) represent a distinct family of

GPI-anchored protein-linked glycans that express a phospho-
glycan domain structurally similar to LPG. The mPPGs are
significantly expressed at the promastigote parasite surface but
to a lesser proportion than LPG and GIPLs (Ilg, 2000). Last,
one of the major GPI-anchored glycosylated proteins present at
the promastigote plasma membrane is GP63, with around 5 x
10° copies/cell. Importantly, the composition of the Leishmania
surface glycocalyx changes dynamically during the life cycle of
the parasite. When infective, promastigote parasites differenti-
ate into obligate intracellular amastigotes in the infected mam-
malian host cell, the expression of LPG is drastically downreg-
ulated. In contrast, GIPLs and PPGs remain highly expressed
throughout the parasite life cycle (Turco and Sacks, 1991).
Notably, the PPGs continue to be produced in amastigotes, but
as free macromolecules rather than membrane-associated ones
(Bahr et al., 1993).

The glycoconjugates of the Leishmania promastigote mem-
brane are evenly distributed over the entire parasite surface. They
form a highly hydrophilic barrier easily detected as an electron-
dense material using electron microscopy. Its thickness can reach
up to 15nm due to the length of the LPG polysaccharide chain
and potentially up to several hundred nanometers due to the
lengths of the mPPGs (Ilg, 2000). Because of their abundance,
structural uniqueness and specific distributions, the Leishmania
membrane glycoconjugates are believed to play important func-
tions in the mammalian host. Among these compounds, LPG has
attracted considerable attention because its clear implication in
multiple activities that favor parasite virulence.
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LEISHMANIA LPG STRUCTURE

Leishmania LPG, is a highly complex macromolecule composed
of four distinct domains: a GPI anchor, a glycan core, a lin-
ear phosphoglycan chain (PG) and a terminating oligosaccha-
ride cap (Figurel) (Turco and Descoteaux, 1992). The GPI
anchor domain consists of an alkyl phosphatidylinositol hav-
ing a single saturated Cy4—p¢ aliphatic chain (Ferguson, 1999).
The LPG glycan core is a heptasaccharide comprising two galac-
topyranosides, a galactofuranoside (Galf), two mannosides and
a glucosamine residue attached to inositol. The glycan core is
linked to a linear PG that consists of 15-40 phosphodisaccha-
ride (GalB1,4Mana1-PO4) units. Finally, LPG is terminated by a
di-, tri- or tetrasaccharide consisting of galactose and mannose
assembled as Manal,2Manal or as GalBl,4(Manal,2)Manal
depending on the Leishmania species.

The lipid anchor, glycan core and the linear PG moieties
that constitute the LPG are identical in all Leishmania species
(Descoteaux and Turco, 1999). Despite conservation of these
domains, however, LPG exhibits substantial heterogeneity, with
important parasite stage- and species-modifications found in the
oligosaccharide cap and in the substituents groups branched on

the linear PG (Turco et al., 2001; De Assis et al., 2012). Stage-
specific variations are observed throughout the parasite life cycle
such that LPG undergoes considerable structural modifications
in the PG and the terminating cap during parasite metacycloge-
nesis (Sacks et al., 1990, 1995). In the PG domain, the number
of repeating units increases such that the metacyclic promastig-
ote LPG is significantly longer than the procyclic promastigote
LPG. In the oligosaccharide cap, change is made with the replace-
ment of the galactoside residue by an arabinopyranoside residue.
Species-specific variations occurring in the PG domain of the
LPG are one of the main features of this virulent factor. Three
types of LPG have been described depending on the nature of
the side chain residues and on the site of substitution occupied
by these residues in the PG domain. The LPG of L. donovani
has no side substitution in the PG and therefore remains lin-
ear (Sacks et al., 1995). The LPGs of L. major, L. mexicana,
L. infantum, and L. tropica are glycosylated at the C3 position
of the galactose in the linear PG (Soares et al., 2002) and the
LPGs of L. aethiopica are frequently mannosylated at position
C2 of the mannose. Additionally, the variability in the sugar
residues that branch on the PG domain increases significantly

The Structure of LPG from L. donovani
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FIGURE 1 | Structure of the Leishmania LPG. Top and bottom panels show
two different representations of the LPG structure of Leishmania parasite. LPG
is constituted of four key domains. The GPI anchor and the glycan core are
shown in red. The linear conserved phosphoglycan chain is in blue. The
terminating oligosaccharide cap is shown in pink. In each domains, the residues
that are not conserved among the LPG of the different Leishmania species are
represented in a different color (Man, X, Y and Glc). The Glucose phosphate
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branched on the mannose residue of the glycan core (in green) is present in the
LPG of L. donovani, L.mexicana and some subspecies of L. major but absent in
some other subspecies. The linear phosphoglycan chain of L. donovani can be
substituted with different residues. X represents the substitutent group
express in the LPG L. mexicana, L. major and L. tropica. Y is a substitutent
present in the LPG of L. aethopica. Gal, galactose; Man, Mannose; Glc,
glucose; Galf, galactofuranose; GIcN, glucosamine; Ino, inositol.
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the level of LPG complexity. Finally, intraspecific LPG variabil-
ity has been observed among similar Leishmania species obtained
from different field isolates (Coelho-Finamore et al., 2011). Such
stage-specific polymorphisms and intra- and interspecies vari-
ations have been involved in the survival of Leishmania inside
the sand fly, more precisely in the selectivity, permissivity, and
competence of a given sand fly vector for particular Leishmania
strains (Dobson et al., 2006, 2010; Volf et al., 2014). However,
the role and the biological relevance of LPG polymorphism in the
mammalian host has been poorly understood.

Given the structural complexity and heterogeneity of LPG
molecules, the identification of the molecular elements respon-
sible for its biological activity have only partially been resolved.

ROLE OF LPG IN LE/ISHMANIA INTERACTIONS WITH THE
IMMUNE SYSTEM

The LPG-enriched glycocalyx of Leishmania constitutes the pri-
mary interface of the host-parasite interactions that take place
in the dermis of the mammalian host immediately after para-
site inoculation by the sandfly vector. Consequently, LPG is the
first target for immune detection and at the same time a bar-
rier protecting the parasite from the attack of the host immune
system.

LPG has been shown to circumvent the lysis of the parasite
by the host complement system. It acts either by sterically pre-
venting the attachment of complement molecules or by directly
inactivating the assembly of a functional complement complex at
the promastigote surface (Puentes et al., 1989, 1990).

LPG has been shown to favor intracellular parasite survival
by interfering with the pro-inflammatory host cell responses via
binding of Toll-like receptor (TLR) 2 and 4 on macrophages and
NK cells (Becker et al., 2003; De Veer et al., 2003; Kavoosi et al.,
2009; Rojas-Bernabe et al., 2014). LPG-TLR interactions induce
ERK phosphorylation while suppressing p38 MAP kinase phos-
phorylation, modulate the production of reactive oxygen species
and nitric oxide and inhibit pro-inflammatory cytokine secretion
(Chandra and Naik, 2008; De Assis et al., 2012). These studies
showed that the integrity of the lipid anchor as well as the length
of the PG domain of LPG are involved in the magnitude of LPG-
mediated host cell activation via TLR2, as procyclic promastigotes
are weaker stimulators than metacyclic promastigotes. The level
of LPG expression is also been considered as a critical param-
eter of this specific host cell stimulation pathway (Srivastava
et al., 2013). Given that the GPI anchor of trypanozoma cruzi has
been implicated in TLR2-mediated activation, it is conceivable
than the analogous site in Leishmania LPG play a similar func-
tion (Campos et al., 2001). Finally, by comparing the LPG from
L. braziliensis and L. infantum a recent study reveals that inter-
species LPG structural polymorphism has a significant impact on
host cell stimulation via TLR (De Assis et al., 2012; Ibraim et al.,
2013) Despite these advances, it remains to be determined which
LPG motifs are exactly implicated in TLR binding and further
immune cell stimulation.

The role of LPG during parasite internalization and multi-
plication within the host cell has been extensively studied but
they have yielded contradictory results. For instance LPG has
been shown to delay the maturation of the parasite-containing

phagosome by preventing its fusion with lysosomes while some
groups have demonstrated that such phenomenon does not occur
(Desjardins and Descoteaux, 1997; Forestier et al., 2011). In paral-
lel, LPG has been found to block the assembly of NADPH oxidase
and prevent recruitment of proton ATPases at the phagosomal
membrane (Lodge and Descoteaux, 2005; Vinet et al., 2009). This
function has been attributed to the localization of LPG at the
membrane of the Leishmania-containing phagosome (Dermine
etal., 2005; Winberg et al., 2009) (Figure 2). Therefore investigat-
ing a potential correlation between the intracellular localization
of LPG inside the host cells and a particular biological function
would require to be explored. Since the first observation of the
presence of the PG disaccharide repeat units of the LPG at the sur-
face of infected host cells (Tolson et al., 1990), a phenomenon that
was later confirmed by our group (Forestier, 2013), the fate and
pattern of trafficking of LPG during the infection process remain
elusive. Given this lack of knowledge, monitoring LPG traffick-
ing in the host cell and in the host organism during the infection
process will be key to better understand LPG functions in its
mammalian host. Furthermore, investigating whether chemical
modifications of LPG occur during the infection process will help
unraveling the importance of the distinct LPG structural motifs
on its biological functions.

LPG AS A PROMISING VACCINE CANDIDATE

Despite its lack of strong immunogenicity but because of its
unique structure, dense distribution and accessibility, Leishmania
LPG has been considered as an attractive vaccine target (Goel
et al., 1999). Early vaccine studies indicated that purified LPG
provides protection in mice against challenge with virulent par-
asites. These studies have demonstrated that LPG-mediated pro-
tection can be obtained with LPG alone and that its efficacy
depended on the integrity of the LPG molecule and could be
modulated by the use of adjuvants (Handman and Mitchell, 1985;
Russell and Alexander, 1988; Mcconville and Ferguson, 1993;

FIGURE 2 | Localization of LPG at the membrane of the
Leishmania-containing phagosome. Bone marrow macrophages were
infected with L.donovani promastigote for 1 h at 37°C then macrophages
were washed to remove extracellular parasites and incubated in new
medium for 24 h. Infected cells were processed for immunofluorescence
staining. The LPG molecules were stained using the anti-PG antibody
CA7AE (Red), the lysosome and phagosome compartments were stained
using the anti-LAMP-1 antibody (Green), the host cell and the parasite
nuclei were stained using the Hoechst dye (Blue). Images are analyzed
using the Imaris software. (A) Represents a single Z section of 0.7 um. (B)
Represents a zoomed image area of (A). Panel (C) is a 3D reconstruction of
the entire Z stack. Arrow points to two Leishmania-containing vacuoles
showing LPG at the phagosomal membranes. Scale bar, 10 um.
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Karanja et al., 2011). Contradictory results have arisen in more
recent studies, in both protective and disease-promoting effects
associated with LPG vaccination have been observed. These stud-
ies have revealed the importance of the immunization route in
the vaccine outcome, with subcutaneous LPG injection failing to
protect mice against L. amazonensis but intranasal administration
of LPG showing to be protective (Pinheiro et al., 2005, 2007).
Although the mechanisms of LPG-mediated immunization are
yet not known, LPG has been shown to activate T cells and favor
a Thl immune response thus mediating protection against the
intracellular stage of Leishmania (Handman and Mitchell, 1985;
Moll et al., 1989; Moll and Rollinghoff, 1991; Tonui et al., 2003;
Amprey et al., 2004). Paradoxically, a recent study showed that
LPG vaccination, depending on the dose of LPG, induces the
expression of the inhibitory receptors PD-1 and PD-L2 on T cells
and macrophages respectively, therefore preventing proper pro-
tection against leishmaniasis (Martinez Salazar et al., 2014). Given
the structural complexity of LPG, it remains unknown which
feature of this glycoconjugate, independently or as a part of the
whole macromolecule, is involved in the effective immunization
process. Therefore, it is important to identify the functionally rel-
evant molecular elements of LPG with the goal of developing
artificial and well-designed LPG-based vaccines (Routier et al.,
1999; Hewitt and Seeberger, 2001; Astronomo and Burton, 2010;
Topuzogullari et al., 2013).

APPROACHES TO ASSESS LPG FUNCTIONS

The involvement of Leishmania LPG in virulence has been
confirmed in non-physiological conditions, using purified LPG
molecules tested on macrophages in vitro and, in a more biologi-
cally relevant context, using parasites defective in specific steps of
the LPG biosynthesis pathway.

Although the use of purified LPG has been very valuable to
unravel LPG functions, it also has several drawbacks. Among
these is the complicated purification procedures that it requires
and along with it the difficulty of obtaining pure LPG prepa-
rations devoid of various contaminants. More problematic is
the possibility that LPG preparation may become contaminated
with trace amount of endotoxin, a problem commonly faced
with the purification of molecules and that will greatly bias the
host cell immune response. Finally, the use of purified LPG does
not reflect the physiological conditions experienced in host cell-
parasite interaction, and the dose of LPG used in such artificial
functional assays may not replicate that encountered in actual
physiological conditions.

Genetic approaches rely on the identification of genes encod-
ing for enzymes that are involved in LPG biosynthesis, on the
disruption of these target genes in Leishmania and on the analysis
of the phenotypes and functions of such null mutants (Beverley
and Turco, 1998). This type of studies has led to the genera-
tion of parasites displaying LPG molecules that are truncated
at different levels of their polysaccharide moieties. Leishmania
parasites were generated with mutations in the LPG1, LPG2,
LPG5, and LPG3 genes that, respectively, encodes a galactofu-
ranosyltransferase involved in the synthesis of the LPG glycan
core specifically (Ryan et al., 1993), a Golgi GDP-mannose trans-
porter required for the synthesis of the PG domain common to

LPG and mPPG (Ma et al., 1997), a Golgi UDP-Gal transporter
critical for the synthesis of the PG (Capul et al., 2007a,b) and
the Leishmania homolog of a mammalian endoplasmic reticu-
lum chaperone required for complete PG synthesis (Descoteaux
et al., 2002). As a result, Ipgl ~ parasites express intact GIPLs and
mPPG molecules, whereas LPG molecules have a truncated gly-
can core and no PG domain neither terminal oligosaccharide cap
(Spath et al., 2000). In contrast, lpg2~ and Ipg5~ parasites express
normal GIPLs but these parasites lack all PG domains including
those of LPG and mPPG; however LPG molecules have a normal
glycan core (Spath et al., 2003; Liu et al., 2009). Finally, Ipg3~ par-
asites express LPG molecules truncated after the first mannoside
residue of the first disaccharide unit composing the PG domain
(Descoteaux et al., 2002).

These null-mutant parasites and others recent LPG-mutants
(Phillips and Turco, 2014) provide powerful tools for identify-
ing the functions of the LPG in a context that closely mimics
the natural course of infection, including a physiological concen-
tration of LPG interacting with the host. Importantly, analyses
of these mutants have been proven to discriminate efficiently
between the roles of LPG and those of other related glyco-
conjugates, including mPPG, that express similar polysaccharide
domains. Nevertheless, the nature of the Ipgl, Ipg2, Ipg3, and lpg5
mutants offers the possibility of assessing the biological activ-
ity of only the LPG polysaccharide domains including the last
three sugar residues of the glycan core, the phosphoglycan dis-
accharide repeating units and the oligosaccharide cap. To the best
of our knowledge, the functional impact of the species-specific
substituents of the PG domain and the nature and structure of
the GPI anchor has not been yet investigated. Most likely, this
reflects the difficulty inherent in engineering parasites deficient
in such specific and essential structural motifs. Indeed, such an
approach requires first the identification of the specific genes
involved in the addition of the substituent to the linear PG and
involved in GPI-anchor biosynthesis and then the mutation of
these genes, to obtain viable parasites expressing modified gly-
coconjugates. Previous attempts to generate GPI-null Leishmania
have demonstrated that this domain is critical for parasite via-
bility and infectivity (Ilgoutz et al., 1999; Garami et al., 2001).
In contrast, parasites deficient exclusively in the assembly of the
GPI-anchored glycoproteins but not in the expression of LPG or
GIPLs retain their capacity to grow and remain virulent (Mensa-
Wilmot et al., 1994; Hilley et al., 2000; Zufferey et al., 2003).
However, these studies were not able to discriminate between
the GPI-anchor of LPG and other related structures carried by
the other glycoconjugates featuring the Leishmania surface. To
achieve a complete map of LPG structure-function relationships,
it is critically required to identify genes involved specifically in the
different steps of LPG biosynthesis, so that new LPG mutants may
be generated.

Nevertheless, despite the valuable information gained by these
studies, the main limitation of such genetic approaches is the lim-
ited opportunity they afford to investigate in detail and indepen-
dently the relative roles of the different structural motifs of highly
complex LPG molecules (oligosaccharide cap, phosphopolysac-
charide chain, glycan core, GPI anchor and fatty acid chain).
Although LPGs display high levels of heterogeneity, whether the
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molecular composition of the LPG motifs plays a distinct role
in LPG function has never been determined. Therefore, there is
an urgent need to explore the relative implications and contri-
butions of the different LPG molecular elements to its biological
activity.

FUTURE APPROACHES

In our point of view, one of the priorities for future research into
the functions of LPG is to elucidate the structure-activity rela-
tionship of this membrane-bound glycoconjugate. The ultimate
goal is to identify which LPG motifs are associated with specific
effects in the mammalian host. Such informations are expected
to bring key new insights into the mechanism of action of this
macromolecule.

To overcome some aspects of the limitations linked to the
genetic approaches, alternative methods that will aim to dis-
sect the LPG functional groups at the molecular level will need
to be developed. Chemical synthesis of such structurally com-
plex glycoconjugates may be one of the promising experimen-
tal approaches for investigating the distinct functions of each
of the structural elements that compose the multifunctional
LPG molecules. With technological advances in chemistry, new
synthetic strategies and methods for the chemical synthesis of
highly complex glycoconjugates are currently developed which
will make conceivably the synthesis of LPG feasible (Astronomo
and Burton, 2010). These chemical synthesis methods will allow
the design and production of panels of synthetic LPG variants
having independent molecular variations within its four distinct
domains. Such synthetic LPG compounds will be crucial tools
for investigating the functional relevance of the molecular ele-
ments of LPG. Using chemical synthesis one could expect to
address and elucidate the importance of (i) the composition of the
fatty acid chain of the GPI-anchor; (ii) the glycan core; and (iii)
the repetitive units in the PG domain. Comparisons among the
chemically well-defined collection of LPG variants will allow us to
assign a molecular motif to a biological function. Such chemical
synthesis methodology-based research could be extended to the
study of all the others GPI-anchored glyconconjugates expressed
at the cell surface of Leishmania and others related parasites.
This will include GIPLs that unlike LPG, is expressed both at
the promastigote and amastigote parasite stages and for which
information about its role in the mammalian host remains very
limited.

This type of approach will significantly advance our knowl-
edge of the structurally complex LPG. Significantly, it will
help to dissect the various LPG domains and attribute a pre-
cise function to each specific LPG elements, thereby estab-
lishing a causal structure-activity relationship. Ultimately, such
chemistry-based strategy will open new venue to the develop-
ment of LPG-based therapeutics agents against Leishmaniasis
using synthetic and biologically relevant molecular elements
of LPG.
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The formation of granulomas is associated with the resolution of Q fever, a zoonosis due
to Coxiella burnetii; however the molecular mechanisms of granuloma formation remain
poorly understood. We generated human granulomas with peripheral blood mononuclear
cells (PBMCs) and beads coated with C. burnetii, using BCG extracts as controls. A
microarray analysis showed dramatic changes in gene expression in granuloma cells of
which more than 50% were commonly modulated genes in response to C. burnetii and
BCG. They included M1-related genes and genes related to chemotaxis. The inhibition of
the chemokines, CCL2 and CCL5, directly interfered with granuloma formation. C. burnetii
granulomas also expressed a specific transcriptional profile that was essentially enriched
in genes associated with type | interferon response. Our results showed that granuloma
formation is associated with a core of transcriptional response based on inflammatory
genes. The specific granulomatous response to C. burnetii is characterized by the

France
e-mail: jean-louis.mege@univ-amu.fr

activation of type 1 interferon pathway.

Keywords: granuloma, Q fever, Coxiella burnetii, BCG, transcriptome, type 1 interferon pathway

INTRODUCTION

Q fever is a worldwide zoonosis caused by Coxiella burnetii (Mege
et al., 1997). The primary C. burnetii infection leads to isolated
fever, pneumonia, or hepatitis in 40% of exposed individuals. C.
burnetii infection may become chronic in patients with valvu-
lar lesions, pregnant women, or immuno-compromised patients.
In contrast with acute Q fever where the outcome is usually
favorable, chronic Q fever is characterized by a long-term drug
treatment and persistent risk of relapses. Interestingly, tissue
granulomas are present in patients with acute Q fever. In chronic
Q fever, granulomas are absent, replaced by lymphocyte infil-
trates (Raoult et al., 2005), suggesting that granulomas play an
important role in the resolution of Q fever.

Granulomas, defined as tissue collections of macrophages, are
generated in response to various microorganisms (Zumla and
James, 1996). Their organization varies according to the type
of microorganism. In humans, C. burnetii-induced granulomas,
which are paucibacillary, are composed of a lipid vacuole sur-
rounded by a fibrinoid ring, the “doughnut granuloma” (Srigley
et al., 1985; Travis et al., 1986). In contrast, tuberculous gran-
ulomas, which are multibacillary, consist of a necrotic core
containing bacilli, enclosed by macrophages and surrounded by
lymphocytes (Ulrichs and Kaufmann, 2006).

Granulomas are not static organizations but are characterized
by continual remodeling and interactions between cell partners
(Ramakrishnan, 2012; Shaler et al., 2013). After initial uptake
of microorganisms by resident macrophages, the granuloma

formation is initiated by recruiting macrophages and blood-
derived myeloid cells. The recruitment of activated T-cells by
these nascent granulomas completes granuloma formation, and
renders them functional (Egen et al., 2008). The main function
of granulomas is to contain infectious agents within a limited
area, thus restricting the spread of pathogens. Once the infection
is contained, the granuloma cells participate in the destruction
of infectious agents. Indeed, wild type mice clear mycobacterial
infection through granuloma formation whereas mycobacteria
disseminate and granulomas are absent in mice that do not
express interferon-y (Cooper et al,, 1993). In the majority of
patients with tuberculosis, the presence of calcified granuloma-
tous lesions is associated with a controlled infection (Ulrichs and
Kaufmann, 2006). However, in others, mycobacteria induce the
necrosis of infected macrophages, resulting in a caseum at the
center of granulomas. This accumulation of caseum leads to col-
lapsing granulomas and the spread of bacteria (Russell et al.,
2009).

Studying granuloma formation in mice requires invasive
methods that are not appropriate for human studies. A method
was recently developed to generate human granulomas in vitro
using peripheral blood mononuclear cells (PBMCs) co-cultured
with beads coated with BCG (Puissegur et al., 2004; Delaby
et al., 2010) or C. burnetii extracts (Delaby et al., 2010). This
method enables to follow the initial events of granuloma forma-
tion and to investigate the molecular mechanisms of granulomas
(Egen et al., 2008; Delaby et al., 2012). In this study, we used a
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high throughput transcriptomic approach to characterize human
granulomas induced in vitro by C. burnetii and to compare them
with those induced by BCG. We found that numerous modulated
genes were shared by C. burnetii- and BCG-induced granulomas,
including chemotaxis-associated genes and M1 genes. C. burnetii
induced a specific repertoire of upmodulated and downmodu-
lated genes that included the activation of interferon-stimulated
genes (ISGs), which confers a new role for this pathway in host
response to C. burnetii.

MATERIALS AND METHODS

PATIENTS WITH Q FEVER

The study was approved by the Ethics Committee of the Aix-
Marseille University. Written informed consent was obtained
from each subject. Four patients with acute Q fever and 5 patients
with Q fever endocarditis were selected. The diagnostic of acute
Q fever was based on serological determination of anti-phase
II C. burnetii antibodies (Abs). The suspicion of Q fever endo-
carditis was based on standardized questionnaire that included
pathological evidence of endocarditis, positive echocardiograms,
positive blood cultures, high titers of IgG specific for phase I
C. burnetii (Raoult, 2012). The average age of patients with acute
Q fever was 43 years old (ranging from 30 to 57 years old). The
average age of patients with Q fever endocarditis was 54 years old
(ranging from 40 to 74 years old). Six healthy individuals (with a
mean age of 37 years, ranging from 28 to 56 years old) were used
as controls.

PREPARATION OF CIRCULATING CELLS

PBMCs were prepared from leukopacks (Etablissement Francais
du Sang) or blood collected in ethylene-diamine-tetraacetic acid
(EDTA) tubes from donors and patients after centrifugation
through a Ficoll density cushion. Monocytes were isolated from
PBMCs by CD14 positive selection using magnetic beads coated
with anti-CD14 antibodies (Miltenyi Biotec). CD14™ monocytes
were differentiated into macrophages by cell culture (Ghigo et al.,
2010). To obtain M1 macrophages, macrophages were stimulated
with 20 ng/mL recombinant human IFN-y (Tebu-bio) for 18 h.
M2 macrophages were obtained by incubating macrophages with
10 ng/mL IL-10 or 20 ng/mL IL-4 (R&D Systems) for 18 h.

IN VITRO GENERATION OF GRANULOMAS

Granulomas were induced by using two procedures. First,
sepharose beads were coated with bacterial extracts from phase
I C. burnetii or BCG as previously described (Delaby et al.,
2010). PBMCs recovered from leukopacks (2 x 10° per assay)
were cultured with 800 coated beads for 8-12 days in the pres-
ence of mAbs against CCL2 and CCLS5 or control isotypes (R&D
Systems). Individual granulomas were then collected by micro-
manipulation and incubated in 2mM EDTA, allowing cells to
dissociate (Delaby et al., 2012). Second, the granuloma forma-
tion in patients with Q fever and healthy donors was determined
by incubating PBMCs with C. burnetii (Puissegur et al., 2004).
PBMCs (2 x 10 cells per assay) were cultured with 2 x 107 heat-
killed bacteria (100°C, 1 h) in RPMI 1640 supplemented with fetal
calf serum, L-glutamine and antibiotics in 6-well culture plates
at 37°C. Cell aggregation was observed every 2 days under light

microscopy, and cells were recovered after 8-10 days when the
size of aggregates was the highest.

RNA EXTRACTION AND MICROARRAY

Total RNA was extracted from granuloma cells using the RNeasy
Mini kit (Qiagen) and DNAse treatment. The granuloma cell gene
expression was analyzed using 45,000 probes microarray chips
(4 x 44K whole human genome G4112F, Agilent Technologies)
and One-color Microarray Based Gene Expression Analysis kit, as
previously described (Ben Amara et al., 2010). Three samples per
experimental conditions were included in the analysis. Following
array scans, image analysis and correction of intra-array sig-
nals were performed with Feature Extraction Software A.10.5.1.1
(Agilent Technologies) using default parameters. Minimum
Information About a Microarray Experiment-compliant data are
provided in the Gene Expression Omnibus (GEO) (Moal et al.,
2013) at the National Center for Biotechnology Information
(http://www.ncbi.nlm.nih.gov/geo/), and can be accessed with
the GEO series accession number (GSE37666).

MICROARRAY ANALYSIS

Raw signal data were normalized with a False Discovery Rate
below 0.1 and an absolute fold change (FC) value of 3.0. All
analyses were performed using R software (version 3) with the
bioconductor libraries (Gentleman et al., 2004). Functional anno-
tation was performed using ClueGO plug-in (Bindea et al., 2009)
and selecting terms belonging to GO Biological (Moal et al.,
2013) in Cytoscape software (Smoot et al., 2011). An enrich-
ment/depletion test, along with the Benjamin-Hochberg correc-
tion method, was performed for statistic analysis. GO terms from
levels 6 to 8 in GO tree were selected, with a kappa score above
0.44, to create functional annotation network. Each node repre-
sents a GO term and contains at least 3 genes. The leading group
term of a functional group was defined as the group containing
the largest number of genes. Identification of biological groups
depicted in the pie chart was established by manual selection of
articles from Pubmed database, filtered to show those describ-
ing gene functions in immune cells. The identification of M1 and
M2 signatures in granuloma cells was performed using the gene
profiles of macrophages stimulated with IL-4, IL-10, and IFN-y
referenced in Gene Expression Omnibus database (GSE36537).

REAL-TIME QUANTITATIVE RT-PCR (qRT-PCR)

Reverse transcription of 100 ng of total RNA was performed as
previously described (Ben Amara et al., 2010). Primers were
designs using Primer3 (Moal et al., 2013) and their sequences
were listed in Table 1. Quantitative PCR was performed with Light
Cycler Fast Start DNA master”"US SYBR Green I (Roche applied
Science). The results were normalized with the housekeeping gene
B-actin. The FC of target genes relative to $-actin was computed
using the formula FC = 2~AACt where AACE = [(Ctrarget—
Ctactin)stimulated — (CtTarget_ Ctactin)unstimulated] (Moal et al.,
2013). The agreement between qRT-PCR and microarray data
was assessed by Pearson correlation coefficient.

STATISTICAL ANALYSIS
Comparisons between two groups were performed using the
Mann-Whitney U-test.
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RESULTS

GLOBAL GENE PROGRAM OF GRANULOMA CELLS

We previously reported that PBMCs are capable to form granu-
lomas when they are incubated with beads coated with bacterial
extracts (Delaby et al., 2012). We wondered if granuloma for-
mation was associated with specific changes in gene expression
programs. We compared the transcriptional profiles of gran-
uloma cells with that of naive PBMCs using whole genome
microarrays. Correspondence analysis was conducted to assess
the reproducibility of data. The first axis of variance showed
large differences between PBMCs and granuloma cells, while
the second axis of variance revealed smaller differences between
granuloma cells generated in response to C. burnetii and BCG
(Figure 1A). Hierarchical clustering also showed that the tran-
scriptional responses of granuloma cells were different from that
of PBMCs (Figure 1B). Most probes that were upmodulated
(1337) and downmodulated (1183) were common in C. burnetii
and BCG challenges. The probes that were specifically modulated
by C. burnetii included 524 upmodulated probes and 530 down-
modulated probes. Conversely, 345 and 247 probes were upmod-
ulated and downmodulated, respectively, by BCG. The expression
of only one probe, the CD163 gene, increased after C. burnetii
challenge but decreased after BCG challenge (Figure 1C). These
data showed that about 60% of modulated genes were shared
by granuloma cells but that the granulomatous responses to
C. burnetii and BCG were, in part, specific.

M1/M2 POLARIZATION OF GRANULOMA CELLS

The macrophages are known to be polarized into M1 or M2
cells, which is associated with microbicidal response or per-
missive response for intracellular bacteria respectively (Benoit
et al., 2008). We wondered whether granuloma macrophages,
which represent about 40% of granuloma cells (Delaby et al,
2012), were polarized. Nine M1- and 9 M2-related genes (cor-
responding to 12 and 17 probes, respectively) were selected
according to published data (Martinez et al., 2006). Hierarchical
clustering analysis showed that granuloma cells clustered with
IFN-y-stimulated macrophages (M1 macrophages) but not
with IL-4- or IL-10-stimulated macrophages (M2 macrophages)
(Figure 2A), demonstrating that granuloma cells exhibited
inflammatory/microbicidal phenotype. This finding was con-
firmed by the measurement of inflammatory cytokines, TNF
and IFN-y, which were released after 9 days (IFN-y: 204 +
53 pg/ml; TNF: 1250 £ 250 pg/ml). However, the granuloma-
tous responses to C. burnetii and BCG included some features of
M2 macrophages. Indeed, C. burnetii upmodulated the expres-
sion of CCL23 and CCLI3 genes, and BCG that of FNI and
SLCA47 genes. Other differences were evident: C. burnetii caused
a slight increase in the expression of TNF and EDNI genes, but
increased greatly the expression of HESX1 and CXCL9 genes, in
comparison with BCG. To confirm microarray results, qRT-PCR
was performed on M1 genes (Figure 2B). The profiles of each
gene were significantly correlated in qRT-PCR and microarray
(R?> = 0.64, p < 0.008). In addition, the expression of HESXI
and TNFSF10 genes was greater in C. burnetii-induced granulo-
mas than in BCG-induced granulomas. Conversely, BCG induced
a higher increase in the expression of IDOI and TNF genes

A
@)
® o @)
o o
%C. burnetii
B

FIGURE 1 | Transcriptional responses of granuloma cells. Granuloma
cells and PBMCs were analyzed by microarray. (A) The correspondence
analysis of the probeset signature revealed that C. burnetii and
BCG-induced granulomas were clearly separated from PBMCs. (B) The
hierarchical clustering analysis showed specific clusters of upmodulated
and downmodulated probes in granuloma cells compared to PBMCs. Gene
expression level is colorcoded from blue (downregulation) to red
(upregulation). (C) The Venn diagram represents the expression of
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FIGURE 1 | Continued

upmodulated and downmodulated probes in C. burnetii and BCG
granuloma compared with PBMCs. The numbers in overlapping regions
indicate the number of probes commonly modulated in granuloma cells
obtained in response to C. burnetii and BCG. The numbers in
non-overlapping regions indicate the number of probes specifically
modulated in response to C. burnetii or BCG.

than C. burnetii. Taken together, these results suggest that gran-
uloma macrophages were rather polarized into M1 macrophages,
with subtle differences between C. burnetii- and BCG-induced
granulomas.

FUNCTIONAL ANNOTATION OF C. BURNETII-SPECIFIC
TRANSCRIPTIONAL PROGRAM

The gene expression program specifically induced by C. burnetii
was analyzed by retaining only genes differentially modulated
between C. burnetii and BCG (absolute FC > 3.0). We found
that 206 genes were specifically modulated, and their roles were
studied using GO Biological Process annotation and accord-
ing to immune function. Nearly 50% of them were related
to inflammatory mediators (17%), microbicidal activity (12%),
anti-inflammatory mediators (9%) and pathogen recognition
(8%). Other cell functions, such as chemotaxis, cell death,
and metabolism were also differentially modulated (Figure 3A).
Taken together, the genes that were specifically modulated by
C. burnetii were organized into functional networks, suggesting
arole in granuloma function.

Next, we investigated how these 206 genes were differently
modulated in response to BCG or C. burnetii relative to PBMCs.
A number of genes involved in chemotaxis were similarly mod-
ulated in granuloma cells in response to BCG or C. burnetii
(Figure S1). The genes involved in chemotaxis play a critical
role in granuloma formation. This is illustrated by the inhibi-
tion of granuloma formation when C. burnetii-coated beads were
incubated with PBMCs in the presence of mAb directed against
CLL2 and CCLS5 but not with control isotypes. The mAb directed
against CCR5 did not affect granuloma formation (Figure 3B).
The functional groups associated with inflammation were dif-
ferently modulated in granulomas induced by C. burnetii or
BCG. Many genes related to inflammation were downmodulated
by C. burnetii and upmodulated by BCG. The genes belong-
ing to anti-inflammatory mediators were weakly upmodulated
in response to C. burnetii but were strongly downmodulated
by BCG. Nevertheless, C. burnetii-induced granulomas were
not only characterized by anti-inflammatory program; indeed,
C. burnetii did induce several genes related to inflammation such
as TNFSF13, CH25H, and IRF7 genes. The expression of genes
related to cell death was also decreased in C. burnetii-generated
granulomas, but increased in BCG-induced granulomas. Finally,
C. burnetii strongly upmodulated the expression of genes involved
in microbicidal response and, especially, ISGs including MXI,
MX2, IFI44, IFl6, IFIT1, IFITM2, IFITM3, ISG15, OAS1, OAS2,
OAS3, and HERC5 genes, whereas BCG had little effect on
these genes. The transcriptional differences between granulomas
induced by C. burnetii and BCG compared with PBMCs were
confirmed by qRT-PCR performed on several genes. Indeed, the
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FIGURE 2 | Atypical M1 polarization of granuloma cells. The M1/M2
polarization of granuloma cells was studied using macrophages stimulated
with IFN-y (M1), IL:10, I-4 (M2) as controls of M1 and M2 polarization.
Microarrays (A) and gRT-PCR (B) were performed on M1/M2 macrophages
and granuloma cells. (A) The hierarchical clustering of specific markers of
M1 or M2 polarization indicates that granuloma cells induced by C. burnetii
and BCG were located within a unique cluster near M1 macrophages. Note
that M2 genes were modulated in granuloma cells as well. Gene
expression level is colorcoded from blue (downregulation) to red
(upregulation). (B) The expression of HESX1, TNFSF10, IDO1, and TNF (M1
genes) was increased in C. burnetii- and BCG-induced granulomas, but
their expression was differentially modulated in both types of granulomas.
*p < 0.05 for the comparison between C. burnetii and BCG using
Mann-Whitney U-test. Mg, Macrophages; NS, unstimulated.

expression of genes encoding inflammatory mediators such as
EPHB?2 gene and EDNI1 gene was highly increased in response
to C. burnetii and BCG, respectively. The expression of genes
involved in cell death, such as FASLG and GNLY, was increased
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The genes that were modulated in granulomas induced by C. burnetii
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represents the distribution of modulated genes in each biological group. (B)
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CCL2 Ab, CCL5 Ab, and IgG1 or in their absence (Control) and the formation
of granulomas was measured. Results were expressed as relative granuloma
formation. *p < 0.05 for the comparison of conditions with and without
antibodies. (C) The expression of EPHB2, EDN1, IFIT1, OAS2, FASLG, and
GNLY genes in granuloma cells was confirmed by gRT-PCR. *p < 0.05 for the
comparison between C. burnetii and BCG using Mann-Whitney U-test.

in response to BCG. In contrast, the expression of ISGs (IFIT1
and OAS2) was highly upmodulated in granulomas induced by
C. burnetii (Figure 3C). Taken together, these results showed that
the granulomatous response shared common features, but also
included specific characteristics, according to the nature of the
pathogen. They also showed that the granulomas induced by
C. burnetii were characterized by the activation of type 1 IFN
genes.

TRANSCRIPTIONAL RESPONSE OF GRANULOMAS IN Q FEVER
PATIENTS

We finally inquired whether the granulomatous response of
patients with Q fever was associated with alteration in type 1
IFN pathway. First, we developed a simple method to obtain
granulomas by incubating control PBMCs with C. burnetii to sim-
plify the recovery of isolated granulomas using C. burnetii-coated
beads. Cell aggregates were observed after a few days. Their size
progressively increased and was greatest at 8—10 days, demon-
strating that the time course of granuloma formation was similar
when granulomas were generated in vitro using beads coated
with bacterial extracts (Delaby et al., 2012) or heat-killed bac-
teria. We investigated the expression of IFITI and OAS2, two
genes belonging to type 1 IFN pathway which were specifically
modulated in C. burnetii-induced granulomas. The expression
of IFIT1 (Figure 4A) and OAS2 (Figure 4B) genes was strongly

upmodulated in stimulated PBMCs, but not in unstimulated
PBMCs. We noted that the levels of expression of IFIT1 and OAS2
genes were similar to those obtained with isolated granuloma cells
(see Figure 3C). The expression of IFITI genes (Figure 4C) and
OAS?2 genes (Figure 4D) was similar in C. burnetii-induced gran-
ulomas from patients with Q fever and healthy controls. These
results demonstrated that type 1 IFN pathway was not altered in
Q fever granulomas.

DISCUSSION

The favorable outcome of Q fever is associated with the presence
of granulomas (Raoult et al., 2005), but the real functions of gran-
ulomas during C. burnetii infection remain unknown. Therefore,
we employed a technique that generated in vitro human gran-
ulomas (Delaby et al., 2010), then performed whole genome
transcriptional profile of C. burnetii-induced granulomas and we
compared it to that induced by BCG.

More than 50% of genes that were modulated in granulomas,
were commonly modulated by C. burnetii and BCG. First, they
included genes involved in chemotaxis, especially those related to
the recruitment of monocytes and lymphocytes, such as CCL2
(Loetscher et al., 1994), CCL8 (Loetscher et al., 1994), CCL13
(Garcia-Zepeda et al., 1996), CCL17 (Cronshaw et al., 2006), and
CCL18 (Adema et al., 1997) genes. This finding is consistent with
the critical role of the recruitment of monocytes and lymphocytes
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FIGURE 4 | Expression of ISGs in granulomas generated in Q fever
patients. PBMCs from healthy donors (A,B) and patients with Q fever
(C.D) were stimulated with heat-killed C. burnetii for 9 days and analyzed
for the expression of IFIT1 (A,C) and OAS2 (B,D) by gRT-PCR.

in in vitro-generated granulomas (Delaby et al., 2012). Our data
extend to human granulomas the role of chemokines initially
described in animal models (Chensue, 2013). Hence, in mice
deficient for CCR2, a receptor for CCL2 and CCLS, the num-
ber and size of granulomas, as well as monocyte recruitment at
site of infection, are decreased (Jinnouchi et al., 2003). We pro-
vided evidence that the neutralization of CCL2 was sufficient
to prevent the formation of granulomas in response to C. bur-
netii and BCG. As reported above in CCR2 deficient mice, it is
likely that CCL2 is involved in the initial stages of granuloma for-
mation. Similar results were obtained with the neutralization of
CCL5. This result may be related to the model of CCL5 ko mice
in which granuloma function is transiently impaired (Vesosky
etal.,2010). In addition, granuloma cells in intestinal tissues from
patients with Crohn’s disease express CCL5 (Oki et al., 2005). It
has been suggested that CCL5 via its interaction with CCR5 aug-
ments type 2 granuloma formation (Chensue, 2013). The role of
CCL2 and CCLS5 in granuloma formation in response to C. bur-
netii is likely not redundant. We hypothesize that a temporal
regulation of chemokines is necessary for granuloma formation.
Second, granulomas are essentially composed of macrophages,
which were similarly polarized in response to C. burnetii and
BCG. Indeed, granuloma cells expressed M1 profile with some
features of M2 cells. This finding is markedly distinct from
isolated macrophages infected with C. burnetii that express an
atypical M2 profile (Benoit et al., 2008). This difference between

isolated macrophages and macrophages involved in a functional
unit such as granulomas has been reported in mice infected
with Mycobacterium tuberculosis. Indeed, granuloma-associated
macrophages are polarized into M1 cells whereas macrophages
surrounding granulomas shift from an M1 to an M2 profile
(Redente et al., 2010). In addition, the loss of M2 macrophages
during Leishmania major infection delays disease progression
and increases resistance to pathogens (Holscher et al., 2006). We
hypothesize that the microenvironment of granulomas sustains
M1 polarization to eradicate pathogens.

The transcriptional response of C. burnetii-generated gran-
ulomas was, in part, specific. First, inflammatory genes were
differentially modulated. Indeed, C. burnetii downmodulated
the expression of TNF, NCR3, EDNI and genes related to the
Thl profile, such as IFNG, TBX2I, which encodes the tran-
scription factor tbet, ILI8RAP, IL26, and HOPX genes. Murine
macrophages infected with Leishmania major, a granuloma-
inducing pathogen, are unable to produce EDN1 (Wahl et al.,
2005). A dramatic decrease in inflammatory cytokines (IFN-y,
IL12-p40) was observed in granulomas from BCG-vaccinated
guinea pigs induced by M. tuberculosis (Ly et al, 2007).
Second, C. burnetii specifically induced the expression of CH25H,
TNFSF13, and IRF7 genes, known to be related to type 1
IEN pathway (Park and Scott, 2010; Tezuka et al., 2011) and
likely involved in microbicidal response of granuloma cells. For
instance, CH25H is an enzyme involved in production of oxys-
terol, 25-hydroxycholesterol. Oxysterols are known to bind liver
X receptor (LXR) and its deficiency is associated with loss of
microbicidal competence and apoptosis (Joseph et al., 2004).
TNESF13 likely plays a role in Thl polarization and TNFSF13-
deficient mice exhibit defective bacterial clearance (Xiao et al,,
2008). Taken together, these results suggest that the activa-
tion of inflammatory genes may limit C. burnetii infection
in specific granulomas directly or indirectly via type 1 IFN
pathway.

The granuloma cells induced by C. burnetii exhibited upmod-
ulated expression of numerous genes belonging to type 1 IFN
pathway; most of these genes were I1SGs. Although ISGs have
been associated initially with antiviral response (Schoggins et al.,
2011), many recent studies report their upregulation in response
to bacteria and bacterial components, such as lipopolysaccha-
ride (Textoris et al., 2012). Type 1 IFN signaling has also been
implicated in efficient clearance of group B Streptococcus, S.
pneumoniae, and Escherichia coli (Textoris et al., 2012). Indeed,
injection of C. burnetii components in mice induces a transient
IFN-a/B production, and a steady synthesis of OAS for several
days (Zvilich et al., 1995). This finding is potentially important
for the defense against C. burnetii since type 1 IFN was either not
detected or its pathway was defective in macrophages or dendritic
cells stimulated by C. burnetii, respectively (Gorvel et al., 2014).
This may be related to previous reports, which state that a BCG
mucoprotein is unable to induce the expression of interferon-
inducible antiviral proteins (Ishii et al., 2005). The stimulation of
type 1 IFN pathway (OAS2 and IFITI genes) was similar in gran-
ulomas from healthy controls or patients with Q fever. ISGs may
therefore play an important role in the anti-infectious activity of
C. burnetii granulomas.
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In conclusion, the transcriptional response of C. burnetii gran-
ulomas includes a common part shared with other infectious
granulomas and a part specific for C. burnetii. The specific
response to C. burnetii involved the activation of genes involved
in inflammation including type 1 IEN related genes, microbicidal
activity, and apoptosis. This transcriptional program may account
for the granuloma-mediated elimination of C. burnetii, in accor-
dance with the natural history of Q fever where granulomas are
associated with a protective immune response and resolution of
the disease, whereas the absence of granulomas is associated with
the chronic evolution of the disease.
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Dendritic cells (DCs) are a component of the placental immune system, but their
role in pregnancy is still poorly understood. Decidual DCs (dDCs) were selected from
at-term pregnancy on the basis of CD14 and CD11c expression. A phenotypic analysis
revealed that dDCs are characterized by the expression of monocyte-derived DC (moDCs)
markers and specific markers such as HLA-G and its ligand ILT4. As demonstrated by
whole-genome microarray, dDCs expressed a specific gene program markedly distinct
from that of moDCs; it included estrogen- and progesterone-regulated genes and
genes encoding immunoregulatory cytokines, which is consistent with the context of
foeto-maternal tolerance. A functional analysis of dDCs showed that they were unable
to mature in response to bacterial ligands such as lipopolysaccharide or peptidoglycan,
as assessed by the expression of HLA-DR, CD80, CD83, and CD86. \When dDCs were
incubated with bacteria known for their placenta tropism, Coxiella burnetii and Brucella
abortus, they were also unable to mature and to produce inflammatory cytokines. It is
likely that the defective maturation of dDCs and their inability to produce inflammatory
cytokines is related to the spontaneous release of Il-10 by these cells. Taken together,
these results suggest that dDCs exhibit an immunoregulatory program, which may favor
the pathogenicity of C. burnetii or B. abortus.

Keywords: placenta, dendritic cell, phenotype, microarray, immunoregulation

INTRODUCTION

Dendritic cells (DCs) are sentinels that instruct the adaptive
immune system at the interface of the host with environment.
Following an encounter with microorganisms, they develop a
maturation program associated with their migration to draining
lymph nodes. The maturation program of DCs includes loss of
endocytosis ability, dramatic changes in surface markers such as
CD80, CD83, CD86, and membrane translocation of MHC class
II molecules. Once mature, DCs are able to present the antigen
to resting T cells (Banchereau and Steinman, 1998). The matura-
tion program of DCs can be induced by microbial components
such as lipopolysaccharide (LPS) and peptidoglycan (PGN) and
modulated by the cytokine context. Hence, interferon (IFN)-y
or Tumor Necrosis Factor (TNF) drive inflammatory activa-
tion while interleukin (IL)-4, IL-10, or Transforming Growth
Factor (TGF)-P induce an immunoregulatory response of DCs.
This leads to Thl or Th2 response, respectively (Akdis et al.,
2012; Dzopalic et al., 2012). The functional properties of human
DCs are dependent on DC location. Skin DCs are composed
of epidermal Langerhans cells and different subtypes of dermal
DCs that favor cell-mediated and antibody-mediated responses
(Von Bubnoff et al., 2004; Kaplan et al., 2005; He et al., 2006).

Intestinal DCs are essential to instruct the immune system about
the presence of penetrating microorganisms but also to maintain
tolerance toward commensals (Fleeton et al., 2004).

The placenta is a tissue dedicated to the exchange between
mother and fetus and to feto-maternal tolerance. This latter relies
on the presence of immune cells, mainly consisting of NK cells but
also T lymphocytes, macrophages, and DCs (Erlebacher, 2013).
While the role of NK cells and macrophages in feto-maternal
tolerance is now being understood (Ben Amara et al., 2013;
Erlebacher, 2013), the role of DCs remains unclear. DCs are
present at the feto-maternal interface (Tagliani and Erlebacher,
2011), cycling endometrium and decidua. Their number is rel-
atively low as compared to placenta macrophages (Erlebacher,
2013). The placenta-associated DCs are heterogeneous. Further,
it has been described that decidua may contain mature DCs
expressing CD83, which are found in clusters with CD3 T cells
(Kammerer et al., 2000), and immature DCs expressing CD14 and
DC-SIGN (dendritic cell specific ICAM-grabbing non integrin,
CD209) (Kammerer et al., 2003). Decidual DCs (dDCs) play both
antigen-presenting role and immunoregulatory role (Miyazaki
et al., 2003; Blois et al., 2007; Gregori et al., 2010; Amodio et al.,
2013).
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In this report, we isolated and characterized dDCs from at-
term placentas. They expressed classical phenotypic DC markers
and also HLA-G and ILT4. The dDCs were characterized by a gene
program in which estrogen and progesterone-regulated genes
and genes encoding immunoregulatory cytokines were enriched.
These DCs were unable to mature in response to bacteria-derived
ligands such as LPS or PGN, and to bacteria known for their
placenta tropism such as Coxiella burnetii and Brucella abortus.
The spontaneous secretion of IL-10 combined with the defec-
tive production of inflammatory cytokines likely accounts for the
immunoregulatory profile of dDCs. These results suggest that
dDCs play an immunoregulatory role in feto-maternal tolerance,
which is not broken down by C. burnetii and B. abortus and may
contribute to their pathogenicity.

MATERIALS AND METHODS

PREPARATION OF PLACENTAL CELLS

Fifteen at-term placentas obtained by vaginal delivery were col-
lected in the Gynecology-Obstetrics Department of the Hopital
de la Conception (Marseille, France) after written informed con-
sent of healthy pregnant women. The study was approved by
the Ethics Committee from Aix-Marseille University (N° 08-
012). The placenta samples (approximately 150g) were incu-
bated in a solution consisting of Hank’s Balanced Salt Solution
(HBSS, Invitrogen, Cergy Pontoise, France), MgSO4, DNase
I (Sigma-Aldrich, Saint-Quentin Fallavier, France) and 2.5%
trypsin (Invitrogen) buffered with HEPES for 45 min and were
then incubated for 30 min under gentle agitation at 37°C, as
described previously (Ben Amara et al., 2013). The digestion
products were then filtered through 100-pwm pores, incubated
in 50-ml tubes containing 2ml fetal calf serum (FCS) and
centrifuged at 1000x g for 15min. The cells were counted,
deposited on a Ficoll cushion and centrifuged at 700x g for
20 min. Mononuclear cells were recovered, and macrophages
were discarded using magnetic beads coated with anti-CD14 Abs
(Miltenyi Biotech, Paris, France). CD14~ cells were recovered
and CD11c" cells were sorted using magnetic beads (Miltenyi
Biotec) coupled with anti-CD11c antibodies (Abs, Beckman
Coulter, Villepinte, France). The purity of CD11c" cells was
higher than 95%.

Trophoblasts were isolated as previously described (Salcedo
et al., 2013) with slight modifications. Briefly, isolated cells
from placental samples were deposited on 25 and 60% Percoll
(Sigma-Aldrich) phases and centrifuged at 1200x g for 20 min.
Trophoblasts were isolated using anti-epidermal growth factor R
(EGFR) Abs (Santa Cruz, Heidelberg, Germany) coupled to mag-
netic beads (Miltenyi Biotech). The purity of isolated trophoblasts
was checked by flow cytometry using EGFR Abs and was higher
than 96%. Trophoblasts were cultured in DMEM-F12 containing
10% FCS and antibiotics. Cell supernatants were collected 2 days
after confluence and stored at —20°C.

PREPARATION OF moDCs

Blood from healthy donors was provided by the Etablissement
Francais du Sang (Marseille, France). Peripheral blood mononu-
clear cells (PBMCs) from buffy coats were recovered from the
Ficoll-Hypaque interface after a 700x g centrifugation for 20 min.

Monocytes were isolated from PBMCs using magnetic beads cou-
pled with Abs specific for CD14, as previously described (Gorvel
et al., 2014). Monocyte purity was higher than 98%. To obtain
moDCs, monocytes were incubated in RPMI 1640 containing
20mM HEPES, 2mM glutamine, 10% FCS, 1ng/ml IL-4, and
1 ng/ml granulocyte macrophage colony-stimulating factor (R&D
Systems, Lille, France) for 7 days. The purity of moDCs was
assessed by the absence of CD14 and the presence of CD11c¢, and
purity was higher than 98%.

STIMULATION OF moDCs AND dDCs

moDCs and dDCs (2 x 10° cells per assay) were stimulated
with Escherichia coli LPS (Sigma-Aldrich, 100 ng/ml) and PGN
(Sigma-Aldrich, 1 pg/ml) for 18 h. They were also incubated with
C. burnetii (MOI 20:1) and B. abortus (MOI 20:1) for 18h.
C. burnetii organisms (RSA493 Nile Mile strain) were obtained
by culture in 1929 cells, as previously described (Barry et al,
2012). B. abortus strain 2308 was grown on tryptic soy agar
(Sigma-Aldrich) at 37°C for 4-5 days, as previously described
(Pizarro-Cerda et al., 1998).

FLUORESCENCE MICROSCOPY
The moDCs and dDCs (10 cells per assay) were cultured on glass
slides for 18 h. After fixation in 3% paraformaldehyde for 15 min,
they were permeabilized by 0.1% TritonX-100 for 2min and
then incubated for 30 min with bodipy phallacidin (Invitrogen)
to label filamentous actin (F-actin). Cell nuclei were labeled
with DAPI (Invitrogen) for 10 min and slides were mounted on
Mowiol (Invitrogen). Pictures were taken using a confocal micro-
scope DMI16000 (Leica, Nanterre, France) and analyzed using
Image J software (National Institute of Health, USA).

In some experiments, moDCs and dDCs were incubated with
C. burnetii and B. abortus for 18 h. C. burnetii and B. abortus
organisms were revealed using human and bovine specific Abs,
respectively. Secondary Abs consisted of anti-human and -bovine
Abs coupled with 555 Alexa fluor. Pictures were taken using a
confocal microscope DMI16000 (Leica, Nanterre, France) and
merged using Image ] software (National Institute of Health,
USA). Superposition of red and green labeling induced yellow
color on the picture.

FLOW CYTOMETRY

The moDCs and dDCs (10° cells per assay) were incubated
with HLA-DR and CD11c Abs (Beckman Coulter) in 400 pl of
PBS containing 2% BSA for 30 min at 4°C. moDCs and plaDCs
were then incubated with DC-SIGN, ASGPR, MARCO, Dectin-
1, HLA-ABC, CD80, CD83, CD86, HLA-G, ILT4, BDCA-1 mAbs
or isotypic controls (Beckman Coulter, Villepinte, France)
for 30 min. They were then labeled with aquadead Amcyan
(CellTrace) to exclude dead cells, as recommended by the man-
ufacturer. After centrifugation, moDCs and dDCs were fixed in
3% paraformaldehyde for 15 min, washed in phosphate-buffered
saline and analyzed using a Canto II flow cytometer associated
with the software FACS Diva (Becton Dickinson, Pont de Claix,
France). The dDCs were gated according CD11c expression and
approximately 10,000 events were numerated. The results are
given in percentage of positive cells.
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MICROARRAYS

Total RNA of moDCs and dDCs (2 x 10° cells per well)
was extracted using the RNeasy minikit (Qiagen, Courtaboeuf,
France) and DNAse treatment (Gorvel et al., 2014). The expres-
sion of modulated genes was analyzed using 4X44k Human
Whole Genome microarrays (Agilent Technologies, Les Ulis,
France) and three biological replicates per experimental con-
dition, as recently described (Ben Amara et al.,, 2010). Sample
labeling and hybridization were performed using One-Color
Microarray-Based Gene Expression Analysis. Slides were scanned
at a 5pm resolution with a G2505C DNA microarray scanner
(Agilent Technologies, Les Ulis, France). Image analysis and intra-
array signal corrections were performed using Agilent Feature
Extractor Software A.9.1.3.

Microarray data analysis was performed using the R (v.2.15)
and Bioconductor libraries, as recently described (Moal et al.,
2013). In brief, raw data were filtered and normalized using the
Agi4x44PreProcess library. Unsupervised and supervised analyses
were carried out using hierarchical clustering, principal compo-
nent analysis (PCA) (made4 library, Culhane et al., 2005), and
Significance Analysis of Microarray (SAM) algorithm (siggenes
library). Genes were considered to be differentially expressed
when absolute fold change (FC) was above 2.0. Functional enrich-
ment analysis was performed on selected genes with DAVID
tools (Dennis et al., 2003), using the Gene Ontology (GO)
(Ashburner et al., 2000), and Kyoto Encyclopedia of Genes and
Genomes (KEGG) (Okuda et al., 2008) pathways. Functional
pathways were designed using the Cytoscape and Inkscape
softwares.

WESTERN BLOTTING

The moDCs and dDCs (10° cells per assay) were scrapped
in ice-cold RIPA buffer, as previously described (Barry et al,
2012). Proteins were separated by electrophoresis (40 g of
loaded proteins) and transferred onto nitrocellulose membranes
(Amersham, Courtaboeuf, France). The membranes were probed
with mouse Abs directed against chorionic somatomammotropin
hormone 1 (CSH-1), also known as placental lactogen hor-
mone, or o-tubulin (R&D Systems) for 18h. The blots were
incubated with horseradish peroxidase-conjugated Abs directed
against mouse IgG (Pierce, Rockford, IL, USA). Bound Abs were
detected using Immobilon Western Chemiluminescent HRP sub-
strate (Millipore). The expression of CSH-1 was quantified by
densitometric scanning and was normalized against a-tubulin.
The results are expressed as relative intensities.

IMMUNOASSAYS

Supernatants from stimulated moDCs and dDCs were collected
and freezed at —80°C. The concentrations of released cytokines
were assessed using commercial ELISA kits. The sensitivity of IL-
10 and IL-12p70 kits (R&D Systems) is 3.9 pg/ml and 2.5 pg/ml,
respectively, and that of IL-6 kit (Becton Dickinson) is 4 pg/ml.
The intra- and inter-variability of kits was less than 10%.

STATISTICAL ANALYSIS
The results are expressed as the means £ SD and were com-
pared using the non-parametric Mann—-Whitney U-test. When

the comparisons involved more than two conditions, the anal-
ysis was made with ANOVA test. P-values less than 0.05 were
considered significant.

RESULTS

PHENOTYPIC CHARACTERIZATION OF dDCs

We isolated myeloid DCs from decidual mononuclear cells by
combining negative selection with anti-CD14 Abs and positive
selection with anti-CD11c Abs. The morphology of the resulting
CD14~CDl11ct DC subset, called dDCs, was similar to that of
moDCs, another type of myeloid DCs, using bodipy phallacidin
and confocal microscopy (Figure 1A). We then analyzed dDC
expression of classical myeloid DC markers, including MARCO
(macrophage R with collagenous structure), ASGPR (ascialogly-
coprotein receptor), Dectin-1, DC-SIGN and BDCA-1 using flow
cytometry. Both dDCs and moDCs were positive for CD11c. Less
than 15% of dDCs and moDCs expressed membrane MARCO;

F-actin, DAPI

DC-SIGN”
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c
A A, ; :
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FIGURE 1 | Phenotypic characterization of dDCs. (A) dDCs and moDCs
were labeled with bodipy phallacidin (in green) and DAPI (in blue). One
representative DC is shown. (B) The expression by dDCs of canonical
molecules of DCs was assessed by flow cytometry. Dot-plots represent the
expression of MARCO, ASGPR, DC-SIGN, and Dectin1 by CD11c™ cells.
Quadrant gate represent the limit set by isotype control analysis. (C) The
expression of HLA-G and ILT4 by plaDCs and moDCs by CD11¢c™ cells was
assessed by flow cytometry. Quadrant gates represent the limit set by
isotype control analysis. Dot-plots are representative of five different
placentas.
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more than 50% of dDCs and moDCs expressed BDCA-1, ASGPR
and Dectin-1; DC-SIGN was largely expressed by dDCs and
moDCs (Figure 1B). In contrast, dDCs strongly expressed HLA-
G and its interacting molecule ILT4, which were poorly and not
expressed by moDCs, respectively (Figure 1C). Taken together,
these results show that dDCs differed from moDCs on the basis
of HLA-G and ILT4 expression.

TRANSCRIPTIONAL ANALYSIS OF dDCs

As dDCs were phenotypically close to moDCs with the exception
of the specific expression of HLA-G and ILT-4, we wondered if the
analysis of gene expression would reveal specific transcriptional
features. We found that 1525 genes were significantly modulated
in dDCs compared with moDCs (using a FC > 2.0 and a False
Discovery Rate (FDR) < 0.01) (Figure2A). They consisted of
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FIGURE 2 | Transcriptional analysis of dDCs. (A-D) dDCs and moDCs were
recovered, and microarray analysis was performed after RNA extraction. Only
genes modulated in dDCs compared with moDCs were retained and the
heatmap represents up-modulated (in red) and down-modulated (in blue)
expression of genes (A) The functional annotation of the genes related to DC
markers and those modulated in dDCs compared to moDCs is presented (B)
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Estrogen- and progesterone-modulated genes (C and D, respectively) were
analyzed in dDCs compared with moDCs and functional annotations are
shown. (E) The production of CSH-1 by dDCs and moDCs was assessed by
western blot. The quantification was performed by densitometric scanning
after normalization with a-tubulin. The results are representative of three
different placentas.
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672 up-modulated genes and 853 down-modulated genes. We
then selected clusters of genes involved in DC phenotype and
functions, namely pathogen recognition (TLRs), co-signalisation
and antigen presentation (MHC class I and II molecules, T-
cell interaction), and investigated their transcriptional expression
(Figure 2B). The expression of the genes encoding TLR1, TLR2,
TLR4, TLR5, TLR6, and TLR7 was up-modulated in dDCs,
whereas the expression of TLR9 and TLR10 was similar in dDCs
and moDCs. TLR3 was found to be slightly depressed in dDCs.
Most of the genes involved in DC co-signalisation function,
CD86, CD40, CD83, and CD274 (also known as PDLI), and
those encoding MHC class II molecules were strongly down-
modulated. In contrast, the majority of the genes encoding MHC
class I molecules, and specifically HLA-G and its ligand ILT4
(LILRB2) were up-modulated in dDCs. Finally, among the genes
involved in the interaction with T-cells, ICAM1 was highly up-
modulated (Figure2B). Taken together, these results showed
that most of the genes involved in DC functions were down-
modulated in dDCs compared with moDCs with the exception
of TLR genes and genes encoding MHC class I molecules.

The second feature of transcriptional signature of dDCs is
the impact of the placenta microenvironment. As estrogens and
progesterone are major components of placenta microenviron-
ment, we investigated estrogen and progesterone-regulated genes
in dDCs compared with moDCs. We found that 17 genes known
to be regulated by estrogens and 12 progesterone-regulated genes
were modulated in dDCs. The 17 estrogen-regulated genes belong
to the GO terms “cell-cell signaling,” “immune response” and
“pregnancy”. These genes were up-modulated with the excep-
tion of PMS2 (Figure 2C). The 12 progesterone-modulated genes
consisted of “cell—cell signaling,” “progesterone receptors and
sub-units,” and “protein kinase” GO terms. These genes were
poorly modulated at the exception of the IL6 gene that was
highly up-modulated (Figure 2D). The CSHI gene was highly
expressed in dDCs and CSH-1 is strongly produced during preg-
nancy (Huddleston and Schust, 2004). We determined the pres-
ence of CSH-1 in dDCs and moDCs by immunoblotting. We
found that dDCs, but not moDCs, constitutively produced CSH-1
(Figure 2E). These results suggested that the differences between
dDCs and moDCs rely largely on their hormonal microenviron-
ment, especially estrogens.

MODULATION OF CYTOKINE PATHWAYS IN dDCs

Since dDCs exhibited a transcriptional program in which
genes associated with DC maturation were essentially down-
modulated, we wondered if signaling pathways were altered.
We selected two pathways, IL-10 and TGF-B known for their
role in fetal tolerance. We found that the expression of the
genes encoding IL-10 and TGF-B was higher in dDCs than in
moDCs (Figure 3). In the IL10 pathway, the genes encoding IL-
10R (IL10RA and IL10RB) were also up-modulated, but effector
molecules such as STAT5 and CREBBP were down-modulated. It
is noteworthy that STAT5 inhibitors (PIAS3 and FKBP4 genes)
were up-modulated in dDCs. The TGFB pathway was mainly up-
modulated in dDCs, especially SMAD molecules. Only SMADS,
which is an inhibitor of the SMAD signaling cascade, was down-
modulated. Finally, genes encoding nuclear transcription factors

such as CITED2 (MSG related protein 1), MYC and SP1 were
up-modulated whereas CREBBP and CITEDI genes were down-
modulated (Figure 3). Taken together, these results suggested that
the TGFP pathway was fully active in dDCs whereas the IL10
pathway was partially activated.

MATURATION OF dDCs AND RESPONSE TO MICROBIAL LIGANDS

As the transcriptional signature of dDCs reflects an immunoreg-
ulatory profile, we investigated their ability to mature in the pres-
ence of LPS or PGN, known to induce the maturation of moDCs,
as determined by the membrane expression of HLA-DR, CD80,
CD83, and CD86. In the absence of stimulation, HLA-DR was
strongly expressed by moDCs. In contrast, 90% of dDCs weakly
expressed HLA-DR whereas only 8% of dDCs expressed HLA-DR
at a high level. LPS and PGN increased the expression of HLA-DR
in moDCs, but were unable to increase the membrane expression
of HLA-DR in the majority of dDCs (Figure 4A). The expression
of CD80, CD83, and CD86 was similar in unstimulated dDCs
and moDCs. LPS and PGN markedly increased the expression
of CD80, CD83, and CD86 in moDCs but were unable to sub-
stantially increase their expression in dDCs (Figure 4A). Hence,
dDCs were unable to fully mature in response to TLR ligands.
We then investigated the ability of dDCs to release inflammatory
and immunoregulatory cytokines. The unstimulated production
of IL-12p70 and IL-6 was similar in dDCs and moDCs. While
LPS and PGN stimulated IL-12p70 and IL-6 release by moDCs,
no effect was observed in dDCs (Figure 4B). The profile of IL-10
production was completely different. Indeed, unstimulated dDCs,
but not moDCs, spontaneously released high levels of IL-10. The
stimulation of dDCs by TLR ligands such as LPS and PGN did
not affect the release of IL-10 by dDCs but markedly increased
IL-10 release by moDCs (Figure 4B). Taken together, these results
show that dDCs were unable to mature in response to ligands that
induce the maturation of moDCs and to produce inflammatory
cytokines in response to TLR ligands.

MATURATION OF dDCS AND RESPONSE TO INTRACELLULAR BACTERIA
The inability of dDCs to mature in response to TLR ligands may
create a favorable context for intracellular bacteria and specifically
for the bacteria with a tropism for placenta such as C. burnetii
and B. abortus. We tested the ability of C. burnetii and B. abortus
to induce the membrane expression of DC maturation mark-
ers. The expression of HLA-DR, CD80, CD83, and CD86 was
increased in C. burnetii-stimulated moDCs and that of CD80
and CD86 in B. abortus-stimulated moDCs. In contrast, C. bur-
netii did not affect the expression of HLA-DR, CD80, CD83, and
CD86 by dDCs. The stimulation of dDCs by B. abortus remained
silent at the exception of a weak increased expression of CD86
(Figure 5A). We verified that the lack of response to bacteria was
not due to a lack of interaction. C. burnetii and B. abortus entered
DC as shown in Figure 5B. These results showed that dDCs did
not mature in response to C. burnetii and B. abortus, suggesting
an intrinsic deficiency of dDC maturation.

DISCUSSION

In this paper, we characterized myeloid dDCs from third-
trimester placentas. This DC population was isolated by nega-
tive selection through a CD14 column, followed by a positive
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recovered, and microarray analysis was performed after RNA
extraction. The genes modulated in dDCs compared with moDCs
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Cbp/p300-interacting transactivator, with Glu/Asp-rich carboxy-terminal
domain; CREBBP CREB-binding protein; FKBP4, F506-binding protein
4; GRB, growth factor R-bound protein; MYC, v-myc avian
myelocytomatosis viral oncogene homolog; PIAS, protein inhibitor of
activated STAT, PTPN6 protein tyrosine phosphatase non receptor
type 6; SR specificity protein; STAT5A, signal transducer and activator
of transcription B5A.

selection through CD11c column. This procedure excluded pla-
centa macrophages that highly express CD14 (Ben Amara et al.,
2013) and also myeloid DCs that express CD14 and DC-SIGN
(Erlebacher, 2013). The CD14~CD11c* dDCs expressed BDCA-
1, ASGPR, Dectin-1, and DC-SIGN. The expression of lectins
such as ASGPR and Dectin-1 is characteristic of immature DCs.
Indeed, IL-10-producing CD4™ T cells maintain DC in an imma-
ture status in which ASGPR is expressed (Kaisho and Akira,
2003; Li et al., 2012). DC-SIGN is expressed mainly by immature
DCs and defective signaling through DC-SIGN may be involved
in immune tolerance (Valladeau et al., 2001; Geijtenbeek et al.,
2004). The CD11ctBDCA1" dDCs are also present in the first
trimester (Erlebacher, 2013), suggesting a stability of DC subsets
during pregnancy.

We also provided evidence that dDCs were characterized by a
specific transcriptional repertoire when compared with moDCs.
They expressed TLR2 and TLR4, which are involved in the
recognition of PGN and LPS, respectively (Kaisho and Akira,
2003), suggesting that dDCs recognize gram-negative and gram-
positive bacteria. Interestingly, the genes encoding MHC class
II molecules and associated pathways were down-modulated in
dDCs compared with moDCs whereas the expression of genes
encoding MHC class I molecules and associated pathways were
mostly up-modulated. We can suppose that dDCs had a lower
ability to process and present vacuolar antigens. The transcrip-
tional signature of cytokines also evokes an immunoregulatory
role for dDCs. Indeed, IL6 and ILI0 genes were up-modulated
in dDCs as compared with moDCs even if their downstream

Frontiers in Cellular and Infection Microbiology

www.frontiersin.org

December 2014 | Volume 4 | Article 179 | 78


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

Gorvel et al.

Immunoregulatory functions of decidual DCs

A [C_Ins [_ILPs [_1PGN
moDCs §
Q
o
A T T — A A A T T ] >
dDCs §
Q
o
|2 ]3 I4 “> 12 \3 b4 P L3 ba ) ]2 I3 l4 )
10 10 10 10 10 10 10 10 10 10 10 10
HLA-DR CD80 CD83 CD86
B
[—ImoDCs m dDCs
150 1 %k 200- sk 250 7
E T - =
2 120 A1 §160— E 200 1 *
g ) %k 2
© 901 £ 120- — £ 150
2 9 =
N 60 = 80- = 100 1
=
30 40 50 1
ol Cmm | 5 5
NS LPS PGN NS LPS PGN NS LPS PGN
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signaling effectors were down-modulated. The TGFf pathway was
clearly up-modulated in dDCs, suggesting that this pathway may
play a role in fetal tolerance (Svajger et al.,, 2010; Erlebacher,
2013). The comparison of the transcriptional program of dDCs
with that of decidual CD14" macrophages and multinucle-
ated giant cells (MGCs) revealed that dDCs were close to
CD14 " macrophages with which they exhibited a common pla-
cental signature. They were markedly distinct from moDCs and
macrophages derived from monocytes or MGC (Supplementary
Material).

As phenotypic and transcriptional features of dDCs suggested
a tolerogenic signature, we tested the ability of dDCs to mature
in response to TLR agonists known to induce the maturation
of moDCs. A few proportions of dDCs expressed HLA-DR in
contrast to moDCs upon stimulation with microbial ligands. In
addition, these latter increased only marginally the membrane
expression of CD83 and CD86 in dDCs. This was markedly dif-
ferent from first trimester CD83% dDCs that express a mature
DC phenotype (Kimmerer et al.,, 2000). We also found that
dDCs were poorly inflammatory. Indeed, they did not release
significant levels of IL-6 and IL-12p70 in response to LPS and

PGN in contrast to moDCs. The dDCs spontaneously released
high levels of IL-10, as previously found for trophoblasts, decid-
ual macrophages, and uterine NK cells (Huddleston and Schust,
2004). As a consequence, LPS and PGN were unable to increase
the release of IL-10 by dDCs while these agonists dramatically
increased the release of IL-10 by moDCs. This demonstrates that
dDCs were hyporeactive to inflammatory agonists. The tolero-
genic signature of dDCs may prevent the development of immune
response to intracellular bacteria with placenta tropism. Hence,
C. burnetii and B. abortus were unable to induce their maturation
This response was specific because C. burnetii or B. abortus were
able to induce the maturation of moDC:s. It has been also reported
that dDCs locally present the antigen to decidual T cells in ways
that minimize Th1 responses and reinforce the immunodepres-
sion associated with pregnancy, thus favoring the replication of
pathogens within the placenta, such as Listeria monocytogenes
(Abram et al., 2003), C. burnetii (Ben Amara et al., 2010) or
B. abortus (Salcedo et al., 2013).

The mechanisms underlying dDC properties that favor the
persistence of intracellular bacteria may involve other mecha-
nisms than the lack of inflammatory cytokines. Indeed, dDCs
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C. bumetii

FIGURE 5 | Response of dDCs to C. burnetii and B. abortus. DDCs were
incubated with C. burnetii or B. abortus for 18 h. (A) The expression of
maturation markers was determined by flow cytometry in moDCs and dDCs
stimulated or not by C. burnetii or B. abortus. In black and gray areas, naive
moDCs and dDCs; in red, C. burnetii stimulation; in blue, B. abortus

A [INs [1c. bumetii [ B. abortus
moDCs §
8
=
dDCs 3
T T T T 7 T T T T T 1 T >
102 10° 10* 102 10° 10° 102 10° 10* 102 10° 10*
HLA-DR CD80 CD83 CD86
B

F-actin, D

stimulation. The results are representative for five experiments. (B) After
washing, bacteria were labeled with specific Abs, Factin with bodipy
phallacidin and nuclei with DAPI. dDCs were observed by confocal
microscopy. The micrographs reveal bacteria (in red or yellow), F-actin (in
green) and nuclei (in blue).

expressed specific molecules such as HLA-G and its ligand ILT4.
HLA-G is known for its immunosuppressive properties in normal
and pathological conditions (Ristich et al., 2005). In the presence
of soluble HLA-G tetramers, moDCs are not able to completely
mature (McIntire and Hunt, 2005). The interaction of HLA-G
with ILT4 limits trophoblast lysis by NK cells and increases the
production of TGF-f and immunosuppressive cytokines in decid-
ual macrophages and CD83™ DCs from first trimester (McIntire
and Hunt, 2005). Sex hormones likely play a major role in the
activity of placenta cells. It has been shown that progesterone
increases the expression of HLA-G and induces a tolerogenic
profile in uterine DCs (Szekeres-Bartho et al.,, 2009). Even if
estrogens have been described as enhancers of DC maturation
(Hughes and Clark, 2007; Nofer, 2012; Seillet et al., 2013), they
have also been described as inhibiting DC maturation during
RNA-virus infections (Escribese et al., 2008) and limiting the
production of defensins by moDCs and myeloid DCs (Escribese
et al., 2011). It is likely that estrogens are more potent than
progesterone to affect the functional activity of dDCs, as sug-
gested by microarray analysis. Among the estrogen-regulated
genes, we found that CSHI gene and CSH-1 protein that is

involved in prolactin secretion were highly up-modulated in
dDCs. CSH-1 and prolactin participate to normal development
of pregnancy because a decreased production of prolactin or
CSH-1, as found in preeclampsia, an inflammatory disease of
the placental tissue, results in retarded growth (Minnik et al.,
2012). We hypothesized that the hormonal context affected
the ability of dDCs to mature and to produce inflammatory
cytokines.

In this report, we found that dDCs exhibit specific features
in addition to the markers of myeloid DCs. They were unable
to mature and to produce inflammatory cytokines in response
to agonists known to induce DC maturation and were strongly
influenced by their tolerogenic hormonal microenvironment.
These properties may contribute to the feto-maternal tolerance
and to the pathogenicity of intracellular bacteria with placenta
tropism, as dDCs were also unable to respond properly to such
pathogens.
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