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Intracellular bacterial pathogens intimately interact with the
infected host cell to prevent elimination and to ensure survival.
One group of intracellular pathogens, including Coxiella
burnetii, Legionella pneumophila, Brucella spp., Anaplasma
phagocytophilum, and Ehrlichia chaffeensis, utilizes a type IV
secretion system (T4SS) that injects effectors to modulate host
cell signalling, vesicular trafficking, autophagy, cell death and
transcription to ensure survival [1]. So far, little emphasis has
been directed towards understanding how these bacteria
manipulate host cell metabolism. This manipulation is not only
important for gaining access to nutrients, but also for regulating
specific virulence programs [2,3]. Here, we will summarize
recent progress made in characterizing the manipulation of
host cell metabolism by C. burnetii and other intracellular
pathogens utilizing a T4SS.
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Introduction

In its natural habitat, Coxie/la burnetii is an obligate intra-
cellular zoonotic pathogen with a broad host range, which
reaches from arthropods, through birds, pets and ruminants
to humans [4]. Humans are mainly infected by C. burnetii
through inhalation of contaminated dust from infected
sheep and goats, which shed the bacteria in milk, feces
and birthing products [5,6]. Infection with C. burnetii causes
Q fever in approximately 40% of human cases, with the
majority experiencing flu-like symptoms. However, acute
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Q fever can also present as atypical pneumonia or hepatitis.
Importantly, a small proportion of 3-5% of the infected
individuals will develop chronic Q fever, which mainly
presents as endocarditis and for which efficient treatment
options are missing [7]. Essential for its ability to establish a
productive infection is the expression of the type IV
secretion system ('T'4SS) [8,9]. C. burnetii uses its T4SS
to inject roughly 150 effector proteins into the host cell
cytoplasm [10]. Other important pathogens also rely on a
"T'4SS to establish a productive infection. One of them is
Legionella pneumophila, which can cause severe pneumonia,
called Legionnaires’ disease [11]. Essential for its intracel-
lular survival is the ability to create a replicative niche, the
Legionella-containing vacuole (LCV). The development of
the LCV depends on 'T'4SS-mediated translocation of over
300 effector proteins into the host cell cytoplasm [12].
Brucella abortus 1s the causative agent of the zoonosis
brucellosis [13]. This pathogen replicates in the Brucella-
containing vacuole (BCV), which is derived from the ER.
Essential for the establishment of the BCV is the T'4SS and,
so far, roughly 15 effector proteins have been identified [1].
Anaplasma phagocytophilum is the major cause of human
granulocytic anaplasmosis, while E/krlichia chaffeensis is the
causative agent of human monocytotrophic ehrlichiosis
[14]. To date, only 7 effector proteins have been identified
for these two species [15,16]. In general, the T'4SS effector
proteins of these diverse bacteria have been shown to
function as virulence factors as they modulate signaling
pathways and processes in the host cell, such as vesicular
trafficking, autophagy, apoptosis, pyroptosis, transcription
and metabolism. However, many of them remain to be
characterized and likely function in other pathways, includ-
ing the modulation of host metabolism, as described below.

'T'4SS-mediated modulation of host cell metabolism

Metabolism is a series of chemical transformations that
regulate cell survival, proliferation and fate, among others.
Metabolic pathways, such as the tricarboxylic acid cycle,
glycolysis or lipogenesis either generate or degrade basic
nutrients, provide building blocks, maintain homeostasis
and produce energy. Intracellular pathogens have adapted a
mesophilic and heterotrophic life style to survive and
proliferate in the microenvironment of eukaryotic cells,
including immune cells, by exploiting metabolic pathways
and intermediates provided by the host [17,18]. Thus,
multiple substrates are used by C. burnetii in catabolic
and anabolic process and thus, in a bipartite-type metabolic
network [19]. Similarly, L. preumophila exhibits a bipartite
metabolic network. Depending on the stage of infection,
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L. pneumophila uses either, amino acids, carbohydrates or
glycerol as major substrates [20].

The role of autophagy and amino acids for
pathogenicity

Several pathogens described above interfere with autop-
hagy, a lysosomal degradative pathway that ensures cel-
lular homeostasis by elimination of defective organelles,
proteins, aggregates or intracellular bacteria [21]. Some
bacteria circumvent autophagy at different steps of the
process, while others exploit autophagy to acquire nutri-
ents, specific autophagic proteins or membranes [22].
C. burnetii requires the interaction of the C. burnetii-con-
taining vacuole (CCV) with the autophagic pathway for
intracellular survival and replication [10,23-25]. While it
is clear that the T'4SS effector protein Cig2/CvpB con-
tributes to the fusion of the CCV with autophagosomes
[26,27,28°,29°,30], the role of autophagy for C. burnetii
replication is still not resolved. It might be essential for
homotypic fusion of CCVs [10,28°] or for providing an
ample supply of nutrients [31°]. A. phagocytophilum manip-
ulates the host autophagy degradation pathway by secret-
ing the T4SS effector protein Ats-1 which binds directly
to Beclin 1, a central regulator of autophagy [32].
E. chaffeensis ejects the T4SS effector protein Etf-1, which
interacts with the RABS-BECNI1-PIK3C3 autophagy
master regulator complex via GTP-bound RABS5, to
induce autophagy [33°]. A. phagocytophilum, as well as
E. chaffeensis, have limited capacity for biosynthesis and
metabolism and, thus, strongly depend on the host cell in
order to acquire nutrients needed for survival and repli-
cation [34]. However, whether these nutrients are pro-
vided by the autophagic pathway still awaits verification.

C. burnetii is auxotrophic for 11 amino acids [35°] and
therefore only proliferates in an environment containing
them in sufficient amounts [19,36]. The autophagic
machinery might be important for the delivery of these
essential amino acids to the CCV, but other pathways
might be also involved. In addition, it remains unclear
which role-specific amino acids have for C. burnetii phys-
iology and how the uptake of specific amino acids is
spatially and temporally regulated. C. burnetii encodes
several predicted amino acid and peptide transporters
[37], but it is not yet known if they are required for
intracellular growth. For L. preumophila it was demon-
strated that several putative transporters ensure the
uptake of essential nutrients into the L. preumophila-
containing vacuole (LCV) [38-40]. Furthermore, the
bacterium is able to boost the levels of nutrients, such
as amino acids, in the host cell cytosol. The T4SS effector
protein AnkB increases the amount of free amino acids by
inducing proteolysis by the proteasome [41]. Recently, a
study identified two T4SS effector proteins that modulate
the activity of the master regulator of host amino acid
metabolism, the mechanistic target of rapamycin complex
1 (mTORC1). SidE and Lgt work in concert to provide

host cell amino acids for bacterial use [42°]. This is
important for the L. prneumophila infection as the presence
of amino acids was shown to lead to bacterial replication
[39]. In contrast, nutrient limitation initiated an egress
mechanism in which L. pneumophila differentiated into a
transmissive form and then a spore-like form, which is
well equipped for persisting in the environment or for
infecting new hosts [20]. Whether C. burnetii also encodes
'T4SS effector proteins that regulate the availability of
amino acids is currently unknown. However, because
amino acids can be utilized by C. burnetii as the only
macronutrients [31°], studying if and which role-specific
amino acids play in the context of the C. burnetii devel-
opmental cycle will greatly increase our understanding
about bacterial pathogenicity and/or persistence. That
certain amino acids are indispensable for C. burnetii sur-
vival is highlighted by the paper of Sandoz ¢ a/. [35°], in
which the authors utilize auxotrophy complementation as
selection for genetic manipulation of C. burnetii.

L. pneumonia also modulates mitochondrial dynamics in
both T4SS-dependentand T4SS-independent manners to
induce a switch from mitochondrial respiration to a War-
burg-like phenotype, which enables bacterial replication
[43°°]. Whether C. burnetii also influences the mitochondria
to alter host cell metabolism is unknown. However, it is
tempting to speculate that this mightindeed be the case, as
mitochondrial localization has been demonstrated for sev-
eral T4SS effector proteins, including Ank] [44], CBU1825
[9], CbuA0020 [45] and MceA [46].

The role of carbohydrate metabolism for
pathogenicity

In addition to amino acids, C. burnerii utilizes carbohy-
drates for growth in axenic medium. Glucose serves for
the biosynthesis of cell wall compounds and for generat-
ing energy via glycolysis and the TCA cycle. The glu-
coneogenic substrate glycerol is taken up and predomi-
nantly used in the synthesis of cell wall components [19].
In contrast, L. pneumophila channels both glucose and
glycerol primarily into anabolic reactions, such as gluco-
neogenesis and the pentose phosphate pathway [47].
L. pneumophila also metabolizes myo-inositol to contribute
to intracellular proliferation and virulence [48]. It is not
clear if the bacteria use T4SS effector molecules to
actively manipulate host carbohydrate anabolic or cata-
bolic pathways for provision of these substrates. The
B. abortus 'T4SS effector protein BPE123 suggests that
such a scenario is possible [49]. BPE123 interacts with the
key glycolytic/gluconeogenic host enzyme a-enolase,
leads to its association with the Bruce/la-containing vacu-
ole, and induces structural and/or functional changes
resulting in a-enolase activation. Enzyme depletion by
RNA interference impairs B. abortus intracellular replica-
tion in Hel.a cells, confirming the protein’s role during
the infection process [49]. If this interaction serves to
provide a nutrient source for the bacteria or if it affects
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another biological activity of the multifunctional protein
a-enolase, remains an exciting and open question.

The role of lipids in pathogenesis

In addition to amino acids, glucose or glycerol, intracel-
lular pathogens seem to rely on the lipid metabolism of
the host. Accordingly, L. preumophila manipulates com-
ponents of host cell lipid metabolism. The pathogen
secretes T'4SS effector proteins, such as RidL,, SidP, SidF,
LidA and LpnE, which interact with host phosphatidy-
linositols to either evade the endocytic pathway or to
nurture interactions between the L. preumophila vacuole,
the endoplasmic reticulum or other secretory pathways
[50]. LpdA is another T4SS effector protein with phos-
pholipase activity, which was shown to contribute to
virulence of L. pneumophila in the murine lung [51]. In
addition, host-cell endosomal Rab G'TPases bind and
activate the T4SS effector protein VipD, which then
exhibits phospholipase Al activity, and modulates the
lipid composition of endosomal membranes [52]. More-
over, L. pneumophila also modulates host sphingolipid
metabolism via the T4SS effector protein sphingosine-
1 phosphate lyase (LpSpl) [53]. Mechanistically, 7pSpl
depletes host S1P and inhibits autophagy in the host cell,
facilitating intracellular replication of L. pneumophila [53].

Furthermore, C. burnetii also exploits host cell lipids for its
own benefit. The C. burnetii 'T4SS effector protein
Cig2/CvpB interacts  with phosphatidylinositol
3-phosphate (PI(3)P) and phosphatidylserine on both
CCV and early endosomes. Cig2/CvpB then perturbs
the activity of PI(5)P, which increases the levels of PI
(3)P on the CCV membrane, leading to enhanced deliv-
ery of membrane material, proteins and lipids to the CCV
[28°]. Moreover, the oxysterol-binding protein-related
protein 1 long (ORP1L) was shown to localize to the
CCV in a T4SS-dependent manner. In fact, ORP1L can
simultaneously bind to the CCV and the endoplasmic
reticulum, suggesting that ORP1L is a component of
CCV-ER membrane contact sites [54]. The assumption,
that cholesterol is then transported to lipid droplets
(LDs), i1s similar to the adenovirus model, in which the
RIDa protein was demonstrated to mediate host
LDL-cholesterol transport through ORP1L for esterifica-
tion and storage in L.Ds [55]. In fact, one rapidly growing
field of research relating pathogen interactions with lipid
metabolism is the study of lipid droplets.

Lipid droplets

LDs are highly dynamic organelles present in virtually all
eukaryotic cell types and also in several prokaryotes [56].
These organelles are composed of a hydrophobic core of
neutral lipids, such as triglycerides and cholesterol esters,
with relative amounts varying between cell types. This
core is surrounded by a phospholipid monolayer and a set
of associated ubiquitous proteins [57,58]. LDs not only
regulate intracellular lipid storage and lipid metabolism,

providing energy depots and cellular building blocks,
they also contribute to adaptive stress responses, cell
survival and immune response signaling [56,59,60]. More
importantly, LDs play a major role in host—pathogen
interactions [61]. They are hijacked by intracellular
pathogens, such as Chlamydia trachomatis, to capture tri-
glycerides and cholesterol esters for bacterial replication,
while Mycobacterium tuberculosis uses triglycerides in LLDs
as an energy source and Mycobacterium leprae induces LD
biogenesis as part of the bacterial immune evasion strat-
egy required for persistent infection [62]. LDs have also
been associated with C. burnetii infections [63]. In 1994,
Brouqui ¢ a/. showed an immunohistologic image of
C. burnetii-infected and fat-loaded macrophages in
resected heart valves of an infected patient. Moreover,
in 2012, Graham ¢z a/. observed that .LDs are present in
intact CCVs in primary human alveolar macrophages [64].
Perilipin-2 (PLLIN2), also called adipose differentiation-
related protein, a protein that surrounds the LD, was
shown through comparative microarray analysis to be
upregulated in the human monocytic cell line THP-1
after infection with C. burnerii [65]. Recently, Mulye
et al. observed that, after treating C. burnetii-infected
mouse alveolar macrophages (MH-S) with chloramphen-
icol, less LLDs were counted per cell indicating that
C. burnerii protein synthesis is indeed essential for LD
accumulation [66]. They also observed a reduced number
of host LDs after infecting MH-S and THP-1 cells with
the C. burnetii T4SS dorA mutant as compared to wild type
C. burnetii. 'This clearly demonstrates that induction of
host LD accumulation is dependent on C. burnetii effector
protein(s). The authors hypothesized that the increased
number of LLDs in infected macrophages could be due to
fission of already existing L.Ds rather than the formation
of new ones [67]. This was supported by the observation
of smaller sized LDs in C. burnetii-infected cells as
opposed to non-infected cells. Their data also revealed
that blocking LD formation or breakdown either
increased or suppressed C. burnetii growth, respectively
[66]. Thus, C. burnetii growth is altered when LD homeo-
stasis is manipulated. Yet, it is still unknown whether
C. burnetii utilizes fatty acids or sterols released by the
breakdown of LLDs as nutrient depots or for producing
lipid immune mediators such as prostaglandin E2.

Cholesterol

(3B)-Cholest-5-en-3-ol, i.c. or cholesterol, is a sterol and, in
its non-esterified form, an important lipid component of
eukaryotic membranes. Its presence in a lipid bilayer
strongly influences membrane structure by increasing
rigidity and hydrophobicity, thereby decreasing membrane
permeability (reviewed in Ref. [68]). Cholesterol is also an
essential element of nanoscale membrane microdomains
known as ‘lipid rafts’. T'hey serve as spatial organizers in the
membrane to compartmentalize events, such as signaling
and trafficking in immune receptor activation and phos-
pholipase D activation in mechanotransduction, or
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single-pass transmembrane protein sorting to the plasma
membrane (for a review, see Ref. [69]). Pathogens fre-
quently use these lipid raft domains as entry sites into their
target cells. Like other intracellular pathogens, C. burnetii
interacts with host cell cholesterol at many different levels.
"This was thoroughly reviewed recently for obligate intra-
cellular pathogens [70]. We will, therefore, focus solely on
Coxiella—cholesterol interactions.

The entry of C. burnetii into non-phagocytic murine
embryonic fibroblasts (MEF's) is strongly impaired when
genetically engineered MEFs are used that are only able
to synthesize desmosterol, the immediate precursor of
cholesterol. These cells are also defective in lipid raft
formation. Invasion is restored if the MEFs are cultured
in cholesterol-containing medium. Intracellular replica-
tion of bacteria, that had already invaded the cells, is not
affected by the absence of cholesterol [71].

Cholesterol has opposing effects on the CCV. During the
early stages of CCV formation, increased concentrations
of cholesterol lead to increased acidification of the CCV,
resulting in C. burnetii death [72]. A caveat, which should
be taken into account here, is that it is not clear if and how
the presence of desmosterol affects the impact of choles-
terol on membrane structure. Even though desmosterol
cannot functionally replace cholesterol in lipid raft for-
mation, it can substitute for cholesterol in cellular sterol
homeostasis and in proliferation, and their lipid-lipid
interaction determining properties in biological mem-
branes are very similar [73]. Hence, one cannot exclude
that the presence of desmosterol in the cholesterol-
deficient MEFs might contribute to the bacteriolytic
effect of the externally added cholesterol. The combined
desmosterol and cholesterol concentrations could proba-
bly lead to an unnaturally rigid and impermeable CCV
membrane, resulting in the observed lysis of the bacteria.
Between four and six days post-infection, cholesterol
biosynthesis and uptake is transiently upregulated in C.
burnetii-infected cells [74]. Accordingly, the CCV mem-
brane is sterol-rich. However, it is still not clear if this is a
feature of importance for the bacterial infectious cycle or
rather a consequence of manipulating intracellular vesicle
transport processes. The possibility that bacterial effec-
tors contribute to this process is based on the observation
that the host protein ORP1L is recruited in a T4SS-
dependent manner at early time-points to the CCV
([54]; see the section on metabolic pathways). Additional
experiments will be required not only to clarify the role of
ORP1L in CCV-ER interactions and cholesterol traffick-
ing, but also to identify the effector molecule(s) involved.

C. burnetii contains two eukaryote-like sterol reductase
homologs, Cbu_1158 and Cbu_1206. Sterol reductases
reduce double bonds during sterol biosynthesis. The
bacterium itself does not synthesize detectable amounts
of cholesterol [71], even though Cbu_1206 can

functionally complement a A24 sterol reductase deletion
mutant in yeast. Thus, Cbu_1206 enables the Sacchro-
myces cerevisiae A24 sterol reductase deletion mutant erg4
to generate the end-product ergosterol [75]. The
Cbu_1158 amino acid sequence groups with proteins
described to be sterol-A7-reductases [76], but has not
yet been characterized biochemically. Both proteins are
not classified as T'4SS effectors and most likely locate to
the bacterial cytoplasmic membrane. In addition, they are
not fully conserved in published Coxie/la genomes. When
compared with the genome sequences of the C. burnetii
Nine Mile Phase I [37] and phase II [77] isolates, several
strains, for example CbuG_Q212, Cb175_Guyana or
701CbB1, contain different frameshift mutations in
Cbu_1158, leading to truncated and, most likely, non-
functional proteins. Cbu_1206, in contrast, possesses only
different combinations of up to three synonymous and/or
four non-synonymous codon exchanges in other isolates
(see Supplementary Table 1 for details). It will be inter-
esting to see if a knock-out of both genes has an effect on
infectivity and pathogenicity. Taken together, the inter-
actions of cholesterol with C. burnetii are complex, time-
dependent and still far from being fully understood.

Conclusions

For obligate intracellular pathogens, a coordinated interac-
tion with the host cell is essential for establishing a niche
permissive for intracellular replication. The interactions
between hostand C. burnetii can be considered to represent
co-existence. The metabolic activities of both partners are
formed and modified by this intimate interaction. Current
data indicate that the 'T'4SS and its effector proteins modu-
late host cell metabolic pathways for bacterial benefit.
However, how the secretion of specific effector proteins
is regulated is unknown. The bacteria might sense certain
metabolic states to initiate the secretion of effector proteins
that alter host cell metabolism. How the pathogens profit
from this is also largely unknown. They might use metab-
olites as nutrients, might need them for the establishment
and maintenance of the replicative vacuole or use them to
alter anti-microbial host cell responses. A more intensive
characterization of these interactions will not only provide
new insights into pathogenesis and host cell physiology, it
might even open up avenues for drug discovery to treat the
respective disease.
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