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Abstract

Intracellular bacterial pathogens have evolved many ways to manipulate host cells for successful
infection. Many of these pathogens use specialized secretion systems to inject bacterial proteins
into the host cytosol that manipulate cellular processes to favor infection. Autophagy is a
eukaryotic cellular remodeling process with a critical role in many diseases, including bacterial
clearance. A growing field of research highlights mechanisms used by intracellular bacteria to
manipulate autophagy as a pro-survival strategy. This review focuses on a select group of bacterial
pathogens with diverse intracellular lifestyles that exploit autophagy-derived nutrients and
membrane for survival. This group of pathogens uses secretion systems and specific effectors to
subvert distinct components of autophagy. By understanding how intracellular pathogens
manipulate autophagy, we gain insight not only into bacterial pathogenesis but also host cell
signaling and autophagolysosome maturation.

Introduction

Intracellular bacterial pathogens cause a spectrum of human disease and inflict significant
morbidity and mortality on the human population. Increased antibiotic resistance and the
emergence of new pathogens over the past few decades have alerted the scientific and
healthcare communities to a need for new therapeutics and treatments. Intracellular
pathogens must manipulate the host cell to acquire the nutrients necessary for proliferation
and subsequent pathogenesis. Because this interaction is required for bacterial replication,
altering the pathways that bacteria exploit for nutrients is a promising target for future
therapeutics. Intracellular bacterial pathogens often use secretion systems to control host
processes and promote infection and replication. Secretion systems are biological machines
that secrete bacterial proteins either into the milieu or through host cell membranes into the
cytosol. There are currently eight types of secretion systems (Type | to Type VIII) that
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bacteria use to translocate bacterial proteins to the extracellular space. Some of these
secretion systems even puncture the membranes of target cells [1]. Translocated effectors
control numerous infection events, including replication vacuole formation, apoptosis,
cytokine responses, and autophagy. Sufficient nutrient and membrane supplies are key to the
success of intracellular pathogens, and acquisition of these necessities involves manipulation
of many host processes. In this review, we will focus on a group of bacterial pathogens with
diverse intracellular activities that employ secreted effector proteins to exploit host
autophagy and promote intracellular growth [2-6].

Autophagy

Macroautophagy (referred to as autophagy herein) is a eukaryotic process that maintains
cellular homeostasis by degrading defunct organelles, protein aggregates, and, in cases of
nutrient deprivation, bulk cytoplasm [7,8]. Additionally, recent discoveries show autophagy
has many auxiliary roles, such as regulating immune signaling and clearing invading
pathogens [9]. Briefly, autophagy initiates with formation of an isolation membrane that is
generally derived from the endoplasmic reticulum (ER) but can originate from other
organelles, such as mitochondria, or the plasma membrane [10,11]. Formation of an
isolation membrane and phagophore is controlled by the Unc51-like kinase 1 (ULK1)
complex that is activated when mTOR is inactive. The ULK1 complex activates Beclin-1, a
critical protein in autophagosome nucleation. Beclin-1 forms a complex with Atg14, p150,
and VVPS34, a class 111 phosphoinositide 3-kinase (PI3K). Pharmacological inhibitors of
autophagy, such as 3-methyladenine (3-MA), target VPS34 to abrogate the pathway [12].
Once autophagosome formation is initiated, a complex containing Atg5-Atg12 and Atgl6
elongates the maturing phagophore. Atg4 cleaves cytoplasmic LC3, resulting in LC3-1 while
Atg3 and Atg7 to lipidate LC3-1, resulting in LC3-11 [13]. LC3-I1 is then attached to the
autophagosome and is commonly used as a marker of autophagosomes. LC3-11 is involved
in the final sealing steps that allow completion of an autophagosome. The newly formed
autophagosome then matures to an acidified autophagolysosome that degrades harbored
material into simple structures such as amino acids and fatty acids.

Many different intracellular components are degraded through autophagy. Targeted
degradation of specific components is termed selective autophagy and is mediated by
receptor proteins that target cargo for envelopment by autophagosomes. Common cargo
receptors are p62 (sequestosome-1), nuclear dot protein 52 (NDP52), neighbor of BRCA1
gene 1 (NBR1), and optineurin (OPTN). These receptors interact with ubiquitinated
substrates (p62, NBR1) or bacterial signatures (NDP52) and subsequently bind LC3-11,
which directs autophagosome formation around selected cargo [14-16]. When the cargo is
an invading pathogen, the process is referred to as xenophagy. Autophagy in the context of
infection is often detrimental to intracellular bacteria and many species, such as
Mycobacterium tuberculosis [17] and Legionella pneumophila [18], have developed
mechanisms to avoid or prevent autophagy and interactions with autophagosomes. Several
recent extensive review articles address bacterial avoidance or abrogation of autophagy. In
contrast, several pathogens have evolved methods to utilize autophagy to promote infection.
In this review, we highlight recent discoveries demonstrating intracellular bacterial pathogen
manipulation of a host defense mechanism to benefit the pathogen and promote disease. We
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specifically focus on Anaplasma, Coxiella, Francisella, and Brucella species as examples of
pathogens that uniquely interact with autophagy.

Anaplasma phagocytophilum Secretes Ats-1 to Initiate Autophagosome
Formation

A. phagocytophilum is the causative agent of human granylocytic anaplasmosis, an acute
febrile illness, and primarily infects granulocytes. The bacterium replicates within a host-
derived vacuole that initially matures along the endocytic pathway, acquiring markers such
as Rab5 and EEAL, but is halted by A. phagocytophilum before fusing with degradative
lysosomes. Early studies showed this compartment has a double-lipid bilayer surrounding
replicating organisms, a hallmark characteristic of an autophagosome [19]. LC3 and
Beclin-1 are present on the replicative vacuole membrane, further demonstrating this
compartment is autophagosome-derived [20]. Additionally, autophagy is induced in A.
phagocytophilum-infected cells, and inhibition of autophagy using 3-MA prevents bacterial
replication, indicating autophagy is necessary for productive infection. To control cellular
infection events, A. phagocytophilumuses a Type IV secretion system (T4SS) to deliver
effector proteins to the host cytosol. The bacterial effector Anaplasma translocated
substrate-1 (Ats-1) co-localizes on A. phagocytophilum vacuoles with autophagy proteins
typically found at the ER, where autophagosome nucleation often occurs [2]. Ats-1 directly
binds Beclin-1 and recruits Atg14L to promote autophagosome nucleation at the vacuole
membrane, and silencing Beclin-1 expression negatively impacts A. phagocytophilum
replication. These findings are unique because pathogen-derived proteins that bind Beclin-1
typically inhibit, rather than promote, autophagy. The mechanism by which A.
phagocytophilum triggers autophagosome formation is distinct from canonical autophagy
due to the absence of mTOR dephosphorylation. Interestingly, Ats-1 also localizes to
mitochondria and interferes with apoptotic signaling in a cell-density dependent manner
[21]. This observation suggests A. phagocytophilum uses one effector to manipulate host cell
survival and autophagy, with localization of the effector influenced by host cell conditions.

Coxiella burnetii Secretes T4SS Effectors to Promote Fusion with
Autophagosomes

C. burnetii is an intracellular Gram-negative bacterium that causes human Q fever, an acute
influenza-like illness that can progress to chronic endocarditis. Similar to A.
phagocytophilum, C. burnetii encodes a Dot/Icm T4SS required for productive infection of
macrophages, the pathogen’s favored host cells. C burnetii uniquely replicates within an
acidic (pH ~ 4.5) lysosome-like compartment termed the parasitophorous vacuole (PV) that
decorates with lysosome-associated membrane protein-1, -2, and -3 (LAMP-1, -2, and -3)
and contains active proteases such as cathepsin D. Early studies indicated that PV
incorporate autophagic proteins, including LC3, and PV generation is enhanced when
autophagy is activated by amino acid and serum starvation [22]. Beclin-1 localizes to the PV
and is beneficial for vacuole expansion, though the mechanism remains undefined [23].
Recruitment of LC3 to the PV is dependent on the T4SS in human alveolar macrophages,
the target cell during human infection [4]. Interestingly, no change in autophagic flux occurs
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during infection, indicating autophagy is not actively triggered by C. burnetii. Thus, C.
burnetti likely recruits existing autophagosomes. Additionally, the cargo receptor p62 is
recruited to the PV in a T4SS-dependent manner. A separate human siRNA screen identified
many host cell factors required for intracellular replication and PV generation [24]. When
expression of the autophagy regulator Atg5 is silenced, C. burnetii infection efficiency is not
altered, indicating canonical autophagy is not required for infection. Shortly after this study,
an effector protein termed Cig2 was discovered that recruits LC3 to the PV and aids
maintainance of typical PV structure [3]. Cig2-deficient C. burnetii does not form
prototypical large PV or recruit autophagosomes, but replicates similar to wild type bacteria,
albeit within small irregular vacuoles. Additional effectors, such as Coxiella plasmid
effector B (CpeB) and CpeL, were identified in ectopic expression studies to co-localize
with LC3 [25,26], suggesting C. burnetii uses multiple effectors to control interactions with
autophagosomes.

Francisella tularensis Derives Nutrients from Autophagosomes

F. tularensis is the causative agent of the zoonotic disease tularemia. F. tularensis replicates
in the cytosol of a wide range of cells including macrophages and epithelial cells [27]. In
general, live F. tularensis bacteria evade autophagy [28]. The mechanism of evasion is still
being characterized, but one critical component is the structure of the O-antigen [29].
Mutants deficient in O-antigen synthesis are viable but are destroyed by autophagy. In
certain mouse cell types, Francisella can re-enter the endosomal compartment by entering
an autophagosome [30]. However, F. tularensis is not destroyed within this structure and the
importance of endosomal re-entry during infection is unclear. F. tularensis replicates
efficiently in host cells with medium lacking amino acids, indicating that bacteria derive
nutrients from the host [5]. This observation led to investigation of autophagy as a source of
these nutrients. Interestingly, while Beclin-1 has a pro-bacterial effect, Atg5 is not required
for F. tularensis intracellular growth. Indeed, non-canonical autophagy is activated during
infection and contributes nutrients for replicating F. tularensis. F. tularensis harbors a
pathogenicity island (FPI) that encodes genes belonging to a type VI secretion system. The
FP1 is critical for phagosome maturation and eventual phagosomal escape, and a secreted
effector(s) likely mediates these events [31]. As with most intracellular pathogens, it is
likely that a secreted effector(s) is also responsible for interactions with non-canonical
autophagy. Future studies will provide insight into this novel area of study with a unique
secretion system and use of non-canonical methods for intracellular replication.

Brucella spp. Use Autophagy to Replicate in and Exit Host Cells

Brucellosis is a chronic zoonosis caused by several bacterial species in the Brucella genus.
Brucella encodes a VirB T4SS and has a unique and complex intracellular lifecycle
involving transient interaction with several host organelles during growth in professional
phagocytes. After internalization into a host cell, the Brucella-containing vacuole (BCV)
traffics through the endosomal pathway, acquiring membrane markers such as Rab5, and
briefly interacts with lysosomes in a “kiss and run” manner [32,33]. This event activates the
VirB T4SS, which mediates interactions between the endosomal BCV (eBCV) and the ER.
After fusion with the ER, the BCV is permissive for replication, deeming this niche the
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replicative BCV (rBCV). After replication, Brucella abortus rBCVs acquire a double
membrane characteristic of autophagosomes [6]. Interestingly, LC3 is not present at the
BCV. Formation of this newly discovered autophagic BCV (aBCV) does not require
canonical autophagy elongation regulators, including Atg5, Atgl6L, Atg4B, Atg7 and
LC3B. However, aBCV biogenesis requires expression of Beclin-1 and ULK1, two proteins
required for initiation of autophagy. Importantly, development of the aBCV may aid cell to
cell spread. These results suggest Brucella activates autophagy at a late stage of infection to
promote spread to bystander cells. This prediction presents a novel area of intracellular
pathogenesis that could be important for other pathogens spreading from the primary
infection site.

Although Brucella clearly interacts with autophagosomes, it is less clear whether autophagy
alters overall intracellular replication. A study using B. melitensis showed that
pharmacological inhibition of autophagy negatively impacts bacterial replication [34].
However, a recent study comparing B. abortus and B. melitensis demonstrated that the latter
species does not require canonical Atg5-dependent autophagy for intracellular replication
[35]. Thus, the overall impact of autophagy on replication is still under investigation.
Additionally, secreted effectors likely control interactions with autophagosomes. Although
there is no definitive effector yet linked to aBCV generation or interactions with autophagy,
the VirB T4SS is required for completion of the Brucella life cycle [33], suggesting the
system secretes effectors that impact all stages of infection.

Manipulation of the Host Unfolded Protein Response to Promote

Autophagy

Recent studies have opened a new area of potential autophagy control during intracellular
pathogen infection: ER stress and the unfolded protein response (UPR). The UPR consists
generally of three ER-associated arms that combat stress responses through tightly
controlled transcriptional programs. UPR pathways are controlled by one of three ER-
associated receptors that sense stress: inositol-requiring enzyme-1 (IRE-1a), protein kinase
RNA-like ER kinase (PERK), and activating transcription factor 6 (ATF6). IRE1la regulates
autophagosome formation in response to ER stress and other stimuli. Following activation
and autophosphorylation, IRE-1a cleaves X-box binding protein-1 (XBP-1) mRNA,
resulting in XBP-1s that translocates to the nucleus to regulate transcription of numerous
genes involved in lipid synthesis and ER-associated degradation (ERAD), a process by
which proteins are degraded by the proteasome or autophagy [36]. The transcription factors
ATF4 and ATF6 activate autophagy by up regulating expression of chaperones associated
with the ERAD pathway. Multiple bacterial pathogens, including Listeria monocytogenes,
M. tuberculosis, Brucella spp., and Helicobacter pylori trigger the UPR by secreting toxins
or effector proteins [37]. For example, HPO175 is an antigen secreted by H. pylori that
triggers UPR-dependent autophagy to manipulate host cell apoptosis [38]. Brucella activates
the UPR using the host protein Yipla to bind phosphorylated IRE-1a and trigger XBP-1-
dependent transcription. Additionally, B. melitensis produces a protein termed TcpB that
triggers activation of all three arms of the UPR. Although no reports have yet demonstrated
activation of the UPR in cells infected with C. burnetii, A. phagocytophilum, or F.
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tularensis, it is intriguing to predict these pathogens also exploit the UPR to trigger
autophagy-related events.

Conclusions

Intracellular pathogens have clearly evolved mechanisms to exploit autophagy, a typically
antibacterial cellular process. The pathogens highlighted in this review replicate within
distinct intracellular environments, using autophagosomes as convenient nutrient sources
and, as predicted for Brucella spp., a method for escaping from infected cells. This area of
intracellular pathogenesis has expanded in the past decade and a new appreciation has been
gained for autophagy as a critical component of infection. However, much remains to be
learned about the secreted bacterial proteins that control interactions with autophagy. Future
research will undoubtedly discover many novel pathogen proteins that usurp autophagy for
membrane and nutrients needed for growth within eukaryotic cells.
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Highlights

e Intracellular bacterial pathogens must confront host cell autophagy to control
infection.

» A subset of pathogens actively engages autophagy to promote infection and
survival.

»  Secreted bacterial proteins are responsible for many host cell exploitations.

»  New mechanisms of bacterial interplay with autophagy have been discovered.

« Novel autophagy-related events provide insight into host cell responses and
bacterial pathogenesis.
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Subversion of autophagy by intracellular bacterial pathogens. A. phagocytophilum, C.
burnetii, F. tularensis, and Brucella spp. replicate within distinct compartments in host cells.
Each pathogen promotes interaction with autophagosomes and these events are predicted to
deliver nutrients to replicating bacteria. Additionally, secreted bacterial effectors are critical
for autophagosome interactions and Brucella triggers the UPR to promote autophagy.
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