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Summary

Intravacuolar bacterial pathogens establish intracellular niches by constructing membrane-
encompassed compartments. The vacuoles surrounding the bacteria are remarkably stable,
facilitating microbial replication and preventing exposure to host cytoplasmically-localized innate
immune sensing mechanisms. To maintain integrity of the membrane compartment, the pathogen
is armed with defensive weapons that prevent loss of vacuole integrity and potential exposure to
host innate signaling. In some cases, the microbial components that maintain vacuolar integrity
have been identified, but the basis for why the compartment degrades in their absence is

unclear. In this review, we point out that lessons from the microbial-programmed degradation

of the vacuole by the cytoplasmically-localized Shigella flexneri provide critical insights into
how degradation of pathogen vacuoles occurs. We propose that in the absence of bacterial-
encoded guard proteins, aberrant trafficking of host membrane-associated components results in a
dysfunctional pathogen compartment. As a consequence, the vacuole is poisoned and replication is
terminated.

Introduction

Bacteria that grow intracellularly within a vacuolar compartment establish intimate contact
with specific membrane compartments[1]. This allows the pathogen to construct a niche that
is often sequestered from degradative pathways and protected from host cell cytoplasmic
innate immune surveillance mechanisms[2]. Establishing this close relationship with a
partner organelle during bacterial uptake provides an attractive model for how pathogens
control the biogenesis of the replication site and prevent encounter with host antimicrobial
strategies. Less appreciated, however, is that once the pathogen-containing compartment
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is established, it remains susceptible to continued attack, indicating that the microbe must
maintain the integrity of the membrane surrounding the replication site. The most dramatic
consequence of post-establishment assault can be witnessed in primary macrophages,

in which a damaged replication vacuole exposes the microorganism to cytosol-resident
interferon-regulated proteins that promote degradation of the microbe and liberation of
components that activate the inflammatory response [2]. To protect against this degradation,
we propose that intravacuolar pathogens produce “guards” that prevent the host cell
antimicrobial response from causing vacuolar dysfunction.

Much of the work in the field has been directed toward explaining how intravacuolar
pathogens avoid attack by the host lysosomal compartment. One of the most attractive
models for how pathogens avoid degradative compartments was forwarded by Hackstadt and
co-workers to explain construction of Chlamydia trachomatis replication niche [3]. Shortly
after contact with the host cell, C. frachomatis was proposed to directly interface with the
host secretory system, bypassing any interaction with the endo-lysosomal network. This,
in turn, was envisioned to drive the microbe-containing compartment into a partnership
with the Golgi apparatus that participates in the anterograde exocytic pathway. The C.
trachomatis model provides an excellent description of how other intravacuolar organisms
establish an intracellular niche[4]. In fact, even organisms thought to replicate within an
acidic lysosomal compartment, such as Sa/monella typhimurium, construct vacuoles with
unique properties distinct from endolysosomal routing, consistent with internalization in a
fashion that bypasses or modifies the default endolysosomal pathway[5].

While the membrane hijacking model was being formed, evidence from studies on
Salmonella argued that establishing intimate contact with a partner organelle is not sufficient
to support luxurious intracellular growth, as the vacuole must protect itself from attack

once established [6]. Therefore, we propose here that in addition to early events involved

in establishing proper routing of the replication compartment, there exist microbial proteins
that block processes directed toward disrupting vacuole integrity. These host cell processes
are either intrinsic to highly conserved secretion pathways, are part of the autophagic
clearing pathway known as xenophagy, or prevent an effective interferon response, all of
which can target compartments that have avoided initial trafficking into the lysosomal
network (Figure 1).

In this review, we will analyze events that act to antagonize maintenance of intravacuolar
replication. The events described involve pathways that are conserved from simple
eukaryotes to humans, so the interferon-driven destruction of pathogen vacuoles will not
be discussed (Figure 1) [7]. We will present evidence for guards and provide a hypothesis
for how the guards act. In contrast to intravacuolar pathogens that encode vacuole guards,
pathogens that grow in the host cell cytosol intentionally drive vacuole degradation to
allow access to the replication site. Therefore, to gain insight into how the host cell attacks
compartment integrity, events that lead to degradation of the Shigella flexneri-containing
compartment will be discussed.
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Pathogen-driven vacuole disruption by Shigella provides a model for host restriction of the
pathogen-containing compartment.

Shigella flexneri, the causative agent of human bacillary dysentery, grows within the
cytoplasm of host colonic epithelial cells after uptake into a pathogen-containing
compartment. The membrane compartment surrounding the bacterium must be disrupted for
replication to occur. Deciphering the mechanism of Shigella-containing vacuole rupture has
been challenging because vacuole escape occurs rapidly after entry, and the events leading
to cytoplasmic entry do not appear to correspond to known models for vacuole destruction,
such as described for Listeria. Although entry of S. flexneriinto the cytoplasm of colonic
epithelial cells requires a type 111 secretion system (TTSS), there is no clear identification of
a bacterial phospholipase that leads to this rupture. Therefore, translocated bacterial factors
may act in concert with host proteins to disrupt the membrane. The fact that the pathogen
encodes no vacuole guards potentially make this an excellent model for how host-driven
disruption of pathogen vacuoles occurs.

There is strong evidence that membranous material derived from the endocytic-recycling
compartment is involved in destabilizing the Shigella-containing vacuole. In an siRNA
screen targeting membrane trafficking components, host proteins regulating endosomal and
recycling traffic were identified required for efficient rupture of the Shigel/a-containing
vacuole [8]. Notable host factors included early endosomal markers Rab5 and EEAL, sorting
nexins SNX1 and SNX2, and recycling endosomal markers Rab4 and Rab11 [8]. This
surprising result indicates that membrane traffic associated with homeostatic biogenesis of
organelles can provide factors that either directly disrupt a non-self membrane compartment,
or that collaborate with bacterial proteins to cause membrane lesions.

Rab11 recruitment to the vacuole is dependent on the Shigella T3SS substrate IpgD,

which is a P1(4,5)P, phosphatase that generates PI(5)P [8]. In the absence of IpgD or in
Rab11-depleted cells, rupture of the vacuole is delayed. Consistent with this result, Rab5
and Rab11-positive macropinosomes are observed to accumulate at the Shigella-containing
vacuole before rupture. The formation of these macropinosomes is dependent on the
bacterial effector IgpB1, which stimulates cytoskeletal regulators at the time of entry to form
these macropinosome [9]. As loss of macropinosome formation reduces vacuole rupture,
fusion and fission events between the macropinosomes and the vacuole promote bacterial
egress into the cytosol. Furthermore, these results argue that recruitment of the endocytic-
recycling compartments to the vacuole is dependent on the phosphoinositide composition of
the vacuole as remodeled by IpgD. Therefore, the composition of lipids in the membrane
must be critical for controlling events that cause disruption of the pathogen-containing
compartment [8]\

Evidence that vacuole guards maintain proper membrane composition to protect against
loss of vacuole integrity.

A. Salmonella Typhimurium SifA protein.—Salmonella typhimurium is a facultative
intracellular bacterium that can cause gastroenteritis and enteric fever. In epithelial cell
lines, S. typhimurium manipulates the host cytoskeleton to form abundant tubule aggregates
known as Salmonella-induced filaments (SIFs). These SIFs emanate outward from the
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Salmonella-containing vacuole (SCV) in the cytoplasm. SIFs link Sa/monellato both the
endocytic and exocytic trafficking pathways[10]. SIF biogenesis is dependent on the SPI2
T3SS and seven secreted bacterial substrates: SifA, SseJ, SseL, PipB2, SopD2, SseF, and
SseG. Deletion mutants of any of the seven bacterial proteins produce an aberrant SIF
morphology and altered SIF frequency [11,12].

The TTSS effector SifA was first identified as the main driver of SIF formation, as challenge
of HeL a cells with a As/fA mutant is unable to induce SIFs and mouse infections are
severely attenuated. The most striking property of a As/ifA mutant is that the Salmonella-
containing vacuole (SCV) loses integrity and bacteria enter the cytosol, mimicking the
normal pathogenesis of Shigella [6]. Loss of integrity is observed even during growth in
primary macrophages, in which SIF formation has never been described. In fact, the analysis
of mutants provides evidence that maintenance of SCV integrity, and not SIF formation,

is the primary function of SifA during disease. In contrast to the situation with Shigella,
however, exposure of the bacteria to the macrophage cytosol is a lethal event for Sa/monella,
as it either activates a pyroptotic pathway leading to gasdermin D activation or results in
autophagic clearing of the bacteria[13,14].

In a further parallel to the early steps in Shigella pathogenesis, galectin-3, a well

accepted marker for compartment disruption, is recruited to the vacuole of the As/fA

mutant vacuole as consequence of exposure to normally lumenally-exposed carbohydrates
[15]. This aberrant exposure of galectin ligands appears tightly linked to a failure to
establish the proper lipid composition of the SCV. Evidence supporting the importance

of membrane lipid content in preventing the vacuole rupture phenotype is based on the

fact that loss of SCV integrity in the absence of SifA depends on the TTSS effector SseJ,
which has phospholipase and glycerophosphlipid:cholesterol acyltransferase activity [16]. A
AsifAAsse] double mutant can prevent exposure of a As/ifA mutant to the cytosol, although
the vacuole of the double mutant is clearly dysfunctional because bacterial replication is
blocked [16]. Therefore, in the absence of SifA, a lipid that is a substrate of SseJ presumably
accumulates on the SCV. As a result, SseJ either degrades the SCV, or the action of SseJ
produces a toxic lipid that accumulates in the absence of SifA, resulting in compartment
destabilization. The nature of the lipid species is unclear, but they may be derived from
membrane compartments targeted by the OSPB1-VapAB lipid exchange system, which
directly associates with SseJ and is required for vacuole integrity in the presence of intact
SifA function [12].

SifA clearly interfaces with the host endosomal system to prevent the SCV from
degradation. The N-terminal region of SifA forms a complex with the host factor SifA-and-
Kinesin-Interacting-Protein (SKIP) [17,18]. This interaction promotes kinesin-1-dependent
movement along microtubules and regulates fission of host vesicle membranes to the SCV,
thus maintaining vacuole integrity. Clues to how SifA maintains vacuole integrity can

be gleaned from the studies on SKIP activity. Overexpression of SKIP induces kinesin-1-
dependent anterograde movement of lysosomal compartments [19]. It was also shown
recently that SifA-SKIP recruit HOPS (Homotypic fusion and Protein Sorting) complex

to the SCV in order to access host late endosomal and lysosomal membrane [20]. These
results presented the conundrum that fusion of lysosomal membrane maintains the vacuole
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but also delivers toxic lysosomal enzymes to the SCV. It was later demonstrated that SifA-
SKIP interaction sequesters lysosomal Rab9, thereby inhibiting Rab9-dependent M6PR
recruitment of the SCV [21]. Therefore, through the actions of SifA, Sa/lmonellais able to
hijack cargo movement for membrane acquisition while simultaneously evading fusion of
toxic cargo with the SCV. One key to understanding how SifA coordinates these seemingly
contradictory events was provided by real-time microscopy [19]. SifA appears to stimulate
anterograde egress and fission of SCV membrane material, consistent with the protein
driving removal of toxic membrane components from the SCV.

Based on these observations, we propose that SifA acts as a vacuole guard, preventing the
vacuole from accumulating lipid components that destabilize the compartment. Note that in
the case of S. flexneri, where no such guard exists, a bacterial effector drives alteration in the
lipid content of the vacuole and association with membrane compartments that destabilize
the vacuole. In both cases, the nature of the membrane damage that takes place is likely to be
complex and may be generated by multiple sources, indicating that vacuole guards such as
SifA prevent multiple types of membrane damage.

B. Legionella pneumophila SAdhA protein.—Another intravacuolar pathogen,
Legionella pneumophila encodes SdhA, a protein with properties strikingly similar to
SifA[22]. L. pneumophilais an environmental pathogen of amoebae that causes human
disease by growing within alveolar macrophages after inhalation of contaminated water
supplies. Growth of the bacteria in a vacuolar compartment in all cell types requires

the function of the bacterial lcm/Dot type 1V secretion system (T4SS) that translocates
approximately 300 proteins into the host cell [23,24]. The vast majority of these translocated
effectors are devoted to construction of the Legionella-containing compartment (LCV) and
interference with evolutionarily-conserved antimicrobial tactics such as xenophagy and the
host unfolded protein response [25-27]. The SdhA protein is one of the few nonredundant
L. pneumaophila effectors, emphasizing its critical role in the disease process. Vacuoles
harboring mutants lacking the SdhA protein become disrupted as the infection proceeds,
releasing bacteria into the host cell cytosol. In primary macrophages, cytosolic bacteria are
then degraded in an interferon-dependent fashion, resulting in Caspase 11- or 4- (mouse or
human) dependent host cell death [28]. Therefore, the SAhA protein is a critical vacuole
guard that acts to promote intracellular growth.

In another parallel to SifA, selection for second site mutants that stabilize the vacuole
surrounding L. pneumophila identified the bacterial PlaA phospholipase as contributing to
vacuole destabilization [29]. PlaA bears homology to Sa/monella SseJ and, although the two
proteina appear to have different substrate specificity, SdhA is able to cleave phospholipids
and lysophospholipids. Similar to the situation with Sa/monella, the AsdhAApIaA strain
restores vacuole integrity but the observed increase in intracellular growth is mild [29].
Therefore, it appears likely that a lipid accumulated on the AsadhA vacuole acts as a
substrate for PlaA, with the action of the phospholipase destabilizing the LCV of the
AsahA strain. Destabilization appears to require interaction with host vesicle trafficking
pathways. To identify host components involved in destabilizing the pathogen compartment,
high throughput RNAI screens were performed, screening for disruptions that resulted in
increased stability of the vacuole. Interestingly, RNAI species that increased stability of the
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Legionella-containing compartment were similar to those identified that support Shigella-
containing compartment lysis [30]. These included regulators of endocytic vesicular traffic
(Rab5 isoforms) and membrane recycling (Rab11b). This supports the conclusion that
host-driven destabilization of pathogen-containing compartments may be exploited by the
pathogen, as in the case of Shigella, or be blocked by vacuole guards, as observed with
Salmonellaand Legionella species.

C. Chlamydiatrachomatis IncD/IncV proteins.—Chlamydia trachomatis hijacks
the ER and Golgi to acquire lipids and maintain integrity of the vacuole surrounding
replicating bacteria, called the inclusion membrane. The compartment integrity requires
host-synthesized sphingomyelin [31]. In the mammalian host, ceramide, the precursor of
sphingomyelin, is synthesized on the cytosolic surface of the endoplasmic reticulum. The
host protein CERT binds to ER membrane proteins VAP-A and VAP-B and extracts newly
synthesized ceramide. Ceramide is subsequently transported to the trans-Golgi by CERT
and converted to sphingomyelin by sphingomyelin synthases. The Chlamydia protein IncD
acquires sphingomyelin by directly recruiting host CERT-VAP complex to the inclusion
[32,33]. Sphingomyelin synthases have shown to localize at the inclusion membrane by a
vesicular pathway, thereby allowing the conversion of ceramide to sphingomyelin to occur
directly on the membrane [34]. Without sphingomyelin, inclusion membrane disruption
occurs.

The Chlamydia inclusion also establishes direct contacts with the ER by Chlamyadia protein
IncV, which inserts into the inclusion membrane and directly interacts with VAP by IncV
FFAT motif [35]. This interaction is thought to tether the ER in close proximity to the
inclusion. Therefore, in the case of Chlamydiathe two vacuole guards act to ensure vacuolar
membrane integrity by establishing transit of lipids into the membrane that stabilize the
compartment as well as form docking sites to allow direct contact with the source of
replication-supporting lipids. The importance of lipids transferred via the VAP-A/B system
is emphasized by the fact that this transfer strategy is similarly critical for maintenance

of an intact Sa/monella-containing vacuole. In cells lacking both VAP-A and -B, the
Salmonella vacuole loses integrity in fashion that phenocopies vacuole disruption observed
after infection of cells with a s/fA™ strain [12]. Therefore, VAP-A/B transfer of lipids

from the ER to pathogen-containing replication vacuoles may be a reoccurring motif in
maintaining compartment integrity.

Regulation of Autophagy.

Autophagy is a conserved cellular pathway in eukaryotic cells that delivers cytoplasmic
proteins and organelles to the lysosome for degradation. During bacterial uptake,
carbohydrates that are exposed on the outside of cells face inward on vacuole membranes.
These carbohydrates are signals for recruitment of autophagic machinery as a consequence
of membrane damage. Galectins, such as galectin-8 recognize these carbohydrates.
Galectin-8 in particular is known to recruit autophagy receptor NDP52 to the damaged
membrane[36]. Autophagy protein LC3/Atg8 binds NDP52 and recruits the damaged
vacuole to the autophagosome, where it ultimately fuses with the lysosome. Many pathogens
inhibit recognition of disrupted vacuoles by the autophagy system. Legionella pneumophila
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interferes with the autophagy process of the host by the Icm/Dot translocated substrate
RavZ, which is a cysteine protease that irreversibly cleaves ubiquitin-like protein Atg8 on
membranes of nascent autophagosomes [25]. L. pneumophila spingosine-1 phosphate lyase
(LpSpl) also inhibits autophagy by targeting host sphingolipid metabolism, which regulates
the progression of autophagy [37].

In some cases, autophagy has shown to enhance the membrane integrity of the Sa/monella-
containing vacuole and the Mycobacterium-containing vacuole. It was demonstrated that
autophagy proteins might repair SCV membrane that is damaged by the SPI-1 secretion
system early on in infection. Investigators found that SCV dye retention was reduced

in autophagic-deficient cells compared to WT cells [38]. Similarly, autophagy machinery
was shown to repair the Mycobacterium-containing vacuole damage caused by the

ESX-1 secretion system. Specifically, Atg8 was found localized around the damaged
Myrcobacterium-containing vacuole [39].

Recently, a complex connection between autophagy and integrity of the SCV has been
described [40,41]. The Salmonella T3SS Spi-1, which is involved in the earliest steps of
bacterial uptake and SCV establishment, drives translocation of SopF, which is required

to maintain an intact vacuole shortly after uptake [40]. In some ways, the phenotype of a
AsopF mutant appears quite similar to As/fA, with an approximately two-fold increase in
disrupted SCVs at 1 hr after infection in the absence of SopF function. The authors noted,
however, that 80% of the AsgpF SCVs were encompassed by LC3 positive authophagous
compartments at the same time point[40]. Although this could be an attempt to repair
damaged vacuoles, the SopF mechanism of action argues that damage and LC3 recruitment
are tightly connected. SopF has ADP ribosyltransferase activity that targets the v- ATPase
inserted into the SCV [41]. This modification blocks the association of the v-ATPase

with ATG16L1, an essential component of the LC3 transferase complex critical for
authophagophore biosynthesis [41]. In vacuoles encompassing Asopf strains, the inability to
modify the v-ATPase results in direct recruitment ATG16L1 and subsequent association of
the LC3-driven autophagy machinery[41]. Yet to be determined is if the SCV damage is due
to LC3 recruitment, or if damage and recruitment are two independent consequence of loss
of SopF function.

Regulation of Retromer & Sorting Nexins

The retromer is a multi-subunit protein complex that mediates retrograde trafficking

of cargo from endosomes to the trans Golgi network [42]. Cargo typically trafficked

by the retromer are lysosome-related, such as MPRs and sortilin [43]. Modulation of
retromer-dependent trafficking has emerged as a common used by intracellular pathogens
to avoid vacuolar membrane damage and bacterial degradation by lysosomal components.
Chlamydia substrate IncE disrupts retromer trafficking by directly binding to PX domains of
retromer component SNX5/6 [44]. By binding SNX5, IncE inhibits the interaction between
CI-MPR and SNXS5, thus counteracting CI-MPR-mediated host restriction of Chlamydia
[45]. Legionellatranslocated substrate RidL also inhibits retromer trafficking by binding

to retromer subunit VVps29 [46]. RidL binds to a specific site of Vps29 that is also the
competitive binding site TBC1d5, which regulates the interaction of the VPS complex
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with the targeted membrane [47-49]. In D. discoideum, deletion of host phosphoinositide
5-phosphatase OCRL reduces the amount of another retromer subunit, VVps5, recruited to the
LCV [50].

In contrast, interaction with the retromer has been shown to maintain vacuole integrity

in Coxiellaand Salmonella. 1t is noteworthy that both Coxiellaand Salmonella appear

to replicate in acidic compartments, which may determine whether retromer components
support or inhibit replication. The interaction seems to be direct, as Sa/monella substrate
SseC physically interacts with components of retromer [51]. Depletion of the retromer
complex was found to disrupt the integrity of the SCV, indicating that SseC may

be an important component in ensuring stable interaction. Additionally, the Salmonella
phosphoinositide phosphatase, SopB, recruits SNX3, a retromer-associated protein, to the
SCV. This recruitment induces formation of SNX3-containing tubules and promotes SCV
maturation [52]. Similarly, retromer components have been implicated in regulating the
formation of Coxiella-containing vacuole (CCV). RNAI treatment against retromer cargo-
adapter genes VPS26, VPS29, and VPS35 or treatment against retromer-associated STX17
was shown to reduce C. burnettiintracellular replication [53]. As observed in the contrast
between Salmonellaand Shigella, events that can result in the loss replication vacuole
integrity with one pathogen, could act to drive important steps in compartment biogenesis in
another.

Conclusions.

It is clear from mutant studies that the host has numerous strategies to attack a replication
vacuole. Not appreciated from previous work was the role of membrane trafficking

events in disrupting membrane integrity. Traditionally, workers in the field of microbial
pathogenesis had thought that the goal of constructing a microbe-containing vacuole was

to synthesize a niche that avoids interacting with activities within the lysosome that are
directly antimicrobial. Most surprising is that a membrane compartment, largely constructed
of host components, could drive total destruction of a vacuole membrane. This is particularly
unexpected, given that membrane trafficking events causing membrane dissolution are rarely
observe. As a consequence, there are no molecular mechanisms for how this disruption

can occur. Presumably, membrane destruction requires microbial products, and in several
instances this has been observed. Almost certainly, the replication vacuole is established
with a special lipid content that can tolerate the insertion of microbial proteins and the
enzymatic activities associated with these products. Presumably, membrane docking events
that destabilize the vacuole introduce components into the vacuolar membrane, resulting in
loss of tolerance for these microbial factors. In several cases this has been demonstrated, as
destabilization of the Salmonella- and Legionella-containing vacuoles results from the action
of bacterial phospholipases that have no effect on membrane integrity, if traffic from poison
compartments can be blocked by other microbial proteins.

The results from S. flexneri clearly show that microbial proteins can drive membrane
trafficking events that destabilize the Shigella-containing compartment. For this pathogen,
membrane dissolution is an essential step in the microbial replication cycle. When a
similar event occurs with an intravacuolar pathogens, such as S. typhAimuriumand L.
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pneumophila, destabilization terminates microbial replication, making it necessary for the
microorganism to carry the SifA and SdhA vacuole guards, respectively. Although the
simplest model is that these vacuole guards act to prevent direct interaction with poison host
compartments, work from Sa/monella suggests that they can act to detoxify the replication
vacuole membrane, funneling membranous material away from the vacuole after it has

been deposited [19]. The nature of the destabilizing compartments is unclear, but both
Chlamydiaand Legionellatranslocate proteins that interfere with retromer-mediated traffic
from the recycling compartment, making this compartment a particularly strong candidate
for targeting by vacuole guards for some of these pathogens. That SifA also interferes

with retrograde traffic of lysosomal mannose-6-phosphate receptor indicates that it could
similarly prevent movement of material retrieved from the plasma membrane and directed to
the lysosome via the recycling compartment.

This is a very exciting time for work focused on understanding the nature of events that
maintain vacuole integrity. Most of the progress has been made at the level of genetics, and
many key players have been identified. More difficult has been describing the mechanism of
action of many of these proteins. Sa/monella SifA is clearly one of the best characterized of
this class, with binding partners identified and at least some activities described that appear
to contribute to intracellular growth. Still a unified model for how membrane disruption
occurs in the absence of SifA is elusive, preventing full understanding how SifA prevents
this event from occurring. For other proteins that are less well-described, it is likely that
further surprises will be encountered.
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Figure 1. Host cell attacks on the replication vacuole.
Membrane traffic damage. Membrane traffic from host cells directed at the pathogen-

containing compartment results in destabilization of the vacuolar membrane. The process
that allows the host cell to recognize the vacuole is unknown. Xenophagic clearing.
Replication compartments marked as derived from pathogens are recognized by the host as
foreign. One strategy used is to ubiquitinate the vacuole, allowing recognition by autophagy
adaptors followed by clearing, in a process called xenophagy. Specialized bacterial secretion

adaptor

Interferon-regulated
protein

systems can mark the replication vacuole as foreign. /nterferon-regulated vacuole disruption.

In response to pathogen attack, interferons are release, inducing expression of interferon-
stimulated genes (1ISGs). A subset of ISGs are believed to recognize pathogen compartments
as foreign disrupting the compartment and releasing the pathogen into the cytosol. An
interferon-dependent attack on the pathogen then occurs to clear of the infected cell.
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