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ABSTRACT The outer membrane (OM) of Gram-negative bacteria is an asymmetric
lipid bilayer that consists of inner leaflet phospholipids and outer leaflet lipopolysac-
charides (LPS). The asymmetric character and unique biochemistry of LPS molecules
contribute to the OM'’s ability to function as a molecular permeability barrier that
protects the bacterium against hazards in the environment. Assembly and regulation
of the OM have been extensively studied for understanding mechanisms of antibi-
otic resistance and bacterial defense against host immunity; however, there is little
knowledge on how Gram-negative bacteria release their OMs into their environment
to manipulate their hosts. Discoveries in bacterial lipid trafficking, OM lipid homeo-
stasis, and host recognition of microbial patterns have shed new light on how mi-
crobes secrete OM vesicles (OMVs) to influence inflammation, cell death, and disease
pathogenesis. Pathogens release OMVs that contain phospholipids, like cardiolipins,
and components of LPS molecules, like lipid A endotoxins. These multiacylated lipid
amphiphiles are molecular patterns that are differentially detected by host receptors
like the Toll-like receptor 4/myeloid differentiation factor 2 complex (TLR4/MD-2),
mouse caspase-11, and human caspases 4 and 5. We discuss how lipid ligands on
OMVs engage these pattern recognition receptors on the membranes and in the cy-
tosol of mammalian cells. We then detail how bacteria regulate OM lipid asymmetry,
negative membrane curvature, and the phospholipid-to-LPS ratio to control OMV
formation. The goal is to highlight intersections between OM lipid regulation and
host immunity and to provide working models for how bacterial lipids influence ves-
icle formation.
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ram-negative bacteria enshroud themselves in dual membranes to survive in

diverse environments. Their outer membrane (OM) is separated from their inner
membrane (IM) by an aqueous periplasm and a thin peptidoglycan cell wall (Fig. 1).
Bacteria construct the lipids for their OM in the cytosol, assemble them upon the IM,
transport them across the periplasm, and insert them into the OM. This culminates in
the assembly of the OM into an asymmetric bilayer of inner leaflet phospholipids and
outer leaflet lipopolysaccharides (LPS), or lipooligosaccharides (LOS), collectively re-
ferred to as LPS molecules here (1). Bacteria maintain OM lipid asymmetry and balance
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FIG 1 Bacterial lipid trafficking, remodeling, and homeostasis systems involved in outer membrane vesicle (OMV) biogenesis. Gram-negative bacteria are diderm
organisms whose cell envelope consists of an inner membrane (IM) and an outer membrane (OM) that are separated by a periplasmic space and a
peptidoglycan layer. Lipid A is the amphipathic constituent of lipopolysaccharide (LPS) and forms the outer leaflet of the OM, while the inner leaflet consists
of glycerophospholipids (GPL), making it an asymmetric bilayer. Gram-negative bacteria secrete lipids from their OMs in the form of OMVs and a variety of
protein, lipid, and glycolipid components of the cell envelope. The process involves increasing the levels of amphipathic molecules in the outer leaflet of the

(Continued on next page)
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the phospholipid-to-glycolipid ratio of their OMs to preserve the barrier that protects
them from the environment (2, 3).

Lipid A molecules are tetra-, penta-, hexa-, or hepta-acylated disaccharolipids that
form the amphipathic base structure of the LPS supermolecule, and they are potent
endotoxins that activate the immune system. The lipid A components of LPS molecules
are microbe-associated molecular patterns (MAMPs) and immune ligands for eukaryotic
pattern recognition receptors (PRRs). PRRs control inflammation, cell death, and host
immunity in response to interactions with Gram-negative bacteria (4-8). The Toll-like
receptor 4/myeloid differentiation factor-2 complex (TLR4/MD-2) and the mouse
caspase-11, human caspase-4 and caspase-5, noncanonical inflammasome receptor
bind and are activated by lipid A molecules on the surface and cytoplasm of host cells,
respectively (Fig. 2) (5, 7-9). Specific interactions between the acyl chains of lipid A
endotoxins and host receptors dictate the immune response to pathogens and even
commensals. Tetra-acylated lipid A molecules can antagonize human TLR4/MD-2 sig-
naling but provoke mouse signaling (10, 11). Furthermore, tetra-acylated lipid A
molecules activate human caspase-4 but antagonize mouse caspase-11 (12). Gram-
negative bacteria also produce cardiolipins (CLs) in their OMs, which are tetra-acylated
diphosphatidylglycerols that engage TLR4/MD-2 and are agonists or antagonists de-
pending upon the saturation state of their acyl chains (13-16).

Microbes release CL and LPS molecules as components of outer membrane vesicles
(OMVs). OMVs are spheroidal lipid bilayers that emerge from the bacterial surface as
asymmetric blebs, or vesicles, during division, shifts in nutrients and osmolarity, and
encounters with antibiotics, reactive oxygen species (ROS), cationic antimicrobial pep-
tides (CAMPs), and detergents (17). These extracellular lipid interfaces can contain the
lipids, proteins, and sugars typically associated with the OM (Fig. 1B and 2). Concrete
understanding of how OMVs are formed and secreted has not been attained, but
advances in the field of bacterial lipid regulation and trafficking suggest that we are
closer to possible mechanisms. Gram-negative bacteria secrete OMVs to enhance their
virulence. In this minireview, we highlight how Gram-negative bacteria regulate OMV
formation to influence immunity by altering OM lipid asymmetry, remodeling lipid
shape, and controlling the phospholipid-to-glycolipid ratio in the OM.

FIG 1 Legend (Continued)

OM, while not correspondingly increasing the levels in the inner leaflet. Depending upon the shape of lipids that accumulate in these microdomains, the bilayer
can curve and pinch off from the surface. (A) Based upon a cross-sectional analysis of the head groups versus the acyl chains, GPLs and lipid A molecules adopt
different geometrical shapes, such as conical, inverted conical, or cylindrical, which facilitates negative, positive, or lack of membrane curvature, respectively.
(B) Gram-negative bacteria harbor multiple protein systems that work to maintain OM lipid asymmetry. (Step 1) The OM lipoprotein MlaA/Vac) prevents
diffusion of GPLs into the OM outer leaflet by adopting an integral membrane conformation. (Step 2) The model of retrograde trafficking for Mla posits that
MlaA donates the mislocalized GPLs to MlaC, and MlaC is an acceptor of phosphatidyglycerols (PGl) and phosphatidylethanolamines (PE). MlaC would bind to
the MIaFEDB/YrbFEDB complex in the IM and transfer the GPLs to MlaD for their reintegration into the IM. The anterograde model posits that MlaC donates
GPLs to MlaA, which is an acceptor in the OM. An anterograde mechanism would involve MlaC receiving GPLs from the IM complex and transporting them
outwardly across the periplasm to the OM. In the OM, GPLs flip into the outer leaflet at a low frequency during growth and a greater frequency during OM
damage. (Step 3) OM outer leaflet mislocalized GPLs are substrates for PIdA, a beta-barrel phospholipase that generates lysophospholipids and fatty acids in
the outer leaflet to maintain asymmetry (Step 4). Fatty acids diffuse back across the periplasm, cross the IM, and are converted by FadD to acyl-CoA (Step 5).
Acyl-CoA, or another product originated from phospholipid metabolism in the OM, might act as a second messenger to modulate LpxC degradation (Step 6).
This would allow bacteria to pause LpxC degradation and increase LPS biosynthesis (Step 7), thereby restoring balance to the level of GPLs and glycolipids that
comprise the OM. PIdA, and the OM beta barrel enzyme PagP, generate lysophospholipids (lyso-GPLs) from inverted GPLs. (Step 8) Lysophospholipids can act
as detergents that disrupt the bilayer and bacteria presumably traffic these molecules back to the IM; however, this mechanism is not known. (Step 9) On their
return to the IM, lysophospholipids are flipped across the membrane by the flippase, LpIT. (Step 10) On the cytoplasmic surface, the acyltransferase Aas restores
the lysophospholipids to their diacyl form. (Step 11) PbgA/YejM is an essential lipid-binding protein involved in regulating LPS biosynthesis. The model posits
that PbgA-mediated LPS regulation works through LapB/YciM and LapB's ability to modulate FtsH-mediated protein digestion, especially for LpxC. (Step 12)
The Tol-Pal system forms a trans-envelope protein complex important for constricting the OM by forming energized interactions between the OM lipoprotein
Pal and peptidoglycan, promoting-negative membrane curvature, and maintaining OM integrity. Loss of Tol-Pal causes GPLs to accumulate in the OM and
results in OMV formation. (Step 13) Peptidoglycan fragments and misfolded proteins can also increase in the periplasm and cause changes in turgor pressure
between the peptidoglycan layer and OM that might cause OMVs to form. (Step 14) In addition, major OM proteins like OmpA and the OM lipoprotein Lpp
form periplasmic contacts with peptidoglycan, and alterations in these interactions have been shown to result in OMV release. (Step 15) Lipid A modifications
by the PagP palmitoyltransferase and the PagL demyristoylase result in hyper- or hypoacylated forms of lipid A for LPS molecules, respectively. These changes
in the lipid A acylation state impact the shape of the molecules in the outer leaflet and perhaps influence the local curvature of the bilayer. Abbreviations: CL,
cardiolipin; PA, phosphatidic acid; PS, phosphatidylserine; acyl-PGL, acyl-phosphatidylglycerol; PC, phosphorylcholine; S O-Ag, short O-antigen; L O-Ag, long
O-antigen; VL O-Ag, very long O-antigen; ATP, adenosine triphosphate.
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LIPID A MOLECULES AND CARDIOLIPINS BIND TLR4 ON HOST CELL
MEMBRANES TO CONTROL INFLAMMATION AND IMMUNITY

The innate immune system defends against pathogens by detecting MAMPs using
PRRs. Since OMVs are vehicles for highly concentrated MAMPs, the lipid ligands on
OMVs engage multiple receptors and initiate production of cytokines, chemokines, and
antimicrobial molecules (18). In mammals, high concentrations of OMVs in circulation
can induce massive inflammatory responses and endotoxic shock (19-23). Our focus is
on the phospholipid and glycolipid constituents of OMVs that influence host immunity.

The lipid A endotoxin is a MAMP that is detected by the TLR4/MD-2 complex
on host membranes. Bacterial OMVs can act at a distance from the microbe and
adhere to membranes (Fig. 2). Toll-like receptors (TLRs) are integral membrane recep-
tors that detect microbial patterns (24). The lipid A component of LPS activates Toll-like
receptor 4 (TLR4) through a biochemical interaction between lipid A and myeloid
differentiation factor 2 (MD-2) (5, 25, 26). MD-2 accommodates the hydrophobic acyl
chains of the lipid A moiety in a sandwich-like structure and then binds TLR4 to induce
dimerization (27). Lipid A acyl chains are inserted deeply inside the MD-2 pocket, while
phosphates are oriented outside and form hydrogen bonds with charged residues of
MD-2 and TLR4 (Fig. 2) (27). The spatial configuration of lipid A molecules in the MD-2
sandwich is critical, as modifying the phosphorylation and acylation state of lipid A
molecules impacts MD-2 binding and TLR4 signaling (4, 28-35).

The amphipathic nature of LPS molecules causes them to aggregate in aqueous
media and form micelles (28). Since MD-2 engages a distinct moiety of the greater LPS
molecule, the lipid A disaccharolipids must be liberated from the LPS micelles, or from
the external leaflet of OMVs, by analogy. LPS-binding protein (LBP) and CD14 (cluster
of differentiation 14) protein act upstream of TLR4/MD-2 to engage and dissociate lipid
A structures from LPS aggregates and OMVs, which is necessary for TLR4/MD-2 activa-
tion (Fig. 2) (36, 37). LBP is an acute-phase plasma protein that extracts and transfers
lipid A molecules to CD14, which is present on the membranes of myelomonocytic cells
as a glycosylphosphatidylinositol (GPIl)-anchored protein or as a soluble form in sera
(sCD14) (38-40). Lipid A binding to CD14 enhances activation of innate immune
effector cells like monocytes, macrophages, and polymorphonuclear cells (38, 41, 42).
CD14 extracts a single lipid A molecule and dissociates from the micelle using electro-
static repulsion and residues on LBP (36, 43). LBP recruits subsequent apo-CD14
molecules to the micelle, which allows holo-CD14 to shuttle and deliver lipid A
molecules to MD-2 (36). LBP protects humans against Gram-negative bacteria, and a
polymorphism that affects LBP’s capacity to bind LPS molecules results in reduced
levels of proinflammatory cytokines and worsened pneumonia and sepsis (44).

Upon binding the lipid A/MD-2 complex, TLR4 can signal the activation of two
different pathways (Fig. 2). Surface dimerization of TLR4/MD-2 recruits the TIRAP
(Toll-interleukin 1 receptor [TIR] domain containing adaptor protein) and myeloid
differentiation primary response 88 (MyD88) adaptor proteins, resulting in an “early”
activation of the NF-«B transcription factor and the production of proinflammatory
cytokines (6). Alternatively, the dimerized receptor complex can be internalized, where
it then recruits a different set of endosomal adaptor proteins, TRAP (transmembrane
adaptor protein) and TRIF (TIR domain-containing adaptor protein inducing beta
interferon), which promote “delayed” activation of NF-kB and production of type |
interferons, through the IRF3 (interferon regulatory protein 3) transcription factor (Fig.
2) (45, 46).

Hexa-acylated, diphosphorylated, lipid A molecules are potent agonists of mouse
and human TLR4/MD-2 that induce high levels of proinflammatory cytokines (47, 48).
Chemical alterations to the lipid A molecule can impact TLR4/MD-2 signaling by
generating immune-silent, or less-active, endotoxins (4, 34). Bacteria modify the num-
ber of acyl chains and phosphates on lipid A. This can result in inefficient MD-2 binding
and decreased TLR4/MD2 activation (28-33). Five out of the six acyl chains of lipid A fit
inside the MD-2 pocket, while the sixth is partially exposed and oriented toward TLR4,
which favors dimerization (49). The intrinsic conformation of the hexa-acylated lipid A
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FIG 2 Innate immune pattern recognition of bacterial lipids on OMVs leads to inflammation and death. Lipid A and cardiolipin (CL) are constituents of OMVs
that engage pattern recognition receptors on membranes and in the cytosol of host cells. The LPS molecules carried by OMVs interact with a variety of proteins
and systems. Lipid A components of these LPS molecules activate proinflammatory cytokine production and trigger an inflammatory cell death known as
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molecule favors hydrophilic interactions between the anionic phosphates on lipid A
and the cationic residues on TLR4 (49). Tetra- or penta-acylated lipid A molecules have
lower, if not antagonistic, effects on TLR4/MD-2 signaling (28, 50-56). Therefore, the
spatial conformation of lipid A within MD-2 is critical for its interaction with MD-2 and
subsequent binding and dimerization of TLR4.

Salmonella enterica serovar Typhimurium produce hepta-acylated lipid A molecules
that cause decreased TLR4/MD-2 dimerization and reduced levels of proinflammatory
cytokines (32). The absence of one or both phosphate groups in Helicobacter pylori,
Porphyromonas gingivalis, Francisella novicida, and Leptospira interrogans results in a
less toxic molecule with a reduced affinity for TLR4 compared to the diphosphorylated
precursors (57-61). Gram-negative bacteria produce other tetra-acylated lipid mole-
cules in their OMs, like cardiolipins, which concentrate at negatively curved regions of
the bilayers, are components of OMVs, and interact with TLR4 to influence receptor
activation by lipid A endotoxins (34, 62).

Bacterial cardiolipins are MAMPs that engage the TLR4/MD-2 complex. Cardio-
lipins (CLs) are acidic diphosphatidylglycerols that adopt conical shapes and are
concentrated at negatively curved poles and septa of bacterial cells (14, 63-66). CL is
critical for mitochondria to function as energy-generating organelles, and oxidized CL
molecules are damage signals (67, 68). During cellular stress, mitochondrial IM CL
molecules are oxidized by cytochrome ¢ and trafficked to the OM of the organelle. The
oxidized CLs are externalized and then dock with the proapoptotic protein, Bid, as well
as the canonical inflammasome by means of interactions with NLRP3 (nucleotide-
binding oligomerization domain [NOD]-, leucine-rich repeat [LRR]- and pyrin domain-
containing protein 3)/Acs/procaspase 1 (69-71). Moreover, CL interacts with Beclin1
and recruits autophagic machinery through its interaction with LC3 (72, 73).

Recent studies demonstrated that interactions between bacterial CL molecules and
TLR4 might dampen inflammatory responses to endotoxin, presumably by blocking
MD-2 binding to lipid A molecules (Fig. 2) (74). Compound 406 is a structural homo-
logue of lipid IVA. Like CL, lipid IVA is a tetra-acylated amphiphile that antagonizes TLR4
signaling (75). Bacterial CL molecules can act as agonists or antagonists of TLR4/MD-2
signaling depending upon the saturation state of the acyl side chains (16). Unsaturated
CLs are antagonists and compete with lipid A for TLR4/MD2 binding, thereby prevent-
ing receptor activation, while saturated CLs are TLR4/MD2 agonists (16). Moreover, the
length of the CL acyl chain is related to the potency of the antagonistic effect.
Specifically, the shorter the acyl chain (C,,,.,), the more anti-inflammatory the effect. CLs
with C,, chain length behave as antagonists for human TLR4 (hTLR4), but not mouse
TRL4 (mTLR4). This biochemical variation appears to be independent of the saturation
state of the acyl chains (16). Similar results were observed for lipid IVA, suggesting that
the conformation of C,,-CL molecules within the MD2 pocket might somehow impede
TLR4 dimerization and signaling (56, 76, 77). Gram-negative members of the intestinal

FIG 2 Legend (Continued)

pyroptosis. Once released, OMVs (Step 1) can enter host cells through endocytosis (Step 2). In the bloodstream, OMVs interact with the circulating plasma
protein, LPS-binding protein, or LBP (Step 3), which extracts a single LPS molecule from the micelle. LBP binds to soluble CD14 (sCD14) and membrane-anchored
CD14 molecules. Interactions with LBP, CD14, and LPS result in the remodeling and presentation of the lipid A disaccharolipid component of LPS to MD-2 (Step
4). MD-2 interacts with lipid A by a sandwich-like mechanism, which influences TLR4 receptor dimerization and activation. CL can also interact with the
TLR4/MD-2 complex on the surface (Step 5) and can act as an agonist or antagonist. Dimerization of TLR4/MD-2 (Step 6) recruits different adaptor proteins that
will activate transcription factors such as nuclear factor kB (NF«B) and interferon regulatory factor 3 (IRF3) (Step 7), which will ultimately result in production
of proinflammatory cytokines (inactive pro-IL-18 and pro-IL-18) and type | interferon (IFN-B) (Step 8). Type-I IFN also induces the expression of caspase-11 (Step
9). The production of type | IFN after TLR4 activation enhances the expression of cytoplasmic proteins, such as Interferon-related GTPase-10 (IRGB10) and
guanylate-binding proteins (GBPs), which bind pathogen vacuoles and LPS molecules on cytosolic bacteria and OMVs (Step 10), and might facilitate endosome
lysis or release of LPS molecules, and ultimately lipid A endotoxins, for detection by caspases-4/5/11. NOD receptors bind peptidoglycan fragments on OMVs
and activate late inflammatory responses to pathogens (Step 11). Binding of the lipid A disaccharolipid by caspases-4/5/11 promotes autoprocessing and
activation (Step 12). Activated caspase-4/5/11 cleaves gasdermin D, which causes gasdermin D to oligomerize and form large pores in the plasma membrane
that alter ion homeostasis and cause cell lysis (Step 13). The NLRP3 noncanonical inflammasome is activated by an unknown signal that is downstream
caspase-4/5/11 activation by lipid A molecules (Step 14). Signals received by NLRP3 activate autoprocessing of caspase-1 and activation of the canonical
inflammasome. Active caspase-1 cleaves IL-13 and IL-18, as well as gasdermin D, which result in robust proinflammatory cell death, or pyroptosis (Step 15). The
dual activation pathway combines the canonical and noncanonical inflammasomes and is specific to innate immune cells, which we have attempted to depict
here.
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microbiota might utilize CL to modulate inflammation, but how pathogens use CL to
control TLR4 activity during infection is not fully understood (62).

ENDOTOXIN SENSING IN THE HOST CYTOSOL CAUSES PYROPTOSIS

The lipid antigens of extracellular and vacuolar pathogens are not restricted by host
membranes (78). Eukaryotes also detect and discriminate lipid A endotoxins in their cell
cytosol using PRRs. Bacteria release LPS molecules as products of antimicrobial damage,
cell lysis, and OMV formation. In the cytosol, the lipid A endotoxins on LPS molecules
are then somehow released from the core and O-antigen moieties before being
detected by inflammatory caspases, caspase-4, -5, and -11 (79-81). Exact mechanisms
of LPS entry into the cytosol via OMVs are not understood, and how lipid A molecules
are liberated for detection from LPS superstructures on bacterial cells and as part of
OMVs is an area of current focus.

OMV entry into the cytosol. OMVs enter nonphagocytic cells from the extracellular
environment through a variety of mechanisms. The best understood involve endocy-
tosis and interactions with lipid rafts (46, 82-86). The endocytic route is mediated by
either clathrin or caveolin depending upon the protein that oligomerizes to form the
vesicle (Fig. 2) (82, 87). Clathrin assembles around membrane pits and forms polygonal
lattices that result in large vesicles (200 nm in diameter) (88). OMVs released by H. pylori,
enterohemorrhagic Escherichia coli (EHEC), enteroaggregative E. coli, and Brucella abor-
tus enter the cell through this mechanism (87, 89-95). Evidence indicates that OMVs
from Haemophilus influenzae, H. pylori, and Trichomonas vaginalis can enter through
caveolae (87, 96, 97). Caveoleae are glycolipid rafts enriched in cholesterol, sphingo-
lipids, and caveolins, which cause membrane invaginations of a smaller size (60 to
80 nm in diameter) (82, 86, 98-101). Perhaps this mechanism of entry enables bacteria
to evade the immune response or avoid OMVs fusing with lysosomes (102-105). OMVs
also use lipid rafts to enter (83-86). Lipid rafts are smaller (40 to 50 nm in diameter),
mainly composed of (glyco-)sphingolipids and cholesterol, and diffuse along the
plasma membrane (106-109). Lipid raft-mediated OMV entry was observed using
infection models for Campylobacter jejuni, P. gingivalis, H. influenzae, and Pseudomonas
aeruginosa (83, 96, 110, 111). OMV fusion with lipid rafts might facilitate delivery of
toxins and MAMPs into host cells to induce immune activation or cell death, but the
chemical-physical mechanism of entry through rafts is not understood (84, 85, 110,
112-115).

Guanylate-binding proteins bind to LPS molecules on bacteria and OMVs and
can aid in caspase-11 detection of lipid A molecules in the cytosol. Upon entering
the cell, LPS molecules must somehow be processed and released by the host as lipid
A endotoxins from their core and O-antigen components before their detection by
caspase-4, -5, and -11. Extracellularly, these activities are contributed by LBP and CD14.
In the cytoplasm, interferon-regulated genes (IRGs) and guanylate-binding proteins
(GBPs) might mediate this activity.

Once inside the cell, OMVs might fuse with endosomal membranes or alternatively,
lyse the endosome or host vesicle (81, 116). Host GBPs and IRGB10 (b10, a member of
the family of immunity-related GTPases) are activated by lipid A binding to TLR4 on the
surface (Fig. 2) (117-119). GBPs bind cytosolic OMVs by direct protein-LPS interactions
and enhance caspase-11 activation and pyroptosis (119, 120). GBPs bind LPS molecules
on the surfaces of Gram-negative pathogens that have entered the cytosol, and likely
work with other cytosolic and membrane-associated host proteins to mediate vacuole
lysis and LPS dissociation during infections with intravacuolar pathogens (IRGB10,
galectin-3, and others) (121-126). Perhaps GBPs somehow alter the structure of the
greater LPS supermolecule to promote specific interactions between lipid A molecules
and the inflammatory caspase receptors (12, 127, 128). In this regard, GBP1 colocalizes
with Shigella flexneri that produce smooth-type LPS greater than with bacteria that
produce rough-type LPS, which lack the O antigen (129). We predict that additional
lipid- and glycan-binding proteins engage lipid A endotoxins in the cytosol and
influence the activity of the noncanonical inflammasome.
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Caspase-4, -5, and -11 bind lipid A endotoxins in the cytoplasm and cleave
gasdermin D to activate cell death. The presence of endotoxin in the cytosol is
detected by the caspase-11 PRR in mice and the caspase-4 and caspase-5 PRRs in
humans (Fig. 2) (7, 130, 131). Anionic lipid A disaccharolipids bind to the caspase
activation and recruitment domain (CARD) from caspase-4, caspase-5, and caspase-11
(caspases-4/5/11) through high-affinity electrostatic interactions with cationic amino
acid residues (7). These activated proteases autoprocess and the active caspase-4, -5,
and -11 fragments bind and cleave gasdermin D, which oligomerizes and forms large
pores in the plasma membrane (132). Pore formation alters ion transport and homeo-
stasis and ultimately causes lysis and an inflammatory cell death known as pyroptosis
(133-136). Epithelial cells possess this LPS-induced pyroptotic pathway. Extracellular
pathogens, like enterohemorrhagic E. coli, secrete OMVs that enter the cytoplasm of
host-epithelial cells and induce caspase-11-driven cell death in this manner (81).

Dendritic cells and macrophages combine noncanonical inflammasome detection of
LPS in the cytosol, with activation of the canonical inflammasome. The canonical
inflammasome is comprised of NIr3p, Acs, and pro-caspase-1 (127). Nlr3p/Acs/pro-
caspase-1 activation results in caspase-1 autoprocessing into its active form, which then
cleaves interleukin 1beta (IL-1pB), interleukin 18 (IL-18), and gasdermin D, the latter
through a binding and catalysis mechanism that is identical to caspase-4,-5, and -11
(Fig. 2) (132). Cleaved gasdermin D forms pores, and the cell releases IL-13, which
initiates a potent proinflammatory cell death in these phagocytes compared to epi-
thelia (137-139).

The current model predicts that LPS activation of caspase-4, -5, and -11 results in
gasdermin D-mediated pyroptosis, which is independent of NIr3p/Acs/pro-caspase-1
activation (132). Changes in cation homeostasis as a consequence of cell pores might
mediate the activation of NIrp3/Acs/pro-caspase-1, resulting in production of the active
form of IL-1, IL-18, and ultimately, pyroptosis (140-142). Many pathogens that secrete
OMVs initiate this pathway, such as EHEC O:157H7, S. Typhimurium, Citrobacter roden-
tium, Vibrio cholerae, Legionella pneumophila, P. gingivalis, Treponema denticola, and
others (81, 126, 131, 137, 139, 143, 144).

The lipid A endotoxin can be extensively derivatized and enzymatically remodeled
to influence interactions with TLR4/MD-2 (28-33, 145, 146). However, the particular
modifications that influence the binding between lipid A and caspases are less well
understood. The tetra-acylated lipid IVa molecule binds caspases-4 and -11, but not -5,
and did not induce oligomerization of either protease, thereby preventing catalysis (7).
F. novicida enters the cytosol and produces tetra-acylated lipid A molecules that
activate the caspase-4 complex (12, 130, 147). Caspase-11 did not recognize tetra-
acylated lipid A molecules, but was activated by penta-acylated molecules (130).
Chlamydia trachomatis harbors endotoxins that completely avoid detection by the
noncanonical inflammasome (148). The impact of lipid A hydroxylation and phosphor-
ylation in caspase recognition has not been investigated.

In addition to caspases, eukaryotic host cells have nucleotide-binding oligomeriza-
tion domain (NOD)-like receptors (NLRs), which are cytoplasmic PRRs (149). Each
contains a central NOD region, a C-terminal leucine-rich repeat (LRR) region, and an
N-terminal effector domain (149, 150). OMVs from H. pylori, V. cholerae, Neisseria
meningitidis, and P. aeruginosa initiate proinflammatory cascades in a NOD-dependent
manner, resulting in NF-kB and mitogen-activated protein kinase (MAPK) activation (84,
151-153). NOD1 and NOD?2 are receptors that detect bacterial peptidoglycan fragments
in the cytosol from OMVs produced from H. pylori and P. aeruginosa (84, 154, 155). NOD
activation by the cytosolic pathogen S. flexneri induces autophagy and subsequent
bacterial clearance (156). NOD detection of peptidoglycan fragments on OMVs is likely
important for a variety of infections.

OUTER MEMBRANE VESICLE BIOGENESIS
Gram-negative bacteria produce OMVs as heterogeneous spheroidal particles that
are extracellular lipid bilayers (10 to 300 nm in diameter) (Fig. 1B). OMVs are a subclass
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of microbial extracellular vesicles that are also produced by Gram-positive bacteria,
mycoplasma, and fungi (157-163). Gram-negative bacteria produce OMVs as part of
growth and survival, as well as from antimicrobial damage and bacterial cell lysis. The
latter mechanisms potentially lead to mixing of bacterial compartments like the cytosol
and plasma membrane. OMVs have been shown to carry IM lipids, nucleic acids, and
other cytoplasmic molecules, peptidoglycan fragments, toxins, proteins, and small
signaling molecules (164). This has led to many hypotheses and experimental examples
of how OMVs are formed and the demonstration of their role in a multitude of bacterial
processes, including cell physiology and bilayer homeostasis, molecular pathogenesis,
horizontal gene transfer, quorum sensing, interspecies communication, toxin secretion,
immunomodulation, and others (165).

Bacteria form vesicles in broth culture, on solid media, in biofilms, and during
intracellular and extracellular survival as part of pathogenic and mutualistic relation-
ships with eukaryotes (166-168). Certain conditions favor blebbing, such as elevated
temperature, interactions with quorum-sensing quinolones, antibiotic exposure, en-
counters with bacteriophage endolysins, and nutrient deprivation (169-174). Their
existence was described half of a century ago, yet we still do not firmly grasp how
Gram-negative bacteria control OMV formation and regulate the secretion of lipids into
their environment.

Multiple models have been proposed. For instance, as part of cell elongation and
division, peptidoglycan must be turned over and low-molecular-weight muramyl pep-
tide excision products can accumulate in the periplasm (164, 175, 176). Peptidoglycan
fragment accumulation might increase the turgor pressure between the cell wall and
OM, resulting in protrusion and blebbing (Fig. 1B) (177). The OM is connected to the cell
wall by lipoproteins. For members of the family Enterobacteriaceae, Braun’s lipoprotein,
or Lpp, is the predominant linker (178). Altering Lpp-peptidoglycan contacts might
allow E. coli and S. Typhimurium to modulate vesicle production (179, 180). OMV
biogenesis is impacted by the major OM beta-barrel protein, OmpA, in Acinetobac-
ter baumannii and V. cholerae, which is an integral OM protein with a soluble
peptidoglycan-interacting domain (Fig. 1B) (170, 181, 182).

Most Gram-negative bacteria possess the envelope-spanning Tol-Pal apparatus,
which is a system of proteins that uses proton motive force across the IM to drive the
OM lipoprotein, Pal, to bind peptidoglycan (Fig. 1B). Bacteria use this system to produce
negative membrane curvature and regulate OM invagination at the division septum for
fission (183-185). Genetic removal of the tol-pal system results in phospholipid accu-
mulation within the OM and robust OMV formation (176, 186-189). Therefore, loss of
interactions between peptidoglycan and the OM, and increases in OM phospholipids
are associated with OMV formation. There is also evidence supporting a role for lipid
shape in OMV formation.

Bacteria alter the structure of lipid A molecules within the outer leaflet to
control OMV formation. Bacteria regulate and remodel LPS structures by controlling
the length and content of the O polysaccharides, or O antigens, derivatizing anionic
phosphates on lipid A molecules with cationic aminoarabinose and phosphoethano-
lamine moieties, and by altering the number of phosphates and acyl chains on the lipid
A disaccharolipid (4, 190). Multiple studies of different bacterial genera have shown that
differentially acylated lipid A molecules adopt distinct shapes and configurations, which
are driven by the number, length, and positioning of the hydrophobic moieties (191).
In three dimensions, hexa-acylated lipid A is conical. Lipid A molecules with fewer
numbers of acyl chains tend to acquire more cylindrical or inverted-conical structures,
altering the membrane curvature (Fig. 1A) (191, 192). The lipid A acylation state, and
thus the shape of molecules in the outer leaflet, affects the release of vesicles.

In particular, penta-acylated lipid A molecules are enriched in S. Typhimurium OMVs
when the lipid A deacylase PagL is overexpressed (193). An independent study showed
that hepta-acylated lipid A molecules are the predominant endotoxins loaded into
OMVs when S. Typhimurium was exposed to acidic pH (5.5) and limiting Mg2™
concentrations (80). Recent evidence indicates that covalent modifications, such as the
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addition of phosphoethanolamine (pEtN) to lipid A can decrease OMV biogenesis in
Citrobacter rodentium (194). These findings highlight how regulating lipid A structure
might be a strategy to control vesicle release and to produce vesicles with altered
biochemical properties.

THE BILAYER COUPLE AND LIPID SHAPE MODEL OF OMV BIOGENESIS

A universal mechanism of OMV production for Gram-negative bacteria does not
exist. The “bilayer-couple” hypothesis supposes that an increase in amphipathic mol-
ecules within the outer leaflet causes the outer leaflet to expand relative to the inner
leaflet. Outer leaflet insertion and expansion increase bilayer curvature and result in
vesicle formation (195). Gram-negative bacteria share a system of envelope proteins
known as the Mla system (maintenance of outer membrane lipid asymmetry), which is
necessary for trafficking diacylated phospholipids across the periplasm, and for pre-
venting diacylated phospholipids from accumulating in the outer leaflet (Fig. 1) (196—
200). Bacterial downregulation of Mla increases the levels of phospholipids that are
present in the outer leaflet and induces OMV formation (167, 170, 201).

Maintaining OM lipid asymmetry and forming OMVs. Gram-negative bacteria
synthesize phospholipids in the cytoplasm and transport them to the OM by a variety
of energy-dependent and -independent mechanisms (Fig. 1B) (2, 3). Unlike LPS trans-
port, phospholipid trafficking is bidirectional. Of the known protein systems, Mla is the
best characterized (Fig. 1) (202). Mla proteins are conserved throughout Gram-negative
bacteria and plant chloroplasts (203). The chloroplast system conducts retrograde
phospholipid transport, which is necessary for the organelle to import essential phos-
pholipids from the endoplasmic reticulum (204). Unlike chloroplasts, Gram-negative
bacteria can synthesize all of their essential phospholipids, so the biochemical need to
traffic intact phospholipids from the OM to the IM must involve a remodeling, recycling,
or signaling mechanism at the IM (205-207). The bacterial Mla system is multifunc-
tional. The OM lipoprotein component, MlaA/VacJ, adopts an integral membrane
conformation that allows it to maintain OM lipid asymmetry, which it does by holding
or maintaining phospholipids in their inner leaflet orientation (Fig. 1B) (196). Given the
dual role of the system in promoting OM lipid asymmetry and phospholipid trafficking,
the biochemical phenotypes of mla mutants have provided inconclusive data regarding
the directionality of Mla transport across the periplasm (2, 3, 197, 198, 208).

MlaC is a soluble periplasmic protein that binds and ferries phospholipids across the
periplasm. MIaC interacts with both MlaA, the OM lipoprotein, and MlaD, the IM
phospholipid-binding and transfer protein (Fig. 1B) (197, 199). The retrograde model
posits that MlaA binds and transfers mislocalized phospholipids to MlaC for ferrying
across the periplasm back to the IM. The MlaD components of the IM complex,
MIaBDEF, accept the phospholipids from MlaC and reinsert them into the IM (Fig. 1). In
the anterograde model, MlaD of the MIaBDEF complex extracts phospholipids from the
IM and transfers them to MlaC for export to the OM. MlaC subsequently transfers the
phospholipids to MlaA, which orients the molecules in the inner leaflet of the OM and
prevents their inversion into the outer leaflet (198, 208). The existing data support that
the system likely works bidirectionally depending upon the environment and the use
of the ATPase activity of MlaF (Fig. 1B) (198, 208).

In addition to MlaA, Gram-negative bacteria carry a gene that encodes the OM
phospholipase beta-barrel enzyme, PIdA, which degrades outer leaflet phospholipids
and maintains OM lipid asymmetry (Fig. 1B) (209, 210). PIdA hydrolyzes phospholipids
that have become inverted into the outer leaflet into lysophospholipids and free fatty
acids, which are then trafficked back to the IM by poorly understood mechanisms (Fig.
1B) (209, 211, 212). Lysophospholipids adopt inverted conical shapes in bilayers and act
as detergents, so bacteria degrade or transport these molecules back to the inner
leaflet of the IM (Fig. 1B) (213). The duration that lysophospholipids exist in the outer
leaflet is unknown, but probably brief. mla mutants exhibit phenotypes similar to those
of pldA mutants, and a double mutant (mla pldA) is more defective for barrier function,
antimicrobial resistance, and maintaining lipid asymmetry than either single mutant
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(202). Bacterial strains with mutations in Mla proteins commonly accumulate phospho-
lipids in the OM outer leaflet and produce OMVs (170, 201, 214). mla-null mutant
phenotypes are suppressed by PIdA upregulation (202). Conversely, a mutation in MlaA
that allows constitutive phospholipid externalization, mlaA*, is suppressed by muta-
tions that inactivate PIdA (215). The consensus model is that Mla controls the access of
phospholipids to the outer leaflet and PIdA processes molecules that mistakenly flip
across the bilayer.

H. influenzae, V. cholerae, E. coli, and Neisseria gonorrhoeae use the analogous
system, VacJ/Yrb, to control OMV formation (170, 214). The previously mentioned
pathogens respond to iron limitation by repressing the vac/ and yrb genes, which
increase phospholipid externalization and OMV formation (170, 214). Recent evidence
has shown that V. cholerae bacteria hypervesiculate to accelerate their adaptation to
the host intestinal environment (167). The direct correlation between increasing phos-
pholipids in the outer leaflet and forming OMVs fulfills the bilayer couple model;
however, the contribution of the shapes of the particular phospholipids and lipid A
molecules that result from phospholipid inversion must be also considered.

Phospholipid shape influences bilayer curvature and OMV formation. Defor-
mation of the bacterial OM is necessary for bacterial production of OMVs. Curvature can
be modulated by controlling the level and structure of the individual lipid A and
phospholipid molecules within the individual leaflets (Fig. 1) (216). The three-
dimensional shape of lipids influences membrane curvature. Phospholipid shape de-
pends upon the size of the polar head group and the number of acyl side chains.
Diacylated bacterial phospholipids, such as phosphatidylserine (PS) or phosphatidylg-
lycerol (PGI), have a cylindrical conformation and a flat surface area (Fig. 1A) (216-218)
In contrast, CLs, phosphatidylethanolamines (PE), phosphatidic acids (PAs), and
acyl-phosphatidylglycerols (acyl-PGl) adopt a conical configuration and generate neg-
ative membrane curvature when clustered (219). Bacteria concentrate CL at sites along
the membranes that are negatively curved, such as at poles and division septa (64).
Some monoacylated lysophospholipids, on account of their large head group and
single fatty acid side chain, adopt an inverted conical shape, which favors formation of
positively curved membranes (219, 220). It is generally thought that the introduction of
negative curvature by concentrating conically shaped lipid molecules at particular sites
along the cell surface results in vesiculation and OM lipid release from the bacterium.

Bacteria remodel lipid A molecules and phospholipids in the outer leaflet to
influence membrane curvature and OMV formation. During intracellular survival, S.
Typhimurium releases OMVs that are trafficked throughout host cells, but the mecha-
nism of vesicle formation is not fully resolved (78, 180). S. Typhimurium constitutively
inverts phospholipids into the OM outer leaflet as a function of the PhoPQ two-
component virulence regulators, whose signaling also activates OMV formation and is
stimulated in the phagolysosome of macrophages by acidic pH, low divalent cation
concentrations, and cationic antimicrobial peptides (80, 221). Activation increases the
levels of triacylated acyl-PGl and hepta-acylated lipid A molecules, which contain
palmitate. Synthesis of these molecules occurs in response to phospholipids becoming
inverted into the outer leaflet by unknown mechanisms (222). PagP utilizes inverted
phospholipids as the substrates for deacylation and acylation reactions that form
lysophospholipids, acyl-PGls, and hepta-acylated lipid A molecules in the OM outer
leaflet (Fig. 1B) (190, 221, 222). Each of these molecules adopts a shape that has been
implicated in the ability of bacteria to establish membrane curvature.

The exact half-life of diacylated phospholipids in the OM outer leaflet is unknown,
but like monoacylated lysophospholipids, it is probably short on account of PagP and
PIdA activity, or other analogous phospholipases in the OMs of nonenterobacterial
organisms. Increased outer leaflet phospholipids and their enzymatic remodeling might
lead to an increase in the abundance of curvature-generating molecules. It is interest-
ing in this regard that S. Typhimurium bacteria increase the levels of CL molecules
within their OMs in response to PhoPQ activation as a function of the PbgA transmem-
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brane protein (190, 221, 222). We reason that a consensus model for how Gram-
negative bacteria regulate OMV formation involves bilayer coupling and lipid shape.

Phospholipid recycling and lipid signaling across the periplasm. The retrograde
mechanism of lysophospholipid transport back to the IM is not understood (Fig. 1B).
However, it is well established that E. coli uses the integral IM protein, lysophospholipid
transporter (LpIT), to move molecules across the IM. LpIT hydrolyzes cytosolic ATP
molecules and energizes lysophospholipid flipping from the periplasmic leaflet to the
cytosolic leaflet of the IM (Fig. 1B) (223, 224). LpIT works with the cytosolic Aas enzyme
(acyl-acyl carrier protein [ACP] synthetase/lysophosopholipid acyltransferase). The LpIT
Aas enzymes cooperate to move lysophosphatidylethanolamines, lyso-PGls, and PLA2-
hydrolyzed CLs across the IM and catalyze their reacylation (224). This recycling
pathway might also provide an ill-defined signal transduction mechanism, which allows
bacteria to sense and respond to changes on the surface (209).

The ability to couple OM homeostasis with phospholipid and LPS metabolism
ensures that bacteria appropriately allot fatty acid and sugar resources during periods
of limitation, damage, and repair. Unlike phospholipids, which are bidirectionally
transported across the periplasm, LPS molecules are unidirectionally trafficked outward.
Therefore, releasing OMVs might offer a mechanism for bacteria to secrete excess LPS
glycolipids from their surface.

Regulating the level of phospholipids and LPS molecules in the OM bilayer. The
synthesis pathways for LPS and phospholipids compete for fatty acid resources in the
cytosol (225, 226). Combined with the need to assemble an asymmetric bilayer, bacteria
must appropriately regulate the relative rate of LPS and phospholipid production
during feast or famine. The most well conserved and understood mechanism involves
regulating the degradation of LpxC, the rate-limiting enzyme that catalyzes the first
committed step for lipid A and therefore LPS formation (227, 228). LpxC is proteolyzed
in a regulated manner by FtsH, an integral IM protease. Enterobacteriaceae increase the
levels of the IM-associated tetratricopeptide repeat- and rubredoxin domain-containing
protein, LapB/YciM, during stress, which interacts with FtsH and LpxC (229). In the
working model, LapB binds FtsH and prompts FtsH to degrade LpxC (Fig. 1B) (230, 231).
LapB is a key negative regulator of LPS biosynthesis for Enterobacteriaceae (229).

Recent work with S. Typhimurium suggests that the conserved enterobacterial IM
protein PbgA/YejM uses its periplasmic domain to participate in LapB-mediated LPS
regulation and phospholipid homeostasis (Fig. 1B) (206). Proteins that regulate LPS
biosynthesis are essential for enterobacterial viability, including LpxC, FtsH, LapB, and
PbgA (231-234). However, FtsH is dispensable when FabZ is hyperactive (230). FabZ is
the dehydroxylase that catalyzes the first committed step in phospholipid biosynthesis
by reducing the common C,, fatty acid precursor for the two pathways (230-235).
Therefore, FabZ-driven phospholipid overproduction might serve to compensate for
the high levels of LPS conferred by the inability to degrade LpxC. This hypothesis is
consistent with the notion that Gram-negative bacteria balance the phospholipid and
glycolipid composition of the OM to achieve homeostasis. The findings also support the
possibility that regulated proteolysis of LpxC and other key regulators and biosynthesis
proteins might allow Gram-negative bacteria to adjust LPS levels in the outer leaflet. It
will be interesting to determine whether particular types of phospholipids with specific
shapes are concomitantly regulated with LPS molecules.

Fatty acids are synthesized by the type Il fatty acid synthesis (FASII) pathway, which
has an initiation and elongation stage, followed by subsequent steps of the Kennedy
pathway of glycerophospholipid biosynthesis and Raetz pathway of lipid A biosynthe-
sis, to generate the bilayer-forming lipid components of the OM (236). The elongation
intermediate, C,,-OH, or B-hydroxymyristoyl-ACP (acyl carrier protein), can be utilized
by either FabZ for phospholipid biogenesis, or LpxA for lipid A production (225, 235,
237). Pathway cross talk was demonstrated in E. coli when IpxA suppressor genotypes
were shown to encode mutations in FabZ and when chemical inhibition of LpxC
resulted in the selection of Klebsiella pneumoniae mutants with nucleotide polymor-
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phisms encoding amino acid substitutions in both FabZ and LpxC (238, 239). Mutations
in fabZ result in increased LPS levels, since synthesis is shifted toward lipid A biogenesis.
Overactive FabZ enzymes suppress some phenotypes for bacteria that overproduce LPS
molecules, likely by shifting synthesis away from LPS and toward phospholipids (225,
229, 238-242). Furthermore, interactome studies of LpxC and FtsH at various temper-
atures revealed binding between LpxC and phospholipid and fatty acid biosynthetic
proteins (226).

Therefore, it is conceivable that LPS upregulation without concomitant increases in
phospholipid biosynthesis could result in an overall increase in the LPS molecules that
are present in the outer leaflet. Consistent with the bilayer-couple hypothesis, this
increase in outer leaflet content without a coordinate increase in inner leaflet content,
could result in expansion of the surface. Recently, a lipid-mediated signaling pathway
involving MIaA, PIdA, and LapB was identified (Fig. 1B) (209). This transenvelope signal
transduction mechanism might allow Gram-negative bacteria to control the rate of LPS
biosynthesis in response to phospholipids becoming inverted into the outer leaflet. The
dominant allele of MIaA that results in constitutive phospholipid externalization, mlaA*,
causes E. coli to increase the levels of LPS molecules on their surface (215). The
mechanism of increasing LPS levels involves phospholipid hydrolysis in the outer leaflet
by PIdA and lipid signaling across the periplasm back to the IM (Fig. 1B) (209, 211-213).
The model posits that fatty acids are lipid signals from the bacterial surface that move
back across the IM and are converted to acyl coenzyme A (acyl-CoA), which somehow
interacts with LapB and prevents the ability of LapB to downregulate LPS biosynthesis
(206, 209). We envision that Gram-negative bacteria regulate the relative abundance of
phospholipids and LPS molecules within their OM to orchestrate vesiculation and that
this involves pathway cross talk between the protein systems that maintain asymmetry
and those that control biosynthesis.

CONCLUDING REMARKS

The asymmetric character of the OM enhances its ability to function as a dynamic
bacterial organelle. We have attempted to highlight the molecular complexity of the
OM and its use as a secretory system for these microbes. Gram-negative bacteria are
not all the same. Key differences include the presence of LOS molecules in some
microbes and LPS molecules in others. LOS molecules are structurally similar but lack
extended O polysaccharides (221). In some LOS-producing pathogens, complete loss of
LOS glycolipids, and therefore lipid A endotoxins, is tolerated under certain conditions,
like as a mechanism to resist killing by colistins (222, 223). The evidence suggests that
the phospholipid and lipoprotein constituents of the OM provide a sufficient barrier for
these pathogens to survive and replicate in the absence of LOS and lipid A molecules
under select circumstances. In this regard, it is remarkable to now understand that the
OM works as a major load-bearing element for Gram-negative bacteria, a role that had
been exclusively attributed to peptidoglycan (243). Commensal species like Bacteroides
fragilis secrete immunoregulatory OMVs to maintain tight junctions in the gut epithe-
lium (34). This has important implications for antibiotic resistance and disease patho-
genesis. In summary, OMVs provide both defense mechanisms and delivery approaches
for pathogens and commensals to resist and modulate host immunity.
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