
LPS detection across the kingdoms of life

Jonathan C. Kagan1,*

1Harvard Medical School and Division of Gastroenterology, Boston Children’s Hospital, Boston, 
Massachusetts, USA

Abstract

Studies in recent years have uncovered a diverse set of eukaryotic receptors that recognize 

lipopolysaccharide (LPS), the major outer-membrane component of gram-negative bacteria. 

Indeed, Toll-like Receptors, G-protein coupled receptors, Integrins, Receptor-like kinases, and 

caspases have emerged as important LPS-interacting proteins. In this Review, the mammalian 

receptors that detect LPS are described. I highlight how no host protein is involved in all LPS 

responses, but a single lipid (phosphatidylinositol 4,5-bisphosphate) regulates many LPS 

responses, including endocytosis, phagocytosis, inflammation and pyroptosis. I further describe 

LPS response systems that operate specifically in plants, and discuss potentially new LPS response 

systems that await discovery. This diversity of receptors for a single microbial product underscores 

the importance of host-microbe interactions in multiple kingdoms of life.

Academic and therapeutic benefits of a cross-species analysis of innate 

immunity

Multicellular organisms come in many forms and have many needs. These forms can range 

from the gigantic elephant to the diminutive house mouse, and these needs range from the 

desire of humans for companionship to the desire of tigers for solitude. Despite this diversity 

of features and lifestyles, there are fundamental features of all multicellular organisms. One 

of these features is the need to identify potentially infectious microorganisms, which can 

pose an existential threat to the host. Among these infectious threats is that posed by 

encounters with bacteria. Throughout history, bacterial infections have been a threat to 

human longevity, and one of the triumphs of our times has been the production of vaccines 

and antibiotics that prevent these infections. For example, in the year 1900 the life 

expectancy of humans in the United States was 47.3 years, with infectious diseases being the 

leading cause of lethality [1]. In the years following 1924, widespread vaccination and 

antibiotic use has been estimated to prevent over 100 million infections, and shift non-

infectious disease to emerge as the leading cause of death [1]. Today, the life expectancy in 

the United States has experienced a considerable rise, and is approaching 80 years of age 

[2]. These remarkable medical advances underscore the value of basic microbiology and 
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immunology to individuals, and society. It is worth noting, however, that much of our 

knowledge of host-microbe interactions has derived from the desire to protect ourselves, not 

the ecosystem in which we reside. Despite our interests in protecting ourselves, all 

multicellular organisms face the threat of bacterial infection. Only through the study of all 

organisms can a true systems-wide understanding of immune defense be achieved.

An interest in understanding host-microbe interactions in all organisms is not merely 

academic, as infections of many non-humans can influence our way of life. For example, 

infections of livestock and sea life have considerable effects on food availability [3], and in 

some instances, infections that originate in farmed animals can cause deadly disease when 

transmitted to humans. An example of this threat comes from epidemiological studies of 

influenza outbreaks, as the infectious virus often originates from a farm animal [4]. As our 

knowledge of human biology improves, so has our ability to target and eliminate the threat 

of infections. Based on this premise, it stands to reason that similar benefits could be 

achieved through a greater understanding of the immune systems of a wide range of 

organisms that occupy diverse ecological niches. Indeed, genetic and bioinformatic studies 

have suggested that the principles established to explain the detection of bacteria by mice 

and humans may not apply to all multicellular organisms [5, 6]. As such, species-specific 

solutions to the problem of bacterial infection may exist. Herein, I will discuss the 

mechanisms involved in the recognition of lipopolysaccharide (LPS), the major component 

of the cell wall of gram-negative bacteria. LPS is composed of three moieties, lipid A, a core 

oligosaccharide and the O-antigen (Figure 1). Of note, the structures of lipid A and the core 

oligosaccharide are conserved across bacterial species (with some exceptions), whereas the 

O-antigen is significantly more variable [7]. The mechanisms by which LPS is detected by 

the innate immune system will be used as a frame of reference for a discussion of the 

evolutionary aspects of host-microbe interactions. I will first describe the current knowledge 

of how LPS is detected in land animals, such as mice and humans. I will then discuss recent 

studies that have revealed novel LPS detection mechanisms that may operate in plants, 

invertebrates and in primitive single celled eukaryotes. This knowledge illustrates the 

diversity of strategies that exist in nature to combat bacterial infections, and raises the 

question of whether a better understanding of these strategies can be used for therapeutic 

purposes.

LPS detection in mammals: diverse pathways are coordinated by a 

common host lipid

Perhaps due to the central role of LPS in inducing inflammation during bacterial infections 

[8], much of our knowledge of LPS responses has derived from studies in humans and mice. 

In these organisms, the detection of LPS is first achieved through the actions of LPS binding 

protein (LBP), which is present in the extracellular fluids [9]. LBP makes physical contacts 

with micelles of free LPS and with gram-negative bacteria [10]. These interactions facilitate 

the extraction of a monomer of LPS by CD14, the first membrane-bound LPS receptor 

identified [10, 11]. CD14 exists as a glycosylphosphatidylinositol (GPI)-anchored protein at 

the plasma membrane of many mammalian cells, most notably phagocytes, but can also be 

secreted from cells in a soluble (GPI-free) state [12]. LPS-CD14 complexes are critical for 
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subsequent inflammatory responses for three reasons. First, the LPS present in complex with 

CD14 can be transferred to two sets of heterodimers of MD-2 and Toll-like receptor 4 

(TLR4) [10, 13, 14]. Of these LPS-binding proteins, TLR4 is the unique in that it exists as a 

transmembrane protein, thereby serving as a conduit to transmit the information of LPS 

detection to the cytosol [15]. Mechanistically, CD14-mediated transfer of LPS to two sets of 

TLR4/MD-2 complexes results in the dimerization of the cytosolic Toll/IL-1R homology 

(TIR) domain present in these TLR4 molecules, and the accumulation of this complex in 

plasma membrane microdomains with features similar to lipid rafts [16]. The dimerized 

TLR4 TIR domains are detected by a protein TIRAP (also known as Mal) [17, 18], which is 

a promiscuous phosphoinositide-binding protein [19, 20]. Interactions between TIRAP and 

plasma membrane-localized phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) position this 

adaptor at the cell surface prior to microbial encounters. This positioning allows TIRAP to 

rapidly detect dimerized TLR4, an event that subsequently leads to the assembly of a 

cytosolic supramolecular organizing center (SMOC) called the myddosome [19, 21]. The 

myddosome has attracted much attention in recent years, as it serves as the principal 

subcellular site of TLR signal transduction [19, 22–24]. This SMOC consists minimally of 

TIRAP, its related adaptor protein MyD88 and several IRAK family kinases that initiate 

downstream signaling [19]. Upon assembly, the proteins within the myddosome promote the 

NF-κB and AP-1 dependent inflammatory responses that typify TLR4 signal transduction. 

The specific details of each step in the TLR4 pathway has been reviewed expertly elsewhere 

[25]. The second activity of LPS-bound CD14 is to promote the internalization of itself and 

dimerized TLR4 from the plasma membrane [26]. This process moves TLR4 into 

endosomes, and promotes a second wave of NF-κB and AP-1 activation that reinforces the 

responses induced from the plasma membrane [26, 27]. TLR4 signaling from endosomes 

also induces transcriptional responses that are distinct from those initiated at the cell surface, 

with the best-defined being those mediated by the transcription factor IRF3 [26, 27]. IRF3 

activation is mediated by the actions of the adaptor proteins TRAM and TRIF, which are 

thought to only engage endosome-localized TLR4. IRF3 acts along with NF-κB and AP-1 to 

drive the expression of type I interferon (IFN) genes, which are important for various cell 

intrinsic antibacterial responses (e.g. autophagy and pyroptosis) [28, 29]. In dendritic cells, 

TLR4-induced type I IFN expression also promotes the activation of natural killer cells, 

which then release the highly antibacterial cytokine IFNγ [30, 31]. Importantly, while TLR4 

is a cargo for this CD14-dependent endocytosis pathway, TLR4 signaling does not regulate 

this process. Rather, CD14 (independently of TLR4 signaling) promotes the endocytosis 

process that is important to position TLR4 in a subcellular location where IRF3-dependent 

signaling can occur [32, 33]. Several regulators of the unique signaling pathway activated by 

CD14 have been defined [26, 32, 34–37], but the molecular details of this new pathway are 

unclear. The third consequence of LPS-CD14 interactions is the rapid modification of 

membrane phosphoinositides, in particular leading to the generation of PI(4,5)P2 [38, 39]. 

LPS detection by CD14 leads to the activation of the cytosolic phosphoinositide kinases 

PIP5K Iα and PIP5K Iγ, which phosphorylate the 5′ phosphate present in plasma 

membrane-localized PI(4)P to generate PI(4,5)P2 [38, 39]. This process (which is 

independent of TLR4 signaling) is perhaps most notable, as PI(4,5)P2 is a central regulator 

of TIRAP localization and the process of endocytosis (and phagocytosis) [19, 20, 40]. In this 

regard, one can consider CD14 to be orchestrating all cellular responses to LPS that are 
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induced by TLR4. CD14 acts upstream of TLR4 to deliver LPS to TLR4 to promote 

dimerization, stimulate PI(4,5)P2 synthesis to promote myddosome formation and NF-κB/

AP-1 dependent inflammatory responses, and stimulate TLR4 internalization, which 

consequently induces IRF3-dependent type I IFN expression.

There is also evidence that an intracellular pool of TLR4 is present on recycling endosomes 

in human and murine phagocytes [41, 42]. This pool is mobilized to early endosomes 

containing TLR4 that was internalized from the plasma membrane, and appears to amplify 

innate immune responses from this location [41]. Ultimately, endosomal TLR4 is sorted into 

the lumen of multivesicular bodies by a process dependent on the HRS trafficking adaptor 

[43]. This sorting event is important to inactivate TLR4 signal transduction [43].

While studies of CD14-dependent TLR4 endocytosis provided the first evidence that TLR4 

does not control all cellular responses to LPS [26], work in recent years has revealed 

additional TLR4-independent LPS responses, and these are not regulated by CD14. For 

example, LPS delivery into the cytosol induces a potent pyroptotic cell death response [44] 

[45]. This response is important to prevent mammalian cells from being used as a growth 

substrate by intracellular bacteria [46]. LPS-induced pyroptosis is not dependent on CD14 or 

TLR4, but is rather mediated by the cytosolic LPS receptor caspase-11 (or caspase-4 and -5 

in humans) [44, 45, 47]. LPS binding to the N-terminal caspase activation and recruitment 

domain (CARD) of caspase-11 promotes the oligomerization of this protein, and the 

activation of its intrinsic protease activity [47]. Active caspase-11 then cleaves its cytosolic 

substrate gasdermin D [48, 49], releasing its N-terminal domain to oligomerize into a ring-

shaped pore that interacts with acidic lipids in the plasma membrane, such as PI(4,5)P2 [50, 

51]. Formation of the gasdermin D pore in the plasma membrane disrupts the osmotic 

balance in the cell and ultimately causes swelling and disruption of the plasma membrane 

(i.e. pyroptosis).

While the process by which LPS promotes caspase-11 dependent pyroptosis is becoming 

more clear, the means by which LPS accesses the cytosol remains obscure. During bacterial 

infections, LPS accesses the cytosol through membrane damage inflicted in the host cells by 

virulence-associated secretion systems or pore-forming toxins [45]. However, outer 

membrane vesicles derived from non-pathogenic bacteria can also induce caspase-11 

dependent responses [52], and injection of free LPS into mice induces caspase-11 dependent 

responses [53]. Under these conditions, where no virulent bacteria are present, we have 

minimal understanding of how LPS gains access to the cytosol.

If one considers the spectrum of LPS interactions that occur in mammalian cells, a 

remarkable diversity of mechanisms of interaction exist, with distinct domains of distinct 

proteins operating in distinct locations inside and outside the cell. Indeed, of the known 

proteins important for LPS-induced cellular responses, none are required for all. However, 

one factor is commonly implicated in the regulation of LPS responses—the plasma 

membrane localized lipid PI(4,5)P2. This phosphoinositide regulates 1) the localization of 

the sorting adaptor TIRAP, and its ability to induce myddosome formation, 2) the 

endocytosis of CD14 and TLR4, and 3) the pore forming activity of gasdermin D. As such, 

PI(4,5)P2 acts to initiate TLR4 signaling and execute caspase-11 activities. It is unknown 
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whether PI(4,5)P2 regulates other proteins that act in the LPS response pathways, but the 

studies described above provide a mandate to consider this possibility.

LPS detection by plants

The extensive analysis of the LPS response systems in humans and mice has provided an 

increasingly wide view of the natural means by which these systems operate. For example, 

the diversity of known LPS receptors has increased to the point that one cannot simply 

perform a bioinformatic search for TLR4 to identify LPS response systems in non-

mammals. Or, in other words, the lack of TLR4 in any given organism does not necessary 

indicate a lack of LPS responsiveness. Direct experimental support for this idea derives from 

the study of plants, which like all multicellular organisms, face the threat of bacterial 

infections [54]. Recent work has identified an LPS response protein in plants that has no 

similarity to any mammalian receptor [55]. LPS responses in the model organism 

Arabidopsis thaliana include the rapid increase in the concentration of cytosolic calcium, the 

induction of antibacterial oxygen species and the MAP kinase-dependent expression of 

antimicrobial peptides [56, 57]. However, the molecular basis of LPS responses in 

Arabidopsis thaliana (or any other plant) has been unclear.

In 2015, a genetic screen to identify A. thaliana mutants that are defective for LPS-induced 

calcium fluxes revealed a protein called LipoOligosaccharide-specific Reduced Elicitation 

(LORE) [55]. LORE is a member of a plant-specific group of transmembrane proteins called 

bulb-type lectin S-domain-1 kinases (SD-RLKs). Loss-of-function LORE mutants are 

unable to flux calcium in response to LPS, and are unable to restrict the replication of 

various bacterial pathogens [55]. Interestingly, LORE transgenes are sufficient to confer 

LPS-induced calcium fluxes to tobacco, which do not naturally encode a LORE orthologue. 

Based on these data, it has been suggested that LORE is a receptor for LPS [55, 58].

While LORE homologues are only present in the plant family Brassicaceae [55, 58], a 

comparison of its functions reveals similarities to mammalian LPS receptors. For example, 

LORE and TLR4 are genetically required for the restriction of bacterial replication, and both 

receptors induce the MAP kinase dependent expression of antibacterial genes [15, 55, 59]. 

Similarities also exist in the features of LPS that promote LORE-mediated responses in 

plants and inflammatory responses in mammals. The lipid A region of LPS activates CD14-

dependent endocytosis, TLR4-dependent inflammatory gene expression, and caspase-11 

dependent pyroptosis [7]. In all of these instances, the hexa-acylated form of lipid A (which 

is typically found in E. coli) can stimulate the activities of these receptors. Interestingly, the 

lipid A region of LPS is also sufficient to activate LORE-dependent responses [55]. Thus, 

while the aforementioned LPS receptors contain different structures, and are present in 

different kingdoms of life, they all recognize the lipid A domain of LPS. Structure-function 

analysis has revealed one notable distinction between the LPS recognition mechanisms in 

plants and animals, in that hexa-acylated LPS is unable to induce LORE dependent 

responses [55]. Rather, the preferred structure of LPS that is detected by LORE appears to 

be penta-acylated lipid A. This finding is interesting for two reasons. First, penta-acylated 

LPS is unable to induce robust TLR4 or caspase-11 dependent responses in mice [7]. Prior 

to the identification of LORE, the common preference of mammalian receptors for hexa-
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acylated LPS suggested that this structural feature may be a fundamental driving force that 

directed the evolution of all LPS receptors. While this statement may be correct in the case 

of TLR4 and caspase-11, the studies of LORE suggest a more diverse mechanism of LPS 

detection may occur in nature, at the level of the structural features of the receptor and 

ligand. Recent studies of CD14-induced endocytosis revealed that penta-acylated LPS was 

also capable of activating this process [32]. Thus, even within mammals, different LPS 

receptors can interact with different regions of this microbial product. The second reason 

why the activation of LORE by penta-acylated LPS is notable is based on the fact that hexa-

acylated LPS is often used as a tool to induce inflammatory responses in mammals. This 

practice has also been taken during searches to identify LPS responses in non-mammals 

[60]. A lack of response to the presence of hexa-acylated LPS often results in the conclusion 

that the organism in question does not respond to LPS [60]. However, the preference of 

LORE for penta-acylated LPS raises the possibility that organisms that have been previously 

characterized as unresponsive to LPS may actually recognize a variant of this bacterial 

product.

Despite being recognized as the first-identified LPS receptor in plants, direct interactions 

between LPS and LORE have yet to be identified. However, it is worth noting that several 

years passed after the identification of TLR4 as an LPS receptor before definitive evidence 

of interactions between these molecules was presented. Indeed, the most definitive evidence 

of LPS-TLR4 interactions was the crystal structure of this complex [14]. It is therefore 

possible that crystallographic evidence will be necessary to firmly establish direct LORE-

LPS interactions. In the interim, the fact that LORE expression is necessary and sufficient to 

confer LPS responsiveness to diverse plants suggests a central role of this factor in the LPS 

response pathway in a specific kingdom of life.

LPS responses in primitive organisms

Based on the presence of LPS receptors across the multicellular kingdoms of life, it would 

seem reasonable that LPS receptors would exist in all organisms in those kingdoms. 

However, experimental support for this suggestion is limited, as most of our knowledge of 

LPS responses derives from studies of a select set of organisms. Advances in genome 

sequencing have suggested that what has been learned from the study of mice and humans 

likely applies to all land mammals. For example, genes encoding LBP, CD14, MD-2 and 

TLR4 can be found in the genomes of numerous and diverse animal representatives of the 

terrestrial family tree [61]. The restriction of LORE and TLRs to distinct kingdoms of life 

suggests parallel evolutionary processes occurred after these kingdoms separated. However, 

genomics, combined with experimental evidence, suggests that we have not identified all 

LPS receptors in existence. Studies from a primitive eukaryote, the slime mold 

Dyctiostelium discoideum, illustrate this point. D. discoideum is an unusual organism, in 

that it spends part of its life in a single amoeboid state, and part as a multicellular organism 

[62]. Remarkably, this amoeba can respond to LPS by the induction of autophagy and the 

production of reactive oxygen species [63, 64]. These responses, which also occur in 

mammalian cells, are important for D. discoideum to survive bacterial infections. Thus, 

analogous cell-autonomous antibacterial responses are present in D. discoideum and 

mammalian cells. However, while these responses are mediated by TLRs in mammals, no 
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TLRs are present in the genome of D. discoideum. Interestingly, D. discoideum produce a 

protein called TirA, which is necessary for LPS-induced antibacterial responses in this 

organism [65, 66]. TirA may have some relation to mammalian TLRs, as it contains a TIR 

domain. However, this protein contains no transmembrane domain and is not predicted to 

operate as a receptor. As such, it remains unclear how D. discoideum elicits LPS responses. 

The absence of any known LPS response regulators present in the genomic sequence of D. 
discoideum argues that a novel LPS response pathway exists in this organism.

Concluding Remarks

In this Review, I highlighted several LPS response systems that exist in nature. The 

observation that distinct LPS receptors exists in plants and terrestrial animals suggests 

independent evolutionary events occurred during the development of these systems. 

Additionally, the presence of an LPS response in the primitive eukaryote D. discoideum, 

coupled to the absence of a recognizable signaling network in its genome, suggests a novel 

LPS sensory system exists. Because the known LPS receptors do not contain a common fold 

or domain, it is difficult to determine how many other receptors exist in any organism. 

Indeed, even in mammals, new LPS receptors are still be identified and characterized. For 

example, the integrin CD11b has long-been recognized as an LPS receptor, and recent work 

highlighted its importance in controlling TLR4 endocytosis in cells that express low levels 

of CD14 [37]. Additionally, the G-protein coupled receptor (GPCR) BAI1 has been recently 

identified as a receptor for LPS, which promotes phagocytosis and killing of gram negative 

bacteria [67, 68]. This receptor is unusual, in that it does not interact with the lipid A portion 

of LPS, but rather binds the core oligosaccharide of this bacterial product [68]. As discussed 

above, most other LPS receptors in mammals recognize the lipid A region. Thus, a wide 

range of structurally distinct LPS binding proteins exists in mammals, which includes 

proteins from the TLR, caspase, integrin and GPCR families, among others (Figure 1). 

While much has been learned of how LPS is detected by eukaryotes, many unknowns 

remain (see Outstanding Questions). For example, we have a limited understanding of how 

the mammalian LPS response pathways operate on their own, and in collaboration with 

other pathways. Cell-type specific and species-specific questions in this area are also 

numerous. For example, while TLR4 and caspase-11 are expressed by many cell types, 

much of our knowledge of these receptors derives from studies of phagocytes. Studies of B 

cells provide what is perhaps the most compelling evidence for cell type-specific LPS 

responses. Exposure of these cells to LPS prompts TLR4-dependent cell division, whereas 

TLR4 signaling does not promote mitosis in phagocytes [69]. Caspase-11 has also been 

reported to have functions in disease models where no apparent source of LPS is present, 

such as endoplasmic reticulum stress responses and in neuronal disorders [70–72]. Much 

additional work is required to better explain these cell type-specific LPS responses.

Outstanding Questions Box

1. How are the actions of mammalian LPS receptors coordinated during 

bacterial encounters?

2. Does the plant LPS receptor LORE bind directly to LPS, and do other plant-

specific LPS receptors exist?
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3. Does the central role of PI(4,5)P2 in LPS detection in mammals extend to 

plants?

4. What is the receptor and signaling pathway that controls LPS responses in 

single celled eukaryotes?

5. Can our knowledge of LPS response systems be leveraged to treat human 

diseases, and diseases of other organisms that occupy our ecosystem.

In plants, future work may further expand the repertoire of LPS receptors in this kingdom, as 

well as define the mechanisms and pathways that regulate LORE-LPS interactions. Finally, 

based on the diversity of organisms that encode LPS receptors, it may be worth 

reconsidering the long-held believe that most marine organisms, in particular sharks and 

fish, are LPS unresponsive [73]. While the elephant shark genome lacks any gene 

homologous to CD14 and MD-2, and the TLR4 homologue is riddled with stop codons [6], 

it is possible that unique receptors for LPS exist in the aquatic world. Indeed, there is 

evidence that LPS responses exist in at least some marine animals, as various species of 

horseshoe crab have long-been recognized to encode the LPS-binding protein Factor C [74–

77]. Factor C is a protease that is highly expressed by phagocytic haemocytes present in the 

hemolymph of the horseshoe crab, and binds to the lipid A component of LPS. LPS 

interactions with Factor C activate a proteolytic cascade that prompts antibacterial clotting 

responses. These findings are notable, when considering the interactions between LPS and 

caspase-4/5/11 in mammals, as both systems utilize proteases as LPS receptors to induce 

host defense. Thus, just as the study of innate immunity in the invertebrate Drosophila 
melanogaster led to the identification of the immune functions of the mammalian TLRs [78], 

the study of LPS-induced clotting in the invertebrate horseshoe crab provided precedent for 

the idea that proteases can act as LPS receptors in mammals. It is therefore possible that 

other conserved or unique LPS response systems may be revealed by diversifying the LPS-

host interactions that we study. Addressing these possibilities likely awaits the development 

of additional experimental animal models, which is a daunting (but worthy) challenge to 

overcome.
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Trends Box

1. Receptors for bacterial LPS are diverse, with representatives found in various 

families of proteins.

2. Different LPS receptors exist in the plant and animal kingdoms.

3. Distinct structures within LPS are detected by plant and animal receptors.

4. Increasing evidence suggests that unknown LPS response systems exist.
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Figure 1. 
Diverse LPS receptors are found in nature.

Depiction of the types of LPS receptors in plants and animals. Receptors include 

representatives from various families of proteins, including Toll-like receptors (TLRs), 

integrins, G-protein coupled receptors (GPCRs), proteases and kinases. Receptors can be 

membrane proteins, soluble cytosolic proteins or soluble extracellular proteins (as 

indicated). Of note, Factor C is secreted but lipid binding, hence its positioning at the 

membrane. This diversity illustrates the complexity of the natural LPS response systems, 

and raises the question of how many others await discovery.

Abbreviations used: LRR: Leucine-rich repeats, LBP: LPS-binding protein, GPI: 

Glycosylphosphatidylinositol, LORE: Lipooligosaccharide-specific reduced elicitation, 

BAI1: Brain-specific angiogenesis inhibitor 1, CARD: caspase activation and recruitment 

domain
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