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Bacterial lipopolysaccharides (LPS), also referred to as endotoxins, are major outer surface membrane components

present on almost all Gram-negative bacteria and are major determinants of sepsis-related clinical complications including

septic shock. LPS acts as a strong stimulator of innate or natural immunity in a wide variety of eukaryotic species ranging

from insects to humans including specific effects on the adaptive immune system.
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1. Introduction

Understanding the role of LPS in both the toxicity of bacterial infections and effects on immune regulation has emerged as

a critical objective due to the global importance of sepsis. The LPS bacterial surface molecule is produced by most Gram-

negative bacteria. The attention LPS received in the early 20th century was due to its ability to stimulate the immune

system, and was known as endotoxin glycolipids . It was subsequently discovered that LPS created a permeable barrier

on the cell surface and was the main driver of the innate resistance of Gram-negative bacteria to many antibacterial

agents . Unsurprisingly, these important properties of LPS have provided a vast and extensive literature for over

100 years.

The innate immune system’s detection of microorganisms or microbial components is mediated by a special set of

proteins called pattern recognition receptors (PRRs). One of the best studied PRRs is the bacterial LPS receptor, Toll-like

receptor 4 (TLR4) . TLR4 is an important driver of the immune response to bacterial infections and its dysregulation is

thought to promote abnormal cytokine production, leading to bacterial sepsis . Because sepsis remains one of the

major conditions leading to acute morbidity and mortality, understanding the nature of TLR4 signaling will direct efforts

towards understanding the basic mechanisms underlying inflammation and can lead to improved clinical outcome.

Bacterial LPS is widely used in inflammation models because it induces many inflammatory effects by promoting the

production and release of pro-inflammatory cytokines such as TNF-α, IL-1β, and IL-6 .

LPS signaling by PRR leads to the activation of intracellular signaling networks that promote the expression of

inflammatory genes which stimulate the acute and sustained defense of the host . TLR4 first encounters LPS in

extracellular space when interacting with intact bacteria or when exposed to soluble LPS aggregates. Upon binding to

LPS, TLR4 rapidly induces the assembly of supramolecular organization centers (SMOC) called myddosomes .

The intermediate consists of the MyD88 adapter protein and several serine-threonine kinases from the TIRAP and IRAK

families . This hub-like organizing center is a major subcellular site where TLR4 signaling activates the NF-κB and

AP-1 pathways to promote the expression of inflammatory genes . Subsequently, TLR4 is taken up by

endosomes and promotes the production of IRF3-dependent interferon type I (IFN) via TRAM and TRIF adaptor proteins

.

LPS acts as a proto-endotoxin and contributes to the inflammatory cascade because it binds to the CD14/TLR4/MD2

receptor complex in many cell types, but primarily to monocytes, dendritic cells, macrophages, and B cells. In these cell

types, LPS stimulates the secretion of proinflammatory cytokines, eicosanoids, and nitric oxide . Due to its role in the

activation of several transcription factors, LPS activity has been experimentally investigated for many years .

Humans are more sensitive to LPS than other animals (e.g., mice). An LPS dose of 1 mcg/kg causes shock in humans,

but mice can tolerate doses up to 1000 times that amount . For this reason, LPS levels in pharmaceutical products and

medical devices must be strictly monitored using the limulus amebocyte lysate (LAL) assay. This requirement may be due

to differences in the amount of circulating natural anti-LPS antibodies between the two species .
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Multiple pathways may be activated on engagement with LPS because it has been shown that LPS has both an

immunostimulatory as well as immunosuppressive roles to play in immune activation of immune cells .

Consequently, despite LPS being recognized as a classical immune stimulating factor best characterized in bacterial

infection, there is clear evidence of a far more complex role for LPS in the immune cascade.

Dendritic cells (DCs), considered the most potent APCs, are critical gateways of the immune system and have the unique

ability to synthesize a wide range of input signals and transmit them to naive lymphocytes, thus directing immunization, or

suppression of pathogenic microorganisms and tumors . When confronted with pathogen-associated molecular

structures, DCs “mature” by upregulating the expression of MHC class II receptors that exhibit antigen, cofactors, and

processed cytokines and chemokines . DCs contain TLRs which are major pattern recognition receptors that initiate

and regulate immune responses via various signaling pathways . Thus, the application and targeted regulation of DCs

to control cancer and infectious diseases is being pursued in the development of clinical therapeutics . However, DCs

are also involved in the pathogenesis of diseases caused by immune cell dysfunction, such as chronic inflammation,

autoimmunity, and cancer development and progression . Uptake processing and presentation of self-antigens as

foreign proteins is considered fundamental to the development of autoimmune conditions such as type 1 diabetes. Thus,

targeting the downregulation of DC activation may be a useful strategy for treatment of these diseases.

Monocytes are also important in the early acute inflammatory phase of the immune response to an infectious agent

because they can stimulate and modulate the adaptive immune system by inducing cytokine secretion and antigen

presentation to T cells . The adaptive immune response is complimentary to the innate immune response and these

two processes can simultaneously eliminate pathogens. In most cases, monocytes initiate and enhance the immune

response. However, LPS activation of monocytes has been shown to suppress the T cell immune response and induce

the expression of FOXP3 regulatory T cell function modulators in resting CD4 + CD25 T cells via a PGE2-dependent

mechanism .

LPS also plays an immunosuppressive role in autoimmunity . For example, repeated exposure to LPS causes a state

of endotoxin tolerance that, in part, contributes to the well-recognized state of immunosuppression seen in sepsis .

This effect is particularly important in antigen presenting cells such as monocytes  and dendritic cells .

Furthermore, exposure of bone marrow-derived dendritic cells (BMDC) to high doses of pure lipopolysaccharide for 24 h

(LPS-primed BMDC) increases their potency in the prevention of inter-photoreceptor retinoid binding protein in Freund’s

adjuvant-induced experimental autoimmune uveoretinitis (EAU) .

The concept that exposure to LPS is important for interacting with the immune system to prevent allergic and autoimmune

diseases has a long history. Strachan proposed the hygiene hypothesis in 1989, and since then there have been many

studies indicating differences in endotoxin levels in different habitats. These studies showed an association between LPS

in house dust and the incidence of asthma. Children in rural areas have significantly fewer autoimmune diseases, such as

type 1 diabetes, asthma, allergies, and generalized atopy, compared to children in urban environments, but these

observations are largely descriptive . Children who grew up on farms had lower rates of allergies and asthma, and

dust-contaminated bedding and mattresses in their homes contained higher levels of LPS , a result suggesting that

chronic environmental LPS exposure can promote immunotolerance to environmental antigens.

Early studies in animal models showed that the increased sensitivity of C3H/HeJ mice to food allergens was due to an

inability to signal through TLR4 . Neonatal administration of a cocktail of broad-spectrum antibiotics induced a food

allergy response in TLR4-sufficient mice—similar to those seen in TLR4-deficient mice—which identifies the intestinal

microbiota as a source of TLR4 ligand . The authors of this new study confirm that several mouse model studies have

shown that NOD mice that are sensitive to T1D are protected against the disease by oral or intraperitoneal administration

of LPS . Recent developments have revealed the mechanisms underlying adjuvant stimulated fusion protein vaccines

such as the cholera toxin B subunit adjuvant linked to autoantigens like proinsulin (CTB-INS) for the protection against

autoimmunity. It was shown that CTB-INS impedes human monocyte-derived DC (moDC) activation through stimulation of

indoleamine 2,3 dioxygenase (IDO1) biosynthesis . The resulting state of DC tolerance was enhanced by the

residual presence of E. coli lipopolysaccharide (LPS) in partially purified CTB-INS preparations . This adjuvant-like

action for LPS is now recognized in vaccine development. However, the toxicity of LPS may limit its use .
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2. Function of LPS

2.1. Virulence and Toxicity

Lipid A, which is the toxic component of LPS, and polysaccharide side chains, which are considered the non-toxic but

immunogenic part of LPS, act as virulence determinants in Gram-negative bacteria . O antigens have adhesive

properties, phagocyte resistance, antigen protection, and antigen mutation properties . Lipid A acts as an

immunostimulant that induces biological responses to a specific organism .

2.2. Biological Activity of Lipopolysaccharide

An animal’s biological immune responses can be analyzed using various parameters, such as an injection of live or killed

Gram-negative cells or purified LPS in laboratory animals, which causes a broad spectrum of pathophysiological

responses, such as fever, changes in blood counts, disseminated intravascular coagulation white blood cells,

hypotension, and shock resulting in death. Injecting very small doses of endotoxin can cause death in most mammals.

The sequence of events follows a regular pattern: (1) latency period; (2) physiological stress (diarrhea, exhaustion,

shock); and (3) death. The rate at which death occurs depends on the dose of the endotoxin, the route of administration of

the toxin, and the animal species.

3. Lipopolysaccharide Signaling and Immune Activation Mechanisms in
Higher Organisms

3.1. Lipopolysaccharide Detoxification Mechanisms in Higher Animals

The defense against infection in vertebrates is mediated by two interdependent arms of the immune system, known as

innate and adaptive portions of the immune system. The innate immune system, consisting of antigen presenting cells,

recognizes a diverse array of non-self-antigens and if overwhelmed, can signal and activate the adaptive immune system

through well-established signaling pathways to stimulate an array of T-cells and B-cells to overcome the pathogen . As

LPS can have significant adverse effects on animals and humans, a process to detoxify LPS has been developed . The

detoxification mechanism of LPS occurs through enzymatic degradation or through complement-mediated detoxification,

which leads to the breakdown of LPS.

3.2. Host-Microbe Interactions (Lipopolysaccharide Activity) in Invertebrates—Insects

The innate immune system of insects plays an important role in the development of immunity . In recent years,

arthropods and insects have become the most useful models for describing the molecular regulation of the innate immune

response . Insects have highly effective defense mechanisms against invasive microorganisms, which include Gram-

negative and Gram-positive molecules, LPS, and peptidoglycan .

These insect defense mechanisms include cellular and humoral responses. Cellular responses include phagocytosis

and/or encapsulation of large parasites by bacterial nodules and blood cells . In addition, the humoral response uses

various antimicrobial peptides which are synthesized in the adipose body and some hemocytes after induction by septic

lesions and which are then secreted into the hemolymph . The insect defense system against LPS pathogens

results in a transient increase in antimicrobial activity in the acellular hemolymph, including phagocytosis and

encapsulation of invaders by blood cells and subsequent production of antimicrobial proteins (mainly in the insect’s

adipose tissue) . Strong immunoreactivity was found in the interaction between Galleria mellonella (large wax moth)

and LPS. The high tolerance of LPS to insects can be explained by an extremely effective detoxification mechanism

involving the binding of LPS to hemolymph lipophorins . This observation suggests that LPS has the potential to induce

immune activation.

Activation of the proteolytic cascade and coagulation cascade using LPS triggers the limulus hemocyte to act as a

signaling mechanism . In addition, a blood cell membrane receptor for LPS has been isolated from Bombyx mori

silkworm that can transmit an activation signal for the synthesis of the antibacterial peptide cecropin B .

3.3. Expression of Genes and Signaling Action Induced by Lipopolysaccharide in Vertebrates and
Invertebrates

It is a general phenomenon that antibacterial protein gene expression culminates a few hours after bacterial infection and

decreases over time in vertebrates. This reduction in antibacterial protein gene expression has been shown to correlate
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with LPS deprivation . TLRs, a class of pattern recognition receptors (PRRs) found in vertebrates, play an important

role not only in initiating innate immunity, but also in activating adaptive immunity (Figure 1).

Figure 1. Endotoxin tolerance (ET) is defined as the reduced ability of cells to respond after exposure to endotoxin. The

body becomes tolerant to subsequent attacks by lethal doses of endotoxin, and cytokine release and cell/tissue damage

due to inflammatory responses are greatly reduced in endotoxin-resistant conditions. Key features of endotoxin tolerance

are down-regulation of inflammatory mediators such as tumor necrosis factor (TNF-α) and interleukin-1β (IL-1β),

upregulation of pro-inflammatory cytokines such as IL-10 and increased transforming growth factor (TGF-β). Alternative

variants of MyD88S lacking an intermediate domain (ID) show a predominantly negative effect of suppressing the immune

response by suppressing the MyD88 pathway. Tolerance mediators such as MyD88s, IRAK-M, and SHIP-1 are

upregulated. In the endotoxin resistance phase, three LPS-inducible miRNAs (miR-155, miR-146α, and miR-9), were

shown to mediate gene colocalization and transcription factor binding by blocking the binding of NF-kB p50 dimers and

IRF3 as well as TRAF6-dependent NF-kB pathway, which contributes to the regulation of tolerance to endotoxins.

LPS non-specific recognition is well documented and reported in insects . The signaling and triggering mechanism

was identified in Bombyx mori . LPS-increased levels of mRNAs were observed in A. gambiae mosquitoes

containing Plasmodium berguei-infected abdomen contents . LPS and β-1,3-glucan binding protein (LGBP) were

isolated from Litopenaeus vannamei in which mRNA expression was induced by the challenge of the bacterium Vibrio

alginolyticus .

Vertebrates have been shown to have acquired immunity with ‘immunological memory’, while invertebrates seem to lack

this part of the adaptive immune system . However, they have innate immunity, which is characterized by specific

immune reactions against foreign antigens. Invertebrates are the most effective defense mechanisms of the cellular and

humoral response against bacterial infections . Mainly humoral reactions produce antimicrobial peptides to destroy

pathogens  and this is followed by phagocytosis and nodule formation reactions as immediate defense responses to

infection .

In addition, cellular defense reactions have been reported in invertebrates . However, compared to cellular

responses, humoral responses play an important role in immune defense. Insects do not appear to have an adaptive

immune response that acts similarly to the well-documented antibody or the histocompatibility adaptive immune response

of vertebrates . In invertebrate immunity, LPS plays a role in the early stages of signaling that activates acute phase

protein genes. In particular, future research on immune surveillance and purification of pathogens in vertebrates and

invertebrates could demonstrate the efficacy of innate immune systems based on bacterial endotoxins.
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