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Abstract: Lipopolysaccharide (LPS), also referred to as endotoxin, is the major component of Gram-
negative bacteria’s outer cell wall. It is one of the main types of pathogen-associated molecular
patterns (PAMPs) that are known to elicit severe immune reactions in the event of a pathogen
trespassing the epithelial barrier and reaching the bloodstream. Associated symptoms include fever
and septic shock, which in severe cases, might even lead to death. Thus, the detection of LPS in
medical devices and injectable pharmaceuticals is of utmost importance. However, the term LPS
does not describe one single molecule but a diverse class of molecules sharing one common feature:
their characteristic chemical structure. Each bacterial species has its own pool of LPS molecules
varying in their chemical composition and enabling the aggregation into different supramolecular
structures upon release from the bacterial cell wall. As this heterogeneity has consequences for
bioassays, we aim to examine the great variability of LPS molecules and their potential to form
various supramolecular structures. Furthermore, we describe current LPS quantification methods
and the LPS-dependent inflammatory pathway and show how LPS heterogeneity can affect them.
With the intent of overcoming these challenges and moving towards a universal approach for targeting
LPS, we review current studies concerning LPS-specific binders. Finally, we give perspectives for
LPS research and the use of LPS-binding molecules.

Keywords: endotoxin; lipid A; immunology; detection; low endotoxin recovery; LPS-binding molecules

1. Introduction

Bacteria are omnipresent in our environment, in soil, water, and in and on living
organisms, such as plants, insects and animals [1]. They are also found in extreme habitats
characterized by high temperatures, high and low pH values, high pressures and elevated
salinity [2—4]. Surviving such harsh conditions forced extensive adaptation and the devel-
opment of protective mechanisms. The first of these protective mechanisms is fulfilled by a
complex barrier: the bacterial cell wall. On the one hand, it shields the bacterium against
foreign molecules; on the other hand, it allows the selective passage of substances. Three
quarters of the outer cell wall of Gram-negative (G-) bacteria are composed of lipopolysac-
charide (LPS), a diverse class of amphiphilic molecules, also referred to as endotoxin due to
its strong immunogenic potential. It is estimated that one single bacterium can contain more
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than three million LPS molecules [5]. These molecules are released into the environment
during bacterial division or death. The first description of the harmful nature of LPS dates
to a work from Peter Ludvig Panum (1820-1885). He stated that the ‘putrid poison” was
able to cause fever and even death when injected into dogs [6]. However, Richard Pfeiffer
was the first to use the term endotoxin for this class of natural molecules. Pfeiffer brought
along the first evidence for the toxin’s heat stability and difficult inactivation, both of which
have remained a major issue to this day [7].

Since bacteria are omnipresent in the environment, an immense and constant load
of LPS molecules is released into our surroundings, which becomes especially dangerous
during an injury or a bacterial infection, when these organisms transpose our epithelial
barrier. High levels of LPS in the blood can cause fever, septic shock, and eventually death.
Accordingly, contact with LPS-contaminated vaccines, drugs, and medical devices that pen-
etrate the skin can expose the human immune system to endotoxin, and hence trigger these
symptoms. To guarantee the safety of pharmaceuticals and medical devices, regulatory
agencies strictly define upper limits for LPS in medicinal products. Additionally, guidelines
define which quantification methods for LPS are accepted [8]. The established LPS quantifi-
cation methods strongly rely on ideal conditions (e.g., lack of interferences, dilutions, and
specificity), and often detect LPS reliably only from certain bacterial strains [9].

Part of the observed variability in detection and quantification between distinct
bacterial strains resides in the chemical heterogeneity of LPS, which differs within its
different moieties as well. The most conserved moiety of LPS is its hydrophobic part,
known as lipid A, which is anchored to the outer membrane and contains several acyl
chains. In contrast, the most variable region is the hydrophilic part of LPS, which is
localized facing the environment and is called O-antigen (Figure 1). Bacteria with an
O-antigen within their LPS structure are classified as smooth (S) strains. If this part is
lacking, the bacteria are categorized as rough (R) strains. Bacteria with only one O-chain
repeating unit are referred to as semi-rough (SR) strains [10]. It was shown that absence
of O-antigen in the outer membrane decreases its stability, and hence increases stress
levels for the bacterium [11].
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Figure 1. Schematic illustration of the LPS structure. LPS shown in bright red is anchored in the
outer membrane of (G-) bacteria. Smooth- (S), semi-rough- (SR), rough- (R) or deep-rough- (DR) LPS
types are defined by the length of the O-antigen and core region. The variability decreases from the
outermost part of LPS to the hydrophobic innermost part. Different sugar moieties are shown in blue
and green; heptose is shown in yellow; 3-deoxy-D-manno-octulosonic acid (KDO) in orange, and
glucosamine (I and II) in gray.
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The connecting region between the O-antigen and lipid A part is denoted as the core
region of LPS. It establishes this linkage via two glucosamines (GlcN). The number and
length of the acyl chains in the lipid A part defines the biological activity and the proin-
flammatory potential of the molecule once exposed to the human immune system. Any
modification in the chemical structure can drastically decrease the biological activity [12].
The impact of lipid A’s heterogeneity on the immune response will be elaborated on in
more detail in Chapter 3. The modification of the chemical structure of LPS together with
the environmental conditions (e.g., pH, temperature, salt concentration, and proteins) may
change the supramolecular structure of LPS, and, consequently, the interaction with other
molecules and LPS sensors, making its detection and quantification a challenging process
(Figure 2).
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Figure 2. Overview of the main challenges in endotoxin quantification. The chemical variabil-
ity of LPS, supramolecular structures, and interaction with molecules result in inaccurate and/or

unreproducible endotoxin quantification measurements.

In this review, we first comprehensively overview LPS heterogeneity, in particular
the great variability between lipid A moieties highlighting their composition divergences
and the formation of supramolecular structures. We then establish a connection with
the ways in which these differences affect the immune system. Afterwards, we discuss
the impact of current quantification methods, as well as the phenomenon called low
endotoxin recovery (LER). Finally, we focus on the connection of LPS heterogeneity
and known LPS-binding molecules. Here, we describe the perspectives they pose for
future LPS research and applications towards universal detection, quantification, and
inactivation approaches.

2. LPS Heterogeneity
2.1. Chemical Heterogeneity of LPS

The (G-) bacterial cell wall’s main function is to protect the microorganism from
environmental factors such as antibiotics and environmental stresses. Additionally, it
facilitates resistance against bactericidal agents by enabling the evasion from the host
immune system or reducing membrane permeability for antimicrobial peptides. Since LPS
is part of the outer membrane, it directly interacts with its surroundings. Adaptation to
harsh environmental conditions induces changes in the bacterial metabolism, including
LPS biosynthesis, and therefore, the chemical structure of single LPS components [13].
As previously mentioned, the three chemical moieties of LPS are the O-antigen, the core,
and lipid A. The O-antigen consists of a variety of sugar moieties, including a repetitive
polysaccharide monomeric unit that can build a chain of up to 50 repeats. If the amount
of saccharides is reduced in the polymeric chain, this truncated version of LPS is referred
to as lipooligosaccharide (LOS) [14]. Due to its uniqueness, the O-antigen serves as a
fingerprint to determine bacterial species and serotype [15]. The number of saccharide
units of the O-antigen is highly variable not only throughout different species but also
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within one single bacterium. Smooth types ((G-) bacteria comprising an O-Antigen) are
more commonly found in nature. Under certain conditions, smooth strain bacteria can
mutate to rough strains (lacking O-Antigen) to omit the energy-intensive synthesis of O-
antigen. This transition is, most of the time, irreversible [16]. Pupo and co-workers isolated
and separated smooth, semi-rough, and rough LPS variants from the same Escherichia coli
0111 wildtype by gel electrophoresis. By checking their biological activity, they found that
rough types dominated the activation of human macrophages when compared to smooth
types [17].

In rough strain bacteria, the LPS core is directly exposed to the bacterial outer environ-
ment. The core is less variable than the O-antigen and consists only of a few sugar moieties.
It is divided into two parts: the inner and the outer core. Strains that lack the O-antigen
and the outer core are further categorized as deep-rough (DR) strains (Figure 1). The
outer core typically comprises the hexoses glucose, galactose, and N- acetylglucosamine,
among others [18]. In Escherichia coli, five different core types are known; they share a
(hexose); carbohydrate backbone and two side chain residues in this backbone [19]. The
inner core is less variable than the outer core and contains the sugar 3-deoxy-D-manno-
octulosonic acid (KDO). KDO serves as the linker between the LPS core and its most
conserved and hydrophobic region: lipid A. The backbone of lipid A consists of two sugar
rings (I and II) that form a D-glucosamine (GIcN) disaccharide. The backbone is connected
to the inner core through GIcN II. The sugar dimer GlcN can appear unmodified, mono-
or di-phosphorylated at C1 for GIlcN I and C4 for GlcN II, respectively. Among others,
Escherichia coli, Serratia marcescens, and Neisseria meningitidis are endued with two phosphate
groups, while Sphaerotilus natans, Moraxella catarrhalis, and Rhodobacter capsulatus show a
tri-phosphorylated GIcN dimer [20-22]. Mono phosphorylation can occur on either of the
two sites. For instance, Porphyromonas gingivalis and Bacteroides vulgatus are phosphorylated
on GlcN I, whereas at the same time GlcN Il is hydroxylated at C4. However, these positions
can also be occupied by sugar moieties [23-25]. The marine species Echinicola pacifica and
Echinicola vietnamensis possess a D-galacturonic acid (D-GalA) at the C4 position [26]. In
addition to the phosphorylated examples, species that come without phosphorylation have
been discovered. One example is Aquifex pyrophilus which possesses two GalA instead
of phosphates [23]. The fatty acids of lipid A are linked to GlcN by an ester at C2 and
amine residue at C3. However, in some species, such as Legionella pneumophila, the amine
linkage is replaced by a second amine [27]. Changing the overall molecular charge by
the loss or addition of phosphate groups and/or the addition of positively charged sugar
units can influence the resistance against cationic antimicrobial molecules [28,29]. The
hydrophobic acyl chains of lipid A are commonly bound to the GlcN by two ester and two
amide bondings, while some species form only amide bondings [23,30]. These acyl chains
vary amongst species by the number of attached chains to the two GlcN as well as their
length (Figure Al). These fatty acids are anchored in the lipid layer of the outer membrane
and play a role in the growth and survival of the bacterium [31]. Structural differences
of lipid A—for instance, the symmetric arrangement and status of phosphorylation—are
summarized in Table 1. Depending on the arrangement of the acyl chains on each GIcN,
it appears in a symmetrical or asymmetrical shape. Asymmetric strains possess unequal
amounts of chains on each GIcN, as for instance, Escherichia coli with an arrangement of
4 + 2, as well as Porphyromonas gingivalis with a 3 + 2 arrangement. Neisseria meningitidis is
known to be symmetrical with three acyl chains on each GlcN. The structure of the acyl
chains is prone to modifications as well. Besides additional keto or hydroxyl groups or un-
saturated carbon bonds in the center of the chain [32,33], branching and terminal hydroxyl
groups [34] are occasionally seen. Mass spectrometry analysis revealed that one species
often implicates a mixture of lipid A compositions. For instance, Pasteurella multocida
was found to have different lipid A versions ranging from tetra- penta-, hexa- to hepta-
acylation, among which the penta-acylated lipid A is the most abundant [35]. The lipid A
structure that is reported to have the strongest endotoxic effect is the di-phosphorylated
asymmetric hexa- (4 + 2) form that is encountered in strains of Escherichia coli and Salmonella
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enterica [36], as elaborated further in Chapter 3. Despite being the most conserved part
of LPS, there is great variability between lipid A chemical structures. These alterations
can be caused, among others, by environmental influences, such as high pressure [37],
higher saline levels in the environment [38], and/or change in temperature [39-41]. Marine
bacteria often face one or more of these extreme habitats, such as a thermal vent in the
deep sea. A high intra-species heterogeneity was observed for the recently discovered
strain Zunongwangia profunda SM-A87 [42] and different psychrophilic bacteria isolated
from Antarctica [39]. Furthermore, some lipid A strains only show four acyl chains, a
mono-phosphorylated backbone, and an additional D-galacturonic acid, e.g., found in
Echinicola pacifica and Echinicola vietnamensis [26]. This again highlights the variability and
options for the structural changes of lipid A, as these changes cannot only be caused by
low or elevated temperatures [41] but also by altering other growth conditions, such as
osmolarity [43] or pH [44,45].

Table 1. Structural properties of lipid A variants. The table includes the number and distribution
of sugar groups (*) in the form of “a (b + c)”, where a is the total number of sugars, b is the number
of groups attached to GlcN II, and c the number attached to GlcN I. Furthermore, the number of
phosphate groups (**) is given; groups are distributed symmetrically if not stated otherwise. If no
information is given for the agonistic activity (***), the literature did not provide data. For bacteria,
most abundant structure is denoted as “major”, others as “minor”.

Sugar Phosphate Lipid A Length of Acyl Agonistic

Bacteria Groups * Groups ** Acyl Chains Chains Activity *** Citation
Acinetobacter baumannii 2 ;’ ((;L : 3%; 12-14 Agonist [46]
;L‘cii;noﬁ;iﬁzl;wmitans 2 6(4+2) 14 Agonist 471
Alcaligenes faecalis 2 6(3+3) 10-14 Weak agonist [48]
Aquifex pyrophilus 2(1+1) 0 53 +2) 14-18 Weak/No agonist [23]
Bacteroides fragilis 10+1) 53B+2) 15-17 Weak agonist [49]
Bacteroides vulgatus 10+1) 53+2) 15-17 Weak agonist [50]
Bartonella quintana 2 53+2) 12-26 Antagonist [51]
Bordetella parapertussis 2 6(4+2) 10-16 Weak/No agonist [34]
Bordetella pertussis 2 53+2) 10-14 Agonist [34]
Bradyrhizobium elkanii 32+1) 0 6(4+2) 1228 W:ifafg%i?sift/ [24]
Brucella spp. 1(1+0) 7(4+3) 12-16 - [30]
Burkholderia multivorans 2(1+1) 2 53 +2) 14-16 Agonist [52]
Campylobacter jejuni 2(2+0) 6(4+2) 14-16 Agonist [53]
Chlamydia trachomatis 2 53+2) 14-20 Antagonist [54]
Chromobacterium violaceum 2 6(3+3) 10-12 Antagonist [55]
Colwellia hornerae 2 53+2) 9-14 - [56]
Colwellia piezophila 2 53+2) 9-14 - [56]
Echinicola pacifica 1(1+0) 10+1) 4(2+2) 15-17 Antagonist [26]
Echinicola vietnamensis 1(1+0) 10+1) 4(2+2) 15-16 Antagonist [26]
Escherichia coli 2 6(4+2) 12-14 Agonist [57]
Escherichia coli (12 °C) 2 6(3+3) 12-14 - [40]
Francisella tularensis 10+1) 10+1) 42+2) 16-18 No agonist and [58,59]

no antagonist

Fusobacterium nucleatum

2 6(4+2) 14-16 Agonist [60]
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cougr T Lpiah o LeghofAoT M ciion
Haemophilus influenzae 2 6(4+2) 14 Agonist [61]
Halobacteroides lacunaris 2 6(3+3) 10-12 Antagonist [62]
Halcobactr pylori Mafor1(041)  Maord(12)  Maerleds  antagonis &
Klebsiella pneumoniae 2 6(4+2) 12-14 Agonist [64]
Legionella pneumophila 2 6(4+2) 14-27 No agonist [27]
Liberibacter crescens 10+1) 5B+2) 14-28 - [65]
Marinomonas vaga 10+1) 52 +3) 10-12 Weak agonist [66]
Moraxella catarrhalis 3(1+2) 7(3+4) 10-12 Agonist [21,67]
Neisseria meningitidis 2 6(3+3) 12-14 Agonist [68]
Pasteurella multocida (major) 1(1+0) 5(4+1) 14 - [35]
Pasteurella multocida (minor) 1(1+0) 2 6(4+2) 14 Agonist [35]
Porphyromonas gingivalis 10+1) 53B+2) 15-17 Weak agonist [69]
Proteus mirabilis 1(1+0) 2 7(4+3) 14-16 - [70]
Pseudomonas aeruginosa 2 6(3+3) 10-12 - [71]
Psychrobacter cryohalolentis 2 6(4+2) 8-12 - [56]
Psychromonas marina 2 6(4+2) 12-14 - [72]
Ralstonia eutropha 1(1+0) 2(1+1) 6(3+3) 14 Weak Agonist [73]
Ralstonia mannitolilytica 2(1+1) 2(1+1) 6(3+3) 14-16 Agonist [73]
Ralstonia pickettii 2(1+1) 2(1+1) 53 +2) 14 No agonist [73]
Rhizobium leguminosarum 1(1+0) 0 53+2) 14-28 - [25]
Rhodobacter capsulatus 3(1+2) 53 +2) 10-14 Antagonist [20]
Rhodobacter sphaeroides 2 50B+2) 10-14 Antagonist [33]
Salmonella minnesota 2 7(4+3) 12-16 Agonist [74]
Salmonella typhimurium 2 6(4+2) 12-14 Agonist [75]
Serratia marcescens 2 50@+1) 14 Agonist [76]
Sphaerotilus natans 32+1) 6(3+3) 10-14 Agonist [22]
Spiribacter salinus 2 52 +3) 10-14 - [77]
Vibrio cholerae 2 6(4+2) 12-14 - [78]
Vibrio fischeri 1(1+0) 53+2) 12-14 - [32]
Yersinia pestis 2 253_7207 £C4 (62% ;)2) 121_416 Néiogrcl)ir?itst [41,79]
Zunongwangia profunda 10+1) Minor 4 2 +2) Minor 15-17 - [42]

Major 5 (3 + 2)

Major 15-17

2.2. LPS Supramolecular Structures and Intermolecular Interactions

The complexity of LPS is not restricted to its intrinsic difference in the sugar com-
position of the polysaccharide part or lipid A, it also derives from the supramolecular
aggregation states [80]. The amphiphilic nature of LPS plays a role in the formation of
these aggregates. In general, amphiphilic molecules can be encountered in their monomeric
form in diluted solutions; however, when the critical micellar concentration (CMC) is
reached, the molecules tend to aggregate and form micelles. In fact, the determination
of CMC is dependent on several physical properties, such as osmotic pressure, turbidity,
electrical conductance, and surface tension [81]. In the context of LPS, the molecular weight
of the monomeric form can vary from 2.5 kDa (R-form) to 70 kDa (S-forms with long
O-antigens), being the average between 10 and 20 kDa [5,80,82]. During LPS aggregation,
monomers are believed to interact through the non-polar attraction between the lipidic
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chains and electrostatic bridges among the phosphate groups and divalent cations present
in the solution [80]. Here, the CMC, size and shape of aggregates differ mainly depending
on the chemical structure of LPS, pH, temperature, amount and type of ions in solution
and presence of surfactants, proteins or other molecules [80,83,84]. Smooth strains tend to
form aggregates at higher LPS concentrations than rough strains. This characteristic can
be explained by the higher hydrophobicity of the rough strains, lacking the hydrophilic
O-antigen region [83]. Additionally, it is expected that simple surfactants, such as SDS,
aggregate cooperatively and exhibit a narrow CMC, whereas the determination of the
CMC for amphiphilic molecules with a broader molecular weight distribution is rather
complex [83]. CMCs ranged from 10 to 14 pg/mL with the presence of pre-micelles or
evolving micelles until higher concentrations were reported. [81,83,85]. Micelles and other
LPS supramolecular structures were observed using different techniques, such as electron
micrograph, dynamic light scattering, small angle neutron scattering, cryo-transmission
electron microscopy, synchrotron small-angle X-ray scattering, fluorescence correlation
spectroscopy, and infrared spectroscopy [81,85-89].

Furthermore, the supramolecular structures of LPS can be altered by intermolecular
interactions [88,90]. As expected, several proteins that interact with LPS are known to
be involved in immunological responses. For instance, LPS interacts with classical bio-
logical molecules, such as the lipopolysaccharide-binding protein (LBP), the bactericidal
permeability-increasing protein (BPI), factor C from the limulus amebocyte lysate (LAL)
cascade reaction, cluster of differentiation 14 (CD14), CD16, CD18, and antibodies. How-
ever, besides those proteins, other positively charged proteins are likely to electrostatically
interact with LPS (e.g., lysozymes and lactoferrin) [80,91]. Interestingly, it is also possible
to find neutral proteins (e.g., hemoglobin) and even negatively charged proteins (e.g., BSA)
interacting with LPS [92,93]. The mechanisms behind the interaction between LPS and
negative and neutral proteins is still not completely clarified. Nonetheless, there are some
possible explanations. The first is the hydrophobic interaction between the protein and
lipid A. A second possibility is that the protein’s carboxyl and the phosphate groups of
LPS might compete for dications (e.g., Ca?*), forming a dynamic calcium bridge between
protein and LPS [80]. LPS interactions with peptides were studied by Hong and coauthors,
who observed conformational changes in LPS self-assemblies, changing from micelles to
multilamellar structures, upon addition of increasing concentrations of the antimicrobial
peptide (AMP) human cathelicidin (LL-37) to LPS solutions [88]. Studying the same an-
timicrobial peptide, Bello et al. observed changes in LPS conformation after the addition of
LL-37 to a high concentration of (S) type LPS from Escherichia coli O111:B4 in the presence
of dication Mg?*. While LPS alone formed elongated micelles, branched structures, and
toroids, the addition of LL-37 prevented the connection between these structures and the
formation of toroids. The authors also tested (R) strains, which presented irregular lamellae
or sheet-like structures coexisting with toroids [87,94]. The interaction of LPS with bile
salt sodium deoxycholate was studied by Ribi et al., who described that upon interaction,
LPS dissociated into subunits with molecular weights around 20 kDa that are not toxic
for rabbits. However, after dialysis, the endotoxin reaggregated into a biologically active
form with sizes ranging from 500 to 1000 kDa [86]. Hence, recognition of LPS by the
immune system, as well as the detection by standard endotoxin quantification assays can
be influenced by the supramolecular structure.

Likewise, as described, the supramolecular structure of LPS cannot be reduced to a
defined micelle, but different shapes and sizes of aggregates can be formed depending on
the chemical structure of LPS and the environmental conditions. This characteristic has
significance for the safety aspects of the immunological and pharmaceutical fields, where it
is of utmost importance to handle phenomena such as the low endotoxin recovery effect
(LER). In this case, measurements result in a lower quantity even in cases when a known
amount of endotoxin is added to a sample (see Chapter 4.2). It is also relevant for the
understanding of how anti-microbial molecules interact with (G-) bacteria, and it plays a
role in the design of new drugs against these microorganisms [88,90].
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3. LPS Recognition and Immunological Impact

As LPS is a ubiquitous component of the outer membrane of (G-) bacteria, it is one
of the key targets by which a host may detect and respond to a bacterial invasion. The
immunological consequences after exposure to LPS do not only depend on the source and
the supramolecular structure of LPS, but also on the signaling pathways that are stimulated.
The most relevant innate immune receptor activated by extracellular LPS is toll-like recep-
tor 4 (TLR4), which was identified in the late 1990s [95,96]. TLR4 is mainly expressed on
the surface of both immune cells—such as monocytes, macrophages, neutrophils, dendritic
cells, and natural killer cells [97,98]—and somatic cells—including fibroblasts and epithe-
lial cells [97,99]. The signaling pathway that leads to TLR4 activation is initiated when
extracellular LPS is perceived via its lipid A moiety by soluble LBP. LBP then delivers LPS
to the membrane accessory protein CD14, which in turn transfers the bound molecule to
the myeloid differentiation factor 2 (MD-2). The loaded MD-2 is then recognized by TLR4
promoting the assembly of a supramolecular TLR4-CD14-MD-2 receptor complex [100,101].
The formation of this complex initiates an intracellular signaling cascade, mediated by the
adaptor proteins myeloid differentiation primary response 88 (MyD88) and TIR-domain-
containing adapter-inducing interferon-f (TRIF), which leads first to the activation of the
transcription factors interferon regulatory factor 3 (IRF-3) and nuclear factor x-light-chain-
enhancer of activated B cells (NF-xB), and then to the production of potent inflammatory
proteins, such as the cytokines IL-15, TNF-«, IFNs, and IL-6 (Figure 3) [102-105].
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Figure 3. Scheme of the most relevant pathways for LPS detection in human cells. Left: detection
of intracellular LPS via caspase proteins causes the assembly of a supramolecular complex called
inflammasome, which induces the initiation of the potent inflammatory process called pyroptosis.
Right: detection of extracellular LPS via the TLR4 receptor complex and initiation of inflammatory
responses via the MyD88 and TRIF signaling cascades.
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It has recently become clear that LPS may also access the cytosol via the clathrin-
mediated endocytosis of outer membrane vesicles (OMVs) [106,107] released from bacteria
during growth and intracellular infections [107-109]. Another access pathway might be
through the high-mobility group box 1 (HMGB1) protein, which can bind LPS extracellu-
larly and favor its uptake and subsequently its endo-lysosomal escape in conjunction with
the receptor for advanced glycation end products (RAGE) [110,111]. Once in the cytosol,
LPS can be bound with great affinity by the caspase activation and recruitment domain
(CARD) of proteins known as caspases 4 and 5. Upon binding, these zymogens undergo an
autoproteolytic processing that converts them to their bioactive form, which in turn triggers
the highly inflammatory process of cell death known as pyroptosis. During pyroptosis, cas-
pases oligomerize to form inflammasomes, which in turn cleave the pro-protein gasdermin
D (GSDMD), leading to its maturation. Mature GSDMD then migrates to the membrane to
form large transmembrane pores that cause cell swelling and lysis, ultimately favoring the
release of highly inflammatory intracellular content in the cell surrounding and destroying
the replication niche of intracellular bacteria (Figure 3) [112]. Further LPS-sensing mecha-
nisms and binding molecules have been identified in recent years, including lactoferrin,
beta-defensins, and the transient receptor potential cation channel, subfamily A, member 1
(TRPA1) [113], which plays a crucial role in neurogenic inflammation and pain production
during infection with (G-) bacteria [113-116]. Excessive exposure to LPS and subsequent
activation and maturation of immune regulatory proteins, especially TLR4 and caspases,
can potentially lead to fatal endotoxin shock [117]. However, in nature, the overall role
of LPS-sensing molecules is intended to be protective, with the immunological purpose
being the elimination of harmful pathogens. The magnitude of immune response following
LPS detection is thus a crucial issue for healthy host defense, with LPS heterogeneity being
a key determinant to this end. An important component leading to LPS recognition is
the O-antigen. As the externally exposed molecule from the bacterial cell-wall, it is the
first moiety responsible for interaction with the immune system, and therefore, the first
indication of insult against host molecules. However, Duerr et al. found that wild-type
Salmonella strains with an intact O-antigen delayed TLR4-mediated immune activation
compared to isogenic O-antigen-lacking mutants in the gut, facilitating bacterial survival
and proliferation in the host [118]. A similar delaying effect was observed in the innate
immune response of plants when attacked by the plant pathogen Xylella fastidiosa [119].
Moreover, in the last 25 years, it has become increasingly clear that in the context of innate
immune reactivity, all LPS molecules are not created equal; in fact, modifications to the
lipid A chemical structure can dramatically impact the potency of TLR4 activation [12].
LPS strains that activate the TLR4-mediated pathway are called agonists (e.g., lipid A
from Escherichia coli, Salmonella typhimurium, and Klebsiella pneumoniae) and can induce
secretion of potent pro-inflammatory cytokines, such as IL-6, TNF-« and IL-1§3, which if
not under control can cause a lethal endotoxin shock [120]. In contrast, LPS molecules that
are only able to activate the TLR4 receptor cascade in a milder level, due to changes in the
lipid A chemical structure, are called weak agonists (e.g., lipid A from Alcaligenes faecalis,
Bacteroides vulgatus, and Bordetella parapertussis) [48,50,121]. Overall, despite the lower vari-
ability in lipid A chemical composition between different bacterial species compared to the
O-antigen, hexa-acylated (with acyl chains of 12-14 carbon atoms) and di-phosphorylated,
lipid A molecules were found to be among the most potent activators of TLR4, TRPA1,
and intracellular caspases [12,109,113,122-124]. Caspases, however, seem to respond to
lipid A variants more broadly and with less sensitivity toward structure than does the
TLR4 receptor complex [109,125]. Recent experiments have found that the acyl chain
length in particular is a key component that determines the overall potency of immune
response following LPS detection [126]. Besides the immune-stimulatory agonistic and the
weakly agonistic variants, there are LPS molecules that can act as antagonists. Antagonistic
LPS variants do not activate the immune system and can even block LPS-binding sites
(e.g., TLR4 receptors), preventing the binding of agonistic LPS variants and inhibiting the
downstream inflammatory cascade [127]. They are mainly tetra-acylated, present longer
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acyl chains, often lack one or more phosphate moieties and are found in bacterial species
such as Chlamydia trachomatis, Halobacteroides lacunaris, Bartonella quintana (penta-acylated),
Rhodobacter sphaeroides, Rhodobacter capsulatus, and Bradyrhyzobium strains (presence of
very long-chain fatty acids (VLCFA)) [51,62,109,127,128] (see also lipid A structures in
Figure Al). Lembo-Fazio et al. found that induction of cytokines in HEK293 TLR4/MD2-
CD14-transfected cells was potent under hexa-acylated Escherichia coli LPS stimulation, but
significantly reduced upon co-incubation with LPS from Bradyrhyzobium. The ability of
lipid A from Bradyrhyzobium to destabilize the MD2-TLR4 complex and reduce the secretion
of cytokines is suggestive of its immune antagonism [129]. Interestingly, in some rare cases,
the same LPS variant can act as an agonist, as well as an antagonist, depending on the host.
This phenomenon was observed for the LPS precursor lipid IVa, which activated mouse
macrophages but acted as an antagonist for human macrophages [130]. As antagonistic
LPS molecules have the potential to limit endotoxin-induced inflammatory symptoms,
they are of great interest for the pharmaceutical field, and have been receiving attention
for therapeutic applications [3]. Notably, bacteria are able to change the structure and
composition of their LPS to better adapt to the environment and as part of their immune
evasion mechanisms. For instance, Kawahara and co-workers observed that Yersinia pestis
can perform a shift from the highly inflammatory hexa-acylated LPS form, produced at
27 °C during its life cycle in the vector flea, to low-to-non-immunogenic tetra-acylated
lipid A, which is synthesized at 37 °C, the typical temperature found in warm-blooded
hosts such as humans or rodents. As a result, the immune response against the pathogen is
weakened, and Yersinia pestis can spread throughout the body causing a disease commonly
known as plague [41,131-133] (Figure 4).
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Figure 4. Schematic representation of Yersinia pestis life cycle with focus on how the lipid A moiety
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changes during the different stages, ultimately interfering in the host’s immune response. The top
part of the image shows the life cycle in wild animals. Briefly, Yersinia pestis-infected fleas bite wild
rodents and transmit the pathogen. Triggered by the rodent’s body temperature of 37 °C, it starts
producing a less immunogenic variant of lipid A (tetra-acylated), which is not able to elicit an effective
immune response. As a result, Yersinia pestis is not fully eliminated and persists. The rodent becomes
a reservoir of the pathogen in the wild and can, in turn, infect vector fleas, which feed on their blood.
Once Yersinia pestis reaches the flea digestive tract (27 °C), it produces a hexa-acylated form of lipid A
and starts proliferation in these favored conditions. By biting a new host, the flea can further spread
the disease. Once humans are accidentally bitten (bottom part of the figure), the bacterium produces
the tetra-acylated form of lipid A again to adapt to the human body temperature. However, in
contrast to rodent TLR4, the human TLR4 does not recognize this lipid A variant, and therefore, it is
not able to activate the downstream signaling cascade. As a result, the immune response is ineffective
as it has to rely only on other defense mechanisms. Yersinia pestis invades the body undisturbed,
causing a disease called plague.

Similar phenomena have been noted for species such as Helicobacter pylori and Por-
phyromonas gingivalis, which are both associated with immune evasion and chronic infec-
tion [134-136]. In summary, the heterogeneity of LPS is an important aspect in regards to
immune activation that should not be underestimated. Structural differences, especially
regarding the lipid A moiety, can have a significant impact on innate immune binding, and
consequently, biological activity.

4. LPS Detection: Methods, Challenges, and Future Options
4.1. Limitations of Detection Assays

Various methods are used to detect endotoxins. Among these, the rabbit pyrogen
test (RPT) is the oldest one, approved by the U.S. food and drug administration (FDA).
In this in vivo test, rabbits are inoculated with the sample, and the febrile response is
used as a positive readout for pyrogen contamination (Figure 5). However, due to its
high costs, animal welfare concerns, and low specificity to endotoxin the RPT is being
substituted by more efficient, cost-effective methods [9,122]. Additionally, there is a plan to
eventually remove this test from the EU pharmacopeia by 2026 [137]. Another animal-based
method is the gel-clot limulus amebocyte lysate (LAL) assay, which exploits a naturally
evolved defense mechanism of the Atlantic Horseshoe Crab (Limulus polyphemus) to detect
LPS. The limulus’ blood is, in fact, rich in innate immune cells called amebocytes, which
are responsible for defending it against pathogens such as (G-) bacteria [122,138]. These
cells are packed with cytoplasmic granules formed by a zymogen called factor C. This
protein can be autocatalytically activated by LPS during infection, causing the initiation of
a coagulation cascade that culminates in the conversion of coagulogen into coagulin and
the formation of immobilizing and inhibiting clots around bacteria, aiming for infection
containment (Figure 5) [138-142]. This unique and effective ability was the foundation of
the LAL assay. Factor C is thereby extracted from lysed amebocytes and used as an indicator
for LPS contamination [142-144]. However, this coagulation-based method enables only
an imprecise, eye-based quantification of the results. On that account, other machine-
based detection methods were developed, such as the turbidimetric and the chromogenic
LAL assay (Figure 5) [145-147]. Similarly, the Tachypleus amebocyte lysate (TAL) assay
uses amebocytes extracted from other arthropods species (Tachypleus gigas or Tachypleus
tridentatus). It is also suitable for endotoxin detection and quantification, although its use is
mainly limited to Asian countries [148]. One major advantage of the LAL test is that the
triggered cascade strongly amplifies the signal, allowing the detection of low endotoxin
concentrations down to 0.01 endotoxin unit (EU)/mL. However, the clotting enzyme can
also be activated by other substances, such as (1—3)--d-glucan, leading to false positive
results. Additionally, its sensitivity can be reduced by the type and source of LPS being
detected, by the sample processing, and by the presence of chelating agents, antibodies,
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LBP, cationic proteins, surfactants, as well as blood proteins [9,90,144,149-154]. Thus, new
assays were developed to overcome those limitations, such as the EndoLISA. In this test,
similar to a conventional enzyme-linked immunosorbent assay (ELISA), samples are added
to plastic wells coated with a bacteriophage-derived receptor protein, which can capture
LPS via its core region [153]. LPS is then detected using a recombinantly produced factor
C, which then processes a substrate to generate a machine-quantifiable fluorescent signal
(Figure 5) [153,155,156].
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Figure 5. Graphical scheme depicting the underlying mechanisms in different LPS detection methods.
From left to right: rabbit pyrogen test (RPT), monocyte activation test (MAT), gel clot limulus
amebocyte lysate (LAL) assay and its variants (e.g., chromogenic LAL), EndoLISA, and, ultimately,
the TLR4-NF-xB-luciferase (TLR4-NF-xB-luc) reporter gene assay.

Despite many advantages, its broad sensitivity (0.05-500 EU/mL), its superior robust-
ness in terms of endotoxin spike recovery under different stress-inducing conditions, its
insensitivity to glucan contaminations, and the use of animal-friendly recombinant pro-
teins, EndoLISA has some major drawbacks. It can only detect LPS in liquid samples [157]
and it is still affected by the presence of chelating agents similar to a conventional LAL
assay [90,153,154]. This development was followed by other ELISA-based assays that
require LPS to be adsorbed to plastic wells or to be detected by different capture proteins,
such as monoclonal antibodies (mAbs) or the antibiotic polymyxin B (PMB) [9,158,159]. In
this context, Appelmelk et al. developed a PMB-horseradish peroxidase conjugate that
effectively improved LPS quantification from different sources in direct and sandwich-
ELISA formats [160]. Meanwhile, Scott et al. used PMB-functionalized plastic wells to
improve endotoxin coating efficiency and develop tests to detect anti-LPS IgG in patients
affected by (G-) bacterial infections [161]. This is particularly useful because the limited
capacity of amphiphilic LPS to adsorb onto plastic in the presence of proteins is one of
the reasons why ELISA-based tests are prone to low specificity and result in inconsistency
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when investigating complex samples. In fact, protein affinity for plastic surfaces easily
outcompetes LPS adsorption, further reducing detection capacity [9]. Additionally, the use
of anti-O-antigen mAbs as capture/detection proteins is prone to cross-reactivity, and their
production is often laborious and expensive since many LPS variants have not yet been
isolated [9,162]. Other alternatives to conventional LPS detection methods are cell-based
assays, such as the monocyte activation test (MAT), and two reporter gene assays, known as
the TLR4-NF-«B-luciferase reporter gene assay and the commercially available HEK-blue
assay (InvivoGen, San Diego, USA) (lower detection limit of 0.1 EU/mL, 0.1 EU/mL, and
0.01 EU/mL, respectively). In the MAT, monocytes are exposed to samples, and the release
of IL-1B and IL-6 is used as an indication of LPS contamination. In reporter gene assays,
cells are transfected with plasmids containing the TLR4 receptor complex and a reporter
gene (NF-xB-luciferase or NF-xB-SEAP) instead, which produces a luminescence signal or
a colorimetric reaction upon LPS recognition by TLR4 [90,163] (Figure 5). Both the MAT
and the luciferase reporter gene assay have been shown to reflect the natural response to
LPS to be high throughput, species-specific, and less sensitive to endotoxin masking, with
MAT also being capable of detecting contaminations on solid surfaces [90,157]. However,
using viable cells is demanding and the results can be affected by the presence of any
other immunomodulatory or cytotoxic molecule in the tested substances. Furthermore,
non-hexa-acylated lipid A can be less stimulatory, and therefore, shift results towards false
negatives, despite high LPS concentrations [122]. As a consequence, and as outlined in the
previous chapter, the composition of lipid A’s structure can have an immense impact on
the detection. Thus, we can expect that the sensitivity of cell-based assays, which exploit
the TLR4 receptor system, can be extremely variable when different LPS variants are under
investigation. In addition to this, MAT kits commonly use more complex cellular sources,
which are not made solely of pure monocyte samples. This can potentially influence result
consistency and needs to be taken into consideration before this method is selected. For
example, the PyroDetect Kit (Merck, Darmstadt, Germany) provides whole blood as a
monocyte source, MAT Biotec uses PBMCs pooled from four to eight donors (MAT Biotec,
Abcoude, Netherlands), while some others, use the Mono Mac 6 cell line (EuroFins, Luxem-
bourg city, Luxembourg), which was derived from a patient affected by acute monocytic
leukemia. Thus, identifying a suitable assay for the given sample is critical to ensure
product safety and result consistency.

4.2. Low Endotoxin Recovery and Endotoxin Potency

Although all detection assays have advantages and disadvantages, there are some
overarching issues linked directly to LPS properties, which insert an additional layer of
complexity in endotoxin detection and quantification. In quality control procedures, a
control standard endotoxin (CSE) [151] is used to build a calibration curve aiming at the
correct quantification of endotoxin on a test sample. The calibration curve is expressed
in endotoxin units/volume (e.g., EU/mL). The unit EU, however, is rather related to the
endotoxin potency than to its mass, and it is directly dependent on both the chemical
structure of LPS and the method employed for the quantification [164]. Yet, in research,
the amount of LPS used during an experiment is usually expressed in mass/volume (e.g.,
ng/mL) and not EU/volume, which can potentially lead to incorrect LPS quantification
since LPS strains differ in their mass and endotoxin potency [164]. In the literature, in
fact, different correlations between EU and mass, even for LPS from the same bacterial
strain, are reported. For instance, while both Petsch et al. and Magalhaes et al. used LPS
from Escherichia coli O111:B4 in their publications, Petsch et al. considered 0.1 ng of LPS
equal to 1.2 EU, whereas Magalhaes et al. considered 0.12 ng of LPS equal to 1 EU [80,91].
In the low contamination range, this difference might not be relevant; however, when
higher contaminations are present in diluted test samples, this can lead to a significantly
different outcome. Another challenge in LPS quantification was described by Chen and
Vinther in 2013: the inability of endotoxin quantification tests to recover more than 50%
of a spiked LPS amount on undiluted samples. This phenomenon was called low en-
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dotoxin recovery (LER) [151,165]. Unlike test interferences, LER cannot be reversed by
dilutions, and it is very important in pharmaceutical hold-time studies, as it was shown
to be a time-dependent effect [90,151,166,167]. This means that in a LER solution, the
endotoxin potency is not constant throughout, but it is strongly influenced by extrinsic
factors that will affect the endotoxin recovery rate. The following factors were already
reported to contribute to LER: temperature, pH, salinity, the presence of chelating agents
(e.g., sodium citrate and EDTA), surfactants (e.g., Tween-20, Triton X-100, and polysor-
bate 20 and 80), and cationic proteins (e.g., lysozyme, ribonuclease A, and human IgG).
These factors relate to both the sample and the buffers used during sample preparation or
analysis [90,91,148,150,151,154,166,168,169]. Those factors can separate LPS from micellar
into a less active monomeric form [148,150,167], or even interact directly with LPS, reduc-
ing its activity and solubility [122,170]. In an interesting approach, the LER of naturally
occurring endotoxin (NOE) and CSE was evaluated by Schwarz et al., who compared the
LPS recovery in different buffers known to induce LER effects. The buffers were composed
of 10 mM sodium citrate and either 0.05% of a surfactant (Tween-20 or Triton X-100) or
10 mg/mL BSA. The authors demonstrated that although the response of the cell-based
assays can be reduced with the presence of LER-inducing buffers, the masked LPS was
still biologically active. However, it was not able to induce a response in factor C-based
tests (LAL and recombinant factor C) [90]. Therefore, a case-by-case strategy needs to be
considered, which involves the best approach to measuring endotoxin contamination, as
well as a suitable CSE as a reference. This would enhance the safety standards for medical
products and result in consistency in research.

4.3. LPS-Binding Molecules

The search for high-affinity binders that target endotoxin has been a popular research
field for several decades. It has the potential to open doors for many applications in various
disciplines. Among these disciplines, the medical sector can benefit greatly from these
advances by using LPS-binding molecules as anti-inflammatory agents [171,172] or tools to
remove endotoxin from the blood of sepsis patients [173]. Additionally, binding molecules
can be coupled to nanoparticles to be employed as sensing tools [174-176]. Choosing the
right binding molecule for each application is essential to achieve the best results while
assuring safety for the patient as well as consistent outcomes. A decisive factor for this
choice is the heterogeneity of LPS since the molecules’ binding affinity differs between
bacterial species due to the diversified interdependency of electrostatic and /or amphipathic
interactions [177,178]. To compare the binding properties between molecule and target, the
dissociation constant Kp is broadly used—it allows to classify the strength of interactions.
Table 2 summarizes various LPS-binding molecules of different origins, including the
bacterial strain and target, as well as Kp values, if stated by the authors. LPS-binding
molecules can be found in nature, recombinantly produced or even fully synthetic. Native
LPS-binding molecules are found in many living organisms, including insects [179-181],
arthropods [182-184], mammals [185-187], and more; a significant number of them are
part of the immune system and aim at host protection and pathogen clearance. One of
the most popular native LPS binders so far is PMB, an antibiotic expressed by the (G+)
bacterium Paenibacillus polymyxa [158,159]. PMB has been used as a positive control for
neutralization and binding affinity studies [188-190], and was used as a starting point by
Deris et al. in the development of the semi-synthetic probe MIPS-9451 [191]. Subsequently,
McInerney et al. used this probe to screen binding affinities against 17 different LPS strains,
and hence, acknowledged the importance of LPS heterogeneity. The great potential of these
binders became obvious as the binding capabilities towards 14 of these LPS strains were
consistent [176].

Several studies aim to create novel LPS-binding molecules by using native proteins
as templates. One example of creating such semi-synthetic binders is the modification of
peptide fragments to increase their binding affinity towards LPS. Singh and co-workers
used trypsin to digest the known binder lactoferrin in order to find novel LPS-binding
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fragments. Luckily, this treatment exposed a second binding site on lactoferrin that caused
an improvement of the Kp value by a factor of 1000 [192]. Furthermore, the heterogeneity
of LPS is highlighted by the effect of LPS-binding molecules on different bacterial strains.
Here, two major indicators are used for the characterization of binders: the minimum
bactericidal concentration (MBC) and the minimum inhibitory concentration (MIC). For
instance, recombinant g-type lysozyme (rLysG1) from deep-sea hydrothermal vent shrimp
was found to bind LPS, disrupting cell wall stability, and finally, leading to cell lysis
and death. However, not every (G-) bacterial strain was affected equally by this binder.
Some bacteria—e.g., Escherichia coli and Pseudoalteromonas hodoensis—were lysed already at
low concentrations of rLysG1, whereas others—such as different Vibrio strains—were not
affected at all [193]. The changes that LPS binders have on the morphology of bacteria can be
observed using electron microscopy. Blebbing on the outer bacterial membrane is commonly
studied using scanning electron microscopes. The cellular blebbing process is an early-stage
sign of cell damage [193-195]. Furthermore, LPS binders can have strong effects on cell
wall permeability, which was shown through transmission electron microscopy images
of Escherichia coli 25922 upon treatment with the hornet venom component mastoparan-1
(MP-1). Here, morphological changes of the cell wall were observed after 15 min of
incubation with MP-1 [196].

Table 2. LPS-binding molecules from several species. (E. = Escherichia, S. = Salmonella).

Origin Binding Molecule LPS Strain (Serotype) LPS Target Kp Values Citation
Microorganisms
. Bacteriophage Sf6 . . .
Bacteriophage tailspike protein Shigella flexneri O-antigen - [197]
. Phage P22 S. enterica typhimurium, .
Bacteriophage tailspike protein S. enteritidis O-antigen i [198,199]
Virus SARS-CoV-2 E. coli Lipid A 47 nM [200]
spike protein
Gram positive bacteria . E. coli (O55:B5), . Lipid A 5.6 nM,
(Bacillus polymyxa) Polymyxin B (PMB) S. minnesota (Re 595) Lipid A LPS 25.4 nM [189]
Gram positive bacteria . . .
(Bacillus polymyxa) Polymyxin B (PMB) E. coli (K12) Lipid A 0.71 uM [201]
E. coli (O111:B4, 026:B6),
S. enterica (abortus equi,
enteritidis, minnesota),
Serratia marcescens,
Helicobacter pylori,
Gram positive bacteria Synthetic polymyxin Porphyromonas gingivalis, Lioid A 0.14 pM- [176]
(Bacillus polymyxa) MIPS-9451 Klebsiella pneumoniae, P 7.2 uM
Pseudomonas aeruginosa,
Proteus mirabilis,
Proteus vulgaris,
Campylobacter jejuni,
Bordetella pertussis
Insects
e E. coli (O111:B4), .
Honey bee Melittin E. coli (F583) Lipid A 0.3 uM [181]
Masroparan-1 E. coli (O55:B5), Lipid A
Hornet (er;—l) E. coli (O111:B4), Lipid A 456 nM, [196]
S. minnesota (Re 595) LPS 484 nM
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Origin Binding Molecule LPS Strain (Serotype) LPS Target Kp Values Citation
Fly Attacin E. coli (K12) Lipid A and - [202]
inner core
Rove beetle (Paederus) Sarcotoxin Pd E. coli, - - [180]
Klebsiella pneumoniae
Larvae (Papilio xuthus) Papiliocin E. coli (O111:B4) - 63 nM [171,179]
- N- terminal helix Phosphate
Larvae (Papilio xuthus) of papiliocin (PapN) - of lipid A - [177]
Arthropods
E. coli (O111:B4) 3.49 nM
Horseshoe crab Factor B S. minnesota R595 - 103 nM [183,203]
Horseshoe crab Factor C S. minnesota R595 (Re) - 0.758 nM [183,203]
Horseshoe crab Factor C E. coli (K12) Lipid A 0.76 nM [184]
Phosphate under
Horseshoe crab Tachyplesin I (TP I) - groups and [204]
100 uM
KDO
Horseshoe crab Tachypleus an-
(Tachypleus tilipopolysaccharide E. coli (O111:B4) Lipid A - [182]
tridentatus) LPS factor (TALF)
. Shrimp anti-
(S;;Z;ES monodon) lipopolysaccharide - - - [172]
factor (SALF)
G-type lysozyme E. col,
Shrimp (Rimicaris sp.) ype ysozy Psedoalteromonas Lipid A - [193]
(LysG1) .
hodoensiswas
Derived
Horseshoe crab
; ) from factor C ) . Sushil 0.14 nM
(Carcmpscorpms Sushi-1 E. coli (K-12) Lipid A Sushi3 0.39 nM [201,205]
rotundicauda) .
Sushi-3
Horseshoe crab
(Achypleus tridentatus, LALF31_5; E. coli (O111:B4) Lipid A 47.8 uM [206]
Limulus polyphemus)
A synthetic cyclic
peptide . ) .
Horseshoe crab derived from LALE E. coli (O111:B4) Lipid A 8.26 uM [206]
CLP-19
Mammals
Human Humar(l}lI{s)ozyme Klebsiella pneumoniae O1 O-antigen 0.41mM [207]
Human Interleukin-8 ‘Aggregatlbactei" - 1.2-17 uM [187]
actinomycetemcomitans
Human (3-defensin ) )
Human 114 (DEFB114) E. coli (O111:B4) - 0.44 uM [208]
Human 3-defensin . .
Human 126 (DEFB126) E. coli (O111:B4) - 54.16 nM [209]
Human CD14 E. coli (O55:B5) Lipid A 8.7 uM [185]
Human CD14 S. minnesota (Re595) Lipid A 29 nM [210]
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Table 2. Cont.
Origin Binding Molecule LPS Strain (Serotype) LPS Target Kp Values Citation
Human MD-2 E. coli (O55:B5) Lipid A 32 uM [185]
Human TLR4 E. coli (O55:B5) Lipid A 14.1 M [185]
Human LBP S.minnesota (Re595) Lipid A 3.5nM [210]
Human rLBP E. coli (J5) Lipid A 1.05 nM [211]
5I-histidine-rich
Human polypeptide Porphyromonas gingivalis - 1.5 uM [212]
(Histatin 5)
E. coli (various serotypes),
Pseudomonas aeruginosa,
Klebsiella pneumoniae,
Neisseria meningitides,
Human Lactoferrin Neisseria gonorrhoeae, Lipid A 2nM [213]
Haemophilus influenzae,
Branhamella catarrhalis,
Shigella flexneri,
Helicobacter pylori
Human BPIy; S. minnesota (R595) Lipid A 3.75nM [214,215]
Human rBPI55 ' ) ! Lipid A 1.7 nM-5.2 nM [211]
E. coli (0113),
CAP57
S. abortus
LPS E. coli (O55:B5); .. LPS 25.8 nM
Human BNEP .. . ’ Lipid A .. [189]
(derived from BPT) Lipid A S. minnesota (Re 595) Lipid A 11.8 nM
LL-37 (derived from . )
Human CAP-18) LPS E. coli (O111:B4) - 77.5nM [216,217]
Derived from high
mobility group box 1 E. coli (O111:B4), Ap
Human (HMGB1) S. minnesota, OL??ggAen - [188,218]
HPepl S. typhimurium p
HPep6
Human Serum amyloid P S. minnesota (R595) Lipid A 3.9nM [214,215]
component (SAP) ’ p ’ 4
Human 3.6 nM
Bovine 4.5 nM
Bovine, human Lactoferrin E. coli (O55:B5) Lipid A Low-affinity [186]
binding site:
Human 390 nM
Fragment of 0.049 nM
Jlactoferrin (LF); E. coli (O26:B6) Phorililhate LPS/
Bovine Fragment of Pseudomonas aeruginosa, group, lactosmart, [192]
. ) . KDO and
lactoferrin = Shigella flexneri lipid A 32nM
lactosmart P LPS/LF
Derived from
Bovine neutrophil granules E. coli (O111:B4) Lipid A - [219]

BAC7(1-35)




Int. J. Mol. Sci. 2023, 24, 8395 18 of 34

Table 2. Cont.

Origin Binding Molecule LPS Strain (Serotype) LPS Target Kp Values Citation
. Cationic protein 18 . .
Rabbit (CAP18) S. minnesota (R595) Lipid A 0.58 nM [214,215]
Sheep myeloid
antimicrobial
Sheep leukocytes peptide-29 - - - [194]
(SMAP-29) or (SC5)
Phosphate
Porcine (pig) leukocytes Protegrin-1 (PG-1) Neisseria meningitidis heair%;oups - [220]
lipid A
Birds
Chicken Fowlicidin-1 - - - [221]
Phosphate
Chicken Lysozyme S. minnesota (R595) groups of - [178]
lipid A
Amphibians
. .. E. coli,
Frog (Xenopus laevis) Magainin 2 - - [222]

Acinetobacter calcoaceticus

Besides the interaction with LPS on living bacteria, one major task of binding molecules
is meant to be the interaction with free LPS and the subsequent neutralization. This ability
was quantified by adding binder and LPS simultaneously to various cell types, such as
neutrophils [223], RAW264.7 macrophages [209], and HeLa cells [172]. A decrease in
proinflammatory cytokines was observed, including the cytokines TNF-«, IL-13, and IL-6
both in vitro [206,209,223] and in vivo [206]. Besides influences on cytokine levels, the
binding molecule Cecropin-like antimicrobial peptide (SibaCec) showed a dose-dependent
reduction in LPS-induced NO and nitrite production in mouse macrophages [224].

In conclusion, LPS binders struggle with LPS heterogeneity. Therefore, it is crucial
to target well-conserved parts of the LPS backbone—a promising candidate could be, for
instance, the KDO moiety. KDO is part of the inner core region of LPS and is present in the
majority of (G-) bacteria [14]. However, it might be a challenge to only target this molecule
in the process of screening for binders, since it could be shielded by other surrounding
molecules, sterically blocking access for the target site. Another possibility to overcome the
restrictions of LPS binders regarding the heterogeneity is by adjusting the experimental
design; for instance, the combination of different binders in one assay could be exploited
to create a universal approach instead of a universal binder. This might be achieved by
immobilizing binders that target various LPS variants on one detection platform.

5. Recommendations for a More Efficient Workflow with LPS

The high variability in the molecular structure of LPS and the subsequent change of
behavior in different solutions creates a huge challenge in research and development as
well as in pharmaceutical sciences. It is, therefore, important to carefully evaluate the exact
working conditions and even the type of containers used for reagents. Studies showed that
there was a higher LPS recovery in glassware, polystyrene, and PETG [225] compared to
other plastics, such as polycarbonate and polypropylene [225,226]. Since LPS is able to bind
proteins non-specifically, the selection of an optimal blocking agent is crucial for success in
experimental procedures, such as during ELISA or when blocking free surfaces in biosensor
assays. Mostly, BSA is used as a standard protein for this purpose; however, it is known
that BSA can interact with LPS [93]. Therefore, the selection of alternative proteins may
become relevant for the outcome of many types of experiments. In a study by Péterfi et al.,
goat serum outperformed BSA or casein as a blocking reagent for the detection of different
(S) and (R) forms in ELISA [227]. Regarding storage conditions, LPS can safely be stored at
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—20 °C for several months; however, freeze /thaw cycles must be avoided to assure an intact
molecule. Studies showed that repeated freeze/thaw cycles can elicit a conformational
alteration in the phosphate-heptose region [228], which can lead to a loss of its biological
potency by 25% after every cycle [229]. Nevertheless, LPS that was stored at 7 °C for more
than a year showed no loss in endotoxin activity [229]. Additionally, (DR) LPS exhibited
a higher sensitivity towards freeze/thaw cycles than wild-type or other less rough LPS
types [230]. Comparing the biological activities of different LPS types is a challenge. The
quality and purity of the isolates are still a major difficulty. Depending on the LPS structure,
the extraction methods differ in their efficiency. Nguyen and coworkers improved the
quality of extraction and the biological activity of different LPS types with a novel method
called T-sol that includes trizol-like solutions [231]. However, even commercially available
LPS extracts still comprise protein contaminations, which can lead to a misinterpretation
of experimental results. Thus, it is recommended to quantify the protein content in LPS
using a protein quantification method, such as the bicinchoninic acid assay [232]. Along
with this, many articles are lacking crucial information about specific LPS type, buffers for
LPS preparation, or the conversion factor from ng to EU. Hence, for a better comparison of
different studies and to increase the chance to correlate results, this information needs to be
reported in every publication in line with the concept of metadata stewardship [233].

6. Conclusions

Over the last decades, the interest in understanding morphological features of LPS
and their impact on immunological activation, detection, removal, and neutralization
has risen immensely, which can be demonstrated by the fact that the term “endotoxin”
achieved more than 5000 new hits, and the term “lipopolysaccharide” achieved 7800 hits
in PubMed in 2022 [234]. However, the broad heterogeneity of these molecules imposes
a multi-layered challenge in comparing different studies. This is of concern, as several
cytotoxicity studies use LPS as a positive control for immune response activation, but there
is no standardization yet, neither in the handling and storage nor in the type of LPS or
the bacterial strain used. Information is often missing in publications, although essential
for comparing different assay outcomes. Hitherto, a great knowledge gap exists about
LPS heterogeneity and its impact on the studies’ results. In order to advance LPS-related
assays, this gap needs to be filled to overcome the present limitations for the design of
affordable, portable, simple, and comprehensive LPS detection kits that can be deployed
in complex media (including salts, sugars, and particles). Combining various binding
molecules that are able to distinguish LPS subtypes in one single assay could revolutionize
novel diagnostic tools and widen existing applications in the medical field.
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10. Bradyrhizobium elkanti

11. Brucella spp.
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Figure A1. Structures of lipid A from different bacterial species. References to structures are listed in
Table 1. Possible variations of the structures are marked in red.
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