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Preface

Toll-like receptors (TLRs) are essential regulators of innate and adaptive immune
responses and their complexity continues to intrigue researchers, including the
authors of this book. Because of their importance, when they are mutated and not
functioning as they should, autoimmune, inflammatory, and infectious diseases can
develop.

The aim of this book is to present an update on the role of TLR4, the most stud-
ied TLR, in inflammatory and infectious diseases with special focus on central ner-
vous system (CNS) pathologies.

We also give an outlook on what emerged in the past years on the molecular
aspects of extracellular TLR4 activation and intracellular signaling, its regulation by
miRNA, and crosstalk with other metabolic pathways.

To this end, a group of internationally recognized experts has kindly accepted to
present recent results on TLR4 function and role in health and disease.

TLR4 was the first TLR identified by Medzhitov and coworkers in 1997 and was
then characterized by Beutler and coworkers as a pattern recognition receptor. TLR4
has an exquisite ligand selectivity that has remained largely unchanged through the
course of evolution allowing for an immediate and sensitive response to gram-
negative bacterial lipopolysaccharide (LPS).

The understanding of molecular features of extracellular TLR4 activation has
contributed to unravel the physiological and pathological role of TLR4. We have
now information on the structural biology of the molecular actors of LPS transfer:
LBP and CD14 proteins, the M-shaped dimeric (TLR4-MD2-LPS), complex, and
of the intracellular signaling proteins, belonging to the so-called MyD88-dependent
and MyD88-independent pathways. The LPS-binding protein CD14 not only takes
part in LPS extraction from aggregates in solution and shuttling to TLR4/MD-2/
LPS dimer, but it also exerts autonomous functions by regulating endocytic pro-
cesses or by activating dedicated signaling pathways, as critically reviewed by
M. Di Gioia and I. Zanoni.
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Starting from the knowledge of the supramolecular interactions among LPS and
LBP, CD14 and MD-2, the structure—activity relationship of TLR4 ligands, espe-
cially of lipid A variants, has been extensively studied. These studies allow the
structure-based rational design of synthetic or semisynthetic lipid A variants as vac-
cine adjuvants as reviewed by A. Shimoyama and K. Fukase.

Natural TLR4 ligands, LPS and LOS, and their synthetic variants are amphiphi-
lic molecules that aggregate in solution. A. B. Schromm and K. Brandenburg dis-
cuss from a biophysical perspective the most recent achievements in the study of the
role of aggregates in the biological activity of TLR4 ligands, with special focus on
the very recent findings on LPS interaction with intracellular caspases and subse-
quent induction of the non-canonical inflammasome.

To complete the complex and fascinating view of TLR4 signaling at a molecular
level, N. Kuzmich dissected from the structural biology point of view the two dis-
tinct intracellular pathways activated upon TLR4 dimerization: the MyD88-
dependent pathway and the TRIF/IRF3 pathway leading to interferon production.
He discussed the molecular events including phosphorylation and ubiquitination
that allow the regulation of the pathways.

Septic shock or excessive inflammation are possibly the most severe outcomes
due to inadequate negative regulation of TLR4 signaling leading to excessive pro-
inflammatory cytokine production. Similarly, TLR4 excessive stimulation by
endogenous molecules derived from necrotic or damaged tissues (danger-associated
molecular patterns, DAMPs) has been associated to a wide array of inflammatory
and autoimmune diseases, including neuroinflammations and vascular
inflammations.

In this perspective, M. Christodoulides reviewed the molecular mechanism of
Neisseria lipooligosaccharide (LOS) interaction with TLR4 and discussed the role
of TLR4 in meningococcal and gonococcal infections in the therapeutic perspective
to target Neisseria infections with TLR4 antagonists or investigating the role of
TLR4 in Neisseria-vaccine-induced immune responses.

On the other hand, M. Molteni and C. Rossetti analyzed the main families of
endogenous TLR4 stimulators (DAMPs) and discussed DAMP/TLR4 activation
mechanisms that very often differ from the well-known direct TLR4/MD-2 binding
of bacterial endotoxins.

Another aspect still underestimated relative to TLR4 biology is the crosstalk
between TLR4 signaling and metabolic regulations occurring in macrophages and
dendritic cells (DCs). TLR4 stimulation of DCs or macrophages results in increased
glycolytic activity, an essential process to support their pro-inflammatory functions.
L. Perrin-Cocon, A. Aublin-Gex, and V. Lotteau reviewed the molecular mecha-
nisms involved in the modulation of central carbon metabolism, from glycolysis,
tricarboxylic acid (TCA) cycle, and oxidative phosphorylation to lipid metabolism,
upon TLR4 signaling in macrophages and DCs.

Molecules called microRNAs (miRNA) have been recently described as negative
regulators of TLR signaling acting as a break on the pathway while others act as
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positive regulators and act as an accelerator. There is increasing evidence that TLR4
and miRNA crosstalk ensures the fine-tuning of inflammatory response and subse-
quent healing occurring in tissues after infection or injury. The expression of miR-
NAs inside the cell, after TLR4 triggering, critically contributes both to the activation
and to the shutdown of immune cell response needed for the termination of the
inflammatory process. M. Molteni and C. Rossetti gave insight into the intracellular
role of TLR4-miRNA axis in the regulation of inflammatory and anti-inflammatory
processes.

Interestingly, TLR4 does not only play a role in inducing inflammation but also
in inducing tissue regeneration and healing after inflammatory insult, and it main-
tains homeostasis in the gut and a state of constant “controlled inflammation” due
to the stimulation by commensal bacteria. When there is an imbalance of gut micro-
flora, inflammatory bowel diseases can develop.

This dual role of TLR4 signaling is particularly critical in CNS, as discussed by
L. De Filippis and F. Peri. TLR4 is expressed in microglia, which is a master player
in neuroinflammatory processes, as well as in neural cells: astrocytes, neurons, oli-
godendrocytes, neural progenitors (NPC), and neural stem cells (NSC). We have
observed that TLR4 stimulation by LPS during differentiation enhances neurono-
genic potential of human NSC and favors both neuronal and oligodendroglial sur-
vival. Consistent with our data, it has been recently reported that endogenous NSC
are actively stimulated to proliferate by TLR4 activation after stroke, thus confirm-
ing the relevant role of TLR4 in promoting neurogenesis under non-physiological
conditions. Altogether, these results indicate that in a therapeutic perspective, TLR4
activity should not to be turned on or off, but should be finely tuned in order to pro-
mote neuroregeneration rather than neurodegeneration and to mediate the develop-
ment of healing immunomodulation rather than of detrimental neuroinflammation.

Recent insight on the role of TLR4 as mediator of inflammatory response in
Alzheimer’s (AD) and Parkinson’s disease (PD) has been reviewed by C. Balducci
and G. Forloni. They reported literature data relating activation of TLR4 and the
presence of B amyloid and their own data showing that the memory damage and
inflammatory effects obtained by intraventricular application of  amyloid oligo-
mers was antagonized by TLR4 inhibitor and completely abolished in TLR4-
knockout mice. They also discuss the recently discovered role of TLR4 in the
relationship between gut microbiota dysbiosis and increased risk of developing PD.

M. De Paola presented new data on the potential of Human Induced Pluripotent
Stem Cells (IPSC) and Cerebral Organoids as models to study how TLR4 regulates
immune cell interactions to orchestrate brain development and reaction to injury. He
showed how the development of platforms in which microglia, neurons, and mac-
roglia derived from healthy or diseased subjects grow and mature in a single system
allows to demonstrate the role of TLR4 in mediating neuroinflammation.

We thank all authors, that are also our good friends, for having accepted the chal-
lenge to compose this multidisciplinary mosaic around TLR4 functions. Their dif-
ferent expertise in the fields of structural biology, biophysics, medicinal chemistry,
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computational biology, biochemistry, immunology, pharmacology, and medicine
made possible the creation of a unique overview on several aspects of physiological
and pathological roles of one of the most fascinating and smart molecules to which
we have dedicated a large part of our scientific adventure.

Varese, Italy Carlo Rossetti
Milan, Italy Francesco Peri
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Chemically Synthesized TLLR4 Ligands,
Their Immunological Functions,
and Potential as Vaccine Adjuvant

Check for
updates

Atsushi Shimoyama and Koichi Fukase

Abstract Lipopolysaccharide (LPS), the major glycoconjugates in the outer mem-
brane of Gram-negative bacteria, and its active center glycolipid, lipid A, are recog-
nized by an innate immune system receptor, Toll-like receptor (TLR) 4, and trigger
immunostimulatory effects and thus have the potential to act as vaccine adjuvants.
Although canonical Escherichia coli LPS induces strong inflammation and acts as
an endotoxin due to the ability that hyperstimulates the immune system, recent stud-
ies revealed that inflammatory activity of lipid A can be attenuated by the structural
modification. Here, we discuss the structure—activity relationship of lipid A and the
potential as a vaccine adjuvant, and introduce currently used vaccines that contain
LPS and lipid A. We also introduce the strategy of safe lipid A adjuvant develop-
ment based on human symbiotic bacterial lipid As. Finally, we present studies on
lipid A—based self-adjuvant strategy and how structural modifications and conjuga-
tions can help regulate the adjuvanticity of lipid A.

Keywords Lipid A - Structure—activity relationship - Vaccine adjuvant - Symbiotic
bacteria - Self-adjuvant strategy

1 Introduction

Bacterial components have long been known to have immunostimulatory effects
[1]. In the past 300 years, bacterial infections have been occasionally reported to
reduce tumor size [2]. In the first attempt to demonstrate the use of immunotherapy
for cancer, Coley et al. performed antitumor therapy using Streptococcus pyogenes
and Serratia marcescens in 1893. Immunostimulatory effects of dead Salmonella
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typhimurium cells and of Mycobacterium tuberculosis have also been reported in
1916 and 1924, respectively. These immunostimulatory effects have been revealed
to be triggered by the recognition of molecular patterns characteristic of pathogens
and microorganisms by various innate immune receptors in multicellular organ-
isms, which is now widely known as the innate immune system. Since innate
immune stimulators activate acquired immune responses, such as antigen-antibody
interactions and cell-mediated immunity, several studies are aimed at using innate
immune stimulators as adjuvants [3], that is, vaccine ingredients enhancing anti-
body production.

Lipopolysaccharide (LPS), the major glycoconjugates in the outer membrane of
Gram-negative bacteria, and its terminal glycolipid, lipid A (Fig. 1), which is the
active principle of LPS, are well-known stimulators of innate immunity. LPS and
lipid A induce various immune responses such as cytokine production, nitric oxide
production, active oxygen production, leukocyte migration, antibacterial peptide
production, and lymphocyte activation, which trigger the host defense system
against bacteria. On the other hand, LPS and lipid A also have extremely strong
inflammatory effects and are known as endotoxins. Endotoxin is the major contribu-
tor to sepsis, and it triggers severe systemic illness that can cause multiple organ
failure, low blood pressure, and septic shock [4]. Since the canonical Escherichia
coli LPS is highly toxic, it has to be modified to attenuate its inflammatory effects
and eliminate significant toxicity for application as an adjuvant. Monophosphoryl
lipid A (MPL), a lipid A derivative, has already been developed and has been
approved as an adjuvant [5]. Here, we introduce the structure—activity relationship
of Toll-like receptor (TLR) 4 ligands, especially of lipid A, and the strategy for
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regulating the immune functions of lipid A for the development of lipid A as an
adjuvant.

2 Lipid A, a Stimulant of Innate Immunity

In 1892, Pfeiffer showed that Vibrio cholerae bacteria produce two different types
of toxic components; one is a heat-labile exotoxin and the other is a heat-stable
endotoxin [6]. In 1945, Westphal reported that the active component of the endo-
toxin is LPS, which constitutes the outer membrane of Gram-negative bacteria, and
in 1957, lipid A, a glycolipid at the LPS terminus, was reported as the active center
of the endotoxin. Shiba and Kusumoto started collaborative research with a German
group, and submitted the correct structure of E. coli lipid A (1) (Fig. 1) and suc-
ceeded in the first total synthesis of E. coli lipid A (1) in 1985, thus confirming that
lipid A is the active center of the endotoxin [7-9]. Takayama also identified the lipid
A structure at around the same time [10]. Shiba and Kusumoto also accomplished
the synthesis of the biosynthetic precursor of E. coli lipid A, lipid I'Va (2) (Fig. 2),
and their findings revealed that lipid IVa (2) has immunostimulatory effects in mice
but has antagonistic effects in humans [11, 12]. At the same time, Golenbock
revealed that Rhodobacter sphaeroides lipid A (RSLA) (3) exhibited antagonistic
effects in both humans and mice [13]. These findings suggested the presence of an
LPS receptor; therefore, exploratory studies in search of the LPS receptor were
conducted. The breakthrough research was accomplished by Hoffmann in 1996.
Hoffmann found that the Toll gene of Drosophila is essential for the defense mecha-
nism against fungi, which led to the discovery of various innate immune receptors
[14]. In 1997, Toll-like receptors (TLRs) were described as human homologues of
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the Drosophila Toll protein [15], and in 1998 Beutler identified TLR4 as an LPS
receptor [16].

TLRs are membrane glycoproteins that contain leucine-rich repeat motifs in the
ectodomain and a cytoplasmic signaling domain that is homologous to the interleu-
kin 1 receptor (IL-1R) called TIR (Toll/IL-1R) domain. The TLR4 signal is trans-
mitted via various adaptor molecules, such as MyD88, TIRAP, TRAM, and TRIF,
that contain the TIR domain (Fig. 3) [17]. MyD88-mediated signaling activates
NF-xB, a transcription factor involved in inflammation, and induces the production
of proinflammatory cytokines such as tumor necrosis factor (TNF)-o and IL-6.
(Note that cytokine is a general term of proteins secreted by cells and have specific
roles in cell—cell interaction and communication.) In particular, inflammatory cyto-
kines are produced by immune cells as a protective response to infection. On the
other hand, TRIF-mediated signaling leads to the activation of the interferon (IFN)
regulatory factor 3 (IRF3), a transcription factor, and induces the production of the
antiviral cytokine type I IFN. Canonical E. coli LPS strongly activates both signals
(Fig. 3) simultaneously, resulting in a massive inflammatory response, which leads
to lethal toxicity. Therefore, regulation of the TLR4 signaling pathway is essential
to the development of a lipid A-based adjuvant.
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In order to successfully regulate the TLR4 signaling pathway, understanding the
molecular basis of lipid A recognition by TLR4 is necessary. Miyake et al. showed
that an accessory protein of TLR4, myeloid differentiation (MD)-2 is essential for
TLR4 signal transduction [18]. We accomplished the chemical synthesis of a radio-
labeled lipid A analog, and Miyake et al. used it to elucidate the interaction between
the TLR4/MD-2 complex and lipid A (Fig. 4) [19]. Miyake et al. also found that the
species specificity of TLR4/MD-2 is caused by differences in the recognition of
lipid A in MD-2 [20]. Furthermore, X-ray crystal structure studies have led to the
understanding of the binding mode between TLR4/MD-2 and its agonists and
antagonists. Ohto and Sato et al. revealed the crystal structures of human MD-2 and
its complex with lipid I'Va [21], and Lee et al. revealed the crystal structure of the
mouse TLR4/MD-2 complex with eritoran, a TLR4 antagonist developed by Eisai
[22]. In 2009, Lee et al. accomplished the X-ray crystal structure analysis of the
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human TLR4/MD-2 complex with E. coli LPS. Five of the six acyl chains of E. coli
lipid A are housed inside the hydrophobic pocket of MD-2, and the remaining acyl
chain interacts with the hydrophobic surface of the adjacent TLR4 [23]. These inter-
actions trigger the dimerization of the TLR4/MD-2 complex to activate the immune
response. In the case of an antagonist, the lipid A moiety binds to MD-2 in a form
in which lipid A is rotated by 180°, and all acyl chains placed inside MD-2 pocket,
which does not cause the dimerization of TLR4/MD-2. Additionally, Ohto et al.
revealed the crystal structures of mouse TLR4/MD-2 complex with lipid I'Va that
acts as an antagonist in humans but as an agonist in mice [24]. In the case of mice,
three of the four acyl chains of lipid IVa are housed inside the MD-2 pocket, and the
other interacts with the hydrophobic surface of the adjacent TLR4, which leads to
the dimerization of TLR4/MD-2. These studies have revealed that differences in the
binding mode of lipid A to MD-2 greatly affect TLR4-mediated immune regulation.

Previous structure—activity relationship studies [4, 25, 26] have revealed that
agonistic and antagonistic effects can be essentially controlled by the number of
acyl chains, chain length, and the number of phosphate groups (Fig. 4). For exam-
ple, MPL (4), which lacks 1-phosphate has lower immunostimulatory activity than
lipid A (1) [27-29]. As described below, such structural modifications help regulate
the effects of lipid A as a potential adjuvant.

3 Vaccines Containing Natural LPS and Lipid
A as Adjuvants

Most vaccines are attenuated or inactivated forms of the pathogens or their toxins,
such as live attenuated vaccines, killed vaccines, and inactivated vaccines. Therefore,
most vaccines against bacterial pathogens include natural bacterial components,
some of which act as natural adjuvants. As for vaccines derived from Gram-negative
bacteria, LPS is considered the main adjuvant. Here, we discuss some examples of
vaccines against bacteria that contain LPS.

3.1 Cholera Vaccines

For the cholera vaccine, live attenuated vaccines and inactivated whole-cell vac-
cines have been developed [30], and LPS is considered to be an important adjuvant.

The injected whole-cell cholera vaccines were used in the 1960s mainly in the
USA and in Japan. It was inoculated twice subcutaneously every 5-7 days. The
immune response rate was 50%, and protectivity lasted for only 6 months, which
was considered suboptimal. There were also associated side effects. Therefore,
WHO recommended its discontinuation.
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rBS-WC (commercial name; Dukoral®) is an oral inactivated vaccine licensed in
Sweden in 1991 containing killed cholera whole-cell and recombinant cholera toxin
B subunit. Now, it is licensed mainly in Europe, Canada, South Asia, and Latin
America. The B subunit is the non-toxic subunit of the two proteins that make up the
cholera toxin (Ctx). This vaccine has also demonstrated protectivity against patho-
genic E. coli O139 four months after inoculation. This vaccine has few side effects
with an 85-97% effectivity rate. The duration of protection is around 2-3 years.

A live attenuated vaccine has also been developed for cholera, namely, CVD
103-HgR (commercial name; Orochol® or Mutacol®). The vaccine was derived
from Inaba strain whose CtxA subunit was deleted. This vaccine was released in the
1990s. The approving countries, effectivity rate, and effectivity period are the same
as those of rBS-WC, and only one vaccination is required. However, the manufac-
turing and sales of these vaccines have been discontinued.

3.2 Salmonella Vaccines

Similarly, vaccines for Salmonella enterica serovar Typhi include live attenuated,
inactivated whole-cell, and subunit vaccines [31].

Vivotif Berna® is an oral live attenuated vaccine developed at the Swiss Serum
and Vaccine Institute. It consists of the attenuated typhoid Ty21a strain. This vac-
cine confers over 2 years of protection and has few side effects. However, it is not
recommended for children under 5 years old. It is licensed in Asia, Africa, Europe,
America, South America, etc.

Whole-cell inactivated vaccines (heat-phenol inactivated or acetone-inactivated)
are mainly used in the USA for patients who cannot receive the orally administered
vaccine. It requires two subcutaneous inoculations every 4 weeks, followed by a
booster every 3 years. This vaccine provides over 2 years of protection, but it has
been reported to have side effects such as fever, headache, general malaise, local
swelling, pain, and induration at the inoculation site.

Pasteur Merieux (France) was able to develop a subunit vaccine (commercial
name; Typhim Vi®) using the virulence (Vi) capsular polysaccharide antigen puri-
fied from Salmonella Typhi. Since the Vi antigen has been checked by the endotoxin
test, LPS would not be included (on the other hand, a recent study has suggested that
the capsular polysaccharide A from the gut commensal Bacteroides fragilis included
the lipid A structure [32]). This vaccine is effective for 2-3 years with a single intra-
muscular injection and requires a booster every 2 years. Its side effects are similar
to those of the whole cell inactivated vaccines but are relatively mild. It can be
stored at room temperature (22 °C) for about 3 years, and it is licensed and used in
more than 63 countries in Europe, Africa, Asia, Australia, and the USA.
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3.3 Other Vaccines

Inactivated vaccines and subunit vaccines have been developed for Bordetella per-
tussis. They are administered as a diphtheria, tetanus, and pertussis (DTP) combina-
tion vaccine or a diphtheria, pertussis, tetanus, and inactivated poliovirus (DPT-IPV)
combination vaccine. Most combination vaccines generally use the safer acellular
pertussis (aP) vaccine; however, the effective whole-cell vaccine is still also used.

Bexsero®, a serogroup B meningococcal (MenB) vaccine, contains the meningo-
coccal outer membrane vesicle (OMV). It is suggested that LPS may act as an adju-
vant in OMV-based vaccines [33]. On the other hand, the MenB vaccine Trumenba
uses a recombinant lipoprotein, a TLR2 ligand, as antigen [34].

Vaccines for other Gram-negative bacteria, such as those for Streptococcus pneu-
moniae, Haemophilus influenzae type b, and Neisseria meningitidis (serogroups A,
B, C,Y, and W-135), have also been developed, but all of them are purified compo-
nent vaccines, and so LPS would not be included.

As such, vaccines, including those administered orally, that potentially contain
LPS are widely used. As described below, it is reported that some LPS retain their
immunostimulatory effects even when administered orally, in which case there are
less side effects than injected whole-cell vaccines with LPS.

4 LPS and Lipid A Derived from the Environment
and from Fermented Foods as Adjuvant Candidates

Studies have suggested that LPS and lipid As derived from the environment and
from fermented foods are involved in immunomodulation, and thus are also poten-
tial adjuvant candidates.

Pantoea agglomerans is a Gram-negative bacteria widely found in soil and
plants, such as wheat, rice, sweet potato, apples, and pears. It has been detected dur-
ing the fermentation process of rye bread [35]. Oral administration of P. agglomer-
ans LPS has been associated with immunopotentiating effects [36, 37]. In addition,
P. agglomerans lipid A was found to be a mixture of both the E. coli type lipid A (1)
and Salmonella minnesota type lipid A (7) [38] (Fig. 4).

Acetobacter spp. is a genus of Gram-negative bacteria used for acetic acid fer-
mentation. Kurozu (black vinegar), an Asian fermented food, contains LPS derived
from Acetobacter spp. Recent studies have revealed the chemical structure of
Acetobacter pasteurianus LPS [39] and its lipid A 8 [40] (Fig. 4). A. pasteurianus
LPS had weaker immunostimulating effects than E. coli LPS, but A. pasteurianus
LPS and lipid A have potential as novel adjuvants due to their safety.

Hygiene hypothesis states that early childhood exposure to environmental micro-
organisms reduces the risk of developing allergic diseases. Acinetobacter Iwoffii
F78 [41] was found in fodder following an attempt to search for bacteria with
allergy-suppressing abilities. A. Iwoffii LPS selectively induces T helper 1 (Thl)
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cell-derived cytokines, such as IL-12 and IFN-y, which have antiallergic effects.
Therefore, A. Iwoffii F78 LPS, which enables selective immune system activation,
and its lipid A 9 (Fig. 4) also have potential as novel adjuvants.

5 Synthetic and Semi-synthetic Lipid As as Adjuvants

As mentioned, we have found that MPL 4 (Fig. 4) that lacks 1-phosphate has dis-
played significantly weaker inflammatory effects than E. coli lipid A (1) and has
exhibited mild immunomodulatory effects [27-29]. This MPL 4 is less dependent
on CD14, a glycosylphosphatidylinositol-anchored receptor known to serve as a
co-receptor for several TLR4. Additionally, TLR4/MD2 dimerization in response to
MPL is greatly reduced compared to the response to E. coli LPS. MPL 4 has shown
CD14-independent but MyD88-dependent TNFa-producing ability, and TRIF-
dependent CD86 upregulating and IFN-inducing ability [28].

Similar to 4, MPL 5, which lacks 4’-phosphate, also exhibits mild immunomodu-
lative effects. However, while the ability of MPL 4 to induce IL-18 production is
lower than that of E. coli LPS, and MPL 5 exhibits the same level of IL-18 induction
as E. coli LPS [29]. Therefore, these MPLs are expected to be developed as future
adjuvants with different adjuvant effects.

GlaxoSmithKline developed 3D-MPL (6) [5] (Fig. 4) with a 4’-monophosphoryl
structure similar to that of MPL 4. 3D-MPL (6) has been successfully attenuated by
optimizing the lipid A structure, especially the acyl group and phosphate group.
Currently, it is derivatized and produced from Salmonella minnesota R595 LPS. This
molecule was reported to selectively activate the TRIF-dependent pathway of the
two signaling cascades triggered by the TLR4/MD2 complex (Fig. 3) [5].
GlaxoSmithKline has developed the adjuvant AS04, a mixture of 3D-MPL (6) and
aluminum salts. AS04 induces cell-mediated immune responses and exhibits antivi-
ral effects, and it is used as adjuvant for the human papillomavirus (HPV) vaccine
Cervarix and HBV vaccine Fendrix.

In the course of infection with Plasmodium falciparum, the malaria-causing
agent, infectious sporozoites are infused into the human blood from the salivary
glands during blood feeding of the Anopheles vector mosquitoes. Therefore, the
development of vaccines targeting sporozoite surface proteins was facilitated.
GlaxoSmithKline has developed a malaria vaccine candidate RTS,S/ASO1, which is
currently in Phase III clinical trials. Recombinant protein RTS,S consists of a seg-
ment of a sporozoite protein and the hepatitis B virus surface antigen, and ASO1 is
a liposome adjuvant composed of cholesterol, MPL, and QS21 (a saponin derived
from a South American native tree Kiraja saponaria). GlaxoSmithKline has also
developed the adjuvant ASO2 (composed of oil emulsion, squalene, QS21, and
MPL). A malaria vaccine RTS,S/AS02 and the herpes zoster vaccine HZ/su that use
ASO1 as adjuvant are currently in Phase III clinical trials.
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Additionally, an MPL mimic, RC-529 (10) (Fig. 5), was approved in Argentina
in 2003 as adjuvant for the hepatitis B virus vaccine.

Lipid A derivative adjuvants, such as MPL, can induce anti-inflammatory cyto-
kines such as IL-10 while regulating the induction of inflammatory cytokines such
as IL-6 [42]. Therefore, compared with other adjuvants that do not induce IL-10,
lipid A derivatives are believed to pose lower risk for the development of adjuvant-
induced autoimmune diseases. As such, further development of lipid A adjuvants is
expected.

6 Developing Lipid A Adjuvant Candidates

Several studies have reported that some symbiotic and pathogenic bacteria evade
the innate immune system like stealth aircrafts. Plague is a rodent infection caused
by Yersinia pestis, but it also infects humans mainly through fleas. Y. pestis produces
a protein toxin that destroys peripheral blood vessels and triggers edema and necro-
sis. Y. pestis possesses lipid A that has the same structure as E. coli lipid A (1) at
27 °C, but its structure changes to the antagonistic lipid I'Va (2) in the mammalian
body temperature of 37 °C (Fig. 4) [43]. The antagonistic effect of Y. pestis LPS
would decrease the host’s innate immune response, which contributes to the viru-
lence of Y. pestis.

To investigate the chemical communications between bacteria and host, we
recently focused on lipid As from human symbiotic bacteria, and revealed a close
relationship between bacterial characteristics and its lipid A activity [29, 44, 45].
Extracted LPS from parasitic bacteria such as Helicobacter pylori, which inhabits
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the stomach and causes gastric ulcer, and Porphynomonas gingivalis, an oral bacte-
ria and one of the causes of periodontal disease, exhibited weak immunostimulatory
effects. Their LPS have been reported to be associated with the development of
chronic inflammation and atherosclerosis [46—49]. H. pylori and P. gingivalis lipid
As are known to have characteristic and heterogeneous structures, and it was sug-
gested that the ability of their LPS to regulate TLR4/MD?2 is a factor for the specific
biological activity of these parasitic bacterial LPS [50]. E. coli lipid A (1) (Fig. 1)
contains six fatty chains (C12-C14). On the other hand, H. pylori lipid A 11, 12
contains a smaller number of fatty chains (three to four), but the chain length is
longer (C16-C18) than that of the E. coli lipid A (Fig. 6). Regarding the phosphate
group, E. coli lipid A (1) contains two phosphate groups at the 1- and 4’-position,
while H. pylori lipid As 11a, 12a contain a phosphate group only at the 1-position,
and H. pylori lipid As 11b, 12b have an ethanolamine condensed phosphate group
only at the 1-position. Meanwhile, P. gingivalis lipid As 14-17 possess three to five
fatty chains (C15 ~ C17), including chains with terminal branching. Similar to the
H. pylorilipid A, P. gingivalis lipid As 14-17 also contain phosphate groups only at
the 1-position. Thus, the structural features common to the parasitic bacterial lipid
As 11, 12, 14-16 are: fatty chains are longer and more diverse than those in E. coli
lipid A (1), and only 1-position is phosphorylated. It also means that the parasitic
bacterial lipid A has an MPL structure that is similar to the 3D-MPL (6), which has
only one phosphate group at the 4’-position.

We have accomplished comprehensive chemical synthesis of parasitic bacterial
partial structures 11-17 and evaluated their immunological functions. The
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Fig. 6 Chemical structures of parasitic bacterial LPS partial structures
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cytokine-inducing activities of chemically synthesized 11-17 in human peripheral
whole blood were measured and compared with that of E. coli LPS. Their antago-
nistic effects were evaluated by competition assays with E. coli LPS. Parasitic bac-
terial lipid A 11a, 12a, 14-15 having three to four fatty acid chains and one normal
phosphate group showed antagonistic effects on the induction of proinflammatory
cytokines such as IL-6 and TNF-a. On the other hand, H. pylori lipid A 11b, 12b,
having three to four fatty acid chains and one ethanolamine phosphate group, and
P. gingivalis lipid A 16, having five fatty acid chains and one normal phosphate
group, were able to induce the production of proinflammatory cytokines such as
IL-6 and TNF-a but to a great lesser degree compared to E. coli LPS. In the natural
LPS, lipid A is linked to the terminus of the polysaccharide part through a unique
acidic sugar 2-keto-3-deoxy-D-manno-ocutulosonic acid (Kdo). The introduction
of Kdo to E. coli lipid A enhanced its immunostimulatory effects [51]. On the other
hand, for H. pylori lipid A, 13a, which has Kdo added to 11a, showed stronger
antagonistic effects than the unmodified 11a; 13b, which has a Kdo added to 11b,
switched to antagonist. Therefore, our studies have revealed that in H. pylori LPS,
the active principal is Kdo-lipid A not lipid A itself. These results suggest that para-
sitic bacteria are evolving to escape the host’s innate immune responses, and their
LPS/lipid A show antagonistic or extremely weak agonistic effects to favor infec-
tion to the host. As such, we have found a close relationship between bacterial char-
acteristics and their lipid A activity.

All parasitic bacterial lipid A 11-17 were found to induce IL-12 and -18, which
are involved in chronic inflammation. In particular, we have found that 11a, 12a,
13-15 selectively induce IL-12 and -18. IL-18 induction triggered by LPS was
reported to be dependent on the TRIF pathway [52], but a TRIF-independent path-
way has also been reported [53]. The pathway for selective induction of cytokines
by parasitic bacterial lipid A is still under investigation. H. pylori lipid A has exhib-
ited antagonistic effects on several TLR4-dependent cytokines, meanwhile in 2014,
human caspases 4 and 5 were reported to be cytosolic LPS receptors [54]. Therefore,
we hypothesize that there is a TLR4-independent pathway via caspase 4 or 5 for
caspase-1 activation that is the upstream of IL-18 induction. Because the combina-
tion of IL-12 and 18 induces IFN-y, which is involved in antitumor and anti-allergic
responses, H. pylori lipid As, which selectively induce IL-12 and -18, are expected
as promising adjuvant candidates.

In 2010, Kiyono and Kunizawa revealed that Alcaligenes spp., a unique group of
Gram-negative bacteria, inhabit inside the gut-associated lymphoid tissues (GALT),
Peyer’s patches, which are crucial in the regulation of dendritic cells for the efficient
production of intestinal immunoglobulin A (IgA) [55-57]. We reported that
Alcaligenes faecalis LPS is a weaker agonist for TLR4/MD-2 than E. coli LPS but
is a potent inducer of IgA without excessive inflammation [58], suggesting that
A. faecalis LPS/lipid A is a safe adjuvant. We therefore believe that LPS and lipid A
derived from mutualistic bacteria would also be safe and effective adjuvants.
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7 Lipid A Based Self-adjuvant Vaccines

The self-adjuvant strategy, which promotes a more efficient antibody production by
covalently binding an antigen and an adjuvant, has recently become a focus of sev-
eral studies, especially the use of a lipopeptide adjuvant (TLR2 ligand) [6, 59-67].
The antigen-adjuvant complex is actively taken up by dendritic cells via the innate
immune ligand (adjuvant), and the adjuvant activates the immune system to induce
cytokine production and efficient antibody production. The advantageous feature of
this strategy is that an antigen and an adjuvant covalently linked are taken up by the
same dendritic cell, which can induce an immune response to the antigen specifi-
cally (Fig. 7).

Lipid A-based self-adjuvant vaccines have also been developed. Guo et al. syn-
thesized the adjuvant-antigen complex (Fig. 8a) in which the E. coli type MPL and
a-2,9-oligosialic acid (meningococcal antigen) were bound via a linker, and
enhanced antibody production (especially of IgG2b and 2c) has been observed [68].
Jiang et al. synthesized the adjuvant-antigen complex (Fig. 8b) in which RC-529
(10) and the Thomsen—Friedenreich (TF) antigen (a tumor-associated carbohydrate
antigen) were bound via a linker [69].

Self-adjuvant vaccines that combine an innate immune ligand (adjuvant) and an
antigen, such as the type B meningococcal vaccine Trumenba, not only have high
potency but are also excellent in terms of quality retention and safety control
because it is easy to obtain high purity products. For lipid A-based self-adjuvant
vaccines, structural modifications sometimes abolish the ability of lipid A to trigger
innate immune responses, and the development of active lipid A—antigen complex
can be challenging. But once a simple and universal conjugation method that can
retain the lipid A function has been developed, it can then be used for the develop-
ment of various synthetic vaccines and will therefore be of great contribution to
immunology.
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Fig. 7 Self-adjuvant strategy
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Fig. 8 Chemical structures of adjuvant-antigen complexes: (a) E. coli type MPL conjugated with
a-2,9-oligosialic acid (meningococcal antigen), (b) RC-529 (10) conjugated with the Thomsen—
Friedenreich (TF) antigen (a tumor-associated carbohydrate antigen)

8 Conclusions

We have discussed the structure—activity relationship of TLR4 ligands, especially of
lipid A, and the strategy for regulating the immune functions of lipid A for the
development of lipid A as an adjuvant.

A delicate balance between the volumes of the hydrophilic and hydrophobic
parts and the spatial arrangement of the hydrophobic and acidic functional groups
are important for the expression and control of lipid A activity. As in the case of
MPL and parasitic bacterial lipid As, structural modifications can regulate the acti-
vation of TLR4/MD?2 receptor and the selective induction of intracellular signals.
Therefore, cell-mediated, humoral, or mucosal immune responses could be con-
trolled using a specific lipid A derivative. Lipid A derivatives have already been put
to practical use as highly safe adjuvants like 3D-MPL, and in development as com-
ponents of various novel vaccines such as anti-cancer vaccines and anti-protozoal
vaccines including anti-malarial vaccines. We expect that a highly safe lipid A adju-
vant will be developed according to each target disease.
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Intracellular TLLR4 Signaling

Nikolay N. Kuzmich

Abstract Intracellular part of TLR4 signaling starts on the inner side of the cyto-
plasm and consists of two branches, namely, TLR4/TRIF/IRF3 and TLR4/MyD88/
NF-xB. Through complex interactions including phosphorylation and ubiquitina-
tion, they lead to the activation of various transcription factors and are intrinsically
regulated.

Keywords TLR4 - NF-kB - IRF3 - Adaptor proteins - Signal transduction

1 Introduction

Cytoplasmic section of TLR4 signal transduction is important for the transcription
factor activation necessary for the host immune response and for apoptotic and
other pathways as well. Transferring LPS from CD14 to MD2 induces dimerization
of the TLR4-MD2 complex via leucine-rich repeat motifs outside the membrane
and Toll/interleukin-1 receptor (TIR) domains [74]. On the cytoplasmic side of the
membrane, the TIR-TIR surface forms a starting platform for further interactions.
Next, the signal transduction can follow one of the two possible directions of
TLR4 signaling pathway, namely, TLR4/MyD88/NF-kB and TLR4/TRIF/IRF3
(Fig. 1). Among the other toll-like receptors, TLR4 is unique in that way it uses both
MyD88 and TRIF pathways. On the contrary, toll-like receptors 1, 2, and 5-9 signal
only via MyD88, and TRIF is used by TLR3 only [41]. For the next stages of signal
transduction, the adaptor proteins MyD88 (myeloid differentiation primary response
gene 88), TIRAP (TIR domain-containing adaptor protein), TRAM (TRIF-related
adaptor molecule), and TRIF (TIR-domain-containing adapter-inducing
interferon-f3) are necessary [67, 68]. The TIRAP’s alternative name is Mal, MyD88
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Fig. 1 Intracellular TLR4 signaling pathway. Note: the scheme is approximate and does not
reflect the overall complexity as well as exact topology and stoichiometry of particular complexes
and interactions

adapter-like protein. The TRIF-IRF3 (IRF3 means interferon regulatory factor 3)
pathway is also used by another toll-like receptor (TLR3) but it recruits TRIF
directly, without TRAM involvement [69]. The adaptor proteins are suggested to
stabilize TLR4 TIR dimer [6].

Just as the intracellular part of TLR4, all the TLR4 adaptor proteins contain TIR-
domain [66]. Structurally, this motif consists of central five-stranded parallel p-sheet
surrounded by five a-helices.

The pathways starting from MyD88 and from TRIF adaptors compete with each
other and are mutually exclusive [25]. The TLR4/MyD88 pathway begins with
TLR4/MD2/LPS complex situated on plasma membrane. Meanwhile, TLR4/TRIF
transduction begins after TLR4/MD2/LPS internalization in endosomes. TRAM
dissociates from the membrane to endosomes after LPS stimulation, starting there
the TRAM-IRF3 pathway [37, 57]. Preventing TLR4 endocytosis by LPS-stimulated
cells blocks the TRIF-dependent branch of TLR4 signaling [86].
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2 TLR4/MyD88/NF-kB Pathway

The signal transduction in MyD88-dependent pathway proceeds by TIRAP recruit-
ment to the TIR-TIR part of TLR4 dimers and the binding occurs via TIRAP TIR-
domain. TIRAP is located in cytoplasm and possesses a phosphatidylinositol
4,5-bisphosphate-binding domain that provides membrane anchoring and forms a
homodimer in vivo [51, 94] (Fig. 2c). Both TIRAP and TRAM need to be tyrosine-
phosphorylated for further activation of both pathways [23, 33, 76].

MyD88 molecules form a homo-dimer in solution meditated by their N-terminal
death domains (DD) and bind to TIRAP by their own C-terminal TIR-domains.
Unlike TIRAP, MyD88 itself cannot bind TLR4 TIR-domain as demonstrated by
in vitro experiments [65]. Interestingly, TIR-domains of TLR4 and TIRAP are able
to form poly-TIR homo- and heterofilaments in vitro [95]. TIRAP but not TLR4-
TIR also induced the formation of MyD88 oligomers. Upon binding to TIRAP-
TLR4 in vivo, MyD88 oligomerizes further and recruits the Interleukin-1
receptor-associated serine/threonine kinases (IRAK), namely, IRAK4 and IRAK2
or IRAKI1 via the death domains (DD), forming so-called myddosome. Death
domain (Fig. 2d) is a conserved interaction element that occurs by many protein
families [17, 98] and consists of six alpha-helices. Nearly all DDs possess Arg-X-
Asp-Leu motif at positions 78-81 [73]. The structural ensemble of MyD88-IRAK2-
IRAK4 DDs has been resolved [50] by X-ray crystallography. The stoichiometric
ratio of MyD88-IRAK?2-IRAK4 helical tower ensemble is 6:4:4 and its approximate
size is 70x110A. The myddosome formation induces IRAK4 auto-phosphorylation
[20, 97]. IRAK] can also bind to the MyD88-IRAK4 complex and be phosphory-
lated by IRAK4 [3]. Sequence alignment analysis has shown that the IRAK?2 resi-
dues critical for interaction with the MyD88-IRAK4 complex are very similar to
those in IRAK1 [50]. A clinical study has demonstrated the predisposition to inva-
sive bacterial disease by MyD88- and IRAK4-deficient patients [77]. This disease is
defined here as a pathology due to the presence of a disease-causing bacterium in a
fluid or tissue that is normally sterile. The role of MyD88 in the innate immune
signaling has been reviewed by Deguine and Barton [111]. The detailed review for
myddosome signaling has been published recently [3].

Once phosphorylated, IRAK1 separates from the myddosome. Next, the TNF
receptor associated factor 6 (TRAF6) that forms a mushroom-like trimer via its
C-domains [25] (also known as TRAF domains) is recruited. TRAF6 belongs to the
group of TRAF proteins, the key adaptor molecules possessing E3 ubiquitin ligase
activity [44]. The C-domain that is conserved throughout TRAF protein family
binds to phosphorylated IRAK1 and then promotes poly-ubiquitination of itself
within RING domain at the Lys63 [11] site. Mechanistically, E2 ligase Ubc13-
UevlA assists TRAF6 in the formation of ubiquitin chains [103]. The TRAF6
RING domain is responsible for interaction with E2-ligase/ubiquitin complex
(Fig. 2b). It was demonstrated experimentally [101] that TRAF6 forms an endoge-
nous high mass signaling complex together with ESCIT (Evolutionarily Conserved
Signaling Intermediate in Toll pathways) [58] and TAKI1 (transforming growth
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Fig. 2 Examples of structural motifs occurring in the intracellular TLR4 signaling pathway. (a)
TIRAP phosphoinositide-binding motif (PDB: 5T7Q). Basic residues are colored azure. (b)
TRAF6 RING domain dimer (PDB: 3HCS). (¢) TIRAP TIR-domain dimer (PDB: 3UB2). (d)
IRAK4 death domain (PDB: 2A91). (e) IRF3 (green) and TRIF phosphorylated pLxIS motif (blue)
(PDB: 5JEL). (f) NEMO (yellow-green) and IKKf (red-orange) interacting coil-coiled motifs
(PDB: 3BRV)

factor-fB-activated kinase 1, also known as mitogen-activated protein kinase kinase
kinase 7 (MAP3K?7)) [63, 91], responding to LPS simulation. TRAF6 role in Lys63-
ubiquitination can also be fulfilled by either Pellino-1 or Pellino-2 E3 ubiquitin
ligases independently [89]. Pellino-1 is also phosphorylated and activated by IRAK1
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[35, 88]. Poly-ubiquitin chains of TRAF6 alone are recognized by TAB1 and TAB2
or TAB3 (TAKI1-binding proteins 1, 2, and 3) adaptor proteins of the TAK1/TAB1/
TAB2 or TAK1/TAB1/TAB3 complexes and IKKy (IkappaB kinase gamma, also
known as NEMO, NF-xB essential modulator) subunit of IKK complex [19],
respectively. TAB1, 2, and 3 co-localize with IKK complex on the Lys63 as well as
linear N-end methionine (Metl) [10] ubiquitinated chains [13]. This allows recruit-
ment and activation of TAKI by its auto-phosphorylation and consequent phos-
phorylation of IxB complex, respectively [39].

TAB adaptors are also necessary for directing the TAK1-dependent activation of
MAP kinase kinases to switch on JNK1/2 (c-Jun N-terminal kinases 1 and 2) and
p38y MAP kinases [47, 110]. This activation pathway was significantly diminished
in TAB2/TAB3 double knockout cells although there are evidences that TAK1 acti-
vation can also go without TAB2/TAB3 [110] and along with NF-xB they induce
production and release of pro-inflammatory cytokines IL-1p, TNF-a, and IL-6 [1].

The IKK complex consists of two catalytic subunits, namely, IKKa (CHUK) and
IKKp, and a non-catalytic regulatory subunit NEMO (IKKy). IKKa and IKKf
themselves have distinct functions and substrate specificities albeit a high degree of
sequence similarity [26]. The IKK binding domain of NEMO contains a coiled coil
motif [4] (Fig. 2f). In the IKK complex, the NEMO unit is responsible for the inter-
action with poly-ubiquitinated chains.

NF-xB activation requires the phosphorylation of its inhibitor IkBa by IKK
kinase. Phosphorylation occurs at sites Ser32 and Ser36, which marks IkBa for
Lys48-linked poly-ubiquitination and consequent proteasomal degradation by 26S
pathway [56]. It leads to release and activation of p50 and p65 elements of
NF-kB. The details of this process have been described in review by Sun [90].
NF-kB has many functions including growth control [30], tumorigenesis [102], and
apoptosis [15]. ESCIT forms a complex with p50 and p65 after ubiquitination at
Lys372 followed by translocation to the nucleus. ESCIT participation proved to be
essential in TLR4-meditated NF-kB activation [101].

Apart from the canonical NF-kB activation, IKK components (IKKo) are
involved in overall transcription activation in particular by promoting histone H3
phosphorylation and binding to CREBBP (cAMP response element-binding pro-
tein) [104].

Quite recently, Sanjo et al. discovered previously unknown TAK1 capability to
protect macrophages from TLR4-induced pro-inflammatory cell death [83]. The
experimental data demonstrated that TAK1 is important to escape macrophage
TLR4/TRIF/Caspase8-mediated cell death and to decrease septic shock severity
in vivo. This underlines the TAK1 role in maintenance of the balance in host immune
response.

MyD88 can also bind to TRAF3 via its C-domain and activate it leading to IFN-f§
production via IRF3 and IRF7 activation [64], as well as anti-inflammatory cytokine
1L-10 [27].
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3 TLR4/TRIF/IRF3 Branch

Analogously, binding the TRAM homodimer to the intracellular TLR4-TIR domains
is necessary for adaptor recruitment in the TLR4/IRF3 pathway [14]. Just as TIRAP,
TRAM is a membrane-bound bridging adaptor [22].

There are at least several factors contributing to TLR4/MD2/LPS internalization
to endosomes and re-directing the signaling route to TRIF/IRF3 pathway. At the
early stage, CD14 promotes the formation of endosomes containing TLR4-MD2-
LPS complex [107]. Both TIRAP and TRAM adaptors possess a basic motif [36,
37] (Fig. 2a) responsible for binding to membrane phosphatidylinositol-(4,5)-
bisphosphate (PtdIns(4,5)P2). In addition to this motif, TRAM also has N-myristoyl
anchor to plasma membrane [81]. This anchor is important for TRAM to be active
as demonstrated by site-specific mutagenesis study [81]. Many studies have shown
that N-myristoylation of proteins plays a significant role in many immune cell sig-
naling cascades [93]. PI3K kinase isoform p1109 is also involved in TLR4 internal-
ization. It regulates the concentration of PtdIns(4,5)P2 [112] in the membrane
transforming it into phosphatidylinositol-(3,4,5)-trisphosphate, and as PtdIns(4,5)
P2 level drops, TIRAP is detached from the membrane, shifting the TIRAP-TRAM
equilibrium in favor of the latter.

Trafficking of TRAM from the endocytic recycling compartment is controlled by
glycoprotein SLAMF1 (signaling lymphocytic activation molecule family 1), also
known as CD150 [106]. Silencing of SLAMF1 by siRNA strongly reduced TLR4-
mediated IFN mRNA expression. It was also demonstrated that SLAMF1 binds by
its C-terminal part to the N-terminal part of TRAM TIR-domain. TRAM was also
found to be required for phagocytosis in human macrophages [87]. Raftlin (RFTN1)
is also responsible for TLR4 endocytosis via interaction with clathrin—AP-2 com-
plex [92]. Annexin A2 is recruited together with TRAM upon LPS stimulation and
binds directly to TLR4. This fact was confirmed biochemically and is supported by
protein—protein docking studies [109]. It results in accelerated compartmentaliza-
tion of TLR4 to the early endosomes and up-regulated IRF3 activation. In the con-
text of in vivo effects, annexin A2 attenuated bacteria-induced pulmonary
inflammation and improved host-mediated intra-abdominal pathogen clearance
compared to the anxa2~~ animals.

Tyrosine-protein phosphatase non-receptor type 4 (PTPN4) is responsible for the
removal of the phosphate group attached to Tyr167 of TRAM, and the following
inhibition of TRAM-TRIF interaction, TLR4-induced IRF3 activation, and subse-
quent IFN-f production [33].

TRAM also activates the TRAF6-dependent NF-kB activation, and TRAM-
TRAFG6 association was confirmed experimentally [96]. Interestingly, TRIF also
can activate NF-kB via TRAFG6, binding to its N-terminus [84].

Next, TRIF is recruited to the endosomal TRAM-(TLR4 TIR) complex binding
by its TIR-domain. For TRIF to be active, it should form a homo-oligomer [21]. The
importance of TRIF for LPS response have been previously demonstrated in vivo,
when TRIF-KO mice were protected from severe sepsis in the cecal ligation and
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puncture (CLP) model [29]. The C-terminal part of TRIF comprises receptor-
interacting protein (RIP) homotypic interaction motif important for FADD (Fas-
associated death domain protein)-dependent apoptosis pathway [38]. Toward N-end
begins TIR-domain, which is responsible for interaction with TLR4/TRAM
complex.

Serine-threonine kinase TBK1 (TANK binding kinase-1) activates both NF-kB
[78] and IRF3 branches [85] by phosphorylation of TRIF, which leads to recruiting
IRF3 [53]. IRF3 is phosphorylated at Ser396 or other sites in the proximity [82]
with participation of either TBK1 or IKKe. Serine/threonine-protein kinase RIO3K3
also serves here as an adaptor protein [18] and physically interacts with TBK1 and
IRF3. Another player in this game is DEAD box protein 3 (DDX3), which interacts
with both TBK1 and IKKe. It promotes IKKe auto-phosphorylation and conse-
quently enhances phosphorylation of IRF3 [24]. TRAF3 is phosphorylated by con-
served serine/threonine kinase CKle at Ser349 site, which leads to TRAF3
auto-ubiquitination, facilitating its complexing with TBK1 [112] and TBK1 auto-
phosphorylation. The TBK1/IKKe complex interacts with TRAF3 via the scaffold
dimerization domain (SDD) of TBK1 [16]. E3 ubiquitin-protein ligase homologous
to the E6-AP carboxyl terminus domain-containing protein 3 (HECTD3) mediates
TRAF3 poly-ubiquitination enabling TBK1-TRAF3 complex formation [49].
Structurally, TRIF and IRF3 share pLxIS conserved motif, which serves as a phos-
phorylation site. Their interaction is stabilized by ion-ionic bonds between TRIF
phosphate groups and IRF3 adjacent Lys and Arg residues (Fig. 2e).

Along with TBKI1, IKKe is a so-called non-canonical IKK kinase. TBK1 and
IKKe kinases regulate the integrity of pathogen-containing vacuoles and restrict
bacterial proliferation in the cytosol [106].

Keeping in mind the overall complexity of interactions and the number of par-
ticipating signaling/adaptor components involved, one can hypothesize that all
these partners form relatively large macro- or supramolecular complexes [22].
Analogously to the aforementioned myddosome, the term triffosome for this com-
plex has been suggested. Its exact topology and stoichiometry remains unclear.
Crystallographic structural data for some pairwise interactions between the com-
plex partners are available.

IRF3 then dimerizes and translocates to the nucleus to initiate the transcription
of the IFN-f gene [32]. Just as NF-xB, IRF3 also interacts with CREBBP [80].

TBKI1 and IKKe can also be phosphorylated by IKKa and IKKf kinase [8]. The
results of at least two studies support the IRAK role as a negative regulator of IRF3
activation [7].

THO (suppressor of the Transcriptional defect of Hpr1 by Overexpression) com-
plex subunit 7 homolog (THOC?7), suppressor of cytokine signaling 3 (SOCS3), and
TRAF-interacting protein (TRIP) were found to promote TBK1 proteasomal degra-
dation and thus act as negative regulators of IRF3 activation [28, 52, 108].
Phosphatases Cdc25A and PPM 1B promote TBK1 dephosphorylation and decrease
the phosphorylation of its downstream substrate IRF3 [79, 111].

MyD88-signaling provides more rapid activation of TBKI1 than the TRIF-
dependent activation, which requires rate-limiting association with OPTN
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(optineurin) and TANK [2]. The role of OPTN in the interferon pathway and its
interaction with TBK1 has been reviewed [70, 99].

4 Regulation of the TLR4 Intracellular Signaling

The excessive immune response (cytokine production, etc.) can be deleterious for
the host organism so the regulation measures have been foreseen by the evolution.

The mechanisms impeding transduction include dephosphorylation, de-
ubiquitination, proteasomal degradation, and competitive inhibition. They will be
considered further in the downstream order.

At very early stage, kinase SFK (Src family of protein tyrosine kinases) makes
TLR4 tyrosine-phosphorylated and promotes the dissociation of MyD88 and TIRAP
from TLR4 intracellular TIR-domain [62]. As a result, LPS-promoted activation of
NF-kB and JNK1/2 is not observed.

The A20 binding inhibitor of NF-kB1 (ABIN1) expression is increased early by
the activation of MyD88 signaling cascade. It binds to polyubiquitin chains disrupt-
ing MAPKSs and IKK activation complexes and prevents the overproduction of
inflammatory mediators by NF-kB pathway [54].

IRAK-M kinase prevents the formation of IRAK-TRAF6 complexes [46]. The
deficiency of this IRAK-kinase in mice exacerbated neurovascular damages induced
by cerebral ischemia and reperfusion [55]. Recruitment of TRAF6 to IRAKI1 is also
prevented by major vault protein (MVP) as shown by in vitro studies [5]. Association
of evolutionarily conserved signaling intermediate in Toll pathways (ESCIT) with
TRAF6 was shown to be inhibited by p62 [45]. PRDX1 (peroxiredoxin 1) inhibited
TRAF6-ubiquitin-ligase activity and NF-kB activation [61]. A similar effect has
cereblon over-expression upon LPS stimulation both in vitro and in vivo [59]. TAK1
activity is negatively regulated by ribosomal S6 kinase 1 (S6K1) [43], which inter-
feres with the interaction between TAK1 and TAB 1. The zinc fingers of the terminal
C-domain bind to ubiquitinated oligomers (both Lys63 and Metl) preventing their
interactions with TAK1 and IKK complexes. More than that, phosphorylation by
IKKp leads to accelerated hydrolysis of Lys63-ubiquitin linkage [100]. IKK activa-
tion by TAK1 with its adaptors is inhibited by de-ubiquitination. Ubiquitin-specific
protease 18 (USP18) cleaves the ubiquitin chains on NEMO and TAK1 itself [105].

Peroxiredoxin-6 (Prdx6) was also found to inhibit MyD88 — NF-kB pathway by
interaction with TRAF-C-domain of TRAF6 and preventing association of TRAF6
with ECSIT [60], which is necessary for further signal transduction as mentioned
above. Interaction of cereblon (CRBN), a substrate receptor protein for the CRL4A
E3 ubiquitin ligase complex with zinc finger of TRAF6, leads to attenuation of
TRAF6 ubiquitination, as found by Min et al. [59]. The double-knockout CRBN
mice have worse survival after LPS challenge and also have increased levels of
inflammatory cytokines. CRBN was also found to interact with TAK1 as well but it
did not affect the signal transduction to NF-kB. Post-translational modifications of
the TAKI-TAB complex are discussed in detail in the review [31]. E3
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ubiquitin-protein ligase Cbl ubiquitinates TRAF6 at Lys48 site. This ubiquitination
site, unlike Lys63, is NF-kB-independent and leads to TRAF6 proteosomal degra-
dation. So c-Cbl overexpression leads to significant suppression of the transcrip-
tional activity of NF-kB [34].

TRAF family member-associated NF-xB activator (TANK) provides negative
regulation of the canonical IKKs [9], leading to attenuation of the host immune
response. TANK is also responsible for prevention of autoimmune disorders [40].
The Tank™~ mice developed glomerulonephritis followed by deaths from 3 months
after birth.

Targeting TBK1 by tripartite motif-containing protein 11 (TRIM11) negatively
affects IFN-f production [48]. THO complex subunit 7 homolog (THOC?7) also
promotes proteasomal degradation of TBK1 through a ubiquitin-dependent degra-
dation system [28]. THOC7 knockdown significantly increased IRF3 dimerization
and upregulated type I IFN production.

Prostaglandin E2 (PGE2) was found to inhibit TLR4-TRIF signaling branch and
restricts IRF3 activation both in vitro and in vivo [75]. Deubiquitinating enzyme A
(DUBA) has been shown to inhibit the K63 ubiquitin ligase TRAF3, thus limiting
IRF3 activation [42]. Regulator of calcineurin 1 (RCAN1) was found to regulate
TLR4-NF-«kB and TLR4-IRF3 pathways in different manners [72]. While MyD88-
NF-kB-mediated cytokine levels were upregulated by RCAN1-deficient mice com-
pared to the wild type animals, production of cytokines mediated by the TRIF-TLR4
branch was significantly suppressed. The TLR4/IRF3 branch is also suppressed by
transmembrane emp24 domain-containing protein 7 (TMED?7). Following LPS
stimulation, TMED?7 relocates from a Golgi-like perinuclear structure into the endo-
some and disrupts TRIF-TRAM interaction. Also, TMED7 was found to promote
TLR4 degradation following LPS stimulation [12]. TAG (“TRAM adaptor with
GOLD domain”), being a splice variant of TRAM, also inhibited TRIF-TRAM
interaction in a competitive manner [71].

It can be concluded that almost every stage of the signaling cascade has a concur-
rent inhibiting mechanism impeding the activation and holding it moderate for over-
all balance.

5 Perspectives

The knowledge of the intracellular TLR4 signaling has greatly progressed over the
two last decades. Very important advance has been achieved in the structure deter-
mination of signaling pathway components and a lot of crystallographic data
became available. It shed light on the molecular mechanisms of protein—protein
interactions and opened a door to in silico design of the pathway modulators, which
can be useful for treatment of acute and chronic inflammatory disorders. Especially,
it is worth noting the discovery of the helical myddosome DD-domain ensemble.
However, despite the successes achieved not all the details of the pathways have
been clarified for today. To be exact, the participating proteins are reported every
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year. From one hand, the number of white spots decreases but simultaneously the
new questions evolve. The failures in clinical trials probably reflect our lack of
knowledge in the particular signaling mechanism that was attempted to be blocked.
For instance, the bypass interactions or the regulation appears to be more compli-
cated than expected and also the inhibition of a particular step may have the reper-
cussions affecting other important cell mechanisms.

Nevertheless, the investigating TLR4 and adjacent signaling pathways remain to
be an important area of molecular immunology.
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TLR4 Ligands: Single Molecules
and Aggregates

Andra B. Schromm and Klaus Brandenburg

Abstract Lipopolysaccharide (LPS, endotoxin) is an amphipathic glycolipid that
undergoes self-aggregation. The physical state and 3D organization of LPS in the
aggregated state has a high impact on the biological activity and pathophysiology.
Here, the basis of aggregate formation and the role of aggregate properties are pre-
sented for bacterial LPS, LPS-mimetic, and TLR4-modulating compounds with a
focus on the concept of the “endotoxic conformation”. A network of sequentially
interacting molecules is operative to enable a sensitive and targeted delivery of LPS
from aggregates to the TLR4 receptor. The structural and thermodynamic aspects of
the transport and the molecular recognition of LPS by TLR4/MD-2 are presented to
provide a mechanistic understanding of TLR4 activation by its ligand. Furthermore,
delivery mechanisms and activation of the cytoplasmic LPS receptors caspase-4/5/11
are discussed. These insights are important for the development of new classes of
immune-modulating compounds by chemical synthesis and also for modern in
silico approaches to identify new lead structures for the development of
therapeutics.

Keywords LPS physico-chemistry - Supramolecular structure - Lipid transport -
TLR4 activation - Caspase-4/5/11 activation

1 Basis of LPS Pathophysiology

Activation of the toll-like receptor 4 (TLR4) by bacterial lipopolysaccharide (LPS,
endotoxin) is among the most sensitive responses of the human immune system.
LPS is the main component of the outer membrane of Gram-negative bacteria and
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represents a central molecular trigger for the immunological recognition of an
infection, the induction of inflammation, and the initiation of an antimicrobial
immune response. Due to the complex physico-chemical nature of LPS, this recog-
nition process is organized by a network of sequentially interacting molecules that
have evolved to enable a sensitive and targeted delivery of LPS to cellular receptor
systems. The peculiar physico-chemical behavior of LPS released from the cell wall
of bacteria into aqueous environment and body fluids, the structural prerequisites
for biological activity of LPS, and thermodynamic aspects of the process of molecu-
lar recognition are presented here.

The glycolipid LPS is a membrane component present exclusively in the cell
envelope of Gram-negative bacteria. The cell wall of Gram-negative bacteria is
organized in several layers, an inner cytoplasmic membrane, a thin peptidoglycan
layer, and an outer membrane. The cytoplasmic membrane is composed of the phos-
pholipids phosphatidylethanolamine, phosphatidylglycerol, and cardiolipin. The
outer membrane contains an inner leaflet solely of phospholipids, whereas the outer
leaflet is composed of LPS. Thus, LPS is the major molecule presented on the
microbial surface. Chemically, LPS is composed of a bis-phosphorylated diglucos-
amine backbone, which is acylated in amide- and ester-linkage with up to seven
fatty acids. This amphiphilic part of the molecule, termed lipid A, is the membrane
anchor of LPS. In rough mutant strains, lipid A is substituted with a head group of
the unusual sugar 2-keto-3-deoxyoctonate (Kdo) and further sugar residues that are
distinguished as an inner and an outer core region depending on the length of the
sugar substitution. In wild-type strains, an O-specific chain is attached to the outer
core composed of a large number of repeating units of additional sugars [1]. The
lipid A part is responsible for the immunological recognition of LPS and is thus also
termed the “endotoxic principle” of LPS [2]. Activation of the immune system by
LPS is extremely potent. LPS concentrations in the range of picogram per ml are
sufficient to induce activation of TLR4 in monocytes and macrophages. The down-
stream signaling cascades lead to activation of nuclear-factor-kB (NF-kB) or
interferon-regulatory factor 3 (IRF3) and IRF7 responsive pro-inflammatory genes
[3-5]. Among LPS-TLR4 related diseases, the most harmful ones are sepsis and
septic shock, pathological conditions that are accompanied by a high rate of mor-
bidity and mortality. Excessive activation of monocytes and macrophages by bacte-
rial pathogens leads to a dysregulated immune response. Systemic overproduction
of inflammatory cytokines such as interleukin-1 (IL-1), IL-6, tumor-necrosis-
factor-a (TNF-a), chemokines, and lipid mediators initiate a cascade that culmi-
nates in life-threatening organ-dysfunction and death [6, 7]. Recent data derived
from single cell RNA profiling of a sepsis patient cohort indicate that during bacte-
rial sepsis a unique immune cell signature is generated in mononuclear cells that can
be clearly distinguished from other disease entities [8].

The molecular recognition of LPS by TLR4 requires its release from the bacte-
rial cell surface. Upon cell division and cell death, endotoxin is naturally shed from
the bacterial cell wall. Bacterial killing by antimicrobial immune responses of the
host, mediated, for example, by complement or antimicrobial effector molecules,
will liberate endotoxin from the cell wall and release it into the circulation. Of note,
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also the antimicrobial activity of antibiotics can lead to massive release of endotoxin
into the bloodstream resulting in exaggerated immune responses that may contrib-
ute to the development of sepsis [9-12]. Various experimental animal models have
demonstrated that injection of pure LPS into the blood stream or the peritoneum is
sufficient to induce sepsis [13]. Galactosamine-sensitized mice represent a well-
established and widely used model for the investigation of endotoxemia-associated
pathology that requires low amounts of LPS in the range of 0.05-0.01 pg per animal
to induce lethal effects [14]. Challenge of human volunteers with highly purified
LPS is a clinical model allowing to perform highly controlled studies to investigate
LPS-induced systemic inflammation in vivo [15]. These experimental model sys-
tems all demonstrate severe pathophysiological effects of purified LPS in vivo.

2 Physico-Chemistry of the TLR4 Ligand LPS

To understand the biology of LPS, its complex physico-chemistry has to be consid-
ered. LPS is an amphipathic glycolipid that similar to phospholipids undergoes ther-
modynamically driven self-aggregation to reduce the contact of the hydrophobic
acyl chains with water. Thus, purified LPS and LPS released from the bacterial cell
wall will spontaneously form aggregates to minimize the Gibbs-free energy [16].
The concentration at which molecular aggregation starts is termed the critical micel-
lar concentration (CMC). Above the CMC, with increasing LPS concentration, the
monomer concentration remains constant or is even reduced in the case of nega-
tively charged amphiphiles, and additional molecules are incorporated into the
aggregated form [17] (Fig. 1a, b). Published values of the CMC for LPS and lipid A
are, however, contradictory and span a wide range of concentrations [18-22]. This
may be at least partially due to limitations of the methodological approaches used.
For review see [23]. Evaluating the published data, the value of the CMC for lipid A
can be approximated in the concentration range < 10~ M.

The physical state and 3D organization of biological lipid aggregates is deter-
mined by the molecular conformation of the aggregate forming molecules. Geometric
models of lipid aggregation allow an estimation of the aggregate structure based on
the shape parameter S = v / (ay-l.) = a, / ag (v = volume of the hydrophobic moiety, 1.
length of the fully extended hydrophobic moiety, a,, a; cross-sectional areas of the
hydrophilic and hydrophobic moiety, respectively) introduced by Israelachvili [17].
For S < 2 micellar structures are adopted, and in particular cases an H; phase can
also be formed. Between S = %2 and 1, unilamellar and multilamellar bilayer struc-
tures are favored. Whether a particular glycolipid adopts a uni- or a multilamellar
structure is a complex problem, which depends, among others, on geometrical con-
strains, the presence of charges in the head group, the kind of counter ions, and the
hydration properties of the glycolipid [16]. For S > 1, inverted structures such as
inverted hexagonal (Hy) or cubic (Q) structures are formed in which the acyl chains
are directed outward, and the hydrophilic moiety inward [24, 25]. In the range
around S = 1, various phases may coexist and phase transition may be induced by
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Fig. 1 Aggregation behavior, lipid phases, and molecular conformation of the TLR4 ligand
LPS. (a) In aqueous environment, LPS undergoes aggregation to form supramolecular assemblies.
(b) Dependence of the threshold concentration of LPS aggregate formation (CMC, critical micellar
concentration) on the carbohydrate content of LPS. Theoretical concentration monomers versus
absolute concentration C,, for different endotoxin chemotypes. Above the CMC, the aggregate
concentration increases and the monomer concentration remains constant. (¢) Aggregate structures
adopted by enterobacterial lipid A and LPS are complex hexagonal inverted (Hy;) or cubic (Q) lipid
phases. Lamellar bilayer or multilamellar (L) lipid phases are frequently observed for LPS with a
reduced number of acyl chains. (d) Concept of the endotoxic conformation: Correlation of the
aggregate structure and biological activity. Biological activity depends on the occurrence of hex-
agonal inverted or cubic lipid phases with a conical molecular geometry and a positive tilt angle of
lipid A. LPS and lipid A with a cylindrical geometry and low or no backbone tilt angle form lamel-

lar bilayer structures. These lipids do not activate the signaling receptor cascade but may be potent
antagonists of TLR4 activation

small extrinsic changes such as hydration, ions, or temperature. For a determination
of the aggregate structures, physical techniques such as small-angle scattering with
X-rays (SAXS) or neutrons (SANS) must be applied.
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The state of fluidity of the acyl chains directly affects the space coverage of the
hydrophobic moiety and thus has a large impact on the occurrence of cubic and
inverted aggregate structures that require conical molecules. Basically, two states of
acyl chain fluidity can be adopted, the gel () and the liquid-crystalline (o) phase. In
the gel phase the ordered acyl chains are in the all-trans configuration, while the
liquid-crystalline (fluid) phase is much less ordered due to the introduction of
increasing amounts of gauche-conformers. Between these phases, a (pseudo) first-
order transition can be observed at a glycolipid-specific temperature T,,. The value
of T,, is governed by various parameters such as the length and the degree of satura-
tion of the hydrocarbon chains, the head group and further substitutions, hydration
of the glycolipid, and solution properties such as pH, ionic strength, and the pres-
ence of divalent cations. Phase transition can take place while maintaining the
aggregate structure, but phase transition can also induce conversion of the aggregate
structure. Of note, not all aggregate structures can occur in both phases, in particular
the Hy; and Q structures are commonly not observed below T,,,.

The structural polymorphism of endotoxins is described for lipid A, LPS Re, and
other rough mutant LPS as well as wild-type LPS from Salmonella minnesota and
Escherichia coli presenting complete phase diagrams by varying the concentration
of water, Mg?* as important physiological cations, and temperature [26-28]. All
enterobacterial LPS exhibit a gel to liquid crystalline phase transition at T,, = 30 to
36 °C, depending on the length of the carbohydrate chain, with the lowest values for
LPS Re. Of note, enterobacterial lipid A has the highest T,, with values around
45 °C. Most importantly, the aggregate structure of LPS adopts mainly non-lamellar
organizations, which can be assigned to aggregates with inverted hexagonal Hy or
cubic symmetry, in particular for endotoxins with short carbohydrate chains (lipid
A, LPS Re). From these data, a conformational concept of endotoxins was deduced:
the lipid A part of LPS adopts a conical shape with a cross-section of the hydrocar-
bon chains being higher than that of the hydrophilic part. This concept is valid for
LPS with hexaacylated lipid A. In contrast, in penta- und tetraacylated lipid A the
cross-sections of both molecular parts are nearly identical, forming multilamellar
aggregates (Fig. 1c).

3 Role of Aggregates in Biological Activity

A question that has been discussed quite controversially in the literature is the ques-
tion of the biologically active unit of LPS, whether this is the aggregate or the
monomer. Several lines of evidence support that aggregates are the physical entities
that are targeted by the immunological LPS-binding proteins in serum and that are
required in the first place for the activation of TLR4 downstream of the transport
chain. An experimental approach that strongly supports that aggregates are a prereq-
uisite for biological recognition is the separation of aggregates and monomers in a
diffusion chamber. Challenge of mononuclear cells with monomeric or aggregated
LPS demonstrated that monomers were not able to induce cell activation, whereas
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aggregated LPS at the same concentrations showed robust cytokine induction. This
result was observed in the absence as well as in the presence of human serum or in
the presence of LPS-binding protein [29]. Other studies showed that a lower state of
LPS aggregation is associated with largely reduced mortality in a model of
galactosamine-sensitized mice [30]. From these data, it can be concluded that LPS
in the aggregated state is required for biological recognition.

Analysis of the aggregate structures of a large number of lipid A and LPS, includ-
ing preparations isolated from bacteria and analogs generated by chemical synthe-
sis, by small-angle X-Ray diffraction (SAXS) have revealed a striking correlation of
aggregate structure and biological activity. The three-dimensional organization of
lipid aggregates is tightly connected with their ability to activate or antagonize cell
activation. Thus, lipid structures with a conical molecular shape that assemble into
complex Hy or Q lipid phases are correlated with high biological activity. In con-
trast, lipid A structures with a cylindrical molecular shape form lamellar or multila-
mellar lipid phases that do not express biological activity, however, several of these
compounds express antagonistic activity, that is, they are able to inhibit cell activa-
tion by endotoxins [31]. This finding is supported by data for a variety of lipid A
samples from different enterobacterial strains, lipid A in different salt forms, mono-
phosphoryl lipid A (MPLA), lipid A from non-enterobacterial sources, and syn-
thetic lipid A variants [32-34].

An important aspect of LPS aggregation states is the accessibility of the phos-
phate groups that have been shown to be of particular importance for the expression
of biological activity [32, 35]. The bis-phosphorylated diglucosamine backbone
does not align perpendicular to the membrane normal but adopts a tilt angle, which
can be determined by FTIR spectroscopy using attenuated total reflectance analysis
with polarized light [36]. The tilt observed in the lipid A backbone leads to exposure
of the 1-phosphate group to the water phase, whereas the 4’-phosphate group is
tilted downward pointing to the hydrophobic core of the membrane. The different
degrees of hydration of the two phosphates are reflected by the infrared absorption
peaks of the anti-symmetric stretching vibrations of the PO, groups that can be
determined in the wavenumber range of 1300-1260 cm™'. Comparing the biological
activities of different lipid A and LPS aggregate preparations, a strong correlation of
a positive tilt angle of >35° with the expression of biological activity of lipid A is
observed, whereas lipid A aggregates with a low tilt angle of the backbone around
10—15° express low or no biological activity [23]. Thus, a conical molecular confor-
mation with a tilted glucosamine backbone exposing one phosphate group is the
optimal structure for the expression of biological activity. Interestingly, the phos-
phate groups of LPS can be replaced by carboxymethyl groups without changing its
bioactivity, but a negative charge is mandatory [34].

According to these findings, the term “endotoxic conformation” was coined,
which relates the aggregate structure, the molecular conformation of individual
molecules within the aggregates, and the biological activity to activate cells via
TLR4 [37] (Fig. 1d). Of note, this correlation could also be confirmed for another
group of TLR ligands, the bacterial lipopeptides, which activate host cells through
the TLR2 receptor. Although the di- or triacylated lipopeptides show a considerably
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lower degree of acylation than the lipid A portion of LPS, their biological activity
could also be correlated to the molecular conformation within the aggregated state
with conical molecules expressing high TLR2 activity and cylindrical molecules
expressing antagonistic activity [38]. These findings underline the fundamental
validity of the importance of aggregation structure in biological lipid recognition by
TLR receptors. New developments in the biological and chemical synthesis of lipid
A molecules will provide the opportunity to generate a wide variety of new struc-
tures [39, 40]. Such pipelines open the opportunity to feed a larger number of com-
pounds into structure activity relationship (SAR) studies and may thus expedite the
identification of inhibitors with optimized physical and biological behavior. This is
especially important in view of the need for new lead structures for therapeutics to
cope with inflammatory diseases.

Interaction of LPS aggregates with components in the blood circulation has been
demonstrated to modulate the structure and also the harmful pathophysiology of
endotoxin [41]. Thus, binding of aggregated LPS to lipoproteins represents an
important pathway of detoxification. An interaction of LPS with lipoprotein parti-
cles in blood was already discovered long before TLR4 was identified as the LPS
receptor. Studies on the LPS-binding protein (LBP) and soluble CD14 (sCD14)
revealed that sequential interaction of LBP and soluble CD14 (sCD14) catalyze a
transfer of LPS molecules from aggregates to high density lipoproteins (HDL) in
serum [42, 43]. This lipid transport is achieved by the activity of LBP, by extraction
of LPS molecules from aggregates and catalyzing the occurrence of an intermediate
stage of LPS-sCD14 complexes. LBP shuttles LPS from LPS-sCD14 complexes to
a variety of lipoprotein particles present in the circulation, such as HDL, low density
lipoproteins (LDL), very low density lipoproteins (VLDL), and chylomicrons.
These microparticles are targeted from the circulation to the liver with subsequent
neutralization of the endotoxic activity [44]. Analysis of smooth (S)-LPS and rough
(R)-LPS glycoforms demonstrated a rapid removal of R-LPS aggregates from the
circulation, whereas S-LPS aggregates showed prolonged residence time in the
serum in vivo [45]. Protective effects with increased survival have been reported for
application of reconstituted HDL particles in murine models of polymicrobial sep-
sis induced by cecal ligation and puncture, in intraperitoneal sepsis induced by
injection of Escherichia coli, as well as in a model of Pseudomonas aeruginosa—
induced pneumonia. These in vivo studies demonstrate the potent anti-inflammatory
and endotoxin detoxifying effects of HDL particles [46, 47].

Protein interaction with endotoxin aggregates has also been demonstrated to
modulate biological activity by directly changing the 3D structure of LPS aggre-
gates. In this context, biophysical analysis of the mode of action of antimicrobial
peptides (AMP) has shown the capacity of AMPs to convert the physical organiza-
tion of LPS to multi-lamellar aggregates, an effect that is directly correlated to the
endotoxin-neutralizing capacity [48, 49]. Mechanistic insights were revealed in par-
ticular from studies on the LPS-neutralizing polypeptide Aspidasept and variants
thereof [50-52]. A very interesting finding, first observed by Jack Levin and co-
workers, is the intriguing capacity of hemoglobin (Hb) to increase
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endotoxin-induced biological activities [53]. The addition of cross-linked Hb to
penta-acylated LPS and lipid A preparations with a very low biological activity led
to a drastic increase in cytokine secretion, such as TNF-a in human mononuclear
cells [54]. Structural analysis demonstrated that Hb converts LPS aggregates from a
non-lamellar structure to cubic symmetry. This was accompanied by a considerable
reduction of the size and number of the original aggregates. Similar effects were
also observed for TLR2 activating lipopeptides, suggesting a general molecular
mechanism of Hb on aggregated lipids [55, 56]. It must be emphasized that Hb does
not change the chemical structure of LPS or lipid A. An interesting aspect of the Hb
activity is the observation that Hb itself shows membrane activity toward host cell
membrane models. Thus, besides the direct effects of Hb on the aggregation struc-
ture of LPS, effects of Hb on the organization of the host cell membrane and the
assembly and activation of the TLR4 receptor complex might also be considered for
further mechanistic studies.

Natural LPS preparations derived from bacteria express quite a complex compo-
sition. Biological LPS aggregates are heterogeneous mixtures of diverse chemical
LPS structures, containing different chemotypes ranging from deep-rough (Re) over
rough mutant (Rb-Ra) LPS up to S-LPS [57]. The lipid A structure of the different
chemotypes present in S-LPS preparations from wild-type bacteria displays consid-
erable heterogeneity with respect to the acylation patter. Thus, in S-LPS from
Salmonella abortus equi, the rough fraction was found to contain the expected acyl-
ation pattern of ester- and amide-bound 3-OH-14:0, whereas in the smooth fraction,
a significant part of ester- as well as amino-linked acyl chains was absent [58]. An
important observation in this context is the finding that the immunological active
fraction of S-LPS is the R-chemotype fraction of LPS [59, 60].

Another aspect of the frequently observed presence of under-acylated lipid A
structures such as pentaacyl and tetraacyl lipid A in natural LPS preparations is the
low impact of these lipid species on the overall biological activity of the prepara-
tion. Surprisingly, these molecular species do not appear to express their antagonis-
tic potential even when being present in amounts of up to 20% in the aggregates of
biologically active LPS. Instead, mixing experiments demonstrated that the admix-
ture of 10-20 Mol% of the synthetic antagonist 406 in aggregates composed of the
synthetic lipid A compound 506 rather enhanced the biological activity. For the
antagonistic glycolipid cardiolipin, similar results were obtained with up to 50
mole% of cardiolipin [29]. When the antagonists were not present in the lipid A
aggregates but applied separately before stimulation with lipid A, complete inhibi-
tion of cell activation was observed. The finding that antagonistic compounds
enhance endotoxic activity when present in the same aggregate indicate that the
presentation of molecules in the aggregated state plays a decisive role for the molec-
ular interaction of binding proteins and receptors.

The presented data support that in biological systems, LPS in the aggregated
state is the physico-chemically relevant molecular state that is targeted by the par-
ticipating transport molecules of the sequential recognition chain, which is dis-
cussed in Sect. 4.
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4 From Aggregates to TLR4 Receptor Interaction

Biological recognition of LPS by TLR4 in the context of infections requires the
extraction of the molecule from the bacterial cell envelope or from endotoxin aggre-
gates to enable receptor binding. Within the family of Toll-like receptors, TLR4 has
evolved the most complex cascade of using accessory proteins to enable the sensi-
tive recognition of its ligand endotoxin. The accessory proteins comprise the LPS-
binding protein (LBP), which is expressed by hepatocytes as an acute-phase protein
and is highly upregulated upon infections [61, 62] and the soluble form of CD14,
which is expressed as a glycosylphosphatidylinositol-anchored surface antigen
mCD14 on monocytes and macrophages, and in lower amounts also on dendritic
cells and neutrophils. CD14 is shed from the cell surface into serum, secreted from
intracellular pools, and also produced as an acute-phase protein in the liver [63].
LBP binding to intact bacteria enhances phagocytosis. LBP can extract LPS mono-
mers from the bacterial membrane [64, 65] and from endotoxin aggregates in solu-
tion [66]. A major function of the combined action of LBP and CD14 is to enable a
highly sensitive activation of mononuclear cells [67]. Using “C- or
3H-lipooligosaccharide (LOS) and LPS a sequential transport chain of LPS mole-
cules from LBP to CD14, and subsequently to MD-2, reducing the binding affinity
of the TLR4/MD?2 complex to picomolar concentrations, was described [68, 69]. Of
note, while metabolic radioactive labelling of LPS enables the sensitive detection of
monomeric LPS, the emitted high radiation doses may induce cellular stress
responses and could thus enhance also the cellular responsiveness. Reconstruction
of the cascade by high resolution microscopy recently demonstrated on a molecular
level that LBP acts as an accelerator of the initial process by allowing multiple
rounds of LPS transfer to CD14 [70], further contributing to the extremely sensitive
LPS recognition by the immune system.

From a biophysical perspective, thermodynamic considerations are highly rele-
vant for the aggregation, disaggregation, and transport of LPS. Important insights
into the transfer path of LPS were provided by molecular dynamic simulation analy-
ses. The individual steps of LPS interaction were analyzed in a set of computational
models of the bacterial outer membrane, the LPS aggregate, and complexes of
CD14/LPS, MD-2/LPS, and CD14/TLR4/MD-2/LPS. The data obtained from these
in silico studies revealed that channeling of the ligand along the receptor proteins
binding lipid A with increasing affinity generates a thermodynamic funnel. The
resulting energy gradient culminates in a terminal transfer of LPS to spontaneously
assembled CD14/TLR4/MD-2 receptor complexes on the model of the host cell
membrane [71]. In the bacterial membrane model, lipid A was retained with about
310 kJ mol~! affinity, providing a high energy barrier for extraction. Divalent coun-
terions such as Ca?* and Mg?* bridging the phosphate groups on the bacterial mem-
brane contribute to this high energy barrier by tightly linking the negatively charged
headgroups. The authors propose that LBP interaction disrupts this counterion bar-
rier and thereby reduces the kinetic barrier for LPS extraction.
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The TLR4/MD-2 complex is the signaling receptor for LPS at the cytoplasmic
membrane [72-74]. Crystallographic data of complexes of the extracellular domain
of TLR4 and MD-2 are the basis for the model that the receptor activation is enabled
by the binding of a monomeric LPS molecule into the hydrophobic binding pocket
of the accessory receptor protein MD-2, leading to the formation of TLR4/MD-2
heterodimers. Receptor dimerization is stabilized by the exposure of the acyl chain
at position 2 at the lipid A at the surface of the MD-2 binding pocket, which forms
together with the amino acid residue Phel26 of MD-2 a hydrophobic interaction
patch for the adjacent TLR4 ectodomain. The complex is further stabilized by ionic
interaction of the lipid A phosphate group in 4" position with a cluster of positively
charged residues in TLR4 and MD-2 [75, 76]. The dimeric receptor state is the plat-
form that activates intracellular signaling via the engagement of adaptor protein
myeloid differentiation primary response protein 88 (MYDS88) assembly to large
signaling platforms, the “Myddosome” complex activating the NF-kB pathway.
Association of the TIR domain-containing adaptor protein inducing IFNf (TRIF) to
the TIR domains assembles the “Triffosome” platforms activating the interferon-
regulatory factor (IRF)7-pathway [5]. Single molecule data obtained from quantita-
tive super-resolution microscopy studies provide refined data about the receptor
assembly. Kriiger et al. revealed that the cell surface receptor complex of TLR4/
MD-2 is present to about 50% in a monomeric state TLR4/MD-2 and to 50% in a
dimeric state in unstimulated cells, demonstrating an intrinsic propensity of TLR4/
MD-2 to dimerize. This ratio was dramatically shifted upon stimulation with LPS,
leading to a large increase of the fraction of dimeric receptor state to about 75%
[77]. A limitation of such investigations that has to be considered is the overexpres-
sion of TLR4_mEos?2 receptors that were transfected in hamster embryonic kidnek
cell line HEK293 in order to enable their detection in super resolution microscopy.
The observation of dimerization of a significant pool of receptors was associated
with a substantial degree of NF-«xB activation even in the absence of LPS stimula-
tion, supporting that dimerization and activation of TLR4 are closely related pro-
cesses. Of note, data from molecular dynamic simulations on the thermodynamics
involved in receptor ligand interaction suggest that the final step of LPS binding
occurs to the preassembled TLR4/MD-2 dimeric receptors. This is in contrast to the
mechanistic model that LPS induces receptor dimerization. Instead, it would be in
accordance with the assumption that LPS binding leads to a stabilization of sponta-
neously formed receptor dimers [71].

5 Non-LPS Ligands of TLR4: Aggregate States
and Biological Activity

Targeting of TLR4 by non-endotoxin compounds is of particular interest for thera-
peutic immune modulation of the receptor. The strong pathophysiology that can be
elicited by TLR4 activation and the lack of treatment options for patients has
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attracted particular attention for the development of inhibitors. A successful line of
development is based on lead structures of endotoxins with a naturally occurring
low endotoxicity. LPS from the non-pathogenic bacterium Rhodobacter sphaeroi-
des (Rs) LPS was discovered as a potent inhibitor of TLR4 activation by LPS. Rs
lipid A became a lead structure for synthetic TLR4 antagonists. The compound
Eritoran tetrasodium (E5564), generated by EISAI Inc. (Andover, USA), showed
high antagonistic activity in murine and human cells while demonstrating improved
stability, pharmacology, and pharmacokinetics [78—80]. The crystal structure of
Eritoran bound to the mouse TLR4/MD-2 complex revealed the geometry, hydro-
phobic volume inside the binding cavity of MD-2 and the location of electrostatic
interactions of the phosphate groups with positively charged patches at the rim of
the hydrophobic pocket and the adjacent TLR4 molecule [81]. The visualization of
the molecular geometry and the localization of the molecular interfaces greatly
increase our understanding of the mode of action of the antagonist. One very inter-
esting approach by EISAI Inc. was the generation of non-LPS compounds that
mimic the physico-chemical characteristics of lipid A structures. They synthesized
phospholipids with six acyl chains and two phosphates linked by a serine-like back-
bone, the latter with a spacer allowing to vary the length and the volume of the
molecular backbone. By this strategy, lipid A mimicry molecules with different
critical packing shapes were generated. Structural analysis of the molecular geom-
etry of the compounds in the aggregates state revealed a conical molecular geometry
for the compound with the smallest backbone (EISAI 803022), which expressed
high biological activity. In contrast, compounds with a long spacer at the backbone
expressed cylindrical molecular shape and were found more or less devoid of bio-
logical activity. The applicability of this structure activity correlation for molecules
with different chemistry is referred to as “the generalized endotoxic principle” [38,
82, 83]. These findings clearly demonstrate the potency to develop non-LPS com-
pounds as modulators for TLR4 by physico-chemical mimicry.

New approaches of targeting TLR4 pursue a strategy of simplified molecules for
drug development. Synthetic disaccharide-based anionic amphiphiles were reported
by Borio et al. as inhibitors of LPS-induced inflammation. The compounds were
designed on the basis of optimizing the orientation and torsion of the MD-2 interact-
ing groups. They show potent antagonistic activity at micromolar concentrations in
human and murine macrophages. Structure—activity relationship studies and molec-
ular dynamic simulation of the interaction with MD-2 were used to select two com-
pounds with optimized properties as lead structures for future studies [84]; however,
information on the molecular geometry and aggregation behavior is not yet avail-
able. Another example of synthetic TLR4 modulators is based on monosaccharide
scaffolds. IAXO102 is a cationic antagonist inhibiting TLR4 activation in human
cells and in an in vivo model of murine sepsis [85]. The FP series of anionic
monosaccharide-based synthetic compounds was developed by computational
approach to optimize docking of the lipids to the hydrophobic pocket of MD-2. For
compound FP7 an insertion of the acyl chains into the hydrophobic cavity of MD-2
is demonstrated [86]. Antagonistic activity on LPS-induced activation of cytokines
and chemokines is shown in human monocytes and dendritic cells [87]. A set of FP7
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variants with variations of length of the acyl chains was analyzed in detail for
physico-chemical properties such as solubility, structure, and phase-behavior in the
aggregated state. The occurrence of mixed lamellar/nonlamellar or pure lamellar
aggregate structures was observed, consistent with their low biological activity. FP
compounds bind to MD-2 at pmolar concentrations and the most potent antagonis-
tic activity on LPS-mediated TLR4/MD-2 activation in HEK cells was reported for
FP7 with an IC50 of 2.0 pM and FP12 with 0.63 pM [88]. In addition,
FP7, like Eritoran, demonstrated benefit in non-LPS inflammation in a murine
model of lethal influenza infection, supporting that targeting TLR4 is not restricted
to LPS-driven bacterial pathologies [87, 89].

6 LPS Aggregates in the Activation of Non-TLLR4 Receptors

TLR4-independent recognition of LPS is a recently discovered alternative pathway
enabling an immunological response to cytosolic LPS. Fifteen years after the iden-
tification of TLR4 as the LPS receptor [72], a role of the human caspases-4/-5 and
the murine caspase-11 in sensing LPS in the cytoplasm of host cells was reported.
These caspases were demonstrated to induce non-canonical inflammasome activa-
tion in response to LPS, leading to the production of the cytokines IL-1p and IL-18
and the induction of a pro-inflammatory type of lysis-induced cell death named
pyroptosis [90, 91]. Activation of the intracellular caspase pathway by LPS is
accompanied by a strong pathophysiology. Studies in TLR4-deficient mice pro-
vided evidence for TLR4 independent sepsis driven via non-canonical inflamma-
some activation [91]. LPS recognition by caspases was shown to involve direct
binding of LPS to caspase-4/5/11 in vitro [92]. The binding of LPS to the caspase is
mediated by the N-terminal caspase-activation and recruitment domain (CARD)
domain. LPS-binding to the CARD domain induces oligomerization and is required
for catalytic activity and biological activity of the caspase complexes. The molecu-
lar mechanisms involved in caspase activation by LPS are however not yet fully
understood. A central question to be resolved is the pathway of cytosolic LPS deliv-
ery. Preparations of purified LPS that are highly potent in activating TLR4/MD-2 do
not initiate the inflammasome pathway; however, specific delivery of the LPS into
the cytosol is required. This delivery can be achieved experimentally by electro-
poration of cells or by transfection of cells using lipophilic cationic chelating
reagents to complex LPS, both techniques representing non-physiologic artificial
pathways to induce caspase-dependent inflammasome and IL-1p/IL-18 activation.
Alternatively, in tissue culture settings the delivery of LPS by co-administration
with cholera toxin B (CTB) mediates uptake via ganglioside M-1 (GM-1) and
enables inflammasome activation [91, 92]. The discovery that LPS as part of outer
membrane vesicles (OMVs) released from Gram-negative bacteria activate the non-
canonical inflammasome pathway provided first evidence for a physiologic system
of LPS transport to the intracellular compartment. The release of OM Vs is a process
observed in basically all Gram-negative bacteria and represents a vital sign of living
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bacteria [93, 94]. The uptake of OM Vs involves phagocytosis and endosomal uptake
[95, 96]. The mechanism of transfer or release of LPS from the vesicles into the
cytosol is, however, unclear. Biophysical studies on OMVs demonstrated that in
contrast to LPS, the LPS-containing bacterial vesicles can fuse with host cells, sug-
gesting an intrinsic property for entry into the host cell cytoplasm [97]. Recent
reports also indicate specific pathways for transport of LPS into the cytosol, candi-
dates including the LPS-binding protein [98] and the high mobility group box 1
(HMGB-1) protein that mediates LPS transport via the RAGE receptor [99].
Involvement of a TLR4 — TIR-domain containing adapter-inducing interferon-f3
(TRIF) — guanylate-binding protein 2 (GBP2) pathway has been shown to enable
the release of OMV-delivered LPS into the cytosol-inducing caspase activation in a
murine model [100-102]. Since caspase regulation and activation displays a high
diversity between different cell types and between murine and human cell systems,
further studies will be needed to specify the role of different pathways. Considering
the complex regulation of the TLR4 activation cascade, it is highly likely that not
one but several pathways for LPS delivery may be in action to ensure the sensitive
recognition of LPS.

The biophysical entity of caspase activation is also under debate. Biochemical
studies demonstrated high affinity binding of purified caspase-4 to highly aggre-
gated LPS and LPS-containing bacterial membrane vesicles. The resulting com-
plexes did not indicate 1:1 molecular complexes but rather suggested an assembly
of the caspase-4 at the LPS-containing membrane surfaces as a mechanism of acti-
vation [103]. Oligomerization of caspase by LPS as a critical step for caspase acti-
vation was also demonstrated in an independent study [92]. In contrast, another
study showed by analytical ultracentrifugation and electron microscopy that bind-
ing of caspase-4 to large LPS aggregates induces disaggregation of LPS to low
molecular weight caspase-4/LPS complexes [104]. Interestingly, for the caspase
activation by particular LPS structures, also species-specific differences between
human and murine caspases were reported [105]. Also in this relatively new field of
LPS recognition by cytoplasmic caspases, it is apparent that the interaction of LPS
with host cell membranes, transport proteins, and intracellular receptors is highly
governed by biophysical mechanisms. Knowledge on the role of the aggregation
state, the molecular geometry, and presentation of chemical groups of LPS to this
group of receptors will be important to fully reveal their mode of activation.

7 Conclusions

The physico-chemistry of endotoxin is highly important for a mechanistic under-
standing of TLR4 activation by its ligand and also the basis for the development of
new classes of immune-modulating compounds. A complete understanding of the
molecular process of TLR4 activation has to consider the complex supramolecular
structure, the variety of phase states and phase transitions occurring under different
conditions, as well as the surface forces and thermodynamics governing the process
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of LPS recognition by TLR4. Future approaches for the discovery of new TLR4-
interacting compounds should therefore consider not only the optimal receptor
docking but also the physico-chemistry involved in LPS recognition.
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CD14: Not Just Chaperone, But a Key-
Player in Inflammation
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Marco Di Gioia and Ivan Zanoni

Abstract The cluster of differentiation 14 (CD14) is a receptor that helps the detec-
tion of microbial products, acting as an accessory molecule for several Toll-like
receptors (TLRs). Recently, this view was challenged by the discovery that CD14
not only regulates TLR-ligand interactions but also autonomously controls inflam-
matory responses. Moreover, CD14 is also implicated in the recognition of host-
derived tissue stress signals, such as non-enzymatically modified lipids and protein
aggregates, playing homeostatic roles as well as initiating detrimental responses
associated to chronic inflammation. Here we will discuss the ability of CD14 to
bind different exogenous and endogenous ligands and how CDI14 coordinates
inflammatory responses.

Keywords CD14 - Pattern recognition receptor (PRR) - Toll-like receptor (TLR) -
Co-receptor - Inflammation

1 Introduction

The immune system of mammals evolved to maintain their complex tissue and sys-
temic homeostasis. The immune system functions as a “caretaker” to react against
exogenous and endogenous stressors by activating appropriate effector responses.
Immune cells are strategically distributed throughout the organism to detect the
presence of invading microorganisms (exogenous stressors) as well as host-derived
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threats, such as the abnormal production and/or accumulation of self-biomolecules
(endogenous stressors). The stressors are generally recognized by specialized recep-
tors called pattern recognition receptors (PRRs) that trigger a context-dependent
functional response to restore healthy physiological conditions. CD14 is a master
regulator of the responses mediated by several PRRs, such as toll-like receptors
(TLRs) TLR4 and TLR2, by modulating the specificity, affinity and accessibility for
their ligands or controlling their subcellular localization. In addition to this “co-
receptor” or “chaperone” functions, CD14 also exerts autonomous functions, by
regulating efferocytotic/endocytic processes or by activating dedicated signaling
pathways. In this chapter we will describe the ability of CD14 to function as a regu-
lator of the inflammatory process elicited in response to exogenous and/or endoge-
nous stimuli.

2 CD14 Overview

2.1 CDI14 Structure

CD14 is a glycoprotein that belongs to the leucine-rich repeat (LRR) family. CD14
is anchored to the outer leaflet of the plasma membrane by a glycosylphosphati-
dylinositol (GPI) moiety, and it localizes in microdomains called lipid rafts [1, 2].
Alternatively, CD14 can be released in the blood and extravascular fluids via three
different mechanisms: (1) the proteolytic removal of the C-terminal sequence nec-
essary for GPI attachment [3, 4]; (2) escape from posttranslational modification [4];
and (3) direct GPI anchor cleavage by phospholipase D [5, 6]. When newly synthe-
tized, the human CD14 includes: (i) a N-terminal signal peptide necessary to address
the protein to the secretory pathway, which is cleaved during protein maturation; (ii)
an extracellular domain composed of 5 a-helices and 11 p-strands, forming a horse
shoe-shaped structure (53 kDa for membrane-bound CD14 and 48 kDa for soluble
form of CD14 originated by proteolytic mechanisms [1]); and (iii) a C-terminal
propeptide, removed in the mature configuration [7, 8] (Fig. 1).

A key structural element in both human and murine CD14 is the presence of an
N-terminal pocket [7, 9] that is indispensable for the binding of acylated ligands,
including lipopolysaccharide (LPS), a major component of gram-negative bacteria
outer membrane and the first identified, and most studied, CD14 ligand [12]. This
hydrophobic cavity includes four functional regions, designated as R1 to R4, respec-
tively, that are involved in LPS binding and necessary for the activity of CD14 [13,
14]. Interestingly, the relatively big size of the pocket and the presence of hydropho-
bic aminoacidic clusters located just outside of the pocket entrance [7, 9] may
explain the broad ligand specificity of CD14, although further studies are required
to confirm this hypothesis.

Another essential feature of the structure of CD14 is the presence of specific
basic and acidic patches that are important in protein—protein and ligand interac-
tions. These patches allow CD14 to recover LPS from LPS-binding protein (LBP)
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Fig. 1 Human CD14 structure and expression. (a) The CD14 protein aminoacidic scheme
shows the processing events that lead to the formation of the mature form of human CDI14.
Secondary structure positions of « helices (red) and p strands (blue) are indicated [8, 9]. (b) 3D
structure of human CD14 shows secondary structures (inner cartoon) and molecular surfaces [8,
9]. (¢) Anatogram and (d) RNA expression overview of CD14 body distribution. Consensus nor-
malized expression (NX) levels for 55 tissue types and 6 blood cell types were created by combin-
ing the data from three RNA-seq datasets (HPA, GTEx, and FANTOMS). Color-coding is based on
tissue groups, each consisting of tissues with common functional features [10, 11]

[15, 16]. In particular, a C-terminal acidic sequence on CD14 concave surface inter-
acts with conserved basic residues at the C-terminal tip of the LPS-LBP complex
allowing the delivery of LPS from LBP to CD14. Then, acidic residues within the
N-terminal portion of LBP and CD14 mediate the prompt dissociation of CD14 via
an electrostatic repulsion [15].

2.2 (D14 Expression

Genome-wide analysis at the tissue and single cell level allowed to trace a map of
the human transcriptome and proteome [10, 11]. These data confirmed previous
observations [17], showing that, among immune cells, CD14 is selectively expressed
by myeloid cells, such as monocytes and macrophages, granulocytes, and dendritic
cells (DCs). CD14 is also present in non-immune cells, such as hepatocytes, and it
is broadly distributed in other human tissues though at lower expression levels
(Fig. 1). These data corroborate several reports that documented the presence of
CD14 also in epithelia, smooth muscle, pancreatic islet cells, fibroblasts, adipo-
cytes, and spermatozoa [18]. Membrane-bound CD14 plays different roles in
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different cell types. For example, CD14 on immune cells is involved in triggering
and enhancing inflammatory responses, while CD14 on spermatogonial stem cells
controls their differentiation [19].

The wide expression of CD14 by numerous immune and non-immune cells
could explain also the diffused extracellular presence of soluble CD14, whose con-
centration in body fluids changes according to stress conditions (i.e., during a patho-
gen infection [20]).

In this chapter, we will solely focus on the immune functions exerted by
membrane-bound CD14.

3 (D14 Functions and Interactors

CD14 was initially identified as a marker of monocytes [17] and subsequently pro-
posed to be a PRR able to initiate immune cells activation in response to bacterial
membrane components, such as LPS [12, 21]. Given the absence of an intracellular
domain, CD14 was believed to work only in association with companion proteins
endowed with signaling capacities. When the TLR4 was cloned and identified as the
LPS receptor [22, 23], CD14 was believed to function solely as the TLR4 co-
receptor. More recently, CD14 was found to interact with a plethora of ligands other
than LPS, and thatit not only serves as a co-receptor for several TLRs (TLR 1/2/3/4/6),
but it is also endowed with signaling capacities that impact the final outcome of the
inflammatory response.

3.1 CDI14in LPS Signaling: TLR4-Dependent
and TLR4-Independent Responses

CD14 plays a critical role in controlling the inflammatory responses triggered by
gram-negative bacteria. Indeed, CD14-deficient mice are resistant to the endotoxic
shock induced by LPS, Escherichia coli [24] or Burkholderia pseudomallei [25].
Also, functional polymorphisms within the human CD14 gene can differentially
impact the induction of pro-inflammatory responses and the clinical prognosis of
septic patients [26-32]. The roles played by CD14 during gram-negative bacterial
infections are due to its capacity to regulate, both directly and indirectly, numerous
aspects of the activity of the TLR4-Myeloid differentiation protein-2 (MD2) com-
plex. Indeed, CD14 can: (1) dictate the access of the extracellular LPS to TLR4-MD2;
(2) regulate the sub-cellular localization of LPS and TLR4-MD?2; and (3) trigger a
TLR4-independent, calcium-dependent response that selectively influences the pro-
duction of inflammatory mediators and the cell survival.
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3.1.1 CD14 Controls Extracellular LPS Capture, Sensing, and Signaling

LPS is released from the bacterial membrane in the form of micelles, or it can be
actively secreted via the formation of outer membrane vesicles (OMVs) [33]. The
latter can transport biochemical signals to other bacteria or host cells and they can
directly deliver LPS in the cytosol of immune cells, where inflammatory caspases
(caspase-11/4/5) serve as a specialized LPS receptor to induce the activation of the
inflammasome and the production of bioactive interleukin-1p (IL-1p) and IL-18
[34]. In contrast to OMVs, the LPS contained in micelles requires the presence of
accessory soluble proteins, such as LBP or High Mobility Group Box 1 (HMGB1),
to be recognized by TLR4-MD2 or caspase-11/4/5 [15, 16, 35, 36]. While the trans-
port of micelles to inflammatory caspases requires an endocytic process mediated
by HMGB1 and by the receptor for advanced glycation end products (RAGE) [35],
CD14 enhances the sensitivity of TLR4-MD2 up to picomolar concentrations of
LPS [37] and regulates the subcellular location of the TLR4-MD2 complex (Fig. 2).

The transfer of LPS monomers from micelles to TLR4-MD?2 via CD14 requires
either LBP [15, 16] or HMGBI1 [36]. The interactions between LBP or HMGB1 and
CD14 form a “capture and concentration module” upstream of TLR4-MD?2 that
regulates the ligand availability. HMG1 and LBP transport LPS to CD14 from LPS
micelles. Soluble LPS binding proteins start the process by binding LPS micelles
and therefore catalyzing several rounds of LPS monomers transfer to
CD14. Subsequently, the single LPS molecule bound to CD14 is transferred to
MD?2 with the assistance of LRR13-LRR15 domains of TLR4 that trigger the mul-
timerization of TLR4-MD2 and its activation [15, 16]. Contextually to LPS presen-
tation, CD14 also facilitates the relocation of TLR4-MD?2 in lipid rafts, where
multiple signaling molecules are recruited to contribute to cell activation [38].
These specialized plasma membrane regions contain dock sites for several interac-
tors involved both in TLR4-depedent pathways (such as toll-interleukin 1 receptor
domain containing adaptor protein [TIRAP] and myeloid differentiation primary
response 88 [MyD88] adaptors, which leads to NF-kB activation and cytokine pro-
duction [39]) as well as TLR4-independet effectors, such as specialized proteins for
the subsequent internalization of the complex formed by LPS, CDI14, and
TLR4-MD2 (Fig. 2).

3.1.2 (D14 Controls LPS Endosomal Signaling

Once engaged by CD14, TLR4-MD2 undergoes an internalization process and
moves in the endosomal compartment, where it triggers the TRIF-related adaptor
molecule (TRAM) and TIR-domain-containing adapter-inducing interferon-f§
(TRIF)-dependent pathway, which sustains the activation of NF-kB and also induces
the production of type I interferons (IFNs) [40—42].

The internalization of the complex containing LPS and TLR4-MD2 starts with
the interaction between CD14 and MD2, which functions as a cargo-selection agent
for TLR4 [14]. Notably, CD14 has an autonomous endocytic activity. In particular,
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CD14-controlled effects in LPS signaling
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Fig. 2 LPS signaling. Extracellular gram-negative bacteria release LPS in the form of micelles or
OMVs. OMVs and micelles containing LPS, the latter with the help of HMGB1-RAGE, can be
delivered intracellularly, where LPS activates caspase-11/4/5-depedent responses (right). Soluble
LPS-binding proteins allow CD14 to capture LPS monomers. CD14 increases the sensitivity of
TLR4-MD2 for LPS and favors the re-location of the complex formed by LPS, CD14, TLR4-MD2 in
the plasma membrane lipids rafts. Once in the lipid rafts, TLR4-MD2 starts TIRAP-MyD8&8-
dependent responses. By activating ITAM-containing adaptors, SYK, and PLCy2, CD14 also
induces the endocytosis of LPS and TLR4-MD2. From endosomes TLR4-MD?2 triggers the
TRAM-TRIF pathway and thereby sustains the activation of NF-kB and the production of type I
IFNs. Finally, CD14 activates calcium-dependent responses, inducing calcium fluxes from the
extracellular space through PX27R, TRPM7, and possibly IP;Rs. The increase in the local intracel-
lular calcium concentration contributes to the internalization of LPS, CD14, and TLR4-MD?2,
induces phagocytes’ cell death, and, in DCs, activates the NFAT-dependent signaling cascade

CD14 can activate two downstream systems that contribute to the endocytosis of
TLR4-MD2: (1) CD14 activates the spleen tyrosine kinase (SYK) and phospholi-
pase Cy2 (PLCy2) via immunoreceptor tyrosine-based activation motif (ITAM)-
containing adaptors, such as DNAX-activating protein 12 (DAP12) and the y-subunit
of high-affinity IgE receptor (FceRly). PLCy2 breaks down the phosphatidylinosi-
tol 4,5-bisphosphate (PIP,) present in the lipid rafts, thereby releasing TIRAP-
MyD88 from TLR4 and triggering the formation of an early endosome [40, 42, 43].
(2) CD14 induces the opening of calcium channels, such as inositol-1,4,5-
triphosphate receptors (IP;Rs) [44] and transient receptor potential melastatin-like 7
(TRPMT7) [45], which increase local calcium concentrations and assist the comple-
tion of the early endosome. Once in the endosome, the intracellular domain of TLR4
contacts the TRAM-TRIF complex and induces the second phase of the signaling,
ultimately leading to the induction of type I IFNs production (Fig. 2). Notably type
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I IFNSs, besides playing anti-microbial roles during bacterial infections [46], also act
on immune cells to regulate their metabolic program. In particular, type I IFNs con-
trol the production of succinate, itaconate, nitric oxide, and IL-10 [47-49]. Given
that CD 14 controls the endocytic process of TLR4-MD?2 that leads to the production
of type I IFNs, it will be important in the future to assess how CD14 directly or
indirectly modulates the metabolic changes that follow LPS administration.

In agreement with the fundamental importance of CD14 in regulating the immune
response against gram-negative bacteria, host-adapted pathogenic bacteria and
commensals have developed several strategies to selectively avoid CD14 engage-
ment or to uncouple CD14 endocytosis from TLR4 internalization. For example,
Bacteroides thetaiotaomicron, an opportunist pathogen found in the human gut,
presents a hypophosphorylated LPS form that evades CD14-dependent events, pre-
venting inflammation and increasing its persistence in the host [14].

3.1.3 (D14 Controls LPS-Induced Calcium-Dependent Pathways
in a TLR4-Independent Manner

In phagocytes, CD14 also acts as an autonomous LPS-receptor able to induce
calcium-dependent responses that control the activation of specific transcription
factors and/or cell viability [45, 50, 51].

In DCs, after LPS stimulation, CD14 triggers Src family kinases (SFKs) and
PLCy?2 activation, resulting an extracellular Ca>* influx [50]. The exact nature of the
channel responsible for this process is still unknown, although the production of IP;
mediated by PLCy2 suggested the possible involvement of IP;Rs [44, 50]; further-
more CD14 has been shown to interact with purinergic type 2 receptor family X7
receptor (P2X7R) [51] and TRPM?7 [45] in alveolar macrophages (AMs) and bone
marrow—derived macrophages (BMDMs), respectively. The possibility that CD14
acts simultaneously on multiple calcium channels and/or works in a cell-specific
manner remains to be tested. The increase in the cytosolic calcium level promotes
the activation of calcineurin and, consequently, the nuclear translocation of mem-
bers of the nuclear factor of activated T-cell (NFAT) transcription factor family
(Fig. 2). The activation of NFAT, in association with the activity of transcription
factors controlled by the activation of TLR4, controls the expression of specific
genes such as IL-2, nuclear receptor subfamily 4 group A member 1 (NR4A1; also
known as Nur77) [50], and microsomal prostaglandin (PG) E synthase 1 (mPGES-1)
[52]. The regulation of these genes affects several DC-related functions. In particu-
lar, it has been shown that DC-derived IL-2 is required for natural killer (NK) cell
activation [53], T-cell expansion and development of antigen-specific effector cells
[54], T helper (Th) 17 cell functions [55], and regulatory T-cell (T,,,) homeostasis
[56, 57]. IL-2 produced by CD11c"s"MHCII* myeloid cells appears to be particu-
larly relevant for the maintenance of intestinal immune homeostasis, by supporting
T, induction and by suppressing excessive expansion of Th1/Th17 cells [58]. By
controlling the expression of NR4A1, a pro-apoptotic factor [59], the CD14-NFAT
pathway modulates the life cycle of DCs [60]. This was shown to be particularly
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relevant to restrict the duration of antigen presentation by DCs and to avoid autoim-
mune disease development [60]. Finally, the expression of mPGES-1 induced by the
CD14-NFAT pathway is necessary for the biosynthesis of PGE,. The DC-derived
PGE, is implicated in skin edema formation and in the delivery of free antigens to
draining lymph nodes, thereby regulating the antigen-specific adaptive immune
responses [52].

In AMs, CD14 can favor the activation of the aforementioned P2X7R calcium
channel by LPS. P2X7R contains a cytosolic C-terminal lipid interaction site [61]
that CD14 makes accessible to LPS through the internalization of the ligand and the
physical interaction between LPS-CD14 and P2X7R. Upon LPS recognition via
CD14, P2X7R induces Ca* influx and ATP depletion, which leads to necrosis and
the release of pro-IL-1a. IL-1a in turn stimulates endothelial cell activation allow-
ing neutrophil recruitment and sustains LPS-induced acute lung injury (ALI) [51].

3.2 CDI14-Dependent Recognition of Non-LPS Ligands
and Their Interactors

As discussed in 1.1, CD14 has a large hydrophobic pocket able to accommodate
lipid chains, which, besides LPS, allows CD14 to bind several exogenous and
endogenous fatty acid moieties (Table 1). CD14 also interacts with non-lipidic bio-
molecules such as peptidoglycan and extracellular proteins that undergo co- and
post-translational glycosylation processes, such as amyloid precursor protein and
extracellular matrix components (Table 1). Indeed, it has been proposed that CD14
might function also as a lectin-like protein [123]. Ultimately, CD14 can interplay
with ligands/companion proteins via electrostatic forces [15] (Table 1). A yeast two-
hybrid screening on human liver proteome led to the identification of putative addi-
tional CD14 interactors (such as ARFGAP3, GJB2, IRAK3, POLR2J, PPP3R2, and
TNFRSFI1B, identified by [124]), while affinity capture-mass spectrometry identi-
fied AP3S1, OASL, PHF20L1, ARID2, SVIL, BUB1B, ICAMS, TAF1, ANXA7,
PHF21A, PPP1R12B, HPSS5, BCAS3, and EXO1 as other possible CD14 partners
[125]. The broad binding capacities and the diffused distribution throughout the
body of CD 14 make its importance as a regulator of multiple signal cascades evident.

3.2.1 CD14 Controls Inflammatory Responses Against External Cues
Other than LPS

CD14 participates in other TLR-dependent responses, in addition to those related to
TLR4. Indeed, CD14 participates to the signaling downstream of TLR2, TLR3
(Table 1), and TLRY [126], although the latter has been recently questioned [127].
TLR2 is involved in the recognition of both gram-negative and gram-positive
bacteria, mycoplasma, and yeast. CD 14 works as a co-receptor capturing ligands for
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Table 1 CD14 ligands. POPG: [-palmitoyl-2-oleoyl-phosphatidylglycerol, SI00A9: S100
calcium-binding protein A9, SP-R210: surfactant protein receptor 210, oxPAPC oxidized
1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphocholine, mmLDL minimally oxidized low-
density lipoprotein, oxLDL oxidized low-density lipoprotein, AD Alzheimer’s disease, ALS
amyotrophic lateral sclerosis, F7LD fronto-temporal lobar degeneration, CTE chronic traumatic

encephalopathy
CD14 interactors and
Ligand Source(s) effects References
Exogenous stressors — Microbial products
Lipopolysaccharide (LPS) A Gram-negative HMGBI, LBP, [12, 14, 15, 36,
bacteria TLR4-MD2, endocytosis, |37, 41, 42, 45,
calcium flux, inflammatory | 50, 62-64]
effects
Triacylated lipoproteins | Bacteria TLR2/1, inflammatory [65-68]
effects
Diacylated lipoproteins Bacteria CD36, TLR2/6, [68-71]
inflammatory effects
Peptidoglycan (PGN) Bacteria TLR2, inflammatory [72-74]
effects
Lipoteichoic acid (LTA) Gram-positive TLR2/6, inflammatory [69, 75, 76]
bacteria effects
Curli fibers Enterobacteria TLR2/1, inflammatory [77]
effects
Lipomannan and Mycobacteria TLR2/1, inflammatory [21, 69, 78]
lipoarabinomannan effects
Pertussis toxin Bordetella Cell adhesion, HIV-1 [79, 80]
pertussis infection inhibition
Exogenous stressors — Viral structures
dsRNA, polyinosine- Virus, synthetic Regulation of TLR3- [81]
polycytidylic acid (pIpC) dependent responses,
inflammatory effects
Cytomegalovirus Virus TLR2, inflammatory [82]
effects
Respiratory syncytial Virus TLR4, inflammatory [83]
virus effects
Influenza A virus Virus Inflammatory effects [84]
Hepatitis B virus surface | Virus TLR4, inflammatory [85, 86]
antigen (HBsAg) effects
Prions and vegetable-derived lectins
Prions Chandler and Inflammatory effects [87, 88]
Obihiro strains
ArtinM Artocarpus TLR2, inflammatory [89]
heterophyllus effects
Endogenous stressors
Phosphatidylinositol Host/Bacteria Inhibition of TLR4- [90-92]
dependent effects

(continued)
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CD14 interactors and
Ligand Source(s) effects References
POPG Host (lung Inhibition of TLR4- [92,93]
surfactant)/ dependent effects
Bacteria
oxPAPC Host Endocytosis, context- [94-96]
dependent inflammatory or
anti-inflammatory effects
mmLDL Host TLR4-MD2, cytoskeleton | [97]
remodeling, efferocytosis
inhibition and enhancement
of oxLDL uptake
Apoptotic cells Host Efferocytosis [98-102]
Heat shock family Host TLR4, TLR2, context- [103-106]
proteins (HSP60, HSP70, dependent inflammatory or
HSPAS) anti-inflammatory effects
Transactive response Host (ALS, FTLD, | Microglia activation, [107]
DNA-binding protein-43 | AD and CTE inflammatory effects
(TDP-43) patients)
Amyloid-f Host (neocortex in | TLR4, TLR2, microglia [108-112]
the brain of AD activation, phagocytosis
patients)
Surfactant protein Host (lung) Interactions with LPS [113-116]
(SP)-A/C/D signaling, SP-R210
Lactoferrin Host Anti-inflammatory effects | [117]
aS1-casein Host, milk TLR4-MD2, inflammatory | [118]
effects
Versican Host (extracellular | TLR2/6, inflammatory [119]
matrix) effects, enhances metastatic
growth
Biglycan Host (extracellular | TLR4 or TLR2, [120, 121]
matrix) inflammatory effects
S100A9 Host TLR4, endocytosis and [122]
inflammatory effects

two distinct TLR2 heterocomplexes: (1) CD14 is implicated in the presentation of
triacylated lipoproteins [65-68], lipomannans [21, 69, 78], and curli fibers to TLR2-
TLR1 (TLR2/1) [77]; and (2) CD14, with the help of CD36, facilitates the binding
to diacylated lipoprotein [68—71], lipoteichoic acid [69, 71, 75], and peptidoglycan
to TLR2-TLR6 (TLR2/6) [72-74].

TLR3, an intracellular sensor located in the endosomal compartment, plays a key
role in viral infections, recognizing double strand (ds) RNA. CD14 works as a shut-
tle for extracellular polyinosine-polycytidylic acid (pIpC), inducing its uptake and
the physical interaction with TLR3 in lysosomes, where TLR3 starts the signaling
cascades that yield to cell activation [81]. CD14 also plays an additional role in anti-
viral responses, recognizing lipid and glycosylated moieties of viral membrane
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envelopes and capsids and, thus, leading to the activation of TLR4- and/or TLR2-
dependent responses [82—86].

3.2.2 (CD14 Mediates the Responses to Endogenous Lipidic Stress Signals

CD14 interacts with host-derived moieties (Table 1) that are produced or accumu-
lated during stress conditions, such as tissue damage (associated or not with patho-
genic infections), metabolic disorders, protein aggregation diseases, and neoplastic
processes.

An important example is atherosclerosis, a disease characterized by the deposi-
tion of fatty material, such as low-density lipoprotein (LDL), in the inner walls of
blood vessels. In this context, phagocytes in the intima are responsible for the devel-
opment of a detrimental chronic inflammatory response. CD14 controls several
functions of these cells, regulating the binding to fatty structures and moieties.
Indeed, CD14 controls the activity of minimally modified LDL (mmLDL) [97],
produced by a mild oxidative process in the intima. mmLDL triggers via CD14 a
TLR4-MD2-depedent inflammatory response sustained by SYK and the down-
stream activation of Vav Guanine Nucleotide Exchange Factor 1 (VAV 1), PLCy, and
c-Jun N-terminal kinases (JNKSs). In turn, these pathways induce the production of
reactive oxygen species (ROS), cytokine secretion, and cytoskeleton rearrange-
ments [97, 128-130], thereby supporting pro-inflammatory macrophage activation
and pro-atherogenic activities (Fig. 3).

Efferocytosis is another process that can be regulated by CD 14 [98—102]. During
atherosclerosis progression, the unbalance between dead cell accumulation and
their removal leads to the formation of a necrotic core in the atheroma, which highly
increases the risk of plaque rupture and the formation of thrombi [131]. The
N-terminal domain of CD14 has been shown to mediate the binding of apoptotic
bodies, probably through the interaction with modified lipidic moieties, and to
induce their internalization in macrophages, thus favoring the clearance of dead
cells [102] and participating to the control of the evolution of this pathology (Fig. 3).

Interestingly, both mmLDL and dying cells contain oxidized lipids, such as oxi-
dized phospholipid 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphorylcholine
(oxPAPC), which activates macrophages in CD14-dependent and independent man-
ners [94, 132, 133]. oxPAPC can be internalized by CD14 similarly to LPS (see
2.1.2). Once internalized in a CD14-dependent manner, oxPAPC triggers the activa-
tion of the inflammasome by binding to caspase-11 [94]. In contrast to LPS and
other inflammasome-activating canonical stimuli, oxPAPC induces the cleavage of
IL-1 without inducing pyroptosis [94, 132]. In addition, oxPAPC governs a CD14-
independent metabolic remodeling necessary to produce regulatory metabolites,
such as oxaloacetate, that potentiate the inflammatory response [133] (Fig. 3). In
association with subclinical endotoxemia [134], these two mechanisms sustain and
boost IL-1p production from long-lived macrophages, eliciting a prolonged and det-
rimental hyper-inflammation that sustains atherosclerosis development [133].
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activation modulation

Fig. 3 CD14 controls endogenous lipidic stress signals. During atherosclerosis, fat-containing
material is accumulated in the intima of blood vessels where phagocytes start an inflammatory
response. mmLDL is recognized by the CD14-TLR4-MD2 complex that coordinates SYK-
dependent activities via JNK, PLCy, and VAV activation, inducing cytokine secretion, ROS pro-
duction, and cytoskeleton remodeling. Dying cells are cleared by efferocytosis induced by CD14,
controlling atheroma composition. The accumulation of oxidized lipids, such as oxPAPC, in the
atherosclerotic plaque can trigger CD14-independent and CD14-dependent responses. oxPAPC
modifies the cellular metabolism and induces the accumulation of specific metabolites that boost
IL-1p production. CD14 mediates oxPAPC internalization. oxPAPC in the cytosol binds caspase-
11/4/5, activating inflammasome-dependent functions without inducing pyroptosis

3.2.3 (D14 Mediates the Responses to Endogenous Protein Stress Signals

In addition to host-derived lipidic structures and mirroring its ability to bind a large
variety of exogenous ligands, CD14 also controls the inflammatory responses trig-
gered by specific stress proteins (Table 1). Heat-shock family proteins (HSFPs) are
released in the extracellular milieu as a result of tissue damage or stress conditions
[135]. HSFPs can activate TLR4 and TLR2-depedent responses via CD14 [103—
105]. HSFPs, such as HSPAS (also known as GRP-78), can also trigger TLR4-MD2
internalization via CD14, creating a functional TLR4 deficiency that dampens the
inflammatory response elicited by LPS [106]. CD14 ligands can also be produced
during lung infections: the secretion of surfactant proteins can be enhanced and can
modulate the activity of the complex formed by CDI14-TLR4-MD2 [113-116].
Another source of moieties able to bind CD14 is represented by protein aggregates
found in many neurodegenerative diseases. Transactive response DNA-binding pro-
tein-43 (TDP-43) [136] is present in tissue inclusions of amyotrophic lateral sclero-
sis (ALS), fronto-temporal lobar degeneration (FTLD) [137], Alzheimer’s disease
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(AD) [138], and chronic traumatic encephalopathy [139], and it has been shown that
microglial CD14 is necessary for TDP-43-induced inflammation and neurotoxicity
[107]. CD14 can also interact with amyloid fibers, hallmarks of AD, inducing their
cellular internalization and the triggering of local inflammation via TLR4 or TLR2
[108—112]. Notably, a similar recognition might occur also for prion fibers [87, 88],
suggesting that CD14 indiscriminately recognizes large extracellular protein aggre-
gates. Lastly, CD14 has been shown to participate to the recognition of moieties
associated with tumor growth. Cancer cells can over-produce extracellular matrix
(ECM) proteins or secrete specific proteases that modified the pre-existed ECM,
creating permissive conditions for tumor migration and spreading. In this context,
CD14 on phagocytes can recognize specific ECM elements, such as versican [119],
and activate inflammatory responses that modulate the growth of metastasis and
tumor progression.

4 Concluding Remarks

CD14 is a key player during LPS-induced inflammatory responses, controlling criti-
cal aspects of TLR4 biology and its complementary processes. CD 14 also works as
a versatile “molecular sentinel” that is able to recognize a plethora of tissue stress-
ors and to initiate and/or coordinate both inflammatory (i.e., pro-inflammatory cyto-
kine production) and anti-inflammatory (i.e., clearance of apoptotic cells) responses.
Its wide body distribution and its capacity to control multiple and different ligand-
receptor interactions, both in immune and non-immune cells, make it an important
player in several homeostatic and pathological programs induced by microbial and
host-derived threats. In fact, CD14 has been associated with several diseases, such
as sepsis, autoimmune diseases, metabolic syndrome, atherosclerosis, neurodegen-
erative conditions, and cancer. Therefore, understanding the context-dependent
activity of CD14, in relation to ligands, receptors, cell types and extracellular milieu,
might provide novel insights for the development of new clinical treatments and
might expand our knowledge about the interplay between the immune system and
other body systems.
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Toll-Like Receptor 4 Interactions
with Neisseria

Myron Christodoulides

Abstract Neisseria meningitidis (meningococcus) causes meningitis and sepsis
and Neisseria gonorrhoeae (gonococcus) causes the sexually transmitted disease
gonorrhoea. Both pathogens contain lipooligosaccharide (LOS) in their outer mem-
brane (OM). LOS interacts as a monomer with the MD-2/7oll-like receptor (TLR4)
complex found in eukaryotic cell membranes. Binding recognition triggers signal-
ling pathways that stimulate host innate and inflammatory responses. In this review,
we examine the molecular mechanism of Neisseria LOS interaction with TLR4; the
role of TLR4 in meningococcal and gonococcal infections; whether LOS-antagonists
can be inhibition therapies; and whether Neisseria vaccine-induced immune
responses can exploit TLR4.

Keywords Neisseria - Meningitis - Sepsis - Gonorrhoea - Lipooligosaccharide -
Polymorphisms - Inhibition therapy - Vaccine

1 Introduction

The Gram-negative bacterium Neisseria meningitidis (meningococcus) causes Sys-
temic meningococcal disease (SMD) and the sister organism Neisseria gonorrhoeae
(gonococcus) causes the sexually transmitted disease gonorrhoea. The characteris-
tics of SMD are compartmentalized bacterial growth and inflammation in the blood
(sepsis) and cerebrospinal fluid (CSF meningitis) [1]. Gonorrhoea is an inflamma-
tory response in the genital tract: in men, infection of the urethra causes urethritis
and painful discharge, and in women, localised infection of the ectocervix and
endocervix leads to a mucopurulent cervicitis. However, in approximately 10-25%
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of untreated women, gonococci can ascend into the upper reproductive tract and
initiate pelvic inflammatory disease (PID) [2]. Gonococci can also cause anorectal
and pharyngeal infections, more rarely disseminated infection, and ophthalmia neo-
natorum (conjunctivitis) in neonates. Recognition of Neisseria-associated molecu-
lar patterns (NAMPs) by Toll-like receptors (TLRs), including TLR4, is critical for
host innate and inflammatory defence against these organisms.

2 Mechanism of TLR4 Interaction with Neisseria LOS

The outside layer of the outer membrane (OM) of the Neisseria is composed of
lipooligosaccharide (LOS), proteins and phospholipids (principally phosphatidyl-
ethanolamine and varying amounts of phosphatidylglycerol, cardiolipin and phos-
phatidate) [3], whereas the inner layer is composed of phospholipids and regulatory
proteins for nutrients and metabolic products. LOS is composed of a lipid A con-
taining hydroxy fatty-acid chains and phosphoethanolamine (PEA), a core oligosac-
charide containing two 3-deoxy-D-manno-oct-2-ulosonic acids (KDO) and two
heptose residues, and highly variable short oligosaccharides. LOS is structurally
distinct from the lipopolysaccharide (LPS) of Gram-negative enteric bacilli because
it lacks a repeating polysaccharide O-side chain [4]. Gonococci and meningococci
possess the Igt genes encoding LOS with high genetic diversity [5] and LOS phase
and antigenic variations lead to different chain oligosaccharide and inner core struc-
tures and a classification system of LOS immunotypes (L1-L12 in meningococci).
The terminal lacto-N-neotetraose at the non-reducing end of the LOS oligosaccha-
ride is similar to the mammalian glycosphingolipid paragloboside and this molecu-
lar mimicry is important for evading human immune responses. The
lacto-N-neotetraose also can be modified by sialylation using endogenous sialyl-
transferase enzyme and an appropriate exogenous sialic acid substrate in vivo, or
in vitro, for example, with cytidine 5’-monophospho-N-acetylneuraminic acid.
Sialylation of LOS enables Neisseriae to resist human serum complement and
inhibits both classical and alternative complement pathways [6].

Neisseria LOS interacts sequentially with LPS-binding protein (LBP), CD14,
MD-2 and TLR4 (Fig. 1). The LBP-LOS complex combines with CD14 on the cell
surface and monomeric LOS is transferred. LBP-CD14 can extract OM phospholip-
ids and LOS, but only LOS-CD14 reacts with MD-2 and activates the cells via
TLR4 [7]. The LBP-CD14-dependent extraction and transfer of LOS monomer is
accompanied by increased exposure of lipid A fatty acyl chains, which are then
sequestered when LOS binds to MD-2 [8]. Direct interaction between lipid A in
monomeric LOS with MD-2 activates TLR4, which is followed by TLR4 dimeriza-
tion, arequirement for recruiting signal transduction pathway molecules. Monomeric
MD-2 is the active species for reactivity between CD14 and TLR4 for LOS-induced
activation of TLR4 [9]. There is a correlation between variations in the structure of
lipid A, which can influence the binding affinity of meningococcal LOS for MD-2,
and subsequent TLR4 activation that leads to cytokine production by human
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Fig. 1 Cartoon of Neisseria LOS interactions with TLR4. LOS is present in the OM, in OM
blebs, OM fragments and as free LOS. LPS-binding protein (LBP) binds free LOS and fragmented
OM-LOS preferentially and transfers LOS to membrane-anchored CD14. CD14 transfers single
molecules of LOS to MD-2, which then interacts with membrane-bound TLR4 and induces TLR4
dimerization. This process of dimerization is necessary for signal transduction from the membrane
via TIRAP/MyDS88, which leads to NF-kB activation and cytokine production. In addition, endo-
cytosis of the LOS-MD-2/TLR4 complex triggers TRAM/TRIF signalling pathways to IRF3 and
production of Type 1 IFNy

macrophages [10, 11]. The KDO2 moiety linked to meningococcal lipid A is identi-
fied as the structural unit required for maximal activation of the macrophage TLR4
pathway [10]. Fine structural differences in LOS can influence signalling through
MD-2/TLR4, for example, tetra-, penta- and hexa-acylated LOS structures can form
LOS-MD-2 complexes, but the hexa-acylated forms are the most potent TLR4 ago-
nists [11]. NMR studies show that arrangement of amino acid Phe(126) at the mouth
of the hydrophobic cavity of MD-2 can act as a ‘hydrophobic switch’, which drives
LOS-dependent fatty acyl contacts that are required for TLR4 dimerization and acti-
vation [12].

After binding to TLR4, meningococcal LOS can induce both MyD88-dependent
and MyD88-independent (TRIF-dependent) signalling pathways in human cells
[13]. Interestingly, diverse meningococcal strains show differences in their ability to
activate the TLR4-induced MyD88-independent pathway in Human Embryonic
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Table 1 Recognition of Neisseria molecules by TLR4

Neisseria ligand TLR4 cell expression and host response References
LOS See text for details

Meningococcal hia/hsf Macrophages; IL-6 and C-CSF production dependent | [18]
homologue (NhhA) on TLR4 activation and MyD88, and involved

NF-kB-dependent gene regulation

Product of meningococcal | Bone marrow-derived DC [19]
NMB 1468 (Ag-473)
Meningococcal penicillin- | DC; PBP2 induced nuclear localization of p65 NF-kB | [20]
binding protein 2 (PBP2)

Meningococcal Binds to monocyte HSP90 and forms a transducing [21]
recombinant NadA complex of HSP9O/HSP70/TLR4
(A351-405)

Meningococcal capsule Macrophage recognition via TLR2- and TLR4-MD-2 | [22]
polysaccharide (CPS) pathways

Meningococcal heat shock | Signalling in murine splenocytes via TLR4 and TLR2 | [23]
proteins (HSPs)

Kidney (HEK)293-TLR4-MD?2 transfected cells, but not the MyD88-dependent
pathway [14]. LOS from different meningococci and gonococci have different
potencies to activate NF-kB via MD-2/TLR4, and higher cytokine production was
induced in human cells treated in vitro with the LOS molecule expressing the most
phosphoryl substitutions on its lipid A [15]. The lipid A phosphoryl moieties from
both pathogens activate both the MyD88-dependent and TRIF-dependent pathways
through NF-kB and IRF3 transcription factors, respectively (Fig. 1) [15]. Neisseria
LOS-induced signalling probably occurs via MyD88 from the plasma membrane
and/or the TRIF-dependent pathway via endosomal compartmentalization of the
LOS-TLR4-MD2 complex [16]. Human dendritic cells (DC) contained TLR4 in
close association with the Golgi complex, and co-localisation with a-tubulin micro-
tubules suggested that microtubules act as transport pathways for TLR vesicles [17].
Activation of TLR4 by non-LOS Pathogen Associated Molecular Patterns (PAMPs)
has also been reported (Table 1), although the possible presence of minor contaminat-
ing LOS/LPS in the preparations must temper these interpretations. It is worth noting,
nevertheless, the hypothesis that a NadA transducing signal was necessary for the
immuno-stimulating activity of NadA present in the Bexsero meningitis vaccine.

3 TLR4 in Neisseria meningitidis Infection

LOS is the main toxic component that triggers sepsis and meningitis and recogni-
tion of LOS by the TLR4 complex leads to compartmentalised pro-inflammatory
cytokine/chemokine responses [24]. During sepsis, CD14 is required for low to
medium concentrations of LOS to activate the TLR4/MD-2 complex, whereas the
complex can be activated directly without CD14 by high LOS concentrations [25].
Meningococci activate vessel endothelial cells, monocytes and polymorphonuclear
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leucocytes (PMNL) in the blood, and activate the leptomeninges, vessel endothelial
cells, sentinel macrophages and infiltrating PMNLSs in the CSF, leading to the pro-
duction of TNFa, IL-1p, IL-6 and IL-8 in both compartments [1, 26]. Experiments
using antibody-mediated blockage of the CD14-TLR4 receptor complex [27-31]
and siRNA-mediated TLR4 silencing [32] demonstrate the essential role of TLR4 in
LOS recognition.

LPS activation of murine TLR4 induces up-regulation of Class A SR MARCO
(macrophage receptor with a collagenous structure) and SR-A (scavenger receptor
A), which may regulate TLR-mediated immune responses and be important during
the early stages of infection. However, these receptors are not important for survival
of mice infected with meningococci but do contribute to meningococcal capture and
clearance [33]. The pro-inflammatory phase in SMD is followed by an anti-
inflammatory phase, and the characteristic presence of IL-10 in sepsis patients
increases the expression of #/r4-associated genes, including those for md-2 and
soluble (s)cd14 [34]. Over-expression of sCD14, in particular, could reduce LOS
lethality by sequestering LOS in the circulation and preventing TLR4/MD-2 inter-
actions [34]. Mammals can potentially also regulate innate immune responses to
bacterial infection by chemical modification of LOS, for example, through the host
enzyme acyloxyacyl hydrolase, which deacylates LOS [35], or via CD200 ligand
induction by the LOS-TLR4-mediated MyD88 signalling pathway [36]. Conversely,
some meningococcal disease isolates have natural inactivating mutations in the
IpxL1 gene, and lipid A mutants show reduced virulence in humans [37]. The muta-
tions generate lipid A structures that are less efficient in activating TLR4 and pro-
vide the organisms with a mechanism to escape innate immune system
recognition [37].

3.1 Influence of TLR4 Functional Polymorphisms on SMD

Human gene polymorphisms that affect TLR4 expression and function might influ-
ence susceptibility to Gram-negative bacterial infection and the severity of diseases
such as sepsis. The earliest investigation of this hypothesis showed that the single
nucleotide polymorphism (SNP) Asp299Gly in the human t/r4 gene that caused
reduced expression and function of TLR4 did not influence susceptibility to, or
severity of, SMD [38]. A study of serogroup A meningitis in Gambian children also
reported no association between the TLR4 SNPs Asp299Gly (rs4986790) and
Thr3991le (rs4986791) and meningitis [39]. There was no association between both
these TLR4 SNPs and susceptibility to meningitis in a small study of children with
meningococcal meningitis and their uninfected family members [40]. In addition,
there was no significant influence of both TLR4 Asp299Gly and CD14 C-159T
SNPs on the risk of developing invasive meningococcal disease in a cohort of sur-
viving patients [41]. More recently, a prospective descriptive study of TLR2/TLR4/
CD14 polymorphisms and predisposition to infection by meningococci and pneu-
mococci found that the TLR2 p.753Q allele and the CD14 ¢.-159T (C > T) allele,
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but not the TLR4 p.D299G allele, were more frequent in children with invasive
disease than in the control group [42]. In vitro, monocytes from individuals hetero-
zygous for the TLR4 gene mutations Asp299Gly and Thr399Ile also showed no
deficit in recognising LPS/LOS [43]. However, there was evidence for a protective
role in invasive bacterial disease, including meningococcal infections, for TLR4
1s2149356 G/T [44]. Overall, these studies suggest that rare TLR4 variants are not
major determinants of meningococcal disease, although larger cohort studies may
be warranted.

3.2 TLR4-LOS Inhibition Therapies

The literature on targeting TLR4 with LOS-antagonists as adjunctive treatments for
Neisseria-induced inflammatory responses is sparse (Table 2). Only the LPS-
antagonists Eritoran (E5554) and bactericidal/permeability increasing (BPI) protein
have entered large clinical trials and neither showed any significant impact on sepsis
mortality rates [46, 47] (Table 2). However, it is important to stress that during
SMD, innate recognition of non-LOS modulins independent of TLR4/MD-2 inter-
actions and signalling also drive inflammatory responses. This is amply demon-
strated in several studies in vitro using, for example, human and mouse monocytes/
macrophages, granulocytes and DC [51-53] and human leptomeningeal cells [54].
Thus, considered attempts to inhibit TLR4 activation alone to reduce inflammation
may be of limited value.

4 TLR4 in Neisseria gonorrhoeae Infection

There are cursory studies on the role of TLR4 in gonorrhoea. Mucosal epithelial
cells isolated from the normal human vagina, ectocervix and endocervix do not
express TLR4 and MD-2 mRNA, which explains their unresponsiveness to protein-
free LOS preparations from gonococci [55, 56]. However, lower reproductive tract
epithelial cells do respond to whole bacteria and bacterial lysates, demonstrating
that other PAMPS and non-LOS pathogen recognition receptors (PRRs) are involved
in the host innate immune response [57]. In addition, TLR4 expression on residen-
tial and infiltrating immune cells found in whole organism models probably contrib-
utes to recognition of gonococcal LOS during infection.

Several lines of evidence suggest a protective role for TLR4 during gonococcal
infection. TLR4 activation may be indirectly involved in gonococcal adherence to
host cells: LOS-containing OM blebs induced TLR4-dependent activation of NF-xB
in cultured human umbilical vein endothelial cells, which in turn upregulated the
expression of the CEACAMI receptor to enable Opa-mediated gonococcal adher-
ence [58]. Activation of CEACAM3 receptor on neutrophils by Opa binding leads
to gonococcal engulfment as well as cytokine production in cooperation with other
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Table 2 TLR4-LOS inhibition therapies

Drug Mechanism of action References
Steroid dexamethasone Inhibits meningococcal LOS-induced TLR [45]
signalling by interfering with MyD88-dependent
signal transduction
Eritoran (E5554) Synthetic lipid A antagonist that blocks LPS [46]
binding at MD2-TLR4
Bactericidal/permeability Inhibits transfer of LPS to CD14 and hence [47]
increasing (BPI) protein TLR4-mediated cell activation. Produces
aggregates of meningococcal LOS-BPI that cells
can take up independently of the CD14 and TLR4
machinery, without inducing inflammatory
responses and directing the LOS for clearance
Meningococcal lipid A Inhibits TLR4-dependent cytokine production [48]
mutant LOS molecules IpxL1
(penta-acylated) and 1pxL2
(tetra-acylated)
Cyp, a selective TLR4-MD-2 | Competitively inhibits LOS interactions with TLR4 | [49]
antagonist derived from the | and reduces NF-xB activation. Inhibits cytokine
cyanobacterium Oscillatoria | production from a human whole blood model
planktothrix FP1 treated with pure meningococcal LOS and OMYV,
and infected with live bacteria
Rhodobacter sphaeroides Blocks TLR4 [27]
diphosphoryl lipid A
(RsDPLA)
Synthetic amphiphilic Inhibit LPS-induced TLR4 activation on TLR4- [50]
glycolipids containing a transfected HEK cells in vitro and LPS-induced
positively charged amino septic shock in mice. These compounds inhibit
group or an ammonium salt | TLR4 activation by meningococcal LOS by
and two lipophilic chains competitively occupying CD14 and reducing the
level of delivery of activating LOS to the MD2-
TLR4 complex

PRRs. Notably, CEACAM3-dependent signals integrated with the PRR network via
its engagement of Maltl and Bcl10 molecules. In particular, Bcll0 acts as a media-
tor and contributes to the synergistic amplification of CEACAM3 and TLR4 sig-
nals, leading to cytokine production [59]. Regulating the magnitude of the innate
immune response during gonococcal infection to avoid excessive inflammation is
also important and probably involves the contribution of miRNA expression.
Activation of TLR4 by LOS induced the expression of the anti-inflammatory
microRNA miR-178 in macrophages in vitro [60]. Decreased miRNA-178 expres-
sion was associated with increased gonococcal burden during infection, and
miRNA718 controls both TLR4 and inflammatory cytokine signalling via a
negative-feedback regulation loop that down-regulates TLR4, IRAK1 and NF-«xB.
Further evidence for a protective role for TLR4 in gonorrhoea comes from one
study in which female mice carrying the Lps(d) mutation in TLR4, which renders
them unresponsive to endotoxin, were inoculated intravaginally with N. gonor-
rhoeae [61]. There was no difference in the duration of gonococcal colonization, but
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Lps(d) mice had a significantly higher burden of gonococci, which was coincident
with a large PMNL influx and upregulation of TNFa, IL-1p, MIP-2 and KC inflam-
matory cytokines. Infected Lps(d) mice showed a decrease in IL-17, which suggests
that Th17 responses may be more dependent on TLR4 signalling in vivo.
Furthermore, Lps(d) mice showed defective PMNL-mediated and complement-
independent serum killing of gonococci [61].

Gonococcal LOS modification(s) influences TLR4 activation. PEA decoration of
LOS lipid A is a mechanism whereby gonococci increase their resistance to
complement-mediated bacteriolysis and the effects of cationic antimicrobial pep-
tides (CAMPs). PEA modification enhanced both MyD88- and TRIF-dependent
TLR4 signalling pathways in vitro [15] and correspondingly, pure LOS with PEA-
deficient lipid A induced lower levels of NF-kB in human TLR4-HEK cells than
wild-type LOS [62]. Host-derived CAMPS such as cathelicidin also reduced further
the capacity of PEA-deficient LOS to interact with TLR4 [62]. An aspect of
Neisseria LOS interactions with human cells is the phenomenon of tolerance.
Treatment of monocyte cells with pathogenic Neisseria and pure LOS, after a previ-
ous exposure, induces tolerance, manifested by reduced TNFa and IL-1f cytokine
expression [63]. Significantly, the modified LOS molecules that varied in their
potential to activate TLR4 [15] also had variable ability to induce tolerance, and
microRNA-146a regulated this response [63].

There is compelling clinical and epidemiological evidence of a positive correla-
tion between N. gonorrhoeae infection and HIV infection and transmission.
However, TLR4 agonists such as gonococci did not enhance HIV-1 infection of
primary resting CD4(+) T cells after viral entry, with enhancement of viral infection
dependent instead on TLR2 activation [64]. Gonococci release heptose monophos-
phate that activates CD4+ T lymphocytes and induces a NF-kB-dependent tran-
scriptional response that drives HIV-1 expression and virus production. However,
this is not via TLR4, as mutation in the gonococcal ADP-heptose biosynthesis gene
hldA, which produces a truncated LOS that is still bioactive in a TLR4 reporter-
based assay, generated a gonococcal mutant that did not induce HIV-1 expression in
CD4+ T lymphocytes [65]. Co-infection of plasmacytoid DC with HIV-1 and gono-
cocci inhibited viral replication, but via TLR9-dependent Interferon alpha produc-
tion [66]. However, recent studies show that complete IFN induction by gonococcal
infection of human and murine cells in vitro depends on both TLR4 and the binding
of double-stranded bacterial DNA with cytosolic enzyme cyclic-guanosine mono-
phosphate—adenosine monophosphate (GMP-AMP) synthase (cGAS). This pro-
duces 2'3’-cGAMP and triggers STING/TBK-1/IRF3 activation, resulting in type I
IFN expression [67].
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S Exploiting TLR4 in Neisseria Vaccine-Induced
Immune Responses

OM Vesicle (OMV) vaccines have successfully controlled clonal outbreaks of sero-
group B meningococcal disease [68] and their preparation involves treatment with
the detergent sodium deoxycholate (NaDOC) to reduce LOS content and vaccine
reactogenicity. TLR4 activation contributes to OMV vaccine immunogenicity [69]
probably via recognition of residual LOS. However, NaDOC extraction impacts the
OMYV proteome, so alternative genetic modification strategies have been developed
to detoxify LOS, especially the lipid A moiety, or eliminate it entirely. For example,
inactivating the IpxA gene produces LOS-deficient meningococci [70], but this
impacts the immunogenicity of major OM proteins, due to the absence of inherent
LOS adjuvanticity. Mutations, for example, in the IpxLI gene, produce penta-
acylated lipid A that has reduced endotoxicity, compared with the wild-type hexa-
acylated lipid A, but this strategy also results in a loss of inherent adjuvanticity, as
the penta-acylated variety is a poor activator of human MD-2/TLR4 [71, 72].
Unglycosylated meningococcal lipid A may be a candidate adjuvant since it is a
weak agonist for MD-2/TLR4 in human macrophages [73]. LOS endotoxicity can
be modulated by combinatorial bio-engineering to produce LOS-derivatives with
broad ranges of TLR4 activation that can be exploited as vaccine adjuvants [74]. In
a different strategy, the addition of TLR4 agonists such as non-toxic monophospho-
ryl lipid A and a mutant penta-acylated [pxLI LOS increased total IgG antibody
against LOS-deficient OMV and induced higher serum bactericidal titres compared
to the LOS-depleted OMV alone [75]. Conversely, formulation in liposomes con-
taining recombinant transferrin-binding protein B reduces the reactogenicity of
native meningococcal LOS and increases LOS immunogenicity [76].

6 Conclusions

Inflammatory responses to Neisseria infections are complex and TLR4 is essential
for innate immune recognition of LOS. TLR4 plays a role for early containment of
infection, although regulation of the TLR4 receptor complex, its signalling path-
ways and host defence is unclear. Understanding how to regulate NAMP recogni-
tion that promotes Neisseria clearance, without inducing overwhelming
inflammatory responses that are detrimental to the host, could lead to the develop-
ment of new adjunctive therapies for use during infections.
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Toll-Like Receptor 4 Activation
by Damage-Associated Molecular Patterns
(DAMPs)

Monica Molteni and Carlo Rossetti

Abstract Mammalian toll-like receptors (TLRs) act as key sensors of pathogen-
associated molecular patterns (PAMP), such as bacterial lipopolysaccharides (LPS),
lipopeptides, and flagellin, which are molecular structures present in microbial cells
but not in host cells. It was therefore considered that the TLRs play a central role in
the discrimination between “self” and “non-self.”” However, since the discovery of
their microbial ligands, many studies have shown that molecules derived from the
host can act as TLR4 agonists. These endogenous TLR4 ligands tend to fall into the
categories of released intracellular proteins, extracellular matrix (ECM) compo-
nents, oxidatively modified lipids, and other soluble mediators. This review sum-
marizes the evidence supporting the intrinsic capacity of TLR4 stimulation in some
of these proposed endogenous ligands and discuss their mechanism of action, often
different from direct TLR4/MD-2 binding and canonical agonism.

Keywords TLR4 activation - NF-kB - Innate immunity - Stem cells - Tissue
regeneration

1 Introduction

Toll-like receptors (TLRs) are receptors capable of detecting minute amounts of
molecules released from microbial cells such as lipopolysaccharides (LPS), lipo-
peptides, and flagellin, and these molecules are generically called pathogen-
associated molecular patterns (PAMPs). For this reason, TLRs have been considered
to accomplish the exclusive task of recognizing exogenous molecules and to be
involved in the first step of innate immune response activation by pathogens.
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However, the observation that nonmicrobial ligands, linked to tissue and cellular
damage, can activate TLRs led to the conclusion that even molecules originated
from the host can activate innate immunity. These endogenous TLR activators are
generally called Damage-Associated Molecular Patterns (DAMPs), suggesting that
the main function of innate immune activation by TLRs is not only to distinguish
the self from the nonself, but also to contrast the damage [1-6].

The TLR that recognizes gram-negative bacteria LPS is TLR4, and it is expressed
in the cell membranes of circulating cells belonging to the immune system and of
some cells situated in peripheral tissues [7—12]. TLR4 activation by bacterial endo-
toxin (LPS and lipooligosaccharide (LOS)) occurs by the cooperation of TLR4 and
other extracellular LPS-binding proteins (CD14, MD-2) and leads to the induction
of an intracellular signaling cascade, regardless of both PAMP and DAMP mole-
cules, resulting in an activation of transcriptional factors, including NF-xB [51].

NF-«xB is one of the main transcriptional factors in the activation of genes
involved in innate immune triggering and coding for pro-inflammatory cytokines
[26, 32]. Host necrotic cells as well can act as strong activators of NF-kB inducing
a strong pro-inflammatory response [13, 14]. Conversely, apoptotic cells do not
induce the expression of pro-inflammatory cytokines because they are not able to
significantly activate NF-kB. Downstream pathophysiological effects due to NF-xB
activation induced by necrotic cellular death encompass: activation of genes coding
for pro-inflammatory cytokines and of genes involved in the process of repairing
and remodeling of tissues, transmission of the distress signal to neighboring cells,
activation of inflammatory process and innate immune cells to resolve the damage,
activation of cellular networks to instruct adaptive immunity and establish immuno-
logical memory, and the management of the reparation and the recovery of tissues,
based on the interaction between different DAMPs.

While the activation of NK-«xB is common for resident tissue cells and profes-
sional immune cells, the main difference caused by the activation of TLR4 seems to
be that in immune cells TLR4 triggering is needed to activate the complex immune
response against antigens. On the other hand, TLR4 triggering on resident tissue
cells is primarily needed for the local recruitment of specialized immune cells and
cells that have a key role in tissue recovery (polymorphonuclear phagocytes, mono-
cyte/macrophages, fibrocytes, and tissue stem cells).

TLR4 is expressed also on several subsets of stem/progenitor cells (SCs). In
these cells, the role of TLR4 is related to the regulation of the basal motility, prolif-
eration, differentiation processes, self-renewal, and immunomodulation [25].
Increasing the knowledge about the involvement of TLRs in the response of SCs to
specific tissue damage and in the reparative processes could be decisive for the
development of new therapeutic strategies in the tissue recovery.

Besides their beneficial role in the response to tissue damage, DAMPs can con-
tribute to the pathogenesis of different inflammatory and autoimmune diseases,
which are characterized by an aberrant TLR activation [26]. Indeed, it is more likely
that DAMPs could work as the amplifiers of these pathologies, rather than being the
cause of them. DAMPs are not only released by dead cells, but can be secreted by
living cells that are subjected to stress. DAMPs are directly connected to
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inflammation and related disorders: In fact, the inhibition of immune responses
mediated by DAMPs is a promising strategy to improve the clinical management of
inflammatory diseases caused by infections and wounds. However, it is important to
keep in mind that DAMPs are not only distress signals, but also play a main role in
tissues repairing. Some DAMPs have been studied for their role in the healing pro-
cess of tissues after sterile inflammation or infectious inflammatory response
[15-23].

2 Damage-Associated Molecular Patterns (DAMPs)

In recent years, several molecules released by tissue and cellular damage have been
identified as agonists of TLR4. Some of these molecules are situated inside of the
cells that are normally not accessible from immune system, but are released outside
as a consequence of cells death and the breaking of plasma membrane. Some other
molecules are linked to the damage of extracellular matrix, and are in the majority
of cases low-molecular-weight fragments derived from extracellular matrix mole-
cules released after tissue damage.

One of the first reports describing the involvement of TLR4 and DAMPs was
published in 2000. According to this paper, heat shock protein 60 (HSP60) is able
to induce the production of pro-inflammatory cytokines through the activation of
TLR4 [12].

From then, endogenous ligands able to activate TLR4 intracellular signaling
have increased and include molecules belonging to HSP family [12, 15-19, 26-28,
39], Gp96 (heat shock protein 90 kDa beta family of calcium-binding cytosolic
proteins) [12, 16, 38], high-mobility group box 1 (HMGBI1) [3, 30, 33], and S100
calcium-binding protein (a family of calcium-binding cytosolic proteins) [46—48],
representing intracellular DAMPs. As tissue DAMPs, oligosaccharides [36], bigly-
cans [52, 53], and tenascin C [54, 55] of hyaluronic acid have been demonstrated to
activate TLR4.

Given the heterogeneity of DAMPs molecules and the fact that some other acces-
sory molecules take part in this process to make the receptor work, it is not possible
to speculate only on a direct action mediated by agonist activity on TLR4. At least
three other possible mechanisms have been supposed, other than TLR direct
agonism:

1. An action mediated by other receptors with other intracellular pathways that can
modulate the “intracellular signaling” of TLRs and in particular of TLR4.

2. An effect of implementation in the presentation of PAMPs by DAMPs (chaperon
effect), molecule-molecule interaction.

3. An action on co-signaling accessory molecules, in particular CD14.
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3 Heat Shock Proteins (HSPs)

HSPs are involved in the interaction between innate and adaptive immune system
and mainly mediate immune regulatory functions. HSPs represent a combination of
evolutionarily conserved proteins, molecular chaperones, which bind to some other
proteins in a nonnative form and help them to reach the functional conformation.
They have been described also as molecular shuttles of antigens, especially in tumor
cells [17-19, 22, 24, 26].

The mechanism of action seems to be linked to a close connection established
between HSPs and PAMPs; further studies have demonstrated that HSP60 can bind
with high affinity to LPS in a saturable way and strengthen its biological activity
with a synergistic effect [26].

Recent remarks show that endogenous distress signals and microbial products
can cooperate in the induction of innate immunity directly working both on the
presentation of molecules, and on the activation of other receptors that cooperate
with TLR4 to activate intracellular signaling pathways [27].

Interactions between DAMPs and PAMPs and their receptors, which are tempo-
rary and spatially overlapped, may be the molecular basis for the observation that
infections, just like nonspecific triggers, could be at the basis of rheumatic diseases.
It has been suggested that the synergy between HSPs and PAMPs could be respon-
sible for high and premature immune responses during infections [28, 29, 40,
42, 44].

4 Gp96

Gp96 is a type of HSP with different functions as DAMP: one inside the cell as a
chaperone of TLR4 intracellular signaling, and one outside the cell as a chaperone
both of TLR2 and TLR4. The extracellular interaction seems to involve the
N-terminal domains [12, 16, 23, 45].

Experiments using Gp96 or its N-terminal domain, nominally lacking endotox-
ins (<0,5 enzymatic units/mg), showed cellular innate immune activation only at
high concentrations (> 50 pg/ml). However, the preincubation of dendritic cells
with low amounts of Gp96, at a concentration that makes it unable to activate den-
dritic cells, can induce higher levels of pro-inflammatory cytokines and activation
markers after PAMPs incubation compared to dendritic cells stimulated with PAMPs
alone, inducing also the activation of T-cells. These results provide new significant
information about the mechanism of action HSPs in dendritic cells, showing an
important effect of HSPs as amplifiers of the danger signals originated from exog-
enous bacteria and as activators of adaptive immune responses [41].
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S HMGBI1

High-mobility group box 1 (HMGBI1) is a non-histone nuclear protein that acts as
an alarmin, inducing a proinflammatory response, and has been found to be involved
in the pathogenesis of inflammatory and autoimmune diseases. It has been demon-
strated that during cell activation and cell death, HMGBI1 can translocate from the
nucleus to the cytoplasm and finally be released in the extracellular environment.
HMGBI1 binds TLR4, and this interaction has been found to be necessary for cyto-
kine induction; TLR4-deficient macrophages do not release proinflammatory cyto-
kines in response to HMGBI1. Activity of HMGBI1 is dependent on the redox state
of its cysteine residues. In fact, the recruitment of inflammatory cells via TLR4 has
been demonstrated to be mediated by the reduced form of CyS106 in HMGBI. It
has been hypothesized that modification of HMGB1 redox state might contribute to
the different immune response observed in the presence of necrotic or apoptotic
cells. Necrotic cells release the reduced form of HMGB1 and can activate inflam-
mation, whereas apoptotic cells release HMGB1 with Cys106 in an oxidized state,
so they are unable to stimulate TLR4 and, therefore, they cannot induce a pro-
inflammatory response [3, 30]. In addition to the role of a thiol group at Cys106,
TLR4 stimulation by HMGBI1 also needs a concomitant disulfide Cys23—-Cys45
linkage.

Independently of its intrinsic cytokine-inducing ability, HMGB1 can promote
inflammation by forming immunostimulatory complexes with other mediators, such
as IL-1, lipopolysaccharides, and DNA. These complexes have been identified by
means of immunoprecipitation and co-stimulation assays. It has been shown that
complexes can dramatically enhance cell responses when compared with induction
by the ligand alone. However, some evidence suggests that HMGB l—partner mole-
cule complexes signal through the receptor of the partner molecule, even though the
mechanism is not clear. Limited information is available about the nature of the
structures formed, and the kinetics of complex formation. Some studies have shown
thatin vitro interaction of HMGB 1 with lipopolysaccharide is time and concentration-
dependent and can occur over many hours. These findings also suggest that confor-
mational changes in the partner molecules are required for a stable interaction.

In addition to effects on immune cells, HMGB1 can modulate the activities of
other cells, including hematopoietic, epithelial, and neuronal cells and mediate sys-
temic effects such as fever, anorexia, and acute-phase responses. These diverse
activities reflect its function as an alarmin and depends on the ability of HMGBI to
engage several receptors including TLR2, TLR4, TLR9, receptor for advanced gly-
cation end products (RAGE), and CD24 [3, 30, 31, 33, 34]. In particular, RAGE was
the first demonstrated HMGB 1-binding partner [32]. RAGE is a transmembrane,
multiligand member of the immunoglobulin superfamily. As shown in vitro,
HMGBI signaling through RAGE mediates: chemotaxis, proliferation and differen-
tiation of immune and nonimmune cells, and upregulation of cell-surface receptors,
among which are TLR4 and RAGE.
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6 S100 Calcium Binding Proteins (Family
of Calcium-Binding Cytosolic Proteins)

S100 cytoplasmic proteins belong to the family of cytosolic proteins that bind cal-
cium, are produced by myeloid cells, and are promising markers of inflammation.
S100A8/A9 and S100A12 are released by monocytes and granulocytes during the
activation of innate immune system. Tissue and serum concentrations of S100 pro-
teins are linked to the activity of diseases, both during local inflammation and sys-
temic inflammation. It has been found that in diseases, such as familial Mediterranean
fever (FMF) and systemic juvenile idiopathic arthritis (sJIA), there is a hypersecre-
tion of S100 proteins [46]. Extracellular S100 proteins, working as distress signals,
are crucial in the regulation of immune homeostasis also in posttraumatic injuries,
through the interaction with TLR4 [48]. The dimer seems to be able to bind to
TLR4-MD?2 complex through the c-terminal domain, leading to its activation.
Recently, it has been outlined that, in an animal model of renal ischemia/reperfusion
(I/R), ST00A8/A9 do not contribute to the acute injury induced by I/R [46]. However,
using SIO0A9 KO mice, an improvement in renal dysfunction, in the extent of the
damage and reduction of fibrosis and inflammation, phenomena all associated with
an advanced polarization of subtype M2 macrophages, has been observed [49].

7 Hyaluronic Acid (HA)

HA is a main constituent of the extracellular matrix and has a main role in the pro-
cess of tissue renewal. As constituent of the extracellular matrix, it is deemed to be
involved in maintaining tissues hydrated, distributing and transporting plasmatic
proteins, and in maintaining the matrix structure undamaged. It has been demon-
strated that it can control inflammation, cellular migration, and angiogenesis, which
have specific roles in the main phases of wound healing, through specific receptors.

HA is a linear polysaccharide with high molecular weight (~ 800 KDa), made of
repeating disaccharide units of $1-3 linked D-glucuronic acid (GlcA), and residues
of f1-3 linked N-acetyl-D-glucosamine (GlcNAc) (4GIcAP1 -3GIcNAc1p).

Some papers have outlined that most of the properties of HA depend on its
molecular weight [37, 50]. A high molecular weight of HA features anti-
inflammatory and immunosuppressive properties, while HA at a low molecular
weight shows a pro-inflammatory activity. Recent studies have demonstrated that
fragments of HA can be used as an endogenous trigger of TLR4 signaling, and can
induce innate immunity, promoting the production of cytokines from different cel-
lular types. Fragments of HA are produced during inflammation or injury through
the activity of oxygen’s radicals or through enzymatic activity by hyaluronidases,
B-glucuronidases, and hexosaminidases.

It is been shown that CD44, a HA receptor, is involved in the release of pro-
inflammatory cytokines and is induced by HA to form a TLR4-CD44 complex [36].
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8 Biglycans

Biglycans are small proteoglycans rich in leucine, present in different extracellular
matrixes such as bones, cartilage, tendons, etc. However, their biological role is not
clear yet.

It has proved that biglycans work in macrophages as an endogenous ligand of
TLR4, leading to a rapid activation of p38, ERK, and NF-kB [35, 43, 52].

Recently, several authors have observed that biglycans work as an extracellular
distress signal derived from the matrix in its soluble form. It can act as a ligand with
high affinity for TLR4 co-receptors, particularly CD14 and CD44, providing a fur-
ther complexity level in the regulation of TLR4 activation. The specific interaction
of biglycans with CD14 is important for TLR4 triggering, while by binding with
CD44 it induces autophagy [53].

Biglycans, and maybe some other soluble proteoglycans, may work as molecular
switches that could either propagate the inflammation signal improving the interac-
tion CD14-LPS or promote the resolution of the inflammatory process, activating
the autophagy. These new functions can have important consequences in the regula-
tion of different inflammatory diseases and could provide the basis for the develop-
ment of new therapeutic approaches.

9 Tenascin-C

Tenascin-C is a glycoprotein of the extracellular matrix involved in inflammation
and tissue damage, mainly in rheumatoid arthritis. Mice that do not express tenas-
cin-C show a rapid resolution of acute articular inflammation and are protected by
erosive arthritis [54]. Intra-articular injection of tenascin-C promotes inflammation
in vivo and the incubation of synovial cells from patients with rheumatoid arthritis
with exogenous tenascin-C induces the secretion of pro-inflammatory cytokines
[55]. Furthermore, in human macrophages and fibroblasts isolated from synovium
of patients with rheumatoid arthritis, tenascin-C induces the synthesis of pro-
inflammatory cytokines through the activation of TLR4, thus suggesting tenascin-C
as a new endogenous activator of TLR4-mediated innate immune response, control-
ling synovial persistent inflammation and tissue joint destruction. Moreover, other
authors have provided data that show how tenascin-C, after cellular stimulation with
LPS, sustains the synthesis of TNF-a controlling the expression of miR-155 [55, 56].
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Table 1 List of some TLR4 DAMPs

Origin DAMPs Receptors
Intracellular compartment

Nuclear Histones TLR2, TLR4,
HMGBI1 TLR2, TLR4, RAGE
Defensins TLR4
Granulysin TLR4

Extracellular compartment
Biglycans NLRP3, TLR4, TLR2
LMW Hyaluronan TLR2, TLR4, NLRP3
Fibronectin (EDA domain) TLR4
Fibronogen TLR4
Tenascin C TLR4
S100 proteins TLR2, TLR4, RAGE

10 Conclusion

It is clear that the role of TLR4 cannot be seen only as an important receptor in the
activation of innate immune response due to pathogens but can also be seen as a
receptor activated by host cell and tissue damage. The most recent observations
show that stem cells express TLR4; this indicates a more complex role of this recep-
tor in the mechanisms of tissue recovery after damage. It is also important to high-
light that the activity of DAMPS may not be due to a direct agonist action on the
receptor but rather they act as a co-stimulatory signal on TLR4. This observation
could explain the involvement of TLR4 in some autoimmune diseases characterized
by tissue destruction, such as rheumatoid arthritis (Table 1).
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TLR4 in Neurodegenerative Diseases:
Alzheimer’s and Parkinson’s Diseases

Claudia Balducci and Gianluigi Forloni

Abstract A role of inflammation in the pathogenesis of neurodegenerative disor-
ders is commonly accepted. The excess of inflammatory factors production signifi-
cantly contributes to neuronal dysfunction transforming the original protective
function of glial cells in detrimental activities. This general mechanism is differ-
ently activated in each single disorder, and specific elements, biological pathways,
and timing are combined to affect neuronal vulnerability. The delucidation of the
sequence of events at the molecular level might indicate appropriate pharmacologi-
cal tools to control inflammation with a potential therapeutic meaning. In this chap-
ter, we analyze the role of toll-like receptor 4 (TLR4) as mediator of inflammatory
response in Alzheimer’s disease (AD) and Parkinson’s disease (PD). In both patho-
logical conditions the activation of TLR4 has been associated either to harmful or
beneficial effects although the data supporting the negative consequence are prevail-
ing. Numerous in vitro and in vivo studies indicate directly or indirectly interaction
between the activation of TLR4 and the presence of 3-amyloid. Accordingly, in our
hands, the memory damage and inflammatory effects obtained by intraventricular
application of f-amyloid oligomers were antagonized by TLR4 inhibitor and com-
pletely abolished in TLR4-knockout mice. Genetic studies associate missense
mutation that attenuates the TLR4 signaling with a reduction of risk to develop
AD. The beneficial effects of TLR4 in PD was shown in an experimental model
where its ablation hampered the ability of microglia to phagocytize a-synuclein
in vitro. In several other experimental conditions, the activation of TLR4 exacer-
bated the pathological outcomes, and the inhibition attenuated them. In contrast
with the data obtained with p amyloid oligomers, the intraventricular application of
a-synuclein oligomers was not influenced by TLR4 inhibition or ablation. A possi-
ble role of TLR4 has been proposed in the relationship between gut microbiota
dysbiosis and increased risk of developing PD. In conclusion, the modulation of
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TLR4 is an interesting pharmacological target for both AD and PD and some data
in these senses has been already shown; however, the relevance of physiological
role of TLR4 must be carefully considered for any clinical application.

Keywords Neuroinflammation - Glial cells - Animal models of neurodegenerative
diseases

1 Alzheimer’s and Parkinson’s Diseases

Alzheimer’s and Parkinson’s diseases (AD, PD) are the two most common neurode-
generative disorders affecting millions of people worldwide. AD and PD exist either
in the familial form (5-10% of the cases), with a genetic origin, or in a sporadic one,
which accounts for 90% of the cases. At neuropathological level, the two forms are
indistinguishable, which suggests that common mechanisms are shared [1-3].

In terms of clinical symptoms, AD is mainly characterized by the presence of
cognitive alterations such as loss of memory, attentional deficits, inability to execute
daily live actions, disorientation, speech defects, etc. Neuronal loss occurs mainly
in the cortical and hippocampal brain areas [4]. In PD, motor alterations are the
primary symptoms including rigidity, asymmetric resting tremor, cogwheel rigidity,
and bradykinesia. Nonmotor manifestations also occur, among which is cognitive
dysfunction due to synaptic alterations, as in AD. Neuronal and terminal loss are
detectable in the substantia nigra par compacta and in the striatum respectively [5].

AD and PD are mainly caused by the abnormal aggregation of misfolded pro-
teins such as pB-amyloid (AP) for AD and a-synuclein (aSyn) for PD [6]. AP is
cleaved from the transmembrane amyloid precursor protein (APP), whereas aSyn
[7, 8] is a natively unfolded cytoplasmic protein mostly expressed in neuronal pre-
synaptic terminals and also detected in human fluids (i.e., plasma and cerebrospinal
fluid) [9-11]. Both AP and aSyn enter an auto-aggregation process by which a
series of well-organized polymers originate ranging from soluble, small species,
namely the oligomers, up to intermediate and larger assembles termed protofibrils
and fibrils, respectively. The fate of the larger, insoluble aggregates is either to
deposit into the brain parenchyma as extracellular amyloid plaques in AD, which
together with intracellular tau-enriched neurofibrillary tangles represent the two
main histopathological hallmarks, and as intracellular Lewy bodies or Lewy bodies
neuritis in PD. On the other hand, oligomeric forms freely circulate in the brain
interacting with neurons and glial cells perturbing membrane permeability, neuro-
nal and synaptic activity, and promoting neuroinflammation [12-14]. For these
main reasons, the oligomers of misfolded proteins are nowadays recognized has the
species with the most powerful multi-level toxicity, from which the term “oligome-
roptahies” to classify these disorders [14]. In AD oligomers are the best correlates
of disease severity and synaptic dysfunction, whereas the association between larger
aggregates content and cell death has been ruled out [15-17]. Several experimental



TLR4 in Neurodegenerative Diseases: Alzheimer’s and Parkinson’s Diseases 107

evidences support this statement by demonstrating that both Ap and aSyn oligomer
application directly on cultured neurons or in mouse brain could alter synaptic func-
tion and cognition, while larger aggregates are inactive [18-21].

Another significant detrimental effect of the oligomers is exerted on glial cells.
Through a series of in vitro and in vivo studies it was shown that microglia and
astrocytes exposed to the oligomers showed a stronger degree of activation com-
pared to fibril exposure [22-25].

Neuroinflammation is one of the most significant neuropathological manifesta-
tion uniting both AD and PD [26-28]; also affected patients display activated glial
cells and an increase in the levels of pro-inflammatory mediators, with interleukin
1B (IL-1p), tumors necrosis factor alpha (TNF-a), and interleukin 6 (IL-6) as the
most representative [29]. Worth of note, the fact that despite neuroinflammation has
been considered as a secondary event for many years, in the last years, it re-emerged
as a driving force at the very early stages of disease as well as a core therapeutic
target. Although glial cells, especially microglia, are deputed to an action of defense
by continuously patrolling the brain microenvironment and eliminating noxious
stimuli — among which misfolded proteins — when their engagement perpetuates
such as in chronic pathological conditions, the continuous release of pro-
inflammatory cytokines from these cells culminate into neurotoxic events leading to
neuronal dysfunction and loss. In addition, different microglia activation states also
entail a different control of synaptic activity and cognition. Indeed, microglia regu-
late and survey synaptic activity when in their “resting, ramified state”; alterna-
tively, when they enter an “activated, amoeboid state,’ their processes retract from
neurons and deprive them of that regulatory control necessary to guarantee new
memory processing and consolidation [30].

Among the receptors implicated in neuroinflammatory events, Toll-like recep-
tors 4 (TLR4) are considered as the first initiator of the innate immune response.
However, despite numerous studies devoted to elucidating their involvement in neu-
rodegenerative diseases, many controversies still exist. Through this chapter we will
highlight all the evidence describing if and how TLR4 is implicated in AD and PD.

2 TLR4in AD

TLR4 is a well-known family of pattern recognition receptors (PRRs) expressed on
both neurons and glia under normal conditions [31], which seems to be involved in
the pathogenetic cascade of AD. Neuroinflammation mostly occurs at the site of Af
deposits, which are surrounded by activated microglia and astrocytes both express-
ing a series of immune receptors including TLRs [32]. TLR4 is important in the
modulation of A fibril clearance by microglial cells, a process associated with the
activation of the inflammatory pathway involving the nuclear factor kappa-light
chain-enhancer of activate B-cells, and the mitogen-activated protein kinase (NF-
kB/MAPK). Main products of this innate immune pathway are pro-inflammatory
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cytokines such as IL-1f3, TNF-o, and IL-6 all significantly expressed at higher level
in the brain of AD patients and potentially responsible for neurotoxicity [33].

The role of TLR4 in AD is still extremely controversial, although most of the
data favor TLR4’s harmful effects over its benefits. Discrepancies originate from
data showing that TLR4 expression is linked to AP uptake, indeed, as mentioned
above, AP is scavenged by microglia through receptor-mediated phagocytosis and
degradation, a process involving G-protein-coupled receptors (GPCRs), scavenger
receptors, receptor for advance glycation end-product (RAGE), and TLRs espe-
cially TLR2, TLR4, and the co-receptor CD14 [34].

Protective TLR4 effects are suggested by the investigation on the role of TLR4 in
relation to amyloidogenesis from Tahara and colleagues [34], who determined the
amount of cerebral Ap in AD mouse models with different genotypes of TLR4.
They found that Mo/Hu APPswePS1dE9 mice (APP/PS1), homozygous for a
destructive mutation of TLR4 [TIr(Lps-d)/Tlr(Lps-d)], had an increase in amyloido-
sis compared to WT mice. In addition, when [Tlr(Lps-d)/Tlr(Lps-d)] mouse-derived
microglia were stimulated with TLR4 ligands, an increase in Ap uptake was not
observed. However, this TLR4-mediated signaling apparently does not initiate at
very early stages of pathology, since the same authors found that in TLR4-mutated
mice A production and A deposition were not different from wild-type APP/PS1
mice at 5 months of age. Only at 9 months, Af levels increased, likely because the
TLR4 mutation also diminished fibrillary Ap-induced CCL3 expression in mono-
cytes, suggesting the involvement of TLR4 signaling in the recruitment of microg-
lia/monocytes. This was associated with an anticipation of cognitive deficits
normally appearing around the age of 12 months in the APP/PS1 mice [34, 35].

The harmful effects of TLR4 in the context of AD raised instead from data dem-
onstrating that TLR4-loss of function polymorphism protects against AD [36]. In a
Drosophila model of AD expressing Af;4,, TLR4 signaling elicited neurotoxic
inflammation [37]. Also, the immune response, assessed through the quantification
of TNFa release, induced by fibrillary Ap when applied to human monocytic THP-1
cell line, was blocked by the concomitant application of antibodies against TLR2
and TLR4 [38]. An increased expression level of #/r4 mRNA, accompanied by neu-
rodegeneration mediated by an increased activity of C-Jun N-terminal kinase (JNK)
and caspase 3, was detectable in vitro when mouse neuronal cultures were exposed
to Ap. Of note, TLR4 selective function elimination hindered these effects [39].

A tlr4 mRNA-marked upregulation was described also in vivo in the APP23
transgenic mice, which carry a double human Swedish mutation on the APP gene
[40, 41]. In this study, the authors micro-dissected plaques, tissue surrounding
plaques and plaque-free brain tissue. TLRs upregulation was detected only in plaque
material specifically for #Ir2, tir4, tir5, tir7, and tIr9 mRNA. An increase in TLR4
protein levels was also described in the APP/PS1 AD mouse model together with an
increment of pro-inflammatory cytokines, which was abolished in AD mice carry-
ing a destructive mutation on the #/r4 gene [41, 42].

Tlr4 gene upregulation has been observed also in the brains of AD patients,
mainly in the temporal cortex region but also in the cerebellum [43—45]. However,
this aspect remains controversial, since levels of TLR4 were found to be slightly
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decreased in tissue specimen of end-stage AD patients [39], although this was
explained as a possible loss of TLR4-expressing neurons, because of TLR4-
mediated predisposition of neurons to death [43].

In vivo and in vitro studies have demonstrated that binding of AP to TLR4 entails
microglial activation and aberrant release of inflammatory mediators containing
IL-1B, TNF-a, and reactive oxygen species (ROS) [46], leading to neuronal degen-
eration and accelerating the progression of AD [47]. In this context, TLR4 implica-
tion was also described for the high-mobility group box 1 (HMGB 1) protein-mediated
neurite degeneration. The authors demonstrated that HMGB1, normally released by
necrotic or hyperexcited neurons, triggers hyperphosphorylation of myristoylated
alanine-rich C-kinase substrate (MARCKS) at Ser46 then fostering neurite degen-
eration because of actin destabilization. MARCKS is a submembrane protein cru-
cial to stabilize the actin network, which phosphorylation occurs at Ser46 prior to
aggregation of Af, and is sustained throughout AD progression in both human and
mouse brains. Of note, the authors demonstrated that TLR4-MAPK activation is
required for the HMGB 1-mediated MARCKS hyperphosphorylation. Indeed, TLR4
antagonist or knockdown by TLR4-shRNA suppressed it, whereas TLR4 ligand
promoted this event [48].

A spontaneous loss-of-function mutation in the 7/r4 gene strongly inhibited
microglial and monocytic activation upon AP conditioning, resulting in significantly
less release of the inflammatory cytokines IL-6, TNFa, and nitric oxide.

In addition, treatment of primary murine neuronal cells with media derived from
Ap-treated microglial cells indicated that TLR4 contributes to Ap peptide—induced
microglial neurotoxicity [43].

We also contributed to demonstrate the involvement of TLR4 in the context of
AD by exploiting our Af oligomer—induced acute mouse model [19]. In this model,
C57BL/6 naive mice receiving one injection of a well-characterized solution of Af
oligomers in the cerebral ventricle show a significant memory impairment in the
novel object recognition test, which is associated with glial cell activation and an
increase in pro-inflammatory cytokines such as IL-1, IL-6, and TNF-a.. However,
if mice are pretreated with a cyanobacterial LPS TLR4 antagonist, their memory is
preserved, indicating that AP oligomer-mediated memory impairment relies on the
activation of TLR4. This finding was further confirmed by demonstrating that if
APOs were injected in the cerebroventricle of TLR4 knockout mice their effects on
both memory and glial cells were hindered [20]. Other approaches in rats have dem-
onstrated that intracerebral injection of Af induce cognitive deficits and neuroin-
flammation implicating an overexpression of TLR4 and increase in pro-inflammatory
cytokines [22, 49].

Worth of note is the new evidence highlighting the fact that the Asp299Gly cod-
ing variant rs4986790 in the extracellular domain of TLR4 is associated with lon-
gevity [50] and a lower risk to develop AD [36]. The main hypothesis states that this
TLR4 missense mutation attenuates the TLR4-mediated signaling, thus reducing
neuroinflammation and the induction of neurodegenerative phenomena [51]. In this
regard, Miron et al. [52], in the attempt to decipher the biological mechanism behind
this protection, demonstrated that pre-symptomatic subjects with a parental history
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of AD carrying the rs4986790 (G) polymorphism did not display higher level of t/r4
mRNA or protein, rather stable level of IL-1f in the CSF over time. In the same
subjects, higher cortical thickness in areas of the brain involved in executive func-
tions were observed, together with better performances in visuospatial and con-
structional tests. It is to be pinpointed that visuospatial perception has recently
emerged as a potential biomarker of early AD detection [53]. In contrast, homozy-
gous carriers for the major allele (A) exhibit a progressive increase in IL-1f through-
out time and lower visuospatial abilities [52]. Based on this evidence, the authors
hypothesized that this association TLR4 rs4986790 G variant-IL-1$ CSF level may
prevent AD by preserving cortical structure and those cognitive functions relying on
the activity of these specific cortical brain areas.

3 TLR4in PD

The contribution of TLR4 in a-synucleinopathies is controversial and debated as in
the context of AD, although also in this case the harmful effects apparently pre-
dominate over the beneficial (Kouli et al., 2019). Indeed, despite human evidence
highlighting an increased expression of TLR4 in the most affected brain areas, such
as the substantia nigra [54] and the caudate putamen [55] in PD patients, in vivo and
in vitro studies describe controversial findings on TLR4 contribution in the
pathology.

The protective involvement of TLR4 emerged from studies showing that TLR4
ablation hampered the ability of microglia to phagocytose a-syn in vitro. In the
same study, TLR4 ablation in PD mice overexpressing a-syn promoted an enhance-
ment of motor disability and an increment of pro-inflammatory cytokines and dopa-
minergic neuronal cell death [56].

In contrast, the harmful role of TLR4 raised from experiments in different in vitro
and in vivo models of PD. 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
is a prodrug to the neurotoxin MPP+ which is used for the induction of typical PD
symptoms and dopaminergic neuronal loss in in vivo models [57]. Using in vitro
approaches, Zhou and colleagues demonstrated that TLR4 silencing hinders microg-
lial and NF-kB activation induced by MPTP cell exposure, leading to a lower release
of TNF-a, IL-1f, and iNOS [58]. Data from MPTP-treated mice revealed an upreg-
ulation of TLR4, as well as a reduced vulnerability to MPTP-induced pathological
outcomes, such as motor disability, microglial and inflammasome activation, and
dopaminergic neuronal loss, in the absence of TLR4 (siRNA, gene knockout)
[59-62].

Several works also pointed out the involvement of TLR4 in mediating an increase
in pro-inflammatory cytokine release from microglia and astrocytes when exposed
to a-syn. The exposure of both TLR4** microglial cells and astrocytes to different
moieties of wild type a-syn (soluble, full-length oligomers and C-terminally trun-
cated) triggers their activation and the release of pro-inflammatory mediators such
as TNF-a and IL-6. Remarkably, ablation of the receptor results in the suppression
of the pro-inflammatory response in both cell types [63, 64]. Consistently, the
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involvement of TLR4 in mediating the astrocyte a-syn-induced pro-inflammatory
response has also been reported by Rannikko and collaborators. In their study the
authors described an a-syn dose-dependent increase in the transcriptional levels of
different pro-inflammatory mediators such as IL-1p, IL-6, TNF-a, and COX-2 in
TLR4**, but not in TLR4~'~ astrocytes [65]. This evidence was confirmed in a more
recent study, where glial cells undergoing a 5-day exposure to picomolar concentra-
tion of a-syn oligomers, monomers, or fibrils were sensitized toward a pro-
inflammatory response documented by a significant increase of TNF-a only upon
oligomer exposure. No immune reaction was detectable when monomer or fibrils
were applied to cells. The confirmation that the oligomer-mediated response was
mediated by TLR4 was proved by the fact that TLR4 antagonist abolished it [66].

In contrast to these observations proving the involvement of TLR4 in the context
of PD, we recently demonstrated in an a-syn oligomer-induced acute mouse model
that TLR4 is not implied in mediating the a-syn oligomer-mediated memory impair-
ment. Worth of note is the fact that in this mouse model, the ICV injection of a-syn
oligomers induced a transient memory impairment associated with glial cell activa-
tion and an increase in pro-inflammatory cytokine expression. Anti-inflammatory
drugs administered before a-syn oligomers fully prevented the memory impair-
ment. However, in contrast to what we described above with A oligomers, when
a-syn oligomers were injected in the brain ventricle of TLR4 knockout mice, their
memory was still impaired. Interestingly, this outcome was not replicated when the
a-syn oligomers were ICV injected in mice pretreated with a TLR2 antagonist,
which preserved mouse memory [21], thus ruling out the role of TLR4, at least, in
the a-syn oligomer-mediated memory impairment.

Another interesting emerging aspect in the field of neurodegenerative diseases is
the new relation between gut microbiota dysbiosis and an increased risk of develop-
ing AD and PD. In the latter case, a series of evidence highlight the fact that PD
could much likely originate in the intestinal mucosa [67]. Alterations in gut bacte-
rial composition have been found in PD patients as well as the presence of a-syn
aggregates [67]. Transplantation of PD patients gut microbiota in germ-free mice
overexpressing o-syn turns into an aggravated PD-related phenotype development
[68]. Several evidences indicate that TLR4 are involved also in this context, since
increase in #/r4 mRNA levels were found in the intestinal mucosa biopsy of PD
subjects, concomitantly to an increase in the expression of pro-inflammatory cyto-
kines [69]. In addition, the same authors demonstrated in vivo, through the rotenone-
induced mouse models which displays typical PD-related symptoms, that in the
absence of TLR4 gut, motor, and brain abnormalities were reduced compared to
wild-type rotenone-treated mice [69].

4 Targeting TLR4 in AD and PD: How and When

Based on the evidence described above, in terms of therapeutic intervention it
appears that an inhibition of TLR4 more likely will provide the most appropriate
therapeutic response.
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A due consideration, however, is that glial cell response has a double-edge sword
action being protective while exerting a reversible action of defense, and detrimen-
tal when its resolution is no longer achieved, thus perpetuating toward a chronic and
neurotoxic state.

For these main reasons, it appears more conceivable to manage glial cell activa-
tion or inhibition in chronic pathologies such as AD and PD, by considering the
different stages of pathology.

Indeed, it is indisputable that TLR4-dependent microglia-mediated clearance of
misfolded proteins is a fundamental process which must be guaranteed. Apparently,
AP and a-syn aggregates bind TLR4 and other receptors promoting their clearance
in the early stages of disease, but foster neurotoxic glial cell activation and an
impaired glial cell activity in the later stages [70, 71]. In line with this, it is well
documented that an acute or chronic pro-inflammatory stimulus with LPS in APP/
PS1 mice turns either into an enhanced AP phagocytosis or deposition, respectively.
Indeed, while an acute treatment promotes Af clearance, chronic exposure favors a
sustained neuroinflammatory process associated with a sustained AP production
and a hampered ability of microglia to phagocytose it [72—75]. In contrast, if the
pro-inflammatory process is induced through repeated injection of monophosphoryl
lipid A, which binds TLR4 but induces only a moderate neuroimmune reaction,
microglial phagocytosis is preserved, Af brain load is reduced, and memory recov-
ery is observed [75]. Based on this evidence, it is crucial to take into consideration
that TLR4 manipulation in a therapeutic prospective is not only a matter of how to
manipulate it, but also a matter of when, with a TLR4 stimulation more conceivable
in the early stages and a TLR4 inhibition advisable in the later stages of disease.

Some small molecules, natural compounds or repurposed drugs have been inves-
tigated for their efficacy in various neurodegenerative diseases. TAK242, or resator-
vid, is a small molecule suppressing TLR4 activation. TAK242 has been tested
preclinically in mouse models of traumatic brain injury and amyloid lateral sclero-
sis showing neuroprotective effects and improvement at behavioral level [76, 77].
TAK242 pretreatment also abolished a-syn-induced neuronal cell death and TNF-o
release [66]. A short-term use (4 days) tolerability for TAK242 has been already
proved in a phase 1 clinical trial for sepsis [78]. Vinpocetine is a repurposed drug,
clinically used for cerebrovascular diseases [79] with anti-inflammatory activities.
It was shown to lower TLR2 and TLR4 expression in peripheral monocytes of PD
patients randomized in a double-blind placebo-controlled trial, and downregulate
MyD88, NF-kB and TNF-a [80]. Candesartan cilexetil, which is licensed for the
treatment of hypertension [81], reduced TLR4 expression and release of pro-
inflammatory cytokines both in vitro and in vivo upon LPS or a-syn application [82].

Among the natural compounds, the most widely studied is curcumin, which was
found to directly repress in vitro the TLR4-mediated pathway [83]. In MPTP-
induced in vitro PD models, for instance, curcumin reduced astrocyte activation, the
production of pro-inflammatory cytokines, as well as the activation of TLR4 signal-
ing [84]. However, data are still not clear and further work is required before its
application in the clinic.



TLR4 in Neurodegenerative Diseases: Alzheimer’s and Parkinson’s Diseases 113

5 Conclusion

Although the contribution of inflammation in the pathogenesis of neurodegenera-
tive disorders, and in particular in AD and PD, has been strongly supported by
genetic, epidemiological, and experimental studies, the translation of this evidence
in the therapeutic approaches remains difficult and unsuccessful [85]. The limited
efficacy of anti-inflammatory drugs to influence disease progression of AD and PD
might have various explanations. In this context, the recent negative experiences
suggest, together with adequate timing of treatment, to improve therapeutic
approaches in several directions. The possibility that a single treatment can halt or
attenuate the complex pathological scenario of neurodegenerative disorder, like AD
or PD, is remote, therefore more realistic approaches should take in consideration
the combination of drugs. Thus, the treatment with anti-inflammatory drugs could
be associated with other treatment active on amyloid deposits and/or with neuropro-
tective activity. A second aspect to consider is the selection of the patients, and the
treatment with anti-inflammatory drugs should be associated with a specific profile
ascertained in the early phase of the disease. According to the principle of precision
medicine, genetic and biological determinations might contribute to identify sub-
jects more sensitive to anti-inflammatory treatment [86]. Finally, the studies sum-
marized in this review suggest a more specific approach to the reactivity of immune
system. Modulation of specific pharmacological target like TLR4, rather than clas-
sical anti-inflammatory compounds, might affect a limited population of AD or PD
subjects but with more elevated chances to success.
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TLR4-Mediated Neuroinflammation
in Human Induced Pluripotent Stem Cells
and Cerebral Organoids

Massimiliano De Paola

Abstract The discovery of a reprogramming method to induce pluripotency in
human somatic cells marked a dramatic turning point in the recent history of scien-
tific progresses. Induced pluripotent stem cell (iPSCs) technology has been applied
in regenerative and transplant medicine, disease modelling, drug screening, and
studies on human developmental biology. The inflammatory responses elicited in
healthy and diseased organisms have been extensively studied in animal models or
artificial cell cultures, showing great usefulness but also some important limitations.
Thus, the use of iPSCs as source of human cell cultures or organized tissues repre-
sented a great opportunity for neuroimmunology. In the latest years, the ability of
iPSC-derived microglia to reproduce in vitro some of the genetic and phenotypic
features of human adult microglia was shown. The development of platforms in
which microglia, neurons, and macroglia derived from healthy or diseased subjects
grow and mature in a single system allowed to demonstrate the role of toll-like
receptor 4 (TLR4) in mediating neuroinflammation. The generation of three-
dimensional (3D) microglia-embedded or -enriched organoids represent a dramatic
further development of biologically relevant human-based models. In this context,
the demonstrations of high similarity in gene expression and sensitivity to its endog-
enous and infective ligands in 3D constructs pose microglia-containing brain organ-
oids in a prominent position for in-depth investigations on how TLR4 regulates
immune cells interactions to orchestrate brain development and react to injury.
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1 Introduction

In 2007, Takahashi and Yamanaka reported a breakthrough method to reprogram
and induce pluripotency in human adult differentiated cells by transduction of four
basic transcription factors Oct4, Sox2, KIf4, and c-Myc, known as Yamanaka fac-
tors [25].

The reprogrammed cells were referred to as induced pluripotent stem cells
(iPSCs) and paved the way for the development of new protocols for generating
neural cells, among many other cell types, of human origin from an alternative
source to fetal-derived tissues.

iPSCs are characterized by the properties of self-renewal and potency, since they
are able to extensively proliferate and differentiate into specialized cell types derived
from all the three primary germ layers: ectoderm, endoderm, or mesoderm [29].

Since that finding, it was possible to reprogram different types of mature cells,
such as peripheral blood cells, fibroblasts, keratinocytes, and urine cells, to produce
any types of cells, tissues, and organs, as for what was shown with embryonic stem
cells. These features make iPSCs particularly suitable for regenerative and trans-
plant medicine, disease modelling, drug screening, and studies on human develop-
mental biology. Besides, a variety of protocols has been developed to induce
ectoderm differentiation and subsequently proliferation, and differentiation and
maturation of functionally active neuron, astrocyte, and oligodendrocyte, thus pro-
viding in vitro models for basic sciences.

By combining iPSC technique with specific neurodevelopmental factors able to
induce cortical differentiation (i.e., embryoid-body like aggregation, [27]), three-
dimensional (3D) brain organoids that resemble the structure, connection, and func-
tion of human central nervous system (CNS) were also generated in 2013 [11].
Since that year, different labs worldwide reported methods and protocols to obtain
specialized region-specific brain organoids [10, 16, 18, 21-23]. Assembloids, com-
posed by the fusion of different region-specific organoids, have been also generated
in order to study brain neurodevelopmental events, such as neuronal migration and
excitatory/inhibitory synapses interaction [4, 5].

Cerebral organoids are stem cell-derived models increasingly used in research
studies to understand and interfere with human pathologies. They represent an
exciting new technology intended to overcome the difficulties in accessing human
neural tissues for research purpose.

These are 3D cell aggregates, usually derived from self-organizing pluripotent
stem cells, which can have fetal origin or can be obtained from adult tissues by cell
reprogramming. Recently, the organoid technology together with new powerful
techniques for gene editing were brought to the forefront of biomedical research for
their potential in investigating human disorders.

Cerebral organoids are particularly suitable for investigating different aspects of
developmental processes and comparative biology, besides their flexibility and
adaptability to model some features of brain diseases. Some aspects of these models
are particularly valuable to promote valid translational results for human
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pathologies. For example, (1) no comparison between species is needed if organoids
are derived from stem cells of human origin, (2) it is possible to obtain personalized
organoids from patient-derived iPSCs, (3) toxicological studies on neural progeni-
tors and different differentiation/maturation states can be performed, (4) genome-
wide CRISPR-Cas9 screens can be applied.

One of the most interesting feature of brain organoids is the spontaneous devel-
opment of different neural cell types, demonstrating cell-cell interactions with
physiologically relevant 3D structures (e.g., myelinated axons showing electrophys-
iological properties in cortical spheroids; [19]). Most of the current protocols to
generate organoids, however, consist of cells exclusively derived from the neuroec-
todermal lineage, thus limiting their applicability as they lack microglia.
Mesodermal-derived microglia is, indeed, an important player of the immune-
inflammatory mechanisms involved in neurodevelopment and diseases. It regulates
normal brain development by guiding neuronal migration, strengthening neuronal
connections, modulating oligodendrocyte and neuronal survival, besides protecting
the brain against damage and infection. Microglia is also important in neurodegen-
erative diseases since its activation contributes to trigger, propagate, and sustain the
detrimental neuroinflammatory events underlying large part of the pathological
mechanisms of neurodegeneration. Currently, most of microglia models used to
study neurodegenerative diseases come from murine tissues. These models are very
useful for preclinical studies on the role of microglia either for direct analysis within
the brain microenvironment (through organotypic slice cultures) or after explant
from brain tissue of primary microglia cells, which can be maintained as purified
cultures or used to establish cocultures with neuron and astrocyte for crosstalk
investigations. However, they have some limitations, since translation of mouse
results in human pathologies are usually very difficult, due to the differences in key
modulators involved in neuroinflammatory events and the expression of risk
genes [8].

To overcome this issue, scientists recently focused they efforts on developing
new protocol for microglia derivation from human iPSC for single cell studies or
enrichment of growing organoids, as described below.

2 Differentiation of Microglia from iPSC to Model
Neuroinflammation and Neurodegenerative Diseases

Protocols for derivation and characterization of microglia from human iPSC have
been only recently published. Most relied on pre-differentiation into hematopoietic
stem cells (HSC) and myeloid progenitors by exposure to defined factors [9, 14, 20].
Besides the need of easy-to-use, reproducible, and efficient protocols for lab practi-
tioners, in order to establish reliable models for the study of human microglia it is
mandatory to obtain in vitro cultures composed of purified and functional microg-
lia, which should reproduce the immune/inflammatory response, in addition to the
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closest genetic and transcriptional profile, as seen in vivo. Predictably, cocultures
with other neural cells induce further cell maturation in terms of receptor expres-
sion, cytokine release and functional interaction to the human iPSC-derived
microglia-like cells derived by these protocols. Indeed, cocultures of HSC on human
astrocytes with subsequent differentiation protocol generate microglia with similar
phenotype, gene expression profile, and functional properties of brain-isolated
microglia [20]. The importance of neuron—microglia interaction for the microglia
maturation was recently shown, even if results in this paper were mostly based on
mouse iPSC microglia and only proof of principle data was shown for human iPSC
microglia [26]. Microglial signature of iPSC-derived microglia can be significantly
improved when cocultured with differentiating neuro-glial feeder layer and even
more if added in neural spheroids [14]. The group of Dr. Cowley, from the Oxford
University, showed that when human iPSC—derived microglia were cocultured with
iPSC-derived cortical neurons, they express key microglia-specific markers and
neurodegenerative disease—relevant genes, develop highly dynamic ramifications,
and are phagocytic [9]. Importantly, cocultured microglia express relevant proteins
for the mediation of inflammatory responses (i.e., CD11b, the LPS co-receptor
CD14, CD45). Indeed, upon activation by LPS/interferon-gamma (IFNy) they
become reactive and switch to an ameboid phenotype releasing multiple microglia-
relevant cytokines. In addition, microglia by this protocol showed downregulation
of pathogen-response pathways, upregulation of the homeostatic functions, and pro-
motion of a more anti-inflammatory cytokine response than corresponding mono-
cultures, demonstrating that cocultures are preferable for modelling authentic
microglia physiology [9]. Cells with similar features to cultured human adult and
fetal microglia by both transcriptomic and functional analyses can be derived from
iPSC by providing cues that mimic the environment present in the developing
embryo [2]. Cultured microglia obtained through this two-step maturation protocol
secrete cytokines in response to inflammatory stimuli, migrate and undergo calcium
transients, and robustly phagocytose CNS substrates. Indeed, depending on their
cell surface receptor stimuli (i.e., IFNy, IL-1p, or LPS), iPSC-derived microglia dif-
ferentially release cytokines/chemokines, a feature that closely resemble the
responses observed in isolated primary microglia. In particular, LPS exposure
induced a robust induction of 10 measured cytokines, including the classical pro-
inflammatory cytokines TNFa, IL1a, IL-6 [2].

Besides the clear significance of these models for the study of mechanistic
involvement of “healthy” microglia responses to external stimuli, even more rele-
vant could be the possibility that they offer to reproduce “diseased”” human microg-
lia in vitro. Muffat et al., for example, published a robust protocol to generate and
maintain microglia from multiple disease-specific cell lines and find that microglia
derived from patients affected by Rett syndrome are smaller than their isogenic
controls [14]. Functionally active microglia were also used to examine the effects of
AP fibrils and brain-derived tau oligomers on AD-related gene expression and to
interrogate mechanisms involved in synaptic pruning, thus providing evidence of
disease-specific neurodegenerative mechanisms [2].



TLR4-Mediated Neuroinflammation in Human Induced Pluripotent Stem Cells... 123

Addressing the role of TLR4 modulation in disease-specific human immune
cells with such relevant models could open new prospective for disease pathogene-
sis and treatment with highly translational significance for human pathologies.

3 Microglia-Enriched 3D Brain Organoids to Study
Neuroinflammation and Human
Neurodegenerative Diseases

To make a step forward toward complete and reliable models for the study of neu-
roinflammation in human pathologies, new methods to obtain microglia-enriched
iPSC-derived brain organoids have been recently reported.

Addition of microglia, either as immortalized cell lines [1] or derived from stem
cells [14, 15, 24], to region-specific brain spheroids has proven to generate physio-
logically relevant 3D models for degenerative disease. Indeed, different pathologies
have been recently modelled in vitro by these protocols, as for example, dengue and
Zika virus infection [1, 15], Rett-syndrome caused by MECP2 mutation [14], and
Alzheimer’s disease [13]. The stimulation with interferon (IFNy) and endotoxin
(LPS) induces microglia in single cultures to release chemokines and cytokines
(CXCL10, CCL3, IL-6, and TNF-«, in particular) above baseline. However, when
embedded in 3D spheroids, they assume a ramified, resting morphology and are
able to switch to an amoeboid and actively migrating state in response to injury
driven by (a) a mechanical damage of the spheroids by a needle [2]; or (b) focal
laser injury, or ATP and ADP release from dying cells via purinergic receptors, such
as P2RY12/13 [14]. Furthermore, when added to region-specific brain spheroids,
microglia showed increased TLR4 gene expression and are sensitive to an NFkb
inhibitor that was active in reducing inflammation mediated by AB42 oligomer stim-
ulation [9].

Recently, a group from the Utrecht University found that microglia innately
develop within iPSC-derived cerebral organoids generated with a modified protocol
from the original work of Lancaster et al. [11]. Those microglia perform similarly
to primary human microglia in functional assays, as for responses to inflammatory
stimuli. After exposure to E. Coli LPS, indeed, mRNA expression of IL-6 and IL1§
was significantly increased in single-cell suspensions prepared from fragmented
organoids [17]. When the whole organoid (including microglia) was exposed to
LPS, further increase in IL-6 and TNFa was measured after 24 and 72 hours, dem-
onstrating the high sensitivity of immune cells in such construct.
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4 Conclusions

TLR4 role in immune activation and neuroinflammation in the CNS has been exten-
sively described. Apart from the key role in recognizing invading pathogens, differ-
ent molecules produced or circulating during abnormal situations, such as during
tissue damage, are able to trigger TLR4-dependent signaling [28]. Even if toll-like
receptors showed high conservative structures across the species, evolutionary pro-
cesses lead to substantial diversity in affinity and specificity to its ligands, the TLR4
gene, and cellular expression patterns and tissue distribution. Consequently, TLR4
functions vary across different species, and the results of receptor activation might
substantially change among the organisms. For example, the TLR4 expression pat-
tern in the mouse CNS differs from the human one since only microglial cells
express TLR4, but not astrocytes nor oligodendrocytes [6]. In mouse CNS cell cul-
tures, indeed, LPS induces significant injury to neurons [7] or developing oligoden-
drocytes [12], only in the presence of microglia. Given that TLR4-dependent
mechanisms are largely investigated in preclinical animal models and that TLR4
ligands have shown increasing involvement in clinical applications (as for vaccine
adjuvant [3]), the extent to which an animal model represents and predicts the
human condition is of particular importance.

The difficulties in reaching tissue samples from human CNS warranted the
development of new models and tools to unveil the cell-specific neuroinflammatory
mechanisms in human diseases. In this sense, the birth and development of iPSC-
derived human cell technologies represent a scientific revolution for this research
area. The results obtained in the very latest years, as reported above, showed, in fact,
that is now possible to establish genetically defined, highly reproducible cell lines
from patients or isogenic control as valuable tool for the study of neuroinflamma-
tion. In particular, the development of new protocols to obtain functionally active
microglia with well-defined genetic background brought these models to the fore-
front of biomedical research for their translational potential in neuroinflammatory
and neurodegenerative disease modelling. The generation of 3D microglia-
embedded or -enriched organoids represent a dramatic further development of bio-
logically relevant human-based models. The development of platforms in which
microglia, neurons, and macroglia grow and mature in a single system holds, indeed,
the promise for a better understanding of how these cells interact to orchestrate
brain development and react to injury. In this context, the demonstrations of increase
gene expression and sensitivity to its endogenous and infective ligands, as described
above, pose TLR4 in a prominent position for future investigations on the mecha-
nisms underlying neuroinflammatory onset and propagation in health and diseases.

In conclusion, the evidence reported in this chapter supports the idea that the
organoid-microglia model represents a valuable tool to understand the interactions
of different cell types in the human brain and the role of microglia in human CNS
inflammation.
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The Role of TLR4 in Neural Stem Cells—
Mediated Neurogenesis
and Neuroinflammation

Lidia De Filippis and Francesco Peri

Abstract Stem cells in brain niches are responsible for neurogenesis and integra-
tion of new neurons into functional circuits, with inflammatory and immune system
mediators playing critical roles in neurogenesis and in several diseases of the ner-
vous system. TLR4 is known to be a master player in the development of neuroin-
flammation processes and to be upregulated in several animal models of
neurodegenerative disorders like amyotrophic lateral sclerosis (ALS). Nonetheless,
Toll-like receptor 4 (TLR4) also plays a key role in CNS homeostasis. TLR4 is
expressed in microglia, which is a master player in neuroinflammatory processes, as
well as in neural cells: astrocytes, neurons, oligodendrocytes, neural progenitors
(NPCs), and neural stem cells (NSCs). Here we discuss the dual role of TLR4 in
brain homeostasis, suggesting that, in a translational perspective, TLR4-mediated
regulation of human neural stem cells (hNSCs) needs to be deeply investigated
either for the identification of novel biomarkers for rare diseases or future therapeu-
tic approaches of aging and neurodegenerative disorders.

Keywords Neural stem cells (NSC) - TLR4 - Neurogenesis - Neuroinflammation

1 Neural Stem Cells (NSC)

While during embryonic development pluripotent embryonic stem cells (ESC) are
committed to rapidly generate the progenitors that will form the different tissues, on
adulthood the presence of tissue-specific stem cells guarantees the tissue homeosta-
sis and the maintenance of the stem compartment itself. The discovery of NSC in
adult mammals marks a milestone in understanding the plasticity of the adult brain.
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Neural stem cells are self-renewing, multipotent progenitors that reside in the ner-
vous system [1].

Since specific and unequivocal NSC markers have still to be identified, the cur-
rent concept of self-renewing and multipotent NSC in the adult mammalian brain
has been largely based on in vitro studies demonstrating NSC stemness a posteriori.
Cells capable of long-term expansion and differentiation into neurons and glia have
been derived from adult rodent [2] and human brains [3], and cultured as neuro-
spheres in a growth medium containing basic Fibroblast Growth Factor (bFGF) and
Epidermal Growth Factor (EGF) (through the Neurosphere Assay) [1, 4]. In vitro
studies have been then pivotal to the identification of bona fide NSC as inherently
endowed with the following functional properties:

1. Self-renewal: The capacity to extensively proliferate and to auto-maintain.

2. Multipotency: The capacity to differentiate into the three neural lineages — astro-
cytes, neurons, and oligodendrocytes.

3. Plasticity: Flexibility to change both proliferation and differentiation potential
according to environmental signaling and conditions.

In the adult CNS, stem cells are generally quiescent, but they are able to undergo
activation and enter a cycle of continuous proliferation over long periods of time
and to divide symmetrically or asymmetrically. This dynamic turnover is finely
regulated by complex signaling in a temporal and spatial fashion [5].

NSC reside in specific areas called niches in adult CNS, defined as the microen-
vironment that intimately supports and tightly regulates stem cell behaviors, includ-
ing their maintenance, self-renewal, fate specification, and development. The niche
must preserve the self-maintenance of the stem cell compartment. It provides a
trophic support, feeding NSCs through signals that regulate both their proliferation
and their differentiation in a balanced manner. The cells of the niche, as well as
retaining the stem cells in situ, retrieve them to the niche itself, a process called
homing. This process is very important for the correct location of endogenous NSC
during brain development but also in stem cell-mediated therapies, for addressing
exogenous NSC to a stable and permissive environment after transplantation. A
unique niche structure in the adult human brain has been recognized in two discrete
regions, the ventricular-subventricular zone of the lateral ventricles (v-SVZ) and the
subgranular zone (SGZ) in the dentate gyrus of the hippocampus [6, 7] (Fig. 1).
Astroglia [6, 8], ependymal cells, vascular cells, NSC progeny, and mature neurons
[9] are among major cellular components of the neurogenic niche.

Vascularization also plays a fundamental role in adult neurogenesis: The endo-
thelial cells and the pericytes that surround the lumen of the vessels are separated
from the brain parenchyma by the basal lamina which facilitates the activation of
specific factors that allow regulating both neurogenesis, which takes place in tight
places associated with blood vessels, and angiogenesis. In the recent years, the con-
cept of “ectopic perivascular niche” has introduced the participation of the vascular
blood system to the signaling that regulates also exogenous NSC after transplanta-
tion [10].
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Fig. 1 NSC and niche organization: schematic representations of the adult V-SVZ and SGZ neu-
rogenic compartments. (a) and (¢), coronal sections of the adult mouse brain showing the localiza-
tion of the V-SVZ and SGZ of the hippocampus. (b) and (d), cytoarchitecture of the V-SVZ (b),
and of the SGZ of the DG of the hippocampus (d) in the adult mammalian brain. (b) Composition
of the B1 cell domain into the V-SVZ. NSCs or type Bl cells (blue) extend from the proximal
domain (domain I, dark grey) to the distal domain (domain III, light gray). At the level of the ven-
tricles, B1 cells contact the CSF with their primary cilium extruding in the center of a rosette of
multi-ciliated ependymal cells (yellow), forming the typical pinwheel-like structures on the ven-
tricular surface. Here, NSCs can sense different signals circulating into the CSF. In the distal
domain, type B1 cells contact the blood vessels (red) with their specialized end-foot terminations.
In the intermediate domain (or domain II) type B1 cells give rise to IPCs (or type C cells, green),
which are transit-amplifying cells generating neuroblasts (or type A cells, red). In this domain they
are also in contact with their progeny, neighboring cells and neuronal terminations. D, composition
of the RA domain at the level of the DG of the SGZ. RAs (or type 1 cells, blue) extend from the
hilus of the hippocampus (domain I, dark gray) to the IML (distal domain or domain III, light
gray). At the level of domain I, RAs sense the hilus microenvironment with their primary cilium
and contact other RAs, IPCs, and blood vessels (red). RAs extend through their main shaft into the
distal domain where their arborizations receive signals from glial cells and neuronal terminations.
RAs give rise to IPCs that mature (trough blue IPC1 or type 2a cells, and light green IPC2 or type
2b cells) and differentiate into immature granule cells (IGC, red). During their maturation, IPCs
move from the proximal domain to the intermediate domain (or domain II, composed by SGZ and
GCL), where RAs receive signals from the progeny, neighboring NSCs, interneurons (purple), and
microglia (gray). Finally, IGC differentiate into mature GC (green), which extend their axons into
the hilus and arbores dendrites into the distal domain. Only few newborn neurons survive and
become a long-lasting GC (pink). (From Ref. [11])
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2 NSC as Therapeutics for Neurodegenerative Disorders

Neurodegenerative disease is a term used for a wide range of acute and chronic
conditions in which neurons and glial cells in the CNS undergo damage and eventu-
ally are lost. Either under hereditary or sporadic conditions, neurodegenerative dis-
eases progressively lead to neuronal degeneration, thereby causing disabilities and
finally death, with an ensuing socioeconomic burden due to a decrease in life expec-
tancy. Thanks to their properties, NSC and NSC-deriving progenitors (neural pro-
genitor cell — NPC) have been studied and promoted as a therapeutic tool for the
cure of many acute and neurodegenerative disorders including cerebral ischemic/
hemorrhagic stroke and spinal cord injury (SCI), Alzheimer’s disease (AD),
Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), Huntington’s dis-
ease (HD), and multiple sclerosis (MS). In acute cases, for example, in response to
ischemic stroke or SCI, different types of neurons and glial cells die within a
restricted brain area over a short time period. In chronic cases, there is either a selec-
tive loss of a specific cell population, such as dopamine neurons in PD and motor
neurons in ALS, or a widespread degeneration of many types of neurons, such as in
AD, still lasting several years.

As yet no effective treatments or cures are available to stop the progression of
most neurodegenerative diseases. Pharmacological therapies are the only feasible
approaches, with the only transient effect to alleviate and delay the progression of
symptomatology of the disease. Stem cell-based therapy has been then promoted as
a new perspective in translational medicine.

While ESCs were originally excluded from clinical application due to the etic
issues related to their tissue source and to their tumorigenic potential, similarly to
the use of induced pluripotent stem cells (iPSC) that are still under debate, NSC or
NPC have been variably obtained from different approved tissue sources and, under
specific paradigms, they have been shown as nontumorigenic and nonimmunogenic
in vivo and are currently exploited in phase I and II clinical trials [12, 13].

In CNS disorders characterized by loss of neurons and glial cells, NSCs can be
exploited to replace lost neurons or glial cells by transplantation of uncommitted or
mature precursors through selective pre-differentiation in vitro to various stages of
maturation, for example, into neuroblasts (i.e., immature neurons). Thanks to their
ability to proliferate in vitro, and to their plasticity and functional stability, undif-
ferentiated SC can be addressed toward the target phenotype in vivo by the endog-
enous environment and by physiological “homing” signals or can be committed
in vitro to the target phenotype before transplantation.

Cell replacement might also be achieved by inducing endogenous stem cells in
the adult CNS to form new neurons and glial cells. However, it has been widely
demonstrated that NSC are able to modulate the tissue homeostasis in the nervous
system through multiple “bystander” mechanisms other than the expected cell
replacement, including the secretion of neurotrophic factors and cytokines, the
clearance of toxic molecules, and modulation of either acute or chronic inflammation-
driven degeneration [14, 15]. NSCs are able to release trophic factors as FGF and
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EGF and cytokines [16], such as a complex array of homeostatic molecules with
immune-regulatory or tissue trophic functions that ultimately reduce tissue damage
and enhance endogenous repair [17].

Compelling evidence illustrated that the proliferation of endogenous NSCs is
activated upon tissue damage. The lesion generates a local environment recruiting
NPCs to migrate to the damaged area. Unfortunately, activated endogenous NPC
are often unable to fully rescue the detrimental effects produced by the lesion [18]
and the contribution by exogenous transplanted cells becomes essential.

The communication between host and stem cells also occurs through the secre-
tion of cytokines or/and growth factors or through cellular (gap) junctional transfer
of electrical, metabolic, and immunological information [19]. Previous studies also
suggested that extracellular membrane vesicles might play a key role, being trans-
ferred from donor-grafted stem cells to target endogenous cells [20].

In a wide array of experimental models, there is solid evidence showing that
NSCs survive after transplantation, spontaneously migrate to the lesion area, and
retain their multipotency [21], where they exert therapeutic effects even when
remaining undifferentiated. For example, in a rodent-induced PD or HD [22], a
transplanted cell rarely gives rise to neurons, despite the improvement of the behav-
ior. Similar results have been obtained in mice with stroke or intracerebral hemor-
rhage [23]. The terminal differentiation to a nonneuronal fate, as well as the
propensity for maintaining undifferentiated phenotype within host tissue, support
the hypothesis that transplanted NSC might be therapeutically efficacious through a
bystander mechanism or an alternative to cell replacement [24]. In accordance,
transplantation of GDNF-expressing hNPCs into the motor cortex of SOD1 G93A
animal models has been shown effective in the rescue of both upper and lower
motor neurons [25], in addition to intraspinal-injected NPCs [12, 13]. In
Experimental Autoimmune Encephalomyelitis (EAE) mice, the most relevant and
commonly used animal model to study autoimmune demyelinating diseases like
MS [26], NSCs have shown to reduce astrogliosis and demyelination by exerting
remarkable immune-regulatory and tissue-trophic effects, while still retaining
mostly an undifferentiated phenotype [15].

In summary, the presence of adult NSCs in the central nervous system with the
ability to proliferate and differentiate in major neural lineages and functionally inte-
grate into neuronal circuits has prompted to their use as a potential therapeutic
source. It is of fundamental importance also to determine to what extent endoge-
nous NSCs are damaged and/or may affect the local microenvironment following
neuropathogenic or traumatic events. In particular, the effort of the scientific com-
munity is currently addressed to understand if and how the NSCs respond to differ-
ent pathological conditions and what are the factors that determine this response.
Diseases of the central nervous system are often accompanied by an inflammatory
component and an immune response, so that inflammatory molecules play a funda-
mental role in endogenous neurogenesis and in the subsequent differentiation of
neural progenitors [27].

It has been observed that transgenic overproduction of interleukin-6 (IL-6) by
astroglia is able to decrease overall neurogenesis by 63% in the hippocampal
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dentate gyrus of young adult mice [28]. On the other hand, other inflammatory mol-
ecules have a pleiotropic role in neurogenesis, at least for neural progenitor cells
prepared from embryonic rat hippocampus [29]. Thus, the innate immune response
in the brain is able to positively or negatively modulate neurogenesis in the CNS
depending on the cytokines and growth factors that are predominantly expressed in
the cellular environment. Recently, Peruzzotti-Jametti et al. [30] have demonstrated
that transplanted NSCs ameliorate chronic CNS inflammation in MS through a
reduction of succinate levels in the cerebrospinal fluid and a consequent decrease of
mononuclear phagocyte infiltration, suggesting unexpected crosstalk mechanisms
between NSCs and immune cells. In this scenario, it is important to note that the
mechanisms involved in the regulation of innate immunity in NSC have been poorly
investigated and if no treatment is currently available to arrest the progression of
neuroinflammation and neurodegeneration in most of CNS disorders, this partly
accounts for the poor knowledge of the “immune-like” phenotype of NSCs.

3 The Dual Role of TLR4 in CNS Homeostasis

Among TLRs, in particular TLR2 and TLR4 are present on adult NSC and NPCs,
where they exert different and contrasting functions in NPC proliferation and dif-
ferentiation [31, 32]. TLR2 activation, in infectious, ischemic, and inflammatory
diseases could negatively impinge on brain development by inhibition of NPC pro-
liferation [33]. On the contrary, TLR4 activation has been shown to correlate with
increased proliferation of NSC/NPC after hippocampal ischemic injury [32].

TLR4 plays a key role in CNS homeostasis. Consistently, while increasing dur-
ing brain development, TLR4 expression remains on adulthood, in microglia, which
is a master player in neuroinflammatory processes, such as in neural cells: astro-
cytes, neurons, oligodendrocytes, NPC, and NSC [31, 34, 35].

With aging, a progressive and spontaneous decay of cognitive functions concurs
with metabolic alterations, increase of oxidative stress, and ensuing increase of neu-
roinflammatory background [36]. This scenario is exacerbated in pathological situ-
ations. However, thanks to its pleiotropic effects, TLR4 activation plays a key role
in neurogenesis such as in the impairment of cognitive functions and neuropatho-
logical signatures from the early development stage throughout the lifespan.

Lifelong exposure to endogenous or exogenous stressing conditions activates a
cascade of responses involving both innate and adaptive immune system [37]. This
sort of “preconditioning” may induce the establishment of a “physiological” state of
inflammation that becomes exacerbated with aging and susceptible to the income of
further stressors, thus to the activation of pathophysiological and irreversible
mechanisms.

A dual role of TLR4 has been shown in the brain, where TLR4 activation may
exert both pro-inflammatory and pro-neurogenic effects. Existing evidence comes
predominantly from studies of in vitro and in vivo models, as well as analyses of
postmortem human brain tissue and preclinical studies of TLR inhibitors. For
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example, after ischemic preconditioning, TLR4 mediates both the development of
the inflammatory reaction and the neuroprotective “priming” of CNS [38]. In the
brain, the development of neuroinflammation is related to a physiological reaction
of defense against to external agents (pathogen-associated molecular patterns,
PAMPs, or toxic compounds) or endogenous tissue-derived damaging molecules
(danger-associated molecular patterns, DAMPS) and involves the participation of
both innate and adaptive immune systems. The recruitment of the innate immune
system is a very early event due to activation of microglial (immune nonneural cells
resident in the CNS) and astroglial cells (neural cells activated), accompanied by the
concerted activation of the adaptive immune system that involves mobilization of
immune cells from the bone marrow and infiltration of monocyte cells like
T-lymphocytes and macrophages through a transient permeabilization of the blood—
brain barrier (BBB). Under pathological circumstances, the neuroinflammatory
reaction overcomes the physiological threshold and becomes detrimental to axonal
function and neurogenesis.

Accordingly, inflammaging, that is, the chronic inflammatory process character-
ized by an imbalance of pro- and anti-inflammatory mechanisms, has been recog-
nized as operative in several age-related and notably neurodegenerative diseases.
Inflammaging is part of the complex adaptive mechanisms (“remodeling”) that are
ongoing through the lifespan, and which function to prevent or mitigate endogenous
processes of tissue disruption and degenerative change(s). The absence of an ade-
quate anti-inflammatory response can foster inflammaging, which propagates on
both local (i.e., from cell to cell) and systemic levels (e.g., via exosomes and other
molecules present in the blood). In general, this scenario is compatible with the
hypothesis that inflammaging represents a hormetic or hormetic-like effect, in
which low levels of inflammatory stress may prompt induction of anti-inflammatory
mediators and mechanisms, while sustained pro-inflammatory stress incurs higher
and more durable levels of inflammatory substances, which, in turn, prompt a local-
to-systemic effect and more diverse inflammatory response(s) [39]. In the develop-
ment of a neuroinflammatory background, TLR4 is differentially involved
dependently on the early or advanced stages of the process.

A persistent acute neuroinflammation can turn to a chronic neuroinflammation as
it accumulates damage, bringing about neuronal degeneration. The outcome of neu-
roinflammation correlates with the time span of the inflammatory response and the
activation state of microglial [40] and astroglial cells which play concerted and
complementary roles in the defense of the brain.

Microglial cells represent the primary innate immunological cell type in the
brain. While changing from a stellate surveillant to an amoeboid reactive phenotype
and producing pro-inflammatory signals upon insult and/or pathological input [41],
microglial cells are also able to promote NPC proliferation, scavenging of cell
debris, and secretion of neurotrophic factors. A new concept is that neural cells
actively participate to the neuroinflammatory process with their intrinsic innate
immunity, by releasing pro-inflammatory cytokines, chemokines, and reactive oxy-
gen species. Hence, while able to promote neurogenesis and neuronal development
under physiological conditions, astrocytes may acquire a fibrotic reactive phenotype
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upon activation by intrinsic or extrinsic damage signals and become neurotoxic and
pathogenic [42]. Both the loss of the beneficial effects and hyperactivation of astro-
cytes have been suggested as contributing to an increased neuronal susceptibility
and altered metabolism [43], with increased levels of cytosolic metabolites that can
cause oxidative stress and disruption of mitochondrial pattern and efficiency. The
release of pro-inflammatory mediators in response to neural dysfunction may be
helpful, neutral or even deleterious to normal cellular survival, with TLR4 playing
a multifaceted role in the development of specific environmental conditions or path-
ological contexts.

TLR4 is the primary signaling receptor for gram-negative bacteria lipopolysac-
charide (LPS). The activation of TLR4 pathway by LPS requires the participation of
the LPS-binding proteins LBP and soluble and membrane-bound CD14 receptor
and the adaptor MD-2, which associates noncovalently with TLR4 to form the acti-
vated homodimer (LPS/MD-2/TLR4), on the cell membrane that starts the intracel-
lular signal leading to NF-kB activation and pro-inflammatory cytokine production
[44]. The homodimer transmits the signal downstream through two distinct and
consecutive pathways. One pathway starts from the cell membrane complex by the
recruitment of myeloid differentiation primary response gene 88 (MyD88) and
adapter myelin and lymphocyte protein (MAL) (MyD88-dependent pathway). A
supramolecular signaling complex formed by six molecules of MyD88 is formed
(Myddosome) that induces NF-«B activation and the production of a number of pro-
inflammatory proteins [45]. Once engaged by mCD14, TLR4-MD?2 undergoes an
internalization process and moves in the endosomal compartment, where it triggers
the TRIF Related Adaptor Molecule (TRAM) and TIR-Domain-Containing
Adapter-Inducing Interferon-p (TRIF)-dependent pathway, that sustains the activa-
tion of NF-kB and also induces the production of type I interferons (IFNs) [46].

The activation of TLR4 by endogenous DAMPs that very likely occurs in CNS,
has been less characterized from a structural point of view, and the roles of the co-
receptor CD14 and adaptor MD-2 have to be clarified. On the other hand, there is
increasing pharmacological interest in TLRs targeting in CNS pathologies [47].

Chemical agents can inhibit PAMP- and DAMP-TLR4 signaling through a direct
interaction outside the cell with the extracellular domain of TLR4, or inhibit the
interaction of TLR4 with MD-2 and CD14. TLR4 antagonists can alternatively
enter into the cell and impair MyD88 or TRAM/TRIF signal pathways. In this view,
the design of different TLR4 antagonists targeting different molecules and with dif-
ferent capacity to penetrate the cell membrane (and other tissue barriers) may be
crucial to tailor specific therapeutic strategies to approach neuroinflammation and
neuroregeneration in CNS disorders.
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4 The Role of TLLR4 in Neurogenesis Through Regulating
Neural Stem Cells (NSC) and Neural Progenitor
Cells (NPC)

While notably protecting from inflammation in several systems [48, 49], recent evi-
dences have shown that TLR4 deficiency impairs oligodendrocyte formation after
spinal cord injury [50]. In a similar fashion, while MSRV multiple sclerosis—associ-
ated retrovirus (MSRV) envelope protein, a potent agonist of TLR4 has been shown
to impair differentiation of oligodendrocyte precursors to mature oligodendrocytes
[51], LPS activation of TLR4 has been shown to promote remyelination [52], indi-
cating that TLR4 signaling has to be finely tuned in order to promote neuroregen-
eration rather than neurodegeneration. Interestingly, in humans, TLR4 (D299G)
mutation causing impairment of LPS signaling does not affect human or experimen-
tal sepsis caused by polymicrobial infection, suggesting that also other immune
receptors may compensate for TLR4 defects [53].

TLR4 is known to be a master player in the development of neuroinflammation
processes and to be upregulated in ALS animal models. Indeed, inhibition of TLR4
by small molecule antagonists has been shown to variably attenuate neuroinflam-
mation development in ALS animal models [54, 55]. In a similar fashion, intra-
spinal transplantation of hNSCs in ALS rats has been shown to ameliorate disease
progression through immunomodulatory effects. Previous studies in murine cells or
animal models have shown thatTLR4 plays multiple and controversial roles in neu-
rogenesis [56], but the lack of a human system to study the CNS and the paucity of
data on human patients have represented a roadblock to the appropriate knowledge
of some pathophysiological mechanisms and to plan possible therapeutic strategies.

In a translational perspective, the investigation of the role of TLR4 in the regula-
tion of hNSC lines promoted as a tool for cell-mediated therapy of aging disorders
is of utmost importance, suggesting TLR4 as a novel target either for the identifica-
tion of novel biomarkers for rare diseases or future therapeutic approaches. In
immune-mediated experimental demyelination — both in rodents and nonhuman
primates — transplanted NPC have been shown to possess an inherent and inducible
ability to mediate efficient “bystander”” myelin repair and axonal rescue. In particu-
lar, it seems that undifferentiated NPCs display the higher “bystander” therapeutic
potential and, once transplanted, are regulated by both CNS-resident and blood-
borne inflammatory cells releasing in situ major stem cell regulators. The immuno-
modulatory capacity of exogenous NPCs together with the formation of the atypical
ectopic perivascular niches provide an example of reciprocal crosstalk between the
inflamed microenvironment(s) and transplanted therapeutic NPCs. Given this per-
spective, new treatments of neurodegenerative disease sharing the common hall-
mark of inflammaging may be envisioned that strategically are aimed at exerting
hormetic effects to sustain anti-inflammatory responses, inclusive perhaps, of facili-
tating the immunomodulatory effect of the stem cell-mediated therapeutic approach.

We have then investigated [35] the role of TLR4 in regulating hNSC properties
by analyzing in vitro the effects of long-term TLR4 stimulation by LPS and
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inhibition by the synthetic glycolipid FP7 active as antagonist [57, 58]. TLR4 antag-
onism by FP7 is based on strong binding to MD-2 and CD14, and subsequent inhi-
bition of formation of the final activated dimer TLR4/MD-2 [57, 58] has an impact
on the proliferation dynamics and cell fate of human NSCs. We have shown that
hNSC do express TLR4, its adaptor MD-2, and the co-receptor CD14 on the cell
membrane. Importantly, our findings indicate that treatment with LPS exerts slight
increase of hNSC proliferation, while more relevant effects are evident by using the
synthetic antagonist, suggesting that TLR4 signaling is active in hNSC under basal
conditions in vitro and TLR4 signal is required for cell proliferation and survival.
TLR4 activation by LPS has a positive effect on hNSC proliferation and long-term
survival, while TLR4 inhibition by the synthetic antagonist remarkably decreases
the proliferation rate and cell viability in a time- and dose-dependent fashion.

TLR4 stimulation by LPS during differentiation enhances neuronogenic poten-
tial of hNSC and favors both neuronal and oligodendroglial survival, while TLR4
inhibition by synthetic antagonist FP7 accelerates the differentiation process by fos-
tering hNSC to the transient amplifying neural progenitor (NPC) stage, finally lead-
ing to yield a lower percentage of neuronal and oligodendroglial cells [35].

Interestingly, the alteration of mitochondrial and lysosomal patterns in hNSC by
chemical inhibition of TLR4 signaling correlate with the apoptotic marker Caspase3,
suggesting that excessive downregulation of TLR4 in hNSC leads to oxidative stress
and metabolic dysfunction in a fashion comparable to a pro-inflammatory situation.
In a similar dual interpretation, we observed some activation of the inflammasome
pathway indicating that TLR4 may participate in preconditioning of hNSC vulner-
ability and senescence [35].

We have provided evidence of TLR4 expression in hNSC in vivo 40 days after
transplantation into the spinal cord of SOD1 G93A rats. These results confirm that
TLR4 may play hormetic-like effect also in neurogenesis: while the TLR4 overex-
pression in the spinal cord of SOD1 rats during ALS progression is likely involved
in the development of the neuroinflammation, TLR4 basal expression and activation
is needed in hNSC to favor their engraftment. We also demonstrated that clinical-
grade hNSC retain TLR4 expression after transplantation into the brain of nude
SCID mice, thus irrespectively both of the site of injection and of the neuroinflam-
matory background. To note, hNSC retaining TLR4 expression after transplantation
co-express nestin consistently with a role of TLR4 in fostering survival and prolif-
eration of a stem-like cell [35]. In the actual perspective of stem cell-mediated
therapy of neurodegenerative diseases like ALS, the analysis of TLR4-related mol-
ecules/proteins along with disease development and progression appears of essence
for the identification of novel diagnostic and prognostic biomarkers. Nonetheless,
novel therapeutic strategies based on TLR4 modulation should be tailored accord-
ing to these observations.

Consistently with our hypothesis on TLR4 effects on exogenous hNSCs after
transplantation, Palma-Tortosa et al. [S9] have shown that endogenous NSC are
actively stimulated to proliferate by TLR4 activation after stroke, thus confirming
the relevant role of TLR4 in promoting neurogenesis under non-physiological con-
ditions. Interesting, a recent study by Muneoka S. et al. [60] has demonstrated that
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TLR4 on circumventricular NSCs in the adult mouse brain functions as a central
regulator for thermogenesis under inflamed and normal conditions through mediat-
ing response to LPS-induced inflammatory stimulus.

Altogether, these results indicate that TLR4 activity has not to be turned on or

off, but needs being finely tuned in order to promote neuroregeneration rather than
neurodegeneration and to mediate the development of healing immunomodulation
rather than of detrimental neuroinflammation.
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Toll-Like Receptor 4 and the World
of microRNAs

Monica Molteni and Carlo Rossetti

Abstract Recent studies have highlighted the importance of microRNAs (miR-
NAs) in the fine-tuning of cellular response after TLR4 activation, in the timely
coordination of both inflammatory and resolution phases of the response. In this
chapter, we examine the intracellular role of TLR4-miRNA axis in immune and
nonimmune cells and the importance of miRNAs released in exosomes, after TLR4
triggering, for the crosstalk among different cellular subsets.

Keywords Toll-Like Receptor 4 (TLR4) - microRNAs - Inflammation - Immune
cells - Nonimmune cells - Exosomes

1 Introduction

Toll-Like Receptor 4 (TLR4) is a key receptor involved in the inflammatory response
induced by pathogens (mainly gram-negative bacteria) or by tissue injury [1].
Interaction with specific agonists triggers a signaling cascade that activates down-
stream transcription factors, such as MyD88-dependent NF-xB, AP-1, and MyD88-
independent IRF3, that are ultimately responsible for the initiation of the
proinflammatory response needed to eradicate infection and to restore tissue integ-
rity [2]. As in several other biological processes, TLR4 activation involves feedback
mechanisms with the aim of controlling the intensity of proinflammatory activation,
finely directing not only the timing of the response but also the switch toward the
resolution phase involving tissue repairing processes. Among these mechanisms,
the timely coordinated production of specific microRNAs (miRNAs) by TLR4 trig-
gering have received considerable attention as newly identified regulators playing
central roles both in the control of intracellular responses and in the communica-
tions among cells that belong or not to the immune compartment. Increasing evi-
dence indicates that miRNAS have a critical function as regulators of hematopoiesis
and immune cell differentiation but also significantly influence the outcome of the
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immune responses to infection [3]. Moreover, being TLR4 expressed also on the
plasma membrane of nonimmune cells, including epithelial, endothelial, tumor, and
mesenchymal stem cells, it is evident that TLR4-miRNA regulation could have a
more relevant role than previously thought, as suggested also by the increasing
number of papers recently published on this topic.

2 MiRNAs: Canonical Biogenesis Pathway and Mechanisms
of Action

MiRNAs are a class of noncoding single-stranded RNA molecules (20-24 nucleo-
tides in length) having a cytoplasmic post-transcriptional regulatory role on protein-
coding gene expression [4, 5]. In humans, over 2000 miRNAs have been identified
as true mature miRNAs [6, 7], and it has been hypothesized that they could influ-
ence the output up to 60% of protein-coding genes [4, 5, 8].

Transcription of miRNA genes is essentially similar to that observed for protein-
coding genes, undergoing the same activation and regulatory mechanisms [6, 9].
MiRNAs are transcribed from DNA sequences into quite long primary miRNAs
(pri-miRNA) by RNA polymerase II and then cleaved in the nucleus into pre-
miRNAs (60-70 nucleotide hairpin intermediates) by the microprocessor complex,
consisting of ribonuclease III enzyme Drosha and RNA binding protein DiGeorge
Syndrome Critical Region 8 (DGCRS) [10—12]. Once a pre-miRNA is produced, it
is actively exported to the cytoplasm, where it is processed by the RNase III endo-
nuclease Dicer, resulting in a mature miRNA duplex [10, 13, 14] that is loaded into
the Argonaute (AGO) proteins (AGO1 to AGO4 in humans). Only one strand of the
duplex (either 5" or 3’ strands based on the thermodynamic stability of the two ends
of the duplex) remains as mature miRNA to form the RNA-induced silencing com-
plex (RISC); the other strand is degraded. The RISC represents the effector complex
recognizing short sequences in the 3’ untranslated region (UTR) of the target mes-
senger RNAs (mRNAs) [14].

The main mechanisms of miRNA-mediated post-transcriptional regulation
depends on the grade of sequence complementarity between miRNA and target
mRNA and at least involve:

1- Direct AGO2-catalyzed mRNA cleavage if miRNA “seed region” (e.g., nucleo-
tides 2—-8) base pairing with mRNA in the 3’-UTR is perfect [5, 15].

2- Translation repression pathways by blocking the initiation step [5, 16] and
mRNA destabilization by de-adenylation and de-capping with final mRNA deg-
radation, eventually occurring in P-bodies [17, 18].

To add further complexity to the miRNA regulatory effects, it has been recently
demonstrated that miRNAs can target promoter elements in the nucleus eventually
also showing gene-activating functions [8, 19].
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3 TLR4-miRNA Acxis in the Innate Immune Response

The first documented relationship between TLR4 triggering by lipopolysaccharide
(LPS) and miRNA induction was found by Baltimore’s research group in 2006 [20].
In this paper, Taganov and colleagues for the first time demonstrated that miR-146a,
miR-146b, miR-132, and miR-155 are LPS-responsive genes in human monocytic
THP-1 cells. After this, several other papers have been published showing the role
of many other miRNAs in the context of TLR4 activation and cell signaling in
innate immune cells. In particular, it is possible to distinguish miRNAs directly
induced or suppressed by TLR4 triggering, from those targeting TLR4 expression
and/or signaling proteins (Table 1). In this chapter, only the miRNAs whose func-
tion has been clearly demonstrated by independent research groups are presented.

3.1 MiRNA Upregulated by TLR4 Triggering
3.1.1 The miR-146 Family: miR-146a-5p and miR-146b-5p

MiR-146a-5p and miR-146b-5p (here called miR-146a and miR-146b) are two evo-
lutionary conserved miRNAs, located on separate chromosomes and differing in
their sequences for only two nucleotides at the 3’ end, suggesting that they could
share the same target mRNAs. It has been demonstrated that human monocytic

Table 1 MiRNAs regulated by TLR4 triggering and miRNAs targeting TLR4 expression and/or
protein signaling

MiRNAs regulated by TLR4 triggering
miRNA Verified targets Reference
Upregulated
miR-146a IRAK1, IRAK2, TRAF6, TLR4 [20, 23, 25,
105]
miR-146b MyDS88, IRAK1, TRAF6, TLR4 [31,32]
miR-155 IKKp, IKKe, FADD, TAB2, p38 MAPK, TNF, SHIPI, [37, 41-46]
SOCS1, BCL6
miR-21 MyD88, IRAK1, PDCD4, PTEN, IL-12 [63, 64]
miR-132 IRAKA4, acetylcholinesterase [67-69]
Downregulated
miR-223 IKKa, STAT3, NLRP3, TLR4 [71,73,76-78]
miR-125b TNFa, MIP-1a, BIK, MTP18 [80, 81, 83]
miRNAs targeting TLR4 expression and/or protein
signaling
miRNA Verified targets Reference
Let-7i, e, a, b TLR4 [79, 84-86]
miR-511 TLR4 [87, 88]
miR-200b, ¢ MyD88, c-Jun MAPK [89, 90]
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THP-1 cells incubated with bacterial LPS rapidly increase transcription of both
miR-146a and miR-146b, but only mature miR-146a is observed in the cytoplasm
[20, 21]. This indicates that, even if they share the same “seed region,” miR-146a
and miR-146b could also have different nonredundant biological functions [3].
Further studies confirmed upregulation of miR-146a in primary monocyte/macro-
phages, dendritic cells, and microglial cells exposed to LPS [22-24]. The kinetics
of miR-146a expression, after LPS incubation, is characterized by a gradual increase
over 24 h both in THP-1 cells and in monocytes [21, 23]. Analysis of miR-146a
promoter showed transcriptional NF-xB binding sites; thus LPS-induced NF-xkB
activation directly results in miR-146a upregulation [20]. It has been proposed that
miR-146a functions as a negative regulator of inflammation [3]. Several experimen-
tal results support this statement. Interleukin-1 receptor-associated kinases (IRAK1,
IRAK?2) and TNF receptor-associated factor 6 (TRAF6) are key adapter proteins
recruited after TLR4 triggering which act upstream NF-kB transcription factor [1].
It has been shown that IRAKs and TRAF6 gene expressions are post-translationally
repressed by miR-146a [20, 25]. Furthermore, miR146a is critically involved in the
process of endotoxin tolerance, a phenomenon in which monocytes/macrophages
display reduced capacity to respond to repeated stimulation with LPS, showing
reduced production of proinflammatory mediators, such as tumor necrosis alpha
(TNF-a) [26]. Endotoxin tolerance has been suggested to be a means to avoid
hyperinflammation due to repeated stimulation with LPS. Nahid and colleagues
[21] identified in the miR-146a one of the key regulators of this process. In particu-
lar, they showed miR-146a overexpression in vitro during the tolerized state of
THP-1cells. Moreover, transfection of cells with miR-146a was shown to mimic
LPS priming, whereas transfection with antagomir abolished endotoxin tolerance.
Concomitantly, a decrease of IRAK1 and TRAF6 protein expression was observed,
correlating with the dose of LPS used for priming. An important role for miR-146a
has also been observed in the mechanism of cross-tolerance induced by a noncon-
ventional LPS obtained from a cyanobacterium having TLR4/MD2 antagonist
activity [23]. In vivo contribution of miR-146a to endotoxin tolerance has been
demonstrated in the physiological tolerance to intestinal bacteria observed in neo-
nates [27] and in sepsis [28]. MiR-146a has been found within exosomes released
by dendritic cells and, following uptake in recipient cells, it mediates target repres-
sion both in vitro and in vivo [29]. In mutant mice with targeted deletion of
miR-146a, macrophages were hyperresponsive to LPS. Aging miR-146a-null mice
were characterized by loss of peripheral T lymphocyte tolerance and developed an
autoimmune disorder with splenomegaly, lymphadenopathy, multiorgan inflamma-
tion, and premature death [30].

Recently, beyond miR146a, also mature miR146b has been implicated in the
response of human monocytes to LPS stimulation and in endotoxin tolerance
in vitro [31, 32]. The increased production of miR146b was not direct as for
miR146a but was dependent on IL-10 autocrine signaling pathway activated after
LPS challenge in primary monocytes. The partial discrepancy with the previous
observations of Taganov and colleagues [20] probably relies on the fact that THP1
monocytic cells, employed in Taganov experiments, produce very low amount of
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IL-10 in culture supernatants in comparison with human primary monocytes [23].
Interestingly, overexpression of miR-146b by cell transfection showed a reduction
of Myeloid Differentiation 88 (MyD88), IRAK1, and TRAF6 protein expressions.
Furthermore, TLR4 itself was shown to be a target of miRNA-146b, by blocking
translation of TLR4 mRNA [32].

3.1.2 MiR-155-5p

MiR-155 is highly expressed in thymus and spleen and has been demonstrated to
have an important role in the development and function of both innate and adaptive
immune cells [33-35]. MiR-155 is rapidly induced in response to infection or tissue
injury, driving the proinflammatory response. Exposure of monocyte/macrophages,
THP1 cells and microglia to LPS results in the activation of miR-155 production
in vitro [20, 24, 36, 37]. Interestingly the kinetics of miR-155 production, after LPS
challenge, is more rapid than that observed for miR146a [23]. It has been demon-
strated that miR-146a and miR-155 are coordinately regulated during macrophage
proinflammatory activation and endotoxin tolerance, representing, respectively,
negative and positive regulatory elements of NF-xB transcription factor, both
in vitro and in vivo [38, 39]. In miR-146a-deficient mice, elevated miR-155 expres-
sion potentiates NF-xB activity, inducing increased proinflammatory response, thus
indicating adominant role of miR-155 in promoting inflammation [38]. Transcription
of miR-155 gene is under control of several transcription factors, including NF-kB,
Interferon Regulatory Factors (IRF), Interferon-Sensitive Response Elements
(ISRE), and AP-1 [40]. MiR-155 mRNA targets appear to be mainly products acting
as inhibitors of the innate immune response. Among experimentally verified targets
of miR-155 action, there are phosphatidylinositol-3,4,5-triphosphate 5-phosphatase
1 (SHIP1), which inhibits the TLR/PI;/AKT kinase pathway, suppressor of cytokine
signaling 1 (SOCS1), and B-cell lymphoma 6 protein (BCL6), which negatively
regulates NF-xB transcription factor [37, 41-44]. Furthermore, miR-155 induced
by LPS treatment has been shown to repress mRNAs of some proteins involved in
TLR4 signaling pathway, such as those coding for IKKe and IKKf kinases and
TAB2 [45, 46]. In mouse macrophages and Kupffer cells, miR-155 upregulation
following LPS treatment has been documented to increase TNF-a secretion by
favoring mRNA stability, even though the mechanism is unknown [45, 47].

It has been hypothesized that the induction of miR-155 could represent a way for
the immune system to rapidly expand the myeloid cell population during inflamma-
tion [48] and effectively miR-155 overexpression in hematopoietic stem cells in
mice have been shown to cause myeloproliferative disorders [48]. MiR-155 also
represents a critical element at the interface of innate and adaptive immunity. M1
macrophage polarization process is associated with increased expression of miR-155
[49], as well as dendritic cells overexpression of miR-155 alone is enough to break
tolerance in mice [50]. In addition, miR-155-deficient mice cannot be successfully
immunized against Salmonella typhimurium; analysis of dendritic cell function
showed their inability to trigger T-cell activation after antigen presentation [51].
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Pathogen-specific and tumor-specific CD8+ T-cell response has been demonstrated
to be critically linked to miR-155, which has been shown to specifically restrain
immune senescence and functional T-cell exhaustion, thus potentiating adaptive
immune response [52, 53].

In human diseases characterized by pathological proinflammatory processes,
such as rheumatoid arthritis (RA), the expression of miR-155 in monocytes was
found higher in RA patients than in healthy controls; in particular, miR-155 was
upregulated in synovial tissue macrophages, and, in experimental models of RA,
miR-155-deficient mice were resistant to collagen-induced arthritis [54, 55].

3.1.3 MiR-21

TLR4 triggering by LPS in monocyte/macrophages stimulates the production of
mature miR-21 in an NF-kB-dependent manner, mediated by the myD88 pathway
[56]. It has been shown that miR-21 has an anti-inflammatory action by acting as
repressor of the proinflammatory tumor suppressor programmed cell death 4
(PDCD4) and the phosphatase and tensin homologue PTEN [56-58]. The inhibition
of PDCD4 expression by miR-21 is responsible for increasing IL-10 production,
thus promoting a negative feedback loop controlling inflammation. MiR-21 upregu-
lation has been implicated in the resolution of inflammation after an injury by pro-
moting the efferocytosis of apoptotic cells by monocyte-derived macrophages. In
detail, LPS-treated macrophages incubated with apoptotic cells showed enhanced
miR-21 expression [59].

The role of miR-21 was investigated in vivo in models of peritonitis induced by
LPS [60]. In these experiments, peritoneal macrophage expression of miR-21 was
increased after LPS treatment but was delayed until 48 hours after cecal ligation and
puncture. Furthermore, the survival of miR21-null mice was decreased after LPS-
induced peritonitis [60] MiR-21 dysregulation has been involved in pathological
conditions (reviewed in 57); several studies have demonstrated a key role of
miR-21 in the interplay between innate immune cells (tumor-associated macro-
phages) and tumor environment. MiR-21 deficiency has been shown to confer
enhanced antitumor immunity by favoring M1 polarization of macrophages [61,
62]. MiR-21-deficient DCs treated with LPS showed increase production of proin-
flammatory IL-12 [63, 64]. It has been observed that miR-21 is the most abundant
miRNA in macrophages and its deficiency in vivo in mice has been shown to pro-
mote atherosclerosis and vascular inflammation [65].

3.14 MiR-132

MiR-132 was one of the first miRNAs, together with miR-146a and miR-155, found
upregulated after TLR4 engagement by LPS in THP-1 human monocytic cells [20,
21]. These results were confirmed also in vitro in RAW 264.7 murine macrophage-
derived cell line and in vivo in murine splenocytes after treatment with LPS [66,
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67]. Validated target of miR-132 are IRAK4 [68] and acetylcholinesterase [67, 69],
thus indicating a role for this miRNA in regulating the LPS signaling pathway and
also in the crosstalk between immune and neuronal systems.

3.2 MiRNA Downregulated by TLR4 Triggering
3.2.1 MiR-223

MiR-223 is preferentially expressed in hematopoietic system, having the highest
expression in granulocytes [70]. In human monocytes, differentiation into macro-
phages is accompanied by decreased expression of miRNA-223 [71]. In human
monocyte—derived immature dendritic cells stimulated with LPS a slight increase of
miR-223 was documented by Ceppi and colleagues [46]. Indeed, miR-223 has been
found upregulated in M2-polarized macrophages in comparison with M 1-polarized
macrophages [72]. Several studies in mouse models have demonstrated that activa-
tion of TLR4 by LPS downregulates miR-223 in macrophages [73-75]. MiR-223-
deficient macrophages have been shown to be hypersensitive to LPS stimulation;
this indicates that miR-233 actively participate in downregulating the proinflamma-
tory response induced via TLR4 [74]. MiR-223 acts by repressing IkB kinase
subunit-o (IKK-ar) [71, 76], STAT3 [73, 76] and the nucleotide-binding oligomer-
ization domain-like receptor (NLR) inflammasome by targeting the NLR protein 3
(NLRP3) 3’-UTR [77, 78]. These observations indicate that miR-223 represents a
fine-tuner of inflammation both directly on TLR4 signaling pathway, both indirectly
on cytokine signaling mechanisms and inflammasome activity.

3.2.2 MiR-125b

Tili and colleagues [45] were the first demonstrating that TLR4 stimulation by LPS
produces a downregulation of miR-125b both in vitro in RAW?264.7 murine macro-
phages both in vivo. Similar results have been obtained more recently by Murphy
AlJ et al. [79] in human macrophages and by Jia J et al. [80] in a murine chondro-
genic cell line. Conversely, other papers showed an increased miR-125b expression
after LPS challenge in human monocytes and mouse RAW264.7 [81, 82]. At pres-
ent, no data are available to explain this discrepancys; it is likely that the timing for
the measure of miR-125b after LPS challenge could play a critical role. Indeed, all
the papers agree that miR-125b actively cooperates in controlling excessive proin-
flammatory response via TNF-a post-transcriptional repression, targeting the
3’-untranslated region of TNF-alpha mRNA. Increased expression of miR-125b was
found in endotoxin tolerance, by inhibiting TNF-a translation [83]. Other verified
targets of miR-125b were MIP-1a [80] and mitochondrial metabolism through post-
transcriptional repression of the BH3-only proapoptotic protein BIK and the mito-
chondrial fission process 1 protein MTP18 [81].
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3.3 MiRNA Targeting TLR4 Expression and/or
Signaling Proteins

There are some miRNAs that are not directly induced or downregulated by TLR4
engagement but can influence TLR4 expression and/or translation of signaling pro-
teins involved in TLR4 pathway. MiRNAs of Let-7 family, such as let-7i, let-7e,
let-7a, let-7b were shown to repress TLR4 [79, 84-86]. A direct effect of miR-511
on human TLR4 3’-UTR was also demonstrated by Tserel and colleagues in 2011
[87] and, more recently, confirmed by Curtale and colleagues [88]. Members of the
MiR-200 family, namely miR-200b and miR-200c, have been demonstrated to tar-
get some signaling proteins involved in TLR4 pathway, such as MyD88 and ¢ Jun/
MAPK [89, 90].

4 TLR4-miRNA Axis in Nonimmune Cells

Even though TLR4 expression has been firstly described in innate immune cells, in
the last decades several reports have documented the expression of this receptor on
the cell membrane of several other cellular subsets, including epithelial [91] and
endothelial cells [92, 93], cardiac myocytes [94, 95], mesenchymal stromal cells
[96], and tumor cells [97-99]. As a consequence of the presence of TLR4, similar
mechanisms of TLR4-miRNA activation have been demonstrated in nonimmune
cells, directly contributing to the fine regulation of cellular homeostasis. It has been
demonstrated that TLR4 activation in mesenchymal stromal cells (MSCs) modu-
lates inflammatory responses by targeting components of the TLR signaling path-
way both in MSCs and in cells that interact with MSCs, through the release of
extracellular vesicle containing miRNAs [100-102]. In primary lung cancer cells,
direct activation of TLR4 by LPS has been shown to enhance tumor outgrowth
in vitro and in vivo by inducing miR-21. This pathway results in being particularly
relevant in consideration of the direct correlation between TLR4 and miR-21
expressions observed in freshly isolated, untreated primary human lung cancer cells
[103]. MiR-145-5p has been recently found to exhibit antitumorigenic activity
in vitro and in vivo in melanoma by suppressing TLR4 expression and inactivating
NF-kB pathway [104]. In primary human microvascular endothelial cells, overex-
pression of miR146a by miRNA mimic has been demonstrated to significantly
reduce the level of TLR4/NF-kB activation induced by the presence of high glucose
concentrations [105].
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5 Crosstalk Among Different Cellular Subsets Mediated by
miRNAs in Exosomes Released After TLR4 Stimulation

Recent results have clearly demonstrated that miRNAs post-transcriptionally regu-
late gene expression within the cells in which they are produced but have also a
significant impact at distance on different target cells. This effect is due to the
release of extracellular microvesicles (e.g., exosomes) transporting miRNAs that
can be taken up by recipient cells, causing changes in their function. McDonald and
colleagues showed that murine RAW 264.7 macrophages and THP1 monocytic
cells stimulated with LPS are characterized by altered expression in their exosomes
of some miRNAs [106]. Similar results have been obtained by Ortega FJ et al. [107].
In 2015, Alexander and colleagues demonstrated that endogenous miR-155 and
miR-146a are released by primary murine dendritic cells and, following uptake,
induce the reprogramming of target dendritic cell response to LPS, respectively
enhancing or reducing inflammatory gene expression [29]. The important role
played by miRNAs produced and released after TLR4 activation is highlighted by
the observation that miRNA-mediated cellular crosstalk is active in the intercellular
communications among various cellular subsets and not limited to the immune
compartment [106, 107]. In a diabetic rat model, exosomes released from LPS-
activated MSCs downregulate inflammation by directing macrophage polarization
and favoring regenerative properties through the production of let-7b miRNA tar-
geting TLR4 protein [102]. Macrophages residing in adipose tissue of obese mice
have been shown to produce exosomes containing miRNAs, in particular miR-155,
which contributes to the inhibition of insulin signaling [108].

Tumor-associated macrophages have been shown to promote breast cancer inva-
sion and metastasis through the release of miRNA-containing exosomes. In this
context, a critical role of miR-223 has been observed: In vitro invasiveness of breast
cancer cells was significantly decreased when miR-223 expression by macrophages
was abolished by an antisense oligonucleotide [109]. On the other hand, tumor cells
have been demonstrated to employ exosomes containing miRNAs to block innate
immune activation. Pancreatic cancer-derived exosomes containing miR-203 have
been demonstrated to inhibit dendritic cell activation, by inhibiting TLR4 expres-
sion and cytokine production [110].

6 Conclusions

There is increasing evidence that TLR4 and miRNA crosstalk ensures the fine-
tuning of inflammatory response and subsequent healing occurring in tissues after
infection or injury. The expression of miRNAs inside the cell, after TLR4 trigger-
ing, critically contributes both to the activation and to the shutdown of immune cell
response needed for the termination of the inflammatory process. Moreover, it has
been found that miRNAs have a role outside the cell, mediating paracrine
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intercellular communications, thus extending the influence of TLR4 activation at
distance through a wider range of mediators than thought before. These interactions
involve both immune and nonimmune cells, indicating how these mechanisms rep-
resent an important means to control tissue functions. Pharmacological targeting of
these pathways with new treatments could be relevant for those pathological condi-
tions in which uncontrolled inflammatory response and/or aberrant tissue heal-
ing occurs.
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Cells Upon TLR4 Stimulation

Check for
updates

Laure Perrin-Cocon, Anne Aublin-Gex, and Vincent Lotteau

Abstract Cell metabolism sustains the generation of energy, the modulation of cell
signaling, and the production of molecular blocks for cell maintenance and/or pro-
liferation. Immune cells not only require energy to survive but also need to adapt
their metabolism in response to activation signals in order to differentiate and
assume their immune functions. Numerous studies now indicate that the function of
innate immune cells is closely related to their metabolic status. Hence, profound
metabolic reprogramming occurs upon stimulation of pathogen recognition recep-
tors (PRR), especially in myeloid cells. This review mainly focuses on the crosstalk
between toll-like receptor 4 (TLR4) signaling and metabolic regulations occurring
in macrophages and dendritic cells (DCs). Multiple studies showed that TLR4 stim-
ulation of DCs or macrophages results in increased glycolytic activity, an essential
process to support their proinflammatory functions. However, the molecular mecha-
nisms involved have been only partially discovered and differ according to cell
types and species. This chapter gives a knowledge overview of the molecular mech-
anisms involved in the modulation of central carbon metabolism, from glycolysis,
tricarboxylic acid (TCA) cycle, oxidative phosphorylation, to lipid metabolism,
upon TLR4 signaling in macrophages and DCs.

Keywords Innate immunity - TLR4 signaling - Cell metabolism - Macrophage -
Dendritic cell - Glycolysis - TCA cycle - Oxidative phosphorylation - Lipid
metabolism

Cell metabolism sustains the generation of energy, the modulation of cell signaling
and the production of molecular blocks for cell maintenance and/or proliferation.
An increasing amount of evidence points to a strong intertwined relationship
between the metabolic state and the effective function of immune cells, leading to
the emergence of the immunometabolism field [1]. It was first reported in the 1960s
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that immune cells activation correlated to specific metabolic properties and that
blocking metabolic pathways could lead to functional changes [2, 3]. Indeed,
immune cells not only require energy to survive but also need to adapt their metabo-
lism in response to activation signals in order to differentiate and assume their
immune functions. The type and fate of nutrients used by immune cells differ
according to their functional requirements. Therefore, profound metabolic repro-
gramming occurs in myeloid cells upon stimulation of pathogen recognition recep-
tors (PRR) and certain metabolites can modulate the function of these immune cells
[4, 5]. This chapter will mainly focus on the studies analyzing the crosstalk between
toll-like receptor 4 (TLR4) signaling and metabolic regulations occurring in macro-
phages and dendritic cells (DCs).

1 TLR4 Stimulation Triggers a Warburg-Like Shift
of Cell Metabolism

Glycolysis converts glucose to pyruvate by a series of enzymatic reactions, generat-
ing 2 moles of ATP per mole of glucose. Three rate-limiting enzymes are control-
ling the glycolytic flux (hexokinase, phosphofructokinase, and pyruvate kinase)
(Fig. 1). The hexokinase (HK) converts glucose to glucose-6-phosphate and con-
trols the entry of glucose-derived carbon into the catabolic pathway. There are four
isoenzymes of HK (HK-I, II, III, and IV) encoded by four different genes (HK1, 2,
3, and 4). HK1 and HK3 have a large spectrum of tissue expression. HK4 is
expressed in the liver and pancreas, whereas HK?2 is overexpressed in many cancer
cells and is induced in innate immune cells such as MoDCs upon TLR4 stimulation
[6]. The pyruvate produced by glycolysis can be either converted to lactate that is
excreted, or enter the mitochondria to be converted into acetyl-CoA or oxaloacetate
to fuel the tricarboxylic acid (TCA) cycle (Fig. 1). Under aerobic conditions, this
metabolic pathway is coupled to the respiratory chain, allowing electron transport
and oxidative phosphorylation (OXPHOS), generating high amounts of ATP (36
moles / mole of glucose) (Fig. 2). During hypoxia, OXPHOS is reduced and gly-
colysis is increased to face energetic needs [7]. However, activation of glycolysis
can also occur under aerobic conditions, and Otto Warburg first discovered that even
when oxygen is available tumor cells have a high rate of glycolysis with reduced
mitochondrial activity, most pyruvate being converted to lactate [8]. TLR4 stimula-
tion by lipopolysaccharide (LPS) results in a Warburg-like shift of cell metabolism,
enhancing the glycolytic activity of murine macrophages and DCs and reducing the
mitochondrial catabolic pathways, despite the abundance of oxygen [5, 9, 10].
Inhibition of hexokinase, the first enzyme of the glycolysis pathway by
2-deoxyglucose (2-DG), strongly impedes the entire activation process, reducing
the secretion cytokines, motility properties, and the expression of characteristic
phenotypic markers of mature DCs [9-12]. Glycogen metabolism supports early
glycolytic reprogramming required for DC immune responses [13]. Thus, upon
TLR4 engagement, cells adapt their metabolism to accommodate altered functional
outputs where glucose remains a source of energy while becoming a source of
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Fig. 1 Glucose catabolic pathway

Glucose is first processed by glycolysis which comprises a series of enzymatic reactions involving
three rate-limiting enzymes in blue, generating pyruvate. After entry into the mitochondria, pyru-
vate is converted into acetyl-CoA or oxaloacetate which combine to generate citrate in the TCA
cycle. Glucose metabolism fuels essential anabolic pathways for biosynthesis of nucleotides, lip-
ids, and amino acids. TCA replenishment can be performed using glutamine (Gln) and aspar-
tate (Asp)

carbon for new biosynthetic purposes. Indeed, the increased glycolytic flux results
in the accumulation of intermediary metabolites of the pathway that are precursors
for the biosynthesis of pentose phosphates, lipids, and amino acids [4] (Fig. 1).
However metabolic adaptation depends on the cell type and species.
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Fig. 2 TLR4 signaling regulates glucose and fatty acids metabolism

TLR4 stimulation results in the activation of NF-kB, JNK, p38-MAPK, inducing the secretion of
proinflammatory cytokines, and of TBK1/AKT, favoring HK-II binding to VDAC. HK phosphory-
lates glucose into glucose-6-phosphate (G6P) controlling the production of pyruvate via the gly-
colysis. Pyruvate entering mitochondria is converted to acetyl-coA fueling the TCA cycle. LPS
stimulation of murine macrophages results in a broken TCA cycle (red cross), where succinate
accumulates, favoring HIF-1a increase, and citrate is diverted from TCA cycle to fuel fatty acid
synthesis. In human MoDCs, p38-MAPK activation increases HIF-loo accumulation, which
enhances the expression of metabolic enzymes such as HK-II. Under aerobic conditions, electron
(e-) transport through the respiratory chain (CI to CV) generates ATP

2 Different Metabolic Reprogramming According to Cell
Type, Species, and Origin

Multiple studies showed that TLR4 stimulation of DCs or macrophages results in
increased glycolytic activity, an essential process to support their proinflammatory
functions [5, 6, 9-11, 14—-17]. However, human monocytes treated with LPS undergo
little modulation of glycolytic activity compared to human monocyte-derived DCs
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[11]. Bone marrow—derived macrophages (BM-DMs) respond to LPS with the typi-
cal Warburg effect whereas the response of peritoneal macrophages is characterized
by the induction of both glycolysis and OXPHOS [18]. Even macrophages from the
upper and lower human respiratory tract are metabolically distinct. Macrophages
from the upper tract largely rely on glycolysis whereas bronchoalveolar macro-
phages depend more on mitochondrial respiration [19]. Moreover LPS-activated
macrophages exhibit differential metabolic behavior whether cells are differentiated
from human monocytes or from mouse bone marrow [16], highlighting differences
linked to both species and origin of cells. Macrophages can be classified according
to their functional polarization, ranging from classic M1 proinflammatory to alter-
nate M2 anti-inflammatory macrophages and this polarization process has been
associated to metabolic reprogramming. A shift to aerobic glycolysis was described
to be associated to M1 phenotype of murine inflammatory macrophages, whereas
glycolytic activity was unchanged in alternate activated M2 macrophages, which
mainly rely on fatty acid oxidation (FAO) [4, 20]. Tolerogenic DCs show a meta-
bolic signature characterized by high glycolytic capacity and high mitochondrial
activity fueled by FAO [21].

Reprogramming of carbohydrate metabolism is timely coordinated to the pro-
cess of macrophage or DC activation [22]. In murine bone marrow-derived macro-
phages or DCs (BM-DMs or BM-DCs), TLR4 triggering by LPS first induces
signaling events engaging the transcriptional response, and leads within the first
hour to an immediate increase of the glycolytic flux, fueling the TCA and pentose—
phosphate pathways (PPP) [23, 10]. These results suggested that the flux of glucose
into the PPP had a crucial role in DC activation by supporting fatty acid (FA) syn-
thesis through the generation of NADPH [10]. Relocalization of HK-II to the mito-
chondria, where it binds to the voltage-dependent anion channel 1 (VDAC1), is
occurring within the first hour of stimulation and is thought to enhance its ATP-
dependent activity [10]. Both HK-I and HK-II can bind VDAC in the mitochon-
drial-endoplasmic reticulum junctions. Binding of HK-I to VDAC promoted
respiration in memory CD8+ T cells [24]. After the initial phase, LPS response is
amplified by the transcriptional response, resulting after 24 h in increased aerobic
glycolysis, reduced mitochondrial respiration, and reconfiguration of the TCA
cycle, promoting FA metabolism [22]. LPS stimulation of murine macrophages
dampens the activity of the TCA cycle and results in accumulation of some TCA
intermediates especially succinate due to succinate dehydrogenase (SDH) inhibi-
tion (Fig. 2) [25, 26]. Succinate is an inflammatory signal, favoring stabilization of
the transcription factor HIF-1a, thus inducing the secretion of the key inflammatory
cytokine IL-1p [25] and the expression of glycolytic enzymes [27]. Glutamine-
dependent replenishment of the TCA cycle, providing a-ketoglutarate (a-KG) by
the glutamine dehydrogenase or succinate via the y-amino butyric acid (GABA)
shunt, also participates in the regulation of metabolites accumulation (Fig. 1). In
macrophages stimulated by LPS, succinate oxidation by SDH also provides elec-
trons allowing the production of ROS from complex I of the respiratory chain by
reverse electron transport [26].
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Decreased expression of isocitrate dehydrogenase (IDH) participates in TCA
reconfiguration in murine M1 macrophages [28], favoring citrate exit from the TCA
cycle. Citrate which is exported from the mitochondria to the cytosol by a specific
transporter is the main source of carbon for FA synthesis (Fig. 2). In the cytosol,
citrate is cleaved into oxaloacetate and acetyl-CoA which is used for FA elongation
in Wakil helix. Oxaloacetate is converted to malate and then pyruvate, generating
NADPH, an important cofactor for FA synthesis and other anabolic processes.
Expression of the mitochondrial citrate carrier is highly induced by LPS in macro-
phages [29]. In BM-DCs stimulated by LPS for 1 h, citrate is preferentially extracted
from the TCA to fuel FA elongation in the cytosol [10]. Thus, citrate availability
drives the synthesis of FAs that are needed for ER/Golgi expansion to support cyto-
kine secretion by macrophages and DCs [5, 30, 31]. This is consistent with a study
showing that immunogenicity of DCs in the liver correlates with a high lipid intra-
cellular content [32]. Citrate export also plays an important role in the generation of
prostaglandins derived from arachidonic FA [29].

3 Metabolic Reprogramming and Trained Immunity

After a first encounter of a pathogen, the innate immune system can retain an innate
memory, leading to increased responsiveness upon secondary stimulation. This
nonspecific innate immune memory is named trained immunity and is orchestrated
by epigenetic reprogramming, eventually protecting the host against secondary
infections [33, 34]. In some cases, trained immunity may result in maladaptive
states leading to hyperinflammation or immune paralysis, as for example in sepsis.
Trained immunity has been historically investigated in vitro using monocytes
exposed to LPS or B-glucan (from C. Albicans), before restimulation 5 days later to
obtain macrophage-like cells. LPS-training of monocytes is associated with silenc-
ing of genes coding for inflammatory cytokines, rendering cells refractory to further
LPS stimulation (LPS tolerance) and with priming of other genes involved in anti-
microbial defense [35]. LPS and p-glucan induce trained immunity through a
MAPK-dependent pathway that phosphorylates the transcription factor ATF7, sub-
sequently reducing the repressive histone mark H3K9me?2 [36]. These changes lead
to modulation of cytokine production and modifications in the metabolic state of the
cell [37]. A shift from OXPHOS to aerobic glycolysis triggered by an Akt/mTOR/
HIF-1a-dependent pathway has been reported to be essential for trained immunity
induced by fB-glucan [38]. NAD* -dependent Sirtuin histone deacetylases can also
contribute to epigenetic modulations of gene expression, mediating a switch from
glucose metabolism to fatty acid oxidation upon LPS stimulation of macro-
phages [39].

Various metabolites are cofactors for epigenetic enzymes, resulting in different
trained immunity programs. Important links between altered metabolites profile and
epigenetic changes have been made in trained monocytes stimulated by f-glucan
and subsequently treated with LPS. Accumulation of fumarate, due to glutamine
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replenishment of the TCA cycle, induces HIF-1a activation resulting in inhibition
of KDMS histone demethylase and thus increases in the H3K4me3 mark on TNFa
gene, enhancing TNFa production [40]. Moreover, acetyl-CoA is required for his-
tone acetylation [33]. As previously mentioned, cytosolic acetyl-CoA mainly origi-
nates from mitochondrial efflux of citrate, which is split into oxaloacetate and
acetyl-CoA. This later is used for acetylation of proteins both in cytosol and nucleus
at their N-terminus and at lysine residues. The relative ratio of TCA cycle interme-
diates a-ketoglutarate and succinate modulates the activity Fe(Il)/a-ketoglutarate-
dependent dioxygenases such as prolyl hydroxylases involved in HIF-1a degradation
(cf. § 4.1) and those involved in histone and DNA methylation [41]. Succinate and
the closely related metabolite fumarate are inhibitors of the JMJ family of lysine
demethylases and the TET family of methyl-cytosine hydroxylases [34].

4 Different Molecular Mechanisms Are Involved
in Metabolic Reprogramming

4.1 Mechanisms Controlling Glycolytic Reprogramming

The molecular mechanisms controlling glycolytic reprogramming upon TLR4 stim-
ulation that have been partially uncovered differ according to cell types. In murine
BM-DCs, activation of TBK1-IKKe and AKT kinases was found to control the
early increase of glycolysis by favoring mitochondrial translocation of HK-II, fuel-
ing the TCA cycle and FA synthesis [10] (Fig. 2). In these DCs, a late increase in
glycolytic metabolism was proposed to be a survival mechanism to maintain ATP
production despite the inhibition of OXPHOS by NO, which is produced by the
inducible NO synthase (iNOS) [14].

Accumulation of HIF-1a, which is a master transcriptional regulator of glyco-
lytic enzymes, in normoxic conditions has been observed in several cell types upon
LPS stimulation [6, 7, 42, 43]. In normoxia, HIF-1a degradation is regulated by
hydroxylation of proline and asparagine residues by prolyl-hydroxylase domain
enzymes (PHDs). The interaction of the von Hippel-Lindau (VHL) factor with
these hydroxylated residues, recruits an E3 ubiquitin ligase that targets HIF-1a to
the proteasome for degradation [44]. Hypoxia induces HIF-1a accumulation via
PHD inhibition due to the lack of oxygen, its co-substrate [42]. Several molecular
mechanisms may result in HIF-1a accumulation upon LPS stimulation, including
activation of the mammalian target of rapamycin (mTOR) complex 1. The AKT—
mTOR-HIF-1a pathway was found to upregulate glycolysis in murine monocytes
[38]. In murine BM-DCs, sequestration of iron, a PHD cofactor, stabilizes HIF-1a
upon LPS stimulation [42]. mTOR-dependent HIF-1a activity promotes iNOS
expression in LPS-activated murine DCs, regulating late sustained glycolytic repro-
gramming [45]. In these cells expressing iNOS (limited to murine DCs and minor
subsets of human DCs), glucose-sensing by mTORC 1/HIF-1a/iNOS circuit impacts
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both DC metabolism and function [46]. In murine macrophages, LPS-induced
HIF- 1o accumulation seems to require NF-kB- and ERK-dependent transcriptional
events [47, 48]. In other studies, ROS production and succinate accumulation upon
LPS stimulation inhibit PHD activity thus increasing HIF-1a stability [25, 49]. In
human MoDCs, our results point to a different molecular mechanism since TLR4
activation of glycolysis relied on the activation of p38-MAPK controlling HIF-1a
accumulation whose transcriptional activity increased HK2 expression [6]. The
p38-MAPK/HIF-10/HK2 axis was important for cytokine secretion in LPS-
stimulated MoDCs [6], whereas the expression of HLA-DR, CD86, and CD40 mol-
ecules were unaltered. Interestingly, this pathway did not appear to be involved in
the activation of glycolysis triggered by TLR1/2 or TLR2/6 stimulation [6].

Although the molecular mechanisms triggered by TLR4 to stimulate glycolysis
are different in human MoDCs and mouse BM-DCs, they both involve HK-II pro-
tein modulation resulting in enhanced HK activity [6, 10]. The contribution of other
nonenzymatic functions of HK-II should also be analyzed. Indeed, overexpression
and mitochondrial association of HK-II confer protection against apoptotic or
necrotic stimuli in different cell types by several mechanisms [50]. Increased
expression of HK2 upon LPS stimulation may contribute to pro-survival effects of
LPS stimulation in MoDCs. HK-II, but not other HKs, bind and inhibit mMTORC1 in
the absence of glucose, facilitating autophagy in response to glucose starvation.
Thus HK-II can protect cells from cellular damage and provide energy by recycling
intracellular constituents [51].

LPS stimulation also increases the expression of the pyruvate kinase PKM2, the
last step rate-limiting glycolytic enzyme. In addition to its role in glycolysis, this
protein can bind to HIF-1a in the nucleus and regulate the transactivation domain
function of HIF-la, altering the expression of target genes, enhancing PD-L1
expression by BM-DMs and contributing to the production of pro-inflammatory
IL-1p. This function is inhibited when PKM2 is stabilized as a tetramer by activa-
tors [52, 53].

4.2 TCA Rewiring and Oxidative Phosphorylation

Metabolomics of immune cells recently established that TLR4 stimulation not only
induces a glycolytic reprogramming but also the rewiring of TCA cycle that gener-
ates inflammatory intermediates contributing to macrophages and DCs activation.
LPS stimulation of macrophages leads to transient accumulation of succinate and
citrate, highlighting two breakpoints in the TCA cycle [54, 55] (Fig. 2).

Succinate is a proinflammatory metabolite, enhancing LPS-induced HIF-la
activity and driving IL-1p production without affecting TNFa secretion in murine
macrophages [25, 26]. Increased succinate oxidation by SDH, which also acts as the
complex II of the electron transfer chain, combined with an increased mitochondrial
membrane potential are required to generate mitochondrial ROS upon LPS stimula-
tion [26]. This leads to a reverse electron transport from complex II to complex I
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that produces ROS [56]. Metformin which inhibits complex I, inhibits ROS produc-
tion, and decreases LPS-induced IL-1f expression [57]. Thus, LPS stimulation of
macrophages reorients mitochondrial activity from ATP synthesis to ROS produc-
tion, favoring HIF-1a activation and activating NLRP3 inflammasome, promoting
glycolysis, and enhancing the production of the pro-inflammatory cytokine IL-1f
[56]. Succinate can also be secreted from LPS-activated macrophages and activate
its cognate receptor SUCNRI (previously GPR91) in an autocrine and paracrine
manner to further enhance production of IL-1p [58]. Succinate-SUCNRI signaling
can act as a chemotactic factor for DCs, enhancing their activation in synergy with
TLR signaling [59]. Signaling of succinate through SUCNR1 in myeloid cells has
been implicated in exacerbating and sustaining inflammation in chronic pathologi-
cal conditions including rheumatoid arthritis and obesity [58, 60]. Recent findings
have challenged this idea since activation of SUCNRI can also promote an anti-
inflammatory program in macrophages, favoring M2 polarization and suggesting it
may play a role in limiting inflammation to regulate the metabolic response to obe-
sity [61].

Reduced IDH expression in M1 pro-inflammatory macrophages leads to citrate
accumulation [28]. In addition to fuel fatty acid biosynthesis (cf. above), citrate can
be converted into aconitate and then itaconate by the enzyme encoded by the
immuno-responsive gene 1 (Irgl), whose expression is enhanced in LPS-stimulated
macrophages. Itaconate inhibits SDH activity, making a link between citrate and
succinate accumulation. It thus controls mitochondrial respiration changes in M1
macrophages. Itaconate exerts anti-inflammatory effects, reducing LPS-induced
production of IL-1p, IL-12, and IL-6 and ROS especially [62, 63]. Although succi-
nate and SDH activity are required to generate proinflammatory response in LPS-
stimulated macrophages, sustained SDH activity is likely to have detrimental effects
by inducing excessive ROS production [56]. Thus, the regulation of inflammation
could be linked to the balanced production of both succinate and itaconate.

LPS stimulation also results in pyruvate dehydrogenase (PDH) inhibition,
thereby preventing the generation of acetyl-CoA for the TCA cycle (Fig. 1) in acti-
vated murine macrophages [30]. This has been recently characterized as a late
response to LPS + IFNy stimulation of macrophages [55]. Moreover, the expression
of several mitochondrial enzymes involved in the TCA cycle are inhibited in LPS-
treated macrophages [30].

In BM-DMs and BM-DCs, LPS stimulation results in induction of iNOS expres-
sion by several pathways activating HIF-1a described above, resulting in the pro-
duction of NO from the metabolism of arginine. NO is a diffusible radical that
nitrosylates and inhibits complex I, III, and IV of the mitochondrial electron trans-
port chain, reducing O, consumption and ATP production. This is likely to explain
the impaired mitochondrial OXPHOS observed in M1 murine macrophages and
activated BM-DCs. As a consequence, the glycolytic activity of BM-DCs is
increased to provide enough ATP for cell survival [14]. Everts et al. have shown that
the late, but not early, increase of glycolysis depends on this mechanism [10]. This
pathway is not involved in human MoDCs since this inducible NOS is not expressed
[64] and NO production triggered by LPS could not be detected in these cells [11].



168 L. Perrin-Cocon et al.
4.3 Lipid Metabolism

TLR4 stimulation of macrophages results in increased fatty acid uptake and storage
as diacyl- or triacyl-glycerol (TAG) in cytosolic lipid droplets [65, 66]. LPS stimula-
tion also decreased lipolysis and FAO, thus favoring TAG accumulation. Several
mechanisms converge to increase fatty acid synthesis (FAS) in activated macro-
phages. Intracellular lipid storage is increased by enhanced long-lasting expression
of diacylglycerol acyltransferase-2 (DGAT?2) and long-chain acyl-CoA synthetase 1
(ACSL1) [65] or glycerol-3-phosphate acyltransferase 3 (GPAT3) [66]. The incor-
poration of carbons derived from glucose into FA increases [66], resulting espe-
cially from the reorientation of citrate produced by the TCA cycle to FAS [29]. The
mitochondrial citrate transporter allowing citrate efflux was found to be essential to
ROS, NO, and prostaglandin E2 generation in a LPS-stimulated human macrophage
cell line [29]. Citrate metabolism in the cytosol regenerates both acetyl-CoA and
oxaloacetate. Acetyl-CoA is used to synthesize FAs that are incorporated into TAG
and phospholipids or prostaglandins while oxaloacetate is metabolized into pyru-
vate, producing NADPH the cofactor for both NADPH oxidase and iNOS [29, 31].
ROS can stabilize HIF-1a and activate NLRP3 inflammasome, promoting glycoly-
sis and enhancing the production of the proinflammatory cytokine IL-1f. Lipid
metabolism has also been linked to NLRP3 since reduced FA synthesis decreased
NLRP3 activation. Fatty acid synthetase (FASN) regulates NLRP3 and IL-1p
expression through AKT activation in LPS-activated murine macrophages [67]. In
BM-DCs, enhanced FAS upon TLR4 stimulation required increased glycolysis to
generate NADPH through PPP and TCA rewiring to generate citrate [10]. Genetic
silencing of mitochondrial citrate transporter or inhibition of acetyl-CoA carboxyl-
ase (ACC) inhibiting FAS both impair LPS-induced BM-DC maturation [10].

In mitochondria, FAO catabolizes FA into acetyl-CoA, fueling the TCA cycle
and OXPHOS, and providing NADH and FADH. FAO is differentially regulated in
M1 and M2 macrophages. M2 macrophages have an increased FAO due to 1L-4
stimulation of STAT6 and activation of AMP-activated protein kinase (AMPK)
[56]. As an energy sensor, AMPK is activated when AMP is low, inhibiting anabolic
pathways and activating catabolic pathways such as FAO. Boosting FAO may thus
restrain inflammatory macrophage function. During the immunotolerant phase of
sepsis, there is a switch to an increased FAO [68]. Induction of FAO can also be a
compensatory mechanism to maintain levels of ATP, NADH, and NADPH in mono-
cytes, when glucose is unavailable, thus preventing the Warburg shift of their metab-
olism [69]. Conversely, LPS inhibits AMPK resulting in decreased p-oxidation of
FA in M1 macrophages. Macrophages and DCs derived from AMPK-al~~ mice
present an enhanced response to TLR4 stimulation, secreting more IL-6 and TNFa
inflammatory cytokines [70]. In human MoDCs, AMPK downregulation by LPS
also results in increased CD86 co-stimulatory molecule expression and increased
IL-12 secretion [9].
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5 Conclusion

Numerous studies now indicate that the function of innate immune cells is closely
related to their metabolic status. TLR4 stimulation in macrophages or DCs triggers
intracellular events, leading to metabolic reprogramming that is essential for their
activation and functional maturation. Moreover, sensors of metabolic status can
interfere with the response to TLR4 in particular and PRRs in general. Fine tuning
of cell metabolism by TLR4 signaling differs according to cell types, species and
origin of the cells. The metabolic status of the cells also impacts trained immunity
through various metabolites involved in epigenetic regulations. We have reviewed
the diversity of mechanisms controlling the metabolic reprogramming of innate
immune cells stimulated by TLR4, focusing on glucose and lipid metabolism. Most
of the work has been performed in mouse cells and extensive studies exploring the
molecular mechanisms involved in the regulation of glycolysis in primary human
DCs are warranted for a better understanding of the reciprocal interactions
between their cellular metabolic activity and functional activation. The immunome-
tabolism field is emerging and the complex intertwined relationship between immu-
nity and metabolism regulations will likely provide unexpected therapeutic
opportunities.

References

1. Mathis D, Shoelson SE. Immunometabolism: an emerging frontier. Nat Rev Immunol.
2011;11(2):81. https://doi.org/10.1038/nri2922.

2. Cohn ZA, Morse SI. Functional and metabolic properties of polymorphonuclear leucocytes.
II. The influence of a lipopolysaccharide endotoxin. J Exp Med. 1960;111:689-704. https://
doi.org/10.1084/jem.111.5.689.

3. Sbarra AJ, Shirley W. Phagocytosis inhibition and reversal. I. Effect of glycolytic intermedi-
ates and nucleotides on particle uptake. J Bacteriol. 1963;86:259-65.

4. Loftus RM, Finlay DK. Immunometabolism: Cellular metabolism turns immune regulator. J
Biol Chem. 2016;291(1):1-10. https://doi.org/10.1074/jbc.R115.693903.

5. O’Neill LA, Pearce EJ. Immunometabolism governs dendritic cell and macrophage function.
J Exp Med. 2016;213(1):15-23. https://doi.org/10.1084/jem.20151570.

6. Perrin-Cocon L, Aublin-Gex A, Diaz O, Ramiere C, Peri F, Andre P, Lotteau V. Toll-like
receptor 4-Induced glycolytic burst in human monocyte-derived dendritic cells results from
p38-dependent stabilization of HIF-1alpha and increased hexokinase II expression. J Immunol.
2018;201(5):1510-21. https://doi.org/10.4049/jimmunol.1701522.

7. Jantsch J, Chakravortty D, Turza N, Prechtel AT, Buchholz B, Gerlach RG, Volke M, Glasner J,
Warnecke C, Wiesener MS, Eckardt KU, Steinkasserer A, Hensel M, Willam C. Hypoxia and
hypoxia-inducible factor-1 alpha modulate lipopolysaccharide-induced dendritic cell activa-
tion and function. J Immunol. 2008;180(7):4697-705.

8. Warburg O. On the origin of cancer cells. Science. 1956;123(3191):309-14.

9. Krawczyk CM, Holowka T, Sun J, Blagih J, Amiel E, DeBerardinis RJ, Cross JR, Jung E,
Thompson CB, Jones RG, Pearce EJ. Toll-like receptor-induced changes in glycolytic metabo-
lism regulate dendritic cell activation. Blood. 2010;115(23):4742-9. https://doi.org/10.1182/
blood-2009-10-249,540.


https://doi.org/10.1038/nri2922
https://doi.org/10.1084/jem.111.5.689
https://doi.org/10.1084/jem.111.5.689
https://doi.org/10.1074/jbc.R115.693903
https://doi.org/10.1084/jem.20151570
https://doi.org/10.4049/jimmunol.1701522
https://doi.org/10.1182/blood-2009-10-249,540
https://doi.org/10.1182/blood-2009-10-249,540

170

10.

11.

13.

14.

15.

16.

20.

21.

22.

23.

24.

L. Perrin-Cocon et al.

Everts B, Amiel E, Huang SC, Smith AM, Chang CH, Lam WY, Redmann V, Freitas TC, Blagih
J, van der Windt GJ, Artyomov MN, Jones RG, Pearce EL, Pearce EJ. TLR-driven early glyco-
lytic reprogramming via the kinases TBK1-IKKvarepsilon supports the anabolic demands of
dendritic cell activation. Nat Immunol. 2014;15(4):323-32. https://doi.org/10.1038/ni.2833.
Perrin-Cocon L, Aublin-Gex A, Sestito SE, Shirey KA, Patel MC, Andre P, Blanco JC, Vogel
SN, Peri F, Lotteau V. TLR4 antagonist FP7 inhibits LPS-induced cytokine production and
glycolytic reprogramming in dendritic cells, and protects mice from lethal influenza infection.
Sci Rep. 2017;7:40791. https://doi.org/10.1038/srep40791.

. Guak H, Al Habyan S, Ma EH, Aldossary H, Al-Masri M, Won SY, Ying T, Fixman ED, Jones

RG, McCaffrey LM, Krawczyk CM. Glycolytic metabolism is essential for CCR7 oligomer-
ization and dendritic cell migration. Nat Commun. 2018;9(1):2463. https://doi.org/10.1038/
s41467-018-04804-6.

Thwe PM, Pelgrom L, Cooper R, Beauchamp S, Reisz JA, D’ Alessandro A, Everts B, Amiel
E. Cell-intrinsic glycogen metabolism supports early glycolytic reprogramming required
for dendritic cell immune responses. Cell Metab. 2017;26(3):558-567 e555. https://doi.
org/10.1016/j.cmet.2017.08.012.

Everts B, Amiel E, van der Windt GJ, Freitas TC, Chott R, Yarasheski KE, Pearce EL, Pearce
EJ. Commitment to glycolysis sustains survival of NO-producing inflammatory dendritic cells.
Blood. 2012;120(7):1422-31. https://doi.org/10.1182/blood-2012-03-419,747.

Cortese M, Sinclair C, Pulendran B. Translating glycolytic metabolism to innate immunity in
dendritic cells. Cell Metab. 2014;19(5):737-9. https://doi.org/10.1016/j.cmet.2014.04.012.
Vijayan V, Pradhan P, Braud L, Fuchs HR, Gueler F, Motterlini R, Foresti R, Immenschuh
S. Human and murine macrophages exhibit differential metabolic responses to lipopolysaccha-
ride — a divergent role for glycolysis. Redox Biol. 2019;22:101147. https://doi.org/10.1016/j.
redox.2019.101147.

. Schmidt EA, Fee BE, Henry SC, Nichols AG, Shinohara ML, Rathmell JC, Maclver

NJ, Coers J, Ilkayeva OR, Koves TR, Taylor GA. Metabolic Alterations Contribute to
Enhanced Inflammatory Cytokine Production in Irgm1-deficient Macrophages. J Biol Chem.
2017;292(11):4651-62. https://doi.org/10.1074/jbc.M116.770735.

. Artyomov MN, Sergushichev A, Schilling JD. Integrating immunometabolism and macrophage

diversity. Semin Immunol. 2016;28(5):417-24. https://doi.org/10.1016/j.smim.2016.10.004.

. Lavrich KS, Speen AM, Ghio AJ, Bromberg PA, Samet JM, Alexis NE. Macrophages from the

upper and lower human respiratory tract are metabolically distinct. Am J Physiol Lung Cell
Mol Physiol. 2018;315(5):L752-64. https://doi.org/10.1152/ajplung.00208.2018.

Tannahill GM, O’Neill LA. The emerging role of metabolic regulation in the functioning of
Toll-like receptors and the NOD-like receptor Nlrp3. FEBS Lett. 2011;585(11):1568-72.
https://doi.org/10.1016/j.febslet.2011.05.008.

Malinarich F, Duan K, Hamid RA, Bijin A, Lin WX, Poidinger M, Fairhurst AM, Connolly
JE. High mitochondrial respiration and glycolytic capacity represent a metabolic phenotype of
human tolerogenic dendritic cells. J Immunol. 2015;194(11):5174-86. https://doi.org/10.4049/
jimmunol.1303316.

Nagy C, Haschemi A. Time and demand are two critical dimensions of immunometabolism:
the process of macrophage activation and the pentose phosphate pathway. Front Immunol.
2015;6:164. https://doi.org/10.3389/fimmu.2015.00164.

Haschemi A, Kosma P, Gille L, Evans CR, Burant CF, Starkl P, Knapp B, Haas R, Schmid JA,
Jandl C, Amir S, Lubec G, Park J, Esterbauer H, Bilban M, Brizuela L, Pospisilik JA, Otterbein
LE, Wagner O. The sedoheptulose kinase CARKL directs macrophage polarization through
control of glucose metabolism. Cell Metab. 2012;15(6):813-26. https://doi.org/10.1016/].
cmet.2012.04.023.

Bantug GR, Fischer M, Grahlert J, Balmer ML, Unterstab G, Develioglu L, Steiner R, Zhang
L, Costa ASH, Gubser PM, Burgener AV, Sauder U, Loliger J, Belle R, Dimeloe S, Lotscher
J, Jauch A, Recher M, Honger G, Hall MN, Romero P, Frezza C, Hess C. Mitochondria-
endoplasmic reticulum contact sites function as immunometabolic hubs that orchestrate the


https://doi.org/10.1038/ni.2833
https://doi.org/10.1038/srep40791
https://doi.org/10.1038/s41467-018-04804-6
https://doi.org/10.1038/s41467-018-04804-6
https://doi.org/10.1016/j.cmet.2017.08.012
https://doi.org/10.1016/j.cmet.2017.08.012
https://doi.org/10.1182/blood-2012-03-419,747
https://doi.org/10.1016/j.cmet.2014.04.012
https://doi.org/10.1016/j.redox.2019.101147
https://doi.org/10.1016/j.redox.2019.101147
https://doi.org/10.1074/jbc.M116.770735
https://doi.org/10.1016/j.smim.2016.10.004
https://doi.org/10.1152/ajplung.00208.2018
https://doi.org/10.1016/j.febslet.2011.05.008
https://doi.org/10.4049/jimmunol.1303316
https://doi.org/10.4049/jimmunol.1303316
https://doi.org/10.3389/fimmu.2015.00164
https://doi.org/10.1016/j.cmet.2012.04.023
https://doi.org/10.1016/j.cmet.2012.04.023

Metabolic Reprogramming of Myeloid Cells Upon TLR4 Stimulation 171

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

3s.

36.

37.

rapid recall response of memory CD8(+) T cells. Immunity. 2018;48(3):542-555 e546. https://
doi.org/10.1016/j.immuni.2018.02.012.

Tannahill GM, Curtis AM, Adamik J, Palsson-McDermott EM, McGettrick AF, Goel G,
Frezza C, Bernard NJ, Kelly B, Foley NH, Zheng L, Gardet A, Tong Z, Jany SS, Corr SC,
Haneklaus M, Caffrey BE, Pierce K, Walmsley S, Beasley FC, Cummins E, Nizet V, Whyte M,
Taylor CT, Lin H, Masters SL, Gottlieb E, Kelly VP, Clish C, Auron PE, Xavier RJ, O’Neill
LA. Succinate is an inflammatory signal that induces IL-1beta through HIF-1alpha. Nature.
2013;496(7444):238-42. https://doi.org/10.1038/nature11986.

Mills EL, Kelly B, Logan A, Costa ASH, Varma M, Bryant CE, Tourlomousis P, Dabritz JHM,
Gottlieb E, Latorre I, Corr SC, McManus G, Ryan D, Jacobs HT, Szibor M, Xavier RJ, Braun
T, Frezza C, Murphy MP, O’Neill LA. Succinate dehydrogenase supports metabolic repurpos-
ing of mitochondria to drive inflammatory macrophages. Cell. 2016;167(2):457—470 e413.
https://doi.org/10.1016/j.cell.2016.08.064.

Corcoran SE, O’Neill LA. HIFlalpha and metabolic reprogramming in inflammation. J Clin
Invest. 2016;126(10):3699-707. https://doi.org/10.1172/JCI84431.

Jha AK, Huang SC, Sergushichev A, Lampropoulou V, Ivanova Y, Loginicheva E, Chmielewski
K, Stewart KM, Ashall J, Everts B, Pearce EJ, Driggers EM, Artyomov MN. Network inte-
gration of parallel metabolic and transcriptional data reveals metabolic modules that regu-
late macrophage polarization. Immunity. 2015;42(3):419-30. https://doi.org/10.1016/j.
immuni.2015.02.005.

Infantino V, Convertini P, Cucci L, Panaro MA, Di Noia MA, Calvello R, Palmieri F,
lacobazzi V. The mitochondrial citrate carrier: a new player in inflammation. Biochem
J.2011;438(3):433-6. https://doi.org/10.1042/BJ20111275.

O’Neill LA. A critical role for citrate metabolism in LPS signaling. Biochem
J. 2011;438(3):e5-6. https://doi.org/10.1042/BJ20111386.

Kelly B, O’Neill LA. Metabolic reprogramming in macrophages and dendritic cells in innate
immunity. Cell Res. 2015;25(7):771-84. https://doi.org/10.1038/cr.2015.68.

Ibrahim J, Nguyen AH, Rehman A, Ochi A, Jamal M, Graffeo CS, Henning JR, Zambirinis CP,
Fallon NC, Barilla R, Badar S, Mitchell A, Rao RS, Acehan D, Frey AB, Miller G. Dendritic
cell populations with different concentrations of lipid regulate tolerance and immunity in
mouse and human liver. Gastroenterology. 2012;143(4):1061-72. https://doi.org/10.1053/].
gastro.2012.06.003.

Netea MG, Joosten LA, Latz E, Mills KH, Natoli G, Stunnenberg HG, O’Neill LA, Xavier
RJ. Trained immunity: a program of innate immune memory in health and disease. Science.
2016;352(6284):aaf1098. https://doi.org/10.1126/science.aat1098.

Saeed S, Quintin J, Kerstens HH, Rao NA, Aghajanirefah A, Matarese F, Cheng SC, Ratter
J, Berentsen K, van der Ent MA, Sharifi N, Janssen-Megens EM, Ter Huurne M, Mandoli A,
van Schaik T, Ng A, Burden F, Downes K, Frontini M, Kumar V, Giamarellos-Bourboulis EJ,
Ouwehand WH, van der Meer JW, Joosten LA, Wijmenga C, Martens JH, Xavier RJ, Logie C,
Netea MG, Stunnenberg HG. Epigenetic programming of monocyte-to-macrophage differenti-
ation and trained innate immunity. Science. 2014;345(6204):1251086. https://doi.org/10.1126/
science.1251086.

Foster SL, Hargreaves DC, Medzhitov R. Gene-specific control of inflammation by TLR-
induced chromatin modifications. Nature. 2007;447(7147):972-8. https://doi.org/10.1038/
nature05836.

Yoshida K, Maekawa T, Zhu Y, Renard-Guillet C, Chatton B, Inoue K, Uchiyama T, Ishibashi
K, Yamada T, Ohno N, Shirahige K, Okada-Hatakeyama M, Ishii S. The transcription factor
ATF7 mediates lipopolysaccharide-induced epigenetic changes in macrophages involved in
innate immunological memory. Nat Immunol. 2015;16(10):1034-43. https://doi.org/10.1038/
ni.3257.

van der Meer JW, Joosten LA, Riksen N, Netea MG. Trained immunity: a smart way to
enhance innate immune defence. Mol Immunol. 2015;68(1):40—4. https://doi.org/10.1016/].
molimm.2015.06.019.


https://doi.org/10.1016/j.immuni.2018.02.012
https://doi.org/10.1016/j.immuni.2018.02.012
https://doi.org/10.1038/nature11986
https://doi.org/10.1016/j.cell.2016.08.064
https://doi.org/10.1172/JCI84431
https://doi.org/10.1016/j.immuni.2015.02.005
https://doi.org/10.1016/j.immuni.2015.02.005
https://doi.org/10.1042/BJ20111275
https://doi.org/10.1042/BJ20111386
https://doi.org/10.1038/cr.2015.68
https://doi.org/10.1053/j.gastro.2012.06.003
https://doi.org/10.1053/j.gastro.2012.06.003
https://doi.org/10.1126/science.aaf1098
https://doi.org/10.1126/science.1251086
https://doi.org/10.1126/science.1251086
https://doi.org/10.1038/nature05836
https://doi.org/10.1038/nature05836
https://doi.org/10.1038/ni.3257
https://doi.org/10.1038/ni.3257
https://doi.org/10.1016/j.molimm.2015.06.019
https://doi.org/10.1016/j.molimm.2015.06.019

172

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

L. Perrin-Cocon et al.

Cheng SC, Quintin J, Cramer RA, Shepardson KM, Saeed S, Kumar V, Giamarellos-
Bourboulis EJ, Martens JH, Rao NA, Aghajanirefah A, Manjeri GR, Li Y, Ifrim DC, Arts RJ,
van der Veer BM, Deen PM, Logie C, O’Neill LA, Willems P, van de Veerdonk FL, van der
Meer JW, Ng A, Joosten LA, Wijmenga C, Stunnenberg HG, Xavier RJ, Netea MG. mTOR-
and HIF-1alpha-mediated aerobic glycolysis as metabolic basis for trained immunity. Science.
2014;345(6204):1250684. https://doi.org/10.1126/science.1250684.

Liu TF, Vachharajani VT, Yoza BK, McCall CE. NAD+-dependent Sirtuin 1 and 6 proteins coor-
dinate a switch from glucose to fatty acid oxidation during the acute inflammatory response. J
Biol Chem. 2012;287(31):25758-25,769. https://doi.org/10.1074/jbc.M112.362343.

Arts RJ, Novakovic B, Ter Horst R, Carvalho A, Bekkering S, Lachmandas E, Rodrigues
F, Silvestre R, Cheng SC, Wang SY, Habibi E, Goncalves LG, Mesquita I, Cunha C, van
Laarhoven A, van de Veerdonk FL, Williams DL, van der Meer JW, Logie C, O’Neill LA,
Dinarello CA, Riksen NP, van Crevel R, Clish C, Notebaart RA, Joosten LA, Stunnenberg HG,
Xavier RJ, Netea MG. Glutaminolysis and fumarate accumulation integrate immunometabolic
and epigenetic programs in trained immunity. Cell Metab. 2016;24(6):807-19. https://doi.
org/10.1016/j.cmet.2016.10.008.

Benit P, Letouze E, Rak M, Aubry L, Burnichon N, Favier J, Gimenez-Roqueplo AP, Rustin
P. Unsuspected task for an old team: succinate, fumarate and other Krebs cycle acids in meta-
bolic remodeling. Biochim Biophys Acta. 2014;1837(8):1330-7. https://doi.org/10.1016/j.
bbabio.2014.03.013.

Siegert I, Schodel J, Nairz M, Schatz V, Dettmer K, Dick C, Kalucka J, Franke K,
Ehrenschwender M, Schley G, Beneke A, Sutter J, Moll M, Hellerbrand C, Wielockx
B, Katschinski DM, Lang R, Galy B, Hentze MW, Koivunen P, Oefner PJ, Bogdan C,
Weiss G, Willam C, Jantsch J. Ferritin-mediated Iron sequestration stabilizes hypoxia-
inducible factor-lalpha upon LPS activation in the presence of ample oxygen. Cell Rep.
2015;13(10):2048-55. https://doi.org/10.1016/j.celrep.2015.11.005.

Spirig R, Djafarzadeh S, Regueira T, Shaw SG, von Garnier C, Takala J, Jakob SM, Rieben R,
Lepper PM. Effects of TLR agonists on the hypoxia-regulated transcription factor HIF-1alpha
and dendritic cell maturation under normoxic conditions. PLoS ONE. 2010;5(6):e¢0010983.
https://doi.org/10.1371/journal.pone.0010983.

Schito L, Semenza GL. Hypoxia-inducible factors: master regulators of cancer progression.
Trends Cancer. 2016;2(12):758-70. https://doi.org/10.1016/j.trecan.2016.10.016.

Lawless SJ, Kedia-Mehta N, Walls JF, McGarrigle R, Convery O, Sinclair LV, Navarro MN,
Murray J, Finlay DK. Glucose represses dendritic cell-induced T cell responses. Nat Commun.
2017;8:15620. https://doi.org/10.1038/ncomms15620.

Snyder JP, Amiel E. Regulation of dendritic cell immune function and metabolism by cellu-
lar nutrient sensor mammalian Target of Rapamycin (mTOR). Front Immunol. 2018;9:3145.
https://doi.org/10.3389/fimmu.2018.03145.

Frede S, Stockmann C, Freitag P, Fandrey J. Bacterial lipopolysaccharide induces HIF-1 activa-
tion in human monocytes via p44/42 MAPK and NF-kappaB. Biochem J. 2006;396(3):517-27.
https://doi.org/10.1042/BJ20051839.

Rius J, Guma M, Schachtrup C, Akassoglou K, Zinkernagel AS, Nizet V, Johnson RS, Haddad
GG, Karin M. NF-kappaB links innate immunity to the hypoxic response through transcrip-
tional regulation of HIF-lalpha. Nature. 2008;453(7196):807—-11. https://doi.org/10.1038/
nature06905.

Nicholas SA, Sumbayev VV. The role of redox-dependent mechanisms in the downregulation
of ligand-induced toll-like receptors 7, 8 and 4-mediated HIF-1 alpha prolyl hydroxylation.
Immunol Cell Biol. 2010;88(2):180-6. https://doi.org/10.1038/icb.2009.76.

Roberts DJ, Miyamoto S. Hexokinase II integrates energy metabolism and cellular protection:
akting on mitochondria and TORCing to autophagy. Cell Death Differ. 2015;22(2):248-57.
https://doi.org/10.1038/cdd.2014.173.


https://doi.org/10.1126/science.1250684
https://doi.org/10.1074/jbc.M112.362343
https://doi.org/10.1016/j.cmet.2016.10.008
https://doi.org/10.1016/j.cmet.2016.10.008
https://doi.org/10.1016/j.bbabio.2014.03.013
https://doi.org/10.1016/j.bbabio.2014.03.013
https://doi.org/10.1016/j.celrep.2015.11.005
https://doi.org/10.1371/journal.pone.0010983
https://doi.org/10.1016/j.trecan.2016.10.016
https://doi.org/10.1038/ncomms15620
https://doi.org/10.3389/fimmu.2018.03145
https://doi.org/10.1042/BJ20051839
https://doi.org/10.1038/nature06905
https://doi.org/10.1038/nature06905
https://doi.org/10.1038/icb.2009.76
https://doi.org/10.1038/cdd.2014.173

Metabolic Reprogramming of Myeloid Cells Upon TLR4 Stimulation 173

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Roberts DJ, Tan-Sah VP, Ding EY, Smith JM, Miyamoto S. Hexokinase-II positively
regulates glucose starvation-induced autophagy through TORCI inhibition. Mol Cell.
2014;53(4):521-33. https://doi.org/10.1016/j.molcel.2013.12.019.

Palsson-McDermott EM, Curtis AM, Goel G, Lauterbach MA, Sheedy FJ, Gleeson LE, van
den Bosch MW, Quinn SR, Domingo-Fernandez R, Johnston DG, Jiang JK, Israelsen WJ,
Keane J, Thomas C, Clish C, Vander Heiden M, Xavier RJ, O’Neill LA. Pyruvate kinase
M2 regulates Hif-1alpha activity and IL-1beta induction and is a critical determinant of the
warburg effect in LPS-activated macrophages. Cell Metab. 2015;21(1):65-80. https://doi.
org/10.1016/j.cmet.2014.12.005.

Palsson-McDermott EM, Dyck L, Zaslona Z, Menon D, McGettrick AF, Mills KHG,
O’Neill LA. Pyruvate kinase M2 is required for the expression of the immune checkpoint
PD-L1 in immune cells and tumors. Front Immunol. 2017;8:1300. https://doi.org/10.3389/
fimmu.2017.01300.

O’Neill LA. A broken Krebs cycle in macrophages. Immunity. 2015;42(3):393—4. https://doi.
org/10.1016/j.immuni.2015.02.017.

Seim GL, Britt EC, John SV, Yeo FJ, Johnson AR, Eisenstein RS, Pagliarini DJ, Fan J. Two-
stage metabolic remodelling in macrophages in response to lipopolysaccharide and interferon-y
stimulation. Nat Metab. 2019;1(7):731-42. https://doi.org/10.1038/s42255-019-0083-2.

Mills EL, Kelly B, O’Neill LAJ. Mitochondria are the powerhouses of immunity. Nat Immunol.
2017;18(5):488-98. https://doi.org/10.1038/ni.3704.

Kelly B, Tannahill GM, Murphy MP, O’Neill LA. Metformin inhibits the production of
reactive oxygen species from NADH: ubiquinone oxidoreductase to limit induction of
interleukin-1beta (IL-1beta) and boosts interleukin-10 (IL-10) in lipopolysaccharide (LPS)-
activated macrophages. J Biol Chem. 2015;290(33):20348-20,359. https://doi.org/10.1074/
jbc.M115.662114.

Littlewood-Evans A, Sarret S, Apfel V, Loesle P, Dawson J, Zhang J, Muller A, Tigani B,
Kneuer R, Patel S, Valeaux S, Gommermann N, Rubic-Schneider T, Junt T, Carballido
JM. GPRYI senses extracellular succinate released from inflammatory macrophages and
exacerbates rheumatoid arthritis. J Exp Med. 2016;213(9):1655-62. https://doi.org/10.1084/
jem.20160061.

Rubic T, Lametschwandtner G, Jost S, Hinteregger S, Kund J, Carballido-Perrig N, Schwarzler
C, Junt T, Voshol H, Meingassner JG, Mao X, Werner G, Rot A, Carballido JM. Triggering
the succinate receptor GPR91 on dendritic cells enhances immunity. Nat Immunol.
2008;9(11):1261-9. https://doi.org/10.1038/ni.1657.

van Diepen JA, Robben JH, Hooiveld GJ, Carmone C, Alsady M, Boutens L, Bekkenkamp-
Grovenstein M, Hijmans A, Engelke UFH, Wevers RA, Netea MG, Tack CJ, Stienstra R,
Deen PMT. SUCNRI-mediated chemotaxis of macrophages aggravates obesity-induced
inflammation and diabetes. Diabetologia. 2017;60(7):1304—13. https://doi.org/10.1007/
s00125-017-4261-z.

Keiran N, Ceperuelo-Mallafre V, Calvo E, Hernandez-Alvarez MI, Ejarque M, Nunez-
Roa C, Horrillo D, Maymo-Masip E, Rodriguez MM, Fradera R, de la Rosa JV, Jorba R,
Megia A, Zorzano A, Medina-Gomez G, Serena C, Castrillo A, Vendrell J, Fernandez-
Veledo S. SUCNRI controls an anti-inflammatory program in macrophages to regulate the
metabolic response to obesity. Nat Immunol. 2019;20(5):581-92. https://doi.org/10.1038/
s41590-019-0372-7.

Cordes T, Wallace M, Michelucci A, Divakaruni AS, Sapcariu SC, Sousa C, Koseki H,
Cabrales P, Murphy AN, Hiller K, Metallo CM. Immunoresponsive gene 1 and itaconate
inhibit succinate dehydrogenase to modulate intracellular succinate levels. J Biol Chem.
2016;291(27):14274-14,284. https://doi.org/10.1074/jbc.M115.685792.

Lampropoulou V, Sergushichev A, Bambouskova M, Nair S, Vincent EE, Loginicheva E,
Cervantes-Barragan L, Ma X, Huang SC, Griss T, Weinheimer CJ, Khader S, Randolph GJ,
Pearce EJ, Jones RG, Diwan A, Diamond MS, Artyomov MN. Itaconate links inhibition of


https://doi.org/10.1016/j.molcel.2013.12.019
https://doi.org/10.1016/j.cmet.2014.12.005
https://doi.org/10.1016/j.cmet.2014.12.005
https://doi.org/10.3389/fimmu.2017.01300
https://doi.org/10.3389/fimmu.2017.01300
https://doi.org/10.1016/j.immuni.2015.02.017
https://doi.org/10.1016/j.immuni.2015.02.017
https://doi.org/10.1038/s42255-019-0083-2
https://doi.org/10.1038/ni.3704
https://doi.org/10.1074/jbc.M115.662114
https://doi.org/10.1074/jbc.M115.662114
https://doi.org/10.1084/jem.20160061
https://doi.org/10.1084/jem.20160061
https://doi.org/10.1038/ni.1657
https://doi.org/10.1007/s00125-017-4261-z
https://doi.org/10.1007/s00125-017-4261-z
https://doi.org/10.1038/s41590-019-0372-7
https://doi.org/10.1038/s41590-019-0372-7
https://doi.org/10.1074/jbc.M115.685792

174

64.

65.

66.

67.

68.

69.

70.

L. Perrin-Cocon et al.

succinate dehydrogenase with macrophage metabolic remodeling and regulation of inflamma-
tion. Cell Metab. 2016;24(1):158-66. https://doi.org/10.1016/j.cmet.2016.06.004.
Schneemann M, Schoeden G. Macrophage biology and immunology: man is not a mouse. J
Leukoc Biol. 2007;81(3):579-80. https://doi.org/10.1189/j1b.1106702.

Huang YL, Morales-Rosado J, Ray J, Myers TG, Kho T, Lu M, Munford RS. Toll-like
receptor agonists promote prolonged triglyceride storage in macrophages. J Biol Chem.
2014;289(5):3001-12. https://doi.org/10.1074/jbc.M113.524587.

Feingold KR, Shigenaga JK, Kazemi MR, McDonald CM, Patzek SM, Cross AS, Moser A,
Grunfeld C. Mechanisms of triglyceride accumulation in activated macrophages. J Leukoc
Biol. 2012;92(4):829-39. https://doi.org/10.1189/j1b.1111537.

Moon JS, Lee S, Park MA, Siempos II, Haslip M, Lee PJ, Yun M, Kim CK, Howrylak J,
Ryter SW, Nakahira K, Choi AM. UCP2-induced fatty acid synthase promotes NLRP3 inflam-
masome activation during sepsis. J Clin Invest. 2015;125(2):665-80. https://doi.org/10.1172/
JCI78253.

Liu TF, Vachharajani V, Millet P, Bharadwaj MS, Molina AJ, McCall CE. Sequential actions of
SIRT1-RELB-SIRT3 coordinate nuclear-mitochondrial communication during immunometa-
bolic adaptation to acute inflammation and sepsis. J Biol Chem. 2015;290(1):396—408. https://
doi.org/10.1074/jbc.M114.566349.

Raulien N, Friedrich K, Strobel S, Rubner S, Baumann S, von Bergen M, Korner A, Krueger
M, Rossol M, Wagner U. Fatty acid oxidation compensates for lipopolysaccharide-induced
warburg effect in glucose-deprived monocytes. Front Immunol. 2017;8:609. https://doi.
org/10.3389/fimmu.2017.00609.

Carroll KC, Viollet B, Suttles J. AMPKalphal deficiency amplifies proinflammatory myeloid
APC activity and CD40 signaling. ] Leukoc Biol. 2013;94(6):1113-21. https://doi.org/10.1189/
j1b.0313157.


https://doi.org/10.1016/j.cmet.2016.06.004
https://doi.org/10.1189/jlb.1106702
https://doi.org/10.1074/jbc.M113.524587
https://doi.org/10.1189/jlb.1111537
https://doi.org/10.1172/JCI78253
https://doi.org/10.1172/JCI78253
https://doi.org/10.1074/jbc.M114.566349
https://doi.org/10.1074/jbc.M114.566349
https://doi.org/10.3389/fimmu.2017.00609
https://doi.org/10.3389/fimmu.2017.00609
https://doi.org/10.1189/jlb.0313157
https://doi.org/10.1189/jlb.0313157

®

Check for
updates

Correction to: The Role of Toll-Like
Receptor 4 in Infectious and Non
Infectious Inflammation

Carlo Rossetti and Francesco Peri

Correction to:
C. Rossetti, F. Peri (eds.), The Role of Toll-Like Receptor 4
in Infectious and Non Infectious Inflammation,

Progress in Inflammation Research 87,
https://doi.org/10.1007/978-3-030-56319-6

This book published under the series ‘“Progress in Inflammation Research” was
inadvertently published with the incorrect series ISSN number. This has now been
amended in the book to the correct ISSN:

Print ISSN: 1422-7746
Electronic ISSN: 2296-4525

The updated version of the book can be found at
https://doi.org/10.1007/978-3-030-56319-6

© Springer Nature Switzerland AG 2022 Cl
C. Rossetti, F. Peri (eds.), The Role of Toll-Like Receptor 4 in Infectious and

Non Infectious Inflammation, Progress in Inflammation Research 87,
https://doi.org/10.1007/978-3-030-56319-6_12


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-56319-6_12&domain=pdf
https://doi.org/10.1007/978-3-030-56319-6_12#DOI
https://doi.org/10.1007/978-3-030-56319-6
https://doi.org/10.1007/978-3-030-56319-6

	Preface
	Contents
	About the Editors
	Chemically Synthesized TLR4 Ligands, Their Immunological Functions, and Potential as Vaccine Adjuvant
	1 Introduction
	2 Lipid A, a Stimulant of Innate Immunity
	3 Vaccines Containing Natural LPS and Lipid A as Adjuvants
	3.1 Cholera Vaccines
	3.2 Salmonella Vaccines
	3.3 Other Vaccines

	4 LPS and Lipid A Derived from the Environment and from Fermented Foods as Adjuvant Candidates
	5 Synthetic and Semi-synthetic Lipid As as Adjuvants
	6 Developing Lipid A Adjuvant Candidates
	7 Lipid A Based Self-adjuvant Vaccines
	8 Conclusions
	References

	Intracellular TLR4 Signaling
	1 Introduction
	2 TLR4/MyD88/NF-kB Pathway
	3 TLR4/TRIF/IRF3 Branch
	4 Regulation of the TLR4 Intracellular Signaling
	5 Perspectives
	References

	TLR4 Ligands: Single Molecules and Aggregates
	1 Basis of LPS Pathophysiology
	2 Physico-Chemistry of the TLR4 Ligand LPS
	3 Role of Aggregates in Biological Activity
	4 From Aggregates to TLR4 Receptor Interaction
	5 Non-LPS Ligands of TLR4: Aggregate States and Biological Activity
	6 LPS Aggregates in the Activation of Non-TLR4 Receptors
	7 Conclusions
	References

	CD14: Not Just Chaperone, But a Key-Player in Inflammation
	2 CD14 Overview
	2.1 CD14 Structure
	2.2 CD14 Expression

	3 CD14 Functions and Interactors
	3.1 CD14 in LPS Signaling: TLR4-Dependent and TLR4-Independent Responses
	3.1.1 CD14 Controls Extracellular LPS Capture, Sensing, and Signaling
	3.1.2 CD14 Controls LPS Endosomal Signaling
	3.1.3 CD14 Controls LPS-Induced Calcium-Dependent Pathways in a TLR4-Independent Manner

	3.2 CD14-Dependent Recognition of Non-LPS Ligands and Their Interactors
	3.2.1 CD14 Controls Inflammatory Responses Against External Cues Other than LPS
	3.2.2 CD14 Mediates the Responses to Endogenous Lipidic Stress Signals
	3.2.3 CD14 Mediates the Responses to Endogenous Protein Stress Signals


	4 Concluding Remarks
	References

	Toll-Like Receptor 4 Interactions with Neisseria
	1 Introduction
	2 Mechanism of TLR4 Interaction with Neisseria LOS
	3 TLR4 in Neisseria meningitidis Infection
	3.1 Influence of TLR4 Functional Polymorphisms on SMD
	3.2 TLR4-LOS Inhibition Therapies

	4 TLR4 in Neisseria gonorrhoeae Infection
	5 Exploiting TLR4 in Neisseria Vaccine-Induced Immune Responses
	6 Conclusions
	References

	Toll-Like Receptor 4 Activation by Damage-Associated Molecular Patterns (DAMPs)
	1 Introduction
	2 Damage-Associated Molecular Patterns (DAMPs)
	3 Heat Shock Proteins (HSPs)
	4 Gp96
	5 HMGB1
	6 S100 Calcium Binding Proteins (Family of Calcium-Binding Cytosolic Proteins)
	7 Hyaluronic Acid (HA)
	8 Biglycans
	9 Tenascin-C
	10 Conclusion
	References

	TLR4 in Neurodegenerative Diseases: Alzheimer’s and Parkinson’s Diseases
	1 Alzheimer’s and Parkinson’s Diseases
	2 TLR4 in AD
	3 TLR4 in PD
	4 Targeting TLR4 in AD and PD: How and When
	5 Conclusion
	References

	TLR4-Mediated Neuroinflammation in Human Induced Pluripotent Stem Cells and Cerebral Organoids
	1 Introduction
	2 Differentiation of Microglia from iPSC to Model Neuroinflammation and Neurodegenerative Diseases
	3 Microglia-Enriched 3D Brain Organoids to Study Neuroinflammation and Human Neurodegenerative Diseases
	4 Conclusions
	References

	The Role of TLR4 in Neural Stem Cells–Mediated Neurogenesis and Neuroinflammation
	1 Neural Stem Cells (NSC)
	2 NSC as Therapeutics for Neurodegenerative Disorders
	3 The Dual Role of TLR4 in CNS Homeostasis
	4 The Role of TLR4 in Neurogenesis Through Regulating Neural Stem Cells (NSC) and Neural Progenitor Cells (NPC)
	References

	Toll-Like Receptor 4 and the World of microRNAs
	1 Introduction
	2 MiRNAs: Canonical Biogenesis Pathway and Mechanisms of Action
	3 TLR4–miRNA Axis in the Innate Immune Response
	3.1 MiRNA Upregulated by TLR4 Triggering
	3.1.1 The miR-146 Family: miR-146a-5p and miR-146b-5p
	3.1.2 MiR-155-5p
	3.1.3 MiR-21
	3.1.4 MiR-132

	3.2 MiRNA Downregulated by TLR4 Triggering
	3.2.1 MiR-223
	3.2.2 MiR-125b

	3.3 MiRNA Targeting TLR4 Expression and/or Signaling Proteins

	4 TLR4–miRNA Axis in Nonimmune Cells
	5 Crosstalk Among Different Cellular Subsets Mediated by miRNAs in Exosomes Released After TLR4 Stimulation
	6 Conclusions
	References

	Metabolic Reprogramming of Myeloid Cells Upon TLR4 Stimulation
	1 TLR4 Stimulation Triggers a Warburg-Like Shift of Cell Metabolism
	2 Different Metabolic Reprogramming According to Cell Type, Species, and Origin
	3 Metabolic Reprogramming and Trained Immunity
	4 Different Molecular Mechanisms Are Involved in Metabolic Reprogramming
	4.1 Mechanisms Controlling Glycolytic Reprogramming
	4.2 TCA Rewiring and Oxidative Phosphorylation
	4.3 Lipid Metabolism

	5 Conclusion
	References

	Correction to: The Role of Toll-Like Receptor 4 in Infectious and Non Infectious Inflammation
	Correction to: C. Rossetti, F. Peri (eds.), The Role of Toll-Like Receptor 4 in Infectious and Non Infectious Inflammation, Progress in Inflammation Research 87, https://doi.org/10.1007/978-3-030-56319-6


