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Abstract: Lactoferrin (Lf), an iron-binding glycoprotein expressed in most biological
fluids, represents a major component of the mammalian innate immune system. Lf’s
multiple activities rely not only on its capacity to bind iron, but also to interact with
molecular and cellular components of both host and pathogens. Lf can bind and sequester
lipopolysaccharide (LPS), thus preventing pro-inflammatory pathway activation, sepsis and
tissue damage. However, Lf-bound LPS may retain the capacity to induce cell activation
via Toll-like receptor 4-dependent and -independent mechanisms. This review discusses
the complex interplay between Lf and LPS and its relevance in the regulation of the
immune response.
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1. Introduction

Lipopolysaccharide (LPS), a major constituent of the Gram-negative bacteria outer membrane, is
one of the most potent inducers of the innate immune response. Recognition of various form of LPS
from different strains of Gram-negative bacteria triggers a signaling cascade that results in the release
of pro-inflammatory mediators, such as cytokines and chemokines, as well as small molecules, such as
lipid mediators and reactive oxygen species [1]. LPS is known to be capable of initiating the morbidity
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and mortality associated with Gram-negative sepsis, as well as the modulation of myriad other host
innate inflammatory responses. Specifically, LPS has been characterized as the 'prototypical stimuli'
for host activation through myeloid cells (neutrophils, monocytes, macrophages) and non-myeloid
cells (fibroblasts, platelets), as well as other innate host defense mechanisms, such as serum
complement, and specific components within the intrinsic coagulation pathway.

LPS is ubiquitous within our environment, in vivo and in vitro, and can express potent bioactivity in
extremely small amounts [2]. This bacterial component is a complex molecule consisting of three
parts: a core oligosaccharide, a distal hydrophilic O side chain, and a highly conserved lipid A
portion [3]. The lipid A moiety is the main pathogen-associated molecular pattern of LPS, and is
responsible for its toxic proinflammatory properties. Using the C3H/HeJ mouse strain, which is known
to have a defective response to LPS, it has been demonstrated that the Toll-like receptor 4 (TLR4) is an
important sensor for LPS [4]. LPS stimulation of mammalian cells occurs through a series of
interactions with several proteins including the LPS binding protein (LBP), CD14, MD-2 and
TLR4 [5]. LBP is a 60kDa acute-phase serum protein which directly binds to LPS and facilitates the
association between LPS and CDI14. Since the discovery of the LBP/CDI14 host activation
pathway [6,7] it has become increasingly clear that the release of numerous inflammatory mediators
and the expression of cell adhesion molecules necessary for inflammation occur in response to LBP
and/or CD14 complexed with microbial components [8,9]. After initial LBP-LPS binding, the next
step toward host cell activation is the transfer of LBP-LPS complex to either soluble or membrane-
bound CD14. It has been shown that aggregate forms of LPS initially bind LBP, which then facilitates
the transfer of separated, monomeric LPS to either membrane CD14 (mCD14) or soluble CD14
(sCD14), found in serum [8,9]. mCD14-positive cells (usually cells of myeloid origin) contain mCD14
as a glycosylphosphatidylinositol-anchored membrane protein, whereas the sCD14/LPS complex is
required for CD14-negative cell (e.g., endothelial and certain epithelial cells) activation by
LPS [10,11]. CD14 facilitates the transfer of LPS to the TLR4/MD-2 receptor complex and modulates
LPS recognition. MD-2, a small secreted protein which comprises part of the cell surface receptor
complex, is absolutely required for the TLR4-mediated cellular response to LPS [12]. After activation
by LPS, TLR4 recruits adapter molecules such as MyD88, Mal, Trif, and Tram within the cytoplasm
of cells to propagate a signal [5]. These adapter molecules in turn activate other molecules within the
cell, including protein kinases IRAK1, IRAK4, TBK1, and IKKi, to amplify the signal, and result in
the induction or suppression of genes that orchestrate the inflammatory response. LPS/TLR4 signaling
can be separated into MyD88-dependent and MyD88-independent pathways, which mediate the
activation of proinflammatory cytokines and type 1 interferon (IFN), respectively [5].

The outcome of Gram-negative infections is dependent not only by an individual’s ability to
recognize endotoxin and respond to its presence but also by numerous phenomena that inactivate
endotoxin and/or prevent harmful reactions to it [13]. Until now, many detoxification mechanisms
have been described acting in different body compartments, including proteins that facilitate LPS
sequestration or prevent endotoxin interaction with its receptors. In this respect, lactoferrin (Lf), an
80 kDa non-heme-iron binding glycoprotein, represents one of the most efficacious mechanisms of
LPS neutralization, both in tissues and secretions, activated by the innate response in peripheral tissues
during the inflammatory processes. Lf is physiologically found in exocrine secretions of mammals, in
particular in milk and fluids of the digestive tract, and is abundantly released by exocrine glands of
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mucosa and by neutrophils during inflammation [14]. Lf is a key element in the host defense system.
This assumption is mainly based on the antimicrobial properties of this molecule, which include iron
sequestration (bacteriostatic activity), direct lytic activities (bactericidal activity), and/or impaired
binding of microbes to host cells [15]. More recently, however, it has becoming evident that its
protective effect also extends to the modulation of the host response to infections. Depending on the
immune status of an individual, Lf can have anti-inflammatory properties which are mostly explained
by its capacity to interact with exogenous proinflammatory molecules, mainly LPS [16] and its CD14
receptor [17], as well as CpG bacterial DNA [18], thus decreasing the immune response and
preventing septic shock and damage to tissues. However, Lf can also favor the activation,
differentiation, and proliferation of immune cells, and this promoting activity has been related to a
direct effect of Lf on immune cells [19,20].

2. Structure of Lf and Molecular Basis of Lf-LPS Interaction

Lf is a monomeric, highly cationic (pI 8.4-9.0) glycoprotein with a single polypeptide chain of
about 690 amino acid residues. Crystallographic analysis of Lf from different species has revealed a
highly conserved three-dimensional structure, but with differences in detail between species [21]. The
polypeptide is folded in two symmetric globular structures named the N and C lobes, which are linked
by a short a-helix. Non-covalent interactions, mostly hydrophobic, provide a cushion between the two
lobes, with C-terminal helix playing a large part. Both lobes have the same fold, consistent with their
sequence homology of ~ 40%. Each lobe, two o/f domains, referred to as N1 and N2 or C1 and C2,
encloses a deep cleft within which is the iron binding site. Each site binds at a remarkably high affinity
(Kq 102 M), but reversibly, one Fe’" ion [22].

The two lobes, four-domain structure, provides the key to understanding the dynamic properties of
Lf (Figure 1). Indeed, two structures have been observed for this molecule: a closed conformation
(Figure 1A), mainly observed with the iron-saturated molecule (holo-Lf), and an open conformation,
originally described for the iron-free Lf (apo-Lf) (Figure 1B). The conformational transition could be
involved in basic functions such as transportation and catalysis. According to crystallographic data, the
domains move essentially as rigid bodies that close over the bound metal or open to release it. Metal
binding and release are facilitated by the flexibility of the apo form, and strong retention by the relative
rigidity of the holo form. Recently, Lf has been described as a molecule with a double face, composed
by an internal portion, highly conserved between species and endowed with iron binding capacity, and
an external surface strongly cationic and prone to interact with a number of negatively charged
macromolecules. The positive charge, mainly concentrated at the N-terminus (amino acids 1-7), in the
first helix (amino acids 13—-30) and in the region that connects the two lobes, is thought to be crucial
for the majority of Lf activities, including immunomodulation and LPS binding [22]. In particular, the
first helix includes the major portion of the lactoferricin domain, a potent bactericidal peptide [23], and
the N-lobe that participates as binding domain in Lf-pathogen interactions [24] as well as
ceruloplasmin binding [25].

Structurally, Lf contains a highly basic arginin-rich region close to the N-terminus which binds to a
variety of anionic biological molecules [26,27]. Human Lf (huLf) binds specifically and with a high
affinity (Kq = 2-5 nM) to the lipid A moiety of bacterial LPS [16,28], sCD14 and the sCD14/LPS
complex [17], heparin, or cell-surface heparan sulphates [26,29,30]. HuLf binding to anionic
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molecules mostly relies on two N-terminal basic clusters (residues 1 to 5 and 28 to 34). Specifically,
two binding sites for Escherichia Coli 055B5 LPS have been found on human Lf: a high affinity (Kq4
3.6 = 1 nM) site located at the N-terminus, and a low-affinity (Kd 390 + 20 nM) site at the C-terminus,
which is exposed at high protein concentrations [28]. Several studies indicate that Lf is capable of
destabilizing the outer membrane of Gram-negative bacteria upon its binding to LPS exposed on the
bacterial surface, promoting LPS release and bacterial killing through osmotic damage [31]. It has
been reported that LPS release in vitro may occur without a direct interaction of Lf with bacteria but
requires sequestering of Ca®" by Lf. Calcium binding to Lf destabilizes bacterial membrane while has a
marked stabilizing effect on the protein structure towards thermal and chemical denaturation [32]. All
Lfs are glycosylated with some differences between species, having hulLf three and bovine Lf (bLf)
five potential N-glycosylation sites [22]. Studies characterizing the Lf structure have demonstrated that
only a part of these potential sites are usually glycosylated, two in huLf and four in bLf[33,34].
Although glycosylation has no influence on Lf folding, most of the glycosylation sites are exposed on
the external surface of the molecule and have been supposed to play a role in Lf interaction with
viruses [15], toxins [35], sialic acid-binding immunoglobulin superfamily lectins [36] and C-type
lectin receptors on immune cells [37,38].

The interaction of bacterial endotoxins with Lf has been investigated at a biophysical level. The
formation of LPS-Lf complexes occurs through electrostatic interactions. It was shown that Lf binds to
the phosphate group within the lipid A moiety and induces a rigidification of the acyl chain of LPS.
The secondary structure of Lf was, however, not changed [39]. Binding saturation was found to lie at a
[Lf]:[Lipid A] ratio of 1:3 to 1:5 M and promotes the conversion of the molecular shape of lipid A
from a conical form (active) into a cylindrical form (inactive), in keeping with previous studies
suggesting that the conical shape of lipid A is a prerequisite for its endotoxic activity [40,41]. Lf was
shown to intercalate into phospholipid liposomes and to block the LBP-mediated intercalation of LPS,
suggesting that conversion from an active to inactive form occurs at the plasma membrane level [39].

In addition, Lf may act by interfering with the access of endotoxin to its cell surface receptor.
Indeed, evidence has been provided that hulf inhibits the interaction of LPS with CDI14 on
monocytes/macrophages by competition with the LBP, which binds to the lipid A portion of LPS, thus
mediating the transfer of LPS to CD14 [28]. In particular, Elass-Rochard and colleagues [28], by using
a mutated huLf demonstrated that the loop region containing amino acids 28 to 34, located in the
N-terminal domain I, is essential for the high-affinity interaction with LPS. This region is also present
in lactoferricin, which in vitro suppresses the release of IL-6 from monocytic THP-1 cells stimulated
with LPS [42].

Subsequent studies led to the identification of a cationic region, the GRRRR N-terminal sequence
(amino acids 1-5), which plays a crucial role in the competition of human LBP for LPS binding [43].
Specifically, it has been demonstrated that recombinant hulLf lacking residues 1 to 5 does not inhibit
the LBP-mediated binding of LPS, suggesting that these Lf residues may interact synergistically with
residues 28 to 34 as a cationic cradle to bind LPS.

Overall, LPS-binding property of Lf plays an important role in the immunomodulatory activity of
this molecule offering a dual advantage. In fact, from one side, Lf can sequester LPS, thus inhibiting
the excessive host’s response to endotoxin challenge, and from the other, can take advantage of the
LPS bound to its molecule to trigger an immune response engaging specific LPS receptors.
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Figure 1. Polypeptide folding of human lactoferrin. Structure of the iron-bound (holo)

form (A) and iron-free (apo) form (B) of Lf reprinted with permission from [22].

3. Lf Interference with LPS Inflammatory Activity

The endotoxin-chelating properties of Lf and its ability to compete with LPS receptors account, in
part, for the antinflammatory activity of this protein. Several in vitro studies have demonstrated that Lf
can inhibit, in a concentration- and time-dependent manner, a number of LPS-induced effects
(Table 1). Although the mechanisms responsible for this inhibitory activity have not been fully
elucidated, at least some may be ascribable to Lf capacity to avidly bind LPS, thus blocking its
interaction with cellular membranes or compete with LPS for binding to a common receptor.

In this respect, Baveye and co-workers demonstrated that hulLf, at LPS serum concentrations
observed in pathological conditions, blocks the LPS-induced production of oxygen free radicals by
competing with L-selectin, a serum-independent LPS receptor in neutrophils, for LPS binding [44].
Similarly, Elass-Rochard and colleagues [43] showed that huLf also prevents the LBP-mediated
binding of LPS to the CD14 receptor. However, maximal inhibition of LPS interaction with the cell
occurs when huLf and LBP are simultaneously added or pre-incubated together prior to their addition
to the cultures, but not when hulf is added after LBP interaction with LPS has occurred. These results
suggest that huLf competes with LBP for LPS binding, and this competition negatively affects the
subsequent interaction of LPS with CD14 [43]. The alignment of the N-terminal sequences of huLf and
LBP shows similarity between amino acid residues of these proteins. Notably, a structural motif of
three basic amino acids separated by one hydrophobic amino acid is present in both huLf and LBP.
Despite these shared features, LBP and huLf exhibit antagonistic effects by favouring or inhibiting
LPS interaction with CD14, respectively. In keeping with these results and with the antinflammatory
activity of Lf, it has been shown that the LPS-triggered release of IL-1, IL-6, IL-8, TNF-a in a variety
of human and mouse cell types is inhibited in the presence of Lf [45—47]. In particular, Haversen and
co-workers [46] showed that in human monocytic cell line Lf was internalized into cells and detected
in the nucleoli. In keeping with this finding, Lf was showed to decrease the LPS-induced binding of
NF-«kB to TNF-a promoter. Lactoferricin-derived peptides were also reported to down-modulate
TNF-a production in human PBMC by changing the aggregate structure of LPS or lipid A into a
multilamellar form [48]. Furthermore, it has been reported that huLf down-modulates the LPS-induced
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expression of some adhesion molecules, e.g., ICAM-1 and E-selectin, in endothelial cells [17]. This
effect was shown to rely on the hulf capacity to bind specifically and with high affinity to sCD14 and
to LPS-CD14 complexes. This observation suggested that Lf can modulate the recruitment of immune
cells to inflammatory sites by down-regulating the adhesion of leukocytes to endothelial cells. In
keeping with this hypothesis, it has been reported that Lf inhibits LPS-induced expression of IL-8, and
competes with this chemokine for its binding to proteoglycans of endothelial cells [49]. Lf has also
been reported to protect intestinal cells against LPS-induced mucosal damage [50] as well as to inhibit
LPS-induced proliferation, prostaglandin E, production, and cyclooxygenase (COX)-2 and matrix
metalloproteinase (MMP)-9 expression in PBMC [51] via unknown mechanisms. Lastly, Lf released
from LPS-activated neutrophils and apo-Lf have been reported to exert protective effects on neutrophil
priming for enhanced superoxide production [52,53].

Table 1. Lactoferrin protective activity on in vitro LPS-induced effects.

Cell Lf type LPS-induced functions Suggested References
mechanism
Mouse RAW 264.7 huLf, bLf Cytokine production (TNF- | Inhibition of NF-kB [42,45-47,49]
Human THP-1 JIL-1 [ IL-6, IL-8) activation
Human Mono Mac 6
HUVEC huLf Cytokine production (IL-8) Interaction with [49]
sCD14/LPS complex
Human PBMC Lfcin-derived Cytokine production LPS inactivation via [48]
peptides (TNF- ) structural changes
Human THP-1 huLf, bLf, Cytokine production (IL-6, Not determined [42,47]
Primary human monocytes Lfcin B IL-1, TNF- |
Human PBMC
HUVEC hulf Endothelial adhesion Interaction with [17]
molecule expression sCD14/LPS complex
Human neutrophils huLf Hydrogen peroxide Inhibition of LPS [44]
production binding to L-selectin
Human neutrophils Neutrophil Priming for enhanced LPS sequestration [52,53]
released Lf superoxide production
ApoLf*
Bovine PBMC bLf Proliferation Not determined [51]
PGE, production
COX-2 and MMP-9
expression
Human CaCo2 hulLf Intestinal mucosa damage Not determined [50]

* Lf source not indicated in the original article.

This Table summarises the in vitro results describing the Lf inhibitory actions on LPS-stimulated

cell responses. HUVEC, human umbilical vein endothelial cells; PBMC, peripheral blood
mononuclear cells; huLf, human lactoferrin; Lfcin, lactoferricin; bLf, bovine lactoferrin; PGE,,
prostaglandin E,; COX-2, cyclooxygenase (COX)-2; MMP-9, matrix metalloproteinase (MMP)-9.
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The capacity of Lf to modulate the LPS-induced inflammatory process has been also well
documented in vivo. Indeed, several studies [54—59] have demonstrated that Lf administration protects
animals against sub-lethal doses of LPS (Table 2). Interestingly, the optimal protection against induced
septicaemia required a 12 to 24 h pre-injection of Lf, suggesting that this protein may act by
mechanisms in addition to simple LPS scavenging [54]. Furthermore, mice previously treated with Lf
did not develop hepatitis [60], arthritis [61], diarrhea [58] and preterm delivery [62—64] after LPS
challenge. The exact mechanisms by which Lf exerts preventive and/or therapeutic potential are not
yet known, however, some of the effects could be due to Lf capacity to neutralize LPS in vivo. In
keeping with the antinflammatory effect of Lf observed in in vitro studies, serum levels of LPS-
induced pro-inflammatory factors such as IL-6, TNF-o and nitric oxide were found significantly
reduced in Lf-treated animals in comparison with untreated controls after LPS inoculation [61,65-67].
In addition, growing evidence indicates that progression of systemic inflammatory response syndrome
into sepsis is due to the cellular damage and death induced by acute inflammatory response. In this
respect, Kruzel and colleagues have recently reported that Lf protects against oxidative stress-induced
mitochondrial dysfunction and DNA damage, both in cell culture and within an animal model of
endotoxemia [68].

Table 2. Protective effects of lactoferrin on LPS-triggered pathologies in vivo.

Animal Lf source Administration | LPS-triggered effects Lf References
activity

Mice, bLf, hulLf, Lfcin- L.v., 1.p., p.o. endotoxin lethal shock survival [54,55-57]

Piglets derived peptides

Mice bLf, huLf Lp. preterm delivery prevention [62—64]

Mice hulf V. hepatitis protection [60]

Rats, bLf, hulLf 1.v., p.o., i.p. TNF- ,IL-6,1L-10, NO | decreased [61,65-67]

Mice production

Rats bLf p-o. arthritis and hyperalgesia | prevention [61]

Mice bLf Lp. diarrhea prevention [58]

Mice hulf L.p. liver mitochondrial protection [68]
dysfunction

Rats bLf, hulLf L.p. albumin extravasation, | prevention [59]
neutrophilia

This table reports experimental evidence of Lf beneficial effects in animal models challenged with
LPS. huLf, human lactoferrin; bLf, bovine lactoferrin, NO, nitric oxide; i.v., intravenous; i.p.,
intraperitoneal; p.o., per os.

4. Biological Activity of Lf-Bound LPS: TLR4 -Dependent and —Independent Effects

Despite the well recognized activity of Lf as a powerful scavenger of endotoxins, some studies
documented that Lf-bound LPS retains the capacity to stimulate mouse and human cells. In particular,
it was reported that Lf-LPS complexes can still prime human monocytes and stimulate B lymphocyte
proliferation [53].
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Furthermore, Na and co-workers reported that when LPS and purified Lf were mixed, and formed a
complex, induction of proinflammatory mediators or tolerance, rather than inhibition of LPS challenge,
were observed in RAW 264.7 cells and peritoneal macrophages harvested from C3H/HeN mice [69].
Similarly, Chodaczek and colleagues have showed that Lf complexed to monophosphoryl lipid A can
exert adjuvant activity in mice immunized with a suboptimal dose of sheep red blood cells or
ovalbumin, thus increasing their humoral immune response [70]. Comparative studies carried out with
LPS responsive and LPS hypo-responsive mice demonstrated a strong dependency of the Lf-LPS
complex triggered signals on TLR4, leading to the conclusion that the immunomodulatory properties
of Lf could be due, at least in part, to LPS binding [69]. Lf binds to the lipid A portion of LPS via
charge-charge interaction. The portion of Lf that binds to anionic molecules, including lipid A, is
limited to its N-terminus arginine rich domain [27]. Thus, it is likely that bound LPS can still expose
the unbound part of lipid A that is recognized by LPS receptors such as TLR4. Such a Lf-LPS complex
recognition would result in macrophage activation [69]. In this regard, it has been reported that Lf-
bound LPS retains clotting capacity in a conventional Limulus assay (LAL), the standard method for
detection of endotoxin contamination [39]. Of note, the lipid A backbone is also the epitope being
recognized in this assay, thus explaining why the Lf-LPS complex is found to be LAL positive [39,69].
Collectively, these results suggest that lipid A can be recognized even after Lf-LPS complex has been
formed, and that this complex retains the capacity to activate macrophages through TLR4. Lf
preparations experimentally used may contain some LPS. However, due to the extremely high capacity
of Lf to form complexes with LPS through its lipid A moiety, it is conceivable that the little amount of
LPS commonly detected in Lf preparations, is all bound to Lf molecule. In keeping with this
assumption, we have previously demonstrated that low concentrations of LPS corresponding to the
amount naturally present in Lf batches is per se not capable to induce type 1 IFN secretion in murine
peritoneal macrophages, in contrast with the capacity of Lf to induce it. However, it has been reported
that LPS binding to Lf may contribute to Lf biological activity by favouring its interaction with cell
surface receptors [71]. Thus, LPS may represent an important structural component of Lf molecule,
likely involved in its stabilization or favouring its interaction with receptors and accessory molecules.

Despite these observations, the intimate relationship between Lf and LPS does not completely
account for the different biological activities ascribed to this molecule. In keeping with these results,
we have reported that the capacity of Lf to induce a type 1 IFN mediated antiviral state, but not TNF-a
production, relies on the function of TLR4 in responding cells [72]. Our results showing that TLR4 is
not essential for Lf—induced production of TNF-o by murine peritoneal macrophages, strongly suggest
that this molecule induces macrophage activation via TLR4-dependent and -independent mechanisms.
Accordingly, it has been recently reported that Lf-induced IL-6 secretion and CD40 expression in
murine peritoneal macrophages was achieved via TLR4-independent and -dependent mechanisms,
respectively, thus indicating potentially separate pathways for Lf-mediated macrophage events in
innate immunity [73]. Likewise, a dichotomous nature of Lf binding to monocyte/macrophage-
differentiated HL-60 cells, one being mediated by specific Lf receptors whereas the other occurring
mainly via LPS receptors after formation of Lf-LPS complexes, was also reported [71].

Thus, Lf binding to LPS may represent an important aspect, but does not entirely account for all
immunomodulatory effects of this molecule. This aspect could be mostly relevant in those cell types,
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such as the macrophages, in which TLR4 function is of critical importance in the regulation of their

activity.
5. Concluding Remarks

Lf is a natural defence component of the innate immunity only found in mammals. This exclusive
characteristic has suggested that this molecule could be involved in newborn nutrition and protection.
However, in adult life, Lf continues to exert a plethora of biological activities. Its protective effects
range from direct antimicrobial activities against a variety of pathogens, including bacteria, viruses,
fungi and parasites, to anti-inflammatory and anti-tumour activities. These multiple functions rely not
only on the capacity of Lf to sequester iron, but also on its property to interact with molecular and
cellular components of both host and pathogens, including endotoxins and their receptors. In this
respect, the ability of Lf to bind LPS or limit its in vitro interaction with LBP and sCD14 suggests that
Lf behaves as a versatile molecule by efficiently suppressing endotoxin-induced excessive immune
reaction in sepsis or promoting, in particular conditions, a protective response against pathogen
challenge (Figure 2).

Figure 2. Lactoferrin interplay on LPS-induced inflammatory response. A schematic
representation of Lf interaction with LPS highlighting the multitasking strategy of Lf to
maintain immune homeostasis. Lf behaves as a versatile molecule by efficiently
suppressing endotoxin-induced excessive immune reaction in sepsis or promoting, in
particular conditions, a protective response against pathogen challenge.

LBPEN
LBPEE
LPS
Ler[JIMD-2 )l( MD-2 LF [L]mD-2
sCD14 TLR4 TLR4 TLR4

Immune activation
versus tolerance

Inflammation Immune suppression

In this scenario, we can speculate that in systemic infections, when LPS is present at high
concentration, Lf drastically increases in serum where successfully targets and neutralizes either LPS
or sCD14 alone, as well as already assembled LPS-CD14 complexes. Moreover, in peripheral tissue
infections, Lf released by recruited neutrophils sequesters LPS impeding its association with LBP and
consecutively reducing the rate and sensitivity of the response. The Lf mediated LPS sequestration
would result in inhibition of activated cells, including neutrophils and monocytes, followed by

tissue repair.
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Conversely, under physiologic conditions, Lf could form complexes with LPS originating from
commensal flora. Such Lf-LPS complexes may retain the capacity to bind to specific receptors
associated to TLR4 pathway either promoting tolerance, or locally stimulating low levels of
cytokines/factors. These Lf effects would contribute to maintain homeostasis and keep immune cells
alerted against pathogen attack.

Understanding the molecular mechanisms underlying the capacity of Lf to reduce excessive
inflammation and stimulate host immune responses, as well as identifying cell targets and receptors
involved in Lf immunomodulatory activities holds the promise of a better exploitation of Lf
therapeutic potential.

Acknowledgements
We gratefully acknowledge Heather Baker and Edward Baker for kindly providing Figure 1.
References

1. Beutler, B.; Rietschel, E.T. Innate immune sensing and its roots: The story of endotoxin. Nat. Rev.
Immunol. 2003, 3, 169-176.

2. Westphal, O.; Luderitz, O.; Rietschel, E.T.; Galanos, C. Bacterial lipopolysaccharide and its lipid
A component: Some historical and some current aspects. Biochem. Soc. Trans. 1981, 9, 191-195.

3. Raetz, C.R.; Whitfield, C. Lipopolysaccharide endotoxins. Annu. Rev. Biochem. 2002, 71,
635-700.

4. Poltorak, A.; He, X.; Smirnova, I.; Liu, M.Y.; Van Huffel, C.; Du, X.; Birdwell, D.; Alejos, E.;
Silva, M.; Galanos, C.; Freudenberg, M.; Ricciardi-Castagnoli, P.; Layton, B.; Beutler, B.
Defective LPS signaling in C3H/HeJ and C57BL/10ScCr mice: Mutations in TIr4 gene. Science
1998, 282, 2085-2088.

5. Lu, Y.C.; Yeh, W.C.; Ohashi, P.S. LPS/TLR4 signal transduction pathway. Cytokine 2008, 42,
145-151.

6. Schumann, R.R.; Leong, S.R.; Flaggs, G.W.; Gray, P.W.; Wright, S.D.; Mathison, J.C.; Tobias,
P.S.; Ulevitch, R.J. Structure and function of lipopolysaccharide binding protein. Science 1990,
249, 1429-1431.

7.  Wright, S.D.; Ramos, R.A.; Tobias, P.S.; Ulevitch, R.J.; Mathison, J.C. CDI14, a receptor for
complexes of lipopolysaccharide (LPS) and LPS binding protein. Science 1990, 249, 1431-1433.

8. Pugin, J.; Ulevitch, R.J.; Tobias, P.S. A critical role for monocytes and CD14 in endotoxin-
induced endothelial cell activation. J. Exp. Med. 1993, 178, 2193-2200.

9.  Wright, S.D. CD14 and innate recognition of bacteria. J. Immunol. 1995, 155, 6-8.

10. Pugin, J.; Schurer-Maly, C.C.; Leturcq, D.; Moriarty, A.; Ulevitch, R.J.; Tobias, P.S.
Lipopolysaccharide activation of human endothelial and epithelial cells is mediated by
lipopolysaccharide-binding protein and soluble CD14. Proc. Natl. Acad. Sci. USA 1993, 90,
2744-2748.

11. Heumann, D.; Roger, T. Initial responses to endotoxins and Gram—negative bacteria. Clin. Chim.
Acta 2002, 323, 59-72.



Toxins 2010, 2 64

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Shimazu, R.; Akashi, S.; Ogata, H.; Nagai, Y.; Fukudome, K.; Miyake, K.; Kimoto, M. MD-2, a
molecule that confers lipopolysaccharide responsiveness on Toll-like receptor 4. J. Exp. Med.
1999, 189, 1777-1782.

Munford, R.S. Detoxifying endotoxin: Time, place and person. J. Endotoxin. Res. 2005, 11,
69-84.

Legrand, D.; Pierce, A.; Elass, E.; Carpentier, M.; Mariller, C.; Mazurier, J. Lactoferrin structure
and functions. Adv. Exp. Med. Biol. 2008, 606, 163—194.

Valenti, P.; Antonini, G. Lactoferrin: An important host defence against microbial and viral
attack. Cell Mol. Life Sci. 2005, 62, 2576-2587.

Appelmelk, B.J.; An, Y.Q.; Geerts, M.; Thijs, B. G.; de Boer, H.A.; MacLaren, D. M.; de Graaff,
J.; Nuijens, J.H. Lactoferrin is a lipid A-binding protein. Infect. Immun. 1994, 62, 2628-2632.
Baveye, S.; Elass, E.; Fernig, D.G.; Blanquart, C.; Mazurier, J.; Legrand, D. Human lactoferrin
interacts with soluble CD14 and inhibits expression of endothelial adhesion molecules, E-selectin
and ICAM-1, induced by the CDI4-lipopolysaccharide complex. Infect. Immun. 2000, 68,
6519-6525.

Britigan, B.E.; Lewis, T.S.; Waldschmidt, M.; McCormick, M.L.; Krieg, A.M. Lactoferrin binds
CpG-containing oligonucleotides and inhibits their immunostimulatory effects on human B cells.
J. Immunol. 2001, 167, 2921-2928.

Legrand, D.; Elass, E.; Carpentier, M.; Mazurier, J. Interactions of lactoferrin with cells involved
in immune function. Biochem. Cell Biol. 2006, 84, 282-290.

Puddu, P.; Valenti, P.; Gessani, S. Inmunomodulatory effects of lactoferrin on antigen presenting
cells. Biochimie 2009, 91, 11-18.

Baker, E.N.; Baker, H.M. Molecular structure, binding properties and dynamics of lactoferrin.
Cell Mol. Life Sci. 2005, 62, 2531-2539.

Baker, E.N.; Baker, H.M. A structural framework for understanding the multifunctional character
of lactoferrin. Biochimie 2009, 91, 3—-10.

Bellamy, W.; Takase, M.; Yamauchi, K.; Wakabayashi, H.; Kawase, K.; Tomita, M. Identification
of the bactericidal domain of lactoferrin. Biochim. Biophys. Acta 1992, 1121, 130—136.
Senkovich, O.; Cook, W.J.; Mirza, S.; Hollingshead, S.K.; Protasevich, II; Briles, D.E.;
Chattopadhyay, D. Structure of a complex of human lactoferrin N-lobe with pneumococcal
surface protein a provides insight into microbial defense mechanism. J. Mol. Biol. 2007, 370,
701-713.

Sabatucci, A.; Vachette, P.; Vasilyev, V.B.; Beltramini, M.; Sokolov, A.; Pulina, M.; Salvato, B.;
Angelucci, C.B.; Maccarrone, M.; Cozzani, I.; Dainese, E. Structural characterization of the
ceruloplasmin: Lactoferrin complex in solution. J. Mol. Biol. 2007, 371, 1038—1046.

Mann, D.M.; Romm, E.; Migliorini, M. Delineation of the glycosaminoglycan-binding site in the
human inflammatory response protein lactoferrin. J. Biol. Chem. 1994, 269, 23661-23667.

van Berkel, P.H.; Geerts, M.E.; van Veen, H.A.; Mericskay, M.; de Boer, H.A.; Nuijens, J.H. N-
terminal stretch Arg2, Arg3, Arg4 and Arg5 of human lactoferrin is essential for binding to
heparin, bacterial lipopolysaccharide, human lysozyme and DNA. Biochem. J. 1997, 328, 145-151.



Toxins 2010, 2 65

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Elass-Rochard, E.; Roseanu, A.; Legrand, D.; Trif, M.; Salmon, V.; Motas, C.; Montreuil, J.;
Spik, G. Lactoferrin-lipopolysaccharide interaction: Involvement of the 28-34 loop region of
human lactoferrin in the high-affinity binding to Escherichia coli 055BS5 lipopolysaccharide.
Biochem. J. 1995, 312, 839-845.

Legrand, D.; van Berkel, P.H.; Salmon, V.; van Veen, H.A.; Slomianny, M.C.; Nuijens, J.H.;
Spik, G. The N-terminal Arg2, Arg3 and Arg4 of human lactoferrin interact with sulphated
molecules but not with the receptor present on Jurkat human lymphoblastic T-cells. Biochem. J.
1997, 327, 841-846.

Wu, H.F.; Monroe, D.M.; Church, F.C. Characterization of the glycosaminoglycan-binding region
of lactoferrin. Arch. Biochem. Biophys. 1995, 317, 85-92.

Ellison, R.T., 3rd Ed.; Giehl, T.J. Killing of gram-negative bacteria by lactoferrin and lysozyme.
J. Clin. Invest. 1991, 88, 1080—-1091.

Rossi, P.; Giansanti, F.; Boffi, A.; Ajello, M.; Valenti, P.; Chiancone, E.; Antonini, G. Ca2+
binding to bovine lactoferrin enhances protein stability and influences the release of bacterial
lipopolysaccharide. Biochem. Cell Biol. 2002, 80, 41-48.

Haridas, M.; Anderson, B.F.; Baker, E.N. Structure of human diferric lactoferrin refined at 2.2 A
resolution. Acta. Crystallogr. D. Biol. Crystallogr. 1995, 51, 629-646.

Moore, S.A.; Anderson, B.F.; Groom, C.R.; Haridas, M.; Baker, E.N. Three-dimensional structure
of diferric bovine lactoferrin at 2.8 A resolution. J. Mol. Biol. 1997, 274, 222-236.

Chung, M.C.; Wines, B.D.; Baker, H.; Langley, R.J.; Baker, E.N.; Fraser, J.D. The crystal
structure of staphylococcal superantigen-like protein 11 in complex with sialyl Lewis X reveals
the mechanism for cell binding and immune inhibition. Mol. Microbiol. 2007, 66, 1342—1355.
Choi, B.K.; Actor, J.K.; Rios, S.; d'Anjou, M.; Stadheim, T.A.; Warburton, S.; Giaccone, E.;
Cukan, M.; Li, H.; Kull, A.; Sharkey, N.; Gollnick, P.; Kocieba, M.; Artym, J.; Zimecki, M.;
Kruzel, M.L.; Wildt, S. Recombinant human lactoferrin expressed in glycoengineered Pichia
pastoris: Effect of terminal N-acetylneuraminic acid on in vitro secondary humoral immune
response. Glycoconj. J. 2008, 25, 581-593.

Zimecki, M.; Kocieba, M.; Kruzel, M. Immunoregulatory activities of lactoferrin in the delayed
type hypersensitivity in mice are mediated by a receptor with affinity to mannose. Immunobiology
2002, 205, 120-131.

Groot, F.; Geijtenbeek, T.B.; Sanders, R.W.; Baldwin, C.E.; Sanchez-Hernandez, M.; Floris, R.;
van Kooyk, Y.; de Jong, E.C.; Berkhout, B. Lactoferrin prevents dendritic cell-mediated human
immunodeficiency virus type 1 transmission by blocking the DC-SIGN--gp120 interaction. J.
Virol. 2005, 79, 3009-3015.

Brandenburg, K.; Jurgens, G.; Muller, M.; Fukuoka, S.; Koch, M.H. Biophysical characterization
of lipopolysaccharide and lipid A inactivation by lactoferrin. Biol. Chem. 2001, 382, 1215-1225.
Brandenburg, K.; Kusumoto, S.; Seydel, U. Conformational studies of synthetic lipid A analogues
and partial structures by infrared spectroscopy. Biochim. Biophys. Acta 1997, 1329, 183-201.
Schromm, A.B.; Brandenburg, K.; Loppnow, H.; Moran, A.P.; Koch, M.H.; Rietschel, E.T.;
Seydel, U. Biological activities of lipopolysaccharides are determined by the shape of their lipid A
portion. Eur. J. Biochem. 2000, 267, 2008-2013.



Toxins 2010, 2 66

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Mattsby-Baltzer, I.; Roseanu, A.; Motas, C.; Elverfors, J.; Engberg, I.; Hanson, L. A. Lactoferrin
or a fragment thereof inhibits the endotoxin-induced interleukin-6 response in human monocytic
cells. Pediatr. Res. 1996, 40, 257-262.

Elass-Rochard, E.; Legrand, D.; Salmon, V.; Roseanu, A.; Trif, M.; Tobias, P.S.; Mazurier, J.;
Spik, G. Lactoferrin inhibits the endotoxin interaction with CD14 by competition with the
lipopolysaccharide-binding protein. Infect. Immun. 1998, 66, 486—491.

Baveye, S.; Elass, E.; Mazurier, J.; Legrand, D. Lactoferrin inhibits the binding of
lipopolysaccharides to L-selectin and subsequent production of reactive oxygen species by
neutrophils. FEBS Lett. 2000, 469, 5-8.

Choe, Y.H.; Lee, S.W. Effect of lactoferrin on the production of tumor necrosis factor-alpha and
nitric oxide. J. Cell Biochem. 1999, 76, 30-36.

Haversen, L.; Ohlsson, B.G.; Hahn-Zoric, M.; Hanson, L.A.; Mattsby-Baltzer, 1. Lactoferrin
down-regulates the LPS-induced cytokine production in monocytic cells via NF-kappa B. Cell
Immunol. 2002, 220, 83-95.

Crouch, S.P.; Slater, K.J.; Fletcher, J. Regulation of cytokine release from mononuclear cells by
the iron-binding protein lactoferrin. Blood 1992, 80, 235-240.

Andra, J.; Lohner, K.; Blondelle, S.E.; Jerala, R.; Moriyon, I.; Koch, M.H.; Garidel, P.;
Brandenburg, K. Enhancement of endotoxin neutralization by coupling of a C12-alkyl chain to a
lactoferricin-derived peptide. Biochem. J. 2005, 385, 135—-143.

Elass, E.; Masson, M.; Mazurier, J.; Legrand, D. Lactoferrin inhibits the lipopolysaccharide-
induced expression and proteoglycan-binding ability of interleukin-8 in human endothelial cells.
Infect. Immun. 2002, 70, 1860—1866.

Hirotani, Y.; Ikeda, K.; Kato, R.; Myotoku, M.; Umeda, T.; Ijiri, Y.; Tanaka, K. Protective effects
of lactoferrin against intestinal mucosal damage induced by lipopolysaccharide in human
intestinal Caco-2 cells. Yakugaku Zasshi 2008, 128, 1363—-1368.

Dawes, M.E.; Tyler, J.W.; Marsh, A.E.; Larson, R.L.; Steevens, B.J.; Lakritz, J. In Vitro effects of
lactoferrin on lipopolysaccharide-induced proliferation, gene expression, and prostanoid
production by bovine peripheral blood mononuclear cells. Am. J. Vet. Res. 2008, 69, 1164-1170.
Cohen, M.S.; Mao, J.; Rasmussen, G.T.; Serody, J.S.; Britigan, B.E. Interaction of lactoferrin and
lipopolysaccharide (LPS): Effects on the antioxidant property of lactoferrin and the ability of LPS
to prime human neutrophils for enhanced superoxide formation. J. Infect. Dis. 1992, 166,1375-1378.
Wang, D.; Pabst, K.M.; Aida, Y.; Pabst, M.J. Lipopolysaccharide-inactivating activity of
neutrophils is due to lactoferrin. J. Leukoc. Biol. 1995, 57, 865-874.

Zagulski, T.; Lipinski, P.; Zagulska, A.; Broniek, S.; Jarzabek, Z. Lactoferrin can protect mice
against a lethal dose of Escherichia coli in experimental infection in vivo. Br. J. Exp. Pathol.
1989, 70, 697-704.

Zhang, G.H.; Mann, D.M.; Tsai, C.M. Neutralization of endotoxin in vitro and in vivo by a human
lactoferrin-derived peptide. Infect. Immun. 1999, 67, 1353—1358.

Kruzel, M.L.; Harari, Y.; Chen, C.Y.; Castro, G.A. Lactoferrin protects gut mucosal integrity
during endotoxemia induced by lipopolysaccharide in mice. Inflammation 2000, 24, 33—44.

Lee, W.J.; Farmer, J.L.; Hilty, M.; Kim, Y.B. The protective effects of lactoferrin feeding against
endotoxin lethal shock in germfree piglets. Infect. Immun. 1998, 66, 1421-1426.



Toxins 2010, 2 67

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Talukder, M.J.; Harada, E. Bovine lactoferrin protects lipopolysaccharide—induced diarrhea
modulating nitric oxide and prostaglandin E2 in mice. Can. J. Physiol. Pharmacol. 2007, 85,
200-208.

Yajima, M.; Yajima, T.; Kuwata, T. Intraperitoneal injection of lactoferrin ameliorates severe
albumin extravasation and neutrophilia in LPS-induced inflammation in neonatal rats. Biomed.
Res. 2005, 26, 249-255.

Yamaguchi, M.; Matsuura, M.; Kobayashi, K.; Sasaki, H.; Yajima, T.; Kuwata, T. Lactoferrin
protects against development of hepatitis caused by sensitization of Kupffer cells by
lipopolysaccharide. Clin. Diagn. Lab. Immunol. 2001, 8, 1234—1239.

Hayashida, K.; Kaneko, T.; Takeuchi, T.; Shimizu, H.; Ando, K.; Harada, E. Oral administration
of lactoferrin inhibits inflammation and nociception in rat adjuvant-induced arthritis. J. Vet. Med.
Sci. 2004, 66, 149—-154.

Mitsuhashi, Y.; Otsuki, K.; Yoda, A.; Shimizu, Y.; Saito, H.; Yanaihara, T. Effect of lactoferrin
on lipopolysaccharide (LPS) induced preterm delivery in mice. Acta. Obstet. Gynecol. Scand.
2000, 79, 355-358.

Sasaki, Y.; Otsuki, K.; Hasegawa, A.; Sawada, M.; Chiba, H.; Negishi, M.; Nagatsuka, M.; Okai,
T. Preventive effect of recombinant human lactoferrin on lipopolysaccharide-induced preterm
delivery in mice. Acta. Obstet. Gynecol. Scand. 2004, 83, 1035-1038.

Otsuki, K.; Yakuwa, K.; Sawada, M.; Hasegawa, A.; Sasaki, Y.; Mitsukawa, K.; Chiba, H.;
Nagatsuka, M.; Saito, H.; Okai, T. Recombinant human lactoferrin has preventive effects on
lipopolysaccharide-induced preterm delivery and production of inflammatory cytokines in mice.
J. Perinat. Med. 2005, 33, 320-323.

Machnicki, M.; Zimecki, M.; Zagulski, T. Lactoferrin regulates the release of tumour necrosis
factor alpha and interleukin 6 in vivo. Int. J. Exp. Pathol. 1993, 74, 433—439.

Kruzel, M.L.; Harari, Y.; Mailman, D.; Actor, JK.; Zimecki, M. Differential effects of
prophylactic, concurrent and therapeutic lactoferrin treatment on LPS-induced inflammatory
responses in mice. Clin. Exp. Immunol. 2002, 130, 25-31.

Artym, J.; Zimecki, M.; Kruzel, M.L. Effects of lactoferrin on IL-6 production by peritoneal and
alveolar cells in cyclophosphamide-treated mice. J. Chemother. 2004, 16, 187—-192.

Kruzel, M.L.; Actor, J.K.; Radak, Z.; Bacsi, A.; Saavedra-Molina, A.; Boldogh, I. Lactoferrin
decreases LPS-induced mitochondrial dysfunction in cultured cells and in animal endotoxemia
model. Innate Immun. 2009, [Epub ahead of print].

Na, Y.J.; Han, S.B.; Kang, J.S.; Yoon, Y.D.; Park, S.K.; Kim, HM.; Yang, K.H.; Joe, C.O.
Lactoferrin works as a new LPS-binding protein in inflammatory activation of macrophages. Int.
Immunopharmacol. 2004, 4, 1187-1199.

Chodaczek, G.; Zimecki, M.; Lukasiewicz, J.; Lugowski, C. A complex of lactoferrin with
monophosphoryl lipid A is an efficient adjuvant of the humoral and cellular immune response in
mice. Med. Microbiol. Immunol. 2006, 195, 207-216.

Miyazawa, K.; Mantel, C.; Lu, L.; Morrison, D.C.; Broxmeyer, H.E. Lactoferrin-
lipopolysaccharide interactions Effect on lactoferrin binding to monocyte/macrophage-
differentiated HL-60 cells. J. Immunol. 1991, 146, 723-729.



Toxins 2010, 2 68

72. Puddu, P.; Carollo, M.G.; Belardelli, F.; Valenti, P.; Gessani, S. Role of endogenous interferon
and LPS in the immunomodulatory effects of bovine lactoferrin in murine peritoneal
macrophages. J. Leukoc. Biol. 2007, 82, 347-353.

73. Curran, C.S.; Demick, K.P.; Mansfield, J.M. Lactoferrin activates macrophages via TLR4-
dependent and -independent signaling pathways. Cell Immunol. 2006, 242, 23-30.

© 2010 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland.
This article is an open-access article distributed under the terms and conditions of the Creative
Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).



