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Lactoferrin, a bird’s eye view

Hans J. Vogel

Abstract: Lactoferrin is an abundant iron-binding protein in milk. This 80 kDa bilobal glycoprotein is also present in sev-
eral other secreted bodily fluids, as well as in the secondary granules of neutrophils. The potent iron-binding properties of
lactoferrin can locally create iron deficiency, and this is an important factor in host defense as it prevents bacteria from
growing and forming biofilms. In addition to having antibacterial activity, lactoferrin is now known to have a long list of
other beneficial biological properties. It has direct antiviral, antifungal, and even some anticancer activities. It can also pro-
mote wound healing and bone growth, or it can act as an iron carrier. Moreover, lactoferrin displays a cytokine-like “alar-
min” activity, and it activates the immune system. Simultaneously, it can bind endotoxin (lipopolysaccharide), and in doing
so, it modulates the activity of the host immune response. The majority of these intriguing biological activities reside in the
unique positively charged N-terminal region of the protein. Interestingly, several peptides, which retain many of the benefi-
cial activities, can be released from this region of lactoferrin. An isoform of the human protein, known as delta-lactoferrin,
is expressed inside many cells, where it acts as a transcription factor. Lactoferrin purified from human and bovine milk have
very similar but not completely identical properties. Lactoferrin receptors have been identified on the surface of various
cells, and some of these can bind both the human and the bovine protein. Because of the extensive health-promoting effects
of lactoferrin, there has been considerable interest in the use of bovine or human lactoferrin as a “protein nutraceutical” or
as a therapeutic protein. When lactoferrin is used as a “biologic drug”, it seems to be orally active in contrast to most other
therapeutic proteins.

Key words: antimicrobial, anticancer, endotoxin, iron-binding protein, immuno-modulator, transcription factor.

Résumé : La lactoferrine est une protéine de liaison du fer abondante dans le lait. Cette glycoprotéine bilobée de 80 kDa se
retrouve aussi dans plusieurs autres liquides biologiques sécrétés ainsi que dans les granules secondaires des neutrophiles.
Les fortes propriétés de liaison du fer de la lactoferrine peuvent créer une déficience locale en fer, constituant ainsi un fac-
teur de défense de l’hôte important en empêchant les bactéries de croître et de former des biofilms. En plus de son activité
antibactérienne, la lactoferrine est connue maintenant pour posséder de nombreuses autres propriétés bénéfiques. Elle exerce
des activités antivirales, antifongiques et même quelques activités anticancéreuses directes. Elle peut aussi promouvoir la ci-
catrisation et la croissance osseuse, ou elle peut agir comme transporteur de fer. En outre, la lactoferrine montre une activité
« alarmine » semblable à celle des cytokines et elle active le système immunitaire. Parallèlement, elle peut lier une endoto-
xine (lipopolysaccharide) et ce faisant, elle module l’activité de la réponse immune de l’hôte. La majorité de ces activités
biologiques fascinantes reposent sur la région N-terminale de la protéine chargée positivement. Fait intéressant, plusieurs
peptides, qui conservent plusieurs des activités bénéfiques, peuvent être libérés de cette région de la lactoferrine. Une iso-
forme de la protéine humaine, connue sous le nom de delta-lactoferrine, est exprimée à l’intérieur de plusieurs cellules où
elle agit comme facteur de transcription. La lactoferrine purifiée du lait humain et celle du bovin ont des propriétés très si-
milaires mais pas tout à fait identiques. Les récepteurs de lactoferrine ont été identifiés à la surface de différentes cellules et
certains d’entre eux peuvent lier tant la lactoferrine humaine que la lactoferrine bovine. Compte tenu des effets bénéfiques
considérables de la lactoferrine pour la santé humaine, l’utilisation de la lactoferrine bovine ou humaine comme nutraceu-
tique ou comme protéine thérapeutique a suscité un grand intérêt. Lorsque la lactoferrine est utilisée comme « médicament
biologique », elle semble active oralement contrairement aux autres protéines thérapeutiques.

Mots‐clés : antimicrobien, anticancéreux, endotoxine, protéine de liaison du fer, immunomodulateur, facteur de transcrip-
tion.
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Introduction

Lactoferrin (also known as lactotransferrin) was first iden-
tified in 1939 as a red protein that was present in bovine milk
(Sorensen and Sorensen 1939). It was subsequently found
that the protein could bind two ferric irons (Fe3+), and that
the binding of this metal ion gave rise to the reddish color
(Groves 1960; Johansson 1960; Montreuil et al. 1960). As
such, lactoferrin was quickly recognized as a member of the
transferrin family, a group of iron-binding proteins that are
found in many eukaryotic organisms (Lambert et al. 2005).
It is now well-known that all living organisms, with the ex-
ception of a few microbes, all need iron for growth (Chu et
al. 2010). Several important intracellular enzymes rely on the
unique oxidation–reduction properties of this metal ion to
carry out their function; as such, a dedicated protein-based
iron-handling system is in place that takes care of iron up-
take, transport, and storage in our bodies (Crichton 2009). In
humans and other mammals, the main function of the serum
transferrin protein is to transport iron through our blood-
stream from sites of storage, such as the liver, to the bone
marrow, where the red blood cells are produced. It is impor-
tant that Fe3+ and Fe2+ are both carefully handled inside our
bodies, as these ions can become spontaneously involved in
so-called Fenton chemistry, which would lead to the genera-
tion of highly reactive radicals that in turn could cause seri-
ous damage. Consequently, iron in biological systems is
almost always bound to proteins (or other compounds),
where it is held in a stable nonreactive form. The largest
pool of iron in our bodies is in the erythrocytes, which con-
tain large amounts of the iron-binding oxygen-carrying he-
moglobin protein. Once the red blood cells are recycled at
the end of their 120-day lifespan, the macrophages consume
the hemoglobin protein and break it down into its amino acid
constituents, while at the same time they carefully recycle
and store the iron, so that it can be reutilized (Ganz and
Nemeth 2012).
The question arises that if transferrin is used for iron trans-

port through the bloodstream, what is the function of lacto-
ferrin? The two proteins share similar iron-binding
properties, yet lactoferrin does not appear to be important
for iron transport in our bodies. Original ideas focused on
the notion that lactoferrin, being present in large quantities
in human milk, played a role in providing iron to nursing
newborns. Considerable research has been done in this area,
and some evidence for such a role has emerged. This notion
gained further credibility when lactoferrin receptor proteins
were discovered by Lonnerdal and colleagues in the colon
that are capable of binding human as well as bovine lactofer-
rin (Davidson and Lonnerdal 1988; Lonnerdal et al. 2011).
However, the structure of these lactoferrin receptors, also
known as “intelectins”, was very different from the transfer-
rin receptors that are known to internalize serum transferrin
into cells (Cheng et al. 2004). Studies with knockout mice
have shown that lactoferrin is not absolutely required as an
iron source for infants (Ward et al. 2003). Consequently, the
extent to which this process occurs is still a matter of debate,
as alternative pathways for iron acquisition seem to exist.
Further insight into the biological role of lactoferrin arose

when researchers found that lactoferrin was abundant in neu-
trophils (Masson et al. 1969), where the protein is stored in-

side the secondary granules together with various other host
defense proteins (Levy 2004). Neutrophils, which are the
most abundant white blood cells, are an important part of
our host defense system. They attack and kill invading bacte-
ria by phagocytosis, a process in which they engulf invading
pathogenic bacteria, or by releasing a series of antimicrobial
proteins at the site of infection (Borregaard et al. 2007).
Thus, the presence of lactoferrin in the granules of neutro-
phils strongly indicates that it plays an important role as a
host defense protein. Indeed, it is now known that lactoferrin
is present in various other secreted biofluids, such as tears,
saliva, as well as nasal and genital secretions, where it could
help protect us from invading bacteria. Recently, the protein
was also discovered in sweat (Park et al. 2011). Evidence
has been presented that the biosynthesis of lactoferrin can in-
crease during certain bacterial infections, and these discov-
eries provided further evidence that support the idea of an
important role in host defense. Consequently, it is now
widely accepted that lactoferrin is an important part of our
innate immune system (Legrand and Mazurier 2010; Valenti
and Antonini 2005; Ward et al. 2005). The related ovotrans-
ferrin protein, found in abundance in egg whites, seems to
play a major role in host defense as well (Giansanti et al.
2012). This now begs the question of what is the role of lac-
toferrin in host defense, and how does the protein do this?
Before discussing this, we should first take a look at the pro-
tein structure.

Protein structure: iron-binding sites and the
basic N-terminal region
The full length, 692-residue, human lactoferrin protein is

normally secreted from the cell after the 19-residue leader se-
quence, which can be identified in the gene sequence for the
protein, is cleaved off. During its passage through the endo-
plasmic reticulum and the golgi, the protein becomes glyco-
sylated at a few positions; the glycoforms that become
attached are typical N-linked branched oligosaccharides, sim-
ilar to those seen in other secreted proteins. To understand
the multiple actions of this protein, it is useful to take a look
at its three-dimensional structure. The crystal structure of hu-
man lactoferrin was first reported for the iron-bound form in
1987 by Baker and colleagues (Anderson et al. 1987). The
protein was shown to have a very similar overall fold as the
rabbit serum transferrin protein, whose 3D structure was
solved around the same time (Bailey et al. 1988). Later, a
very similar structure for chicken ovotransferrin was also re-
ported (Kurokawa et al. 1995), illustrating strong structural
relationships between the proteins that comprise the transfer-
rin family. Today, crystal structures are available for lactofer-
rin proteins from many different species, and proteins can be
either in the “closed” iron-bound or in the “open” apo-state
(Baker and Baker 2012; Lambert et al. 2005). A prominent
feature of the lactoferrin and transferrin proteins is that they
have a bilobal structure, where the two lobes of the protein
have the same overall fold (see Fig. 1). The full-length
∼80 kDa protein therefore seems to have arisen through
gene duplication. In each lobe, the ferric ion is bound at the
bottom of a deep cleft, where the metal ion is surrounded by
the side chains of two Tyr residues, one Asp and one His res-
idue. Furthermore, Fe3+ normally prefers a six-coordinate
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octahedral surrounding, and this requirement is fulfilled by
the presence of a carbonate ion (CO3

2–), which provides two
oxygen ligands and acts as a “synergistic anion” (Saponja
and Vogel 2011). The carbonate ion can be protonated in cer-
tain biological compartments that maintain a low pH — for
example, the endosome — and this helps to promote the re-
lease of iron, which is otherwise bound extremely tightly to
the protein (Kd∼10–20 mol/L). Upon removal of the iron, the
cleft of each lobe can open up substantially; the results ob-
tained with various apo-proteins indicate that the binding of
Fe3+ bridges between the two domains that make up each
lobe. While lactoferrin and transferrin both have the same
global structure and use the same ligands for binding iron,
lactoferrin actually binds iron slightly better than transferrin
at low pH values (Baker and Baker 2004). The strong iron-
binding potency of these two proteins creates local iron dep-
rivation, and this is an important factor in preventing bacteria
from growing (Arnold et al. 1977). Moreover, the low iron
conditions also prevent the formation of bacterial biofilms
(Singh et al. 2002).
In terms of its functional properties, while human serum

transferrin avidly binds iron, this protein does not share all
the other host defense properties displayed by human lacto-
ferrin. Thus a simple inspection of the protein surfaces of
both proteins should allow one to identify regions on lacto-
ferrin that may be responsible for these effects. As can be
seen in Fig. 2, when compared with transferrin, the N-terminal
region of lactoferrin is highly basic, containing many posi-
tively charged Arg and Lys sidechains. Several studies have
indicated that this region of the protein can interact with
lipopolysaccharide (Appelmelk et al. 1994), glycosaminogly-
cans (El Yazidi-Belkoura et al. 2001), and with DNA (Ka-
nyshkova et al. 1999). It should be noted that a major portion
of this region is actually deleted in the delta-lactoferrin
isoform of the protein that is expressed intracellularly (vide
infra). Interestingly, the native human protein starts with the
sequence Gly-Arg-Arg-Arg-Arg-, which resembles a nuclear
localization sequence. Intriguingly, many studies have
shown that lactoferrin can spontaneously enter various eu-
karyotic cells, where it can influence gene transcription (He
and Furmanski 1995). It is not known if these N-terminal
residues play a role like a “penetratin” in this spontaneous
uptake (Deshayes et al. 2005; Duchardt et al. 2009), or if
the uptake is mediated via specific receptors. Regardless,
the notion that lactoferrin can enter cells and influence var-
ious intracellular pathways is now widely accepted by most
workers in the field.

Peptides derived from lactoferrin
In 1992, a group of researchers from the Japanese dairy

company, Morinaga, reported that an antimicrobial peptide
could be derived through pepsin cleavage from intact bovine
lactoferrin (Bellamy et al. 1992). This peptide, termed lacto-
ferricin, encompassed residues 17–41 of the intact protein
(see highlighted region in Fig. 1A). Lactoferricin is naturally
occurring, it has actually been identified as a breakdown
product in the gut of humans (Kuwata et al. 1998a, 1998b).
The peptide is extremely basic, and it contains two Trp resi-
dues that are important for its antimicrobial activity (Strøm et
al. 2002). The single disulfide linkage in bovine lactoferricin

Fig. 1. Crystal structures of (A) bovine lactoferrin (PDB code =
1BLF), (B) human lactoferrin (1B0L), and (C) rabbit serum trans-
ferrin (1JNF). Clearly, lactoferrins and transferrins have very similar
overall folds, which allow them to bind two Fe3+ atoms (pink
spheres, light grey in the print version), one in each lobe of the pro-
tein. The lactoferricin regions in bovine and human lactoferrin that
are cleaved by the action of pepsin in the gut are highlighted in
green (dark grey in print). Intact bovine lactoferricin corresponds to
residues 17–41 of bovine lactoferrin, while full-length human lacto-
ferricin encompasses residues 1–49 of the human protein. The lacto-
ferrampin regions are highlighted in purple (medium grey in print,
residues 265–284 in bovine lactoferrin and 266–286 in human lac-
toferrin).

Vogel 235

Published by NRC Research Press

B
io

ch
em

. C
el

l B
io

l. 
D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
84

.1
02

.1
50

.2
5 

on
 0

5/
19

/1
6

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 



is not essential to maintain the antimicrobial activity (Bell-
amy et al. 1992), yet it proved to be a necessary requirement
for the anticancer activity of this peptide (Eliassen et al.
2006). Interestingly, during in vitro testing, the lactoferricin
peptide was much more potent as an antimicrobial than the
intact lactoferrin protein (Bellamy et al. 1992). This observa-
tion could be explained when the solution structure of the
peptide was determined by NMR spectroscopy (Hwang et al.
1998); it turns out that upon release from the protein, the
peptide loses its a-helical structure, and instead it adopts an
amphipathic beta hairpin structure that seems ideally de-
signed to bind to bacterial membranes. The 25-residue pep-
tide displays better potency than intact lactoferrin, and it
possesses numerous physiological activities (for a review see
Gifford et al. (2005)). A portion of bovine lactoferricin with
the amino acid sequence -Arg-Arg-Trp-Gln-Trp-Arg- seems
to play a major role in the antibacterial properties of bovine

lactoferricin. This tryptophan- and arginine-rich hexapeptide
has been used as a starting point for developing novel classes
of antibiotics containing unnatural amino acids (Haug et al.
2007). Interestingly, the same region of bovine lactoferricin
can also kill specific cancer cell lines (Richardson et al.
2009). Unfortunately, however, the linear hexapeptide is not
all that stable in human serum, although its serum stability
and its antimicrobial activity can be significantly improved
upon cyclization (Nguyen et al. 2010). As such, the head-to-
tail cyclized bovine lactoferricin hexapeptide may have con-
siderable clinical potential when administered intravenously.
When the human lactoferrin protein is treated with pepsin,

a much longer “human lactoferricin” peptide, now known to
encompass residues 1–49, is released (see highlighted region
in Fig. 1B). This peptide seems to be unstructured in aqueous
solution, but it retains some of its original a-helical structure
when studied in membrane mimetic solvents (Hunter et al.
2005). The full-length human lactoferricin peptide does not
appear to have strong direct antimicrobial activity (Bellamy
et al. 1992), but shorter peptides derived from this sequence
are active in vitro (Stallmann et al. 2005) and in animal
model systems (Dijkshoorn et al. 2004), perhaps acting indi-
rectly through stimulating immune regulatory activities. In
addition, human lactoferricin is an excellent binder of lipopo-
lysaccharide (Elass-Rochard et al. 1995). It is noteworthy that
a short N-terminal 11-residue peptide derived from lactoferri-
cin still possesses the endotoxin binding properties of human
lactoferricin (Andrä et al. 2005). The same region has also
been shown to have beneficial host defense properties in hu-
mans and in various animal cell systems (van der Does et al.
2010; van der Does et al. 2012a), and it also displays anti-
fungal activity in a mouse model (Lupetti et al. 2007). Fi-
nally, the technetium-99 labeled hLf1–11 region of human
lactoferricin has been used to localize bacterial infections in
imaging experiments (Nibbering et al. 2004; Welling et al.
2001).
More recently, a group of Dutch researchers have shown

that a synthetic peptide encompassing the region 265–284
from bovine lactoferrin also has antimicrobial and antifungal
activities (see highlighted region in Figs. 1A and 1B). This
linear peptide, which they called lactoferrampin (van der
Kraan et al. 2004, 2005), has no structure in aqueous solu-
tion, but it adopts an amphipathic partially helical conforma-
tion when bound to membrane mimetic micelles (Haney et al.
2007). It does not appear that bovine lactoferrampin actually
occurs as such in vivo. The same region of the human lacto-
ferrin protein does not have detectable antimicrobial activity,
but it can be mutated to increase its potency (Haney et al.
2009). In the crystal structure of the intact bovine protein,
the lactoferricin and lactoferrampin regions are spatially close
(see Fig. 1). Hence, a covalently linked complex of the bo-
vine lactoferricin and lactoferrampin peptides has also been
reported and this “chimera” (Haney et al. 2012; Bolscher et
al. 2012) has increased antimicrobial potency and is now
being used in various animal model testing studies.
Taken together, the studies with the different lactoferrin-

derived antibacterial, antifungal, antitumor, and host defense
peptides provide further evidence that many of the intriguing
properties of lactoferrin originate from its highly basic
N-terminal region. Since serum transferrin does not have

Fig. 2. Charge distribution on the surface of (A) bovine lactoferrin
compared with (B) rabbit transferrin with anionic regions shown in
red (medium grey in the print version), cationic regions in blue
(dark grey in print), and neutral regions in white. Much of the bio-
logical activity of lactoferrin has been attributed to the cationic N-
terminal lobe of the protein (bottom left of the protein). This strong
cationic region is considerably less pronounced in the transferrin
structure. Note that the orientation of the proteins in Figs. 1 and 2 is
the same.
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the same highly basic region, it is easy to understand why
this protein is devoid of these activities.

Delta-lactoferrin, an intracellular isoform
Studies have shown that an alternative form of lactoferrin can

be expressed intracellularly in many cells (Siebert and Huang
1997). This isoform of the protein, called delta-lactoferrin,
lacks the leader sequence and the first 25 residues of the
native protein. The mRNA for this truncated protein was
detected in all normal tissues, but it was not found in sev-
eral tumor-derived cell lines. The latter observation seems
consistent with other reports that have indicated that the
chromosomal region that codes for lactoferrin is deleted in
various tumors, a spontaneous process that can occur during
carcinogenesis (Klein et al. 2007; Yang et al. 1999). Several
studies have indicated that delta-lactoferrin acts as a tran-
scription factor inside cells (Mariller et al. 2012), and that
it is involved in the regulation of the expression of specific
genes. Clearly, taken together these data indicate that lacto-
ferrin can play a role in cancer, and this area of research
deserves more attention in the future.

Antimicrobial activities
The beneficial effects of intact lactoferrin and of peptides

derived from both the bovine and human protein to combat
various infections have received considerable attention. As
mentioned above, lactoferrin can act as an antimicrobial by
lowering the iron concentration locally or by acting directly
on bacteria through its cationic N-terminal region. Addition-
ally, the protein can activate the immune system (vide infra).
Numerous papers describe the effects measured in vivo, and
the results may depend on whether one uses the bovine or
the human protein, or one of the peptides derived from the
larger protein. In addition, investigators have used different
doses in their experiments, looked at widely different bacte-
rial or fungal strains, and in some cases intravenous rather
than oral administration was used. As such, the literature on
this topic is hard to summarize in a mini-review paper such
as this. The reader is therefore directed to a number of re-
views on the topic that may help in analyzing the voluminous
literature on the topic (Brouwer et al. 2011; Gifford et al.
2005; Jenssen and Hancock 2009; Yen et al. 2011). Overall,
many beneficial effects for the intact proteins as well as for
some of its peptides have been reported. Some of these seem
to fall in line with the “direct” antibacterial and antifungal ef-
fects that can be measured in bacterial or fungal cultures dur-
ing simple minimal inhibitory concentration (MIC) testing.
However, in many animal studies the engagement of the im-
mune system was also demonstrated, and these “indirect” ef-
fects may have had an overriding effect on the antibacterial
and antifungal activities.
Similar animal model experiments have recently been done

in the area of protozoal infections (León-Sicairos et al. 2012).
Again, many beneficial effects have been reported in this
area, and conveniently, the literature on this topic was re-
cently reviewed (Ortíz-Estrada et al. 2012). Studies on this
particular topic are complicated by the fact that some proto-
zoa seem to be able to utilize iron-saturated lactoferrin as a
source of iron for their own growth; consequently, adminis-
tration of lactoferrin has not always had the desired effects.

The antiviral effects of lactoferrin and its peptide deriva-
tives have also been studied extensively. Again, the literature
on this topic is complicated to summarize in this mini-review
because of differences between the test animals used, the dif-
ferent lactoferrin preparations under study, and other varia-
tions in the study design. In general, it has been found that
most enveloped and naked viruses can be combatted by lac-
toferrin and some of its peptide derivatives, as these block
entry of the viral particles into cells (Berlutti et al. 2011;
Jenssen 2005; Jenssen 2009; Valenti and Antonini 2005).
This process involves the glycosaminoglycans on the cell
surface, and indeed it has been known for some time that
lactoferrin binds to glycosaminglycans through its unique N-
terminal region (El Yazidi-Belkoura et al. 2001). Additionally,
lactoferrin may even have beneficial effects in the treatment
of human immunodeficiency virus type 1 (Berkhout et al.
2004). Recent studies have shown that lactoferrin-derived
peptides can be more efficient at treating infections of her-
pes simplex virus than the intact protein (Shestakov et al.
2012).
Interestingly, some pathogenic bacteria are able to use lac-

toferrin itself as a source of iron. To this end, they rely on
lactoferrin receptors on their cell surface that specifically rec-
ognize the lactoferrin protein. The receptors comprise two in-
teracting proteins, which together mediate the extraction and
uptake of iron (Beddek and Schryvers 2010). Structural infor-
mation for this class of proteins, as well as the related bacte-
rial transferrin binding proteins, is now becoming available
(Calmettes et al. 2012; Noinaj et al. 2012). This is an exam-
ple of how pathogenic bacteria can gain access to iron in the
host and sometimes overcome the effects of the host defense
system.

Anticancer activities
There are a growing number of papers that indicate that

bovine and human lactoferrin can have beneficial effects for
the treatment of cancer (Gibbons et al. 2011). Studies with
various cancer cell lines and animal models have been re-
ported, all showing beneficial effects; this area of research
has recently been reviewed by Tsuda and co-workers (Tsuda
et al. 2010). Also, some of the antimicrobial lactoferricin
peptides have been used as antitumor agents, and in some
cases this strategy has been successful (Eliassen et al. 2006).
At the time of writing, one company, Agennix, is testing a
recombinant form of human lactoferrin, in phase II and phase
III clinical trials for the treatment of non-small cell lung can-
cer (Digumarti et al. 2011; Parikh et al. 2011). Administra-
tion of bovine lactoferrin in a randomized placebo-controlled
clinical trial setting has also been reported to have beneficial
effects for blocking the growth of polyps that are often
thought to lead to colon cancer (Kozu et al. 2009). Clearly
much more research is needed in this area. Of particular in-
terest is the notion that oral administration may be effective;
this is different from essentially all other therapeutic proteins,
which typically require other more invasive routes of admin-
istration (Leader et al. 2008).

Immunoregulatory activities of lactoferrin
Many studies have examined the effects of bovine and hu-

man lactoferrin on the immune system. The literature on the

Vogel 237

Published by NRC Research Press

B
io

ch
em

. C
el

l B
io

l. 
D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
84

.1
02

.1
50

.2
5 

on
 0

5/
19

/1
6

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 



topic is continually expanding, and it has been reviewed on a
number of occasions. While there are many conflicting re-
ports, it seems that lactoferrin can have both immunostimula-
tory effects as well as immunomodulatory activities (Latorre
et al. 2012; Legrand 2012). The ability of lactoferrin to bind
endotoxin (Appelmelk et al. 1994; Elass-Rochard et al. 1995)
probably plays a major role in the immunomodulatory proc-
ess. When Gram-negative bacteria attempt to invade the hu-
man host, the bacteria will become exposed to various
proteins of the innate immune system. Part of the bacterial
outer membrane contains lipopolysaccharide (also known as
endotoxin), and as this “pathogen-associated molecular pat-
tern” is recognized by the Toll-like receptor 4, it triggers an
assortment of immune responses in various leukocytes and
platelets (Beutler 2002; Beutler and Moresco 2008; Clark et
al. 2007). Through the binding of bacterially-released endo-
toxin by lactoferrin, the extent of stimulation of the immune
system is reduced, and this process could prevent an oversti-
mulation, which occurs sometimes during a disease such as
sepsis. A recent study indicates that the human lactoferricin
derived hLf1-11 peptide can inhibit myeloperoxidase, a major
host-defense enzyme found in various leukocytes, and this
could further reduce the innate immune response (van der
Does et al. 2012b). On the other hand, human lactoferrin
was recently shown to stimulate the maturation of dendritic
cells and to recruit various leukocytes (de la Rosa et al.
2008; Spadaro et al. 2008). As such, the protein plays an ac-
tivating role in the innate as well as the adaptive immune re-
sponses.
The lactoferrin that is located in the secondary granules of

neutrophils plays a major role in host defense (Levy 2004).
Neutrophils can respond to invading pathogenic bacteria in
various ways (see Fig. 3). First, at sites of infection neutro-
phils can degranulate, a process that releases the cocktail of
host defense proteins that are present in the secondary and
other secretory granules. Together these can create an impor-
tant local response to the bacterial infection (Amulic et al.
2012; Borregaard et al. 2007). Alternatively, in the phagocy-
tosis process, the neutrophils engulf the invading bacteria;
once a bacterium is entrapped inside the neutrophil, merging
of the phagocytic vacuole with the granules occurs, and the
bacteria are destroyed locally. A third process relies on neu-
trophil extracellular traps (NETs) that are created by the re-
lease of DNA from the nuclei of the neutrophils. In this
“kamikazi-like” process, the intracellular granules merge
with the nucleus and then the host defense proteins, together
with the DNA and the nuclear proteins, are all secreted to the
extracellular space (Brinkmann and Zychlinsky 2007; Ma and
Kubes 2008). Bacteria then become entrapped in the NETs,
where the host defense proteins can act on them. Lactoferrin
can bind to DNA (Kanyshkova et al. 1999) and through its
highly positively charged N-terminal region, lactoferrin will
remain associated with the extruded DNA in the NETs,
where it can still contribute to the bacterial killing in this
process. The three processes are schematically depicted in
Fig. 3. Since several proteolytic enzymes are secreted from
the granules as well, it is possible that lactoferricin or other
peptides are also locally released from the intact lactoferrin
protein, but this possibility does not appear to have been
studied yet.

Other effects on human health
A number of studies have shown that lactoferrin can stim-

ulate bone growth. The protein is capable of promoting the
proliferation and differentiation of osteoblasts, the cells that
produce bone. At the same time, lactoferrin can also inhibit
the formation of osteoclasts, which are highly specialized
cells responsible for bone resorption. Bone is constantly
being remodeled by the opposing action of the osteoclasts
and osteoblasts. Therefore, the overall net result in the pres-
ence of physiological levels of lactoferrin is the growth of
bone (Cornish et al. 2004; Naot et al. 2005). It is possible
that lactoferrin acts together with osteopontin, another protein
known to be involved in bone formation, as the two proteins
can form a complex (Yamniuk et al. 2009). Other studies
have also indicated that lactoferrin can prevent bone loss in
ovariectomized mice, suggesting that the protein could have
beneficial effects to prevent post menopausal bone loss (Blais
et al. 2009; Malet et al. 2011).

Fig. 3. Schematic representation of the response of neutrophils to
invading pathogenic bacteria. A number of antimicrobial proteins,
including lactoferrin, are contained within the various granules of
the neutrophils. (A) The neutrophil can release the contents of the
granules to the extracellular space, where the proteins can exert their
antimicrobial effect. (B) Alternatively, the bacteria may be interna-
lized through phagocytosis, and the granules can then fuse to the
phagocytic vacuole and deliver the cocktail of potent antimicrobials.
(C) Neutrophil extracellular traps (NETs) are also formed when the
intracellular granules merge with the nucleus. This causes the ejec-
tion of the DNA from the cell. The polyanionic DNA attracts catio-
nic proteins, like lactoferrin and other antimicrobial proteins, and
traps the bacteria within the NET, which exposes the pathogen to a
locally high concentration of these antimicrobials. (D) Finally, a
number of proteolytic enzymes are released during granule secre-
tion, and it is possible that these proteases may generate short anti-
microbial peptides, like lactoferricin, which would further enhance
the local concentration of antimicrobial molecules.
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Lactoferrin has demonstrated a positive effect on wound
healing. Studies with various animal models indicate that re-
combinant human lactoferrin can stimulate the closure of
wounds in vivo (Engelmayer et al. 2008; Tang et al. 2010b).
Some studies have indicated that the protein does this by
modulating an inflammatory response. Other studies found
that human lactoferrin stimulated skin keratinocyte function
and wound re-epithelialization (Tang et al. 2010b), as well
as promoted fibroblast proliferation and migration (Tang et
al. 2010a). There is some in vitro evidence that bovine lacto-
ferrin may have similar effects (Ashby et al. 2011).
Another beneficial effect of lactoferrin may be in the area

of myelopoiesis, the process of the formation of leukocytes.
However, conflicting reports have been published, which in-
dicate that lactoferrin promotes, reduces, or does not influ-
ence this process. This controversy was recently reviewed
and the reader is encouraged to read the article by Artym
and Zimecki (2007) on this topic for further details.

Lactoferrin as a biomarker of disease
In patients suffering from inflammatory bowel disease,

neutrophils usually enter the gut to combat the inflammation.
Here they release many of the host defense factors that are
stored in their granules, including lactoferrin, to help reduce
the chronic inflammation. Since lactoferrin is stable in the
gut, the amount of lactoferrin that is released by neutrophils
can be detected in fecal stool samples (Beniwal and Harrell
2010; Tibble and Bjarnason 2001). Hence, lactoferrin in stool
samples can be used as a quantitative biomarker for inflam-
matory diseases, such as ulcerative colitis and Crohn’s dis-
ease. Lactoferrin is often measured in stool samples together
with calprotectin, a calcium- and zinc-binding protein that is
highly abundant in the cytoplasm of neutrophils and that can
be released during the process of NET formation (Voganatsi
et al. 2001). Like lactoferrin, calprotectin (also known as
S100A8/S100A9 or as MRP8/MRP14) is an antimicrobial
protein, which is believed to act by binding zinc and making
it unavailable for bacteria (Sohnle et al. 2000). These two
protein biomarkers can be used to distinguish inflammatory
bowel diseases from celiac disease and irritable bowel syn-
drome, which clinically present with similar symptoms.
Hence, it may be possible in the future to avoid the use of
invasive diagnostic procedures such as endoscopy, which are
currently used for diagnosis (Dave and Loftus 2012; Lan-
ghorst and Boone 2012). Finally, measurements of these bio-
markers in stool samples can also be useful to measure
recurrence of the disease.
Interestingly, lactoferrin levels are also increased in the

synovial fluid of inflamed knee joints, likely because of neu-
trophil infiltration. The level of lactoferrin was found to be
significantly higher in rheumatoid arthritis patients than in
osteoarthritis patients. The effect was highly localized as the
lactoferrin levels in synovial fluid were increased, but the
levels in serum were indistinguishable from healthy controls
(Caccavo et al. 1999).
Lactoferrin is also an important component of the mix of

antimicrobial peptides and host-defense proteins that provide
protection against infectious agents in saliva. Recently it has
been found that lactoferrin levels are markedly increased dur-
ing chronic periodontitis, an infectious chronic inflammatory

condition, that ultimately gives rise to destruction of the bone
structures underneath the teeth (Glimvall et al. 2012). Per-
haps future visits to the dentist will include a simple saliva
test for lactoferrin levels!

Health promotion and potential clinical use of
lactoferrin
The various biological actions of lactoferrin are schemati-

cally summarized in Fig. 4. Clearly, apart from its intrinsic
iron-binding ability, there are several “direct” modes of ac-
tion where the protein can act directly on invading pathogens.
In addition, there are several “indirect” actions where the
protein acts via specific receptors on specialized cells, or
where it acts through the immune system. Many of these ef-
fects can be achieved by using the protein as a dietary sup-
plement. Indeed, in Japan bovine lactoferrin has been used
for several years as a health promoting additive to various
commercial food products (Tomita et al. 2009). Bovine lacto-
ferrin is produced from skim milk or whey, while human re-
combinant lactoferrin can be produced in Aspergillus niger
and in transgenic cows, goats, and rice (Wakabayashi et al.
2006).
Because of the plethora of beneficial effects of lactoferrin,

it is perhaps not surprising that a burgeoning nutraceutical in-
dustry has started to develop, where lactoferrin supplements
are actively marketed as health promoting substances. Many
producers suggest that the protein has general immuno-
stimulating properties. Most of these products contain bo-
vine lactoferrin, which is commercially available on a large
scale. Some of the health claims made for these products
are perhaps exaggerated, particularly in view of the fact
that very high levels of lactoferrin may be required to
achieve the desired health promoting effects. Since there
have never been any studies reported that indicate that high
doses of bovine lactoferrin can be toxic, the current interest

Fig. 4. The wide range of beneficial functional properties described
for lactoferrin.
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in this use of lactoferrin does not seem to pose any imme-
diate health concerns and may in fact be beneficial. How-
ever, consumers should be careful that they receive a
product of high purity. Some of the commercial products
may contain additional proteins or other contaminants that
can potentially lead to undesired side effects. For example,
some preparations of bovine lactoferrin may contain lipopo-
lysaccharide (endotoxin), and this contaminant may lead to
an undesired immune response. In some cases, angiogenin
(part of the ribonuclease family of proteins) is present in pro-
tein preparations with lactoferrin; again, such contaminants
may give rise to responses that are not desired (Shcheglovi-
tova et al. 2003). On the other hand, ribonuclease-enriched
lactoferrin preparations have been claimed to have beneficial
effects for bone turnover and control of inflammation in
postmenopausal women (Bharadwaj et al. 2009, 2010). Per-
haps this is because many ribonucleases have antimicrobial
properties themselves (Rosenberg 2008). Moreover, cow
milk angiogenin has been found to inhibit bone-resorption
by osteoclasts (Morita et al. 2008).
Beyond the poorly regulated nutraceutical market however,

there are several bona fide clinical trials ongoing at the mo-
ment where human or bovine lactoferrin are being tested for
various diseases under more rigorous and carefully controlled
conditions. Some diseases currently under investigation in
clinical trials are lung cancer and sepsis. Oral lactoferrin
may also have direct effects on diseases of the colon, such
as inflammatory bowel disease or diarrhea (Ha and Korn-
bluth 2010; Ochoa et al. 2012). Indeed, human lactoferrin
has now been shown to modulate the intestinal flora in piglets
(Hu et al. 2012), and similar effects would likely be ob-
tained in humans. Additionally, some of the lactoferrin-
based peptides are in clinical trials as potential treatments
for various diseases. The progress of many of the trials can
be followed on the web site administered by the National
Institutes of Health (www.clinicaltrials.gov/ct2/results?
term=lactoferrin). Given the current interest and the on-
going clinical trials with lactoferrin, it only seems a matter
of time until this multifunctional protein becomes useful in
clinical practice.
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