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Abstract: Lactoferrin (Lf), an iron-binding protein from the transferrin family has been
reported to have numerous functions. Even though Lf was first isolated from milk, it is also
found in most exocrine secretions and in the secondary granules of neutrophils. Antimicrobial
and anti-inflammatory activity reports on lactoferrin identified its significance in host
defense against infection and extreme inflammation. Anticarcinogenic reports on lactoferrin
make this protein even more valuable. This review is focused on the structural configuration of
iron-containing and iron-free forms of lactoferrin obtained from different sources such as
goat, camel and bovine. Apart for emphasizing on the specific beneficial properties of
lactoferrin from each of these sources, the general antimicrobial, immunomodulatory and
anticancer activities of lactoferrin are discussed here. Implementation of nanomedicinial
strategies that enhance the bioactive function of lactoferrin are also discussed, along with
information on lactoferrin in clinical trials.
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1. Introduction

Milk proteins are considered to be the most important source of bioactive peptides, as an increasing
number of bioactive peptides have been identified in milk protein hydrolysates. The potential health
benefits of milk protein-derived peptides have been a subject of growing commercial interest in the
context of health-promoting functional foods [1]. Lactoferrin (Lf) belongs to the transferrin (Tf) family
and is a non-heme iron binding glycoprotein with molecular weight of 78 kDa that contains around
690 amino acid residues. It is found in bovine milk as well as in humans [2]. In humans, it is one of the
major proteins of all exocrine secretions including saliva, tears, semen, vaginal fluids, gastrointestinal
fluids, nasal mucosa and bronchial mucosa [3,4]. Breast milk represents the main source of Lf found in the
gut of infants and high levels of fecal Lf in in the first days of life represents the initiation, development
and/or composition of the neonatal gut microbiota [5]. Lf is also known for its anti-bacterial, antifungal,
antiviral, antimicrobial, anti-oxidant, anti-inflammatory, antiparasitic, anti-allergic and most importantly
anticancerous properties [3,6]. The highest concentration of lactoferrin is found in human colostrum
and then human milk followed by cow milk, and it is the second most abundant milk protein after
Caseins [7]. This natural protein is proving to be a highly promising biodrug in anticancer research due
to its potential use as a natural agent for combating cancer. The use of chemotherapeutic agents has
posed a major risk of failure due to the development of drug-resistant cancers. This limitation demands
the need of a natural molecule that has patient compliance and can possibly completely eradicate the
primary tumor, thus eliminating the risk of recurrence.
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Lactoferrin: Structure and Functions

The structure of Lf consists of a single polypeptide chain which is folded into two lobes (N and C
lobes) with 33%—41% homology [8]. Both lobes are linked by an a-helical residue, making Lf a flexible
molecule. The two lobes of Lf are made of o-helix and B-sheet, and each lobe can bind either Fe*? or
Fe*? ions in synergy with the carbonate ion (CO3?") [9]. The iron binding affinity of Lf is known to be
the maximum amongst transferrin family. Lf can remain bound to iron in varying pH range [10].
Distribution of positive charges at the N terminus (1-7), the first helix (13-30), and in the inter lobe
region is one of the specific features of Lt [2]. There are two forms of Lf, namely the iron-free form
(Apo-Lf) and the iron containing (holo-Lf) [2]. Lactoferrin (Figure 1) is considered to be an important

host defense molecule and has a diverse range of physiological functions such as antimicrobial/antiviral
activities, immunomodulatory activity, and antioxidant activity [11,12].
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Figure 1. Lactoferrin and its functions. Lf from bovine source is a promising candidate as
an anticancer agent [13,14]. Lf from goat source is still unexplored and not many studies
have been conducted to determine its unknown therapeutic efficiency [15]. Lactoferrin is the
focus of the recent interest. Lf from camel was found to be more effective against hepatitis [16]
and diabetes [17], thus proving to be a broad spectrum therapeutic, antibacterial [18] protein.
A very striking study on human lactoferrin has shown that it can be used as a diagnostic

marker for various cancers. Moreover, Lf also boosts the host immune response [19,20]
and is also known to have an anti-inflammatory activity [21].

The major role of Lf in humans is the transportation of iron in blood plasma [9]. Lactoferrin, in its

natural form, is partially saturated with iron and hence can be fully saturated with iron from the external
environment [13,22]. It has been reported that lactoferrin regulates multiple signaling pathways to
impart cytotoxic effects on cancer cells. Bovine lactoferrin (bLf) and human lactoferrin (hLf) can induce
cytotoxic effects in cancer cells by inducing a cell cycle arrest leading to apoptosis, while bovine
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lactoferricin B inhibits cell growth by triggering mitochondrial-related apoptosis (intrinsic apoptotic
pathway) and disrupting the cell membrane. All the three forms are known to inhibit the activity of Akt
(protein kinase B), survivin and to activate p21, p27, p38, and JNK (c-Jun N-terminal kinase) and to
induce the release of caspase-8, caspase-3, and cytochrome c to induce apoptosis [14,23].

2. Sources of Lactoferrin

Lf is an important part of the innate immune system [24]. Lf is continuously synthesized in body
and is released into the exocrine fluids like saliva [25], tears [26] and vaginal fluids [27], or only at
well-defined stages of cell differentiation such as, the granules of neutrophils [28]. Glandular epithelial
cells secrete Lf in milk source. Various concentrations of Lf is found in the milk obtained from different
sources [29]. During an infection or an inflammatory condition, the levels of Lf are raised in the body [30]
making Lf a biomarker for inflammatory conditions. Lf has been found to have a therapeutic potential
and for this reason there have been several attempts to isolate Lf from various sources (Table 1).

Table 1. Lactoferrin: various sources, functions and roles.

Lactoferrin Source Action Functional Role Reference

Effective against Streptococcus, Salmonella, Shigella, Staphylococcus and Enterobacter.
Anti-microbial

Human Lactoferrin Enhances the host immune system. [31-34]
Anti-cancer Diagnostic marker.
Ongoing
Goat Lactoferrin Still novel and further studies need to be conducted [15]
research
Anti-viral Inhibits infection by Hepatitis C and B virus. It has hepatoprotective effect.

Camel Lactoferrin [16,17,35,36]

Potential therapeutic molecule in targeting both type 1 and type 2 diabetes. More work
Anti-diabetic
needs to be done.

Anti-cancer Anticancer activity against colorectal cancer and lung cancer.

Effective against oral candidiasis, influenza virus pneumonia and skin infections due to

Bovine Lactoferrin [13,14,18,21,37,38]

herpes virus.

Anti-microbial
Enhances host immune response

Anti-inflammatory.

Lf regulates inflammatory cytokines production in a mode resembling to other anti-inflammatory
cytokines by suppressing inflammation interacting with macrophages and restraining the production of
inflammatory cytokines by cells [39,40]. Lf is known to suppress the production of TNF-a, IL-1p, IL-6
and IL-8 in human mononuclear cells (in vitro) [41] and improve production of IL-10 and IL-4
(in vivo) [42] which explain its ability to reduce B-cell destruction.

2.1. Human Lactoferrin

Human Lf (hLf) is isolated from the colostrum by various methods including chromatographic
techniques like ion exchange chromatography (ref). Saturated forms of Lf were prepared by
dialysis [43]. hLf was tested against a number of bacteria to observe its bactericidal activity and it was
reported that Lf exhibited a very effective response against a various range of bacteria including
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species of Streptococcus, Salmonella, Shigella, Staphylococcus and Enterobacter [31]. An important
aspect of hLf is its role in inhibiting the growth of solid tumours in mice. The anti-cancer potential of
hLf was investigated on the B16-F10 melanoma cells, and it was observed that treatment with Lf
inhibited colonization of the tumour in the lungs. Lf also activated the natural killer (NK) cells,
enhanced antibody dependent cell cytotoxicity and increased the production of macrophages [32]. hLf
has also been found to play a role in the nutritional activity by increasing the thymidine content in
damaged crypt cells helping in their recovery and development [33]. hLf is also used as a diagnostic
marker as its immunochemical detection in the feces indicates the presence of gastrointestinal
disorders and risk of colon cancer [34].

2.2. Goat Lactoferrin

A very novel source of Lf, goat Lf has been studied after the beneficial effects of bLf. The
concentrations of lactoferrin in goat milk during various stages of lactation have been researched by a
group at the University of Bonn in Germany. They proved that the concentration of Lf was directly
proportional to the number of somatic cells in the samples, both of which are influenced by a number
of physiological parameters in the body [15]. In another study, the glycosylation of goat milk Lf
was compared with that of human and bovine milk glycoproteins. The data obtained using
Nano-LC-Chip-Q-TOF MS identified 65 structures, including high mannose, hybrid, and complex
N-glycans. These results not only demonstrated the presence of analogous glycans in human and goat
milk but also identified novel glycans in goat milk that were not present in human milk [44].
Therefore, goat milk is also a possible candidate for infant formula supplementation as it shares high
homology with human lactoferrin.

2.3. Camel Lactoferrin

Camel milk is very popular amongst several traditional medicines. For example, it is used for
hepatitis in Egypt [45]. Studies have indicated that the camel milk stimulates the immune response in
hepatitis B patients. It helps to strengthen the cellular immune response by inhibiting the replication of
viral DNA and thus promoting the recovery of the chronic hepatitis B patients. Camel Lf plays a key
role as an antiviral agent against HBV through interaction with heparin sulfate on the cell surface,
which appears to obstruct the virus attachment [16]. Camel Lf also exhibits its activity against HCV
inhibiting entry into human leukocytes and HepG2 cells [35,45].The potential activity of camel Lf
against HCV in HepG2 and lymphocytes is also reported by El-Fakharany et al. [45]. Camel Lf inhibits
HCYV entry and replication inside the human peripheral blood and HepG2 through direct interaction with
virus in vitro. Bovine Lf can be used as therapeutic for chronic hepatitis C along with interferon [36],
however camel Lf seems to be effective without an adjunct therapy. The carboxyl region of Lf that has
33 amino acid sequences similar to human CD81 is supposedly responsible for binding HCV envelop
protein. Moreover, hepatic iron overload due to HCV infection increases reactive oxygen species (ROS)
production that might initiate lipid peroxidation, steatosis and depletion of glutathione stores, acceleration
in hepatic injury resulting in hepatocellular necrosis/carcinoma [46,47]. Camel Lf exhibits dual
function; inhibits lipid peroxidation and regulates the hepatic iron content by the aptitude to behave,
unlike other Lf and Tf, as half Lf “iron binding protein” and half Tf “iron transporter protein” [48,49].
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The bioactive components present in camel milk include lactoferrin, lactoperoxidase, lysozyme and
insulin like protein [50]. Camel Lf, also isolated from the colostrum of camel milk, is the first protein
of the superfamily Tf that displays characteristics of iron binding. Iron release capacity of camel Lfis a
pH dependent process [48]. Camel Lf also improves the imbalance of Th1/Th2 cytokine that occurs
during any hepatocyte damage exhibiting hepatoprotective effect [16,51].

In a study conducted by National Research Center at Cairo, it was found that like human and bovine
Lf, camel Lf does not prevent the entry of HCV into the host rather, on its interaction with HCV, it
leads to complete inhibition of the virus within 7 days of incubation [35].

The advantages of camel Lf are not limited to hepatic disorders. Lf acts as anti-oxidants by minimizing
the damage induced by aluminium chloride and cadmium chloride by improving the production of
antioxidant enzymes [52]. The role of camel Lf is still novel and needs to be taken forward to look at
its activity in order to target microbes, inflammation, and cancer.

Milk from camel also improves the B-cell functions and has a hypoglycaemic effect due to reduced
B-cell work overload, increase in tolerance to insulin levels and presence of insulin like factor [17].
The reduction in B-cell destruction is due to a reduction in the levels of inflammatory cytokines along
with regulation of the immune system and regulatory cells.

2.4. Bovine Lactoferrin

The concept of oral administration of bovine lactoferrin (bLf) was first introduced in 1978 when a bLf
containing dry milk was marketed by the Morinaga Milk industry in Japan [53]. Later on, the research
and evidence have indicated the role of orally administered bLf in the improvement in intestinal microbial
flora, increased serum ferritin and hematocrit levels [54], reduction in lower respiratory track diseases
and anti-infective activities [55]. Orally administered bLf has also shown beneficial effects in other
animal infection models including oral candidiasis [56], influenza virus pneumonia [57] and skin
infections due to herpes virus [58]. Enhanced production of interleukin-18 (IL-18) in intestinal epithelial
cells, IL-10 and interferon-y (IFN-y) in intestinal intraepithelial lymphocytes and mesenteric lymph
node cells, CD4" cells, CD8" cells and natural killer (NK) cells in intestinal mucosa of mice has
proved the role of orally administered bLf in enhancing the host immune system. Orally administered
bLf has also shown increased number of cells in lymph nodes and spleen, and enhanced production of
Th1 type cytokines in systemic immune system [59]. In earlier studies, 100% iron saturated bovine Lf
supplemented into the diet of mice which were challenged subcutaneously with tumor cells and treated
with chemotherapy showed a decrease in the large lymphomas [13]. Along with this, 100% iron
saturated bovine Lf also showed a decrease in the angiogenesis and increase in the production of Thl
and Th2 cytokines increasing apoptosis [13]. The anti-proliferative effects of bLf in cancer cells have
been associated with the induction of cell cycle arrest. It has been revealed that exposure to bLf
increased the cells phospho-AMPKa levels and decreased both phospho threonine mammalian target
of rapamycin (mTOR) and total mTOR levels, indicating a novel mechanism of action through its
ability to induce nutrient/energy-related stress in breast cancer cells [60].

Studies conducted by Tsuda group in 1997 on a colon carcinogenesis model in rats have shown a
preventive effect of orally administered bLf which was further studied and confirmed on various
cancer models [61,62]. A recent study has shown the inhibition of progression of colorectal polyps by
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administrating bLf at 3 g/day for one year. This study has shown the successful suppression of colorectal
adenomas of less than 5 mm in diameter [37]. Studies involving transgenic and knockout mice have
shown an increase in antimicrobial activity when Lf was administered orally [63]. Immunomodulation
effect in humans was also reported with oral administration of Lf [64]. Administration of bLf results in
the production of pro-inflammatory cytokine, interleukin-18 (IL-18), from the epithelial cells of the small
intestine, enhancing Thl type T and NK cell responses generating CD8+ T cells [65,66]. Inhibition of
lung metastasis by bLf in B16 mice bearing the melanoma and colon cancer cells was reported by
Yoo et al. [67] and ligo et al. [37].

The effect of orally administered bLf in a randomized clinical trial [68] had shown a significant
effect in retardation of polyp growth in patients with 63 years or younger age group. Increased level of
human lactoferrin (hLf) in the serum of same age group was also noticed. Another randomized
controlled study showed the efficacy and safety of oral bLf in combination with recombinant human
erythropoietin f (rHuEPO-B) for the treatment of anemia in advanced cancer patients undergoing
chemotherapy. Comparison study between erythropoiesis stimulating agents (ESAs) plus intra venous
(i.v.) iron and rHUEPO-B plus lactoferrin confirmed the good efficacy of rHuEPO-B plus lactoferrin.
Some of the interesting findings in this study include increased haemoglobin (Hb) level, highly significant
level of iron in serum, decreased level of ferritin in rHUEPO-J plus lactoferrin and rHuEPO-f plus
lactoferrin was shown very safe and without any side effects. The oral bLf administration in the
hepatitis mouse model up regulated the activity of anti-inflammatory factors including IL-11 and bone
morphogenetic protein 2 (BMP2). Direct production of IL-11 by bLf was also shown in the myofibroblasts
on the basal side in trans well co-cultures [69]. It has also been proven from another study in 295
pregnant women suffering with iron deficiency (ID) and ID anemia (IDA) that bLf is safer and more
effective in curing ID/IDA when compared to the standard ferrous sulphate therapy [70].

Oral administration of bLf is known to activate the immune system and hence is considered as a
new approach for the treatment of refractory diseases including virus infection, tumor metastasis, and
inflammatory bowel diseases. High amount of frequent doses of bLf is given as enzymatic hydrolysis
degrades the bLf rapidly. To prevent the bLf from degradation, an appropriate delivery system is
required which helps in improving the bioavailability of bLf and increases its efficiency [71].

3. Antimicrobial Activity of Lactoferrin

Resistance to antibiotics has led to the search of alternative therapies for sensitizing microbes. Lf
has been proved to be an effective antimicrobial compound [72]. Lf has specific mechanisms by which
it acts on the microorganisms. The anti-bacterial activity of Lf is attributed to its iron sequestering
properties of. Lf can deplete the iron present in the system that is essential for bacterial growth and
division [73]. The action of Lf on the bacterial cells is by direct contact between Lf and the bacteria. Lf
is capable of directly binding to the cell wall of Gram negative bacteria, then internalizing into the
cells causing iron deprivation, followed by its bacteriostatic property [74]. Lf is capable of acting on
both Gram positive and Gram negative bacteria when it undergoes cleavage due to gastric enzyme
pepsin. Both Lf and Lf-peptides were shown to possess antimicrobial activity. Staphylococcus epidermidis
is one of the most predominant infectious agents in individual implemented with intraocular lenses
leading to a characteristic biofilm formation on the soft contact lenses. Staphylococcus epidermidis can



Molecules 2015, 20 9710

also cause severe loss of vision and cryptic infections despite the use of antibiotics like vancomycin.
A study proved that, Lf was able to increase the sensitivity of this bacterium by binding to the anionic
cell wall preferentially to vancomycin thereby allowing its entry into the bacteria [75]. Lf also binds to
teichoic acid and increases the penetration of lysozyme by charge compensation in eye infections [76].
Another well-known example of vancomycin resistant enterococcus is Enterococcus faecalis Efsl. Lf
has been shown to decrease D-lactate levels by increasing alanine content such that antibiotic can
easily bind to the terminal alanine residue thereby hindering the formation of peptidoglycan [77].
Thus, Lf causes depolarization of the bacterial membrane leading to membrane penetration and
eventually metabolic injury. Lf is also used to treat periodontal diseases by acting against plaque
forming oral microorganisms like Streptococcus mitis, Streptococcus gordoni, Streptococcus salivarius
and Streptococcus mutans.

Surface attachment of these microbes was compromised by Lf leading to reduced bacterial growth
and biofilm formation [78]. Both hLf and bLf and their N terminal peptides were found to be more
effective against Giardial infections. It has been shown that Lf was able to kill the organisms at log
phase than in stationary phase in Giardia lamblia [79], which is better since it indicates that Lf has the
ability to reduce the bacterial proliferation and growth. Giardia lamblia is one of the most common
protozoal infections of human intestine and is also known to cause severe diarrhea. Lf produced by
epithelial cells in the small intestine provides mucosal protection against this organism. A recent
analysis in a cohort of children with Giardia infection fed with Lf showed a better prognosis than the
unfed children. Lf supplementation decreased the degree of colonization of the species by acting on
Giardia trophozoites plasmalemma, endomembrane and cytoskeleton [80]. In another study, bLf was
hydrolysed using rennet and pepsin and Lactoferrin hydrolysates (LFH) were assessed for their
antibacterial activities against Escherichia coli and Bacillus subtilis. The study revealed that Lf-cin B
was the most potent antibacterial peptide and was isolated from both rennet and pepsin LFH [81]. The
pepsin hydrolysate derivative of bLf was used to generate a bifidogenic peptide and it was found that
this peptide demonstrated a stronger bifidogenic activity than natural bLf against Bifidobacterium breve
and Bifidobacterium longum species [82]. Several modifications have been attempted in bLf in order to
use it as a food preservative. Glycosylated lactoferrin (gLf) has been prepared using Maillard reaction
and emulsifying properties, antimicrobial activities, and preservative effects on the cottage cheese in
gLt was investigated. It was revealed that gl.f showed substantial Fe-binding capacity and excellent
emulsifying properties. It was also found that gL.f completely inhibited the growth of E. coli at 50 °C [83].
Hence, these findings offer new possibilities for Lf as a food preservative. Nanoformulated iron
saturated bLf has also been tested for its anti-microbial efficacy. Alginate gel-encapsulated ceramic
nanocarriers loaded with iron-saturated bLf (AEC-CP-Fe-bLf NCs) were fed orally to BALB/c mice
that were challenged with Salmonella typhimurium (200 uL of 108 CFU/mL suspension). It was observed
that nanoformulated Fe-bLf was more effective in the treatment of Salmonella-infected mice than the
standard therapy using ciprofloxacin [18].

Anti-fungal properties of Lf are related to the capability of Lf to cause damage to the cell membrane
of fungi, leading to alteration of cell membrane permeability and also its iron chelating properties [84].
Lf also exhibits antiprotozoal activity and the mechanism by which this is done varies from its
antibacterial and antifungal aspects. Studies proved that although Lf had no role in inhibiting the entry
of these parasites into the system but did not allow the growth of these protozoans in the host [85].
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Contradictory to these effects, in some protozoans like Trichomonas, Lf helps in effective binding, and
successful internalization in these parasites [86]. One of the most recent properties of Lf was its use as
an antiviral compound. Although the research is recent, there are very few cases in which Lf failed to
benefit as an antiviral activity. Lf exhibited antiviral activity against a number of viruses including herpes
simplex virus, cytomegalovirus, hepatitis B and C virus (HBV and HCV) and human immunodeficiency
virus (HIV) [16,87-89]. A new perspective in the studies of antimicrobial activity of Lf is due to its
potent prophylactic and therapeutic ability in a broad spectrum.

4. Lactoferrin and Immunity

Apart from all the body fluids, iron free form of Lf is stored in the cytoplasmic secondary granules of
neutrophils. During inflammation, Lf is released and the concentration of Lf at the site of inflammation is
increased from 0.4-2.0 ug/mL to 200 pg/mL playing a major role in the feedback mechanism of
inflammatory response [90]. Lf is also synthesized in the kidney supporting the immune defense
system by reduction of free iron from urine and hence making it available for metabolic functions [91].
Lf is known to modulate its effect by interacting with specific cell receptors of epithelial and immune
cells and as a lipopolysaccharide to pro-inflammatory bacterial elements [92-94]. Using two known
signaling pathways, nuclear factor-kappa B (NF-kB) and MAP kinase, Lf at cellular level modulates
the differentiation, maturation, activation, migration, proliferation and functions of immune cells [95].
In an in vitro scenario of Lf supporting the activation of immune response, at the site of injury,
Lf accumulates the neutrophils which promote cell-cell interaction and activation of phagocytosis
by polymorphoneuclear leukocytes (PMNs) and macrophages. As a result, the pro-inflammatory
cytokines decreases in number and the activity of natural killer (NK) cells increases hence supporting
the activation of lymphocytes, as shown in Figure 2 [96,97].
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Figure 2. Role of lactoferrin in the activation of immune cells. Lactoferrin modulates the
differentiation, maturation, activation, migration, proliferation and function of immune
cells. It also promotes the cell-cell interaction and activation of PMNs and NK cells, thus
boosting the immune response [96-98].
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Lf from bovine milk showed proteinase inhibitory activity against Porphyromonas gingivalis,
a bacterial pathogen, by inhibiting Arg- and Lys-specific proteolytic activities [99]. A clinical study
investigating 472 neonates for invasive fungal infections (IFI) with very low birth weight (VLBW)
showed a reduced IFI incidents in preterm VLBW neonates after the oral administration of bovine
Lf [100]. The bovine Lf ingestion in ovariectomized mice showed an improved bone status via
modulation in immune function. T lymphocyte activation in bone marrow showed increased number of
macrophages, dendritic cells, B cells, T cells and decreased expression of TNF-a. The outcome of the
study suggests the prevention of lymphocyte activation and cytokine release in the bone-marrow micro
environment which is mediated via bovine Lf [101]. Lf at molecular level helps in reducing the stress
and hence controls the excess inflammatory response [102]. Studies have reported that absence of Lf
increases the susceptibility of inflammation. It was shown that Lf knockout mice demonstrated a great
susceptibility to inflammation-induced colorectal dysplasia, mainly due to NF-xB and AKT/mTOR
signaling, regulation of cell apoptosis and proliferation. These results suggest that the anti-inflammatory
function of lactoferrin may contribute to its anti-tumor activity [103].

Iron plays a vital role in modulating the production of reactive oxygen species (ROS) by Haber-Weiss
reaction. The production and neutralization of ROS depends on the efficiency of vital enzymes such as
catalase, glutathione peroxidise and superoxide dismutase and their inefficiency can lead to over
expression of hydroxyl radicals and increase in lipid peroxidation using iron-dependent Haber-Weiss
reaction [104]. Endogenous Lf is hypothesized to prevent the lipid peroxidation by iron sequestration.
Pre-treatment of human monocytic cells (U937) with Lf (125 and 250 pg/mL) showed a decrease in
caspase 3 activity and reduction of glucose oxidase induced apoptosis. The oral intake of Lf daily was
shown to support immune response via antioxidant mechanism [64]. Lf is known to play a vital role as
a mediator of systemic inflammatory response syndrome by allowing the controlled regulation of
inflammation without any pathological damage [95,105]. A study investigating the ability of Lf to
clear the bacteria from serum and tissues of CFW mice demonstrated more than a 100- fold decrease
of bacteria in circulation and in various tissues. More than 1000-fold reduction was observed in lung
tissue suggesting its effective role against systemic inflammatory responses and sepsis [106,107]. Lf was
also shown to increase the survival of the mice that were challenged with methicillin-resistant
Staphylococcus aureus (MRSA) infection [108,109]. Along with the increase in survival rate, decreased
IL-6 and no change in TNF-a was also demonstrated. The similar trend in both Gram-positive
and Gram-negative organisms indicates the potential of Lf as a therapeutic agent during bacterial
infections [110].

Innate and adaptive immune response of Lf makes it an important component in first line host
defense mechanism against pathogens [111,112]. High affinity towards iron makes Lf as an important
component involved in nonspecific host defense system against pathogens [113]. Studies have shown the
ability of Lf to induce changes in leukocytes, involved in innate immune system, by increased activity of
NK cells [97,114] and increased phagocytic activity which promotes the action of neutrophils [115].
Activation of macrophages by increased production of cytokines and nitric oxide (NO) reduces the
proliferation of intracellular pathogens [116,98]. The inflammatory signals degranulate the neutrophils
which releases Lf into the environment comprising macrophages, dendritic cells, NK cells, T-cells and
B-cells [117,118]. Increased and decreased production of pro inflammatory cytokines, TNF-a, IL-6
and IL-1p by Lf according to the requirement has been studied and examined (Figure 3).
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Lf receptors present on various immune cells and the capability to bind Lf shows the specificity and
potential ability of Lf to modulate the response of innate and adaptive system [119-121]. Activity of
T cell associated with specific antigen recognition is affected by the Lf modulated antigen presenting
cells (APCs). Macrophages, dendritic cells and B cells are the professional APCs, which presents the
antigen to CD4" T cells via major histocompatibility complex II (MHC II) [122]. Studies have shown
the presence of human and bovine Lf receptors on macrophages [19]. It has been reported that,
Bacille Calmette-Guerin strain of Mycobacterium bovis (BCG) led to induction of TNF-a, IL-6 and
IL-1B in an infected bone marrow macrophages. These cytokines were found to be reduced by Lf.
Phagocytic activity was also increased by Lf from unstimulated, LPS stimulated and infected
macrophages [20,123]. Migration of Langerhan cells (LC) into the lymph node in mice was also
inhibited by the recombinant Lf given 2 h prior to treatment [124]. Production of de novo TNF-a was
also suppressed by the Lf administration resulting in the production of cytokines [125]. LPS stimulated
murine bone marrow derived dendritic cells also showed decreased production of IL-12 and IL-1P
when cultured in the presence of L [126].
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Figure 3. Role of lactoferrin in the activation of immune cells. Lactoferrin enters in the
intestinal microvilli through the help of lactoferrin receptors and transferrin receptors present
on the mucosal surface of the intestinal cells. The lactoferrin molecule further boosts up the
immune response due to IFN-y, TNF-a, IL-6 and by activating NK cells, PMNs and CD3*
and CD4" T cells. Finally the lactoferrin enters the cells by receptor mediated endocytosis
where it is released within the cells once the receptors are digested by endosomes. The
lactoferrin induces release of cytochrome C from mitochondria which further activates
caspase 3 to cause apoptosis in tumour cells [41,117-121,127].

All T cell subsets including oy T cells have been reported to express Lf receptors [128]. Human Jurkat
cells (T cells) have shown effective binding of both human and bovine Lf to the receptors [129,130]. Lf
affects the T-cells depending upon the state of activation, differentiation and maturation [131]. hLf is
known to increase the expression of human T cell {—chain, T cell receptor complex involved in receptor
signaling [132]. Up regulation of leukocyte function associated antigen (LFA-1), an adhesion molecule
present on CD4" and CD8" T cells, was reported in human peripheral blood mononuclear cells when
cultured in presence of human Lf [133]. Decreased production of IFN-y and IL-2 was also shown when
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concanavalin A (ConA) activated murine splenocytes were cultured in the presence of bovine or
human Lf[134]. Oral delivery of Lf to the mice bearing tumor cells showed an increase in lymphoid and
intestinal CD4" and CD8" T cells [135]. Increased population of circulating leukocytes CD3"CD4",
CD3" TCRyd", and granulocyte were seen in mice with orally administered Lf [24]. Apart from being
an immunomodulatory protein presence of lactoferrin in feces has recently been introduced as a useful
tool for the diagnosis and monitoring of inflammatory bowel disease (IBD). It was revealed that
fecal lactoferrin could be used to investigate or quantify the effect of granulocyte and monocyte
adsorptive apheresis (GMA) in ulcerative colitis (UC) [136]. Hence, lactoferrin has multiple benefits as
an immunotherapeutic and can also play a role in immunodiagnostics.

5. Nanoparticle-Based Cancer Therapy

The various physiological barriers in the body such as gastrointestinal environment (acidic pH in
stomach) and alkaline pH in intestine are the major problems for oral supplementation of any protein [137].
A study was conducted in order to understand and determine the stability and gastric survival of Lf in
the gastrointestinal tract. bLf (4.5 g, 20% Fe saturated (holoLf) and Fe unsaturated (Apo-bLf)) in the
presence of a gastric pH buffer was supplemented in 12 healthy volunteers using nasogastric intubation.
Using gel permeation chromatography it was revealed that 30% of Apo-bLf and 21% of holoLf were
degraded by the gastric pH [138]. Hence, in order to achieve the complete payload delivery of Lf, it is
necessary to protect it from the physiological barriers of the body. In the past two decades, the use of
various types of nanoparticles (NPs) has shown improved delivery of anti-cancer molecules to the
tumor site. Nanomedicine is the application of nanotechnology for the treatment of disease, diagnosis,
monitoring, and control of biological systems [139]. The most important benefit provided by the use of
NPs is protection. Many antigens/proteins/drugs/oligonucleotides are quite susceptible to degradation
by various body systems such as lytic enzymes and extreme pH. NPs can shelter these antigens/proteins/
drugs/oligonucleotides from this degradation. NPs also allow targeting of particular cells or body
systems, contributing to efficient antigen delivery and lower dosage. It is estimated that the use of NPs
could act as both carriers and adjuvants, removing the need for conventional adjuvants all together [140].
Different types of NPs (depending on their composition, shape and size) which can be taken orally for
the application in cancer therapy by triggering and manipulating different signaling mechanisms, can
be developed using different strategies like NP and antigen conjugation, encapsulation of antigens or
peptides or DNA within NP and fluorescent labelled NPs which are identified by the receptor. The
selected NPs should be drug-compatible, biocompatible, biodegradable, easy to process, have good
loading efficiency and controlled drug release efficiency [141].

5.1. Types of Nanoparticles Used

Nanoparticles (NPs) with different compositions and distinctive physical and biological properties
that might be used to overcome the limitations of molecular imaging and gene/drug delivery have been
studied in recent years [142,143]. Some of the most investigated nanosystems for imaging and drug/gene
delivery applications include polymeric nanoparticles, silica nanoparticles, dendrimers, quantum dots,
micelles, liposomes and magnetic NPs [144,145]. Since the delivery of the native anticancer therapeutic
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agents to solid tumours is troublesome, drug carriers in the form of nanoparticles are an attractive
alternative to target tumours and more importantly to offer limited toxicity to the normal tissues [146].

More recently, anti-angiogenic and anti-cancer nanoparticles were developed by incorporating specific
antibodies and anti-cancer proteins against cancer [147]. In order to achieve specific targeting towards
HER?2 in breast cancer, cetuximab monoclonal antibody was either covalently [148] or non-covalently [149]
coupled to liposomes, by utilizing the affinity between the binding protein coupled to cetuximab and
liposomes. In both cases, specific and efficient targeting to EGFR was observed. In addition to this, modern
developments in polymeric nano formulations for the treatment of cancer include a number of homo
and co-polymer combinations, for sustained and controlled delivery of anti-cancer agents [150—158].
Polyethylene glycol-poly lactic acid polymers have been developed and successfully tested for the oral
formulation of anti-angiogenic TNP470 in vivo [151]. Poly(lactide)—vitamin E derivative/montmorillonite
nanocarrier based formulations for oral delivery of docetaxel [159] have been investigated. Various
particles have been formulated for the delivery of Lf. One such example is formation of biopolymers
using electrostatic complexation to form particles comprising of heat-denatured Lf particles with
anionic polysaccharides (alginate, carrageenan, or pectin) [160—162]. Lf based particles have also been
synthesized using thermal treatment where heat treatment was given to protein solution by placing it
in a temperature-controlled water bath at different temperatures (70-90 °C) for different holding
times (1-60 min) to create protein-based particulate-suspensions [163]. Advanced emulsions using Lf
nano-particles and alginate or i-carrageenan have also been synthesized that have shown enhanced
stability under in vitro digestive conditions [164].

5.2. Nanoparticle Based Therapy Using Lactoferrin

Lf from bovine milk is one of the widely researched naturally available anti-cancer biomolecule.
Previous studies have shown the anti-cancer properties of a naturally available biomolecule, Lf in its
various forms (Table 2).

Decreased viability and proliferation by nearly 50% with increased apoptosis up to 2-fold by bLf
has been reported in HS578T and T47D, human breast cancer cells [165]. To improve the therapeutic
effects of these biomolecules, novel nanoformulations with a capability of delivering drugs with a
controlled release to the target site have been evaluated [166]. The uptake of various forms of
nanoparticles (NPs) has shown in different cancer models including breast cancer. Maximum cellular
uptake of 15% PEGylated polylactide-co-glycolide (PLGA) NPs was recently reported in 4T1 murine
breast cancer cell line [167]. Silica nanoparticles loaded with anti-HER-2 scFv800E6 antibody showed
a 4-fold increase in scFv binding efficacy in HER-2 antigen-positive MCF-7 breast cancer cell line,
revealing the efficiency of the nanocarrier [168].

The intraperitoneal administration of human Lf had shown the inhibition in the growth of solid
tumors in mice [32]. The oral administration of bLf has also shown anti-cancer effect in the colon and
other organs of the test animals [14,169]. Along with colon cancer, bLf is also known to inhibit cancer
growth in oral, bladder, lung, breast, esophagus, tongue, neck and brain carcinomas [170,171]. Poly
(ethyleneglycol)-poly (lactide) nanoparticles (PEG/PLA NPs) loaded with Lf showed a 3-fold increase
in the amount of internalization in b.END3 brain cells compared to void NPs. With the less toxicity
seen in in vitro and in vivo studies, biocompatible PEG/PLA NPs showed a promising drug delivery
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system [172]. Lf has also been investigated as a targeting ligand for brain specific delivery of
polyamidoamine (PAMAM)-based non-viral gene vector to the brain. The transfection efficiency of
PAMAM-PEG-Lf complex was 2.2-fold higher when compared to PAMAM-PEG-transferrin (Tf)
complex [172,173].

Table 2. Various types of nanoparticles used for lactoferrin delivery.

Type of Nanoparticle Type of Cancer Reference

Alginate enclosed chitosan conjugated, calcium phosphate-iron-saturated
Colon cancer and colon cancer stem like cells [14]

bovine lactoferrin nanocarriers
PEG-PLGA nanoparticles 4T1 murine breast cancer [166]
Silica nanoparticles targeted with anti-HER-2 Ab MCE-7 breast cancer cells [168]
PEG-PLA nanoparticles Brain delivery [172,173]
Super paramagnetic Iron oxide Nanoparticles As a specific MRI contrast agent for detection of brain glioma [174]
Biodegradable Polymersome Chemotherapy of Glioma Rats [175]
Procationic liposomes Glioma [176]
PEI/pDNA nanoparticles Airway epithelial cells [177]
Polyamidoamine (PAMAM) conjugated with lactoferrin Rotenone-induced chronic Parkinson model [178]
Chitosan/alginate/calcium complex micro particles loaded with lactoferrin Carrageenan-induced edema in rats [179]
Lf modified DNA loaded nanoparticles Brain capillary endothelial cells [180]
Alginate enclosed chitosan coated calcium phosphate nanoparticles Colon cancer [181]
Paclitaxel loaded Lf coupled solid lipid nanoparticles (SLPs) Human bronchial epithelial cells (BEAS-2B) [182]
Folic acid and Lf functionalized PLGA nanoparticles loaded with etoposide Glioblastoma [183]

In addition to the targeted delivery, research is also focusing on imaging using imaging contrast
agents as NPs. Supermagnetic iron oxide nanoparticles conjugated with Lf (Lf-SPIONs) were studied
for specific delivery and imaging in a rat model of C6 glioma. High expression of Lf receptors in brain
tumor tissue compared to normal brain tissue showed the sensitivity of L{f~=SPIONs towards glioma.
Along with more accumulation of Lf-SPIONs in brain, the better picture quality on magnetic resonance
(MRI) images suggested L{~-SPIONs as a potential and sensitive MRI contrast agent for the diagnosis
of brain glioma [174]. Biodegradable polymersome encapsulated with doxorubicin and tetrandrine and
conjugated with Lf (Lf-PO-Dox/Tet) showed a strong cytotoxic effect against C6 glioma cells. The
maximum accumulation was observed at the tumor site in brain, the treatment reduced tumor size
and increased survival rate in Lf-PO-Dox/Tet treatment group [175]. Lf modified doxorubicin loaded
procationic liposomes were also studied as a brain targeted chemotherapeutic delivery system.
Improved uptake efficiency of the NPs in primary brain capillary endothelial cells and C6 glioma cells
was reported. More efficient inhibition in the growth of C6 glioma in vitro, suggested Lf modified
doxorubicin loaded procationic liposomes as an effective therapeutic formulation to treat glioma
compared to other doxorubicin formulations [176]. A study investigating Lf as a targeting ligand for
receptor mediated gene delivery to human bronchial epithelial cells, suggested Lf as a potent targeting
ligand and a promising candidate for in vivo lung gene transfer [177]. The intravenous administration of
Lf modified polyamidoamine (PAMAM) NPs loaded with human glial cell line-derived neurotrophic
factor gene (hGDNF), showed improved locomotor activity, reduced dopaminergic neuronal loss and
increased monoamine neurotransmitter levels in rats with rotenone induced Parkinson’s disease [178].
Chitosan/alginate/calcium microparticles loaded with 20%—-30% (w/w) Lf showed a suppressive effect



Molecules 2015, 20 9717

against carrageenan-induced edema in rats [179]. A study investigating Lf modified DNA loaded
NPs showed the internalization by brain capillary endothelial cells (BCECs) via clathrin-dependent
endocytosis, caveolaec-mediated endocytosis, and macropinocytosis [180]. Recently alginate enclosed
chitosan coated calcium phosphate NPs loaded with iron saturated bLf (Fe-bLf) with spherical morphology
showed an increased and efficient anti-cancer efficiency in vitro without affecting mucosal integrity
during transcytosis. The oral administration of these NPs given one week prior to injecting colon
cancer in mice showed high efficiency without any toxicity. Orally given Fe-bLf in nanoformulation
after the development of tumor in mice showed significant reduction in tumor size and complete rejection
within 35 days compared to void NPs [181]. In another study, alginate-enclosed, chitosan-conjugated,
calcium phosphate-iron-saturated bovine lactoferrin (Fe-bLf) nanocarriers/nanocapsules (NCs) showed
effective internalization and reduction of cancer stem cell markers in triple-positive CD133, survivin
and CD44 cancer stem-like cells both in vitro and in vivo. It was found that the serum iron, zinc and
calcium absorption were increased. DMT 1, LRP, transferrin and lactoferrin receptors were responsible
for internalization of the NCs. The study also revealed that The NCs activated both extrinsic, as well as
intrinsic apoptotic pathways to induce apoptosis by targeting survivin in cancer cells and cancer stem
cells, without inducing any nonspecific nanotoxicity [14]. Recently, it has been shown that LF receptors
can be utilized for the transportation of Lf-conjugated drug or nanocarrier devices. Paclitaxel (PTX)-loaded
Lf-coupled solid lipid nanoparticles (SLNs) were evaluated for their anti-cancer potential by in vitro
(human bronchial epithelial BEAS-2B cells), ex vivo and in vivo evaluations. In vivo biodistribution
studies showed higher concentrations of PTX accumulated in lungs via Lf-coupled SLNs than plain
SLNs and free PTX [182]. Another recent study used Lf and folic acid (FA) on poly(lactide-co-glycolide)
(PLGA) nanoparticles (NPs) for transporting etoposide across the blood-brain barrier (BBB) and
treating human brain malignant glioblastoma [183].

Apart from cancer, Lf nanoparticles have been used for arthritis therapy as well. An injectable
hydrogel was formed using bLf, cross linking agent tyramine, horse radish peroxidase and hydrogen
peroxide (H202). The hydrogel showed promising ability to decrease osteoclastogenesis and
increase osteoblast proliferation in an in vitro model [184]. In another study, the therapeutic potentials
of 100% iron saturated-bovine lactoferrin encapsulated in alginate-chitosan polymeric nanocarriers
(AEC-CP-Fe-bLf-NCs) were examined in in vitro inflammatory osteoarthritis (OA) model and in
collagen-induced arthritis (CIA) mice. It was revealed that these NCs showed highly promising
anti-inflammatory properties and induced reversal of OA by dissoluting the calcium pyrophosphate
crystals found in mice joints [38].

6. Lf in Clinical Trials

Over 1300 peer-reviewed medical and scientific journals have put forth the inherent ability of Lf as
anti-cancer, anti-viral, anti-bacterial and as anti-fungal agent. The multifunctional role of bLf has
been established for over twenty-five years now [185]. This astounding research captivated many
pharmaceuticals to hover around this protein. Fonterra, a leading multinational diary company and the
world’s largest exporter of dairy products has produced “Recharge” ice-cream made of Lf. Phase II
clinical trial of this innovative ice-cream is expected to enhance the immune system in patients
undergoing chemotherapy. Iron saturated Lf from Fonterra, also enhanced the production of Th1, Th2,
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IFN-y and TNF thereby sensitizing the tumors to chemotherapy in vitro [13]. A very recent study on Lf
led to the discovery of curing iron deficiency in complicated pregnancies with improved Hb levels. bLf
restores the physiological transport of iron from tissues to circulation thus enhancing iron homeostasis.
Pregnant women are at high risk of iron deficiency since the developing fetus requires an enormous
content of iron for its development. Hepicidin, a master regulator of iron homeostasis helps to increase
iron storage in cells. Lf administration decreased IL-6 concentration and increased pro-hepcidin in
pregnant women while in non-pregnant women; Lf did not change IL-6 levels while it increased
pro-hepcidin [186]. A novel beverage that contains iron saturated Lf to fortify iron has been shown to
improve hematocrit (Ht) levels, RBC number and Hb levels [187]. Lf was also effective in modulating
blood glucose levels by increasing insulin content in diabetes mellitus patients [21]. Thus a vast
clinical need for an effective treatment can be envisaged by the use of this multifunctional protein.

7. Conclusions

The versatility of Lf has been the focus of this review. The advantages of this natural molecule
prove its potential as a natural therapeutic agent that can be used in various fields of research including
cancer. The role of Lf as anti-bacterial and anti-fungal agent had been beneficial in its use as a
bactericidal and fungicidal agent in lotions and creams. Its use can be extended to topical applications
as well. An interesting aspect of using Lf as an anti-cancer agent by delivering it to the body in the
form of ice-creams, tablets and oral supplements in the form of NPs have been researched upon. With
its role in being able to combat deadly viruses like HCV and HBV also poses a need for its use as an
anti-viral agent for human immunodeficiency virus (HIV) and other potent viruses that cause health
risks. The role of this natural molecule as anti-inflammatory agent needs further research. It stands as a
biomarker for inflammatory conditions and its potential role as a therapeutic molecule needs to be
taken forward.
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