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Abstract

Lactoferrin, an iron-binding glycoprotein, is a cell-secreted mediator that bridges innate and
adaptive immune function in mammals. It is a pleiotropic molecule that directly assists in the
influence of presenting cells for the development of T-helper cell polarization. The aim of this
review is to provide an overview of research regarding the role of lactoferrin in maintaining
immune homeostasis, in particular as a mediator of immune responses to infectious assault, trauma
and injury. These findings are critically relevant in the development of both prophylactic and
therapeutic interventions in humans. Understanding these particular effects of lactoferrin will
provide a logical framework for determining its role in health and disease.
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INTRODUCTION

Immune responses are designed to interact with the environment to protect the host against
pathogenic invaders, conferring a state of health through effective elimination of infectious
agents (bacteria, viruses, fungi, and parasites) and modulation of systemic responses
comprising host immune surveillance. Recent research has identified lactoferrin, a member
of the transferrin family of iron binding glycoproteins, as a critical component in mediation
of immune response, especially for coordinated interactions between innate and adaptive
components and associated responses. Engagement of innate components leads to triggering
of signal pathways to promote inflammation, ensuring that invading pathogens remain in
check while the specific immune response is either generated or upregulated. Lactoferrin is a
key molecule involved in these processes.

The immune system protects the body from potentially harmful environmental stimuli
through recognition and responding with multiple immunological reactions. Myeloid cells,
including the highly phagocytic, motile polymorphonuclear neutrophils, macrophages and
dendritic cells, provide a first line of defense against most pathogens. There is emerging
evidence that many mediators originating from the myeloid lineage revive immune
homeostasis in most insult-induced metabolic disparity [1,2]. Thus, the utility of such
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immune mediators represents a novel therapeutic approach that depends on
immunopotentiation, immunosuppression, or induction of immunological tolerance.
Lactoferrin is one of these mediators that naturally bridge the innate and adaptive immune
functions by regulating target cell response, including those involved in oxidative stress and
systemic inflammatory responses. It is also recognized as a significant contributor in
regulation of antigen presentation and development of productive T helper cell response.

Lactoferrin is a well conserved, monomeric 80-kDa single polypeptide chain glycoprotein of
about 690 amino acid residues [3,4]. While lactoferrin is found primarily in mucosal
secretions, synthesized by epithelial cells, it is also present in neutrophilic granules [5].
Lactoferrin is considered a first-line defense protein involved in protection against a
multitude of microbial infections [6-8] and prevention of systemic inflammation [9-11].
While the goal of this review is to examine immune modulating activity of lactoferrin, it is
important to consider that lactoferrin also exhibits direct effects on pathogens [12-15].
These include bacteriostatic and bactericidal effects, the former being a result of iron
sequestration by lactoferrin and the latter dealing with lactoferrin capabilities to bind
lipopolysaccharide (LPS) [16-23]. The ability of lactoferrin to bind large quantities of iron
also provides protection against pathogens and their metabolites by enhancing phagocytosis
and cell adherence and controlling the release of proinflammatory cytokines [24,25]. Other
direct effects of lactoferrin include anti-viral [21,26-32], anti-parasitic [33-35], and anti-
fugal [36-41] activities. Additionally, lactoferrin possesses indirect activity, often through
prevention of pathogen invasion by blocking interaction with receptors used for entry on
host cells [42-44].

While suppressing microbial growth, lactoferrin also exerts direct first-line defense activity
through its significant impact on the development of adaptive immune responses.
Sequestration of iron by lactoferrin reduces insult-induced oxidative stress, thus altering the
magnitude and specific production of cytokines [45]. Lactoferrin has a profound modulatory
action on the adaptive immune system [46—48] by promoting the maturation of T-cell
precursors into competent helper cells and by the differentiation of immature B-cells into
efficient antigen presenting cells [49]. In addition, lactoferrin augments the delayed type
hypersensitivity (DTH) response to antigens, leading to a strong induction of cell-mediated
immunity in mice [50,51]. Each of these topics will be discussed in detail.

LACTOFERRIN AS A MEDIATOR OF OXIDATIVE STRESS-INDUCED
RESPONSES

Lactoferrin is a primary constituent of immune homeostasis, functioning to reduce oxidative
stress at the molecular level, and thus controlling excess inflammatory response. Oxidative
stress occurs when the production of potentially destructive reactive oxygen species (ROS)
exceeds the body’s own natural antioxidant defenses and results in cellular damage. A cell is
able to overcome small perturbations and regain its original state; but, severe oxidative
stress can cause cell death. While moderate oxidation can trigger apoptosis, more intense
stresses can cause necrosis within tissue [52-54]. There is substantial evidence that
oxidative stress is a causative factor in the pathogenesis of major neurodegenerative
diseases, including Parkinson’s disease [55], Alzheimer’s disease [56], and amyotrophic
lateral sclerosis [57,58], and is involved in cases of stroke, trauma, seizures [59,60],
rheumatoid arthritis, fatigue, or cancer [61,62]. Also, there is ample evidence that allergic
disorders, such as asthma, rhinitis, and atopic dermatitis, are mediated by oxidative stress
[63]. In fact, the oxidative stress-induced immune hypersensitivity indicates a shift in
immunostasis towards the Th2 responses. The Th1/Th2 balance is responsible for
coordinating the immune system and become very important during aging processes,

Curr Pharm Des. Author manuscript; available in PMC 2010 August 4.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Actor et al.

Page 3

including the development of autoimmune, neurodegenerative and immune hypersensitivity
disorders.

Transitional metals may be considered as key factors in the oxidative stress. In particular,
traces of iron can be detrimental to physiological processes under reactive oxygen
conditions. Iron is crucial in modulating production of reactive oxygen species (ROS), by
virtue of its ability to catalyze a two step process known as the Haber-Weiss reaction [64].
In normal physiological conditions, the production and neutralization of these reactive
oxygen species largely depends on the efficiency of key enzymes, including superoxide
dismutase, catalase and glutathione peroxidase. Inefficiency of these enzymes leads to
overexpression of hydroxyl radical via iron-dependent Haber-Weiss reaction, and
subsequent increase in lipid peroxidation. It is hypothesized that endogenous lactoferrin can
prevent lipid peroxidation by virtue of iron sequestration. This may have a significant
systemic implication as lipid peroxidation products, namely hydroxyalkenals, can randomly
inactivate or modify functional proteins and affect vital metabolic pathways. There is
substantial evidence that acute overproduction of ROS can result in pathological damage
due to severe injury or death of cells in affected tissues [52].

ANTI-OXIDANT PROPERTIES OF LACTOFERRIN

Preliminary experiments in our laboratory demonstrated that lactoferrin can function as an
anti-oxidant, reducing intracellular levels of ROS induced by glucose oxidize (GO). Based
on this initial study it was hypothesized that lactoferrin could function to reduce oxidative
stress-induced apoptosis. Apoptosis is a programmed cells death, characterized by activation
of caspases. The human monocytic cell line (U937) was used to measure caspase-3
activation by lactoferrin. Cells were pre-treated with lactoferrin (125 or 250 pg/mL) or N-
acetyl-L-cysteine (as control; 10 mM), and then exposed to GO (500 ng/mL; predetermined
to killed cells via apoptosis in preliminary studies). Caspase-3 activity was determined by
measuring the change in absorbance at 405 nm. Indeed, lactoferrin was able to limit
caspase-3 activation in apoptotic U937 cells (Fig. 1). To further test inhibition of apoptosis
by lactoferrin, Annexin V-FITC staining was employed. U937 cells were treated with
lactoferrin, GO, or in combination. Comparisons were made to z-DEVD-fmk (N-
benzyloxycarbonyl-Asp(OMe)-Glu(OMe) -Val-Asp(OMe)-fluoro-methylketone), a
caspase-3 inhibitor control. Again, lactoferrin effectively reduced glucose oxidase-induced
apoptosis (Fig. 1). There is also published confirmation that daily oral administration of
lactoferrin can support the immune system response through antioxidative mechanisms [65].

LACTOFERRIN AS A MEDIATOR OF SYSTEMIC INFLAMMATORY
RESPONSE SYNDROME (SIRS)

Early host defenses during septicemia and endotoxemia include a rapid rise in serum
lactoferrin concentration [66]. The significance of this response is well established, although
the mechanisms are not clearly understood. Systemic inflammatory response syndrome
(SIRS), induced either by endotoxin or live bacteria, represents the earliest manifestation of
immune function in which molecular aspects of increased ROS leads to exacerbated
inflammation. There is growing evidence showing that progression of systemic
inflammatory response syndrome into sepsis is due to the cellular damage and death induced
by acute inflammatory responses. The cell death depends in part upon mitochondrial
dysfunction, which is often characterized by increased production of reactive oxygen species
(ROS), increased membrane permeability and eventual release of cell death mediators from
mitochondria [67]. Extensive mitochondrial damage leads to loss of cellular ATP pools,
which can be linked to necrotic cell death, to further inflammatory responses. Consequently,
mitochondrial dysfunction contributes to a wide range of human pathologies including SIRS
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and sepsis. Lactoferrin is a critical component involved in mediation of this response, so as
to allow controlled regulation of inflammation without rapid induction of pathological
damage. The mechanism of action for lactoferrin contains multiple components for
differential regulation of cellular immune responses during the development of SIRS. Both
endotoxemia and bacteremia are manifested by severe clinical syndromes characterized by
proinflammatory cytokine release, increased expression of adhesion molecules, and massive
release of reactive oxygen species [68—70]. Vascular inflammation occurs within minutes of
Gram negative bacterial infection and coincides with a burst of proinflammatory cytokines
derived from activated monocytes-macrophages. There is increasing evidence that
bacteremia and endotoxemia stimulate the immune system into a self-perpetuating,
generalized state of hyperactivity. In particular, the systemic inflammatory response to
bacterial LPS induces gut-associated lymphoid tissue to produce and liberate
proinflammatory cytokines which in turn affects gut mucosal permeability. This contributes
to enteric bacterial translocation to distant sites [71-74]. Recently, the LPS-induced
oxidative burst was found to be of mitochondrial origin, and release of reactive oxygen
species (ROS) was localized to the respiratory complex I11. Importantly, lactoferrin nearly
abolished LPS-induced increases in mitochondrial ROS generation and accumulation of
oxidative damage to DNA. In vivo, pretreatment of experimental animals with LF
significantly lowered LPS-induced mitochondrial dysfunction shown by decreased release of
H,0, and reduced DNA damage in the mitochondria (personal communication, S.
Boldogh). The potential use of lactoferrin for amelioration of clinical sepsis has been an
active area of research in our laboratory.

Injection of LPS into animals virtually reproduces the pathophysiologic changes induced by
live bacteria, and it is considered a standard model for sepsis. Using this model, it was
demonstrated that treatment of mice with lactoferrin reduced or eliminated many of the
biological effects normally seen upon administration of endotoxin [75-79] (summarized in
Table 1). A single dose of lactoferrin administered 1 h before LPS injection significantly
increased survival of mice when compared with the saline-treated controls. Overall, the
mortality rate was 16.7% in the lactoferrin-treated mice and 83.3% in the saline control
group [61].

The protective effect of lactoferrin against bacteremia has also been demonstrated in mice
[14,80]. We further investigated this observation in CFW mice for ability to clear bacteria
from serum and tissue when treated with lactoferrin. Mice were administered a bolus dose of
lactoferrin (10 mg) 1 h prior to challenge with enterotoxigenic Escherichia coli (E. coli 844
078K 80/B) at a lethal dose (2x108 organisms, intravenous injection). 80% of mice treated
with lactoferrin survived through 30 days, compared to 100% death by three days in mice
given either saline or human serum albumin (HSA) control injections (data not shown).
Levels of organisms were quantitated post injection of enterotoxigenic bacteria. Mice
pretreated with lactoferrin demonstrated greater than 100-fold reduction in organisms in
circulation compared to controls (Fig. 2). E. coli was also measured in lungs, spleens, livers
and kidneys. The effect was most dramatic when examining bacterial load remaining within
lung tissue (Fig. 3), where there was over 1000-fold reduction in number of organisms. All
tissues demonstrated decreased bacterial loads (at least 10-fold reduction in spleen, liver and
kidney), when compared with phosphate buffered saline and/or HSA controls. This indicates
increased Killing, and not merely a difference in sequestration of organisms. Taken together,
these data show that lactoferrin will protect against progression of insult-induced systemic
inflammatory responses in models of SIRS and sepsis by reducing immune mediators and
oxidative stress that contribute to tissue damage.

In other murine bacteremia model using E. coli (strain SM105) [81], mice were intravenous
injected with approximately 1.5 x 109 CFU/mouse, similar to models previously described
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[82]. At this dose, mice survived the infection, with high levels of circulating
proinflammatory mediators and large bacterial load in tissues. Addition of lactoferrin prior
to infectious challenge led to non-significant reduction in organ bacterial load in all tissues
examined (data not shown). Serum cytokines were measured in the above mice just prior to
sacrifice. In all cases cytokines were reduced due to pretreatment with lactoferrin. The
greatest reductions were noticed in IL-6, which persisted through 4 days post infection. It
was of interest to note that no concurrent changes were observed in TNF-a at that time,
although it is speculated that decreases may have occurred if earlier times were examined
(Fig. 4). A significant decrease of serum IL-12 and IL-10 cytokine levels was also observed
(data not shown). Changes in intestinal tissue (jejunal section) were also examined (Fig. 5).
At 4 days post infection, control mice demonstrated disruption to microvilli, with large sub-
mucosal accumulation of activated cells. The pretreatment with lactoferrin led to nearly full
protection of gut associated tissue in all mice examined.

LACTOFERRIN AS A POTENTIAL MODULATOR OF EVENTS DURING MRSA
CHALLENGE

Overwhelming immune responses due to Gram-positive bacterial infections can also elicit
similar cascades as demonstrated above with the Gram-negative E. coli. For example,
Staphylococcus aureus initiates a cytokine storm, in large part due to superantigens that
trigger non-specific lymphocyte activation [83-85]. Indeed, with the advent of multi-drug
resistant organisms, it is critical to develop current therapeutic approaches that include anti-
inflammatory and antimicrobial strategies. In particular a new threat comes from the
methicillin-resistant Staphylococcus aureus (MRSA) infection, which is responsible for
more deaths in the United States each year than AIDS. It is also a major cause of sepsis in
patients who are disease or drug-immunosuppressed.

Pilot experiments were completed examining MRSA in a peritonitis murine model to
investigate the potential for lactoferrin to mediate inflammatory responses. Lactoferrin was
given prior to challenge with a lethal dose of MRSA, and mice were monitored for survival,
bacteremia, and proinflammatory cytokines. Mice pre-treated with lactoferrin significantly
increased host survival (75%) compared to the control non-treated group (25%) (Fig. 6A).
Serum bacteremia showed a delay in translocation of MRSA from the injection site,
peritoneal cavity, to the circulation. Of high interest, circulating cytokine levels post
challenge from mice pre-treated with lactoferrin exhibited a marked decrease in 1L-6, with
no changes in TNF-a (Fig. 6C,D), similar to that observed in the above E. coli peritonitis
experiments. These experiments point to a potential for lactoferrin to function as a
therapeutic against both Gram-positive and Gram-negative organisms, by inducing
moderation of proinflammatory mediators during bacterial infection.

LACTOFERRIN AS A MEDIATOR BRIDGING THE INNATE AND ADAPTIVE
IMMUNE RESPONSES

The role that lactoferrin plays in regulating innate immune responses confirms its
importance as a first line host defense mechanism against invading pathogens. Indeed,
multiple laboratories are actively investigating the role of lactoferrin to modulate both acute
and chronic inflammation [11,45,86]. Most intriguing is the ability of lactoferrin to induce
mediators from innate immune cells that subsequently impact adaptive immune cell
function.

By virtue of high affinity to iron, lactoferrin is considered an important component of
nonspecific host defense system against various pathogens in humans. A high level of
lactoferrin in plasma has been suggested to be a predictive indicator of sepsis-related
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morbidity and mortality [10]. Lactoferrin is also known to exert changes on leukocytes of
the innate immune system, through increasing natural killer (NK) cell activity [87,88],
promoting function of neutrophils by enhancing phagocytic activity and modifying
production of reactive oxygen species [89-91], and activating macrophages through
increasing cytokine and NO production and limiting intracellular pathogen proliferation
[50,92-96]. The degranulation of neutrophils in response to inflammatory signals introduces
lactoferrin into an environment that is populated with a mix of both innate leukocytes
(macrophages, dendritic cells, NK cells) and adaptive immune cells (T-cells and B-cells).
The discovery of lactoferrin receptors on a wide variety of immune cells, and their
demonstrated capability to bind lactoferrin, [97-102], confirms the potential for this
molecule to function in a manner to modulate and affect responses of both the innate and
adaptive immune system.

Modulation of cytokine production from leukocyte populations by lactoferrin has been
profoundly examined. Proinflammatory cytokines, TNF-a, IL-6, and IL-1pB, can be
modulated by lactoferrin, either to increase [94,103,104] or decrease [11,76,105,106]
production dependent upon the type of insult recognized by the immune system in concert
with local environmental conditions. In addition to changes in the above mentioned
proinflammatory cytokines, lactoferrin can also increase in vivo and in vitro production of
IL-12 [107-111], a cytokine produced by antigen presenting cells (APCs) upon
encountering pathogens. IL-12, a heterodimer comprised of two subunits p40 and p35,
functions to enhance production of IFN-y, increase proliferation, and augment cytotoxic
activity of lymphocytes of the innate (NK cells) and adaptive (CD4* and CD8* T-cells)
immune responses. IL-12 is a main factor in driving development of T-cell helper type 1
(TH1) immunity [112,113]. These regulatory effects of lactoferrin on proinflammatory
cytokines and IL-12 clearly illustrate its function as a bridge between the innate and
adaptive immune responses.

Mediation of Antigen Presentation Cell Function by Lactoferrin

The modulation of APCs by lactoferrin has the potential to affect T-cell activity associated
with specific antigenic recognition [114]. Professional antigen presenting cells,
macrophages, dendritic cells and B cells present antigens to CD4" T-cells via major
histocompatibility complex Il (MHC I1), referred to as human leukocyte antigen (HLA) DR,
DP, and DQ in humans. While macrophages and dendritic cells play a distinct role in
maintaining, augmenting, and generating antigen specific T-cell functions and activities, the
primary function of B-cells is to utilize specific surface receptors (antibodies) to capture
foreign antigens and present associate epitopes to T cells to allow further maturation of the
antibody response and isotype switching. The effects of lactoferrin on APCs are as varied as
those observed for T-cell populations (described below), with results often dependent upon
experimental parameters.

Macrophages—Macrophages are professional APC that function in the innate immune
response through phagocytosis of foreign bodies followed by subsequent release of
proinflammatory mediators. They also interact with the adaptive immune system to
stimulate antigen-specific T-cells. Receptors for lactoferrin, both bovine and human forms,
are present on macrophages, as assessed by binding studies [115]. Numerous studies have
focused on lactoferrin’s suppressive effects towards proinflammatory cytokines and type |
interferon (IFN-a/B) production, and it’s promotion in generating reactive oxygen species
(such as inducible nitric oxide) [96,116]. For example, lactoferrin can decrease TNF-a, IL-6,
IL-1B produced from BCG (bacille Calmette-Guerin strain of Mycobacterium bovis) -
infected bone marrow derived macrophages (Fig. 7). Lactoferrin can also increase
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phagocytic activity from unstimulated, LPS stimulated, or infected (vesicular stomatitis
virus, Candida albicans, or BCG) macrophages [111,117].

In addition to the modulation of these innate activities of macrophages, lactoferrin also
affects the contribution of macrophages to function as presenters of antigen to activate
antigen specific CD4* T-cells of the adaptive immune system. This process induces a series
of events that are essential to host control of intracellular pathogens, including macrophage
migration to sites of inflammation and/or infection. Lactoferrin injected into mice sensitized
to SRBC suppressed the inhibition of macrophage migration by migration inhibition factor
[118]. At the site of inflammation/infection, stimulation of antigen specific CD4* T-cells
requires presentation of antigenic peptides by macrophages via MHC Il and co-stimulatory
signals CD80, CD86, and CD40. BCG infected bone marrow derived macrophages that were
stimulated with IFN-y, demonstrated suppressed expression of MHC Il which was partially
rescued by bovine lactoferrin [119]. Lactoferrin increased surface expression of CD40 on
murine macrophage cell line (RAW 264.7) and peritoneal macrophages, with levels
comparable to LPS treatment [120]. The expression of CD80 and CD86 is also modulated
differentially by lactoferrin. CD80 expression is significantly suppressed in bone marrow
derived macrophages treated with BCG in the presence of lactoferrin, with no changes in
CD86 even upon activation with IFN-y [119]. The increase in the ratio of CD86: CD80
suggests that lactoferrin treated BCG infected bone marrow derived macrophages are more
capable of stimulating T-cell activation during antigen presentation [121,122]. Indeed, bone
marrow derived macrophages cultured with BCG in the presence of lactoferrin stimulated
higher production of IFN-y from BCG sensitized CD3* and CD4* splenocytes compared to
similarly treated cells without lactoferrin [119].

One of the major cytokines produced by macrophages is 1L-12, an important modulator of
the Tyl cytokine, IFN-y. Macrophages, especially at the site of infection, are a main source
of IL-12 [123,124], which acts as a co-stimulator to maximize secretion of IFN-y from
differentiated Tyl cells and memory T-cells [125,126]. Peritoneal macrophages isolated
from mice after intraperitoneal injection of lactoferrin demonstrated increased production of
IL-12 [50]. LPS stimulated macrophages (bone marrow derived, as well as J774A.1 and
Raw 264.7 cell lines) infected with BCG increased ratio of IL-12 compared to 1L-10, a main
negative regulator of IL-12 [50,110,111]. Similar results were found in vivo; the expression
of message in the small intestines of mice fed lactoferrin exhibited a similar increase in
IL-12p40 with a concurrent decrease of IL-10 [108]. In addition, it is of interest to note that
culturing of peritoneal macrophages with lactoferrin elevated levels of IL-18, a cytokine that
has shown to act in concert with 1L-12 to increase IFN-y production, and caspase-1, an
enzyme that modifies IL-18 into the active form [127-129].

Dendritic Cells—The dendritic cell APCs are comprised of a group of functionally related
professional phagocytes that can manipulate naive T-cell differentiation [130] and redirect
memory T-cell functions [131,132]. The ability of lactoferrin to promote antigen specific
DTH responses and BCG specific T-cell activation indicates a role in the initiation of T-cell
activation, perhaps through modulation of dendritic cell function. Similar to macrophages,
dendritic cells possess lactoferrin receptors as both bovine and human lactoferrin can bind to
the surface of peripheral blood derived dendritic cells [102,133].

Majority of studies on lactoferrin effecting dendritic cell functions focus on Langerhan cells
(LC), epidermal dendritic cells that induce and regulate skin/epidermal immune responses,
such as demonstrated in LCs migration in allergen-induced models. Mice given recombinant
lactoferrin intradermally in the ear pinnae 2 hours prior to injection of the chemical allergen
inhibited LCs from migrating into the lymph node [134]. Prior application (2 or 4 h) of
recombinant human lactoferrin on volunteers exposed topically to the contact allergen DPC
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(diphenylcyclopropenone) also prevented LC migration from the skin [135-137]. Both
mouse and human recombinant lactoferrin decrease LC migration induced by IL-1p, but not
TNF-a; administration of lactoferrin suppressed the production of de novo TNF-a stimulated
by application of IL-1f3 [134,135]. This effect of lactoferrin to decrease stimulation induced
production of cytokines is well documented, as mentioned previously. Even dendritic cells
derived from murine bone marrow, when stimulated with LPS, decreased production of
IL-12 and IL-1p when cultured with lactoferrin [138].

The ability of dendritic cells to migrate upon stimulation or capture of antigen is important
in its function to promote development of antigen specific immune responses, as is its ability
to mature, defined by a decrease in antigen uptake and increased expression of MHC 1,
CD86, CD40 and stimulation of T-cells. It was noted that recombinant lactoferrin can
marginally increase expression of CD86 in dendritic cells stimulated with nickel sulphate
[139]. Recently, evidence suggests that recombinant lactoferrin may act as a maturation
factor for human monocyte derived dendritic cells. Immature dendritic cells cultured with
lactoferrin upregulate surface expression of a series of maturation markers, including HLA

I (human leukocyte antigen I1), CD80, CD86, and CD83, all of which are involved in
antigen presentation and activation of CD4* T-cells. Chemokine receptors associated with
migration and homing to draining lymph nodes were similarly elevated from immature DCs
cultured with lactoferrin. More importantly, lactoferrin matured dendritic cells increased
production of Tyl modulating cytokine, IL-12, with concurrent decrease of the negative
regulator IL-10 and a Ty2 modulating cytokine IL-6. Lastly, lactoferrin cultured immature
DCs exhibit other maturation functions, exhibited by decreased antigen uptake and increased
T-cell stimulation [140].

Our studies on the effect of lactoferrin on murine bone marrow derived dendritic cells
(BMDC:s) are in good agreement with the above mentioned findings. While lactoferrin does
not promote maturation of immature murine BMDCs during BCG infection, the addition of
lactoferrin does maintain expression of the dendritic cell marker, CD11c (personal
communication; S-A. Hwang). Visually, addition of lactoferrin to uninfected or BCG
infected BMDCs appears to promote dendritic cell morphological changes, as evident by
elongated cellular bodies with extending pseudopodia. Whereas, BMDCs cultured without
lactoferrin possess a more rounded cellular appearance (data not shown). In addition, murine
BMDCs treated with BCG and lactoferrin increased expression of the migration marker
CD62L, a marker that traffics cells to the draining lymph node. Concurrently, CD44
expression in non-infected BMDCs decreased, lowering non-specific migration events at
sites of inflammation (Fig. 8). This is a novel finding, with the suggestion that lactoferrin
may have differential effects on BMDCs compared to epidermal DCs (LC), relative to
migration events. Taken together, these studies point to the possibility that lactoferrin
overcomes the natural downregulation of BCG on dendritic cell function. Overall,
lactoferrin is a strong mediator of dendritic cell function. These observations, combined with
the effects detailed above on macrophages, suggest that lactoferrin exerts its effect on cells
involved in primary engagement of pathogens (antigens) that have potential to direct
development of subsequent adaptive immunity.

Lactoferrin Modulates Antigen Specific Adaptive Immune Responses

The above effects of lactoferrin on APC activation, maturation, migration, and antigen
presentation suggest that lactoferrin has a unique ability to bridge innate and adaptive cell
function, for both T cells as well as B cell responses.

T lymphocytes—The link between cellular and humoral responses is strong, and many
cytokines and mediators have been identified as early mediators of effector T cell
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development [141]. The adaptive immune response is dominated by T-cell (CD3™") activity,
which encompasses differentially functional subsets. In the context of lactoferrin, most
studies have focused mainly on CD4* T-cells and its two well-studied differentiation
generated subsets, T-cell helper type 1 (TH1) and type 2 (TH1). Tyl cells “help” stimulate
and activate macrophages, resulting in intracellular killing events to eliminate intracellular
pathogens often through production of reactive oxygen mediates. The T2 subtype
stimulates and activates B-cells, enabling isotype switching and promoting production of
antigen specific antibodies [142,143]. A third subset, the more recently defined T17 subset
through to be associated with clinical disease progression, has not yet been examined for
affect by lactoferrin [141].

Expression of lactoferrin receptors have been reported on all T-cell subsets, including &y T-
cells [98]. Both bovine and human lactoferrin are capable of binding to surface receptors on
the human T-cell line (Jurkat) [144,145], the binding of which may be involved in receptor-
mediated endocytosis [146]. T-cells are affected by lactoferrin in a variety of ways, often
depending on their current state of maturation, differentiation, and/or activation. Human
milk-derived lactoferrin is able to mature CD4~CD8™ murine T-cells, with a preference
towards expression of CD4 [49], primarily through induced intracellular MAP kinase
pathways via Erk2 and a requirement for p56!°k (kinase specific to lymphocytes) [147].
Expression of human T-cell {-chain, part of the T-cell receptor (TCR) complex and involved
in receptor signaling, is increased by human lactoferrin [148]. An adhesion molecule,
leukocyte function associated antigen (LFA-1), present on both CD4* and CD8* T-cells and
involved in cell-to-cell contact is similarly upregulated in human peripheral blood
mononuclear cells cultured with human lactoferrin [46]. These associated changes in surface
molecules that regulate T-cell function suggest that lactoferrin is capable of modulating T-
cell activity and reactivity to local antigens.

As previously discussed, lactoferrin exerts anti-inflammatory and stimulatory effects; affects
on T-cells also exhibit this duality in response [149]. Addition of lactoferrin to mitogen
activated T-cells decreases overall cytokine production [150]. ConA stimulated murine
splenocytes (non-adherent) cultured with bovine or human milk lactoferrin demonstrate
decreased production of IFN-y and IL-2 (Fig. 9). In a nickel induced T-cell activation model,
a recombinant lactoferrin decreased T-cell proliferation, cytokine production (IL-5), and
chemokine receptor expression (CCR4) [151]. Conversely, in vivo examination of delayed
type hypersensitivity (DTH), a T-cell mediated response, found that introduction of
lactoferrin enhanced the DTH response as measured by footpad swelling to a variety of
antigens, including ovalbumin, sheep red blood cells, and BCG [50,152,153]. Indeed,
administered lactoferrin can potentiate the restoration of humoral immune response in
immunocompromised hosts [154,155], suggesting a mechanism for stimulating adaptive cell
reconstitution through proliferative pathways. In a murine model of immune suppression
induced by an immune suppressive agent (cyclophosphamide) or stress, lactoferrin delivered
either orally or intraperitoneally restored the host DTH response, in part by increasing
circulating T-cell populations [154,156,157]. Mice orally fed lactoferrin increased
circulating total leukocytes, CD3*CD4*, CD3*TCRy&*, and granulocyte populations [108].
In mice implanted with tumor cells, oral delivery of lactoferrin elevated the lymphoid and
intestinal resident CD4* and CD8™ T-cells [158].

The effect of lactoferrin on T-cell populations can be further delineated into specific
targeting of cellular subset responses. A well studied phenomenon is the ability of
lactoferrin to modulate and direct changes in the balance of Tyl and T2 immunity often
defined by the T-cell cytokines IFN-y and IL-4 and IL-5 respectively. As with the overall T-
cell response, lactoferrin is capable of affecting both Ty1 and T2 cellular subsets. The
effects appear to be dependent on activation events, relative to complexity of stimulus or
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antigen. A comparison in delivery of lactoferrin reported that mitogen stimulated (ConA)
splenocytes from mice orally given lactoferrin increased T2 cytokines whereas injection
with lactoferrin intramuscularly increased IL-2 (a Tyl associated T-cell cytokine) [159].
Lactoferrin suppressed IFN-y production from anti-CD3/CD28 activated human CD4* T-
cells [160]. In a Toxoplasma gondii infection model, oral lactoferrin favored a T2 response
in the gut mucosa, observed by a decrease in IFN-y and elevation in IL-10 (a TH2 associated
cytokine) [161]. Lactoferrin inhibited proliferation of a Tyl cell line but not a T2 cell line.
This inhibition correlated to changes in receptors for autocrine growth factors, IL-2 and IL-4
[162]. Lactoferrin reduced surface expression of IL-2R on Tyl cells, whereas there were no
changes in expression of IL-4R on T2 cells during antigen stimulation [163].

In contrast, orally administered lactoferrin given to multiple sclerosis patients, naive mice,
or tumor-carrying mice increased IFN-y levels [157,158,164], indicating an increase in Tyl
T-cell response. Similarly, Staphylococcus aureus infection of transgenic mice expressing
human lactoferrin saw a shift of host responses towards T1, as observed by increased
levels of IFN-y and TNF-o and decreased IL-5 and IL-10 [165]. This polarization of host
immunity towards Tyl by lactoferrin can remain even after the initial T-cell activation
subsided. In one specific example of polarization, recall responses in mice vaccinated with
BCG/lactoferrin exhibited higher production of IFN-y compared to mice immunized with
BCG only [166,167]. The ability of lactoferrin to modulate antigen-specific T-cell response
that can last several weeks after the initial sensitization suggest that lactoferrin affects events
during priming of naive T-cells to specific antigens.

B lymphocytes—In addition to lactoferrin’s role as a modulator of excessive response, an
eloquent series of experiments demonstrated that lactoferrin can also function to enhance
depleted immunoreactivity. This is most evident in the role of lactoferrin to affect B
lymphocytes. Lactoferrin has the ability to promote maturation of murine immature B-cells,
evident by increasing complement 3 receptor (C3R) expression and promoting acquisition of
surface IgD. Immature B-cells cultured with lactoferrin increased their ability to promote
antigen-specific T-cell proliferation, indirectly indicating enhanced B-cell antigen
presentation [48]. B-cell presented antigens specifically stimulated T-cells to induce
cytokines required for isotype switching events. Oral delivery of lactoferrin increased
secretion of overall IgA and 1gG from murine Peyer’s patches [168] with specific antibody
titers remaining elevated in both serum and intestinal secretions [159]. In a chemotherapy-
induced immune suppression murine model, lactoferrin given intraperitoneally prior to a
sub-lethal dose of cyclophosphamide lessened the suppression of antibody forming cells.
Lactoferrin was also able to facilitate restoration of the immune response [156]. In another
series of experiments, lactoferrin specifically exhibited the ability to overcome the
suppressive action of methotrexate in the secondary, humoral immune response to sheep
erythrocytes in mice [169]. Furthermore, the biological activity of different glycoforms was
tested in vitro, revealing the importance of N-acetylneuraminic (sialic) acid as a terminal
sugar in propagation of the reconstituted immune responses [170]. Consequentially, this
suggests that lactoferrin can act on B cells, a known antigen presenter, to allow subsequent T
cells interactions that favor elevation of the antibody response.

ADJUVANT ACTIVITY OF LACTOFERRIN

Because of the above stated effects of lactoferrin on cells involved in antigen presentation,
as well as on its direct mediation of lymphocyte function, it is an excellent candidate for use
as an adjuvant. Lactoferrin has clearly demonstrated ability to promote T-cell mediated
delayed-type hypersensitivity against a variety of antigens, including experimental antigens
ovalbumin and sheep red blood cells, as well as antigens of critical therapeutic importance,
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such as BCG [50,153]. Indeed, the potential for use of lactoferrin adjuvant even extends to
other species, including fish [171,172].

A promising utility for lactoferrin as an adjuvant is for enhancing the efficacy of the
tuberculosis vaccine. Our laboratory demonstrated that lactoferrin add-mixed into the
immunization formulation with BCG is able to augment efficacy of the BCG vaccine to
confer additional protection in the lung and spleen against aerosol MTB challenge, with
generation of increased cytokines critical for protective DTH response of a TH1 profile
[50,110,111,166,167]. One remarkable finding was that addition of lactoferrin to the BCG
vaccine led to reduced pathological damage upon subsequent infection with virulent MTB.
Positive results were demonstrated when admixed in oil-based vehicle (incomplete Freund’s
adjuvant) or when given with BCG in saline in a single dose or with a booster at 2 weeks
[50,167] with decreased organ bacterial load compared to non-immunized controls
[166,167] and reduced lung histopathology (Fig. 10). The tuberculosis induced
granulomatous response from mice immunized with BCG/lactoferrin had an apparent
reduction in lung inflammatory responses, showing normal lung parenchyma surrounding
granulomas that were visually highly lymphocytic in composition. Similar findings hold true
using a novel recombinant human lactoferrin (personal communication, J. Actor).

While lactoferrin itself is an effective adjuvant for development of DTH, others have tried to
improve efficacy using a linked monophosphory! lipid A complex to stimulate humoral and
cellular immune response to ovalbumin and sheep red blood cells [173]. The same group
also demonstrated enhanced immunity against Plesiomonas shigelloides using the
lactoferrin-monophosphoryl lipid A complex [174]. Finally, numerous trials have examined
lactoferrin to modulate responses to cancer antigens, for use in prophylactic or therapeutic
treatment [175-179].

RECEPTORS FOR LACTOFERRIN ON IMMUNE SYSTEM CELLS

The effort to identify lactoferrin receptor(s) that are responsible for the immune modulatory
activities observed proves to be challenging. Recent and significant discoveries have
expanded the identification of receptor(s) responsible for lactoferrin effects on leukocytes.
Lactoferrin was first identified as an important defense component of colostrum and mature
milk, thereby promoting the hypothesis that its function involves protecting neonatal gut
barriers. In concurrence with this hypothesis, lactoferrin receptor (LfR) was first discovered
in the small intestinal through examination of iron delivery to the duodenal mucosa [180]. A
recent study of LfR in mouse small intestine suggests that lactoferrin may act as the main
source of iron during early stages of life [181]. Subsequent binding affinity studies identified
LfR on B-cell, T-cells, and monocytes [97,182-184], as well as on platelets [185], and
intestinal cells [180]. The low-density lipoprotein receptor-related protein-1 and -2 (LRP1
and LRP2), which are multi-ligand receptors, are considered primary lactoferrin receptors.
Although members of the LRP family are generally considered endocytic receptors, it has
been suggested that LRP1 also functions as a signaling receptor [186].

The receptors for lactoferrin can be subdivided according to potential immune function. The
LfR is described as a ~105kDa surface protein expressed on activated human lymphocytes
[187]. Human Jurkat T-cells internalize and release human lactoferrin, with 30-40% of
lactoferrin degraded each cycle [146]. The specificity of LfR can cross species barriers.
Human monocytes bind human lactoferrin [188], with similar interactions observed in B-
cells [97,189]. Likewise, murine peritoneal macrophages uptake human lactoferrin [190].
Additionally, other cell types possess LfR and are capable of internalizing lactoferrin,
including murine and bovine brain endothelial capillary cells [191,192], rat hepatocytes
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[193], and human placental cytotrophoblast cell line [194]. The mechanism of LfR
endocytosis appears to be clathrin mediated [97,194].

Studies on lactoferrin binding affinities to target cells identify low affinity binding sites,
believed to be mediated by sulfated chains of proteoglycans [183]. Both bovine and human
lactoferrin bind to the surface of THP-1 cells, a human monocytic cell line. Binding can be
reduced by inhibiting sulphation on the cell surface [115,133,195]. Both human and bovine
lactoferrin bind purified heparin sulfate chains, and to a lesser extent, chondroitin sulfate
chains. The decrease in ability of lactoferrin to prevent viral infectivity of heparin deficient
or heparin and chondroitin deficient murine L fibroblasts demonstrates the specificity of
lactoferrin to glycosaminoglycans [196].

The anti-inflammatory effects of lactoferrin on leukocytes stimulated with LPS are well
known. These anti-inflammatory effects of lactoferrin directly relates to interaction with
proteins involved in LPS signaling. Lipopolysaccharide-binding protein (LBP) is a secreted
protein that facilitates LPS binding to CD14, a co-receptor for toll-like receptor 4 (TLR-4),
to enhance LPS stimulation of the target cell. Milk-derived lactoferrin competes with LPS
for LPB and subsequently, can decrease LPS binding to CD14 [23,197]. Similarly, human
lactoferrin is capable of interacting with soluble CD14 to prevent CD14-LPS induction of
adhesion molecule expression [198]. However, there are no reports of direct interaction of
lactoferrin with the signaling molecule, TLR-4. Indirectly, TLR-4 plays no role in bovine
lactoferrin induced IL-6 production from murine peritoneal cells, but TLR-4 expression is
required for optimal lactoferrin stimulated expression of CD40 [120]. Another study showed
that TLR-4 is required for lactoferrin to activate the anti-viral state in host cells against
vesicular stomatitis virus, but TLR-4 is dispensable in lactoferrin stimulation of TNF-a
production [96]. Recently, the anti-inflammatory effect of lactoferrin on B-cells is attributed
to its ability to bind CpG-containing oligonucleotides [199,200], promoting the possibility
that lactoferrin may interact with TLR-9.

IMPORTANCE OF SUGAR RESIDUES ON LACTOFERRIN FOR IMMUNE
ACTIVATION

The key to understanding the molecular basis of lactoferrin various activities is thought to
reside in part according to patterns of glycosylation [201]. There are three possible N-linked
glycosylation sites in human lactoferrin, one at Asn138, a second site at Asn479, and a third
site at Asn624; differential utilization of these sites results in distinct glycosylation variants.
Human lactoferrin glycans are the N-acetyllactosaminic type, al,3-fucosylated on the N-
acetyl-glucosamine residue linked to the peptide chain. Unlike the milk-derived lactoferrin,
the neutrophilic form however is not fucosylated, and the difference in molecular structure
and function of the two forms is not fully understood. Furthermore there is antigenic
variation between human and bovine lactoferrins, mostly due to approximately 70-77%
amino acid sequence homology but also due to distinct glycosylation patterns. There are at
least 5 glycosylation sites present on bovine lactoferrin; Asn-233, Asn-2281, Asn-368,
Asn-476 and Asn-545. In addition the glycans present on at least two of these sites (Asn-233
and Asn-545) are of the high mannose type [202]. The others are complex-type glycans that
likely contain mannose moieties (Table 2).

A recent study highlighted the importance of these glycans, in particular the residual sugars,
regarding the biological activity of the recombinant human lactoferrin glycoforms
glycoengineered in Pichia pastoris. The importance of N-acetylneuraminic (sialic) acid as a
terminal sugar in propagation of lactoferrin mediated immune response was demonstrated in
a study designed to overcome the suppressive action of methotrexate in the secondary,
humoral immune response in mice [170]. Another indirect method linking lactoferrin to
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mechanisms that overcome suppression may include IL-8, a chemokine that binds
proteoglycans. Lactoferrin may participate in the formation of chemokine gradients at sites
of inflammation. Specifically, human lactoferrin effectively competes with 1L-8 for
proteoglycan binding sites, and may serve as an explanation of the anti-inflammatory effects
of lactoferrin observed in in vivo sepsis models [203].

As lactoferrin contains multiple sites for glycosylation, it is recognized by the group of C-
type lectin receptors, which includes mannose receptor and DC-SIGN (specific ICAM-3-
grabbing non-integrin). Indeed, dendritic cells pre-treated with bovine lactoferrin inhibit
infection with HIV-1, resulting from lactoferrin binding to DC-SIGN to block its interaction
with gp-120 (HIV envelope protein) and prevent virus transmission [102]. Glycosylation is
also required for lactoferrin’s adjuvant activities; increased generation of delayed type
hypersensitive response to ovalbumin can be abolished by addition of methyl-a-D-
mannopyranoside [47,152]. Briefly, the adjuvant activity of lactoferrin in the generation of
DTH to antigen can be inhibited by bovine serum albumin bearing alpha-D-mannopyranosyl
residues. Inhibition of the effector DTH response could be specifically reversed by methyl-
alpha-D-mannopyranoside (MMan) but not by D-galactose (Gal). Comparative studies
between bovine and human lactoferrins (BLF and HLF) revealed that the adjuvant effect of
BLF was stronger than that of HLF; nevertheless, both effects were inhibited by MMan.
Thus, it is postulated that the mannose receptor (MR) is a primary receptor for lactoferrin in
mediation of its immunotropic activities. However, there are no studies that report evidence
of direct binding of lactoferrin to the mannose receptor.

Identifying sugar residues on lactoferrin that mediate interactions with receptors that bind
and/or participate in the various immune regulatory functions of lactoferrin remains an
ongoing research goal. While many receptors have been identified, most of the known
receptors function in the endocytic process or as adhesion molecules but have limited
intracellular signaling activities. The challenge in understanding the mechanism of
lactoferrin in modulating functions of leukocytes is in sorting through the various potential
binding possibilities to identify specific signaling receptors.

CONCLUSIONS

Lactoferrin is a key element to combat excessive inflammation and direct host immune
function to protect against overaggressive microbial insults. Found in exocrine secretions,
lactoferrin serves as a natural regulator of host defense. It is one of the first factors released
by neutrophils upon encounter with pathogens and contributes to innate activation by
directing development of adaptive responses. In combination with its historical role in
limiting microbial proliferation and functioning as a direct microbicidal agent, lactoferrin
plays a central role in host immunity. Lactoferrin has the ability to modulate cytokine
production from monocytes, as well as from lymphocytes, during activation from foreign
stimuli or mitogens. In addition, along with co-stimulatory mediators, lactoferrin can
modulate chemokine recognition and lymphocyte migratory potential. This, coupled with
the ability to affect production and activity of reactive oxygen species, allows lactoferrin to
serve as a unique regulator to a wide array of responses, including those involved in septic
shock (e.g. systemic inflammatory response syndrome), inflammation, and subsequent
development of disease related pathologies.
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Fig. 1. LF inhibits oxidative stress-induced apoptosis

Lactoferrin was assessed for activity to limit apoptosis as defined by activation of caspase-3
(A) or Annexin V presentation (B). U937 cell pellets were examined post-treatment with
glucose oxidase (GO, 500 ng/mL), with or without lactoferrin (LF). Enzymatic reactions
were performed with appropriate caspase substrate [45]. Caspase activity was determined by
measuring the change in absorbance at 405 nm (A). Alternatively, cells were treated with
GO alone or in the presence of lactoferrin (125 or 250 pg/mL) or with z-DEVD-fmk (N-
benzyloxycarbonyl-Asp(OMe)-Glu(OMe)-Val-Asp(OMe)-fluoro-methylketone) a caspase—
3 inhibitor of GO-induced Annexin V binding (B). Cells were then stained with Annexin V-
FITC as described [204]. The mean fluorescence for 12,000 cells from three or more
independent experiments are shown, expressed as +SEM.

Curr Pharm Des. Author manuscript; available in PMC 2010 August 4.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Actor et al. Page 27

105}

CFU/1 ml of blood

10°
PBS HSA LK

Fig. 2. Effect of lactoferrin on clearance of E. coli from circulation

Mice were challenged with a lethal dose of enterogenic bacteria (2x108 organisms,
intravenous injection). The level of organisms within whole blood was measured 5 h post
infection. Treatment of mice with LF (10 mg/mouse) 24 h prior to E. coli challenge (Lethal
Dose, LDqqp) resulted in 100 fold faster clearing of bacteria from circulation, when
compared with controls. E. coli + PBS (phosphate buffered saline, open); HSA (human
serum albumin, closed); LF (lactoferrin, hatched). **p<0.05
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Fig. 3. Effect of lactoferrin on the clearance of E. coli from various organs

Mice were challenged with a lethal dose of enterogenic bacteria (2x108 organisms,
intravenous injection). Number of organisms was measured in lungs, spleens, livers and
kidneys 5 h post infection. Treatment with LF (10 mg/mouse) 24 h prior to E. coli challenge
(LD1qq) decreased the number of organisms recovered in spleens, livers and kidneys over 10
fold, and in lungs over 1000 fold, when compared with PBS and/or HSA controls. **p<0.05.
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Fig. 4. Bovine lactoferrin pre-treatment leads to decreased proinflammatory responses from
mice infected with E.coli

BALB/c mice were pre-treated with bovine lactoferrin at 1 mg/mouse (intravenous) or 5 mg/
mouse (intraperitoneal) or remained untreated controls. After 4 h, mice were infected with a
sub-lethal dose (~5%108 CFU/mouse) of E.coli SM105 (intravenous). At day 4 post-
infection, blood was collected for analysis of cytokine production of IL-6 (A) and TNF-a
(B) by ELISA. * p<0.05 compared to the control group not treated with lactoferrin.
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Fig. 5. Lactoferrin pre-treatment protects host gut integrity against sub-lethal challenge with E.
coli

BALB/c mice challenged with a sub-lethal dose of E.coli SM105 demonstrate severe jejunal
tissue destruction at 4 days post infection (A). Parenchyma from mice pretreated with
lactoferrin (1 mg/mouse, intravenous, 4 hours prior to challenge) remained intact (B), with
no demonstration of tissue damage Jejunal tissue was collected and fixed with 10%
formalin, paraffin embedded, sectioned, and stained with H&E. Visualized at 100x.
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Fig. 6. Effect of lactoferrin on host protection against MRSA infection
BALB/c mice were pre-treated with bovine lactoferrin (1 mg/mouse, intravenous) or remain
untreated. After 2 h, mice were infected with MRSA (strain Mu50, American Type Tissue
Culture, intaperitoneal, 1x10° CFU/mouse). Mice were monitored for survival (A). At
various time points, blood was collected for analysis of bacterial load (B) and cytokine
production (C,D) by ELISA. * p<0.05 compared to the no lactoferrin control group.
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Fig. 7. Lactoferrin decreases proinflammatory cytokines from BCG infected macrophages

Bone marrow derived macrophages were infected with BCG (MOI 10: 1) without (white) or
with (black) bovine lactoferrin (100 pg/mL). At 72 h, supernatants were collected and
analyzed by ELISA for TNF-a, IL-6, and IL-1p. * p<0.05, *** p<0.001.
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Fig. 8. BCG infected BMDCs increase CD62L and decrease CD44 when cultured with bovine

lactoferrin

Bone marrow derived dendritic cells (>90% CD11c+) (5x10° cells/mL) were cultured with
BCG (MOI 10: 1) with or without bovine lactoferrin (100 mg/mL) or remained uninfected.
After 72 h, cells were collected and stained for expression of CD62L-FITC (A) or CD44-

FITC (B).
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Fig. 9. Lactoferrin decreases T-cell cytokines from Con A stimulated splenocytes
Non-adherent splenocytes (2x10° cells/mL) were isolated from C57BL/6 mice. Production
of IFN-y (A) and IL-2 (B) were measured by ELISA after 72 h stimulation with Con A (2
ug/mL) in the presence of increasing concentration of bovine or human lactoferrin (1, 10,

100 pg/mL). * p<0.05
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Fig. 10. Mice immunized with BCG and lactoferrin demonstrate diminished inflammation and
destructive pulmonary histopathology upon challenge with virulent MTB

C57BL/6 mice (6 per group) demonstrated reduced histological manifestation of disease in
the BCG/lactoferrin immunized groups at day 65 post challenge. The top panels depict
histopathology from a non-immunized control and is compared to mice immunized and
boosted with BCG vaccine (middle panels). The lactoferrin adjuvant immunized mice
(bottom panels) revealed striking reduction in granulomas with evidence of lymphocytic
clusters and contained focal pockets of inflamed monocytes. Staining with H&E (20% or
100x magnification).
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The Role of Lactoferrin in Moderation of Development of LPS-Induced Endotoxemia in Mice

Table 1

Biological Effect

LPS-Induced Endotoxemia

Lactoferrin Pretreatment/LPS-Induced Endotoxemia

Behavioral Activity
Body Temperature

Intestinal Structure

Severely Reduced (Lethargy)
Severe Hyperthermia

Severe Injury

Normal
Moderate Hyperthermia

Moderate Injury

Survival 83.3% Mortality 16.7% Mortality
P<0.05 P<0.05
Inflammatory Mediators:
IL-6at2h Increase Reduction (P<0.05)
TNF-aat2h Increase Reduction (P<0.05)
Nitric Oxide at 6 h and 18 h Increase Reduction (P<0.05)
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Table 2

The Sugar Content of Bovine and Human Lactoferrins

Monosaccharide

[%6] of the Total MW

Bovine Lactoferrin

Human Lactoferrin

Fucose 0.21 -
Galactose 0.45 1.08
Mannose 4.84 1.35

N-Acetylglucosamine 4.25 2.48
N-Acetylgalactosamine 0.85 -
Acetylneuraminic Acid 0.6 1.0

Total 11.2 5.9
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