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Summary

Introduction: Lactoferrin, an 80-kDa basic N-glycoprotein, has been identified as a potent immune
modulator. When used experimentally as an adjuvant in mice, lactoferrin can boost the efficacy of

the BCG vaccine to increase delayed type hypersensitive responses and to limit subsequent pathology
upon infection with virulent mycobacterium. These studies outline preliminary findings to examine
the multiple mechanisms of action of lactoferrin on antigen-presenting cells which would enhance

vaccination and bridge the innate and adaptive responses.

Material/Methods: Bone marrow-derived macrophages (BMMs) and human and murine cells lines
were infected with BCG in the presence or absence of bovine lactoferrin. The cells were examined
for changes in uptake of BCG post infection and increases in the surface expressions of Class | or
Class Il molecules by flow cytometric analysis. Infected cultures were collected to examine cytokine
production by ELISA.

Results: Lactoferrin was found to significantly increase the uptake of BCG organisms during
infection of BMMSs and human monocyte cell lines. Lactoferrin added to BCG-infected BMMs
demonstrated significantly increased surface expression of Class Il (I-Ab), but no change in Class |
(H-2kb) molecules. In addition, BCG-infected cells incubated in the presence of lactoferrin
demonstrated a significant increase in relative IL-12 to IL-10 ratios in a dose-dependent manner.

Conclusions: Overall, lactoferrin was able to alter BCG-infected antigen-presenting cells (APCs)
in vitro in a manner consistent with the induction of responses required for successful presentation
of antigen to the adaptive arm of the immune response, which would lead to the generation of strong
T-helper 1 type immunity.
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Introduction

Tuberculosis (TB) is a contagious disease caused by Mycobacterium tuberculosis (Mtb) and
is responsible for nearly three million deaths every year [25]. The current vaccine against
tuberculosis is a live, attenuated strain of Mycobacterium bovis Bacillus Calmette-Guerin
(BCG), which was first used in humans in the 1920's. Although the BCG vaccine has proven
to be successful in preventing disease in infants and children, its efficacy wanes dramatically
in adulthood [2,22]. Thus there are on-going studies to improve vaccine efficacy either through
developing novel antigens or by improving the existing BCG vaccine through incorporation
of adjuvant materials.

Lactoferrin (LF), an 80-kDa basic N-glycoprotein, was first identified in 1939 in bovine milk
and subsequently found in tears, saliva, bile, pancreatic juices and intestinal secretions, and in
plasma. LF consists of two globular lobes, each with one ferric ion binding site. It is found
predominantly in the secondary granules of neutrophils and has been attributed with many
protective functions, e.g. antibacterial, both bacterio-static and bactericidal, antiviral,
antifungal, antiparasitic, antitumor, antioxidant, and anti-inflammatory [23]. In addition, LF is
identified as an immunomodulator of innate and adaptive responses. In the studies outlined
here, LF was shown to function as an adjuvant to the BCG vaccine, increasing the host
protective response during infection of mice with virulent Mycobacterium tuberculosis (Mth)
[10]. Addition of LF adjuvant to the BCG vaccine led to an upregulation of the delayed type
hypersensitivity response (DTH, antigenic recall) and decreased deleterious pulmonary
pathology.

The studies described in this report examine the role of LF in modulating the responses of
BCG-infected APCs. Organism uptake by APCs, subsequent changes in surface presentation
molecules, and alterations in cytokine production are described. Thus the results presented here
provide, in part, a potential mechanism for LF to function as an adjuvant to augment the BCG
vaccine.

Material and Methods

Cell culture

Murine bone marrow macrophages (BMMs) were collected from C57BL/6 mice (Six weeks,
Jackson Laboratories, Bar Harbor, ME) by flushing femur bones with McCoy's medium
(Cellgro, VA) supplemented with 100 pg/ml penicillin (Sigma), 50 ng/ml gentamycin sulfate
(Sigma), and 2.2 g/l sodium bicarbonate. The cells were treated with AKC buffer (Cambrex
Bio Sciences, East Rutherford, NJ) to lyse the erythrocytes. The remaining cells were then
differentiated for a week at 1x10° cells/ml in McCoy's medium with addition of GM-CSF (10
ng/ml, Cell Sciences, Canton, MA), antibiotics as above, and 10% FBS. Media was changed
on days 3 and 5. Differentiated macrophages were washed with 1xPBS and rested overnight
in complete DMEM media (DMEM supplemented with 10% FBS, sodium bicarbonate, 50 mg/
| HEPES and 50 mg/I L-arginine). THP1 and U937 human macrophage-like cell lines, or
J774A.1 murine monocytes, (ATCC, Manassas, VA) were grown in DMEM complete media.
For the apoptosis assay, human cells were activated with 10 ng/ml phorbol ester 12-
tetradecanoylphorbol-13 acetate (PMA) over-night. Non-adherent cells were then removed by
washing with PBS and the remaining cells were rested in complete DMEM media for 4 h prior
to use.
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BCG and in vitro infection

Mycobacterium bovis Calmette Guerin, Pasteur strain (TMC 1011, ATCC, Manassas, VA) was
grown as described [10] in Dubos base (without addition of glycerol) with 10% supplement
(5% BSA and 7.5% dextrose in saline) on an orbital shaker at 37°C for 2 weeks before use.
The BCG was diluted with 1xDulbecco's phosphate-buffered saline (PBS) (Cellgro, Herndon,
VA) to the indicated MOI [multiplicity of infection] and confirmed by plating dilutions onto
7H11 agar plates (Remel, Lenesa, KS).

Bacterial uptake

Apoptosis

BCG was stained with BacLight™ Green bacterial stain according to the manufacturer's
instruction immediately before use (Molecular Probes, Invitrogen). Cells were infected with
green-stained BCG in an MOI of 100:1 for 4 h at 37°C with or without LF. Lactoferrin (bovine
milk LF, <1 E.U./mg endotoxin, <20% iron saturation, >95% purity) was generously provided
by PharmaReview Corporation (Houston, TX). Cells were washed with PBS to eliminate free
organisms and harvested by trypsin digestion and scraping, spun down at 1000 rpm for 5 min,
fixed in 2% paraformaldehyde at 4°C overnight, and finally resuspended in 1% BSA (Sigma)
in PBS. The cells were analyzed using Coulter FlowCentre™ (EPICS XL-MCL).

U937 cells prestimulated with PMA were infected with green-stained BCG in the presence or
absence of LF at 100 ug/ml. Seventy-two hours later the cells were harvested and apoptosis
was measured with Vybrant Apoptosis Assay Kit #2 (Invitrogen). Briefly, the cells were spun
down at 1000 rpm for 5 min, washed with cold PBS, and resuspended in annexin-binding
buffer. Then Annexin V and propridium iodide were added. After 15 min of incubation at room
temperature, 400 ul of annexin-binding buffer was added. The cells were put on ice and
analyzed by flow cytometry.

Class | and Class Il molecule surface expression

Macrophages remained uninfected or were infected with BCG (MOI: 10:1) with or without
lactoferrin (100 ug/ml). At 72 hrs post-infection, the macrophages were isolated by washing
with 1xPBS, then 0.25% Trypsin-EDTA (Sigma) was added to each well and incubated at 37°
C for 3-5 minutes. The reaction was neutralized with an equal volume of 15% BSA.

Fluorescent Activated Cell Sorting (FACS)

Antibodies were diluted to a working concentration of 1 ug/10° cells in staining buffer (1%
BSA in 1xPBS). Macrophages were stained (50 ul diluted antibody/10° cells) in the dark with
anti-mouse I-AP-FITC and H-2kP-FITC (BD Biosciences Pharmingen) on ice for 30 minutes.
The macrophages were washed with staining buffer and fixed with 4% paraformaldehyde
(Fisher Scientific, Fair Lawn, NJ) in 1xPBS on ice for 15 minutes. The fixed cells were washed
with staining buffer and stored in staining buffer at 500 pl/106 cells at 4°C. Analysis was
performed using a Coulter FlowCentreTM (EPICS XL-MCL). Graphs were generated with
WinMDI 2.8.

ELISA (Enzyme-linked immunosorbent assay)

Supernatants were assayed for IL-12 and IL-10 cytokine production using DuoSet ELISA kits
(R&D Systems, Minneapolis, MN) according to manufacturer's instructions. Briefly, the
capture antibody was coated onto Costar EIA/RIA 1x8 StripwellTM plates (Corning Inc,
Corning, NY) in 1xPBS at 100 pl/well and incubated at room temperature overnight. The plates
were washed with wash buffer (0.05% v/v Tween-20 in 1xPBS) three times. Blocking buffer
(1% wi/v bovine serum albumin, BSA, 5% w/v sucrose, 0.05% w/v sodium azide in 1xPBS)
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was added and incubated at room temperature for at least one hr. After washing, the isolated
supernatants were loaded in triplicate and incubated at room temperature for two hrs and
detected by the provided antibody reagent. The signal was generated after addition of
Streptavidin-HRP followed by SureBlueTM TMB microwell peroxidase substrate 1-
component (KPL, Gaithersburg, MD). The plates were read at 450 nm, subtracting the
background at 570 nm. The concentration was calculated by generating a standard curve fit.
The lower assay limits of detection were approximately 15 pg/ml.

Statistical analysis

Results

The data obtained from the experiments were analyzed by one-way ANOVA (apoptosis and
uptake) or Student's t-test (ELISA). Results were considered significant with p<0.05.

LF augments the uptake of live BCG in antigen-presenting cells

The first encounter with vaccine antigen, necessary for successful presentation to the adaptive
arm of the immune response, requires uptake by professional antigen-presenting cells.
Therefore, LF was first investigated for its function to augment the uptake of BCG in murine
bone marrow-derived macrophages (BMM). Differentiated, cultured murine BMMs were
infected with live, fluorescently labeled BCG in the presence or absence of LF at 100 pg/ml.
Four hours later the cultures were examined by flow cytometric analysis. The BMM cultures
significantly (p<0.01) demonstrated increased uptake of organisms (Figure 1A). The effect
was also shown in the human macrophage cells lines THP-1 and U937 (Figures 1B and 1C),
where significant uptake of BCG was observed (p<0.001).

Increase in surface Class Il expression in LF-treated bone marrow-derived macrophages

LF was examined for its potential to alter the surface expressions of molecules involved in
antigen presentation. Specifically, murine BMMs incubated with LF (100 ug/ml) and BCG
demonstrated increased surface expression of Class Il I-Ab (p<0.01) (Figure 2). The increased
expression was only apparent in the infected cells; LF treatment of uninfected cells did not
alter the surface expression (not shown). Of interest is that there was no relative change in
Class | expression (H-2kP).

Increased IL-12 to IL-10 ratios in LF-treated macrophages

The ability to present antigen is only one facet of successful augmentation of subsequent
adaptive immune response (stimulation of cellular and humoral responses). Elicited cytokines
must also accompany the upregulated presentation of antigen. Therefore, BCG-infected
cultured J774A.1 cells were incubated in the presence of LF in increasing concentrations (1,
10, and 100 pg/ml) and subsequently evaluated for changes in the production of IL-12 and
IL-10. Table 1 demonstrates a marked and significant (p<0.05) increase in IL-12 relative to
IL-10 produced by BCG infected cells in the presence of LF, with responses occurring in a
dose-dependent manner.

Enhanced apoptosis of BCG-infected macrophages in the presence of LF

An important component of vaccination may also require secondary antigenic presentation,
thought to occur by dendritic cells' acquirement of antigen via uptake of apoptotic initial
presenters. As a preliminary investigation, U937 cells were infected in the presence or absence
of LF and measured for indicators of apoptotic events. Infected cells treated with LF
demonstrated greater levels of Annexin V on their surface (57.6% vs. 46.1%) (Figure 3). Of
interest is that LF alone (in the absence of infection) was able to lower the levels of this marker,
perhaps increasing the normal cell membrane's integrity (11.2% vs. 6.18%).
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Discussion

LF is an integral part of the innate immune system [12] and an immunomodulator of leukocyte
populations, including neutrophils [13], peritoneal macrophages [7], natural killer cells [5,
19], T cells [6], and B cells [28]. As an immune-modulating agent, LF is capable of enhancing
the T cell-mediated delayed type hypersensitivity (DTH) response, as measured by footpad
swelling, to a variety of antigens, including sheep red blood cells (SRBCs), ovalbumin (OVA),
and BCG [11,27]. Recent observations suggest that LF can also augment the efficacy of the
BCG vaccine [10], although the mechanisms of its mode of action have not yet been
determined. The results outlined in this report indicate that LF may augment BCG vaccine in
multiple ways, ranging from increased organism uptake to alteration of the presentation
molecules on APCs. As a whole, the findings identify possible mechanisms that would support
the increased DTH (e.g. IFN-vy specific recall) observed in LF-BCG-immunized mice.

The increased uptake of BCG in the presence of LF was unexpected. LF receptors have been
identified on monocytes and intestinal tissue [20]. Although fibroblasts have recently been
identified to express a low-density lipoprotein receptor-related protein (LRP-1), identified as
an endocytosis receptor involved in the cellular uptake of diverse ligands, including lactoferrin
[21], itis not yet known if this same receptor is present on APCs. Regarding macrophages, LF
can mediate responses via TLR-4-dependent pathways [4,14], which may provide a clue
regarding the altered activation status seen with increased I1L-12 to IL-10 cytokine ratios. The
TLR-4 receptor can interact with the CD14 LPS co-receptor [15], which has also been identified
asaligand for LF [1], although in this instance there is no LPS associated with BCG. Regardless
of this, the end result would be a more efficient availability of antigen for presentation by
professional phagocytes. Studies have been completed indicating that LF-treated macrophages
do not enhance the killing of ingested BCG (S-A Hwang, unpublished results); however, it is
unknown if the treatment affects the trafficking of organisms through phagosome-lysosomal
compartments. The findings of increased cellular apoptosis in infected cells treated with LF
are complex, but they suggest another mechanism of the augmented responses seen in the
vaccination experiments cited above [10], perhaps through increased “cross-priming” of T cells
[24].

LF can modify surface molecule expression on APCs, allowing direct regulation of responding
lymphocytes. Mycobacterium are very efficient at both limiting destruction upon entry into
macrophages [16] and inhibiting the surface expression of Class Il molecules after
phagocytosis [9]. Mechanisms that allow sustained or increased Class 11 on APCs would
certainly augment presentation pathways.

Finally, it appears that LF can also function through modification of the pro-inflammatory
response to alter macrophage cytokine communication with adaptive cells in the local
environment. Elevated IL-12 is an important step in directing the development of the T helper
type 1 (TH1) response [17,18], critical for protection against Mtb infection [3,8]. The addition
of LF to BCG-infected macrophages enhanced the IL-12 to IL-10 ratio from cultured
macrophages infected with BCG. This suggests that LF modulates the innate function of
macrophages to potentially direct the development of TH1 immunity. This again would assist
in the explanation of how LF could act as an adjuvant to augment BCG vaccine efficacy against
subsequent mycobacterial challenge [10].

The experiments presented here suggest that LF modulates APCs in a manner that would,
potentially, promote TH1 development in vivo. The direct molecular mechanisms of LF
mediation of immune activation and cytokine production still remain unresolved. However,
the results presented identify LF as an immune modulator and provide possible molecular
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avenues to support its use to boost efficacy as an adjuvant for the BCG vaccine to promote
host protective responses against virulent Mtb infection.
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Figure 1.

Increased uptake of BCG in lactoferrin-treated cells. LF (green line) at 100 ug/ml increases
BCG uptake in bone marrow-derived macrophages (A), THP1 cells (B) and U937 cells (C).
Comparison to untreated cells is shown (blue line); isotype controls are in black. Representative
of 3-4 experiments. For all groups, difference is significant with p<0.001.
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Figure 2.

Elevated Class Il expression on lactoferrin-treated BCG-infected bone marrow macrophages.
BCG-infected murine BMMs were incubated with (red) or without LF (100 pg/ml) (blue) and
monitored for expression of Class I1 I-AP. Unstained populations (green) and isotype controls
(black) are also shown. Mean intensity of fluorescence indicated, with a significant difference

between the lactoferrin-treated vs. the untreated groups (p<0.01).
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Figure 3.

Increased apoptosis of BCG-infected cells in the presence of lactoferrin. U937 cells were BCG
infected in the presence or absence of LF and measured for Annexin V on their surface.
Comparisons are made with uninfected cells with or without LF. *p<0.001.
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Ratio of IL-12 to IL-10 in BCG-infected J774A.1 macrophages. Cells were infected with BCG (MOI 10: 1) with or
without lactoferrin. Supernatants collected at 72 hrs were analyzed by ELISA. The ratio was calculated by dividing
the concentration of IL-12p40 by IL-10. Avg, average; Stdev, standard deviation

Ratio IL-12:1L-10

+ Lactoferrin (ug/mL)

]

1 10 100
Avg. 6.57 8.81 1656 11.65"
72 hrs
Stdev. 0.51 0.42 1.02 0.72

*
p<0.05 relative to non-lactoferrin-treated controls.
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