
Lactoferrin Modulation of Antigen-Presenting-Cell 
Response to BCG Infection

Wpływ laktoferryny na odpowiedź komórek 
prezentujących antygen zakażonych BCG

Katarzyna M. Wilk1
ABCDEF, Shen-An Hwang1

ABCDE, Jeffrey K. Actor1,2
ADEFG

1  Department of Pathology and Laboratory Medicine, University of Texas-Houston Medical School, Houston, Texas, U.S.A.
2 Program in Molecular Pathology, University of Texas-Houston Medical School, Houston, Texas, U.S.A.

Summary

 Introduction: Lactoferrin, an 80-kDa basic N-glycoprotein, has been identifi ed as a potent immune modula-
tor. When used experimentally as an adjuvant in mice, lactoferrin can boost the effi cacy of the 
BCG vaccine to increase delayed type hypersensitive responses and to limit subsequent patho-
logy upon infection with virulent mycobacterium. These studies outline preliminary fi ndings to 
examine the multiple mechanisms of action of lactoferrin on antigen-presenting cells which wo-
uld 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 chan-
ges in uptake of BCG post infection and increases in the surface expressions of Class I or Class 
II molecules by fl ow cytometric analysis. Infected cultures were collected to examine cytokine 
production by ELISA.

 Results: Lactoferrin was found to signifi cantly increase the uptake of BCG organisms during infection of 
BMMs and human monocyte cell lines. Lactoferrin added to BCG-infected BMMs demonstra-
ted signifi cantly increased surface expression of Class II (I-Ab), but no change in Class I (H-2kb) 
molecules. In addition, BCG-infected cells incubated in the presence of lactoferrin demonstrated 
a signifi cant 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 anti-
gen 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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Streszczenie

 Wstęp: Laktoferryna (LF), zasadowa glikoproteina typu N-glikozydowego, o ciężarze cząsteczkowym 
80kDa, ma silne właściwości immunomodulujące. Użyta jako adiuwant u myszy zwiększa efek-
tywność szczepionki BCG w indukowaniu nadwrażliwości typu późnego i ogranicza zmiany pa-
tologiczne wynikające z infekcji wirulentnymi szczepami Mycobacterium.

  W pracy przedstawiono wstępne wyniki badań nad mechanizmami działania LF na komórki pre-
zentujące antygen, które mogą zwiększyć skuteczność szczepienia oraz połączyć działania od-
porności wrodzonej i nabytej.
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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 fi rst used in humans in the 1920’s. Although 
the BCG vaccine has proven to be successful in preventing 
disease in infants and children, its effi cacy wanes drama-
tically in adulthood [2,22]. Thus there are on-going stu-
dies to improve vaccine effi cacy 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 fi rst 
identifi ed 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 se-
condary granules of neutrophils and has been attributed with 
many protective functions, e.g. antibacterial, both bacterio-
static and bactericidal, antiviral, antifungal, antiparasitic, an-
titumor, antioxidant, and anti-infl ammatory [23]. In addition, 
LF is identifi ed as an immunomodulator of innate and adap-
tive 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 viru-

lent Mycobacterium tuberculosis (Mtb) [10]. Addition of LF 
adjuvant to the BCG vaccine led to an upregulation of the de-
layed 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 surfa-
ce presentation molecules, and alterations in cytokine pro-
duction are described. Thus the results presented here pro-
vide, 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 collec-
ted from C57BL/6 mice (six weeks, Jackson Laboratories, 
Bar Harbor, ME) by fl ushing femur bones with McCoy’s 
medium (Cellgro, VA) supplemented with 100 μg/ml pe-
nicillin (Sigma), 50 μg/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 dif-
ferentiated for a week at 1×106 cells/ml in McCoy’s me-
dium with addition of GM-CSF (10 ng/ml, Cell Sciences, 
Canton, MA), antibiotics as above, and 10% FBS. Media 

 Materiał/Metody: Mysie makrofagi, pochodzące ze szpiku kostnego (BMM) oraz ludzkie i mysie linie komórko-
we, były infekowane BCG w obecności lub bez bydlęcej LF. Zmiany w pochłanianiu BCG oraz 
wzrost poziomu powierzchniowej ekspresji cząsteczek MHC klasy I i II były badane za pomocą 
cytometru przepływowego. Supernatanty znad hodowli komórek zostały zebrane w celu ozna-
czenia wytwarzania cytokin za pomocą testu ELISA.

 Wyniki: LF znacząco zwiększyła pochłanianie BCG podczas infekcji mysich makrofagów oraz ludzkich 
monocytarnych linii komórkowych. LF dodana do mysich makrofagów zakażonych BCG znaczą-
co zwiększyła również powierzchniową ekspresję cząsteczek MHC klasy II (I-Ab), nie miała na-
tomiast wpływu na ekspresję cząsteczek klasy MHC klasy I (H-2Kb). Ponadto, komórki zainfe-
kowane BCG i inkubowane w obecności LF wykazały statystycznie znaczący, zależny od dawki 
wzrost stosunku wydzielanej IL-12 do IL-10.

 Podsumowanie: Laktoferryna in vitro jest w stanie zmienić zainfekowane BCG komórki prezentujące antygen 
(APC) w sposób ułatwiający im bardziej efektywną prezentacje antygenu, która ponadto prowa-
dzi do powstania silnej odporności zależnej od limfocytów pomocniczych typu Th1.
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was changed on days 3 and 5. Differentiated macrophages 
were washed with 1×PBS and rested overnight in comple-
te DMEM media (DMEM supplemented with 10% FBS, 
sodium bicarbonate, 50 mg/l HEPES and 50 mg/l L-argi-
nine). THP1 and U937 human macrophage-like cell lines, 
or J774A.1 murine monocytes, (ATCC, Manassas, VA) 
were grown in DMEM complete media. For the apopto-
sis assay, human cells were activated with 10 ng/ml phor-
bol 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 comple-
te DMEM media for 4 h prior to use.

BCG and in vitro infection

Mycobacterium bovis Calmette Guerin, Pasteur strain 
(TMC 1011, ATCC, Manassas, VA) was grown as descri-
bed [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 1×Dulbecco’s phosphate-buffered saline 
(PBS) (Cellgro, Herndon, VA) to the indicated MOI [mul-
tiplicity of infection] and confi rmed by plating dilutions 
onto 7H11 agar plates (Remel, Lenesa, KS).

Bacterial uptake

BCG was stained with BacLightTM Green bacterial stain 
according to the manufacturer’s instruction immediately 
before use (Molecular Probes, Invitrogen). Cells were in-
fected 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 elimina-
te free organisms and harvested by trypsin digestion and 
scraping, spun down at 1000 rpm for 5 min, fi xed in 2% 
paraformaldehyde at 4°C overnight, and fi nally resuspen-
ded in 1% BSA (Sigma) in PBS. The cells were analyzed 
using Coulter FlowCentreTM (EPICS XL-MCL).

Apoptosis

U937 cells prestimulated with PMA were infected with 
green-stained BCG in the presence or absence of LF 
at 100 μg/ml. Seventy-two hours later the cells were harve-
sted and apoptosis was measured with Vybrant Apoptosis 
Assay Kit #2 (Invitrogen). Briefl y, 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 in-
cubation at room temperature, 400 μl of annexin-binding 
buffer was added. The cells were put on ice and analyzed 
by fl ow cytometry.

Class I and Class II molecule surface expression

Macrophages remained uninfected or were infected with 
BCG (MOI: 10:1) with or without lactoferrin (100 μg/ml). 
At 72 hrs post-infection, the macrophages were isolated by 
washing with 1×PBS, then 0.25% Trypsin-EDTA (Sigma) 
was added to each well and incubated at 37°C for 3–5 mi-
nutes. 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 μg/106 cells in staining buffer (1% BSA in 1×PBS). 
Macrophages were stained (50 μl diluted antibody/106 cells) 
in the dark with anti-mouse I-Ab-FITC and H-2kb-FITC 
(BD Biosciences Pharmingen) on ice for 30 minutes. The 
macrophages were washed with staining buffer and fi xed 
with 4% paraformaldehyde (Fisher Scientifi c, Fair Lawn, 
NJ) in 1×PBS on ice for 15 minutes. The fi xed cells were 
washed with staining buffer and stored in staining buffer 
at 500 μl/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 cytoki-
ne production using DuoSet ELISA kits (R&D Systems, 
Minneapolis, MN) according to manufacturer’s instru-
ctions. Briefl y, the capture antibody was coated onto Costar 
EIA/RIA 1x8 StripwellTM plates (Corning Inc, Corning, 
NY) in 1×PBS at 100 μl/well and incubated at room tempe-
rature overnight. The plates were washed with wash buffer 
(0.05% v/v Tween-20 in 1×PBS) three times. Blocking buf-
fer (1% w/v bovine serum albumin, BSA, 5% w/v sucrose, 
0.05% w/v sodium azide in 1×PBS) was added and incuba-
ted at room temperature for at least one hr. After washing, 
the isolated supernatants were loaded in triplicate and in-
cubated at room temperature for two hrs and detected by 
the provided antibody reagent. The signal was generated af-
ter addition of Streptavidin-HRP followed by SureBlueTM 
TMB microwell peroxidase substrate 1-component (KPL, 
Gaithersburg, MD). The plates were read at 450 nm, sub-
tracting the background at 570 nm. The concentration was 
calculated by generating a standard curve fi t. The lower 
assay limits of detection were approximately 15 pg/ml.

Statistical analysis

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

RESULTS

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

The fi rst encounter with vaccine antigen, necessary for suc-
cessful presentation to the adaptive arm of the immune re-
sponse, requires uptake by professional antigen-presenting 
cells. Therefore, LF was fi rst investigated for its function 
to augment the uptake of BCG in murine bone marrow-de-
rived macrophages (BMM). Differentiated, cultured mu-
rine BMMs were infected with live, fl uorescently labeled 
BCG in the presence or absence of LF at 100 μg/ml. Four 
hours later the cultures were examined by fl ow cytometric 
analysis. The BMM cultures signifi cantly (p<0.01) demon-
strated increased uptake of organisms (Figure 1A). The ef-
fect was also shown in the human macrophage cells lines 
THP-1 and U937 (Figures 1B and 1C), where signifi cant 
uptake of BCG was observed (p<0.001).
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Increase in surface Class II expression in LF-treated 
bone marrow-derived macrophages

LF was examined for its potential to alter the surface ex-
pressions of molecules involved in antigen presentation. 
Specifi cally, murine BMMs incubated with LF (100 μg/ml) 
and BCG demonstrated increased surface expression of 
Class II I-Ab (p<0.01) (Figure 2). The increased expres-
sion 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 I expression (H-2kb).

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

The ability to present antigen is only one facet of suc-
cessful augmentation of subsequent adaptive immune re-
sponse (stimulation of cellular and humoral responses). 

Elicited cytokines must also accompany the upregulated 
presentation of antigen. Therefore, BCG-infected cultu-
red J774A.1 cells were incubated in the presence of LF in 
increasing concentrations (1, 10, and 100 μg/ml) and sub-
sequently evaluated for changes in the production of IL-12 
and IL-10. Table 1 demonstrates a marked and signifi cant 

Figure 1.  Increased uptake of BCG in lactoferrin-treated cells. LF (green line) at 100 μg/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, diff erence is signifi cant with p<0.001.

A B C

Figure 2.  Elevated Class II expression on lactoferrin-treated 
BCG-infected bone marrow macrophages. BCG-infected 
murine BMMs were incubated with (red) or without LF 
(100 μg/ml) (blue) and monitored for expression of Class 
II I-Ab. Unstained populations (green) and isotype controls 
(black) are also shown. Mean intensity of fl uorescence 
indicated, with a signifi cant diff erence 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.

Table 1.  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; 
*p<0.05 relative to non-lactoferrin-treated controls.

1 10 100

72 hrs
Avg.  6.57  8.81  16.56*  11.65*

Stdev.  0.51  0.42  1.02  0.72

Ratio IL-12:IL-10
+ Lactoferrin (μg/mL)
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(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 den-
dritic cells’ acquirement of antigen via uptake of apopto-
tic 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 nor-
mal cell membrane’s integrity (11.2% vs. 6.18%).

DISCUSSION

LF is an integral part of the innate immune system [12] and an 
immunomodulator of leukocyte populations, including neu-
trophils [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 delay-
ed type hypersensitivity (DTH) response, as measured by fo-
otpad swelling, to a variety of antigens, including sheep red 
blood cells (SRBCs), ovalbumin (OVA), and BCG [11,26,27]. 
Recent observations suggest that LF can also augment the ef-
fi cacy 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 fi ndings identify possible mechanisms that 
would support the increased DTH (e.g. IFN-g specifi c recall) 
observed in LF-BCG-immunized mice.

The increased uptake of BCG in the presence of LF was 
unexpected. LF receptors have been identifi ed on monocy-
tes and intestinal tissue [20]. Although fi broblasts have re-
cently been identifi ed to express a low-density lipoprotein 
receptor-related protein (LRP-1), identifi ed as an endocy-
tosis receptor involved in the cellular uptake of diverse li-
gands, including lactoferrin [21], it is 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 acti-
vation status seen with increased IL-12 to IL-10 cytokine 
ratios. The TLR-4 receptor can interact with the CD14 LPS 
co-receptor [15], which has also been identifi ed as a ligand 
for LF [1], although in this instance there is no LPS asso-
ciated with BCG. Regardless of this, the end result would 

be a more effi cient 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 traffi -
cking of organisms through phagosome-lysosomal com-
partments. The fi ndings of increased cellular apoptosis in 
infected cells treated with LF are complex, but they sug-
gest 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 effi cient at both limiting destru-
ction upon entry into macrophages [16] and inhibiting 
the surface expression of Class II molecules after phago-
cytosis [9]. Mechanisms that allow sustained or increa-
sed Class II on APCs would certainly augment presenta-
tion pathways.

Finally, it appears that LF can also function through 
modification of the pro-inflammatory response to al-
ter macrophage cytokine communication with adaptive 
cells in the local environment. Elevated IL-12 is an im-
portant step in directing the development of the T hel-
per type 1 (TH1) response [17,18], critical for protec-
tion 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 expla-
nation of how LF could act as an adjuvant to augment 
BCG vaccine efficacy against subsequent mycobacte-
rial 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 pro-
duction still remain unresolved. However, the results pre-
sented identify LF as an immune modulator and provide 
possible molecular avenues to support its use to boost ef-
fi cacy as an adjuvant for the BCG vaccine to promote host 
protective responses against virulent Mtb infection.
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