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SUMMARY

The ability of lactoferrin to provide protection and decrease immunopathology in infectious
diseases was evaluated using an aggressive aerosol model of Mycobacterium tuberculosis (MTB)
infection. C57BL/6 mice were challenged with MTB strain Erdman and treated with 0.5% bovine
lactoferrin added to the drinking water starting at day 0 or day 7 post infection. Mice were
sacrificed at three weeks post-challenge and evaluated for organ bacterial burden, lung
histopathology, and ELISpot analysis of the lung and spleen for immune cell phenotypes. Mice
given tap water alone had lung log10 colony forming units (CFUs) of 7.5 + 0.3 at week 3 post-
infection. Lung CFUs were significantly decreased in mice given lactoferrin starting the day of
infection (6.4 £ 0.7), as well as in mice started therapeutically on lactoferrin at day 7 after
established infection (6.5 * 0.4). Quantitative immunohistochemistry using multispectral imaging
demonstrated that lung inflammation was significantly reduced in both groups of lactoferrin
treated mice, with decreased foamy macrophages, increased total lymphocytes, and increased
numbers of CD4+ and CD8+ cells. ELISpot analysis showed that lactoferrin treated mice had
increased numbers of CD4+ IFN-y + and IL-17 producing cells in the lung, cells that have
protective functions during MTB infection. Lactoferrin alone did not alter the proliferation of
MTB in either broth or macrophage culture, but enhanced IFN- y mediated MTB killing by
macrophages in a nitric oxide dependent manner. These studies indicate that lactoferrin may be a
novel therapeutic for the treatment of tuberculosis, and may be useful in infectious diseases to
reduced immune-mediated tissue damage.

Keywords
Lactoferrin; Tuberculosis; IL-17; Immunopathology

© 2011 Elsevier Ltd. All rights reserved.

"Corresponding author Jeffrey K. Actor, PhD, Department of Pathology and Laboratory Medicine, University of Texas Health Science
Center at Houston 6431 Fannin, MSB 2.214 Houston, TX 77030 (713) 500 - 5344 Fax: (713) 500 - 0730
Jeffrey. K. Actor@uth.tmc.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



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

1duasnuey Joyiny vd-HIN

Page 2

1. Introduction

Tuberculosis (TB) remains a significant global public health burden. There are
approximately 9.27 million new cases of this disease and nearly two million deaths each
year worldwide 1. Over 95% of drug-susceptible Mycobacterium tuberculosis (MTB) can be
cured with a four-drug regimen of isoniazid, rifampin, pyrazinamide, and ethambutol for
two months followed by four additional months of isoniazid and rifampin 2. However, the
lengthy, complex drug regimen required to treat TB is difficult to administer in the resource
poor countries that TB disproportionately affects. Furthermore, the efficacy of the available
drug regimen is threatened by the emergence of multi-drug resistant strains 1. The last major
advancement in TB therapeutics was made when rifampin was introduced in the 1960s 3.
Thus, there is considerable need to develop novel agents for the treatment of TB.
Enhancement of protective immune responses may represent a potential therapeutic
approach.

T helper cell type | (Th1) responses are critical for host defense against MTB 4. MTB
infection begins with uncontrolled growth of the TB bacilli within macrophages. An innate
granuloma forms due to the accumulation of alveolar and recruited systemic macrophages.
Dendritic cell presentation of TB antigens to naive CD4+ T-cells in the presence of 1L-12
generates a Th1 immune response °. Interferon-gamma (IFN-y) production by Th1 cells
activates macrophages, resulting in phagosome acidification, phagolysosome fusion, and
synthesis of reactive nitrogen species that kill MTB 4. CD4+ T-cells are also essential for the
generation of CD8+ cytotoxic T-cells that may play a role in control of disease

progression 4. Additional immune system responses are also likely important. For example,
a number of studies have highlighted the role of IL-17 in the immune response against

MTB -8, Specifically, early enhancement of IL-17 responses by use of an IL-23 producing
adenovirus during MTB infection resulted in decreased bacterial burden and reduced lung
pathology 9 10, Therefore, immunomodulatory agents useful in control of MTB infection are
expected to produce a strong Th1l response, and perhaps IL-17 mediated responses.

Modulation of immune-mediated pathology while preserving essential immune responses
may represent a novel therapeutic strategy for the treatment of TB. The immunocompetant
host responds to MTB infection by the formation of granulomas, which may prevent
dissemination of the bacilli 11. However, MTB within granulomas are protected from
immune-mediated killing due to the sequestration of infected macrophages from immune
effector cells 12, MTB within granulomas presumably adapt by conversion to a dormancy
phenotype that includes decreased replication and changes in biochemical pathways, making
the bacilli relatively resistant to the action of sterilizing antimicrobials 13- 14, Furthermore,
decreasing lung immunopathology may enhance antibiotic penetration in infected tissue,
thus promoting a faster response to delivered antimycobacterials 12: 15,

A number of studies suggest that lactoferrin has a number of immune modulating properties
that may be favorable to the host during MTB infection 16, Lactoferrin is an iron-binding
glycoprotein that is found in mucosal secretions and neutrophilic granules. It is also
considered as a basic component of innate immunity, and has the potential to modulate host
responses during MTB infection. Specific effects of lactoferrin include macrophage
activation, enhancement of phagocytosis, and augmentation of the delayed type
hypersensitivity response to a number of antigens 6. Importantly, lactoferrin enhances Thl
immune responses in a number of model systems, a response essential for host defense
against MTB 16-21_ Critical to the studies proposed here, lactoferrin has been shown to
protect against immune-mediated tissue damage. For example, mice treated with lactoferrin
had increased survival and decreased gut tissue destruction after LPS injection 22. This also
holds true for damage elicited by mycobacterial antigen TDM?23. Additionally, lactoferrin
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added to the BCG vaccine resulted in increased protection against an aerosol TB challenge,
with evidence of decreased lung damage 24,

These studies explored the ability of lactoferrin to modulate lung pathology during a mouse
model of MTB infection using a rapidly proliferating variant of MTB Erdman. We found
that lactoferrin added to the drinking water during MTB infection decreased organ bacterial
burden and lung immunopathology. Lung immune responses were explored to determine the
ability of lactoferrin to promote protective Thl and IL-17 mediated responses.

2. Materials and methods

2.1 Animals

Four week-old, female C57BL/6 mice were purchased from Jackson Laboratories. All
studies were conducted under the approval from the animal ethics committee at the UTHSC,
protocol AWC-08-050. Four to six mice were used per group, per time points indicated. All
MTB infections occurred in biosafety level 3 facilities.

2.2. Lactoferrin and MTB

Bovine-derived lactoferrin (15 — 20% iron saturated, <0.2 endotoxin units/mg) was supplied
by PharmaReview Corporation (Houston, TX). A rapidly-proliferating variant of MTB
Erdman (TMC 107, American Type Cell Culture) was cultured in Middlebrook 7H9 broth
with 10% supplement (5% bovine serum albumin, 2% dextrose, and 0.5% Tween 20 in
distilled water) to log phase. Pelleted bacteria were resuspended in phosphate buffered saline
(PBS) and diluted to 3 x 108 colony forming units (CFU) per ml using McFarland standards.
Bacteria were sonicated to disperse aggregates. The bacterial CFUs were confirmed by
plating serial dilutions on Middlebrook 7H11 agar plates (Remel, Lenexa, KS), which were
incubated at 37 °C for 3 — 4 weeks.

2.3. Acute tuberculosis infection of mice

MTB strain Erdman was cultured to log phase as described above. C57BL/6 mice were
infected using an aerosol inhalation exposure system (GLAS-COL Model #A4212 099c) to
achieve an aerosol implantation of 200 CFUs. The inoculation dose was confirmed by
sacrificing a subset of mice at day one post-challenge, and the lung bacterial load
determined by plating lung homogenates onto 7H11 agar plates. The mice were randomized
to either untreated controls or mice treated with lactoferrin at the start of infection to
determine the effect of lactoferrin prior to development of histopathology, or beginning 7
days later to evaluate the impact of lactoferrin on established infection. Lactoferrin was
administered in the drinking water at 5 mg/ml to give a dose of approximately 20-25 mg per
mouse, assuming mice drink 4-5 ml of water per day 22, as was done in prior studies of oral
lactoferrin-mediated immune modulation 26: 27, Mice were sacrificed at 1, 2, and 3 weeks
post-infection. The lung, spleen, and liver were aseptically removed, placed into 5 ml of
PBS, and homogenized. Serial dilutions of organ homogenates were plated onto
Middlebrook 7H11 agar plates and incubated for 3 — 4 weeks at 37 °C24,

2.4 Lung histopathology analysis

Lung tissue was fixed in 10% formalin and embedded in paraffin. Five um thick sections
were stained with hematoxylin and eosin by standard methods. Acid-fast staining was
performed by the Ziehl-Neelsen method. Twelve lungs from each group pooled from two
different experiments at three weeks post-challenge were randomly selected for
immunohistochemistry (IHC). Rat anti-mouse monoclonal antibodies (R&D Systems,
Minneapolis, MN) were used to detect CD4+ and CD8+ cells, using an anti-rat horseradish
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peroxidase 3,3’diaminobenzidine cell and tissue staining kit according to the manufacturer’s
instructions (R&D Systems).

All images of histopathology were obtained with the Nuance multispectral imaging system
(CRI, Woburn, MA). This technology allows quantification of cell types in defined regions
of pathology. The entire region of the immunostained lung was captured by a photographer
in a blinded manner using the 10x objective, and analyzed by an independent researcher.
Percentage occlusion was calculated by determining the fraction of open alveolar
compartment relative to total tissue area as outlined by software analysis of captured image
recognizing stained parenchyma. 10 to 12 lungs from each group were included in analysis,
with one to three representative slide from each mouse utilized. Enumeration of normal
lung, area percentages of macrophages and lymphocytes, and total number of CD4+ and
CD8+ cells was done using the tissue and cell segmenting abilities of Inform software (CRI)
as detailed by the manufacturer’s instructions.

2.5. Lung cytokine expression

Total lung RNA was isolated by homogenizing lung tissue in 1 ml of RNA-Bee (Tel-Test,
Friendswood, TX), followed by addition of 0.1 ml of chloroform (Sigma)28-30, The samples
were mixed, incubated on ice for 15 min, and centrifuged for 15 min at 13,000 rpm. The
supernatants were removed and placed into an equal volume of isopropanol for overnight
precipitation. The samples were centrifuged at 13,000 rpm for 15 min. The resulting RNA
pellets were washed with 75% ethanol and resuspended in water with 1 mM EDTA. cDNA
was generated and quantified by the Tagman assay as previously described 31. Data are
expregged as fold change expression relative to naive controls after normalization to -

actin °<.

2.6. Preparation of lung digests and ELISpot analysis

Lung tissue from infected mice was removed, minced, and incubated at 37°C with 30 pg/ml
DNAse (Roche Diagnostics, Mannheim, Germany) and 1 mg/ml type I collagenase
(Worthington Biochemical Corporation, Lakewood, NJ) for 60 min on a rotating shaker. The
lung digests were passed through a 40 pm filter (Fisher) followed by centrifugation at 1500
rpm. Red blood cells were lysed with ACK lysing buffer (Lonza, Walkersville, MD). The
cells were washed 2 times with PBS and counted. One hundred pl of lung digests or
splenocytes (2 x 10° cells) (see below) were examined for 1L-17 producing cells
(eBioscience, San Diego, CA) and CD4+ IFN-y cells (R&D Systems, Minneapolis, MN)
according to the manufacturer’s instructions.

2.7. Recall response to MTB antigens

Recall responses by splenocytes to heat-killed MTB was performed to evaluate lactoferrin
modulation of the systemic immune response to MTB. Spleens were harvested from infected
mice at the times points designated above. The tissues were minced using a glass
homogenizer. Red blood cells were lysed with ACK lysing buffer (Lonza), followed by
washing twice with PBS. Cells were resuspended in Dulbecco’s modified eagle’s medium
(DMEM) (Sigma, St. Louis, MO) supplemented with 10% FBS, 0.01% HEPES (Sigma),
and 0.01% L-arginine (Sigma), and plated into 24-well tissue culture plates at a
concentration of 2 x 108 cells/ml. Heat-killed MTB was added at a MOI of 10:1, generated
by autoclaving MTB suspended in 1xPBS at 121°C for 10 mins. Subsets of cells were
stimulated with 2 ug/ml conA or 10 ng/ml LPS as controls. Supernatants were collected at
72 hours post-stimulation, filtered with a 2 um filter, and analyzed by ELISA for IL-17,
IFN-y, IL-10, IL-12p40, TNF-q, IL-6, and TGF-B (R&D Systems).
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2.8. Proliferation of MTB in broth and macrophage culture in the presence of lactoferrin

MTB were grown in 7H9 broth alone, with 100 ug/ml lactoferrin, or with 1 mg/ml of
lactoferrin. Bacteria were sonicated every 4 hours, the ODgqq obtained, and serial dilutions
plated on 7H11 agar plates. Plates were incubated at 37 °C for 3 — 4 weeks.

For proliferation studies in macrophages, the J774A.1 (ATCC TIB-67) cell line was cultured
in antibiotic-free DMEM with 2% FBS in 24-well tissue culture plates at a concentration of
5 x 10° cells/ml. MTB Erdman were added at a MOI of 1:1. Subsets of cells were given
combinations of 10 ng/ml recombinant IFN-y (Cell Sciences, Canton, MA), 100 pg/ml
lactoferrin, and 1 mM of the NO synthetase inhibitor N-mono-methyl-arginine (Sigma). The
cells were lysed every 48 hours with 0.05% SDS, neutralized with 15% bovine serum
albumin (Sigma), and the lysates plated onto 7H11 agar plates. The cell supernatants were
also removed, filtered with a 0.2 um filter and examined for IL-6, TNF-a, 1L-12p40, and
TGF-B production by ELISA (R&D Systems). Production of NO was assessed by the Griess
reaction as previously described 33, Briefly, 50 pl of the culture supernatants were mixed
with 50 pl of Griess reagent (1% sulfanilamide and 0.1% naphthyl-ethylenediamine
dihydrochloride in 1 N HCL). The optical density at 550 nm was determined. NaNO, was
used to produce a standard curve.

2.9. Statistics

3. Results

The data are shown as the mean + SD, with the exception of standard error analysis for
Figure 1 growth curves from tissue. Two-way ANOVA was used to determine the
differences between groups by use of GraphPad Prism software (GraphPad Software, Inc.,
La Jolla, CA). A p-value of less than 0.05 was defined as statistically significant.

3.1. Oral Lactoferrin treatment decreases bacterial burden in a mouse model of MTB

infection

Bacterial CFUs in the lung are shown in Figure 1. Specifically, control mice administered
tap water had lung log,g CFUs of 2.5 £ 0.7 at week 1, 6.6 + 0.9 at week 2, and 7.5 = 0.3 at
week 3. In comparison, the mice treated with lactoferrin at the start of infection had
significantly fewer lung CFUs at week 2 (5.0 £ 1.4) and week 3 (6.4 =+ 0.7). Mice treated
with lactoferrin beginning at day 7 after established infection at day 7 had significantly
reduced lung CFUs at week 3 (6.5 £ 0.4). Bacterial growth in the spleen was not observed
until week 2 and was not significantly different between the two groups (data not shown).
Mice treated with lactoferrin at day 0 had significantly reduced liver CFUs at weeks 1 and 3
compared to control mice while mice given lactoferrin at day 7 had significantly decreased
liver bacterial loads only at week 3 (hot shown).

3.2. Lactoferrin reduces MTB induced lung immunopathology

Lung tissue was performed by the Zhiel-Neelsen method (Figure 2A&B) and by
hematoxylin and eosin staining (Figure 2C — F). Control mice administered tap water had
numerous acid-fast bacilli in the lung at three weeks post-challenge. However, mice treated
with lactoferrin had markedly fewer organisms visible on acid-fast staining in regions with
comparable histopathology. Control mice given tap water have severe inflammation with
nearly complete lung occlusion and large areas of pulmonary edema (Table 1 and Figure
2C). High power images demonstrate a predominance of macrophages, cellular debris, and
tissue beginning to undergo necrosis (Figure 2D). Few areas of lymphocytes were observed,
with relatively few CD4+ and CD8+ cells visualized with IHC (Table 1).
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In contrast, mice treated with lactoferrin had significantly reduced lung occlusion compared
to control mice (Figure 4E and Table 1). There was significantly decreased overall lung
inflammation, less pulmonary edema and occluded vasculature, and reduced areas of
macrophages in mice started on lactoferrin at day 0 and day 7 post-infection. Clusters of
lymphocytes were frequently observed (Figure 2E). The majority of the lymphocytes were
CDA4+ cells; abundant CD8+ cells were observed as well (Table 1).

3.3. Lactoferrin enhances IFN-y mediated killing of MTB and modulates cytokine
production in macrophage culture

Studies were undertaken to determine if lactoferrin has a direct effect on MTB proliferation.
The results of lactoferrin’s effect on MTB growth in broth culture are shown in Figure 3A.
A physiologic concentration of lactoferrin (100 pg/ml) did not alter the growth of MTB in
7H9 broth using either the ODggg or CFUs. Only a very high, non-physiologic concentration
(Img/ml) had a slight inhibitory effect on MTB growth, possibly due to iron sequestration.

MTB proliferation with or without lactoferrin in macrophage culture was also assessed
(Figure 3B). Lactoferrin alone did not affect MTB growth in naive J774 cells. However,
there was enhanced early killing when lactoferrin was used in combination with IFN-y. This
effect is possibly mediated by NO, as macrophages given the combination of lactoferrin and
IFN-y produced significantly more NO compared to control and activated macrophages
(Figure 4A). The addition of the NO synthetase inhibitor N-mono-methyl-arginine abolished
the enhanced MTB killing effect of lactoferrin and IFN-y (Figure 4B).

Lactoferrin modulated cytokine production from infected macrophages (Figure 5). There
was significantly increased TNF-a production when lactoferrin was added to macrophages
activated with IFN-y (data not shown). Of potential importance, lactoferrin significantly
increased 1L-12p40 production, a cytokine of critical importance for the induction of Thl
responses 34 35, TGF-pB synthesis was also significantly increased, a cytokine that has a
number of regulatory functions 6.

3.4. Lactoferrin modulates lung cytokine expression in MTB infected mice

Lung cytokine expression of TNF-a, IL-6, IL-12p40, TGF-B, IL-10, IFN-y, and IL-17 was
evaluated by Tagman gPCR (Figures 6). Control mice increased expression of all cytokines
over the three-week time course, with the exception of 1L-12p40 expression that peaked at
week 2. Lactoferrin administered both at day 0 and day 7 post-challenge significantly
decreased expression of the proinflammatory cytokine IL-6. IL-10, a cytokine with
inhibitory actions on cell-mediated immunity, was also decreased by lactoferrin treatment.
There was a non-significant trend towards increased IFN-y expression in the lactoferrin
treated mice. IL-17 expression was significantly increased by lactoferrin treatment. There
were no significant differences in lung expression of TNF-a, 1L-12p40, or TGF-p between
control and lactoferrin treated mice.

3.5. Increased Thl and IL-17 producing cells in the lung and spleens of lactoferrin treated

mice

Lung and spleen homogenates were examined for CD4+ IFN-y + and IL-17 producing cells
by ELISpot analysis (Figure 7). The numbers of CD4+ IFN-y+ cells in the lungs were
increased at week 3 in all groups examined, but significantly greater in the lactoferrin
treatment groups. CD4+ IFN-y+ cells in the spleen were not significantly different between
the groups (data not shown). IL-17 producing cells were also evaluated (Figure 7). The total
number of IL-17+ cells increased in the lungs over the three-week observation period. There
were significantly increased levels of IL-17 producing cells in the lung at week 2 in the
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lactoferrin treated mice. The spleen had relatively few IL-17 producing cells, with no
significant differences between the groups (data not shown).

3.6. MTB-specific responses by splenocytes are altered by lactoferrin treatment

Splenocytes from control and lactoferrin treated mice were isolated and stimulated with
heat-killed MTB for 72 hours. Supernatant TNF-a, IL-6, IL-12p40, TGF-$, IL-10, IFN-y,
and IL-17 levels were measured. Splenocytes from both lactoferrin treatment groups had
significantly elevated IL-12p40 at week 2; levels were 434 pg/ml for lactoferrin given at day
0 and 462 pg/ml when given at day 7, compared to 236 pg/ml for control infected mice.
There was also significant IFN-y production at week 3; 2289 pg/ml for lactoferrin given at
day 0 and 2408 pg/ml when given at day 7, compared to 1677 pg/ml for control infection
splenic recall response. The mice given lactoferrin at day 7 after infection also had increased
TNF-a and IL-10 at week 3 and no differences in splenocyte synthesis of IL-6, TGF-p, or
IL-17 in response to heat-killed MTB (not shown).

4. Discussion

TB continues to be a major cause of morbidity and mortality due to infectious diseases.
Treatment of this disease requires 6 — 9 months of anti-TB chemotherapy that is difficult to
administer in the regions of the world that have the highest burden of TB cases. Thus, there
is a considerable need to develop novel agents for the treatment of TB both to shorten the
treatment time and combat the emergence of drug resistant organisms. Increasing evidence
suggests that immune modulating therapies that target granulomas and enhance protective
immune responses may be useful as adjunct therapeutics for the treatment of TB 12,

Early innate events are critical towards development of the protective niche required for the
organism’s survival within the host. MTB has several molecules with innate
immunostimulatory activity, making use of ligands for the toll-like receptors, C-type lectins,
and NOD-like receptors (intracellular pattern recognition receptors) to trigger host

events3’: 38, Cytokines, such as TNF-o and induced chemokines are critical for development
of the granulomatous response3% 49, Lactoferrin, a mediator of local and systemic responses
during infectious assault16: 22. 41 was hypothesized to play a role in modulation of innate
host responses during MTB infection. Indeed, it has shown to be effective to alter
macrophage responses to both MTB and to BCG1": 20, and augment the development of
MTB-specific delayed type hypersensitivity2l: 42,

Lactoferrin treated mice demonstrated a decrease in lung bacterial CFUs and a reduction in
bacterial dissemination to the liver. These favorable effects were evident even when the
mice were treated one week post-infection, indicating that lactoferrin has the potential as a
novel agent for the treatment of TB. This decrease in bacterial burden is not likely due to a
direct effect of lactoferrin on MTB because physiologic concentrations of lactoferrin did not
alter MTB proliferation in either broth or macrophage culture. Thus, we hypothesize that the
mechanism of bacterial reduction is due to immune modulation. Indeed, mice treated with
oral lactoferrin had higher numbers of Th1 cells in the lung at three weeks after infection.
Lactoferrin has been shown to increase cell-mediated immune responses in a number of
infectious disease models 16: 43, Enhancement of antigen presenting cell activity is one
potential mechanism by which lactoferrin may promote Th1l responses. Lactoferrin
increased expression of MHC Il and the CD86:CD8O0 ratio in BCG-infected macrophages
and dendritic cells, and resulted in increased production of IFN-y from overlaid CD3+ and
CD4+ cells compared to cells cultured without lactoferrin 17: 20. 44, |_actoferrin may also
enhance Th1 responses by modulation of antigen presenting cell cytokine production 4°.
Lactoferrin was demonstrated to increase production of IL-12 in a number of

studies 17: 20,42, 44,46 jncluding the data presented here. IL-12 is an essential cytokine for
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induction of IFN-y from naive T-cells and enhancing production from mature Thl

cells 34 35, Furthermore, lactoferrin appeared to enhance IFN-y mediated bacterial killing in
macrophage culture; this effect is possibly due to enhancement of NO production. Other
studies have reported increased NO production by lactoferrin, both in macrophage culture
and in vivo 47- 48, IFN-y induced NO synthesis by macrophages is considered a crucial
antimycobacterial activity 4. Thus, we hypothesize that a major mechanism of lactoferrin’s
favorable effect during MTB infection is the generation of IFN-y producing cells; IFN-y in
turn acts synergistically with lactoferrin to enhance macrophage killing of MTB, possibly
through NO production.

Lactoferrin increased IL-17 producing cells in the lung in addition to enhancement of IFN-y
mediated responses. To our knowledge, this is the first report of lactoferrin modulation of
IL-17 responses. Several studies suggest that IL-17 synthesizing cells may play an important
role in MTB host defense 6-8. Early enhancement of I1L-17 responses by use of an 1L-23
producing adenovirus during MTB infection resulted in decreased bacterial burden and
reduced lung pathology 9. Thus, an early increase in IL-17 responses in the lactoferrin
treated mice may have contributed to the reduction in bacterial CFUs and lung
histopathology. The mechanisms by which IL-17 may be protective during MTB challenge
include augmentation of bacterial killing by enhancement of IFN-y responses that activate
macrophages, direct stimulation of phagocytic cells, recruitment of neutrophils, and
increasing expression of antimicrobial peptides that have activity against MTB 9 50,

Mice treated with lactoferrin had a marked reduction in lung immunopathology in addition
to a decrease in bacterial CFUs. Modulation of MTB-induced inflammatory pathology has
been proposed as a mechanism to decrease the treatment time for TB 12, an approach
successfully used in animal studies and human clinical trials. For example, the TNF-a
reducer thalidomide used in combination with anti-TB antibiotics reduced mortality, brain
pathology, and leukocytosis in a rabbit model of TB meningitis compared to anti-TB
chemotherapy alone ®1. A clinical trial exploring the combination of etanercept, a soluble
TNF-a receptor, with TB antibiotics in patients co-infected with HIV and TB reported
increased bacterial clearance and improved chest-rays with the combination therapy 52. A
second clinical trial in individuals with HIV and TB demonstrated a higher rate of sputum
culture conversion when high dose prednisolone was used as the immunomodulator in
conjunction with TB antimicrobial chemotherapy 53. In addition to an overall reduction in
lung pathology, lactoferrin-treated mice had a decreased percentage of macrophages, an
increased percentage of lymphocytes, and increased numbers of CD4+ and CD8+ cells,
suggesting an increase in immune cells with protective effects during MTB infection.

In light of the increased emergence of drug resistant organisms and the increasing incidence
of TB, it is essential to develop new agents for the treatment of TB. It is noteworthy that
lactoferrin reduced bacterial burden, accompanied by an increase in certain proinflammatory
responses while decreasing overall lung immunopathology. Lactoferrin has a number of
advantages over the current immunomodulators in use because it does not suppress the
immune system and has a proven safety record in a number of animal models and human
clinical trials 5457, These investigations indicate that lactoferrin has potential as a novel
therapeutic for the treatment of TB.
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Figure 1. Decreased lung bacterial burden in lactoferrin treated mice

Mice treated with lactoferrin starting at day 0 had significantly reduced bacterial burden in
the lung at weeks 2 and 3 post-challenge compared to mice given tap water. Mice started on
lactoferrin at day 7 had significantly decreased lung CFUs at week 3. Data are presented as
the mean and SEM, n = 6 mice per group, per time point. *p < 0.05 with comparisons to
control mice.
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Figure 2. Reduced lung histopathology in lactoferrin treated mice

A. Acid-fast staining in control mice three weeks post-infection demonstrates numerous
acid-fast bacilli. B. A similar region of histopathology in mice given lactoferrin at day 0
shows markedly fewer bacteria. C. Control mice demonstrate nearly complete lung
occlusion, 40X. D. High power image from control mice shows large numbers of
macrophages, edema, and cellular debris, 400X. E. Mice treated with lactoferrin have
significantly less areas of inflammation and occlusion, 40X. F. Mice treated with lactoferrin
have clusters of lymphocytes, fewer areas of foamy macrophages, and less edema, 400X;
representative histopathology shown. n = 6 mice per group.
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Figure 3. MTB proliferation in broth and macrophage culture in the presence of lactoferrin

A. MTB were grown in 7H9 broth alone, with 100 ug/ml lactoferrin, or 1 mg/ml lactoferrin.
The OD600 values and bacterial CFUs both show that physiologic concentrations of
lactoferrin (100 ug/ml) do not alter MTB growth. Only very high, non-physiologic
concentrations of lactoferrin have a slight impact of MTB growth. B. J774 macrophages
were cultured in DMEM, infected with MTB at a MOI of 1:1, and treated with various
combinations of lactoferrin and IFN- y. Lactoferrin alone did not impact MTB proliferation
in macrophages. However, there was enhanced early killing by the combination of
lactoferrin and IFN-y .
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Figure 4. Lactoferrin enhances IFN- y mediated NO production

A. NO production was measured in the supernatants from infected J774 cells using the
Griess reaction. Macrophages treated with the combination of lactoferrin and IFN-y had
markedly enhanced NO production. * p < 0.05, with comparison to control macrophages. **
p < 0.05 with comparison to control macrophages activated with IFN-y . B Macrophages.
were treated with 1mM of the nitric oxide synthase inhibitor n-monomethyl-l-arginine
(NMMA) with various combinations of 100 pg/ml lactoferrin (LF) and 10 ng/ml IFN-y .
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Figure 5. Lactoferrin modulates cytokine production by infected macrophages

J774 cells were cultured in DMEM, infected with MTB at a MOI of 1:1, and treated with
various combinations of 100 pug/ml lactoferrin and 10 ng/ml IFN-y . Supernatants were
collected at the indicated time points, filtered with a 0.2 um filter, and analyzed for
IL-12p40 and TGF-B by ELISA. * p < 0.05 with comparisons to control macrophages.
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Figure 6. Lung expression of proinflammatory mediators in MTB-infected mice treated with

lactoferrin

Expression of TNF-a, IL-6, IL-12p40, TGF-B, IL-10, IFN-y, and IL-17 mRNA was
quantified in the lung in mice challenged with MTB and treated with or without lactoferrin.
Data are expressed as fold change relative to naive mice after normalization to B-actin. Data
are presented as the mean with SD, n = 6 mice per group, per time point. * p < 0.05,
comparisons are made to control mice.
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Figure 7. CD4+ IFN-y + and IL-17 producing cells in the lung of control and lactoferrin treated
mice

Lung digests were incubated with heat-killed MTB for 48 hours. CD4+ IFN-y + and IL-17
producing cells were enumerated by ELISpot analysis. Comparisons made to control mice, n
= 4 mice per group per time point. * p < 0.05.
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Lactoferrin decreases lung immunopathology during MTB infection

Table 1

Control LF at day 0 LF at day 7
% lung occlusion 89.4+48 *71.6 +6.0 *79.0+ 1.8
% macrophages 79.5+115 *33.0+16.8 *523+8.3
% lymphocytes 4156 *226+7.4 *25.9+8.1

CD4+ lymphocytes 1753 +292.6  *1425.0 + 589.0

CD8+ Iymphocytes 30.0+27.3 *3792 +237.3

*1843 £ 511.1

*598.8 + 488.3

*
p< 0.05 compared to control mice
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