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Abstract

The growth and virulence of Mycobacterium tuberculosis depends on its ability to scavenge host
iron, an essential and limited micronutrient in vivo. In this study we show that ferric iron accumulates
both intra- and extra-cellularly in the primary lung lesions of guinea pigs aerosol-infected with the
H37Rv strain of Mycobacterium tuberculosis. Iron accumulated within macrophages at the periphery
of the primary granulomatous lesions while extra-cellular ferric iron was concentrated in areas of
lesion necrosis. Accumulation of iron within primary lesions was preceded by an increase in
expression of heavy chain (H) ferritin, lactoferrin and receptors for transferrin, primarily by
macrophages and granulocytes. The increased expression of intra-cellular H ferritin and extra-
cellular lactoferrin, more so than transferrin receptor, paralleled the development of necrosis within
primary lesions. The deposition of extra-cellular ferric iron within necrotic foci coincided with the
accumulation of calcium and phosphorus and other cations in the form of dystrophic calcification.
Primary lung lesions from guinea pigs vaccinated with Mycobactrium bovis BCG prior to
experimental infection, had reduced iron accumulation as well as H ferritin, lactoferrin and transferrin
receptor expression. The amelioration of primary lesion necrosis and dystrophic calcification by BCG
vaccination was coincident with the lack of extra-cellular ferric iron and lactoferrin accumulation.
These data demonstrate that BCG vaccination ameliorates primary lesion necrosis, dystrophic
mineralization and iron accumulation, in part by down-regulating the expression of macrophage H
ferritin, lactoferrin and transferrin receptors, in vivo.
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INTRODUCTION

Mycobacterium tuberculosis (M. tuberculosis), the causative agent of human tuberculosis, is
an intracellular pathogen that is spread primarily between individuals by aerosolized
respiratory secretions. The initial foci of mixed inflammation that develop in the lung following
aerosol exposure are called primary lesions (1-4). A clinical and pathologic feature that
characterizes tuberculosis lesions resulting from primary infection is calcifiation of granulomas
of the lung and draining lymph node which often appear on chest radiographs as discrete
mineralized densities (5). Dystrophic calcification replaces foci of necrosis which represents
irreversible tissue damage that can persist for the life of the patient. The importance of these
lesions is that in some cases, they may harbor small numbers of viable but dormant bacilli that
may serve as the source of reactivation tuberculosis during times of lowered host resistance
(4-7). While well organized or calcified granulomas may prevent bacilli from spreading from
the initial site of infection, they may also represent a functional or mechanical barrier to both
immune effector cells and penetration by sterilizing concentrations of anti-tuberculosis drugs
(4,6-9).

Like in humans, the morphogenesis of primary lesions in immunologically naive guinea pigs
infected with M. tuberculosis, progresses from small foci of mixed inflammation to lesions
that develop central necrosis and dystrophic calcification (6,8-12). Vaccination of guinea pigs
with Mycobacterium bovis BCG (BCG) prior to aerosol infection results in delayed
development of primary lesions that are generally smaller and rarely develop necrosis and
dystrophic calcification (6,12,13). The morphologic differences between the primary lesions
from BCG-vaccinated and non-vaccinated guinea pigs therefore, affords the unique
opportunity to not only study the mechanisms of action of BCG, but to better understand the
progression and pathogenesis of the primary lesions of tuberculosis.

Dystrophic calcification is a pathologic process that involves the intra- and extra-cellular
precipitation of calcium phosphate in areas of tissue necrosis (14-17). The hydroxyapatite
mineral complex that forms is similar to that found in bones and teeth and develops following
initiation (or nucleation) and progresses by a process referred to as propagation. The initiation
of intra-cellular calcification occurs with the influx of calcium within mitochondria of dead or
dying cells, whereas extra-cellular phospholipid vesicles from cytoplasmic membranes or
organelles of dying cells can serve as the nidus for extra-cellular calcification (18,19). Of
particular importance in the context of the current study is that extra-cellular but not intra-
cellular iron has also been shown to serve as an initiator of dystrophic calcification (20).

Iron is a micronutrient required by essentially all living organisms, since it is structurally
incorporated into a wide variety of proteins that are crucial for normal metabolic processes,
including cell respiration, growth and DNA synthesis (21,22). Macrophages throughout the
body play an important role in iron metabolism through the ability to store and release iron at
times of excess and deficiency, respectively (23,24). Through protein binding, iron is rendered
non-toxic and the in vivo availability to infectious pathogens is limited (25). Non-protein bound
or free iron is extremely toxic causing cytotoxicity through the formation of reactive oxygen
species and so is transported and stored by the host iron-binding proteins transferrin, ferritin,
and lactoferrin respectively (26-29).

M. tuberculosis, like other pathogenic bacteria have evolved complex mechanisms to scavenge
host iron even intra-cellularly from macrophages which are considered the first line of defense
following infection. M. tuberculosis scavenges iron through the production and secretion of
iron chelating siderophores (30,31). Much of the understanding of the role of iron in the growth
and virulence of M. tuberculosis has come primarily from in vitro studies (32-35). Less is
known about the competition between host and pathogen for iron in vivo and what role iron
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metabolism plays in the pathogenesis of tuberculosis (36,37). Moreover, the mechanisms and
significance of dystrophic calcification in primary lesions of human tuberculosis is poorly
understood and thus warrants further study through the use of appropriate animal models.

In this study using the guinea pig model of tuberculosis, we show that extra-cellular ferric iron
accumulates within foci of necrosis in primary lesions coincident with the development of
dystrophic calcification. The accumulation of iron within primary lesions was preceded by the
expression of transferrin receptors (CD71), H ferritin and lactoferrin by macrophages and
granulocytes, which was ameliorated by BCG vaccination. These in vivo data corroborate in
vitro findings and supports the hypothesis that iron metabolism by macrophages is reflective
of activation status and in part, determines resistance to M. tuberculosis infection.

MATERIALS AND METHODS

Experimental animals

Specific pathogen-free albino Hartley-strain guinea pigs (Charles River Breeding Laboratories,
Inc., Wilmington, MA) were randomly assigned to a vaccination treatment group and were
housed individually or in pairs in HEPA filtered cages with separate ventilation and held under
barrier conditions in a biosaftey level I11 animal laboratory. Animals were provided commercial
chow in stainless-steel feeders and tap water ad libitum. The guinea pigs were maintained in
atemperature- and humidity-controlled environment and exposed to a 12-hour light/dark cycle.
All procedures were reviewed and approved by the Colorado State University Institutional
Animal Care and Use Committee.

Aerosol infection

Mycobacterium tuberculosis H37Rv strain (TMC#102; Trudeau Institute, Saranac Lake, NY)
was grown in Proskauer-Beck liquid medium containing 0.05% Tween 80 to mid-log phase,
aliquoted, and frozen at —80°C until used for infection (MRL Laboratories, Colorado State
University). A thawed aliquot of M. tuberculosis was diluted in sterile water to 108 CFU/ml
for a total working stock volume of 20 ml. Guinea pigs (approximately 9 months of age) from
each treatment group were aerosolized using the Madison infection chamber (University of
Wisconsin Machine Shop, Madison, WI) with a starting volume of 15 ml of working stock.
The estimated retention of mycobacteria was between 25 and 30 CFU/guinea pig as judged by
enumerating primary pulmonary lesions in non-vaccinated guinea pigs at five weeks post-
infection (38). Non-infected controls were aerosolized with sterile water only.

BCG vaccination

Guinea pigs were vaccinated with 1 x 10* Mycobacterium bovis (BCG, strain Pasteur) or mock
vaccinated with saline, intra-dermally 4 weeks prior to aerosol exposure to M. tuberculosis.

Euthanasia and sample collection

At intervals of 5, 10, 15, 20, 30 and 60 days post-infection, guinea pigs were euthanized
humanely by an overdose (1 ml per 0.75 kg body weight) of sodium pentobarbital (Sleepaway;
Fort Dodge Laboratories Inc.) by intraperitoneal injection. Following euthanasia, the left
pulmonary lobes were infused in situ with 5 ml of 4% paraformaldehyde for 48 hours and
stored in 70% ethanol. At the time of processing, all tissues were embedded in paraffin,
sectioned at 5 um, and stained with hematoxylin and eosin (H&E), Pearl's Prussian blue for
ferric iron, Turnball's for ferrous iron or VVon Kossa's for calcium.
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Immunohistochemistry

Paraffin sections, 5—6 um, of lung and tracheobronchial lymph nodes were deparaffinized,
rehydrated and subjected to antigen retrieval by incubation in Target Retrieval solution, pH
9.0 (DAKO, Carpentaria, CA) for 25 min at 90° C, followed by a 20 min cooling period at
room temperature. The sections were then treated with 0.3% hydrogen peroxide in water for
15 min to quench endogenous peroxidase activity. Following a rinse in Tris buffered saline
with 1% Tween-20 (TTBS), the slides were subjected to two blocking steps: (i) 15 min
incubation with 0.15 mM glycine in PBS, and 30 min incubation with 1% normal horse serum
with a rinse in TTBS in between. The slides were then incubated with rabbit polyclonal
antibody to H ferritin (Novus Biologicals, Inc., Littleton, CO) at 1:500 dilution in blocking
buffer or with rabbit polyclonal antibody to lactoferrin at 1:300 dilution (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA) for 2 hours at room temperature, or with goat polyclonal
antibody specific for CD71 (Santa Cruz Biotechnology) at a 1:20 dilution overnight at 4° C,
followed by several rinses in TBSS. The cross-reactivity of primary antibodies against guinea
pig H ferritin, lactoferrin and CD71 was confirmed by western blot analysis of extracts of
isolated guinea pig alveolar macrophages and the human monomyelocytic cell line THP-1 cells
(data not shown). This was followed by 30 min incubation with biotinylated goat-anti rabbit-
IgG (Vector Laboratories) or alkaline-phosphatase conjugated donkey anti-goat-1gG (Santa
Cruz Biotechnology), and visualization of bound antibody by the ABC-method (Vectastain;
Vector Laboratories) and diaminobenzidine for H ferritin and transferrin, and with BCIP/NBT-
substrate (Dako; Carpentaria, CA) for CD71. The sections were counterstained with Meyer's
hematoxylene (Scytek Laboratories; Logan, Utah), mounted with coverslips, and examined on
an Olympus BX41 light microscope. Photomicrographs were acquired with an Olympus Q-
Color 3 camera and associated computer software. The number of positive cells were scored
as follows: 1 = scattered, rare positive cells, 2 = small numbers, often clustered, of positive
cells, 3 = moderate numbers of positive cells, 4 = large numbers of positive cells.

Tissue Analyses

Statistics

RESULTS

Grossly visible primary lung lesions for chemical analysis were dissected from
paraformaldehyde fixed lungs of BCG- or sham-vaccinated guinea pigs. Random sections of
paraformaldehyde fixed lung from non-infected animals were used as negative controls.
Tissues were dried overnight in a drying oven at ~ 85°C, weighed, and ashed overnight in a
muffle furnace at ~600°C. The ashed samples were allowed to cool, and then dissolved in nitric
acid. The solutions were sonicated to complete dissolution. The resulting acid solution was
diluted with deionized water for copper, iron and zinc analyses, and diluted with 5% lanthanum
oxide for calcium and magnesium analyses. Calcium, copper, iron, magnesium and zinc
concentrations were determined via flame atomic absorption spectrophotometry. The
concentration of phosphorus was determined by reacting the acid solution with ammonium
molybdate and measuring the absorbancies using UV/VIS spectrophotometry. All tissue
concentrations were reported as parts per million (PPM) on a dry weight basis.

Results are expressed as mean = standard deviation (SD). A statistical software package
(Graphpad® Prizim 4.02, San Diego, CA) was used for data analysis and graphics. Differences
between groups were compared by two-way analysis of variance. Bonferroni post-test was
used to assess differences within and between treatment groups. The values of P <0.05 (*), P
<0.001 (**) were considered significant.

The morphogenesis of the primary lung lesions of naive guinea pigs experimentally infected
with M. tuberculosis by low-dose aerosol notably differs from primary lesions in BCG
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vaccinated guinea pigs (6,12,13). The stains Pearl's Prussian blue for ferric iron, Turnball's
stain for ferrous iron (data not shown) and VVon Kossa's stain for calcium were used to compare
the accumulation of iron and calcium within the primary lung lesions of sham-vaccinated and
BCG-vaccinated guinea pigs prior to low dose aerosol challenge. At 30 days post-infection in
sham-vaccinated guinea pigs, neither ferric iron nor calcium was evident within early primary
lesions with acute inflammation and central necrosis (data not shown). However, the
accumulation of intra- and extra-cellular ferric iron and calcium occurred between 30 and 60
days post-infection (FIG. 1). Primary lesions of sham-vaccinated guinea pigs at 60 days post-
infection had punctuate extra-cellular deposits of ferric iron (arrows, FIG. 1 A, inset) and
calcium (arrows, FIG. 1B) mixed with necrotic debris. Dead or degenerate cells within necrotic
lesions had diffuse cytoplasmic calcification, often with intact cytoplasmic margins
(arrowheads, FIG. 1B). As lesions progressed, ferric iron accumulated intra-cellularly in
macrophages within the cell rich periphery of primary lesions (white arrow FIG. 1C) or was
incorporated into central foci of dystrophic calcification and concentrated at the periphery of
the calcified lesion at the interface with the acellular but non-mineralized zone of the lesion
(black arrow, FIG. 1C). More organized lesions had diffuse calcification of necrotic debris that
was well delineated from the cellular and acellular zones of the lesion (arrow FIG. 1D). In
contrast, the primary lesions in BCG vaccinated animals (FIG. 3) had neither intra-cellular nor
extra-cellular iron accumulation at 60 days post infection (FIG. 1 E and F). Only intra-cellular
ferric iron was evident at 60 days post-infection with no evidence of extra-cellular iron
accumulation (FIG. 1 F). The lack of extra-cellular iron accumulation paralleled the lack of
central necrosis and mineralization (FIG. 1 E and F).

Dystrophic calcification consists predominately of calcium phosphate, but includes a complex
mixture of elements. To determine what effect BCG vaccination had on elements of
mineralized lesions, we analyzed isolated primary lung lesions from M. tuberculosis infected
guinea pigs for calcium, phosphorus, iron, magnesium, copper and zinc in sham-vaccinated
and BCG vaccinate animals. The difference in the progressive accumulation dystrophic
calcification seen histologically in lesions from M. tuberculosis infected guinea pigs was
reflected by the concentration of mineral deposits in isolated primary lung lesions (FIG. 2). At
day 30 of infection, the concentration of calcium and phosphorus in primary lesions from sham-
and BCG-vaccinated animals was not different from controls, but concentrations increased
significantly in sham-vaccinated animals by 60 days (FIG. 2 A, B). Iron concentrations in
primary lesions from BCG -vaccinated animals were increased above sham-vaccinated and
normal controls at 30 days of infection, but decreased to control levels by day 60 (FIG. 4 C).
Similar to total calcium, phosphorus and iron, magnesium concentrations in isolated primary
lesions from sham vaccinated animals increased significantly above those of non-infected
controls and those from BCG-vaccinated animals (data not shown). Copper and zinc
concentrations were also measured in primary lesions but did not vary significantly over time
between sham-vaccinated, BCG-vaccinated or non-infected controls (data not shown).

Limiting intracellular iron availability is one mechanism by which activated macrophages
control the growth of M. tuberculosis (39). We therefore used immunohistochemistry to
determine what effect BCG vaccination had on the macrophage expression of transferrin
receptor (CD71), H ferritin and lactoferrin in vivo. Macrophages within lesions were identified
for the presence of lysozyme by immunohistochemistry (data not shown). The significant
increase in ferritin expression in sham-vaccinated animals paralleled the peak of necrosis seen
histologically. Macrophage H ferritin expression increased significantly from 30 to 60 days of
infection within primary lung lesions from sham-vaccinated guinea pigs infected with M.
tuberculosis (FIG. 3 A, C). Ferritin accumulated intra-cellularly in macrophages that encircled
the necrotic centers of the lesion in sham-vaccinated animals (FIG. 3 A, C). The variable
expression of H ferritin seen in BCG-vaccinated animals reflects occasional primary lesions
that show non-progressive necrosis. The expression of H ferritin in lesions from BCG-
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vaccinated animals was delayed such that it was first seen at 30 days of infection (FIG. 3B, E).
By 60 days (FIG. 3D, E) the total number of cells expressing H ferritin in the BCG- and sham-
vaccinated animals was increased but differences between the groups were not statistically
different (FIG. 3E).

Macrophages encircling necrotic centers in sham-vaccinated guinea pigs expressed transferrin
receptor in a pattern similar to that of H ferritin (FIG. 4A, C). In the early stages of infection,
the total expression of macrophage transferrin receptor was significantly increased in BCG-
vaccinated animals compared to sham-vaccinated controls (FIG 4E). In BCG-vaccinated
animals where necrosis was rare, transferrin receptor expression was more diffusely distributed
within the primary lesions (FIG. 4B, D). The expression of transferrin receptor was seen in
primary lesions as early as 5 days post-infection (FIG. 4 E). The increase in the number of total
cells expressing transferrin receptor was progressive in both BCG- and sham-vaccinated
animals. While BCG-vaccinated animals had the greatest expression early following aerosol
challenge, differences compared to sham-vaccinated controls were not statistically different.
Despite the amelioration of transferrin receptor expression within individual primary lesions
in BCG-vaccinated animals, the mean scores between BCG- and sham-vaccinated animals
were not statistically different at days 30 and 60 of infection.

Lactoferrin expression varied significantly between sham-vaccinated and BCG vaccinated
guinea pigs. In non-vaccinated animals the expression of lactoferrin was most prominent extra-
cellularly in the necrotic centers while the surrounding macrophages expressed no or only low
levels of this iron-binding protein (FIG. 5A). In contrast, in BCG-vaccinated animals
macrophages expressed relatively high levels of lactoferrin with a distribution similar to that
of the other two iron-binding proteins (FIG. 5B). Similar to transferrin receptor expression, the
highest intra-cellular lactoferrin expression was first evident in BCG vaccinated animals which
was seen as early as 5 days of infection. Expression of lactoferrin in sham-vaccinated animals
was not significant until day 20 of infection and then was extra-cellular within foci of early
necrosis that was progressive to day 60.

DISCUSSION

In this study we examined the temporal relationship between the accumulation of extra-cellular
iron and calcification in the primary lesions of guinea pigs infected with M. tuberculosis. We
exploited the morphologic differences between the primary lesions in BCG-vaccinated and
non-vaccinated guinea pigs to better understand the mechanisms of action of BCG in vivo and
the pathogenesis of dystrophic calcification of primary lesions. The visualization of calcified
lesions in the lungs and lymph nodes of humans by radiography has been recognized for
decades as an important criterion in the clinical diagnosis of tuberculosis (5,6,21). More
importantly, primary lesions characterized by calcification, are resistant to treatment with first
line anti-tuberculosis drugs and may therefore contribute to the development of multi-drug
resistant strains of M. tuberculosis (6,7,40).

The accumulation of iron within the primary lesions of M. tuberculosis infected guinea pigs
was not surprising given that the macrophage is central to the pathogenesis of tuberculosis and
plays an important role in normal host iron metabolism. What was unexpected was the
accumulation of extra-cellular ferric iron within the foci of necrosis that coincided with the
development of dystrophic calcification. In addition, ferric iron was incorporated into the
mineralized matrix with a restricted peripheral distribution, a region that may be available for
scavenging by persistent, viable bacilli in the non-mineralized, acellular margins of the primary
lesions (7). Given that extra-cellular, but not intra-cellular, iron can serve as an initiator of
dystrophic calcification, our data support the hypothesis that iron is not only important in M.
tuberculosis virulence but may play a central role in the pathogenesis of primary lesion
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necrosis. Iron may not only initiate calcification but the initial tissue necrosis may be mediated
in part by free iron which is extremely damaging to cells by catalyzing the generation of reactive
oxygen intermediates such as highly toxic hydroxyl radicals (41). By-products of oxygen free
radical damage are detectable in the serum of patients with active tuberculosis, however, the
source of these free radicals and the role they have in the pathogenesis has yet to be determined
(26,42).

Applying special stains to histologic sections allowed us to localize accumulations and
distribution of both iron and calcium within lesions and to visualize the effect BCG vaccination,
prior to aerosol challenge, had on lesion morphogenesis. The analysis of isolated primary
lesions for iron and other elements allowed us to quantify the chemical composition of
representative lesions and to confirm the observations made histologically. The marked
increase in the calcium concentration between days 30 and 60 in the sham, saline-vaccinated
animals infected with M. tuberculosis is consistent with the presence of dystrophic calcification
in lesions as seen with routine H&E and the Von Kossa's stain for mineralization. There were
significant differences in the range of calcium concentrations in randomly selected lesions of
non-vaccinated animals which reflects the heterogeneity in the amount of calcification in
lesions found within and between individuals. This is routinely recognized histologically and
therefore was not unexpected. Also in keeping with the histology results, compared to non-
vaccinated animals, BCG vaccination significantly reduced measurable calcium
concentrations in isolated lesions, to levels that were only modestly elevated compared to lung
parenchyma of non-infected controls.

Dystrophic calcification is a complex of ions that is composed primarily of calcium and
phosphorus as calcium phosphate (14-17). As expected, the increase in phosphorus in isolated
primary lesions from M. tuberculosis infected guinea pigs sham-vaccinated with saline
paralleled the increase in calcium. BCG vaccination prior to infection prevented phosphorus
accumulation in isolated lesions. Additional ions are incorporated into the mineralized matrix
depending on the extra-cellular concentration and the presence or absence of endogenous
inhibitors of calcification (14,43,44).

The cation of particular interest in this study was iron. Iron is a cofactor for numerous heme
and non-heme proteins that are involved in critical metabolic functions that are common to all
living organisms (21,22). M. tuberculosis like other pathogenic bacteria has evolved complex
mechanisms to acquire host iron which is limited in vivo even under normal physiologic
conditions (30,31,45,46). It was the observations from in vitro studies, that M. tuberculosis
can scavenge host iron that led us to hypothesize that iron accumulated in the primary lung
lesions in the guinea pig model of tuberculosis. The accumulation of ferric iron but not ferrous
iron coincided with the appearance of extra-cellular calcium visualized in specially stained
tissue sections and total iron concentrations in isolated primary lesions. The deposition of extra-
cellular ferric iron had a pattern similar to extra-cellular calcification prior to organization into
fully calcified foci. These observations suggest that like cellular phospholipids, iron may serve
as an initiator of dystrophic calcification in the guinea pig model of tuberculosis. The
relationship between extra-cellular iron and soft-tissue calcification has been shown in previous
studies and can be induced experimentally by the injection of various iron containing
compounds (20).

The host contributes significantly to the accumulation of iron in primary lesions. The regulation
of iron metabolism by macrophages is closely linked to the expression and internalization of
transferrin bound iron to surface expressed transferrin receptors (32,47). Once internalized,
iron dissociates from transferrin within the acidified phagolysosome and transferrin is recycled
to the cell surface (35). M. tuberculosis has been shown to acquire host iron within the
phagosome by the secretion and binding of iron chelating siderophores that have a higher
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binding capacity for iron than transferrin or lactoferrin (34,48,49). Classical activation of
macrophages with IFN-gamma prevents the accumulation of iron within the phagosome and
down regulates the expression of surface bound transferrin (50). The increased expression of
macrophage transferrin receptor expression in vivo in our study is consistent with the
phenomenon of alternative macrophage activation induced by exposure of macrophages to
IL-4 in vitro (50). In addition, it has been shown that BCG vaccination of guinea pigs results
in a notable decrease in the expression of host ferritin levels (51). Collectively, these data are
consistent with the hypothesis that the protective effect of BCG vaccination is in part due to
classical macrophage activation.

In our study, ferritin and lactoferrin expression was closely tied to the presence of lesion
necrosis. Ferritin is a ubiquitous protein that is expressed in essentially all cells of the body.
Ferritin has a complex structure made up of two different subunits designated heavy and light
chain (52,53). Because of its complex structure, ferritin has a high capacity to store free iron
by oxidizing ferrous to ferric iron and thus functions as an anti-oxidant by reducing the
availability of intracellular free ferrous iron (53). Ferrous iron is highly reactive with oxygen
and can participate in the generation of free radicals through the Fenton reaction. Only the
heavy chain of ferritin has ferroxidase activity and therefore the anti-oxidant activity of ferritin
is attributed only to the heavy chain subunit. The close association between H ferritin
expression and the presence of necrosis suggests that H ferritin expression along with
lactoferrin may be useful as a biomarker with prognostic or predictive value in determining
the clinical outcome of tuberculosis (54).

M. tuberculosis can also acquire iron from lactoferrin and has been recently shown to utilize
lactoferrin over transferrin in human macrophages in vitro (35,49). Since lactoferrin is a
component of secretory granules of both macrophages and granulocytes, it is released into the
extra-cellular space following inflammatory cell degranulation at sites of inflammation (55).
We have recently shown by flow cytometry and immunohistochemistry that granulocyte
necrosis and degranulation are associated with the development of primary lesion necrosis, a
pattern that matches that of extra-cellular lactoferrin in the current study (56). By being more
resistant to oxidative modification, lactoferrin may maintain its iron binding and sequestering
capacity at sites of inflammation, when released with reactive oxygen species and
myeloperoxidase from stimulated and degranulating neutrophils (57). While lactoferrin can
serve as a source of intra-cellular iron, it is unknown whether M. tuberculosis can acquire either
free or protein bound iron from extra-cellular sources at sites of inflammation in vivo (35,49).

Since iron toxicity is detrimental to both host macrophages and the tubercle bacillus, yet each
has a strict nutritional requirement for iron, it stands to reason that the successful accumulation
and sequestration of iron would be an important determinant in the outcome of M.
tuberculosis infection. We have demonstrated that the lack of necrosis and dystrophic
calcification in lung lesions of guinea pigs vaccinated with BCG parallels the amelioration of
iron accumulation, transferrin receptor, lactoferrin and H ferritin expression by macrophages
in vivo. Iron metabolism, as our data suggests, can be influenced by immunopotentiation and
may be an important consideration in the development of the next generation of tuberculosis
vaccines and treatments.
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FIG. 1.

The pattern of ferric iron accumulation and calcification within the primary lung lesions in
guinea pigs sham vaccinated with saline prior to infection by low-dose aerosol with the H37Rv
strain of M. tuberculosis differs depending on progression of primary lesions. (A) In less
advanced lesions 60 days post-infection, extra-cellular (inset) aggregates of ferric iron (arrows)
are scattered amongst the necrotic cellular debris within the center of primary lesions. (B) In
the same lesion, the pattern of extra-cellular calcium deposition (arrows) is similar to that of
ferriciron, being concentrated within the areas of central necrosis. (C) In more advanced lesions
60 days post-infection, extra-cellular ferric iron is at the periphery (black arrow) of the area of
calcified necrotic debris, while the intra-cellular (inset) ferric iron is within macrophages at

Tuberculosis (Edinb). Author manuscript; available in PMC 2009 January 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Basaraba et al.

Page 13

the periphery granuloma (white arrow). (D) In the more advanced lesions 60 days post-
infection, the intra- and extra-cellular calcification coalesce to form a well delineated center
of calcified necrotic debris (arrow). Primary lung lesions in guinea pigs BCG-vaccinated prior
to infection by low-dose aerosol with the H37Rv strain of M. tuberculosis fail to progress to
necrosis at 30 days (E) and , calcification and extra-cellular ferric iron accumulation by day
60 (F) with Von Kossa's stain for calcium. Pearl's Prussian blue for ferric iron (A, C, E), Von
Kossa's for calcium (B, D, F). A, B, D, Bars = 130 um, 100x magnification. C, E, F Bars =
55.0 um, 200x magnification.
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Trace mineral analysis of isolated of primary lung lesions of guinea pigs challenged with a
low-dose aerosol of the H37Rv strain of M. tuberculosis or sterile water, without or with prior
BCG-vaccination. The marked increase in calcium (A), phosphorus (B) and total iron (C)
content of primary lesions at day 60 post-infection was ameliorated by BCG vaccination which
reflects the lack of dystrophic calcification and ferric iron deposition seen microscopically.
Data represents the mean + standard deviation parts per million (PPM) from 2 separate
experiments. Control n = 10, BCG- and sham-vaccinated n = 8. Asterisks denote values
significantly different between BCG- and sham-vaccinated controls. * P< 0.05, ** P< 0.01.
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FIG. 3.

Expression of ferritin heavy chain, (H ferritin) as demonstrated by immunohistochemistry, by
macrophages within primary lung lesions of guinea pigs challenged with a low-dose aerosol
of the H37Ruv strain of M. tuberculosis, without (A, C) or with prior BCG-vaccination (B,D).
Lesions from sham-vaccinated animals had few cells in surrounding foci of lesion necrosis
(arrows) that showed weak immunoreactivity at day 30 (inset) (A) that intensified by day 60
(C). Immunoreactivity was less in lesions from BCG-vaccinated animals at both day 30 (B)
and day 60 (D) but differences were not statically different at day 60 (E). Expression of ferritin
heavy chain was not significantly increased compared to non-infected controls, until 20 days
post-infection where it was first seen in animals sham-vaccinated with saline. Expression was
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significantly increased over BCG-vaccinated animals at days 20 and 30 but was not different
at day 60 post-infection. Expression of ferritin was not seen in BCG-vaccinated animals until
30 days post-infection. Ferritin showed no significant expression in non-infected animals
(water aerosolized). Data represents the mean + standard deviation from 1 representative
experiment. n = 3. Asterisks denote values significantly different between BCG- and sham-
vaccinated controls. * P< 0.05, ** P< 0.01. Bars = 340.0 um, 40x magnification, insets 200x
magnification.
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FIG. 4.
Expression of transferrin receptor (CD71) as demonstrated by immunohistochemistry, by

macrophages within primary lung lesions of guinea pigs challenged with a low-dose aerosol
of the H37Ruv strain of M. tuberculosis, without (A, C) or with prior BCG-vaccination (B,D).
Transferrin receptor expression in primary lesions in both BCG- and sham-vaccinated animals
increased significantly from day 5 to 60 post-infection. Expression was highest in BCG-
vaccinated animals at days 30 and 60 but based on scores, differences were not statistically
different from sham-vaccinated animals (E). Data represents the mean + standard deviation
from 1 representative experiment. n = 3. Asterisks denote values significantly different between
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BCG- and sham-vaccinated controls. * P<0.05, ** P<0.01. Bars = 340 um, 40x magnification,
insets 200x magnification.
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FIG. 5.

Expression of lactoferrin, as demonstrated by immunohistochemistry, by cells within the
primary lesions of guinea pigs at day 60 following challenge with a low-dose aerosol of the
H37Rv strain of M. tuberculosis, without (A) or with prior BCG-vaccination (B). In the non-
vaccinated animals labeling was particularly prominent in the necrotic centers (arrow) and
appeared to be both intracellular, in degenerating cells, and extra-cellular in the necrotic debris
(inset) (A). The surrounding macrophages expressed no or only low levels of lactoferrin. In
contrast, in BCG-vaccinated animals the macrophages (arrow) in primary granulomas
expressed moderate to high levels of lactoferrin (B). Lactoferrin expression increased
progressively in non-vaccinated animals from 20 to 60 days but was only significantly different
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from BCG vaccinated animals at day 30 (C). Data represents the mean + standard deviation
from 1 representative experiment. n = 3. Asterisks denote values significantly different between
BCG- and sham-vaccinated controls. * P<0.05, ** P<0.01. Bar = 130 um, 100x magnification,
inset 200x magnification.
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