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Abstract

Anaemiais a frequent complication of chronic infectious diseases but the exact
mechanisms by which it develops remain to be clarified. In the present work, we used a
mouse model of mycobacterial infection to study molecular aterations of iron
metabolism. We show that four weeks after infection with Mycobacterium avium
BALB/c mice exhibit a moderate anaemia, which cannot be explained by elevated
hepatic hepcidin mMRNA expression. Instead, the mice respond with increased mRNA
expression of ferroportin (Sc40al), ceruloplasmin (Cp), hemopexin (Hpx), heme-
oxygenase-1 (Hmox1) and lipocalin-2 (Lcn2). Both the anaemia and the mRNA
expression changes of iron-related genes are largely absent in C.D2 mice which bear a
functional allele of the Nrampl gene. These data suggest that anaemia due to a chronic
infection with M. avium devel ops independently of elevated hepcidin expression and

possibly involves ferroportin and/or lipocalin-2.



Introduction

Chronic infectious diseases are frequently accompanied by anaemia. It iswidely
accepted that the anaemia results from the efforts of the host to decrease iron
availability for invading microorganisms. Iron retention inside cells of the reticulo-
endothelial system has been postulated to be at the basis of this “Iron Withholding
System”*. Macrophages are responsible for the recycling of large amounts of iron,
following ingestion and destruction of senescent red blood cells. Theiron that is derived
from the degradation of haemoglobin is usually released to the circulation in order to be
re-utilized in the bone marrow for incorporation into newly forming erythrocytes®.

In states of inflammation, the iron recycling process is blocked. Experimentsin
cells of the mononuclear phagocyte lineage suggest that this may involve LPS-mediated
ferroportin-1 down-regulation through a Toll-like receptor 4 (TLR4)-dependent
pathway®. In addition, the hepatic iron-regul ated peptide hormone hepcidin is highly
induced during inflammation. Hepcidin is a key regulator of iron recycling and
absorption®” which exertsits effect by binding to ferroportin to promote its internalization
and degradation®. Hepcidin is secreted into the urine of human subjects following
injection of LPS, with a peak around 6 h, preceded by an increase in serum IL-6 levels,
and followed by a decrease in serum iron®. In mice, it has also been shown that the
injection of microbial products, such as LPS or complete Freund’ s adjuvant (which
contains mycobacterial components) lead to the induction of hepcidin mRNA
expression in the liver, with maximum values between 1.5 and 16 hours post-
treatment™®™. When synthetic hepcidin is injected intraperitoneally into mice, asharp
decrease in serum iron was observed, starting 1 h post-treatment and lasting around 48

h**. Hepcidin has thus been considered a fundamental player in the development of the
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anaemia of inflammation and chronic infection. However, all the studies described
above are limited to relatively short time frames, more accurately reflecting the course
of an acute infection or inflammation than a chronic situation.

Mycobacteria are intracellular pathogens of macrophages, causing insidious
long-lasting infections, both in humans and other hosts. Human mycobacterial
infections are frequently accompanied by anaemia®>*’. More than twenty years ago,
Marchal and Milon have shown that mice infected with Mycobacterium bovis BCG
(BCG) developed anaemia, which was most severe at 4 weeks post-infection. These
authors have shown that BCG-induced anaemia was T-cell dependent and resulted from
decreased erythropoiesis’®*®. At the time of these studies, hepcidin, ferroportin, and
several other proteinsinvolved in iron metabolism had not been described. Interestingly,
these authors observed that the degree of anaemiainduced by mycobacterial infection
depended on the mouse strain, being more severe in C57BL/6 than in C3H/He mice™.
These two mouse strains differ, among many other genes, in the Nrampl allele. Nrampl
(Natural Resistance-Associated M acrophage Protein 1, also known as Solute Carrier
Family 11, Member al or Sic11al) was discovered as a crucial mouse gene determining
resistance or susceptibility to several intracellular pathogens, present in alocus
previously known as Bcg, Lsh or Ity®. Its high homology with
Nramp2/DMT1/DCTL/Scl1a2, aknown iron transporter, as well as several functional
studies, indicate that NRAMPL is a proton-coupled divalent cation transporter, capable
of transporting Fe**, as well as Mn?* and Zn** #. Unlike NRAM P2, however, NRAMP1
is present exclusively in cells of the myeloid lineage (namely neutrophils, macrophages
and dendritic cells), in the membranes of lysosomal vesicles”. NRAMP1 may
contribute to the host defence against infection by a multitude of mechanisms, ranging

from element starvation to alterations in phagosome maturation, the production of
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reactive oxygen and nitrogen intermediates or the modulation of the release of
inflammatory mediators®®%. A role for NRAMPL in normal iron metabolism has
recently been shown. In vitro, Nrampl expression was increased in macrophages
undergoing erythro-phagocytosis or heme ingestion and the expression of afunctional
NRAMPL protein increased the release of iron from these sources™. In vivo, Nramp1-
deficient mice exhibited decreased capacity to recycle the iron resulting from
erythrophagocytosis, showing augmented iron retention in the liver and spleen®.

Here, we characterized the development of anaemiain mice chronically infected
with Mycobacterium avium. Using two strains of mice expressing different alleles of
Nramp1?®, we identified hepatic iron-related genes whose expression is significantly

affected by M. avium infection.



Animals, materials and methods

Mice

The BALB/c (NRAMP1-S) and C.D2 (NRAMP1-R) congenic mouse strains were bred
and housed at the Instituto de Biologia Molecular e Celular (IBMC) animal facility. The
animals were kept inside individually ventilated cages, bearing high efficiency
particulate air (HEPA) filters and were fed sterilized food and water ad libitum. For the
experimental treatments, 8-12 weeks old females were used. All animal experiments
were carried out in compliance with the animal ethics guidelines of the institute, and the

national and European regulations for the care and handling of laboratory animals.

Bacteria

Mycobacterium avium strain 2447, forming smooth transparent (SmT) colonies, was
isolated from an AIDS patient and was a gift from Dr. F. Portaels (Institute of Tropical
Medicine, Antwerp, Belgium). Mycobacteria were grown to mid-log phasein
Middlebrook 7H9 medium (Difco, Sparks, M D) containing 0.05% Tween 80 (Sigma,
St. Louis, MO) at 37°C. Bacteria were harvested by centrifugation, suspended in asmall
volume of saline containing 0.05% Tween 80, briefly sonicated to disrupt bacterial

clumps, diluted and stored in aliquots at -70°C until use.

Experimental iron overload

To induce iron overload, mice were injected intraperitoneally with 10 mg of iron, as
iron-dextran (Sigma). Control mice received an equivalent amount of dextran (Sigma)

by the same route. Animals were infected two weeks after the iron-dextran treatment.
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Iron overload was confirmed by quantifying liver and spleen non-heme iron by the

bathophenanthroline method as previously described?’.

Experimental infection and quantification of bacteria load in the organs

Mice were infected intravenously, through alateral tail vein, with 10° CFU of M. avium.
Control animals received the same volume of saline. At the time points of interest, mice
were sacrificed and blood and tissues were harvested for the different analysis. For
bacterial quantification, the livers and spleens were aseptically collected and
homogenized in a0.05% Tween 80 solution in distilled water. Seria dilutions were
plated into Middlebrook 7H10 agar medium and the plates were incubated at 37 °C for 1

week, when the colonies were counted.

Histological analysis

Samples of liver and spleen were fixed in buffered formaldehyde and incorporated in
paraffin blocks. Sections were stained by haematoxylin-eosin for general histological
characterization. Ferric iron was detected by Perls' blue staining and M avium
visualized by the Ziehl-Neelsen stain. A LeicaDMLB microscope (Leica Cambridge
Lda., Cambridge, UK) equipped with a colour CCD (charge-coupled device) camera
was used to examine the liver and spleen sections.

Immuno-histochemistry for Lipocalin-2 was performed as previously described®.
Briefly, liver sections (10 um) were stained with anti-mouse lipocalin-2/neutrophil
gelatinase-associated lipocalin (R&D Systems, Minneapolis, MN, USA) at 1:500
dilution as primary antibody. Biotinylated secondary antibody (Vector Laboratories

Inc., Burlingame, CA, USA) was used at 1:200 following standard procedures. Slides
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were then subjected to Ziehl-Nielsen coloration following standard techniques. Samples

were analyzed using an optical microscope (BX61; Olympus).

Haematological Indices

Blood samples were collected by retro orbital bleeding under anesthesia. For the
erythroid parameters, blood was harvested in EDTA tubes and Haemoglobin, Red
Blood Cells counts, Haematocrit and Mean Corpuscular VVolume assessed on a Coulter-

S counter (Coulter Electronics).

RNA preparation, microarray analysis and real-time PCR

Liver samples were collected, snap frozen in liquid nitrogen and stored at —80°C. Total
RNA was extracted using the QIAGEN (Hilden, Germany) Rneasy Midi Kit according
to the manufacturer’ s specifications.

The microarray analysis was performed as described previously®.

For the real-time PCR quantification, total RNA (2 ng) was transcribed into cDNA,
using Moloney Murine Leukemia Virus Reverse Transcriptase (Fermentas, Ontario,
Canada) or Superscript Il reverse transcriptase (Invitrogen) according to the
recommendations of the manufacturer, using random primers or an oligo(dT)18 primer.
Each pair of primers was shown not to co-amplify genomic DNA. All reactions were
performed in atotal reaction volume of 20 uL with iQ™ SYBR® Green Supermix
(Bio-Rad Laboratories) or SYBR Green PCR Master Mix (Appied Biosystems) and
carried out in the iQ™5 instrument (Bio-Rad Laboratories) or in the Applied
Biosystems 7500 Fast Real-Time PCR System.

Baseline thresholds were calculated by the Bio-Rad iQ5 program and the threshold

cycles (CT) were used in the 2**Ct method, where CT values for target genes were
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normalized to expression levels of hprt. Values are reported as n-fold difference relative

to the control samples, calculated according to the 2-**Ct method.

Statistical analysis

Statistical analysis was performed using Mann Whitney U test and the results are signed

as* p<0.05, ** p<0.01 and *** p<0.001.



-11-

Results

1- Infection of BALB/c mice with M. avium 2447SmT for four weeks causes moderate

anaemia

BALB/c mice are naturally susceptible to M. avium and develop a chronic and
progressive infection following intravenous inoculation with strain 2447SmT . We thus
infected BALB/c mice with 10° CFU of M. avium 2447SmT i.v. Four weeks later, the
mice were sacrificed and blood was collected for haematological analysis. As shown in
Figure 1, M. aviuminfected BALB/c mice had significant reductions in haemoglobin
concentration, red blood cells number and hematocrit, as compared to uninfected
animals of the same strain. The mean corpuscular volume was not affected by infection

(not shown).

2- M. avium infection leads to alterations of iron distribution in tissues.

Anaemia of chronic infection is usually considered to result from iron sequestration
inside tissue macrophages. In order to understand if M. aviuminfection in BALB/c mice
leads to alterations of iron distribution in infected tissues, we analysed liver and spleen
sections after Perl’ s staining.

We could not detect any significant alterations on liver iron distribution induced by M.
aviuminfection. In both uninfected and infected mice, iron staining was found only
rarely inside Kupffer cells. No iron deposits could be detected inside other cell types
(Figure 2, A and B). Despite undetectable changes in hepatic iron distribution, we
observed a significant reduction (nearly 30%) of H- and L-Ferritin levels following

infection with M. avium (Figure 2, C).
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In contrast to the liver, iron levels were clearly decreased in the red pulp of the spleen of
infected mice, as compared to uninfected controls (Figure 2, D and E). Conversely, iron
accumulation could be seen in spleen areas of bacterial proliferation and cell infiltration,
predominantly in the white pulp (Figure 2, E). L-ferritin content in the spleen of M.

aviumrinfected mice was reduced by 80% compared to the uninfected animals, while H-

ferritin remained unchanged (Figure 2, F).

3- M. avium infection alters hepatic expression of iron-related genes

To investigate the mechanisms responsible for the altered iron status associated with M.
avium infection, we analyzed liver gene expression of iron-related genes using a
specialized microarray platform, the “Iron Chip”-version 8. This platform includes 451
genes related to iron metabolism. Of these, 70 genes have shown a variation of at |east
30% in their expression levels after M. aviuminfection in BALB/c mice. Table 1A
presents the expression changes observed in those genes most directly involved iniron

metabolism. The complete microarray data set is available as supplementary material.

We detected differential expression of genes involved in heme metabolism, including a
decrease of Alasl (aminolevulinic acid synthase 1), ageneinvolved in heme
biosynthesis and increased expression of Hpx (hemopexin) and Hmox1 (heme
oxygenase 1), genes involved in heme binding and degradation, respectively.
Additionally, the expression of Tfrc (transferrin receptor 1) was decreased and the
expression of Sc40al (ferroportin) and Cp (ceruloplasmin) was increased. The gene
encoding lipocalin-2 (Lcn2), a granulocyte-derived peptide involved in bacterial iron

sequestration, was the gene that exhibited the highest induction, with a 14-fold increase
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in expression. Surprisingly, the expression of genes coding for Interleukin-6 or hepcidin

were not significantly altered.

4- Lipocalin-2 but not hepcidin isinduced at early time-points of M. avium infection.

Because of the importance attributed to hepcidin in regulating iron metabolism upon
infection we investigated the kinetics of its expression during the infection process with
M. avium. At 1, 15, 30 and 60 days post-infection, the relative mMRNA expression levels
of hepcidin were quantified in the liver. Hepcidin mRNA expression remained
unchanged at every time point studied. In contrast, investigation of lipocalin-2 mRNA
levels in the same liver samples showed a significant increase with infection, starting on
day 1 (3-fold increase) and peaking at 30 days (49-fold increase) of infection, with a

decline at day 60 (14-fold increase) (Table 2).

To further characterize the significance of Lcn2 induction following M. avium infection,
we determined its immuno-localization in liver sections as shown in Figure 3. We could
barely detect lipocalin-2-positive cellsin uninfected mouse livers. Starting from day 1
of infection, some isolated cells with strong staining for lipocalin-2 appeared. Based on
morphological characteristics, and consistent with lipocalin-2 staining, most of these
cells could be identified as polimorphonuclear neutrophils (PMN). At later infection
time-points, granulomas developed at the sites of bacterial proliferation. While
lipocalin-2 staining was not detectable within the infected cells, many lipocalin-2-
positive cells were detectable at the outer border of the granulomas. Most of these cells
seemed to be neutrophils. Additionally, some hepatocytes also stained positive for

lipocalin-2 (Figure 3) at these later infection time-points.
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5- In M. aviunrinfected C.D2 (Nrampl-R) mice anaemia and differential mMRNA

expression of iron-related genesis largely absent

To investigate to what extent Nrampl affects the iron-related response to chronic
infection, we made use of C.D2 mice, which are congenic with BALB/c, but express the
functional allele of Nrampl and are naturally resistant to M. avium. C.D2 mice were
infected with M. avium as described above. As expected, four weeks after infection,
C.D2 mice had lower bacterial loads than BALB/c in the liver and spleen (Figure 4, A).
Furthermore, we could see no differencesin infected versus uninfected C.D2 mice,
regarding haemoglobin concentration, red blood cell numbers or the haematocrit (data
not shown).

In order to understand if thislack of aterations of haematological parameters was
reflected on the gene expression profile, we performed microarray analysis using the
“Iron Chip” platform with total liver RNA. Differential expression of iron-related genes
was significantly reduced in C.D2, compared to the congenic BALB/c mice: only 12
genes revealed at least 30% variation. Overall, the genes whose expression was altered
due to infection in C.D2 mice were the ones that showed the highest variation in
BALB/c mice (Table 1A and Supplementary material). This suggests that the number of
genes and extent of regulation might be directly correlated to the bacterial loadsin
infected livers. However, some notable exceptions were observed, namely Hsp105 and
Alasl, which were regulated in opposite directions in the two mouse strains (Table 1A
and Supplementary material).

We have previously shown that C.D2 mice subjected to secondary iron overload are
more susceptible to infection by M. avium. As a consequence, their bacterial loads in the
liver were similar to those found in BALB/c*. We thus investigated whether the

haematol ogical response of C.D2 mice to infection by M. avium was similar to that of
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BALB/c mice, once the bacterial load was increased. To that purpose and since iron
overload by itself affects the expression of these genes, we compared gene expression
profiles of infected versus uninfected BALB/c or C.D2 mice, both in conditions of
experimental iron overload induced by oneinjectioni.p. of 10 mg of iron (asiron-

dextran) two weeks prior to infection.

Asshown in Figure 4 A and B, upon iron-overload bacterial loads in C.D2 increase to
levels similar to those found in BALB/c. Nevertheless, the degree of anaemiainduced
by infection was lower in C.D2 than in BALB/c (Figure 4C). Additionally, in the
situation of iron overload, M. aviuminfection resulted in the altered expression of 101
iron-related genes by at least 30% in BALB/c mice, whereasin C.D2, only 57 genes
were similarly regulated. Notably, heme-oxygenase 1, hemopexin, and lipocalin-2 were
up-regulated 2 fold or more in BALB/c, whether or not previously iron-loaded, but were
not significantly regulated in C.D2 mice (Table 1). Interestingly, in the situation of iron
overload, M. aviuminfection led to areduction in hepcidin expression, both in BALB/c

and C.D2 mice.
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Discussion

In this work, we present a molecular characterization of the anaemiainduced by
chronic mycobacterial infection in the mouse. We show that mice infected with M.
avium exhibit a moderate, normocytic anaemia, at the beginning of the chronic phase of
infection, a finding consistent with previous reports'®. The anemia s hallmarked by
decreased red blood cell counts, haemoglobin values and hematocrit (Figure 1). In
addition, tissue iron distribution is changed towards the accumulation of iron inside
macrophages. Most of the observed physiological changes would be compatible with
elevated hepcidin expression, yet unexpectedly hepatic hepcidin levels remain
unaltered.
Given the central role played by the liver in the regulation of both the inflammatory
process and iron metabolism, we used a microarray approach to investigate hepatic
MRNA expression of iron-related genes. Several genes that exhibit significant
regulation as a consequence of M. avium infection code for the known “ acute phase
reactants’ such as ceruloplasmin and hemopexin. We have also found significant
induction of several metallothioneins, similarly to previous findings in LPS injected
mice®. In contrast, mMRNA expression of other acute phase proteins such as transferrin,
ferritin, and hepcidin, which were previously shown to be regulated in response to
LPS" remain unchanged. These findings suggest that chronic infection activates a
genetic program that differs from that of acute inflammation and has a distinct impact
on iron metabolism. Interestingly, our results aso differ from those obtained in other
(non-infectious) models of chronic inflammation. For example, rats with chronic
arthritis accompanied by anaemia showed no change in the liver mRNA expression of
Transferrin receptor 1 or Ferroportin, but showed significant increases in the expression

of DMT1 and Hepcidin®.
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It thus seems that each defined infectious or inflammatory condition induces a different
response in terms of iron metabolism. One of the most relevant observations made in
this work is that chronic mycobacteria infection leads to anaemiaindependently of the
induction of hepcidin, implying that aternative mechanisms must operate to lead to iron
re-distribution and anaemia in this particular setting.

Consistent with our previously reported datain Hfe-deficient mice®, BALB/c mice
infected with M. avium accumulate iron within hepatic and splenic infected
macrophages, right at the centre of granulomatous lesions (Figure 2). This observation
suggests that upon mycobacterial infection iron is re-distributed into macrophages
which may cause iron depletion in the organ parenchyma. Relative iron deficiency in
cell types other than macrophages may explain the overall decreasein H- and L-ferritin
protein levels both in the liver and the spleen of M. avium infected mice. In addition, we
saw a decrease in the expression of transferrin receptor 1 and increases in the
expression of ferroportin and ceruloplasmin, which together may contribute to the
decrease of intracellular iron accumulation by hepatocytes. Concurrent decreasesin
TfR1 mRNA and ferritin protein suggests that these responses are uncoupled from the
IRE/IRP regulatory system. How these responses are triggered and whether macrophage
iron accumulation is an efficient host strategy to combat infection or a process that

favours M. avium growth is currently unknown.

The hepatic iron-related gene that showed the highest induction in response to M. avium
infection was lipocalin-2 (Lcn2). Increased lipocalin-2 expression was further confirmed
at the protein level by immuno-histochemistry on liver sections. Interestingly, staining
for lipocalin-2 was not detected inside infected macrophages but rather inside

polimorphonuclear neutrophils and also inside hepatocytes, at later time-points. These
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observations are in line with previous reports in which lipocalin-2 staining was found
predominantly in endothelial cells (and not macrophages) of mice aerogenically infected
with mycobacteria, despite the fact that alveolar macrophages strongly up-regulated
Lcn2 expression when infected with mycobacteriain vitro®. Strong staining for
lipocalin-2 has also been observed in the hepatocytes of mice infected intraperitoneally
with Escherichia coli®. Overall, these observations suggest that during infection
different cell types may contribute to the production and release of lipocalin-2.
Interestingly, neutrophils are important producers of lipocalin 2, but its synthesisis
thought to occur at the earlier steps of neutrophil differentiation in the bone marrow,
and no Lcn2 mRNA is detectable in mature circulating or inflammatory neutrophils®. It
is thus not clear whether the increase in Lcn2 mRNA levelsinduced by M. aviumin our
model is mainly contributed by neutrophils or other cell types.

Lipocalin-2 can bind carboxymycobactin, amycobacterial siderophore® and inhibit
growth of Mycobacterium tuberculosis and M. bovis in liquid culture™*. Additionally,
mice genetically deficient in lipocalin-2 have increased susceptibility to pulmonary
tuberculosis®. Our work does not address a possible role for lipocalin-2 in resistance
against M. avium. However, our data indicate that this peptide is not a determinant
factor for resistance to this infection since the mouse strain which exhibits a higher
Len2 induction (BALB/c) is also the one which allows a more extensive bacterial
proliferation.

Lipocalin-2 has been shown to decrease erythropoiesisin vitro™. It's possible
involvement in the development of anaemiain response to M. avium remains to be
determined in future experiments using lipocalin-2-deficient mice. Since Lcn2 was aso
reported to be up-regulated by anaemia™ it is also possible that theincreasein Len2 is a

consequence of the mycobacteria-induced anaemia. This explanation is however rather
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unlikely, since significant induction of Lcn2 was detectable as early as 24 h after M.
aviuminfection (Table 2), atime at which we did not observe any alteration on
haematological parameters (data not shown).

Interestingly, induction of Lcn2 in the liver, after infection with M. avium, was Nramp1-
dependent. The difference in Lcn2 induction between mouse strains seemed
independent of bacterial loads (Table 1 and Figure 4). It is thus tempting to speculate
that Nrampl expression may directly affect lipocalin-2 production. NRAMPL is
expressed exclusively in cells of myeloid origin including neutrophils and its sub-
cellular localization may even be partially overlapping with that of lipocalin-2%"42,
Alternatively, Nrampl expression and function may affect Lcn2 expression indirectly,
through the modulation of cytokine production.

Nrampl+/+ mice show a more pronounced inflammatory response than Nrampl-/- mice
at early time-points of infection, with increased production of pro-inflammatory
cytokines and a higher recruitment of neutrophils and macrophages™**. We cannot
exclude the possibility that in our model thereis a difference in the kinetics of anaemia
development between BALB/c and C.D2 mice.

A role for NRAMP1 in normal iron metabolism has been predicted for along time.
Recently, Soe-Lin et al, using the 129Sv mouse strain, have shown that the disruption of
the Nrampl gene resulted in a significant and progressive increase in the spleen iron
content as mice age™. Accordingly, when we compared the spleen iron contents of
C.D2 (which carry afunctional allele of Nrampl) and BALB/c (which have the mutated
form of Nrampl) uninfected mice, we have consistently found lower levelsin the
former, but these differences did not reach statistical significance (data not shown),
possibly due to differences in basal iron levels between these strains and 129Sv.

NRAM P1 was also shown to influence the way mice deal with iron in abnormal
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situations®™*°. After acute or chronic haemolytic anaemia, Nrampl-deficient mice were
less capable of recovering normal haematological parameters than wild-type controls
and instead accumulated iron in the tissues where erythrophagocytosis predominantly
occurs, namely the spleen®. These observations are consistent with our findings that
Nrampl-deficient mice develop a more severe anaemia after chronic infection than mice
carrying afunctional allele of this protein and suggest that NRAMPL1 plays a critical
rolein iron recycling, by facilitating the release of haemoglobin-derived iron for an
efficient reutilization.

The impact of M. aviuminfection on iron distribution and processing in the spleen,

namely on erythrophagocytosis and iron recycling, will be detailed in future studies.

Extensive and important progress has occurred in recent years in the understanding of
the molecular mechanisms of the regulation of iron metabolism. One of the most
challenging areas of research in this context is anaemia of chronic infection. It would be
of much clinical interest to try to correct host anaemia without arisk of increasing iron
availability to the pathogen. With that purpose, it is mandatory to better understand the
circuits of regulation of iron metabolism during chronic infection. With this work, we
found that anaemia of chronic infection can develop without the significant induction of
hepcidin and we identified lipocalin-2 and NRAMPL as possible important playersin
this process. The infection model presented here can be avaluable tool to achieve

further progressin this area.
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Table 1- Regulation by M. avium infection of liver genes involved in iron metabolism,
as determined by the microarray analysis with the “Iron chip”. * Confirmed by

quantitative real-time PCR; nr: not significantly altered.

A- Dextran only B- Iron -dextran
BALB/c | C.D2 BALB/c | C.D2
Tfrcl * | Transferrin Receptor 1 -2.0 nr nr +1.3
Alasl * IAminolevulinic acid synthase 1 -1.6 +2.1 -2.4 -2.9
Hamp * | Hepcidin nr nr -1.8 -1.8
Ltf Lactoferrin -1.4 nr nr nr
Ftl1 Ferritin L chain 1 nr nr nr -1.7
IL6ra Interleukin 6 receptor apha nr nr nr -1.6
Slclla2 DCT-1 (NRAMP2) exon 1A nr nr nr -15
Slcll1a2 DCT-1 (NRAMP2) exon 1B nr nr +1.4 -1.7
Slc40al |* |Ferroportin +1.4 nr nr +1.4
Cp * | Ceruloplasmin +1.4 nr +15 nr
IL6 Interleukin 6 nr nr +1.8 -19
Hba-al Hemoglobin alpha, adult chain 1 +1.7 +1.5 +2.2 -1.6
Hbb-bh1 Hemoglobin Z, B-like embryonic chain +1.8 +15 +2.3 nr
Hmox1l |* |Hemeoxygenase 1l +2.1 nr +2.3 nr
Hpxn * |Hemopexin +2.1 nr +2.3 nr
Total number of genes whose expression was altered 70 12 101 57
more than 1.3 times
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Table 2- Alteration of expression, during M. avium infection, of genesinvolved iniron
metabolism, in the livers of BALB/c mice, as determined by real-time PCR. Grey

shadding corresponds to statistically significant regulation. Lcn2, lipocalin 2; Hamp,

hepcidin.
days Lcn2 Hamp
1 3.04 + 0.68 1.19 + 0.39
15 2.46 * 0.47 0.99 + 0.23
30 49.17 % 19.59 0.99 + 0.16
60 1448  + 11,77 1.07 + 0.20
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Figure legends

Figure 1- Alterations on haematological parametersinduced by mycobacterial
infection.

BALB/c mice were infected i.v. with 10° CFU of M. avium 2447SmT (black bars) or
left uninfected (white bars). Four weeks later, mice were sacrificed and blood was
collected for determination of Red Blood Cells count, Haemoglobin concentration and
Haematocrit. Values in each graph are the average + one standard deviation of 7 mice
per group. Mann-Whitney U test was used to compare uninfected and infected groups of

mice. ** corresponds to p< 0.01.

Figure 2- Impact of M. avium infection on tissueiron distribution and ferritin
concentration.

BALB/c mice were infected or not with 10° CFU of M. avium 2447SmT, as described
for Figure 1. Four weeks after infection, liver and spleen samples were collected and
processed for histological examination. Tissue iron distribution was evaluated by Perl’s
staining (A and B-liver, D and E- spleen). Asterisks indicate sites of bacterial
proliferation with the infiltration of immune cells.

L- and H-ferritin content was measured by ELISA in the livers (C) and the spleens (F)
of uninfected (white bars) and M. avium-infected mice (black bars). The results are
shown as the average + one standard deviation of 7 mice per group. Mann-Whitney U

test was used to compare uninfected and infected groups. *, p<0.05; **, p<0.01.

Figure 3- Expression of Lipocalin-2 in theliversof M. avium- infected mice.

BALB/c mice were infected with 10° CFU of M. avium 2447SmT. At different time-

points after infection, 4 or 5 mice were sacrificed and liver sections were collected for
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immuno-cytochemical analysis of lipocalin-2 distribution. Arrows indicate lipocalin-2-

positive hepatocytes.

Figure 4- Relative impact of M. avium infection on the haematological parameters
of BALB/c and C.D2 mice.

Groups of BALB/c and C.D2 mice werei.p. injected with 10 mg of iron (asiron
dextran) (B) or dextran alone (A). Two weeks later, mice were infected i.v. with M.
avium 2447SmT or injected with an equivalent volume of saline. Four weeks after
infection, mice were sacrificed and the bacterial loads were quantified in the livers and
spleens. The graphs show the geometric mean + one standard deviation of log10 CFU/
organ of 7 mice per group.

(C) Haematological parameters evaluated four weeks after infection in previously iron
loaded BALB/c and C.D2 mice. Mann-Whitney U test was used to compare uninfected

and infected groups. *, p<0.05; **, p<0.01.
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