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Abstract

Background: Bacterial infections cause an increase in the population of hematopoietic stem cells (HSCs). To
investigate the downstream factors associated with hematopoietic stem cells, mice are infected with Mycobacterium
avium (M. avium).

Results: Mycobacterium avium (M. avium) infection induces the enlargement of the spleen and changes in
histopathology, including changes to the lineage populations. A dramatic expansion of Lin~c-kit"Sca-1" (KSL) cells
in mouse bone marrow cells and spleen cells was detected 4 weeks after infection with M. avium; however, there
was no difference in the engraft activity between infected and un-infected mouse bone marrow cells. We tested
the cytokine and cytokine-related gene expression after M. avium infection and found that IFN-y expression
increased and peaked at 4 weeks in both bone marrow and spleen cells. The expression of Sca-1 gene peaked at
4 weeks in the bone marrow but peaked at 2 weeks in spleen cells, although the Sca-1 surface marker peaked at

4 weeks after infection in both bone marrow and spleen cells. Interferon regulatory factor-2 (IRF-2) expression did not
change in the bone marrow cells, whereas it decreased in spleen cells at 4 weeks and IRF-1 expression was up-regulated
in both bone marrow and spleen cells after infection. However, the up-regulation of IRF-1 was not correlated with IFN-y
expression in the M. avium-infected mouse spleen cells.

Conclusions: This finding suggests that the IFN-y production mediated by M. avium infection alters the population of
KSL cells during host defense, and the down-regulation of the IFN-y response in spleen cells occurs at the late stage after
M. avium infection.
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Background

Hematopoietic stem cells (HSCs) are functionally de-
fined by their unique capacity for self-renewal and differ-
entiation into all types of mature blood cells [1]. Under
normal conditions, the process of hematopoietic stem
cell self-renewal and their conversion into lineage-
committed progenitors is tightly controlled to maintain
blood cell production [1, 2]. It has been shown that the
equilibrium of bone marrow hematopoiesis is altered
during bacterial infection, whereby the production of
phagocytes, particularly granulocytes and monocytes,
becomes predominant with the concomitant inhibition
of the development of other lineages. Despite the bio-
logical significance of changes in hematopoiesis during
bacterial infection, relatively, little is known about the
downstream factors associated with hematopoietic pre-
cursor cells, including hematopoietic stem cells.

During bacterial infection, the bone marrow
hematopoietic activity shifts toward granulocyte pro-
duction, and granulocyte colony-stimulating factor
(G-CSF) and chemokines, which are critical for host
defenses, are produced [3]. Bone marrow (BM)
hematopoietic stem and progenitor cells (HSPCs)
can be activated by type I IFNs, viruses, and bacter-
ial infection to increase the level of hematopoiesis.
The dramatic expansion of the lin-c-kit"Sca-1" cell
pool is induced by bacterial infection due to IFN-y
production [4].

Following intraperitoneal inoculation of C57BL/6, DBA/
1, and BALB/c mice with Mycobacterium avium (M.
avium), bacillary growth in the liver, spleen, and peritoneal
cavity was observed [5]. M. avium infection seems to in-
duce an increase in the proliferative fraction of primitive
LT-HSCs (long-term HSCs), along with a substantial in-
crease in the number of early-committed progenitors. M.
avium is an opportunistic pathogen that commonly in-
fects immunodepressed patients and lives inside macro-
phage phagosomes [6]. The importance of M. avium has
been increasing due to the high incidence of infections
with this pathogen in immunocompromised patients,
namely those with AIDS. IEN-y is strongly up-regulated
during M. avium infection [7]. Previously, we reported
that interferon regulatory factor-2 was up-regulated and
induced megakaryopoiesis in hematopoietic stem/progeni-
tor cells in an inflammation state, such as under enhanced
IFN-y production [8]. IFN-y is a critical defense against
mycobacteria, as mice with a disrupted IFN-y receptor
gene, IENGR-1, did not respond to M. avium infection
[9], and human patients with mutations in the IFN-y re-
ceptor died with disseminated M. avium infection [10].

In the present study, we analyzed Interferon regulatory
factor (IRF)-1, IRF-2, and IFN-y expression in mouse
bone marrow and spleen cells after M. avium infection.
Up-regulated by M. avium infection, IFN-y induces the
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expression of IFN-y-responsive genes; however, continu-
ous infection down-regulates IFN-y responsiveness at
the late stage and suggests chronic infection.

Methods

Mouse infection

C57BL/6 female mice were infected with M. avium strain
25291 (10° cfu) (obtained from ATCC) intravenously. The
mice were sacrificed at 24 h, 2 weeks, 1 month, or
3 months after infection, and the lungs, BM, and spleen
were harvested for further analysis. All protocols were
approved by the Institutional Animal Care and Use Com-
mittees of National Institute of Infectious Diseases.

Antibodies and cell purification

Rat IgG2b anti-mouse lineage markers conjugated to PE,
APC-c-kit, FITC-Scal, APC-CD45.2, and PE-CD45.1 were
purchased from eBioscience (San Diego, CA, USA).
Mononuclear cells from bone marrow and spleen popula-
tions were isolated from M. avium-infected mice, and the
low-density cells were isolated using Histopaque gradients
(Sigma, St Louis, MO, USA). The cells were stained with
an antibody cocktail consisting of PE-conjugated anti-Gr-
1, Mac-1, B220, CD4, and CD8 monoclonal antibodies
(BD Biosciences). Lineage-positive cells were depleted
using Anti-PE MicroBeads (Miltenyi Biotec), and the
lineage-depleted cells were further stained with FITC-
Sca-1 and APC5-c-kit antibodies to isolate the lin"c-
kit + sca-1+ (KSL) cells. Fluorescence analysis and
sorting were performed using a flow cytometry (JSAN
Bay Bioscience, Kobe, Japan).

Quantitative real-time RT-PCR

Real-time RT-PCR was performed as previously de-
scribed [6]. Total RNA was isolated from 1 x 10* to 1 x
10° bone marrow cells using the ISOGEN reagent
(Toyobo, Japan) according to the manufacturer’s instruc-
tions (Nippongene, Tokyo, Japan), and the cDNA was
reverse transcribed using Superscript III (Invitrogen).
The expression level of specific mRNAs was analyzed by
quantitative RT-PCR using a LightCycler instrument
(Roche Diagnostics), and the PCR was performed using
SYBR PREMIX Ex-Taq according to the manufacturer’s
instructions (Takara, Japan). The data are presented as
expression levels (274" compared with either GAPDH
or B-actin as the control). The mouse IRF-1 and IRF-2
primers have been previously reported [6]. The mouse
Sca-1 primers are as follows: gtttgctgattcttcttgtggece and
actgctgcectcctgagtaacacac.

Histologic preparation and periodic acid-Schiff-
hematoxylin staining

M. avium-infected or M. avium-un-infected mouse
spleen was harvested and fixed in Bouin solution (Sigma-
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Aldrich) or 4 % (w/v) paraformaldehyde in phosphate-
buffered saline (pH 7.5) at 4 °C for 24 h. After fixation,
samples were dehydrated in a graded ethanol series and
cleared in xylene and then embedded in paraffin; 4-um
semithin sections were prepared using a carbon steel blade
(Feather Safety Razor Co) by microtome (Yamato Kouki).
Tissue sections were mounted on super-frosted glass
slides coated with methyl-amino-silane (Matsunami Glass)
and dried overnight and stained with hematoxylin and
eosin (HE) and periodic acid-Schiff (PAS). Cellular poly-
saccharide deposits were detected using the PAS reaction.

Histologic images were acquired using a NikonE-
clipse E1000 microscope equipped with x10/0.30, x20/
0.50, x40/0.75, and x100/1.30 NA objective lenses.
Images were captured with a Nikon DXM 1200F
digital camera.

Transplantation

Bone marrow cells were isolated from M. avium-infected
mice (C57BL/6-Ly5.2), and 2 x 10° whole bone marrow
mononuclear cells were injected into X-ray irradiated
(9.5 Gy) C57BL/6-Ly5.1 mice. At five, 9, 13, and
17 weeks after transplantation, the isolated periph-
eral blood from the recipient mice was stained with
PE-CD45.1 and FITC-CD45.2 antibodies, and chime-
rism was analyzed. Donor chimerism was determined
as %CD45.27/%CD45.1" + %CD45.2".

Results

When injected intravenously with M. avium, mice were
systemically infected with a large number of bacteria
4 weeks after injection (data not shown), and the sizes of
their spleens increased by over sixfold at 4 weeks after
consistent infection (Fig. 1). The sizes of their lungs
increased significantly at 12 weeks after M. avium infec-
tion. To examine the changes in the bone marrow
hematopoietic precursor cell populations following the
systemic infection with M. avium, the bone marrow cells
were analyzed by flow cytometry on the basis of their
hematopoietic surface markers. As shown in Fig. 2, the
lin-c-kit + Sca-1+ cell population in the bone marrow of
the control mice was very small, whereas the number of
lin-c-kit + Sca-1+ cells in the bone marrow was markedly
increased in mice infected with M. avium. At 24 h post-
i.v. M. avium treatment, the size of the KSL cell popula-
tion did not significantly increase in the bone marrow;
however, the KSL population had increased by 2 weeks
and reached a maximum size after 4 weeks post-i.v.; this
population was decreased at 12 weeks after injection
(Fig. 2a). We also analyzed spleen cells from mice in-
fected with M. avium. The KSL population of spleen
cells increased by 2 weeks, reached a maximum by
4 weeks, and then had decreased at 12 weeks after infec-
tion, results that are similar to those for the bone
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Fig. 1 Spleen and lung weight of mice infected with M. avium. C57BL/6
fermale mice were infected with M. avium strain 25291(10° cfu)
intravenously and the mice were sacrificed at 24 h and 2, 4, and

12 weeks, and the weight of spleen and lungs were analyzed. Weights
of lung 24 h after SA injection were not detected. n.s indicates no
significant. Each value is presented as mean + standard deviation (n=5).
Significant differences (P < 0.05) were determined using Student’s ¢ test

marrow cells (Fig. 2b). We found that M. avium infec-
tion dramatically modulated the KSL populations of
both the bone marrow and the spleen.

To analyze the functional properties of hematopoietic
stem cells (HSCs) from M. avium-infected mice, we
isolated the bone marrow cells from mice infected with
M. avium for 4 weeks and performed noncompetitive
transplant assays. Five, 9, 13, and 17 weeks after the in-
jection of the bone marrow cells, the chimerism of per-
ipheral blood cells was analyzed. The transplantation of
2 x 10° bone marrow cells from infected mice or health
controls is normally sufficient to rescue and fully popu-
late the hematopoietic system of all lethally irradiated re-
cipients (Fig. 3). Despite the great alteration of the bone
marrow KSL population, the engraftment efficiency was
comparative to the control.

According to our FACS analysis, the significant in-
crease in the KSL population was due to the induction
of the Sca-1 surface marker. We analyzed Sca-1 mRNA
expression in the bone marrow and spleen cells of mice
infected with M. avium, and the real-time PCR analysis
showed that the Sca-1 expression in the bone marrow
cells had significantly increased at 12 weeks after infec-
tion. The Sca-1 expression in the spleen cells was
increased at 2 weeks after infection and decreased there-
after until 12 weeks after infection (Fig. 4a). Sca-1 ex-
pression is reported to be regulated by IFN stimulation;
thus, we investigated IFN expression after infection with
M. avium. The expression of IFN-y was enhanced at
2 weeks, reached a maximum at 4 weeks after infection
and then decreased in both bone marrow and spleen
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Fig. 2 FACS analysis for bone marrow and spleen from mice infected M. avium. Mice infected with M. avium strain 25291 were sacrificed at 24 h
and 2, 4, and 12 weeks, and mononuclear cells from bone marrow and spleen populations were isolated. The lin-c-kit"Sca-17cell population in
the bone marrow cells (a) and spleen cells (b) were isolated. Data are representative of two experiments with similar results

Sca-1

cells (Fig. 4a). We detected a three- to fivefold induction
in the infected cells relative to the level in the saline
controls. In contrast, the type I IFN (IFN-a and IFN-f)
expression level did not change after infection in either
the bone marrow or spleen cells (data not shown). Inter-
feron regulatory factor, IRF-1, also was up-regulated at
2 weeks, reached a maximum expression level at 4 weeks,
and was reduced by 12 weeks after infection, results that
correlated with the expression of IFN-y (Fig. 4b). IRF-1
expression in the spleen cells was enhanced at 2 weeks
post-i.v. and decreased by 4 and 12 weeks after infection
(Fig.4b). We found no change in the expression level of
IRF-2 in the bone marrow cells. IRF-2 expression was
decreased at 4 and 12 weeks after infection in compari-
son with the saline controls (Fig. 4b). In the spleen cells,
the expression level of Sca-1 was increased at 2 weeks
post-i.v. and decreased by 4 and 12 weeks after infection,
results that are similar to those for the IRF-1 expression
in the spleen cells.

We observed splenomegaly in the mice after infection
with M. avium (Fig. 1). To examine the lineage popula-
tions in the spleen cells from mice infected with M.
avium for 4 weeks, the spleen cells were stained with
PE-conjugated lineage markers and analyzed by flow
cytometry. As shown in Fig. 5, the B and T cell lineage
markers were decreased compared with the control, and
Terll9, an erythroid-specific marker, was dramatically
enhanced. Gr-1- and CD41-positive cells were also re-
duced in the spleens from M. avium-infected mice. As
shown in Fig. 4b, the IRF-2 expression was reduced at 4
and 12 weeks after M. avium infection in the spleen
cells, a result that may be associated with the reduction
of lineage markers. M. avium infection increases a pro-
portion of Ter119-positive cells and reduces other
lineage cells, including B220.

In spleen cells, the IFN-y expression level was up-
regulated at 4 weeks after M. avium infection; however,
the expression levels of IRF-1-, IRF-2- and Sca-1-, and
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IFN-y-responsive genes did not increase or decrease
until 4-12 weeks after infection. The histopathology of
the spleen at 7 weeks after M. avium infection is shown
in Fig. 6. The white pulp had disappeared, and small
granules and epithelioid histiocytes appeared in the
spleens from the infected mice, which may have led to
the relative reduction of IRF and Sca-1 expression in the
splenocytes. The red pulp area was enlarged in the in-
fected spleens, reflecting the increase in the number of
the Ter119-positive cells in the spleen (Figs. 5 and 6).

Discussion and conclusions

We demonstrated that M. avium infection induced the
expression of IFN-y inducible genes at an early stage but
not at late stages in spleen cells. In the bone marrow
cells, the expression levels of these IFN-y-inducible
genes increased in parallel with IFN-y expression. M.
avium infection induced the dramatic expansion of KSL
cells in the bone marrow, and no significant difference
in the engraftment activity in the bone marrow of in-
fected and un-infected mice was detected. According to
Baldridge et al., IFN-y stimulation reduced LT-HSC and
engraftment efficiency in bone marrow [7]. Less amount
of whole bone marrow transplantation might show the
reduction of engraftment activity, but 1x10° cells of
whole bone marrow engraftment was not detected the
notable difference between infected and un-infected
mice. In fact, 5 weeks after transplantation, HSC from
M. avium-infected mice showed slightly impaired en-
graftment compared to that of saline control. Statl and
IRF-1 are involved in downstream of IFN-y. Aly et al.
reported that Stat-1-KO mice and IRF-1-KO mice had
higher levels of M. avium in their lungs than wild-type

mice but did not develop granuloma necrosis [11]. They
investigated the effect of M. avium infection for IFN-
dependent genes and concluded that IRF-1 might be
regulator of mycobacteria-induced immunopathology
[11]. In our study, IRF-1 expression increased concomi-
tant with the change in IFN-y expression at 4 weeks
after M. avium infection in bone marrow. IRF-1 expres-
sion was dramatically enhanced by IFN-y stimulation
in many types of cells. In contrast, IRF-2 expression
did not change in mouse bone marrow cells after M.
avium infection. In a previous study, we demonstrated
that IRF-2 expression was up-regulated in mouse
hematopoietic stem/progenitor cells by IFN-y stimula-
tion in vitro [8], and IRF-2 up-regulation by IFN-y
stimulation may be specific for hematopoietic stem/
progenitor cells in bone marrow cells. In spleen cells,
IRF-1 expression was greater at 2 weeks after infec-
tion. In fact, IFN-y expression was significantly en-
hanced 2 weeks after infection. However, after
infection, the expression of IRF-1 was not greater at
4 weeks when the maximum level of IFN-y expression
level was attained in spleen cells. In parallel with the
IRF-1 expression in the spleen cells, Sca-1 expression
was enhanced at 2 weeks but not at 4 weeks after in-
fection. The expression levels of both IRF-1 and Sca-1
were significantly decreased compared with the saline
controls at 12 weeks after infection. Thus, in mouse
bone marrow cells, IRF-1 and Sca-1 expression was
concomitant with that of IFN-y, but their expression
was independent of IFN-y signaling in spleen cells. In
the spleen cells of infected mice, IRF-2 expression was
not enhanced at any time and was reduced at 4 and
12 weeks after infection relative to the saline control
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mice. The expression of both IRF-1 and IRF-2 may be
regulated by secondary factors that are mediated by
M. avium infection in spleen cells in vivo.
Gomes-Pereira et al. reported that mice of two genetic-
ally determined iron-overload phenotypes, Hfe-/— and
b2m-/-, show an increased susceptibility to experimental
infection with M. avium and that, during infection, these
animals accumulate iron inside granuloma macrophages
[12]. Lafuse et al. investigated whether mycobacteria-

infected macrophages are poor responders to interferon-y
(IFN-y), resulting in the decreased expression of IFN-y-
induced genes [13]. They demonstrated that Mycobacteria
inhibit IFN-y-induced gene expression by multiple path-
ways that involve both TLR2 and non-TLR receptors.
Furthermore, production of TGE-p by M. avium infection
to macrophage is reported to be associated with unre-
sponsiveness to IFN-y [14]. In our study, M. avium
infection-induced IFN-y expression resulted in the
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Fig. 5 Lineage analysis for spleen from mice infected M. avium. The
spleen cells from mice infected with M. avium for 4 weeks were
stained with indicated lineage markers. Data are representative of
two independent experiments with similar results

expression of IFN-y-inducible genes at an early stage;
however, at a late stage after infection, the dramatic induc-
tion of IFN-y did not increase, and rather reduced, the ex-
pression levels of these genes. The FACS analysis of the
spleen KSL cells showed a greatly enhanced Sca-1-positive
population despite the unchanged or decreased Sca-1
gene expression at 4 and 12 weeks after infection. At the
late stage of M. avium infection, the IFN-y responsiveness
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was down-regulated in the spleen cells, resulting in the
disruption of the regulation of the host defenses.

Upon vaccinia virus (VV) infection, both the propor-
tion and number of KSL cells were dramatically in-
creased as early as 1 day after infection, and the KSL
population returned to normal at 7 days postinfection
[15]. A similar increase was observed in Lin-c-kit"sca-1*
in Escherichia coli-infected Balb/c mice, whereas the Lin-
c-kit*sca-1- cell population was decreased dramatically
during the early period of infection [4]. In contrast,
enhanced KSL cell population in mice infected with M.
avium was detected at 2-4 weeks and decreased at
12 weeks after infection. Chronic IFN-y exposure causes
anemia because IRF-1/PU-1 induction by IFN-y exposure
induces impaired erythropoiesis [16]. As shown in Figs. 5
and 6, M. avium infection induced splenomegaly with
ter119-positive cells and enlargement red pulp. The IRF-2
expression did not change in the bone marrow cells dur-
ing M. avium infection and was decreased at 4 and
12 weeks after infection in the spleen cells. This reduction
of IRF-2 expression in the spleen cells may due to the dra-
matic induction of Ter119-positive cells and the reduction
of other cell lineages (Fig. 5). We showed that IRF-2
expression was relatively high in hematopoietic stem cells
(CD34-KSL) [8], and we speculate that the increase of
Ter119-positive cells in the spleen relatively reduces the
expression of IRF-2. Baldridge et al. showed LT-HSCs

(t

Fig. 6 Histopathology of spleen after 7 weeks M. avium infection. Mouse spleen after 7 weeks M. avium infection were stained with HE and PAS.
WP indicates white pulp. RP indicates red pulp. Asterisk indicates small granulation tissue. Arrow indicates epithelioid histiocyte. Mice spleen after
7 weeks M. avium infection and saline (SA) injection were indicated in the left bottom. Data are representative of two independent experiments

with similar results

WP: White Pulp, RP: Red pulp, * : small granulation tissue
Arrow indicates epithelioid histiocyte.
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are highly proliferative during chronic M. avium infection
in the bone marrow and mobilize to leave the bone
marrow to spleen [7]. Impaired LT-HSCs are possible to
mobilize to spleen from bone marrow and affect the
lineage population in spleen cells. However, M. avium
infection increases a proportion of Terl19-positive cells
and reduced other lineage cells, resulted in the splenic
impaired hematopoietic and immune system. Induction of
IEN-y at early stage of M. avium infection cannot con-
tinue to improve host defense due to the splenic impaired
hematopoiesis. Our results could lead to improved clinical
aspects for pathophysiology of both hematopoietic and
immune system in patients with chronic infections, such
as tuberculosis and AIDS. Further investigation is required
regarding the mechanism of the association of M. avium
infection with cytokine and cytokine-related genes in
hematopoietic stem cells.
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