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Properties of immunosuppressive macrophages
generated by Mycobacterium intracellulare
infection in M. intracellulare-susceptible
and resistant mice
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mice.

SUMMARY

Splenic macrophages (M¢s) generated in Mycobacterium intracellulare (Min)-infected mice exhibit suppressor activi-
ty against T cell mitogenesis. We examined profiles of the Min-induced generation of immunosuppressive M¢s (Min-
Mgs) in Min-susceptible BALB/c (bcg®) and resistant CBA/JIN (bcg”) mice. Min infection in BALB/c mice caused a more
rapid generation of the immunosuppressive M¢s, which expressed M¢ markers such as CD11b and F4/80, exhibited
an increased ability to generate reactive oxygen intermediates, and inhibited IL-2 receptor expression by mitogenic T
cells, than did Min infection in CBA/JN mice. Thus, the bcg gene may be related to the generation of Min-M¢s in host
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The world-wide increase in the incidence of my-
cobacterial infections, namely tuberculosis and
Mycobacterium avium-intracellulare complex
(MAIC) infections, associated with AIDS has re-
sulted in serious health problems in many coun-
tries. The generation of immunosuppressive
macrophages (M¢s) is frequently encountered in
hosts with such mycobacterial infections, and
leads to depressed cellular host immunity in the
advanced stages of infection (Ellner, 1978;
Edwards et al., 1986; Tomioka, 2009). We previ-
ously found that immunosuppressive M¢s pro-
duced in the spleens of Mycobacterium intracel-
lulare (Mlin) - infected mice (designated Min-M¢s)
caused strong suppression of concanavalin A
(Con A) - or T cell receptor ligation-induced T cell
mitogenesis (Tomioka et al., 1990; Shimizu et al.,
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2004) and that the Min-induced generation of im-
munosuppressive M¢s in vivo was mediated by
TNF-o in combination with IFN-y or IL-1§
(Tomioka et al., 1996). In addition, the suppressor
activity of Min-Mg¢s was mediated by soluble fac-
tors, including reactive nitrogen intermediates,
prostaglandin E and TGF-$ and partly by cell-to-
cell contact with target T cells (Tomioka et al.,
1995, Maw et al., 1997; Shimizu et al., 2004; Cai
et al., 2006). Notably, in Min-infected mice, the
immunosuppressive M¢s play important roles in
the establishment of the unresponsive host T cells
that are occasionally encountered in the advanced
stages of MAIC infection (Gilbertson et al., 1999;
Tomioka, 2009). The immunosuppressive M¢s are
thought to affect T cell functions to generate
proinflammatory cytokines, especially M¢-acti-
vating cytokines such as IFN-y and GM-CSEF, as in
the case of tumor-associated immunosuppressive
Mg¢s (Loercher et al., 1999), thereby causing
down-regulation of the host’s antimycobacterial
defense mechanisms (Tomioka, 2004; Tomioka,
2009). Here, we studied profiles of the generation
of immunosuppressive M¢s in MAIC-susceptible
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BALBY/c (bcg®) and MAIC-resistant CBA/JN (bcg")
mice (Vidal et al., 1995) during the course of Min
infection and examined some cellular properties
of the Min-M¢s.

Suppressor activity of Min-M¢s was measured by
Method 1 or 2, as described (Tomioka et al.,
1995). Method 1: Spleen cells (SPCs) harvested
from mice infected intravenously with 1 x 108
CFUs of a Min N-260 strain (serovar 16) (in some
experiments, a Min 31F093T strain was used) at
2 to 3 weeks after infection and cultured in 0.2
ml of RPMI-medium containing 5% fetal bovine
serum (FBS) in flat-bottom microculture wells at
a density of 5 x 10° to 2 x 10° cells/well at 37°C for
2 h. The wells were vigorously rinsed with 2%
FBS-Hanks’ balanced salt solution (FBS-HBSS)
and then filled with 0.1 ml. Method 2, SPCs from
infected mice were cultured in 5% FBS-RPMI
medium (8 ml) in a 90-mm culture dish at a den-
sity of 4 x 107 cells/dish at 37°C for 2 h. After rins-
ing with 2% FBS-HBSS with vigorous vibration
using a vibrator, adherent cells were harvested
with a rubber policemen, resuspended in 5%
FBS-RPMI medium and used as the Min-Mg¢s.
Then, 1.25 x 10% normal SPCs were co-cultivat-
ed with the Min-Mg¢s in 0.2 ml of RPMI-medium
containing 2 pg/ml of Con A for 72 h and pulsed
with 0.5 nCi of 3H-TdR for the final 6 to 8 h. Cells
were harvested onto glass fiber filters and ra-
dioactivity was measured. Second, Min-M¢s and
Con A-stimulated splenic T cells were subjected
to flow cytometric analysis as described previ-
ously (Shimizu et al., 2004). Briefly, the test cells
were treated with individual monoclonal anti-
bodies (mAbs) for 1 h and then stained with
FITC-conjugated goat anti-mouse IgG antibody
for 1 h. After washing and subsequent fixation
with paraformaldehyde, test cells were subjected
to flow cytometry using a FACStar or EPICS
ELITE flow cytometer. Third, the generation of
reactive oxygen intermediates (ROIs) by Min-
Mg¢s was measured in terms of chemilumines-
cence (CL) as follows. Test cells suspended in
phenol red-free HBSS containing 0.1 mM lumi-
nol were incubated at 37°C in the presence of
100 ng/ml of phorbol myristate acetate (PMA)
and the photoemission was measured in a lu-
miphotometer.

First, we examined profiles of the generation of
immuosuppressive M¢s during the course of Min
infection in MAIC-susceptible BALB/c (bcg®) and

MAIC-resistant CBA/JN (bcg") mice. As shown in
Figure 1A, bacterial loads in the spleens of Min-
infected BALB/c as well as CBA/JN mice de-
creased during the first 2 weeks after infection, in-
dicating M¢-mediated bacterial elimination in the
early phase of infection. The bacterial loads in
the spleens of both strains thereafter increased
due to the regrowth of Min organisms, indicat-
ing that the antimicrobial activity of host splenic
Mos was decreased after week 2. Notably, BALB/c
mice showed greater bacterial loads throughout
the 10-week observation period than did CBA/JN
mice, indicating that the degree of M¢ activation
in terms of antimycobacterial activity is greater in
bcg” mice than in beg® mice. This difference was
more obvious in the later stages of infection
(weeks 4 to 10). Figure 1B shows changes in the
proliferative response of host SPCs to Con A dur-
ing the course of Min infection. The Con A-in-
duced mitogenic response of SPCs of both strains
was markedly reduced at week 2. Notably, in
CBA/JN mice, the observed reduction in mitoge-
nesis was thereafter rapidly overcome returning
to a normal level at week 4. Meanwhile, in
BALB/c mice, the reduced mitogenic responsive-
ness of SPCs lasted much longer, with only a 40%
recovery achieved even at week 10.

Next, using Method 1, we examined the suppres-
sor activity of immunosuppressive M¢s generat-
ed in a specific number of host SPCs, which were
harvested from BALB/c and CBA/JN mice at
weeks 1, 2, 4 and 10 after Min infection (Figure
1C). At week 1 after infection, immuosuppressive
Mogs were detected in the spleens of BALB/c mice,
but not in CBA/JN mice. This indicates that im-
munosuppressive M¢s are generated more quick-
ly in Beg® mice than in Beg” mice after Min infec-
tion. Next, at week 2, Min infection caused the
generation of immunosuppressive M¢s in both
strains, though the suppressor activity was some-
what (but significantly) greater in the BALB/c
mice (Figure 1D). From week 2, the immuno-
suppressive M¢s were progressively sequestered
until by week 10, essentially no suppressor activ-
ity was detected in SPCs of either strain. Notably,
the suppressor activity of M¢s was diminished
more promptly in CBA/JN mice than in BALB/c
mice. Taken together, in both strains, the sup-
pressor activity of splenic M¢s was greatest at
week 2 and thereafter declined, having completely
diminished by week 10. Notably, the activity was



Properties of MAIC-induced suppressor macrophages 89

induced more rapidly and more marked in
BALB/c mice than CBA/JIN mice.

Next, using Method 2, we compared the per cell
suppressor activity of splenic M¢s obtained from
BALB/c and CBA/JN mice at weeks 1 and 2 after
Min infection. At week 1 after infection, the
splenic M¢s of BALB/c mice exhibited strong sup-
pressor activity, while those of CBA/JN mice es-
sentially lacked such activity (Figure 1E). In this
case, the splenic M¢s of BALB/c mice concomi-
tantly exhibited strong CL (a measure of the abil-
ity of M¢s to produce ROI), whereas those of

CBA/IN mice showed only weak CL (Figure 1F).
At week 2 after infection, the splenic M¢s of
BALB/c mice showed stronger suppressor activ-
ity and CL, than those of CBA/JIN mice (Figures
1G and 1H).

Next, we examined the profiles of expression of
Mg¢-specific surface markers on Min-Mg¢s by flow
cytometry using mAbs specific to CD11b (Mac-
1), F4/80 (M¢-specific differentiation antigen),
CD14 (LPS receptor), CD206 (mannose receptor
C Type 1), and SR-AI (M¢-specific scavenger re-
ceptor) (Figure 2). The majority of Min-M¢s gen-
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FIGURE 1 - Changes in bacterial loads in the spleens, Con A mitogenic responsiveness of SPCs, and generation of
immunosuppressive M¢s in the spleens of BALB/c (open circles) and CBA/IN (closed circles) mice during the course
of Min infection. (A) Bacterial loads in the spleens of the both strain mice during the course of Min 31F093T infec-
tion. (B) Con A-induced mitogenesis of SPCs obtained from BALB/c and CBA/JN mice at intervals after Min 31F093T
infection. (C) Generation of suppressor M@ activity against T cell mitogenesis during the course of Min 31F093T in-
fection. Each plot indicates relative Con A mitogenesis of T cells, when co-cultured on the M¢ monolayer prepared
by seeding 1 x 10° SPCs harvested at indicated time after infection. (D) Relative Con A mitogenesis of T cells, when
co-cultured on the M¢ monolayer prepared by seeding 5 x 10° to 2 x 10° SPCs harvested at week 2 post Min 31F093T
infection. (E to H) Suppressor activities (E, G) and PMA-induced CL (F, H) of splenic M¢s obtained from host SPCs
at week 1 (E, F) and week 2 (G,H) after Min N-260 infection. Each symbol indicates the mean + standard error
(n=3). * **Significant difference was found between BALB/c and CBA/JN mice (*P<0.05, **P<0.01). These data rep-
resent one of two experiments that were performed with similar results.
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FIGURE 2 - Characterization of Min-M¢s by flow cytometry. (A to F) Flow cytometry of the expression of M¢ mark-
er molecules by Min-M¢s of BALB/c mice. Tested Min-Md¢s induced by Min N-260 infection (week 2 post infection)
were stained with mAbs specific to CD11b (B), F4/80 (C), CD14 (D), CD206 (E), and SR-AI (F). (G) Flow cytome-
try of F4/80 expression by Zymosan A-induced mouse peritoneal M¢s. The M¢s were stained with anti-F4/80 mAb.
(H) Profiles of IL-2R expression by Con A-stimulated T cells, which were co-cultured with normal splenic M¢s (bro-
ken line) or Min-M¢s (solid line). Con A-stimulated SPCs were cultured on the M¢ monolayers prepared by seeding
2 x 10° SPCs from normal mice or Min N-260-infected mice (week 2 post infection) for 48 h.

erated in BALB/c mice were positive for these M¢
markers (Figures 2B to 2F). Peritoneal M¢s were
also positive for these markers (data not shown),
but the intensity of F4/80 expression was less than
that of Min-Mg¢s (Figure 2G versus Figure 2C).
We previously found that Min-M¢s suppressed
generation of IL-2-reactive T cells from naive
SPCs in response to Con A (Tomioka et al., 1990).
Therefore, we examined the effects of Min-M¢s
on the expression of the IL-2 receptor (IL-2R) by
splenic T cells in response to Con A stimulatory
signals. As shown in Figure 2H, Min-Mg¢s strong-
ly suppressed the expression of IL-2R by target T
cells, indicating that they exert their suppressor
activity by blocking the receptor’s expression.

The present findings indicate the following. First,
Min infection in BALB/c (bcg®) mice led to a more
potent and rapidly formed immunosuppressive
M¢ population in host spleen, compared to the
case with CBA/IN (bcg") mice. It appears that this
is in part due to differences in bacterial load in
the spleens of the host mice, as BALB/c mice
showed greater bacterial loads throughout the
observation period than did CBA/JN mice (Figure

1A). Second, the reduction in the Con A mito-
genic activity of SPCs at week 2 post infection
was firmly linked to the generation of immuno-
suppressive M¢s in host spleens at the same time
point of infection (Figure 1B versus Figure 1C).
Third, in BALB/c mice, the suppressed state of
SPC mitogenic activity thereafter lasted for long
periods until week 10 (Figure 1B), while sup-
pressor M¢ activity was rapidly diminished after
week 2 (Figure 1C). This implies that immuno-
suppressive Mo¢s generated around week 2 after
infection play important roles in the establish-
ment of the subsequent hypo-responsiveness of
host SPCs to Con A mitogenic signals. Taken to-
gether, it is thought that the marked and pro-
longed generation of suppressor M¢s in BALB/c
(bcg®) mice compared to CBA/IN (bcg”) mice is
closely related to insufficient T cell-mediated im-
munity against MAIC infection in the Bcg® geno-
type. This may result in a lowered level of ac-
quired immunity-dependent host resistance to
MAIC pathogens, thereby causing the failure to
effectively inhibit the growth of pathogens at sites
of infection.



Properties of MAIC-induced suppressor macrophages 91

In this context, bcg gene is essentially equivalent
to the Nrampl gene encoding natural resistance-
associated macrophage protein 1 (Nrampl)
(Courville ef al., 2006). The natural Nramp1 ho-
mologs form a family of proton-coupled trans-
porters that facilitate the cellular absorption of
divalent metal ions. Since highly active im-
munosuppressive M¢s were generated in Min-in-
fected BALB/c (bcgs/Nramp 1¥) mice, it appears
that the expression of suppressor activity by Min-
induced Mg¢s is not dependent on Nramp1 pro-
tein, indicating that the membrane transport of
divalent metal ions plays no major role in the sup-
pressor activity of Min-Mg¢s. On this point, cur-
rent studies using Nramp1-deficient mice are un-
der way.

This study was partly supported by grants from
the Ministry of Education, Culture, Sports,
Science, and Technology of Japan.

ACKNOWLEDGEMENTS
We thank Ms. Matsubara, Center for Integrated
Research in Science, for her technical supports.

REFERENCES

Car S., Sumizu T., TomiokA H. (2006). Comparative stud-
ies on the roles of mediator molecules in expression
of the suppressor activity of Mycobacterivm avium
complex-induced immunosuppressive macrophages
against T cell and B cell mitogenic responses. Clin.
Exp. Immunol. 143, 560-571.

COURVILLE P., CHALOUPKA R., CELLIER M.F. (2006).
Recent progress in structure-function analyses of
Nramp proton-dependent metal-ion transporters.
Biochem. Cell. Biol. 84, 960-978.

Epwarps C.K., HEDEGAAR H.B., ZLOINIK A.,
GANGADHARAM P.R., JOHNSTON R.B., PABST M.J.
(1986). Chronic infection due to Mycobacterivm in-
tracellulare in mice: association with macrophage
release of prostaglandin E, and reversal by injec-
tion of indomethacin, muramyl dipeptide, and in-
terferon-y. J. Immunol. 136, 1820-1827.

ELLNER J.J. (1978). Suppressor adherent cells in hu-
man tuberculosis. J. Immunol. 121, 2573-2579.
GILBERTSON B, ZHONG J., CHEERS C. (1999). Anergy, IFN-

y production, and apoptosis in terminal infection

of mice with Mycobacterium avium. J. Immunol.
163, 2073-2080.

LoERCHER A.E., NAsH M.A., KAVANAGH J.J., PLATSOUCAS
C.D., FREEDMAN R.S. (1999). Identification of an
IL-10-producing HLA-DR-negative monocyte sub-
set in the malignant ascites of patients with ovar-
ian carcinoma that inhibits cytokine protein ex-
pression and proliferation of autologous T cells. J.
Immunol. 163, 6251-6260.

Maw W.W., Saimizu T., Saro K., Tomioka H. (1997).
Further study on the roles of the effector molecules
on immunosuppressive macrophages induced by
mycobacterial infection in expression of their sup-
pressor function against mitogen-stimulated T cell
proliferation. Clin. Exp. Immunol. 108, 26-33.

SHimizu T., SaNo C., Tomioka H. (2004). The role of B7
molecules in the cell contact-mediated suppres-
sion of T cell mitogenesis by immunosuppressive
macrophages induced with mycobacterial infec-
tion. Clin. Exp. Immunol. 2135, 373-379.

TomiokA H. (2004). Adjunctive immunotherapy of my-
cobacterial infections. Curr. Pharm. Des. 10, 3297-
3312.

TomiokA H. (2009). Suppressor macrophages induced
by mycobacterial infections. (In: Current topics on
the profiles of host immunological response to my-
cobacterial infections. Ed. Tomioka H.). Reserach
Signpost, Trivandrum India. 251-280.

ToMiokA H., Sarro H., Yamapa Y. (1990).
Characteristics of immunosuppressive
macrophages induced in spleen cells by

Mycobacterium avium complex infections in mice.
J. Gen. Microbiol. 136, 965-974.

TowmiokA H., Sato K., Maw W.W., Sarto H. (1995). The
role of tumor necrosis factor, interferon-y, trans-
forming growth factor-p, and nitric oxide in the ex-
pression of immunosuppressive functions of
macrophages induced by Mycobacterium avium
complex infection. J. Leukoc. Biol. 58, 704-712.

TomiokA H., Maw W.W,, Sato K., Sarto H. (1996). The
role of tumor necrosis factor-o. in combination
with interferon-y or interleukin-1 in the induction
of immunosuppressive macrophages because of
Mycobacterium avium complex infection.
Immunology. 88, 61-67.

VipAL S., TREMBLAY M.L., GovoNI G., GAUTHIER S.,
SEBASTIANI G., MALO D., SKAMENE E., OLIVIER M.,
JotHY S., GRos P. (1995). The Ity/Lsh/Bcg locus: nat-
ural resistance to infection with intracellular par-
asites is abrogated by disruption of the Nrampl
gene. J. Exp. Med. 182, 655-666.






