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SUMMARY

We assessed the roles of proinflammatory cytokines IFN-g and TNF-a, and immunoregulatory
cytokines IL-10 and TGF-b in the modulation of the anti-microbial activity of murine peritoneal
macrophages againstMycobacterium avium-intracellularecomplex (MAIC). First, both IFN-g and
TNF-a significantly reduced the bacterial growth in macrophages, indicating that these cytokines
participate in up-regulation of macrophage anti-MAIC function. Second, although MAIC-infected
macrophages produced substantial amounts of IL-10 and TGF-b, neutralization of endogenous IL-10
and TGF-b with anti-IL-10 and anti-TGF-b antibodies, respectively, did not affect the intracellular
growth of MAIC in macrophages from mice withBcgS (MAIC-susceptible) orBcgr (MAIC-resistant)
genotype, regardless of the virulence of test MAIC strains. The same result was also obtained for
macrophages stimulated with IFN-g or TNF-a. Third, in MAIC-infected mice, the growth of organisms
at the sites of infection (lungs and spleens) was not affected by administration of anti-IL-10 or anti-
TGF-b antibodies. These findings indicate that, in the case of mice, endogenous IL-10 and TGF-b are
essentially ineffective in down-regulating macrophage anti-MAIC functions not onlyin vitro but alsoin
vivo.

Keywords interferon-gamma tumour necrosis factor-alpha IL-10 transforming growth factor-
beta macrophageMycobacterium avium-intracellularecomplex

INTRODUCTION

Mycobacterium avium-intracellularecomplex (MAIC) frequently
causes disseminated and fatal infections in AIDS patients [1,2].
MAIC infections are intractable because of intrinsic resistance of
the pathogens to most anti-tuberculosis drugs. Host resistance
against mycobacterial organisms including MAIC is principally
dependent on the bactericidal and/or bacteriostatic functions of
macrophages activated by proinflammatory cytokines such as IFN-
g, TNF-a and granulocyte-macrophage colony-stimulating factor
(GM-CSF) produced by Th1 cells, natural killer (NK) cells, and
macrophages themselves [3–6].

Although IFN-g is regarded as a crucial activator of macro-
phage cell functions, its ability to up-regulate macrophage anti-
microbial activity against mycobacterial organisms still remains

somewhat controversial, as follows. First, in the case of murine
macrophages, IFN-g is generally known to up-regulate their anti-
microbial activity against M. tuberculosis, M. bovis bacille
Calmette–Gue´rin (BCG), and MAIC [5–9]. However, some inves-
tigators reported that IFN-g conversely suppressed the anti-MAIC
activity of mouse peritoneal macrophages [10]. The same situation
is also known for human macrophages. Some investigators reported
IFN-g-mediated increase in the anti-MAIC activity of human
monocyte-derived macrophages [11], while these investigators
demonstrated IFN-g-mediated down-regulation of anti-MAIC
activity of human monocytes or monocyte-derived macrophages
depending on the phase of cultivation [10,11].

Second, TNF-a is widely known to up-regulate macrophage
microbicidal activity against mycobacteria [3,5,6,10,12]. TNF-a-
mediated potentiation of macrophage anti-MAIC activity has been
observed for mouse peritoneal macrophages [10,13,14], human
monocytes [15], and human monocyte-derived macrophages
[13,16]. However, a recent study by Bermudezet al. [17] revealed
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that entry of MAIC organisms into macrophages by alternate
receptors other than complement and mannose receptors was
associated with resistance to TNF-a-induced bactericidal
mechanisms of human monocyte-derived macrophages.

Third, IL-10 and TGF-b, immunoregulatory cytokines posses-
sing macrophage-deactivating functions [18–24], have been
reported by some investigators to down-regulate the anti-microbial
activity of murine and human macrophages against MAIC [25–
27]. Previously, we found a long-lasting increase in the tissue
levels of TGF-b in the spleens of mice during weeks 2–8 of
infection and this was concurrent with the accelerated growth of
infected organisms [28], suggesting TGF-b-mediated suppression
of macrophage anti-MAIC functions in MAIC-infected mice.
However, other investigators reported that IL-10 and TGF-b did
not modulate the anti-microbial activity of human monocytes
against MAIC [29] andM. tuberculosis[30].

In the present study, we assessed the roles of proinflammatory
cytokines IFN-g and TNF-a, and immunosuppressive cytokines
IL-10 and TGF-b, on the anti-microbial activity of mouse perito-
neal macrophages against high- or low-virulence MAIC strains,
using mouse strains withBcgS (MAIC-susceptible) or Bcgr

(MAIC-resistant) genotypes [31]. We have confirmed that both
IFN-g and TNF-a are efficacious in up-regulating the anti-MAIC
functions of murine macrophages, based on statistical analysis of
the data obtained from a number of repeated experiments. On the
other hand, neither IL-10 nor TGF-b was found to modulate the
anti-MAIC activities ofBcgr andBcgSmacrophages, althoughBcgr

macrophages displayed more potent microbicidal activity than did
BcgS macrophages.

MATERIALS AND METHODS

Organisms
MAIC N-254 (serovar 9) and MAIC N-260 (serovar 16) isolated
from patients with MAIC infection were used. These MAIC strains
were identified asM. aviumandM. intracellulare by DNA probe
test, respectively. They produced smooth, flat, and transparent
colonies. MAIC N-254 is weakly virulent in mice, showing slow
growth in the visceral organs (lungs and spleen), and this strain did
not kill infected mice within 1 year [32]. In contrast, MAIC N-260
is highly virulent in mice, showing much more rapid growth at the
sites of infection, and this strain caused the death of all mice within
260 days after infection [32]. The organisms were grown in
Middlebrook 7H9 medium (Difco Labs, Detroit, MI), collected
by centrifugation at 1700g for 15 min, and suspended in 0·1%
bovine serum albumin (BSA) in PBS. The bacterial suspension was
then sonicated using Handy Sonic (Model UR-20P; Tomy Seiko
Co., Tokyo, Japan) at maximum power for 20 s and stored at –808C
until use.

Mice
Seven to 12-week-old female mice of BALB/c (BcgS genotype),
C57Bl/6 (BcgS), and CBA/JN (Bcgr) strains [31] were purchased
from Japan Clea Co. (Osaka, Japan) (BALB/c and C57Bl/6) and
Charles River Co. (Kanagawa, Japan).

Special agents
Murine recombinant IFN-g and TNF-a were obtained from Gen-
zyme Co. (Cambridge, MA). One unit of IFN-g is defined as the
amount required to protect 50% of the indicator cell population
(L929 cells) from viral (VSV) destruction. One unit of TNF-a is

defined as the amount required to mediate half-maximal cytotoxi-
city of L929 cells. Rat anti-mouse IL-10 MoAb, mouse anti-human
TGF-b MoAb (also specific to mouse TGF-b) were obtained from
Genzyme. Rat IgG and mouse IgG were purchased from ICN
Pharmaceuticals Inc. (Costa Mesa, CA) and Chemicon Interna-
tional Inc. (Temecula, CA), respectively. These cytokine and
antibody preparations were essentially free from lipopolysacchar-
ide (LPS) contamination in the Limulus J Single Test (Wako Pure
Chemical Industry Co., Osaka, Japan).

In separate experiments using bioassay of IL-10 (costimulation
assay using MC/9 cells) and TGF-b (Mv1Lu growth inhibition
assay), the presently used anti-IL-10 MoAb and anti-TGF-b MoAb
exerted sufficient levels of neutralizing activity of IL-10 and
TGF-b, respectively. Anti-IL-10 MoAb and anti-TGF-b MoAb
(1mg/ml) neutralized$ 5·0 and 0·4 ng/ml of IL-10 and TGF-b,
respectively.

Medium
RPMI 1640 medium (Nissui Pharmaceutical Co., Tokyo, Japan)
containing 5% or 10% (v/v) fetal bovine serum (FBS) (BioWhit-
taker Co., Walkersville, MD) was used for cell culture.

Intracellular growth of MAIC in macrophages
Peritoneal cells suspended (PCs) in 5% FBS–RPMI 1640 medium
were seeded into 96-well round-bottomed microculture wells
(Becton Dickinson, Lincoln Park, NJ) at a density of
1×105cells/well. After 1 h incubation at 378C in a CO2 incubator
(5% CO2–95% humidified air), the wells were gently rinsed with
Hanks’ balanced salt solution (HBSS) containing 2% FBS to
remove non-adherent cells. The resultant macrophages were cul-
tured in 0·1 ml of the medium with the addition of 1×107 colony-
forming units (CFU)/ml of MAIC at 378C in a CO2 incubator for
1 h. After washing with 2% FBS–HBSS, the macrophage culture
was cultivated in the medium (0·2 ml) with or without the addition
of IFN-g (300 U/ml), TNF-a (1000 U/ml), anti-IL-10 MoAb (20 or
30mg/ml), anti-TGF-b MoAb (20 or 30mg/ml), or combinations of
them at 378C in a CO2 incubator for up to 7 days, unless otherwise
specified. At intervals, culture fluid was withdrawn and 0·15 ml of
lysis buffer (0·07% SDS in 7H9 broth) was added to the macro-
phage culture. The macrophage lysate was mixed with 50ml of
20% BSA in PBS, and the numbers of bacterial CFU in the
macrophage lysate were counted on 7H11 agar plates (Difco).

The value ‘relative growth rate’ of MAIC in macrophages
treated with test agents, such as cytokines and anti-cytokine
antibodies, was calculated as: relative growth rate¼ (bacterial
growth rate in macrophages treated with test agents)/(bacterial
growth rate in untreated macrophages).

Cytokine measurement
Macrophage monolayer cultures prepared on 16-mm culture wells
(Corning Glass Works, Corning, NY) by seeding 5×106 PCs
were cultivated in 1·0 ml of 10% FBS–RPMI medium in the
presence or absence of 1×107 CFU/ml of MAIC at 378C in a
CO2 incubator for up to 14 days. At intervals, cytokine concentra-
tions in culture fluids were measured by an ELISA as reported
previously [28]. Briefly, Immulon 4 plates (Dynatech Labs, Chan-
tilly, VA) were coated with a capture antibody for each cytokine
using rat anti-mouse IL-10 and mouse anti-human TGF-b (specific
to mouse TGF-b) (R&D Systems Inc., Minneapolis, MN) MoAbs.
Biotinylated rat anti-mouse IL-10 MoAb (Pharmingen Co., San
Diego, CA) and chicken anti-human TGF-b MoAb (R&D Systems)
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were used as the detecting antibodies. Alkaline phosphatase-
conjugated streptavidin (Life Technologies Co., Gaithersburg,
MD) and alkaline phosphatase-conjugated rabbit anti-chicken
IgG MoAb (Zymed Labs Inc., San Francisco, CA) were further
bound to biotinylated antibody and chicken anti-TGF-b antibody,
respectively. Colour development was achieved by usingp-nitro-
phenyl phosphate tablets (Sigma Chemical Co., St Louis, MO) as
substrate.

Experimental MAIC infection
Seven to 8-week-old female BALB/c mice were infected with
1×107 CFU of MAIC N-260 via the i.v. route. Infected mice were
given or were not given either i.p. injections of goat anti-IL-10
antibody (Sigma) or i.v. injections of mouse anti-TGF-b antibody
(Genzyme) at the dose of 50–100mg/mouse weekly or biweekly
from week 1 to week 5 after infection. Goat IgG (Zymed) was used
as a control antibody for goat anti-IL-10 antibody. In some cases,
mice were given KRM-1648 (Kaneka Corp., Hyogo, Japan) finely
emulsified in a 2·5% gum arabic–0·2% Tween 80 solution at a dose
of 8 mg/kg by gavage, once daily, 6 times per week, from day 1 for
up to 6 weeks after infection. Mice were killed at week 6, and the
bacterial loads in the lungs and spleens of mice were measured by
counting the number of CFU in the homogenates of individual
organs with distilled water on Middlebrook 7H11 agar plates, as
previously described [28].

Statistical analysis
Statistical analysis was performed by Mann–Whitney test unless
otherwise specified.

RESULTS

Roles of IFN-g and TNF-a in modulation of macrophage anti-
MAIC activity
In order to assess the effects of IFN-g and TNF-a on macrophage
anti-MAIC functions, we measured the intracellular growth of
high-virulence MAIC N-260 in peritoneal macrophages from
BALB/c (BcgS) mice during cultivation in the presence of IFN-g

or TNF-a. Figure 1 shows the result of the representative experi-
ment which demonstrated IFN-g- and TNF-a-mediated potentia-
tion of macrophage anti-MAIC activity. In this experiment, both
cytokines did not endow the macrophages with microbicidal
activity against MAIC. However, significant inhibition of bacterial
growth was observed when MAIC-infected macrophages were
cultured in the presence of these cytokines:P< 0·05 by Mann–
Whitney test (IFN-g) or Student’st-test (TNF-a).

We repeated the same experiments six times or more by using
different lots of peritoneal macrophages from BALB/c (BcgS)
strain mice. In each individual experiment we estimated the
mean value of ‘relative growth rate’ of MAIC N-260 in IFN-g-
or TNF-a-treated macrophages by performing triplicate incuba-
tions per regimen. In most experiments, the values of ‘relative
growth rate’ of MAIC in IFN-g- or TNF-a-treated macrophages
distributed below 1·0, i.e. the inter-experimental averages of the
parameter (six to seven experiments (18–21 incubations)) were
0·696 0·06 and 0·826 0·07 for IFN-g- and TNF-a-treated macro-
phages, respectively. The observed reductions in ‘relative growth
rate’ were statistically significant (IFN-g, P<0·01; TNF-a,
P<0·05; Mann–Whitney test), confirming both IFN-g and
TNF-a are efficacious in up-regulating macrophage anti-MAIC
activity.

Roles of IL-10 and TGF-b in modulation of macrophage anti-
MAIC activity
In the next series of experiments we attempted to assess the roles of
IL-10 and TGF-b in down-regulation of the anti-MAIC activity of
mouse peritoneal macrophages. For this purpose, we used anti-IL-
10 and anti-TGF-b antibodies to neutralize the activity of IL-10
and TGF-b which were endogenously produced by MAIC-infected
macrophages [25,27]. Figure 2 shows results of the representative
experiment in which BALB/c (BcgS) macrophages were infected
with high-virulence MAIC N-260 and cultured in the presence or
absence of anti-IL-10 or anti-TGF-b antibody. Rat and mouse IgGs
were used as a control antibody for the anti-IL-10 and anti-TGF-b

antibodies, respectively. No significant reduction of the MAIC
growth was observed in macrophages treated with anti-IL-10
antibody or anti-TGF-b antibody, compared with the case where
macrophages were treated with corresponding control antibodies.
Although some degree of reduction of MAIC growth rate was
noted in macrophages treated with anti-TGF-b antibody compared
with untreated control macrophages (P<0·05 at day 5; Mann–
Whitney test), the control antibody (mouse IgG) also caused
similar levels of growth inhibition. Although the precise reason
why the control antibody reduced the bacterial growth is unknown,
it is possible that the IgG molecules exerted some opsonin-like
activity or caused non-specific potentiation of macrophage anti-
MAIC activity.
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Fig. 1. Potentiating effects of IFN-g and TNF-a on macrophage anti-
Mycobacterium avium-intracellularecomplex(MAIC) activity. The result
shown is representative of six experiments separately carried out. Perito-
neal macrophages of BALB/c (BcgS) mice were infected with high-
virulence MAIC N-260 strain and cultured in the absence (A) or presence
of IFN-g (B) or TNF-a (hatched bar). IFN-g and TNF-a were added at
concentrations of 300 and 1000 U/ml, respectively. Each bar indicates the
number of bacterial colony-forming units (CFU) per macrophage culture
(mean6 s.e.m.;n¼ 3). †Significantly smaller than the value of the control
macrophages (¹ cytokine) (P<0·05; Mann–Whitney test); *smaller than
the value of the control macrophages atP<0·05 by Student’st-test. The
recovery of bacterial CFU in culture fluids was<10% of that recovered
from macrophages.



We repeated the same experiments six times using different
lots of macrophages from BALB/c (BcgS) strain mice. In each
individual experiment we estimated the mean value of ‘relative
growth rate’ of MAIC N-260 in anti-IL-10 or anti-TGF-b antibody-
treated macrophages in triplicate incubations per regimen. Inter-
experimental averages of ‘relative growth rate’ (six experiments
(18 incubations)) were estimated as 0·896 0·08 and 0·886 0·07
for macrophages treated with anti-IL-10 antibody and its control
antibody, respectively; and 0·816 0·07 and 0·846 0·09 for macro-
phages treated with anti-TGF-b antibody and control antibody,
respectively. Thus, it is concluded that the anti-MAIC activity of
BALB/c (BcgS) macrophages was not significantly potentiated by
blocking endogenous IL-10 or TGF-b using anti-IL-10 and anti-
TGF-b antibodies.

Next, we examined the effects of anti-IL-10 and anti-TGF-b

antibodies on the mode of growth of high-virulence MAIC N-260
in BALB/c (BcgS) macrophages stimulated with either IFN-g or

TNF-a and the following results were obtained. First, in the case of
IFN-g-stimulated macrophages, the inter-experimental averages of
‘relative growth rate’ of six to seven experiments (18–21 incuba-
tions) were estimated as 0·746 0·06 and 0·696 0·05 for macro-
phages treated with anti-IL-10 antibody and its control antibody,
respectively; and 0·896 0·09 and 0·776 0·11 for macrophages
treated with anti-TGF-b antibody and its control antibody, respec-
tively. Second, in the case of TNF-a-stimulated macrophages, the
inter-experimental averages of ‘relative growth rate’ of six experi-
ments (18 incubations) were estimated as 0·966 0·06 and
0·726 0·05 for macrophages treated with anti-IL-10 antibody
and its control antibody, respectively; and 0·966 0·10 and
0·886 0·11 for macrophages treated with anti-TGF-b antibody
and its control antibody, respectively. These findings indicate that
endogenous IL-10 and TGF-b lack modulating effect on anti-
MAIC N-260 activity of BALB/c macrophages, even when the
macrophages are activated by IFN-g or TNF-a.
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Addition Day

None

None

Control antibody
(rat IgG) 

3

3

3Anti-IL-10 antibody

Control antibody
(mouse IgG) 

3

Anti-TGF-β antibody 3

None

Control antibody
(rat IgG) 

5

5

5Anti-IL-10 antibody

Control antibody
(mouse IgG) 

5

Anti-TGF-β antibody 5 *

Fig. 2. Failure of anti-IL-10 and anti-TGF-b antibodies to modulate macrophage anti-Mycobacterium avium-intracellularecomplex (MAIC)
activity. The result shown is representative of six experiments separately carried out. Peritoneal macrophages of BALB/c (BcgS) mice were
infected with high-virulence MAIC N-260 strain and cultured in the absence (A) or presence of 30mg/ml each of anti-IL-10 antibody, anti-
TGF-b antibody, or control antibody (rat IgG for anti-IL-10 antibody and mouse IgG for anti-TGF-b antibody). *Smaller than the value of
control macrophages (P<0·05; Mann–Whitney test). There was no significant difference in the bacterial loads between macrophages treated
with each anti-cytokine antibody and those treated with a control antibody. The other details are the same as in Fig. 1.



Effects of anti-IL-10 and anti-TGF-b antibodies on the anti-
microbial functions of BcgS and Bcgr macrophages against
high- and low-virulence MAIC
Next, we examined the effects of anti-IL-10 and anti-TGF-b

antibodies on the anti-microbial activities of peritoneal macro-
phages from C57Bl/6 (BcgS; MAIC-susceptible) and CBA/JN
(Bcgr; MAIC-resistant) strain mice [31] against high-and low-
virulence MAIC.

Figure 3 shows the representative results of three experiments
separately repeated. When macrophages were infected with high-
virulence MAIC N-260, C57Bl/6 (BcgS) macrophages allowed
progressive growth of infected organisms during whole cultivation
periods for up to 5 days (Fig. 3a). In the case of CBA/JN (Bcgr)
macrophages, infected organisms showed transient growth during

the first 3 days but thereafter they were gradually eliminated during
day 3 to day 5 (Fig. 3b). On the other hand, when macrophages
were infected with low-virulence MAIC N-254, the organisms
residing in C57Bl/6 (BcgS) macrophages were temporarily elimi-
nated during the first 3 days, followed by subsequent regrowth
during day 3 to day 5 (Fig. 3c). In the case of CBA/JN (Bcgr)
macrophages, progressive killing of the infected organisms was
observed during whole cultivation periods for up to 5 days
(Fig. 3d). In these cases, anti-IL-10 and anti-TGF-b antibodies
did not significantly affect the growth of MAIC N-254 or N-260
strain residing in C57Bl/6 (BcgS) and CBA/JN (Bcgr) macro-
phages. The same result was also obtained for the effects of anti-
IL-10 and anti-TGF-b antibodies on the anti-microbial activity of
BALB/c (BcgS) macrophages against MAIC N-254 strain (data not
shown). These findings indicate that IL-10 and TGF-b are essen-
tially lacking in modulation effects on macrophage anti-MAIC
functions regardless of virulence of test MAIC strains and regard-
less ofBcggenotypes of macrophage-donor mice.

Production of IL-10 and TGF-b by MAIC-infected macrophages
As shown in Table 1, peritoneal macrophages from BALB/c strain
mice produced substantial amounts of IL-10 and TGF-b in
response to MAIC N-260 infection during the course of chase
cultivation. IL-10 production was observed in the early phase of
cultivation around days 1–3, while TGF-b production was initiated
from day 3 and continuously increased during subsequent cultiva-
tion up to day 14. In experiments in Figs 2 and 3, anti-IL-10 and
anti-TGF-b antibodies were added to macrophage cultures at
concentrations of 20 or 30mg/ml, which can neutralize$ 100 or
$ 150 ng/ml of IL-10 and 8 or 12 ng/ml of TGF-b. Maximum
production of IL-10 and TGF-b by MAIC-infected macrophages
during cultivation during the first 7 days was<6·1 and 8·4 ng/ml,
respectively. These values are therefore smaller than or compar-
able to the amounts of IL-10 and TGF-b which can be neutralized
with 20 or 30mg/ml of the anti-IL-10 and anti-TGF-b antibodies.
Thus, the present dosing of the anti-IL-10 and anti-TGF-b anti-
bodies in Figs 2 and 3 seems to be sufficient for neutralization of
endogenous IL-10 and TGF-b produced by MAIC-infected
macrophages.
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Fig. 3. Effects of anti-IL-10 and anti-TGF-b antibodies on the anti-Myco-
bacterium avium-intracellularecomplex (MAIC) activity of peritoneal
macrophages of C57Bl/6 (BcgS) (a,c) and CBA/JN (Bcgr) (b,d) mice. The
result shown is representative of three experiments separately carried out.
Macrophages were infected with either high-virulence MAIC N-260 strain
(a,b) or low-virulence MAIC N-254 strain (c,d) and cultured in the absence
(W) or presence of 20mg/ml each of anti-IL-10 antibody (X) or anti-TGF-b
antibody (O). ‘Growth index’ was calculated as: growth index¼ (intracel-
lular colony-forming units (CFU) at day 3 or day 5)/(intracellular CFU at
day 0). Each plot indicates the mean6 s.e.m. (n¼ 3) of the ‘Growth index’
value. The day 0 values for intracellular CFU residing in macrophages
were: (a) 5·78×103/well; (b) 5·76×103/well; (c) 1·07×103/well; (d)
1·42×103/well. There was no significant difference in the bacterial loads
between macrophages treated with each anti-cytokine antibody and
untreated control macrophages. The recovery of bacterial CFU in culture
fluids was<10% of that recovered from macrophages.

Table 1. Production of IL-10 and TGF-b by Mycobacterium avium-intra-
cellulare (MAIC)-infected macrophages*

MAIC Cultivation time IL-10 production TGF-b production
infection (days) (ng/ml)† (ng/ml)†

¹ 1 2·006 0·06 <0·1‡
– 3 1·236 0·08 0·216 0·02
– 7 0·456 0·08 1·636 0·11
– 14 <0·1 1·196 0·16

þ 1 6·136 0·39 <0·1
þ 3 5·636 0·73 0·586 0·46
þ 7 3·626 0·21 8·406 0·58
þ 14 0·496 0·03 19·76 1·45

* Macrophage monolayer culture prepared by seeding 5×106 of sus-
pended peritoneal cells (PCs) was in the presence or absence of 1×107

colony-forming units (CFU)/ml of MAIC. At intervals, culture fluids were
measured for the indicated cytokines by ELISA.

† The mean6 s.e.m. (three macrophage cultures).
‡ Lower than the detectable limit.



Profiles of the bacterial growth in MAIC-infected mice with or
without administrations of anti-IL-10 or anti-TGF-b antibody
Since the above findings strongly suggest that IL-10 and TGF-b

were essentially ineffective in down-regulating anti-MAIC activity
of murine macrophages, we examined the effects ofin vivo
neutralization of IL-10 and TGF-b with anti-IL-10 and anti-
TGF-b antibodies on the mode of bacterial growth in mice infected
with MAIC N-260. As shown in Table 2, multiple injections of
either anti-IL-10 (exp. 1) or anti-TGF-b antibody (exp. 2) did not
significantly affect the growth of the organisms in the lungs and
spleen. Therefore,in vivo neutralization of endogenous IL-10 or
TGF-b appears not to change the mode of growth of MAIC N-260
at the sites of infection, indicating that these immunoregulatory
cytokines do not play important roles in suppression of macro-
phage anti-MAIC functions, which allows progressive growth of
the organisms at the sites of infection. However, the result obtained
by exp. 1 suggests the possibility that IL-10 still plays some minor
roles in down-regulation of the expression of host resistance to
MAIC infection. That is, injection of anti-IL-10 antibody to
infected mice receiving oral administrations of a rifamycin deri-
vative KRM-1648, a potent anti-mycobacterial drug [33],
increased thein vivo anti-MAIC activity of KRM-1648 in MAIC-
infected mice (Table 2; exp. 1). In this experiment, the reduction of
bacterial loads at week 6 in the lungs of KRM-treated mice from
those of untreated control mice was 1·726 0·07 log-units. When
anti-IL-10 antibody was given to mice in combination with KRM-
1648 treatment, the reduction of the bacterial loads from those of
control mice was increased to 2·356 0·19 log-units. On the other
hand, the growth of MAIC in the spleens of KRM-1648-treated
mice was not affected by anti-IL-10 administration.

DISCUSSION

In the present study, we examined the roles of proinflammatory
cytokines IFN-g and TNF-a, and immunoregulatory cytokines IL-
10 and TGF-b, in modulating anti-MAIC activity of murine
peritoneal macrophages, and the following results were obtained.
First, both IFN-g and TNF-a caused significant inhibition of the

growth of MAIC organisms in macrophages (Figs 1 and 2). This
finding is consistent with the majority of previous observations,
although, the effectiveness of IFN-g and TNF-a in promoting
macrophage anti-MAIC functions, observed here, were not so
great as reported [7,8,10,14–16]. The present study also showed
that the efficacy of IFN-g in promoting the macrophage activity
was greater than that of TNF-a. This is consistent with our pre-
vious finding that IFN-g was much more efficacious than TNF-a

in potentiating macrophage anti-M. tuberculosisfunctions [34].
Second, in cases of both human and murine macrophages,

IL-10- or TGF-b-mediated modulation of macrophage anti-
mycobacterial activity is controversial, as follows. Bermudez
et al. [25,27] and Denis & Ghardirian [26] reported IL-10- or
TGF-b-mediated down-regulation of the anti-MAIC activity of
murine peritoneal macrophages [25,26] and human monocytes
[27]. On the other hand, Shiratsuchiet al. [29] and Warwick-
Davieset al. [30] reported that neither IL-10 nor TGF-b affected
the anti-microbial activity of human monocytes against MAIC [29]
or M. tuberculosis[30]. In the present study, we could not obtain
any evidence which supported the concept that IL-10 and TGF-b

had the effect of modulating the anti-MAIC anti-microbial activity
of murine peritoneal macrophages. That is, anti-IL-10 and anti-
TGF-b antibodies failed to enhance macrophage anti-MAIC activ-
ity, even when the macrophages were treated with sufficient doses
of antibody to neutralize macrophage-derived endogenous IL-10
and TGF-b. The same results were obtained regardless ofBcg
genotypes of strains of macrophage-donor mice, i.e. CBA/JN
(Bcgr), BALB/c (BcgS), and C57Bl/6 (BcgS) macrophages,
althoughBcgr macrophages displayed greater anti-MAIC activity
than didBcgS macrophages (Fig. 3). Moreover, the same results
were obtained regardless of virulence of test MAIC strains. That is,
anti-IL-10 and anti-TGF-b antibodies did not affect macrophage
anti-microbial activity against low-virulence N-254 and high-
virulence N-260 strains, although the N-254 strain was more
easily killed or inhibited by macrophages than the N-260 strain
(Fig. 3). Furthermore, neither anti-IL-10 antibody nor anti-TGF-b

antibody affected the expression of the anti-MAIC activity of
macrophages stimulated with either IFN-g or TNF-a.
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Table 2. Effects of administration of anti-IL-10 or anti-TGF-b antibody on the mode of thein vivogrowth ofMycobacterium avium-intracellularecomplex
(MAIC) in host mice*

Administration Log CFU/lungs Log CFU/spleen

Exp. Antibody KRM-1648 Day 1 Week 6 Day 1 Week 6

1 Control antibody – 3·796 0·02† 5·626 0·10 5·866 0·09 6·706 0·09
Anti-IL-10 antibody – ND‡ 6·036 0·12 ND 6·646 0·25
Control antibody þ ND 3·906 0·07§ ND 6·536 0·11
Anti-IL-10 antibody þ ND 3·276 0·19¶ ND 6·566 0·11

2 None – 4·366 0·10 6·036 0·10 5·706 0·03 6·896 0·04
Anti-TGF-b antibody – ND 6·056 0·04 ND 6·906 0·11

* MAIC-infected mice were given or were not given indicated antibodies. Anti-IL-10 antibody and its control antibody were given intraperitoneally at
100mg/mouse once per week from week 1 to week 5, while anti-TGF-b antibody was given intravenously at 50mg/mouse at weeks 2, 4, and 5. In exp. 1,
KRM-1648 was given at 8 mg/kg by a gavage once daily, six times per week, from day 1 for up to 6 weeks after infection.

† The mean6 s.e.m. (n¼ 3).
‡ Not determined.
§ Significantly smaller than the value of KRM-1648-untreated control mice (P<0·05; Mann–Whitney test).
¶ Significantly smaller than the value of mice given control antibody combined with KRM-1648 (P<0·05; Mann–Whitney test).



Therefore, it is concluded that IL-10 and TGF-b endogenously
produced by macrophages are themselves substantially ineffective
in modulating macrophage anti-MAIC activity, regardless of the
virulence of MAIC organisms and regardless ofBcg (Nramp1)
genotypes of macrophages, which determine host natural resis-
tance to MAIC infection by regulating macrophage anti-microbial
activity [35,36]. In addition, this conclusion is also applicable to
strains of macrophage-donor mice with different levels of IL-12
responsiveness to mycobacterial and leishmanial infections, which
is decisive for development of a Th1 response [37], since neither
anti-IL-10 nor anti-TGF-b antibody affected the anti-MAIC activ-
ity of not only IL-12 high-responder (C57Bl/6 and CBA/JN)
macrophages but also IL-12 low-responder (BALB/c) macro-
phages [37–40]. Therefore, although the precise reason for the
inconsistency of our findings and those of Shiratsuchiet al. [29]
and Warwick-Davieset al. [30] from those reported by Bermudez
et al. [25,27] and Denis & Ghardirian [26] is unknown, the
difference in experimental conditions, other than virulence of
test MAIC organisms orBcg genotype and IL-12 responsiveness
of test macrophages, may be one reason for such a discrepancy.

Concerning the failure of IL-10 and TGF-b to down-regulate
macrophage anti-MAIC activity, an alternative explanation is also
possible. That is, the effects induced by IFN-g and TNF-a are
rather small, and so probably represent bacteriostasis rather than
bacterial killing. This raises the possibility that the role of IL-10
and TGF-b is to inhibit bacterial killing by macrophages but not to
inhibit macrophage-mediated bacteriostasis. Since, in the present
study, macrophage anti-MAIC activity was principally expressed
as a bacteriostatic action, the effects of IL-10 and TGF-b on killing
might not be observed.

Third, multiple injections of anti-IL-10 and anti-TGF-b into
MAIC-infected mice did not affect the growth of organisms at the
sites of infection (Table 2) and thisin vivo result is consistent with
the above findings obtained byin vitro experiments. However, in
this in vivo experiment, the neutralization of IL-10 and TGF-
b seems to be incomplete, since mice were given anti-IL-10 or
anti-TGF-b antibody at 1- or 2-week intervals and these time scales
are much longer than the half-life of murine IgG (about 3 days).
Thus, the possibility cannot be excluded that anti-IL-10 or anti-
TGF-b antibody could inhibit thein vivo growth of MAIC, when
infected mice are given large doses of these antibodies at a high
frequency of dosing. Moreover, it appears that IL-10 and TGF-b

play some restricted roles in modulating the expression of host
resistance to MAIC infection, since administration of anti-IL-10
antibody potentiated to some extent thein vivo anti-MAIC anti-
microbial activity of a rifamycin derivative, KRM-1648, and
moreover, bacterial growth at sites of infection was accompanied
by increased expression of TGF-b in infected tissues [28]. On these
points, further studies are currently underway.
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