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Differential mechanisms of intracellular killing of Mycobacterium avium
and Listeria monocytogenes by activated human and murine macrophages.

The role of nitric oxide
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SUMMARY

Murine peritoneal macrophages activated with interferon-gamma (IFN-y) produce large quantities
of nitric oxide and are efficient in the killing of certain intracellular pathogens. To examine the role of
this mechanism in the killing of Mycobacterium avium by murine and human macrophages, we
infected mouse peritoneal macrophages and human monocyte-derived macrophages with M. avium
and Listeria monocytogenes and stimulated the cells with recombinant tumour necrosis factor (TNF),
granulocyte-macrophage colony-stimulating factor (GM-CSF) or IFN-y, in the presence or absence
of N-monomethyl-L-arginine (NMA) or arginase. Neither competitive inhibition with NMA nor
depletion of arginine by arginase had any effect on the inhibition of growth/intracellular killing of
M. avium by activated human and murine macrophages. In contrast, activation of murine but not
human macrophages infected with L. monocytogenes by IFN-y was significantly inhibited by the
addition of NMA /arginase. Furthermore, murine macrophages produced large concentrations of
nitric oxide following stimulation with recombinant cytokines, although no significant increase of

nitric oxide production was observed with human monocyte-derived macrophages.
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INTRODUCTION

Organisms of the Mycobacterium avium complex are facultative
intracellular bacteria that preferentially infect macrophages
[1,2]. Once ingested by macrophages M. avium is killed or has
the growth inhibited by activated cells [3,4]. Recent studies have
shown that murine macrophages activated with recombinant
interferon-gamma (IFN-y) or recombinant tumour necrosis
factor (TNF) kill a number of intracellular pathogens by a non-
oxidative, L-arginine-dependent generation of reactive nitrogen
intermediates [5,6]. However, similar mechanisms of intracellu-
lar killing have not been demonstrated using human macro-
phages. Studies by Murray & Teitelbaum [7] using Toxoplasma
gondii, Leishmania donovani and Chlamydia psittaci and
Cameron and colleagues [8] using Cryptococcus neoformans
showed that while murine macrophages kill these organisms by
a mechanism dependent on the production of nitrogen interme-
diates, the same is not observed in human macrophages. The
only possible exception was reported by Denis using M. avium
[91.

Since our previous studies suggest an important role of non-
oxidative mechanism for the killing of strains of M. avium by
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intracellular killing M. avium macrophages

- macrophages [10], we examined the possibility that production

of nitrogen intermediates would be responsible by the observed
killing.

MATERIALS AND METHODS

Human and murine macrophages
Cultures of human macrophages were established as previously
reported [11]. Briefly, monocyte-derived macrophages were
cultured in 24-well plates, containing 5 x 10° macrophages/well,
with RPMI 1640+ 10% fetal bovine serum and L-glutamine.
Monolayers were cultured for 7 days before infection. The
number of viable cells in each monolayer was followed by
counting every other day as previously described [11]. No
preferential detachment was seen in the experimental groups.
Cultures of mouse peritoneal macrophages were established
as described [11,12]. Tissue culture plates containing 5 x 10°
macrophages/well were cultured in RPMI 1640 supplemented
with 10% heat-inactivated fetal bovine serum and L-glutamine
without antibiotics (complete medium). After 2 h of adherence,
monolayers were washed with 37°C Hank’s balanced salt
solution (HBSS) to remove non-adherent cells and cultured in
complete medium for 18 h.
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Murine and human monolayers were then infected either
with M. avium strains 101 (serovars 1) or with Listeria
monocytogenes (clinical isolate, 2776), as previously described
[3]. The number of macrophages in the monolayers was
monitored every other day to ensure that a similar number of
cells were present in all monolayers. Monolayers hosting more
than 65% of the initial population of cells were not used for the
experimental analysis.

Macrophage activation

Macrophage monolayers were stimulated with recombinant
human or recombinant mouse TNF (specific activity 2 x 10’ U/
mg; Genentech, South San Francisco, CA), 10* U/ml recombi-
nant human or mouse granulocyte-macrophage colony-stimu-
lating factor (GM-CSF) (10> U/ml) (specific activity of 3 x 107
U/mg and 1-7 U/mg respectively; Immunex, Seattle, WA) or
recombinant human or murine IFN-y (10° U/ml) (specific
activity of 2:5x 107 U/mg for both preparations; Genentech).
Cells were treated with recombinant cytokines for at least
4 days.

Infection

Murine and human macrophages were infected with M. avium
(5% 10% bacteria/5 x 10° cells) for 4 h and 1 h respectively.
Monolayers were then washed three times with HBSS to remove
extracellular bacteria. To quantify the number of viable intra-
cellular bacteria at time zero, three monolayers per experiment
were lysed as described below and the lysate plated onto 7H10
agar plates.

Treatment with N-monomethyl- L-arginine and arginase
As shown in other studies [7,13], N-monomethyl-L-arginine
(NMA; Calbiochem-Behring, La Jolla, CA) was used at 100-
400 uM as a competitive inhibitor of L-arginine. Bovine liver
arginase (Sigma, St Louis, MO) was used at 20 U/ml to deplete
arginine.

For the in vitro studies, both NMA and arginase were added
15 min before infection and 15 min before monolayer stim-
ulation with recombinant cytokines. Because the experiments
last 4 days, fresh NMA and arginase were replenished daily with
cytokines. Therefore, both NMA and arginase were continu-
ously present in the culture medium during the experiment.

NO,~ production

Cell-free supernatants from human and murine macrophage
cultures were tested for NO,~ production using the Griess
reaction as previously reported [14]. For these experiments,
human and mouse macrophages were cultured in minimum
Eagle medium (RPMI 1640 contains nitrate). Macrophage
monolayers were stimulated with IFN-y, TNF or GM-CSF in
presence or absence of M. avium or lipopolysaccharide (LPS,
1 pg/ml, E. coli 0111B4, obtained from Capel). Medium from
triplicate culture was mixed with an equal volume of Griess
reagent (1% sulphanilamide/0-1% naphthylethylenediamine
dihydrochloride/2-5% H;PO,). After 10 min at room tempera-
ture, absorbance at 540 nm (Ass) was measured and compared
with standards established using 1-100 mm of NaNO, [14]. The
concentration of NO,~ obtained in the experiments was sub-
tracted from the concentration of NaNO, obtained with
medium alone.

Quantification of inhibition of growth/killing of M. avium
complex
Inhibition of growth or killing of intracellular bacteria were
concluded when the number of bacteria in stimulated mono-
layers was lower than in control monolayers with similar
numbers of intracellular bacteria at the time zero after infection.
Macrophage monolayers were infected with M. avium and
cultured at 37°C in 5% CO, in moist air for several days in
RPMI 1640 medium containing 10% heat-inactivated fetal calf
serum. The number of bacteria per monolayer 4 h after infection
(implantation inoculum) was obtained, and at 2 and 4 days after
infection the wells were lysed and viable intracellular bacteria
quantified. To lyse macrophages, 0-5 ml of iced sterile water was
added in each well and incubated for 10 min at room tempera-
ture. Then, 0-5 ml of another lysing solution containing 1-1 ml of
7H9 medium and 0-4 ml of 0-25% SDS in phosphate buffer was
added to each well for 10 more minutes (only mycobacteria-
infected monolayers). The wells were vigorously scraped with a
rubber policeman and the macrophage lysates were resuspended
in 0-5 ml of 20% bovine albumin in sterile water to neutralize the
SDS effect. The suspension was then vortex agitated for 2 min
for complete lysis of macrophages. The macrophage lysate was
sonicated for 10 s (power output 2:5 W/s) to avoid formation of
bacterial clumps, and permit reliable pour plate quantification.
As a control for osmotic stability, mycobacteria without
macrophages were submitted to the same procedure and
quantitative colony counts determined by pour plate technique.
The viability count of the control organisms was the same after
exposure to SDS as before. To ensure that macrophages were
totally disrupted, samples were examined by Giemsa staining.
The macrophage lysate suspension was diluted serially and
0-1 ml of the final suspension was plated onto 7H10 agar. The
plates were allowed to dry at room temperature for 15 min, and
incubated at 37°C in 5% CO, and moist air for 2 weeks. The
results are reported as mean colony-forming units (cfu) per
millilitre of macrophage lysate suspension, obtained after 14
days in culture. Duplicate plates were prepared for each well.

Statistical analysis

Each experiment was repeated at least three times. All data in
each experiment were obtained on duplicate wells and the means
were calculated. Significance of killing differences between
treated versus control macrophage cultures at identical time-
points was tested by Student’s s-test.

RESULTS

Effect of arginase and NM A on intracellular killing by activated
macrophages
Previous studies have demonstrated that human and murine
macrophages stimulated with recombinant TNF or GM-CSF
can inhibit the growth of or kill intracellular M. avium[3,4,9,11].
As shown in Table 1, incubation of macrophage monolayers
with arginase (20 U/ml) and NMA (200 uM) had no effect on the
ability of activated human macrophages to kill M. avium.
Increasing the concentration of NMA to 400 um had no effect in
reversing the ability of TNF or GM-CSF to activate human
macrophages (data not shown).

Murine macrophages have been described as having nitro-
gen-dependent bactericidal mechanism against intracellular
pathogens. However, as shown in Table 2, NMA and arginase
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Table 1. Intracellular killing of Mycobacterium avium by activated human macro-
phages

Viable intracellular organisms*

Treatment day 0 day 4 Per cent changet
Control (no treatment) 1'6+04x10° 40+0-3x10° —
TNF (10° U/ml) 1-6+0-4 x 10° 8-8+0-3 x 10* 97-8
TNF + NMA /arginase} 1-6+0-4 x 10° 8:5+0-4 x 10* 97-9
GM-CSF (102 U/ml) 1-6+0-4 x 10° 7-6+0-2 x 10* 98-1
GM-CSF + NMA /arginase 1:6+04x10° 7-5+03x10* 98-1

* Mean +s.d. of three experiments.

+ Per cent of change compared with control at the same point.
1 Monolayers were incubated with 200 uM of N-monomethyl-L-arginine (NMA)

and 20 U/ml of arginase.

Table 2. Intracellular killing of Mycobacterium avium by activated murine macro-
phages

Viable intracellular organisms*

Treatment day 0 day 4 Per cent changet
Control (no treatment) 1-7403x 10 2:5+0-4x10° —
TNF (10° U/ml) 1-7403x10* 77403 x 10* 69-2
TNF + NMA /arginase} 117403x10*  81+0-3x10* 67-6
GM-CSF (10? U/ml) 1-74£03x10*  7-1+£0-4x 10* 716
GM-CSF + NMA /arginase 117403 x 104 7-5+0-3x10* 70:0

* Mean +s.d. of three experiments.

t Per cent of change compared with control at the same time point.
1 Monolayers were treated with 200 uM of N-monomethyl-L-arginine (NMA) and

20 U/ml of arginase.

also had no effect on TNF or GM-CSF-mediated mycobac-
tericidal/mycobacteriostatic activity in murine macrophages,
suggesting a different, non-oxidative mechanism for killing of
M. avium by activated murine macrophages.

In contrast with the above described results, IFN-y and
TNF-mediated bactericidal effects were inhibited by NMA and
arginase in murine macrophages but not human macrophages
infected with L. monocytogenes (Table 3).

Production of reactive nitrogen intermediates

Cultures of adherent human and murine macrophages were
examined regarding their ability to secrete NO,~ under a
number of conditions.

Supernatants of human macrophages not infected or
infected with M. avium strain 101 (serovars 1) or L. monocyto-
genes for 72 h produced very small amounts of NO,~, which did
not increase significantly if the cells were stimulated with TNF,
GM-CSF or IFN-y for 72 h. In contrast, murine macrophages
produced increased amounts of NO,  when stimulated with
IFN-7, GM-CSF or TNF (Table 4).

DISCUSSION

Stimulation of murine and human macrophages with certain
cytokines such as TNF and GM-CSF is associated with

mycobacteriostatic/mycobacterial activity against M. avium
[3,4,9]. In addition, stimulation of macrophages with IFN-y is
associated with intracellular killing of L. monocytogenes [15].
The mechanisms by which macrophages kill intracellular patho-
gens is not completely known, but a number of studies have
demonstrated the importance of oxidative and non-oxidative
pathways [16,17]. The L-arginine-dependent generation of reac-
tive nitrogen intermediates (RNI) is an important antimicrobial
pathway of activated macrophages [7] and has been shown to
participate in the intracellular killing of several pathogens
[6,7,13,18,19].

Recent studies, however, have suggested that generation of
RNI plays no role in vitro as an antimicrobial mechanism of
human macrophages [7,20]. Our present investigation showed
that intracellular killing of M. avium by cytokine-activated
human or murine macrophages is independent of the generation
of RNI. Furthermore, RNI plays a role in the intracellular
killing of L. monocytogenes by murine macrophages, but
apparently has no effect on the Listeria killing of human
macrophages. These results suggest that human macrophages
kill L. monocytogenes using partially or totally different mech-
anisms than murine macrophages and that both human and
murine macrophages stimulated with TNF or GM-CSF kill M.
avium by an RNI-independent mechanism. Furthermore, our
results confirm previous studies by James & Glaven [21],
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Table 3. Intracellular killing of Listeria monocytogenes by human and murine
macrophages

Viable intracellular organisms*

Treatment day 0 day 2 Per cent changet

Murine macrophages

Control (none) 2:1+04x10°  7-1+0-3x10° —

IFN-y (10° U/ml) 21+04x10°  49+0-3x10° 99-3

IFN-y+NMA/arginase 2:1+0-4x10°  3-9+0-5x10° 45-1
Human macrophages

Control (none) 38+0-3x10°  1-0x0-4x10° —

IFN-y (10° U/ml) 3-84+03x10°  58+0-3x10* 94-2

IFN-y+NMA/arginase 3-8+0-3x10°  6:2+0-4 x 10* 93-8

* Mean + s.d. of three experiments.
t Percentage of change compared with control at day 2.

Table 4. NO,~ production by human and mouse macrophages in vitro

NO;~ production (nmol)

macrophages*

Treatment Human Mouse
None 43415 72+19
TNF (10° U/ml) 11-1+3 79+ 15
GM-CSF (102 U/ml) 13+4 61411
IFN-y (10° U/ml) 62409 8447
Mycobacterium avium infection 2:34+0-1 4-14+0-3
Listeria monocytogenes infection 35403 6:0+0-2

* Macrophages were stimulated with recombinant cytokines for 72 h
or infected for the same period of time.

Cameron and colleagues [8] and Murray & Teitelbaum [7] that
human monocyte-derived macrophages activated in vitro
release no or very small amounts of NO,~.

Studies concerning mechanisms of intracellular killing of
pathogens such as leishmania, toxoplasma, M. leprae, M.
tuberculosis [22] and trypanozome using the mouse system in
vivo and in vitro have suggested that production of RNI may be a
chief pathway of killing by macrophages stimulated with IFN-y.
Our results using L. monocytogenes agree with these findings.
However, our studies with M. avium suggest that activated
murine macrophages kill M. avium by a different mechanism
than that used to kill M. leprae. In fact, it has been demonstrated
that human and murine macrophages can inhibit intracellular
growth of M. leprae when stimulated with IFN-y, which is not
observed with M. avium infection [3,23,24). Furthermore, recent
studies using murine macrophage cell lines [22] and M. tubercu-
losis may represent either a different behaviour of M. avium or
differences in mechanisms of killing between peritoneal macro-
phages and an immortalized cell line.

A number of other cytokines such as TNF and GM-CSF can
also induce killing of Listeria, leishmania, and trypanozome by
macrophages [25-29]. Itis not known if RNI are also involved in
cytotoxicity induced by cytokines other than IFN-y.

Finally, it is possible that human macrophages can be
stimulated in vitro and in vivo to produce RNI, although we
could not observe it using our experimental system. It is
certainly important to evaluate NO,~ production and bacteri-
cidal mechanisms related to L-arginine-dependent RNI using
human macrophages from lung and peritoneal cavity.
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