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Gamma interferon (IFN-�) is the major inducer of classical activation of macrophages. Classically activated
mouse macrophages acquire antimicrobial activity that is largely dependent on the production of reactive
nitrogen intermediates. However, protection against important intracellular pathogens can take place in the
absence of IFN-� and nitric oxide synthase 2 (NOS2). Using Toxoplasma gondii as a model, we investigated if
CD40 signaling generates mouse macrophages with effector function against an intracellular pathogen despite
the absence of priming with IFN-� and lack of production of reactive nitrogen intermediates. CD40-stimulated
macrophages acquired anti-T. gondii activity that was not inhibited by a neutralizing anti-IFN-� monoclonal
antibody but was ablated by the neutralization of tumor necrosis factor alpha (TNF-�). Moreover, while the
induction of anti-T. gondii activity in response to CD40 stimulation was unimpaired in macrophages from
IFN-��/� mice, macrophages from TNF receptor 1/2�/� mice failed to respond to CD40 engagement. In
contrast to IFN-�–lipopolysaccharide, CD40 stimulation did not induce NOS2 expression and did not trigger
production of reactive nitrogen intermediates. Neither NG-monomethyl-L-arginine nor diphenyleneiodonium
chloride affected the induction of anti-T. gondii activity in response to CD40. Finally, macrophages from
NOS2�/� mice acquired anti-T. gondii activity in response to CD40 stimulation that was similar to that of
macrophages from wild-type mice. These results demonstrate that CD40 induces the antimicrobial activity of
macrophages against an intracellular pathogen despite the lack of two central features of classically activated
macrophages: priming with IFN-� and production of reactive nitrogen intermediates.

Macrophages play key regulatory and effector functions for
many aspects of the immune response. Type 1 cytokine re-
sponse results in generation of the so-called “classically” acti-
vated macrophages that act as pivotal effectors of the control of
intracellular pathogens (9, 19). Despite the evidence that mac-
rophages are diverse in regards to the mechanisms that lead to
their activation and effector functions (9, 19), gamma inter-
feron (IFN-�) is still considered central for the generation of
macrophages with antimicrobial activity against intracellular
pathogens (9, 19). However, patients with congenital defects in
IFN-� signaling control infection with the obligate intracellular
protozoan Toxoplasma gondii (13) and do not appear to be
susceptible to Listeria monocytogenes and Legionella pneumo-
phila (24). Similarly, IFN-��/� and IFN-� receptor�/� (IFN-
�R�/�) mice develop mechanisms of control of pathogens such
as L. monocytogenes, Leishmania donovani, and Histoplasma
capsulatum (36, 38, 45). These findings suggest that there is
heterogeneity in regard to the mechanisms of induction of
macrophages with antimicrobial activities against intracellular
pathogens. Indeed, using a model of T. gondii infection, we
recently demonstrated that CD40-CD154 interaction alone, a
signaling pathway crucial for host protection against a variety
of intracellular pathogens, induces human monocyte-derived

macrophages to acquire anti-T. gondii activity independently of
IFN-� (2).

Reactive nitrogen intermediates (RNI) are important medi-
ators of antimicrobial activity in mouse macrophages. Produc-
tion of RNI is a hallmark of classically activated macrophages
in mice (9, 19). Inhibition of RNI production blocks the anti-
microbial activity of IFN-�-stimulated mouse macrophages (1,
4, 11, 16). In vivo data reveal that RNI are necessary for host
protection against intracellular pathogens, including Leishma-
nia major, Mycobacterium tuberculosis, L. monocytogenes, and
Trypanosoma cruzi (4, 6, 17, 28, 40, 42). In the model of T.
gondii infection, NOS2 is essential for control of the chronic
phase of infection (26). Interestingly, an analogous picture has
been reported for CD154 since CD154�/� mice are also sus-
ceptible to toxoplasmic encephalitis (25).

The present studies were conducted to determine if CD40
signaling alone generates mouse macrophages with antimicro-
bial activity against an intracellular pathogen despite the ab-
sence of two central features of classically activated macro-
phages: not only lack of priming with IFN-� but also lack of
production of RNI. We considered this question important
because it addresses heterogeneity in the biology of macro-
phages with an effector function against intracellular patho-
gens.

MATERIALS AND METHODS

Animals. Specific-pathogen-free female BALB/c and C57BL/6 (B6) mice were
obtained from the National Cancer Institute (Frederick, MD). Female IFN-��/�
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(BALB/c background), tumor necrosis factor receptor 1/2�/� (TNFR1/2�/�)
(B6/129 background), and nitric oxide synthase 2 knockout (NOS2�/�) (B6/129
background) mice and appropriate wild-type controls were purchased from Jack-
son Laboratories (Bar Harbor, ME). Animals were 8 to 10 weeks old when used.

Macrophages. Resident peritoneal macrophages were collected by lavage with
2 ml of ice-cold phosphate-buffered saline. Peritoneal cells were cultured on
eight-chamber tissue culture glass slides (Falcon; Becton Dickinson Labware,
Franklin Lakes, NJ) at 5 � 105 cells/ml in complete medium (CM) consisting of
Dulbecco’s modified Eagle medium plus 10% fetal bovine serum (HyClone,
Logan, UT). Nonadherent cells were removed after 6 h. Bone marrow-derived
macrophages were obtained by culturing bone marrow cells for 7 days in Teflon
jars containing Dulbecco’s modified Eagle medium plus 30% L-cell-conditioned
medium, 10% fetal bovine serum, and 5% horse serum (HyClone). Bone mar-
row-derived macrophages were also plated on eight-well chamber culture slides.
Prior to infection with T. gondii, macrophages were incubated in culture slides for
24 h with either stimulatory rat anti-CD40 (1C10) or control (B39-4) monoclonal
antibodies (MAbs, both at 10 �g/ml), recombinant mouse CD154 (3 �g/ml;
Immunex Corporation, Seattle, WA), or recombinant mouse IFN-� (100 U/ml;
Peprotech, Rocky Hill, NJ) plus lipopolysaccharide (LPS, 100 ng/ml; Sigma
Chemical, St. Louis, MO). When indicated, macrophages were incubated with
NG-monomethyl-L-arginine (NMA, 100 �M; Calbiochem, San Diego, CA), anti-
IFN-� (XMG1.2), anti-TNF-� (G281-2626), or control (R3-34) MAbs (all MAbs
at 10 �g/ml; BD Biosciences, San Jose, CA) for 24 h prior to infection, and
reagents were added back after challenge with T. gondii. Macrophages were also
treated with diphenyleneiodonium chloride (DPI, 5 �M; Sigma Chemical) dur-
ing the first hour after addition of IFN-�–LPS.

T. gondii infection and parasite growth. Monolayers of macrophages were
washed prior to the addition of T. gondii. Tachyzoites of the RH strain of T.
gondii obtained as described previously (31) were used to infect monolayers at a
ratio of 1.5 parasites per macrophage. Parasite replication was assessed by light
microscopy (2). Briefly, monolayers were washed 1 h after the addition of T.
gondii to remove extracellular parasites. Thereafter, monolayers were fixed and
stained with Diff-Quick (Dade Diagnostics, Aguada, Puerto Rico) or monolayers
were reincubated in fresh CM alone (except when using NMA or using anti-
TNF-� and IFN-� MAbs), followed by fixation and staining 18 h after the
addition of T. gondii. The percentage of infected macrophages, the number of
tachyzoites per infected macrophage, and the number of parasites per 100 mac-
rophages in duplicate monolayers were determined by light microscopy by count-
ing at least 200 macrophages per monolayer. There was no difference in cell loss
between monolayers of control and CD40-stimulated macrophages. The percent-
ages of cells that detached from monolayers during washing steps prior to
staining were similar in macrophage preparations from the different strains of
mice used. Cell densities were determined using an eyepiece grid (1 mm by 1
mm). Three randomly selected fields were examined per monolayer.

In certain experiments, splenic T cells from uninfected BALB/c mice were
obtained as described previously (32) and incubated at 106/ml in either CM or
CM plus phorbol myristate acetate (PMA, 10 ng/ml) and ionomycin (1 �g/ml)
(Sigma Chemical). After 6 h of incubation, T cells were extensively washed,
resuspended in CM at 2.5 � 105/ml, and added to syngeneic macrophage mono-
layers after the removal of extracellular T. gondii. T cells were incubated with
infected macrophages in the presence of anti-IFN-�, anti-CD154 (MR1; BD
Biosciences), or isotype control MAbs (R3-34 and A19-3, respectively; BD Bio-
sciences), all at 10 �g/ml. Monolayers were examined 18 h postinfection. In
parallel experiments, PMA and ionomycin added to CM alone (without T cells)
and handled similarly to T-cell preparations failed to affect parasite growth in
macrophages. For immunofluorescence and confocal microscopy, transgenic RH
T. gondii that expresses yellow fluorescent protein (YFP; gift from David Roos)
was used to infect resident peritoneal macrophages at a ratio of three parasites
per macrophage.

Immunoblotting. Macrophages cultured in CM alone or CM plus either anti-
CD40 or control MAb or in LPS plus IFN-� were lysed in buffer containing 20
mM Tris HCl (pH 7.4), 100 mM NaCl, 10% glycerol, 1% Triton X-100, 100 mM
NaF, 1 mM NaVO4, 1 mM benzamidine, 20 �g/ml leupeptin, 5 mM phenylmeth-
ylsulfonyl fluoride, and 20 �g/ml aprotinin (all from Sigma Chemical). Proteins
were resolved by sodium dodecyl sulfate–10% polyacrylamide gel electrophoresis
and transferred onto a polyvinylidene difluoride membrane. Membranes were
probed with either a mouse MAb anti-mouse NOS2 (BD Biosciences) or poly-
clonal rabbit antibody to actin (Santa Cruz Biotechnologies, Santa Cruz, CA),
followed by incubation with either donkey anti-mouse immunoglobulin G (IgG)
or goat anti-rabbit conjugated to horseradish peroxidase (Santa Cruz Biotech-
nologies). Bands were developed using enhanced chemiluminescence following
manufacturer’s instructions (Pierce, Rockford, IL).

PCR. RNA was obtained from macrophage monolayers with RNAeasy (QIA-
GEN, Valencia, CA), and 1 �g was reverse transcribed to cDNA with Super-
Script III reverse transcriptase (Invitrogen, Carlsbad, CA) and oligo(dT)12-18

primers. cDNA was amplified using previously described primers specific for
NOS2 and hypoxanthine phosphoribosyltransferase (HPRT) (29, 35). HPRT
mRNA was transcribed to verify that equal amounts of RNA were added in all
experimental conditions. After an initial incubation at 95°C for 3 min, temper-
ature cycling was initiated using the GeneAmp PCR System 9700 (Perkin-Elmer,
Wellesley, MA) as follows: 95°C for 1 min, 54°C for 1 min, and 72°C for 2 min.
Then, 25 and 27 cycles were used for HPRT and NOS2 mRNA amplification,
respectively. The number of cycles produced band densities that were directly
proportional to the amount of cDNA amplified. The amplified products were
analyzed on 1% agarose gels containing 0.05 �g/ml ethidium bromide.

Flow cytometry. Peritoneal cells were incubated with Fc block reagent (BD
Biosciences) plus mouse IgG (10 �g/ml; Sigma Chemical) for 10 min at room
temperature, followed by the addition of anti-F4/80 fluorescein isothiocyanate
(Serotec, Oxford, United Kingdom) and anti-CD40-PE (BD Biosciences) or
isotype control MAbs. After a 30-min incubation on ice, cells were washed and
fixed with 1% paraformaldehyde. Expression of CD40 on F4/80� cells was
analyzed using a FACScalibur instrument (BD Biosciences). In certain experi-
ments, bone marrow-derived macrophages were sorted as CD40� and CD40�

using FACSVantage (BD Biosciences). T cells were stained with anti-CD154
(BD Biosciences) or isotype control MAbs after incubation in CM with or
without PMA-ionomycin.

Immunofluorescence and confocal microscopy. Resident peritoneal macro-
phages were incubated with or without T. gondii-YFP. At 1 and 18 h after
challenge, monolayers were incubated with blocking buffer (5% bovine serum
albumin plus 10% goat serum in phosphate-buffered saline), followed by incu-
bation with biotinylated anti-CD40 MAb (HM40-3; eBioscience, San Diego, CA)
or hamster IgM for 30 min at 4°C. After being washed with blocking buffer,
monolayers were incubated with streptavidin-Alexa 568 (Molecular Probes, Eu-
gene, OR) for 30 min on ice. Slides were washed, fixed with 3.75% paraformal-
dehyde, and mounted using Fluormount G (Southern Biotechnology, Birming-
ham, AL). Monolayers were analyzed by confocal microscopy using a model 510
laser scanning confocal microscope (Carl Zeiss, Thornwood, NY). Percentages
of infected CD40� and CD40� macrophages were determined by counting 100
CD40� and CD40� macrophages per group. Preincubation of macrophages with
stimulatory anti-CD40 MAb (1C10) did not affect the detection of CD40 by
HM40-3 as assessed by flow cytometry.

Measurement of nitrite production. Culture supernatants of macrophages
were collected 24 h after incubation with stimulatory anti-CD40 or control MAb
or with IFN-� plus LPS and 24 h after the addition of T. gondii. The amount of
nitrite released was calculated colorimetrically using the Griess reaction (Sigma
Chemical). Data are expressed as �M of nitrite.

Enzyme-linked immunosorbent assay. Resting and polyclonally activated T
cells were washed extensively and resuspended in CM and were cultured in
96-well plates at 5 � 105/ml. Supernatants were collected after 6 and 18 h and
were used to measure the concentration of IFN-� by enzyme-linked immunosor-
bent assay (Endogen, Cambridge, MA). The lower limit of detection of the assay
was 39 pg/ml

Statistical analysis. Statistical significance was assessed by Student’s t test and
analysis of variance.

RESULTS

CD40 induces anti-T. gondii activity in mouse macrophages
independently of IFN-� through a mechanism that requires
TNF-�. To determine if CD40 induces the anti-T. gondii ac-
tivity in mouse macrophages, resident peritoneal macrophages
from BALB/c mice were incubated with either a stimulatory
anti-CD40 or control MAbs. Figure 1 shows that both groups
of macrophages had similar percentages of infected macro-
phages and numbers of parasites per infected macrophage and
per 100 macrophages at 1 h postinfection (P � 0.4, n � 3).
Compared to that in control monolayers, a lower percentage of
infected cells and parasites per 100 macrophages was noted in
CD40-stimulated monolayers at 12 h postinfection (P 	 0.003,
n � 3), as was the presence of macrophages with intracellular
tachyzoites that appeared degraded. The differences between
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control and CD40-stimulated monolayers became more pro-
nounced at 18 h postinfection. At this time point, the number
of tachyzoites per 100 macrophages was on average 47.2% 

2.4% lower in CD40-activated monolayers than that in controls
(P � 0.001, n � 3). This was accompanied by a 45.9% 
 1.2%
decrease in the infection rate at 18 h compared to that at 1 h
postinfection in CD40-stimulated monolayers (P � 0.001, n �
3). Similar results were obtained with peritoneal macrophages
from C57BL/6 mice (43.8% 
 1.9% inhibition; P 	 0.001, n �
7) (data not shown). The decrease in the percentage of in-
fected cells was not caused by selective cell loss in CD40-
activated monolayers. Cell densities in control and CD40-ac-
tivated monolayers were similar at 18 h after infection (control,
453.5 
 36.1 cells/mm2; CD40 activated, 455.4 
 40.9 cells/
mm2; n � 4, P � 0.9). Taken together, CD40 signaling alone
stimulates anti-T. gondii activity in mouse macrophages.

We determined whether activated T cells induce macro-
phage anti-T. gondii activity through CD40-CD154 interaction.
In addition, we examined whether such a response could take
place when CD40 is engaged after infection with the parasite.
Resting or activated T cells were added to macrophages 1 h
after challenge with T. gondii and removal of extracellular
tachyzoites. As shown in Fig. 2A, activated T cells caused a
significant reduction in the number of tachyzoites per 100

macrophages (45.9% 
 1.8% reduction; P � 0.01, n � 4). This
effect was not mediated by IFN-� because neutralization of this
cytokine did not affect antimicrobial activity. At the concen-
tration used, anti-IFN-� neutralized (�95% inhibition) the
effect of 1 ng/ml of IFN-� and activated T cells secreted �420
pg/ml of IFN-�. Flow cytometric analysis confirmed that only
activated T cells expressed CD154 (data not shown). Figure 2B
shows that a neutralizing anti-CD154 MAb significantly inhib-
ited the effect of activated T cells on parasite load (82.4% 

7.0% inhibition; P � 0.001, n � 3). Taken together, activated
T cells induce anti-T. gondii activity in macrophages through
CD40-CD154 interaction.

Next, we determined if induction of anti-T. gondii activity by
CD40 signaling alone is dependent on IFN-�. Peritoneal mac-
rophages from BALB/c mice were incubated with anti-CD40
MAb in the presence of either a neutralizing anti-IFN-� or
control MAbs. As shown in Fig. 3A, addition of anti-IFN-�
MAb did not affect the induction of anti-T. gondii activity in
macrophages incubated with stimulatory CD40 MAb (Fig. 3A)
(P � 0.3, n � 3). In addition, macrophages from IFN-��/�

mice acquired anti-T. gondii activity in response to anti-CD40
MAb and exhibited a reduction in the number of tachyzoites
per 100 macrophages that was similar to those observed in
macrophages from wild-type mice (Fig. 3B) (P � 0.5, n � 3).
Thus, CD40 stimulates macrophage anti-T. gondii activity in-
dependently of IFN-�.

TNF-� becomes central for the control of several intracel-
lular pathogens when IFN-� signaling is impaired (13, 36, 38,
45). Therefore, we determined if CD40 stimulation acts
through TNF-� signaling to induce anti-T. gondii activity. Con-
trol and CD40-activated peritoneal macrophages from
BALB/c mice were incubated with either neutralizing anti-
TNF-� or control MAbs. Figure 3C shows that while the ad-
dition of an anti-TNF-� MAb to unstimulated macrophages
did not affect T. gondii load, this MAb increased the number of
tachyzoites per 100 CD40-activated macrophages. Anti-TNF-�
caused a 76.5% 
 12.9% inhibition of the effect of CD40
stimulation on T. gondii growth (n � 3, P � 0.001). To confirm
that TNF-� signaling is necessary for the effect of CD40 on
macrophage anti-T. gondii activity, peritoneal macrophages
from TNFR1/2�/� and wild-type control mice were incubated
with anti-CD40 or control MAbs. As shown in Fig. 3D, while
macrophages from control mice exhibited a significant de-

FIG. 1. CD40 enhances the anti-T. gondii activity of mouse macrophages. Resident peritoneal macrophages from BALB/c mice were incubated
with either isotype control or stimulatory anti-CD40 MAb as described in Materials and Methods. Macrophages were washed and challenged with
T. gondii for 1 h. Monolayers were examined by light microscopy 1, 6, 12, and 18 h after addition of T. gondii. Results shown are representative
of one out of four independent experiments.

FIG. 2. Activated T cells induce macrophage anti-T. gondii activity
through CD40-CD154 interaction. Peritoneal macrophages were in-
fected with T. gondii (Tg) for 1 h, followed by removal of extracellular
parasites and addition of either resting (Tr) or activated (Ta) T cells.
Macrophages and T cells were cultured in the presence of anti-IFN-�
(A), anti-CD154 (B), or control MAbs. Results of one representative
experiment out of four are shown.
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crease in the number of tachyzoites per 100 macrophages,
parasite load remained unaffected in TNFR1/2�/� macro-
phages incubated with anti-CD40 MAb (P � 0.34, n � 3).
Thus, CD40 induces the anti-T. gondii activity of mouse mac-
rophages through TNF-� signaling.

Mouse macrophages are heterogeneous in regard to CD40
expression and acquisition of anti-T. gondii activity. The num-
ber of tachyzoites per infected macrophage remained un-
changed in CD40-stimulated monolayers (Fig. 1), suggesting
that not all macrophages acquire anti-T. gondii activity in re-
sponse to CD40 stimulation. Indeed, flow cytometric analysis
revealed that CD40 is expressed by only 72.7% 
 5.6% of
resident peritoneal macrophages from BALB/c mice (n � 4).
To study the induction of antimicrobial activity by subpopula-
tions of mouse macrophages, resident peritoneal macrophages
were incubated with transgenic T. gondii cells expressing YFP,
followed by staining for membrane CD40 by immunofluores-
cence. At 1 h postinfection, the percentages of infected cells
were similar in CD40� and CD40� macrophages in both con-
trol and CD40-stimulated monolayers (Fig. 4A) (P � 0.2, n �
3). The numbers of tachyzoites per 100 macrophages were also
comparable among all groups (P � 0.2). After 18 h, the infec-
tion rates and parasite loads remained similar in CD40� and
CD40� macrophages in control monolayers and in CD40�

macrophages in CD40-stimulated monolayers (P � 0.7). In
contrast, CD40� macrophages from the CD40-stimulated
groups exhibited a 61.8% 
 4.2% decrease in infection rate
compared to that at the 1-h time point and a 64.0% 
 4.2%
decrease in parasite load compared to that for the rest of the

experimental groups (P 	 0.003). While 52.45% 
 2.95% of
infected cells at 18 h postchallenge were CD40� in control
monolayers, this percentage decreased to 18.57% 
 2.6% after
CD40 stimulation (Fig. 4B).

To confirm that only CD40� macrophages acquire antimi-
crobial activity, bone marrow-derived macrophages (29.9% 

5.2% CD40� prior to sorting) were sorted into CD40� and
CD40� cells, followed by challenge with T. gondii. Addition of
anti-CD40 MAb did not affect parasite load in CD40� macro-
phages (Fig. 5). In contrast, CD40 stimulation of sorted
CD40� macrophages resulted in a marked decrease in the
number of tachyzoites per 100 macrophages (64.2% 
 5%
inhibition; n � 3, P � 0.001). Similar results were obtained
when macrophages were stimulated with recombinant mouse
CD154 (69.5% 
 3.3% inhibition in parasite load; P � 0.001)
(data not shown). Thus, mouse macrophages are heteroge-
neous for CD40 expression and only CD40� macrophages
acquire anti-T. gondii activity in response to CD40 stimulation.

CD40 signaling induces macrophage anti-T. gondii activity
independently of RNI. Antimicrobial activity mediated by
NOS2 activation and production of RNI is a hallmark of IFN-
�-activated mouse macrophages. To further address the dis-
tinctiveness of CD40-activated macrophages compared to that
of IFN-�-activated macrophages, we determined if CD40 sig-
naling induces antimicrobial activity through the production of
RNI. Supernatants were collected 24 h after macrophages
were incubated in CM with or without control or anti-CD40
MAbs or IFN-� plus LPS. Nitrite could not be detected in
supernatants obtained from macrophages incubated in CM

FIG. 3. CD40 induces anti-T. gondii activity in mouse macrophages independently of IFN-� but requires TNF-� signaling. (A) Peritoneal
macrophages from BALB/c mice were cultured with either isotype control or stimulatory anti-CD40 MAb in the presence of a neutralizing
anti-IFN-� or control MAbs. Monolayers were examined by light microscopy 18 h after addition of T. gondii. (B) Peritoneal macrophages from
BALB/c and IFN-��/� mice were cultured with either isotype control or stimulatory anti-CD40 MAbs. (C) Peritoneal macrophages from BALB/c
mice were cultured with either isotype control or stimulatory anti-CD40 MAb in the presence of a neutralizing anti-TNF-� or control MAbs.
(D) Peritoneal macrophages from B6/129 and TNFR1/2�/� mice were cultured with either isotype control or stimulatory anti-CD40 MAb. Results
of one representative experiment out of three are shown.
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alone or in the presence of anti-CD40 or control MAbs (Fig.
6A). In parallel experiments, high concentrations of nitrite
were detected in supernatants collected from macrophages
stimulated with IFN-�–LPS (32.8 
 3.9 �M; n � 3). Lack of
nitrite production was also noted when supernatants from
CD40-stimulated macrophages were collected 18 h after chal-
lenge with T. gondii (data not shown).

Next, we determined if blockade of RNI secretion affects the
induction of anti-T. gondii activity in CD40-activated macro-
phages. Addition of the NOS2 inhibitor NMA caused a 92.6%

 7.4% inhibition (P � 0.001, n � 3) in the production of
nitrite by macrophages stimulated with IFN-�–LPS (Fig. 6A).
In parallel experiments, NMA significantly inhibited (91.9% 

4.9% inhibition; P � 0.001, n � 3) the anti-T. gondii activity of
IFN-�–LPS-treated macrophages (Fig. 6B). This confirms the
previous demonstration that IFN-� induces anti-T. gondii ac-
tivity in mouse macrophages through RNI production (1). In
contrast, NMA had no effect on the reduction of parasite load
in CD40-stimulated macrophages (Fig. 6B) (P � 0.6, n � 4).
The NADPH inhibitor DPI blocks the production not only of

FIG. 4. Only the CD40� subpopulation of macrophages acquires anti-T. gondii activity in response to anti-CD40 MAb. Peritoneal macrophages
cultured with anti-CD40 or control MAbs were infected with T. gondii expressing YFP. At 1 and 18 h postinfection, expression of membrane CD40
was analyzed using a biotinylated anti-CD40 MAb and Alexa 568-conjugated streptavidin. Cells were examined by confocal immunofluorescence
microscopy. (A) Percentages of infected cells in CD40� and CD40� macrophages at 1 and 18 h postinfection are shown. (B) Representative
fluorescence and differential interference contrast microphotograph taken 18 h postinfection reveals that CD40 stimulation causes a decrease in
the percentage of infected cells among CD40� macrophages. Bar, 5 �m. Results from one representative experiment out of three are shown.

FIG. 5. Only purified CD40� macrophages acquire anti-T. gondii
activity in response to anti-CD40 MAb. Unsorted and sorted CD40�

and CD40� bone marrow-derived macrophages were cultured with
anti-CD40 or control MAbs. Monolayers were examined by light mi-
croscopy 18 h after T. gondii challenge. Results of one representative
experiment out of three are shown.
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reactive oxygen intermediates (ROI) but also of RNI (30).
Addition of DPI for the first 1 h of stimulation with IFN-�–
LPS caused a 92.7% 
 7.3% inhibition of anti-T. gondii activity
of IFN-�–LPS-treated macrophages (P � 0.01). DPI had no
effect on the anti-T. gondii activity of macrophages stimulated
with anti-CD40 MAb (P � 0.9, n � 3) (data not shown).

To further determine if CD40 signaling induces macrophage
antimicrobial activity independently of RNI production, we
ascertained if macrophages from NOS2�/� mice acquire an-
ti-T. gondii activity in response to CD40 stimulation. Peritoneal
macrophages from NOS2�/� mice activated with anti-CD40
MAb remarkably reduced the number of tachyzoites/100 mac-
rophages compared to macrophages incubated with isotype
control MAb (Fig. 6C) (47.2% 
 5.0% inhibition; P 	 0.00, n
� 3). Parasite load decreased to similar extents in both
NOS2�/� and wild-type control macrophages incubated with
stimulatory anti-CD40 MAb (P � 0.7, n � 3). All things con-
sidered, CD40 signaling does not trigger RNI secretion by
macrophages and these metabolites do not mediate the anti-T.
gondii activity of macrophages stimulated through CD40.

CD40 signaling and expression of NOS2 in mouse macro-
phages. NOS2 can be regulated at transcriptional and post-
transcriptional levels (41, 43). In addition, production of RNI
can be influenced by the availability of substrates and cofactors
and the presence of endogenous NOS2 inhibitors (21). Thus,
we determined if CD40 signaling induces NOS2 expression
despite a lack of production of RNI. NOS2 protein was readily
detected in cell lysates obtained from bone marrow macro-

phages stimulated with IFN-�–LPS for 24 h. In parallel exper-
iments, macrophages incubated with anti-CD40 MAb failed to
express NOS2 (Fig. 7A). Similar results were obtained when
lysates were collected 18 h postinfection with T. gondii (data
not shown). Increased levels of NOS2 transcripts were re-
stricted to IFN-�–LPS-activated macrophages (Fig. 7B). Con-
sidering all things together, CD40 signaling triggers macro-
phage anti-T. gondii activity independently of NOS2 activation
and RNI production.

FIG. 6. CD40 induces macrophage anti-T. gondii activity independently of RNI. Panels A and B show that sorted CD40� bone marrow-derived
macrophages from BALB/c mice were incubated with either isotype control or stimulatory anti-CD40 MAb or with IFN-� plus LPS with or without
NMA as described in Materials sand Methods. (A) Cell-free supernatants were collected 24 h poststimulation with MAbs or IFN-� plus LPS and
were used to measure nitrate concentrations. (B) Monolayers were examined microscopically at 18 h postchallenge. (C) Peritoneal macrophages
from B6/129 or NOS�/� mice were incubated with either control or stimulatory anti-CD40 MAb. Monolayers were examined microscopically at
18 h postchallenge with T. gondii. Results of one representative experiment out of three are shown.

FIG. 7. CD40 does not induce NOS2 expression in mouse macro-
phages. (A) Bone marrow-derived macrophages were cultured in CM
alone or in the presence of isotype control or stimulatory anti-CD40
MAb or IFN-� plus LPS. Total cell lysates were obtained after 24 h and
were used to determine levels of NOS2 and actin by immunoblot
staining. (B) RNA was obtained from bone marrow-derived macro-
phages after 6 h and used to generate cDNA. Levels of NOS2 and
HPRT mRNA were determined by reverse transcription-PCR. Results
of one representative experiment out of three are shown.

3120 ANDRADE ET AL. INFECT. IMMUN.



DISCUSSION

There is significant interest in identifying the gamut of
mechanisms that lead to macrophage activation and induction
of antimicrobial activity. Here, we report that macrophages
with the effector phenotype of antimicrobial activity against an
intracellular pathogen can be generated by CD40 signaling in
the absence of priming with IFN-� and RNI production, two
central features of classically activated macrophages (9, 19).
Thus, these data indicate that there is heterogeneity in the
biology of macrophages that exhibit antimicrobial activity
against intracellular pathogens.

Studies in IFN-��/� and IFN-�R�/� mice and in humans
with congenital defects in IFN-� signaling indicate that TNF-�
mediates IFN-�-independent host protection against L. mono-
cytogenes, L. major, H. capsulatum, and T. gondii (13, 36, 38,
45). We report that CD40 signaling triggers TNF-�-dependent
antimicrobial activity in mouse macrophages in the absence of
IFN-�. In contrast to recombinant mouse CD154 or stimula-
tory anti-CD40 MAb, CD154� T cells induced anti-T. gondii
activity in macrophages previously infected with the parasite.
These findings are likely explained by the superior capacity of
membrane CD154 to trigger CD40 signaling (8). In addition,
suboptimal engagement of CD40 as a result of a short (4-h)
incubation with stimulatory anti-CD40 MAb likely explains the
lack of induction of anti-T. gondii activity in macrophages re-
ported in another study (25). Given that macrophages are
central to the control of intracellular pathogens, our results
suggest that CD40 is an important activator of TNF-� signaling
that mediates the control of intracellular pathogens when there
is an IFN-� deficiency. Indeed, CD40 signaling enhances the in
vivo control of T. gondii in IFN-��/� mice independently of T
cells (C. S. Subauste and M. Wessendarp, manuscript in prep-
aration).

CD40-CD154 interaction is crucial for resistance against a
wide variety of intracellular pathogens. This signaling pathway
mediates host protection, at least in part, through the stimu-
lation of IL-12–IFN-� production (7, 14, 27, 34). CD40 has also
been reported to stimulate the antimicrobial activity of IFN-
�-primed mouse macrophages against Leishmania and T. gon-
dii (14, 25, 27). In the case of Leishmania amazoniensis, the
effect of CD40 signaling plus IFN-� is mediated by RNI pro-
duction (27). We demonstrate that CD40 signaling alone in-
duces antimicrobial activity independently of RNI. One study
reported that CD40 signaling induces the NOS2-dependent
killing of L. major amastigotes in mouse macrophages (3). The
discrepancy with our results can be explained by the fact that
these studies were conducted with preactivated (thioglycolate-
induced) peritoneal macrophages rather than resting macro-
phages and/or the use of a different pathogen. Studies using a
model of allogeneic stimulation support our contention that
CD40 signaling alone does not activate RNI production. These
studies revealed that IFN-� is necessary for T-cell-dependent
RNI production by macrophages and that CD40 stimulation
alone or in the presence of TNF-� is unable to induce this
response (5).

RNI is pivotal for mediating the effects of IFN-� on the
antimicrobial activity of mouse macrophages. Production of
RNI is required for in vitro macrophage killing and in vivo
resistance against pathogens such as Leishmania, L. monocy-

togenes, and Trypanosoma cruzi (1, 4, 6, 11, 16, 17, 28, 40, 42).
CD40 signaling enhances the production of RNI by IFN-�-
activated macrophages. Indeed, it has been proposed that
CD40 controls L. amazoniensis, Candida albicans, and Crypto-
coccus neoformans through the stimulation of RNI production
(22, 27, 39). While RNI are important mediators of host pro-
tection, there is evidence of the existence of RNI-independent
mechanisms of resistance against intracellular pathogens (12,
26). In this regard, whereas IFN-��/� mice are susceptible to
acute infection with T. gondii, NOS2�/� mice survive the acute
phase of infection with this pathogen (26). On the contrary,
NOS2 is required for control of the chronic phase of T. gondii
infection since NOS2�/� mice develop toxoplasmic encepha-
litis. Interestingly, IFN-� and NOS2 are essential for control of
T. gondii in the brain and yet neither factor is sufficient for host
protection since TNFR1/2�/� and CD154�/� mice develop
toxoplasmic encephalitis despite the upregulation of IFN-�
and NOS2 in the brain (25, 44). Taken together, these data
strongly suggest that there are IFN-�- and RNI-independent
mechanisms that lead to control of T. gondii. Indeed, studies in
interferon regulatory factor 1-deficient mice revealed that the
administration of exogenous IL-12 enhances protection against
T. gondii through a mechanism that appears independent of
IFN-� (15). The importance of macrophages as effectors of
host protection, together with the central role of the CD40-
CD154 pathway as a major mediator of this activation, raises
the possibility that this pathway may control IFN-�- and RNI-
independent host protection.

One of the interesting aspects of the biology of CD40 is the
fact that this receptor is expressed not only on antigen-pre-
senting cells in peripheral tissues but also on cells of the central
nervous system: microglia, neurons, and possibly astrocytes
(23, 37). Thus, defective induction of antimicrobial activity may
be one of the mechanisms that explain the development of
toxoplasmic encephalitis in CD154�/� mice. The fact that
NOS2�/� mice are susceptible to toxoplasmic encephalitis sug-
gests that either both RNI-dependent and -independent host
protections need to be operative in the brain to control the
parasite or that CD40� cells in the central nervous system do
not possess RNI-independent mechanisms of pathogen control
after CD40 stimulation. Future studies should address these
possibilities.

Production of ROI has been linked to the anti-T. gondii
activity of macrophages (20), although the in vivo relevance of
this response is uncertain. Our studies with DPI, an NADPH
inhibitor, indicate that CD40 mediates anti-T. gondii activity
through a mechanism independent of ROI production. This is
supported by studies that revealed that scavengers of O2

� and
H2O2 do not affect the induction of anti-T. gondii activity in
CD40-activated human and mouse macrophages (R. M. An-
drade, M. Wessendarp, and C. S. Subauste, unpublished ob-
servations). In addition, studies using human and mouse mac-
rophages showed that supplementation of tryptophan is also
without effect on CD40-stimulated macrophages (Andrade,
Wessendarp, and Subauste, unpublished). Studies are under
way to identify the effector mechanism by which CD40 signal-
ing induces anti-T. gondii activity in macrophages.

Defective induction of CD40-dependent macrophage anti-
microbial activity may play a role in pathogen immune evasion
and in the susceptibility to opportunistic infections in certain
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immunodeficiencies. L. major has been reported to impair
CD40 signaling through p38 mitogen-activated protein kinase
in macrophages, and this mechanism has been proposed to
contribute to susceptibility in mice (3). It is likely that the
susceptibility of patients with X-linked Hyper IgM syndrome to
opportunistic infection is in part explained by defective mac-
rophage activation (2). In the case of human immunodefi-
ciency virus type 1 (HIV-1) infection, CD4� T cells have de-
fective induction of CD154 in response to opportunistic
pathogens (33). In addition, HIV-1-infected patients have de-
fects in CD40 signaling in B cells (18) and dendritic cells
infected with HIV-1 do not mature in response to CD40 stim-
ulation (10). It remains to be determined whether CD40 sig-
naling is impaired in macrophages from HIV-1-infected pa-
tients and whether such a defect contributes to
immunodeficiency and susceptibility to opportunistic infec-
tions.

In summary, our studies indicate that the heterogeneity of
macrophage biology also extends to macrophages that exhibit
antimicrobial activity against an intracellular pathogen. We
show that macrophages with this function can be induced by
CD40 in the absence of IFN-� and that they control an intra-
cellular pathogen independently of RNI. A better understand-
ing of the biology of macrophage activation may lead to new
approaches to enhance host resistance against intracellular
pathogens.
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