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T-cell-mediated immune responses are essential for protection against infection with the protozoan Trypano-
soma cruzi. In this study, we investigated the influence of infection of murine macrophages with T. cruzi on
costimulatory signals for T lymphocytes provided by these cells. We demonstrate that bone marrow-derived
macrophages (BMMph) selectively and strongly upregulate expression of B7-2 molecules after infection, while
the expression of other costimulatory molecules such as B7-1, intercellular adhesion molecule 1, lymphocyte
function-associated antigen 3, and heat-stable antigen is not significantly affected. Infection by live trypano-
somes was required. As a consequence of the strong B7-2 upregulation, the infected macrophages are able to
induce proliferation of splenic CD41 T cells in the presence of anti-CD3 antibodies with much higher efficiency
than uninfected macrophages. Costimulation could be inhibited by an antibody to B7-2. Furthermore, co-
stimulatory activity for established T-cell clones of Th1 and Th2 phenotype was also strongly enhanced in
BMMph by infection with T. cruzi. Th1 cells stimulated either via anti-CD3 antibodies or via specific antigen
proliferated with higher efficiency in the presence of infected macrophages than in the presence of uninfected
cells. BMMph stimulated with gamma interferon (IFN-g), expressing elevated levels of B7-2 molecules, are
also able to enhance Th1 cell proliferation, which was highest, using macrophages which were infected and in
parallel were stimulated with IFN-g. Noteworthy, for cloned Th2 cells, the mechanism of costimulation differed,
because costimulation of Th2 cells was not dependent on B7-2 upregulation but was due to secretion of
interleukin-1a. These findings demonstrate that infection of macrophages with T. cruzi transforms the mac-
rophage into a potent costimulatory cell based on the induction of two different costimulatory activities.

The protozoan parasite Trypanosoma cruzi, the causative
agent of Chagas’ disease, infects humans and mammals pri-
marily in Latin America. The course of infection and the pa-
thology are varied and complex. Although the precise mecha-
nisms of the antiparasitic response remain to be characterized,
it is clear that T-cell-mediated effector functions are essential
for protection against the disease and the control of parasite
growth and dissemination.
Both CD41 and CD81 T cells contribute to resistance to

T. cruzi. Mice treated with anti-CD4 (3, 37, 39) or anti-CD8
(44) monoclonal antibodies (MAbs) become highly susceptible
to T. cruzi and show an increase in parasite growth and mor-
tality. Similar results were obtained by infecting gene knockout
mice which lacked CD4 or CD8 molecules (38) or b2-micro-
globulin (45). One important mechanism by which T cells con-
tribute to the eradication of T. cruzi might be through the
secretion of lymphokines. Gamma interferon (IFN-g) seems to
play a central role in the control of infection. Passive admin-
istration of IFN-g results in an increased clearance of the
parasite and a reduced mortality of infected mice (34), while
anti-IFN-gMAb augmented the susceptibility to acute T. cruzi
infection (32). Also, BALB.Xid mice produce higher levels of
IFN-g than susceptible normal BALB/c mice and are relatively
resistant to infection (29). Obviously, the initiation of a potent
T-cell response is a critical step in the outcome of the infection.
Activation of resting T cells for induction of effector func-

tions requires two signals provided by the antigen (Ag)-pre-

senting cells (APC) (30). Signal 1 is delivered via the clonally
distributed T-cell receptor (TCR), which recognizes specific
Ag presented on major histocompatibility complex (MHC)
molecules. Signal 2 is provided by several integral membrane
proteins. By binding their cognate ligands on the APC-like
lymphocyte function-associated antigen 3 (LFA-3) (28), inter-
cellular adhesion molecule 1 (ICAM-1), ICAM-2, and ICAM-
3 (10, 11, 48), or B7-1/2 (12, 23), coreceptor molecules such as
CD2, LFA-1, and CD28 play important roles in T-cell adhesion
and in the initiation of signal transduction events. The ability
of the APC to deliver the second signal to resting T cells is
inducible primarily by infectious agents or their constituents.
Lipopolysaccharide, a component of the cell wall of gram-
negative bacteria, is a potent inducer of costimulatory activity
on murine peritoneal macrophages (24) and bone marrow-
derived macrophages (BMMph) (20). Expression of co-
stimulatory molecules is also inducible by exposure to Listeria
monocytogenes (20). Furthermore, infection by certain para-
sites enables the macrophage to function as a potent costimu-
latory cell. Leishmania major-parasitized macrophages aug-
ment Th2 type T-cell activation due to their increased capacity
to produce interleukin-1 (IL-1) (9). In contrast, parasites not
only enhance T-cell activation but also modulate the acces-
sory function of the APC in a negative way. L. major- or
L. amazonensis-infected macrophages show a diminished Ag
presentation capacity (15, 25, 33). Infection of BMMph by
the parasite L. donovani results in the failure to trigger ex-
pression of the costimulatory molecules B7-1 and heat-stable
antigen (HSA). Furthermore, infection inhibits the macro-
phage response to normal regulatory signals like lipopolysac-
charide (20). Similar results are described in reference 41; in
this study, B7-1 expression was decreased, while the expression
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of ICAM-1 was marginally increased in BALB/c BMMph after
infection with L. donovani, resulting in the inhibition of de-
layed-type hypersensitivity-mediating functions of Th cells
from BALB/c mice.
In the work presented here, we have investigated the influ-

ence of infection with T. cruzi on the costimulatory capacity of
BMMph for T-cell activation. We show that under the influ-
ence of infectious T. cruzi, the macrophages selectively upregu-
late the B7-2 molecule and become very efficient APC with a
high potency to induce a T-cell-dependent immune response.

MATERIALS AND METHODS

Mice. BALB/c and C57BL/6 mice, originally obtained from Charles River,
Kisslegg, Germany, were bred in our animal facilities. They were used as bone
marrow donors between 4 and 8 weeks of age.
Parasites. The Tehuantepec strain of T. cruzi (36), which is macrophagotropic,

was used in all experiments. The trypomastigotes were maintained in tissue
culture by infection of a monolayer of the glioblastoma cell line 86HG39 (5),
grown in Iscove’s modified Dulbecco’s medium (IMDM; Biochrom, Berlin, Ger-
many) supplemented with 10% fetal calf serum (FCS) (Life Technologies, Eg-
genstein, Germany). Parasites leaving their host cells 10 days later were collected
within the supernatant by centrifugation at 100 3 g to separate them from cell
debris and then pelleted by centrifugation at 500 3 g. T. cruzi were resuspended
in IMDM supplemented with 5% FCS and used for infection of macrophages. In
some experiments, the parasites were killed by exposure to UV irradiation for 10
min. Total T. cruzi lysate from cultivated trypomastigotes was prepared by five
freeze-thaw cycles and sonication followed by three freeze-thaw cycles.
Cytokines, antibodies, and reagents. Rat recombinant IFN-g (rIFN-g) was

purchased from Life Technologies. Human recombinant IL-2 was a gift of Eu-
roCetus GmbH, Frankfurt am Main, Germany.
Hybridoma clones M5/114.15.2 (anti-I-Ab,d,q, I-Ed,k, rat immunoglobulin G2b

[IgG2b]) (4), FD441.8 (anti-CD11a, rat IgG2b) (42), YN1/1.7.4 (anti-CD54, rat
IgG2a) (43), J11d (anti-HSA, rat IgM) (8), and GK1.5 (anti-CD4, rat IgG2b)
(49) were obtained from the American Type Culture Collection, Rockville, Md.
All MAbs were used as concentrated supernatants. Anti-B7-1 (1G10, rat IgG2a)
(31), anti-B7-2 (GL-1, rat IgG2a) (17), and a rat IgG2a isotype control were
purchased from Pharmingen, Hamburg, Germany. Clone 145-2C11 (anti-CD3ε,
hamster IgG) (21) was the gift of J. Bluestone, Ben May Institute, Chicago, Ill.
Serum-free supernatant was purified by protein G chromatography. Clone 37.51
(anti-CD28, hamster IgG) (16) was the gift of J. P. Allison, University of Cali-
fornia at Berkeley.
T cells. The Th1 cell clones 12B9 and 9B11, specific for ovalbumin in combi-

nation with I-Ab MHC class II molecules (13), were the gift of A. B. Reske-Kunz,
Clinical Research Group on Allergy, Mainz, Germany. T cells were restimulated
with specific Ag and syngeneic spleen cells at intervals of about 30 days. They
were used for the experiments described beginning 3 weeks after restimulation.
The Th2 cell clone D10.G4.1 (19), reacting with conalbumin in the context of
I-Ak molecules and also specific for the H-2b alloantigen, was the gift of C. A.
Janeway, Jr., Yale University, New Haven, Conn.
For preparation of CD41 T lymphocytes, whole spleen cells were treated with

Gey’s solution for 1 min to lyse erythrocytes. Cells (108) were incubated for 30
min at 48C with MAb GK1.5 (anti-CD4). Cells were washed three times and
incubated with goat anti-rat IgG-coated magnetic Dynabeads M-450 (Dynal,
Hamburg, Germany) for 20 min at room temperature. The bead-to-cell ratio was
4:1. Positive selection was performed on a magnetic separator. Selected cells
showed no proliferative response in the presence of anti-CD3 MAb, indicating
negligible contamination with accessory cells.
Generation of BMMph and infection with T. cruzi. Bone marrow stem cells,

prepared as described earlier (35), were plated at 2.5 3 106/10 ml in untreated
petri dishes (Greiner, Nürtingen, Germany) in IMDM supplemented with 2 mM
L-glutamine, 100 IU of penicillin per ml, 100 mg of streptomycin per ml (all from
Life Technologies), 5 3 1025 M 2-mercaptoethanol, 5% heat-inactivated horse
serum (Boehringer, Mannheim, Germany), 10% heat-inactivated FCS, and 30%
L929-Sup as a source of macrophage colony-stimulating factor activity (47). On
days 4 and 6, cultures were fed with fresh medium. For assays, BMMph were
used on days 8 to 12 of culture. These cells were essentially free of T cells. In
some experiments, aliquots of BMMph were treated with rat rIFN-g (100 U/ml)
48 h before cell harvest.
For infection, adherent macrophages were incubated with live or UV-irradi-

ated T. cruzi in the ratio of 1:10 for 48 h. After rinsing with warm medium to
remove nonphagocytosed parasites, infected macrophages were used for exper-
iments. Infection of macrophages was routinely monitored by parallel treatment
with T. cruzi of an identical macrophage sample adhered to a glass coverslip,
which was subsequently stained by using the acridine orange-ethidium bromide
staining system (7). Seventy to 90% of the adherent macrophages were infected
with the parasite. For some experiments, macrophages (53 106) were stimulated
with T. cruzi lysate in an amount equivalent to 5 3 107 live trypomastigotes.
Flow cytometry analysis. BMMph (106) were preincubated with 50 ml of rabbit

serum at 48C for 30 min to block Fc receptor binding of antibody. Cells were

sedimented and then resuspended with 50 ml of the indicated MAb. After 30 min
at 48C, cells were washed twice with staining buffer (phosphate-buffered saline
[PBS] supplemented with 2% FCS and 10 mM NaN3) and were incubated for 30
min with 50 ml of DTAF (dichlorotriazinyl-aminofluorescein)-conjugated rabbit
anti-rat IgG, F(ab9)2 fragment (Dianova, Hamburg, Germany), diluted 1:50.
Following two washing steps, BMMph were fixed with 0.5 ml of 0.7% para-
formaldehyde in PBS. Cells (104) of each sample were analyzed with a FACScan
(Becton Dickinson, Heidelberg, Germany).
T-cell stimulation assays. For stimulation of the T cells via the TCR-CD3

complex, wells of flat-bottom microtiter plates (Greiner) were incubated with 50
ml of various doses of purified MAb 145-2C11 for 4 h at room temperature. The
wells were then washed three times with PBS to remove unbound antibody.
Plates were used immediately or, in the case of coupling, a second MAb (50 ml
of anti-CD28 MAb) in various dilutions was added. After 4 h of incubation at
room temperature, wells were washed three times. Cloned T cells (2 3 104/well)
or CD41 T cells from spleen (5 3 104/well) were added alone or in combination
with irradiated (20 Gy) accessory BMMph (53 103/well) in a final volume of 200
ml of IMDM supplemented with 5 3 1025 M 2-mercaptoethanol, 100 IU of
penicillin per ml, 100 mg of streptomycin per ml, 2 mM L-glutamine, and 5%
heat-inactivated FCS. In some experiments, MAb, cytokines, or supernatants
from BMMph in indicated concentrations were added to the cultures. Prolifer-
ation of T cells was assessed by addition of [3H]thymidine([3H]TdR, 3.7 kBq/
well; Amersham Buchler, Braunschweig, Germany) on day 2 of culture for T-cell
clones and day 3 for CD41 T cells from the spleen. After a further 18 h of
incubation, incorporation of labeled nucleotides was determined by liquid scin-
tillation counting.
For Ag-specific stimulation, irradiated BMMph (20 Gy) were cocultivated in

various cell numbers with 2 3 104 9B11 T cells in the presence or absence of 100
mg of ovalbumin (Sigma, Deisenhofen, Germany) per ml. Proliferation was
determined as described above.
All cultures were set up in triplicate. The standard error was less than 10%.

Results are representative of three to five experiments. Statistical evaluation of
differences between means of different groups were determined by Student’s t
test.

RESULTS

Selective upregulation of B7-2 molecules on macrophages
infected with T. cruzi. To study the influence of the infection of
BMMph with the parasite T. cruzi on the regulation of im-
munologically important surface molecules, the expression of
MHC class II molecules, LFA-1, ICAM-1, B7-1, B7-2, and
HSA was investigated. As shown in Fig. 1, BMMph expressed
MHC class II molecules, B7-1, and HSA at very low levels,
while LFA-1 and ICAM-1 were present at higher levels. Infec-
tion of the macrophages with T. cruzi did not significantly alter
expression of all of these molecules. Interestingly, after infec-
tion, a selective and strong upregulation of B7-2 molecules on
the surface of the BMMph was found. Not only was the per-
centage of B7-2-positive cells strongly enhanced but also the
mean fluorescence intensity increased (Fig. 2). Noteworthy,
the upregulation of B7-2 expression induced by infection with
T. cruzi was much stronger than that induced by IFN-g (Fig. 2).
There was synergy with IFN-g since addition of IFN-g during
the last 24 h of the 2 days of infection leads to an even greater
expression of B7-2 molecules.
Interestingly, this strong upregulation of B7-2 expression

was seen only when live parasites were used for infection of the
macrophages. UV-irradiated trypanosomes slightly enhanced
B7-2 expression, while whole lysates of T. cruzi, heat-killed
parasites (Table 1), or paraformaldehyde-fixed parasites (data
not shown) were not functional in this respect.
CD41 T cells freshly isolated from spleen and stimulated

with anti-CD3 MAb proliferate with higher efficiency in the
presence of T. cruzi-parasitized macrophages than in the pres-
ence of uninfected BMMph. To test whether the expression
of B7-2 molecules had functional consequences, assays for
the capacity of infected BMMph to costimulate T cells were
performed. To test solely the costimulatory capacity of the
BMMph, independent of the Ag-processing capacity and MHC
class II expression, CD41 T cells freshly isolated from the
spleen were stimulated by directly engaging the TCR-CD3
complex, using immobilized anti-CD3 MAb. To this end, the T
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cells were cultured in plates coated with titrated concentra-
tions of MAb 145-2C11 in the presence or absence of macro-
phages either infected with T. cruzi or uninfected. The T cells
did not proliferate following stimulation with immobilized an-
ti-CD3 MAb. Addition of macrophages induced T-cell prolif-
eration, which was highest with BMMph parasitized by T. cruzi
(Fig. 3). Anti-CD28 MAb served as a positive control for the
costimulatory activity via the B7-2 ligand CD28. This antibody
induced approximately the same proliferation as infected
BMMph. To exclude the possibility that the proliferation ob-

served was that of the parasite within the macrophages, T cells
were incubated with BMMph in the absence of plate-bound
anti-CD3 MAb; no proliferation was measured.
The strong costimulation of resting CD41 T cells by T. cruzi-

infected BMMph depends on the expression of B7-2 molecules.
To demonstrate that the strong proliferation of anti-CD3-ac-
tivated CD41 T cells induced by T. cruzi-infected BMMph
could be attributed to the high expression of B7-2 molecules,
CD41 T cells were cultivated on anti-CD3 MAb-coated plates
in the presence of infected or noninfected BMMph and a MAb
against B7-2. Figure 4 shows that anti-B7-2 MAb inhibited the
augmentative effect of T. cruzi-infected BMMph for T-cell
proliferation down to the level induced by uninfected macro-
phages. A nonspecific IgG antibody used as a control did not
alter T-cell proliferation. These results suggest that the high
B7-2 expression was directly responsible for the augmented
T-cell proliferation.

FIG. 1. Expression of MHC class II and costimulatory molecules on BMMph infected with T. cruzi. Ten-day-old BMMph from BALB/c mice were infected for 48 h
with T. cruzi at a parasite-to-cell ratio of 10:1 or were left untreated; 85% of the cells were infected. Viability of all BMMph populations used was $98%. The
macrophages were washed, incubated with rabbit serum, and stained with MAbs M5/114.15.2 (anti-I-A), FD441.8 (anti-LFA-1), YN1/1.7.4 (anti-ICAM-1), J11d
(anti-HSA), and 1G10 (anti-B7-1) or an irrelevant MAb as a control. Bound MAbs were detected with a DTAF-conjugated rabbit anti-rat IgG F(ab9)2 fragment.
Percent positive cells was calculated by subtracting percent positive cells of the control from percent positive cells showing specific MAb binding.

FIG. 2. Upregulation of B7-2 molecules on BMMph infected with T. cruzi.
Fluorescence analysis studies were performed as described in the legend to Fig.
1. The infection rate of the macrophages was 75%. In addition to the macro-
phages infected or not, one aliquot of each macrophage population was stimu-
lated with rat rIFN-g (100 U/ml) for the last 24 h of culture. Viability of all
macrophage populations was $95%. For detection of B7-2 expression, MAb
GL1 was used. An irrelevant MAb served as a control (light line).

TABLE 1. Expression of B7-1/2 molecules on the surfaces of
BMMph after infection with live or inactivated T. cruzi

Treatment of
BMMphb with:

% Positive cellsa expressing:

B7-1 B7-2

Medium 1.5 4.1
T. cruzi
Live 0.5 52.0
UV irradiated 0.9 28.3
Heat killed 0.9 4.3
Lysates 0.4 6.3

a Calculated by subtracting percent positive cells of the control from percent
positive cells with specific MAb binding.
b BMMph were stimulated for 48 h with live, UV-irradiated, or heat-killed T.

cruzi parasites in a cell-to-parasite ratio of 1:10 or were left untreated. One
aliquot of the macrophages was stimulated with the whole lysate of T. cruzi
(equivalent to 5 3 107 parasites). Viability of all BMMph populations was
$95%; 85 to 90% of the macrophages were infected.
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T. cruzi-infected macrophages are efficient costimulators of
cloned Th1 cells. In the following experiments, we extended
these results obtained with polyclonal resting CD41 T cells to
established cloned T cells. Cloned Th1 cells activated via anti-
CD3 MAb responded with higher proliferation to T. cruzi-
infected BMMph than to uninfected BMMph in a dose-depen-
dent fashion (Fig. 5). Macrophages stimulated with IFN-g,
expressing higher levels of B7-2 molecules than unstimulated
and uninfected macrophages (Fig. 2), were more efficient in
stimulating Th1 cells than uninfected macrophages. Further-
more, when the infected macrophages were stimulated for 24 h
before cell harvest in addition with rIFN-g, resulting in the
highest B7-2 expression, proliferation of the T cells was even
greater. Thus, the capacity of the macrophages to stimulate the
Th1 cells correlated with their expression of B7-2 molecules
(data shown in Fig. 5 are representative for the data obtained
from two different cloned Th1 cells).
To test whether the effect of T. cruzi-infected BMMph on

TCR-mediated T-cell proliferation was also detectable in an
Ag-specific assay system, we incubated the Th1 cell clone 9B11
with various doses of infected or uninfected BMMph and the
specific Ag ovalbumin. In fact, Ag-specific T-cell proliferation
induced by infected macrophages was much stronger than that
induced by uninfected control cells (Fig. 6).
T. cruzi-infected macrophages are strong costimulators of

cloned Th2 cells. As shown in Fig. 7, anti-CD3-stimulated
cloned Th2 cells proliferated with higher efficiency in the pres-
ence of T. cruzi-infected BMMph than in the presence of
uninfected cells. Also, the expression of this costimulatory ac-
tivity required infection with live parasites. Lysates of T. cruzi
(Fig. 7) or heat-killed parasites (data not shown) did not pro-
mote costimulation of Th2 cells. Contrary to the results de-
scribed above, the stimulation of the Th2 cells was not depen-
dent on the expression of B7-2 induced on T. cruzi-infected
macrophages because the anti-B7-2 antibody did not inhibit

costimulation (data not shown). One factor responsible for the
enhanced Th2 cell stimulation might be IL-1, since IL-1 has
been shown to be produced by adherent spleen cells of T.
cruzi-infected mice (46) and by BMMph infected in vitro with
T. cruzi (our own unpublished results). We were able to inhibit
the costimulatory activity of infected cells by using a MAb
against IL-1a, resulting in a complete inhibition of T-cell pro-
liferation (data not shown). This result shows that infected
macrophages, by secreting IL-1a and expressing B7-2, deliver
distinct costimulatory signals to different T-cell subsets.

DISCUSSION

Costimulatory molecules on infected APC are critical for the
initiation and maintenance of an immune response against
intracellular pathogens. Several pathogens, such as mycobac-
teria (40), Listeria (20), or Leishmania (9, 20, 41) have been
shown to use various strategies for influencing the host im-
mune response at the level of costimulatory signaling. The
effects on T-cell activation range from inhibition of T-cell pro-
liferation and cytokine production in the case of L. donovani
(41) to strong augmentation of Th2 cell proliferation in the
case of L. major (9).
In this study, we examined the effect of an infection with T.

cruzi on the capacity of BMMph to deliver costimulatory sig-
nals to Th cells. We show that infection with T. cruzi dramat-
ically enhances the costimulatory activity of macrophages both
for resting T cells and for cloned Th cells. Two different mech-
anisms lead to this enhancement.
Most importantly, as a result of the infection, expression of

B7-2 molecules was selectively enhanced within 24 to 48 h,

FIG. 3. CD41 T cells from spleen activated with anti-CD3 MAb were stim-
ulated to high proliferation in the presence of T. cruzi-infected macrophages.
Anti-CD3 MAb 145-2C11 was immobilized to microtiter wells in the indicated
amounts. The wells were rinsed, and CD41 T cells (2 3 105/well) isolated by
positive selection using a magnetic cell separation technique were added with or
without gamma-irradiated (20 Gy) BMMph (5 3 103/well). BMMph were gen-
erated from BALB/c mice and were not infected or were infected with T. cruzi
parasites in a cell-to-parasite ratio of 1:10 for 48 h (80% of the cells were
infected; viability of the BMMph was $95%). For a control, T cells were stim-
ulated via plate-bound anti-CD3 MAb plus anti-CD28 MAb 37.51 (10 mg/ml).
Proliferation of the T cells was measured on day 4 of culture after a 20-h pulse
with [3H]TdR. Proliferation of anti-CD3-stimulated CD41 T cells in the absence
of BMMph was #1.445 cpm. Levels of proliferation of anti-CD3-stimulated
CD41 T cells in the presence of anti-CD28 MAb were 12,735 cpm (5 mg of
anti-CD3 MAb per ml), 16,338 cpm (2.5 mg of anti-CD3 MAb per ml), and 7,806
cpm (1.25 mg of anti-CD3 MAb per ml). Background proliferation of T cells and
macrophages was #152 cpm. The asterisks indicate statistically significant dif-
ferences (P , 0.001) compared with uninfected macrophages.

FIG. 4. Anti-B7-2 MAb neutralizes the augmentative effect of T. cruzi-in-
fected BMMph on CD41 T-cell proliferation. CD41 T cells were cultured with
plate-bound anti-CD3 MAb (1 mg/ml) in the presence of irradiated (20 Gy)
BMMph (5 3 103) and MAb GL1 (anti-B7-2, 10 mg/ml) or a control rat IgG2a
antibody. BMMph used were infected or not infected with T. cruzi (the cell-to-
parasite ratio was 1:10, 85% of the cells were infected, and viability of all
BMMph was $96%). During the last 20 h of a 96-h incubation period, [3H]TdR
was added to the assays. Proliferation of anti-CD3-activated T cells in the
absence of BMMph was 1,955 cpm. Proliferation of T cells and macrophages in
the absence of anti-CD3 MAb was #581 cpm. Background proliferation of APC
and T cells alone was #129 cpm. The asterisk indicates statistically significant
differences (P , 0.01) compared with uninfected macrophages or with infected
macrophages in the presence of anti-B7-2 MAb. The triangle indicates statisti-
cally significant differences (P, 0.03) compared with uninfected macrophages in
the presence of the control MAb.

974 FROSCH ET AL. INFECT. IMMUN.



while other ligands for T cells, such as LFA-1, ICAM-1, B7-1,
and HSA, were not significantly altered in their expression
levels. That not all infected macrophages show upregulation of
B7-2 molecules may be due to the fact that the macrophages
used for the studies do not represent a homogeneous popula-
tion and differ in reactivity to the stimuli. Alternatively, distinct
cells may react with different kinetics depending on their acti-
vation state.
B7 molecules are essential costimulators for T-cell prolifer-

ation (12, 23). In in vivo studies, B7-2 has been shown to be the
major CD28 costimulatory ligand active in clonal expansion of
Ag-specific cells (reviewed in reference 6). Thus, B7-2 is the
primary costimulatory molecule responsible for initiating T-
cell responses. In agreement with this notion is our finding that
the upregulated B7-2 molecules on parasitized BMMph are
entirely responsible for the capacity of the BMMph to strongly
costimulate resting CD41 T cells. This was shown by the strong
inhibitory effects of the anti-B7-2 MAb. Furthermore, the stud-
ies using macrophages stimulated with IFN-g, which express
higher levels of B7-2 than unstimulated cells, demonstrate that
these cells were better T-cell activators than unstimulated mac-
rophages. BMMph, which were infected and stimulated in par-
allel with IFN-g, not only expressed the highest levels of B7-2
but also induced the strongest T-cell proliferation. Therefore,
this finding supports the necessity of B7-2 molecules for T-cell
activation. That anti-B7-2 MAb also inhibited the low degree
of costimulation by uninfected BMMph could be due to a low-
level expression of B7-2 molecules on unstimulated BMMph,
sufficient for the weak T-cell proliferation induced by these
macrophages. Another explanation is that during the time of

the assay, lymphokines like IFN-g are produced by activated T
cells which are able to upregulate B7-2 expression. Indeed,
IFN-g augments the level of B7-2 on BMMph.
The mechanism by which upregulation of B7-2 molecules

can occur is still unclear. The observation that this upregula-
tion occurred only with BMMph infected with live trypano-
somes and not with BMMph exposed to fixed or heat-inacti-
vated parasites or to lysates of parasites shows that B7-2
upregulation depends on viable parasites. Similarly, macro-
phages which were treated with L. major lysates were unable to
augment the proliferation of Th2 cells whereas living parasites
were functional in this respect (9). In addition, the inability of
heat-killed or fixed T. cruzi to upregulate B7-2 molecules or
IL-1a production (data not shown) demonstrates that en-
hancement of expression of these costimulatory molecules is

FIG. 5. BMMph infected with T. cruzi exerted a more profound costimula-
tory potential for Th1 cells compared to uninfected macrophages. MAb 145-
2C11 was immobilized to microtiter plates in the indicated concentrations for 4 h
at room temperature. After washing, 12B9 Th1 cells (23 104/well) and irradiated
BMMph (5 3 103/well) were added. BMMph tested for their costimulatory
function were untreated, were stimulated for 24 h with rat rIFN-g (100 U/ml),
were infected with T. cruzi (the cell-to-parasite ratio was 1:10; 79% of the cells
were infected), or were infected with T. cruzi and in parallel stimulated with
IFN-g during the last 24 h of infection. T-cell proliferation was determined on
day 3 by adding [3H]TdR for the last 20 h of the culture. Proliferation of
anti-CD3-stimulated T cells in the absence of BMMph was 193 cpm. Prolifera-
tion of T cells and macrophages in the absence of anti-CD3 MAb was#187 cpm.
Background proliferation of BMMph and T cells alone was #34 cpm. The
asterisks indicate statistically significant differences (p, P , 0.05; pp, P , 0.008)
compared with infected BMMph.

FIG. 6. Presentation of Ag by T. cruzi-infected BMMph is more efficient than
presentation by uninfected BMMph. The cloned Th1 cells 9B11 (2 3 104/well)
were stimulated, per well, with 104 or 5 3 103 gamma-irradiated (20 Gy) mac-
rophages of C57BL/6 origin in the presence or absence of 100 mg of ovalbumin
per ml. BMMph had been infected with T. cruzi for 48 h in a ratio of 1:10, 83%
of the BMMph were infected. Viability of the macrophages was $94%. Prolif-
eration of T cells was determined by adding [3H]TdR on day 2 for 20 h. T-cell
proliferation in the absence of antigen was #984 cpm. Background proliferation
of APC and T cells was #294 cpm.

FIG. 7. T. cruzi-infected BMMph costimulate Th2 cell proliferation with
higher efficiency than uninfected BMMph. D10.G4.1 T cells (2 3 104/well) were
plated on anti-CD3-coated wells in the presence or absence of BMMph (5 3
103/well) infected with live T. cruzi parasites (cell-to-parasite ratio was 1:10; 89%
of the macrophages were infected) or whole lysate generated by repeated freeze-
thaw steps. Viability of the macrophages was $96%. Proliferation of T cells was
determined by addition of [3H]TdR for the last 20 h of the 68-h culture time.
Background proliferation of APC and T cells was #295 cpm. The asterisks
indicate significant differences (P , 0.04) compared with uninfected BMMph or
BMMph incubated with T. cruzi lysate.
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not the result of an uptake of trypanosomal particles, meaning
that phagocytosis alone does not trigger the activation of the
B7-2-specific gene. Although not shown here, we have found
that soluble mediators appear not to be responsible for this
effect. Cocultivation of infected and uninfected BMMph, sep-
arated via a membrane through which only cytokines can pen-
etrate, or incubation with IL-1a or IL-12, both produced by
infected BMMph (1, 14, 46), did not lead to B7-2 upregulation
on uninfected BMMph. This result indicates that the upregu-
lation of this important costimulatory molecule is an early
cellular response of the infected cell itself. It is noteworthy in
this respect that infection with T. cruzi was much more potent
in inducing B7-2 than IFN-g, known to be a strong upregulator
of B7-2 expression (18). Moreover, there was a strong synergy
between this cytokine and the infection.
Not only CD41 T cells freshly isolated from the spleen but

also anti-CD3-activated cloned T cells of Th1 and Th2 pheno-
type proliferated with higher efficiency in the presence of T.
cruzi-infected BMMph than in the presence of uninfected cells.
In contrast to Th1 cells, which continue to require CD28 co-
stimulation for activation (2), established Th2-mediated im-
mune responses appear to become relatively independent of
CD28 costimulation for their maintenance (27). A potential
mechanism for this is suggested by the observation that CD28
costimulation is necessary for the induction of T-cell sensitivity
to IL-4 (26). This possibility is supported by our results show-
ing that the high B7-2 molecule expression was not responsible
for the strong proliferative response of Th2 cells induced by T.
cruzi-infected BMMph, as demonstrated by the inability of the
anti-B7-2 MAb to affect the costimulatory capacity of infected
BMMph for Th2 cells. For these cells, IL-1a is the molecule
responsible for the enhanced proliferation of Th2 cells, in-
duced by infected macrophages. Thus, these results support
and extend earlier studies by Tarleton (46), showing that mac-
rophages from T. cruzi-infected mice expressed IL-1 in the
membrane-bound and soluble forms.
Taken together, the data that we have presented suggest two

mechanisms by which T. cruzi infection enhances the stimula-
tory potential of BMMph for T cells. The upregulation of B7-2
molecules might be particularly important in the early immune
response to T. cruzi, because stimulation of resting T cells is a
critical step in an infection. The activation of naive T cells is
mediated only by professional APC which deliver Ag-specific
and costimulatory signals. One very potent APC is the den-
dritic cell, which expresses high levels of MHC molecules as
well as a variety of costimulatory molecules, including B7.
However, they are nonphagocytic. In contrary, macrophages
are very potent phagocytic cells which are predominantly in-
fected with T. cruzi. In their resting state, they express only few
MHC class II molecules and do not express B7 molecules.
Therefore, it will be of great benefit that the infection by
trypanosomes renders the macrophage a potent stimulatory
cell for resting T cells, being able to initiate an immune re-
sponse. Later in the ongoing immune response, there will be
further upregulation of costimulatory molecules by synergy
with cytokines produced by activated T cells. In fact, we have
found that B7-2 is abundantly expressed on many cell types
during infection of mice with T. cruzi (unpublished observa-
tions). Since most of these cells are not infected with T. cruzi,
this is probably a secondary phenomenon due to the produc-
tion of cytokines like IFN-g. When the immune response
against the parasite has been established, further upregulation
of B7-2 and IL-1 will augment and maintain the ongoing T-cell
response.
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A. B. Reske-Kunz. 1993. The efficient bovine insulin presentation capacity of
bone marrow-derived macrophages activated by granulocyte-macrophage
colony-stimulating factor correlates with a high level of intracellular reducing
thiols. Eur. J. Immunol. 23:1430–1434.

14. Frosch, S., S. Kraus, and B. Fleischer. 1996. Trypanosoma cruzi is a potent
inducer of interleukin-12 production in macrophages. Med. Microbiol. Im-
munol. 185:189–193.

15. Fruth, U., N. Solioz, and J. A. Louis. 1993. Leishmania major interferes with
antigen presentation by infected macrophages. J. Immunol. 150:1857–1864.

16. Harding, F. A., J. G. McArthur, J. A. Gross, D. H. Raulet, and J. P. Allison.
1992. CD28-mediated signalling co-stimulates murine T cells and prevents
induction of anergy in T-cell clones. Nature 356:607–609.

17. Hathcock, K. S., G. Laszlo, H. B. Dickler, J. Bradshaw, P. Linsley, and R. J.
Hodes. 1993. Identification of an alternative CTLA4 ligand costimulatory for
T cell activation. Science 262:905–907.

18. Hathcock, K. S., G. Laszlo, C. Pucillo, P. Linsley, and R. J. Hodes. 1994.
Comparative analysis of B7-1 and B7-2 costimulatory ligands: expression and
function. J. Exp. Med. 180:631–640.

19. Kaye, J., S. Gillis, S. B. Mizel, E. M. Shevach, T. R. Malek, C. A. Dinarello,
L. B. Lachman, and C. A. Janeway, Jr. 1984. Growth of a cloned helper T cell
line induced by a monoclonal antibody specific for the antigen receptor:
interleukin 1 is required for the expression of receptors for interleukin 2.
J. Immunol. 133:1339–1345.

20. Kaye, P. M., N. J. Rogers, A. J. Curry, and J. C. Scott. 1994. Deficient
expression of co-stimulatory molecules on Leishmania-infected macro-
phages. Eur. J. Immunol. 24:2850–2854.

21. Leo, O., M. Foo, D. H. Sachs, L. E. Samelson, and J. A. Bluestone. 1987.
Identification of a monoclonal antibody specific for a murine T3 polypeptide.
Proc. Natl. Acad. Sci. USA 84:1374–1378.

22. Lichtman, A. H., J. Chin, J. A. Schmidt, and A. K. Abbas. 1988. Role of
interleukin 1 in the activation of T lymphocytes. Proc. Natl. Acad. Sci. USA
85:4699–4703.

23. Linsley, P. S., W. Brady, L. Grosmaire, A. Aruffo, N. K. Damle, and J. A.
Ledbetter. 1991. Binding of the B cell activation antigen B7 to CD28 co-

976 FROSCH ET AL. INFECT. IMMUN.



stimulates T cell proliferation and interleukin 2 mRNA accumulation. J.
Exp. Med. 173:721–730.

24. Liu, Y., and C. A. Janeway, Jr. 1991. Microbial induction of co-stimulatory
activity for CD4 T-cell growth. Int. Immunol. 3:323–332.

25. Lytton, S. D., E. Mozes, and C. L. Jaffe. 1993. Effects of macrophage infec-
tion by Leishmania on the proliferation of an antigen-specific T-cell line,
TPB1, to a non-parasite antigen. Parasite Immunol. 15:489–492.

26. McArthur, J. G., and D. H. Raulet. 1993. CD28-induced costimulation of T
helper type 2 cells mediated by induction of responsiveness to interleukin 4.
J. Exp. Med. 178:1645–1653.

27. McKnight, A. J., V. L. Perez, C. M. Shea, G. S. Gray, and A. K. Abbas. 1994.
Costimulator dependence of lymphokine secretion by naive and activated
CD41 T lymphocytes from TCR transgenic mice. J. Immunol. 152:5220–
5225.

28. Meuer, S. C., R. E. Hussey, M. Fabbi, D. Fox, O. Acuto, K. A. Fitzgerald,
J. C. Hodgdon, J. P. Protentis, S. F. Schlossman, and E. L. Reinherz. 1984.
An alternative pathway of T-cell activation: a functional role for the 50 kd
T11 sheep erythrocyte receptor protein. Cell 36:897–906.

29. Minoprio, P., M. C. El Cheikh, E. Murphy, M. Hontebeyrie-Joskowicz, R.
Coffman, A. Coutinho, and A. O’Garra. 1993. Xid-associated resistance to
experimental Chagas’ disease is IFN-g dependent. J. Immunol. 151:4200–
4208.

30. Mueller, D. L., M. K. Jenkins, and R. H. Schwartz. 1989. Clonal expansion
versus functional clonal inactivation: a costimulatory signalling pathway de-
termines the outcome of T cell antigen receptor occupancy. Annu. Rev.
Immunol. 7:445–480.

31. Nabavi, N. G., J. Freeman, A. Gault, D. Godfrey, L. M. Nadler, and L. H.
Glimcher. 1992. Signalling through the MHC class II cytoplasmic domain is
required for antigen presentation and induces B7 expression. Nature 360:
266–268.

32. Petray, P. B., M. E. Rottenberg, G. Bertot, R. S. Corral, A. Diaz, A. Orn, and
S. Grinstein. 1993. Effect of anti-gamma-interferon and anti-interleukin-4
administration on the resistance of mice against infection with reticulotropic
and myotropic strains of Trypanosoma cruzi. Immunol. Lett. 35:77–80.

33. Prina, E., C. Jouanne, S. de Souza Lao, A. Szabo, J.-G. Guillet, and J. C.
Antoine. 1993. Antigen presentation capacity of murine macrophages in-
fected with Leishmania amazonensis amastigotes. J. Immunol. 151:2050–
2061.

34. Reed, S. 1988. In vivo administration of recombinant IFN-g induces macro-
phage activation, and prevents acute disease, immune suppression, and
death in experimental Trypanosoma cruzi infections. J. Immunol. 140:4342–
4347.

35. Reske-Kunz, A. B., E. Spaeth, K. Reske, M.-L. Lohmann-Matthes, and E.
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