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The importance of CD40, CD80, and CD86 costimulatory molecules in anti-Leishmania immune responses
has been established in murine models. A role for these costimulatory molecules in human anti-Leishmania
immune responses was investigated in this study. Autologous macrophages and peripheral blood leukocytes
(PBL) were prepared from peripheral blood mononuclear cells of Leishmania-naive donors and cultured with
or without Leishmania major in various combinations. After 7 days of culture, high levels of CD40 and CD86
were expressed on macrophages in the presence or absence of L. major. When macrophages were cultured for
an additional 7 days with PBL, expression of all three costimulatory molecules was detected. When L. major was
present in these cultures, the expression of CD80, and to a lesser extent CD40, on macrophages was enhanced.
Blockade of CD80, CD86, or both molecules (in the order of greatest effect) in cultures containing macro-
phages, PBL, and L. major significantly inhibited the production of gamma interferon, interleukin-5 (IL-5), and
IL-12. Blockade of CD40-CD154 interactions also significantly inhibited production of these cytokines in
response to L. major. Production of IL-10 was unaltered by the blockade of these costimulatory molecules.
Thus, these data suggest that CD40, CD80, and CD86 expression and regulation may significantly impact

anti-Leishmania immune responses in humans.

The outcome of experimental cutaneous infection with
Leishmania major in mice is dependent on the strain of mouse
and the predominating T-cell immune response that develops.
Resistance is associated with Th1 responses and the appropri-
ate production of interleukin-12 (IL-12) and gamma interferon
(IFN-v), leading to parasite destruction by macrophages (33,
34, 39, 48). Susceptibility is associated with Th2 responses,
early IL-4 production, IL-12 insensitivity, and a failure of IFN-
v-induced macrophage activation (7, 24, 29, 30). Because co-
stimulation of T cells by antigen-presenting cells (APCs; e.g.,
dendritic cells and macrophages) has been shown to influence
the activation of T cells (18, 20), the influence of costimulatory
molecule expression in mice on their resistance to Leishmania
infection has been investigated.

Appropriate costimulation by CD40 may be essential for
resistance in Leishmania-infected mice, but an essential role
for B7 costimulation is in dispute. In CD40- or CD154-defi-
cient mice, impaired production of IL-12 and IFN-y is ob-
served along with an increased mortality rate following Leish-
mania infection (6, 26, 45). In contrast, in CD28-deficient
strains of mice, both Leishmania-resistant and Leishmania-
susceptible phenotypes were maintained following infection
(3), suggesting that B7-CD28 costimulation played a limited
role. However, treatment of L. major-infected mice with
CTLA-4Ig caused normally susceptible mice to develop pro-
tective Thl responses (9), suggesting that B7 costimulation is
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essential for susceptibility. This inference was supported by
results in the same study showing that CTLA-4Ig had no effect
on the outcome of infection in normally resistant mice. More
recently, blockade of CD86, but not CD80, in susceptible mice
was shown to decrease parasite burdens and the production of
Th2 cytokines following L. major infection (4). These results
suggested that CD86, and not CD80, is critical for Th2 differ-
entiation. However, other studies have indicated that B7 co-
stimulation is required for the early development of both re-
sistant and susceptible anti-Leishmania responses in mice, and
that CD86 functions as the dominant costimulatory molecule
in both cases (12). Thus, the role of B7 costimulation in ex-
perimental leishmaniasis is unclear.

With the exception of studies by Probst et al. (37), showing
up-regulation of CD80 on leishmanial antigen-treated human
macrophages and dendritic cells, little is known of the role that
costimulation plays in experimental human responses to Leish-
mania infection. Based on what is known for mice, we hypoth-
esized that human responses to L. major would be dependent
on CD40 costimulation and influenced by both CD80 and
CDS86. To test these hypotheses, we used an in vitro cell prim-
ing system (IVS) for human peripheral blood mononuclear
cells (PBMC) to investigate (i) the influence of L. major infec-
tion on the expression of these costimulatory molecules on
macrophages in the presence or absence of peripheral blood
leukocytes (PBL) and (ii) the influence of CD40, CD80, and
CDS86 costimulation on the production of Thl- and Th2-spe-
cific cytokines in response to L. major. We show that among
these molecules, CD86 and CD40 play a critical role in the
initiation of anti-Leishmania T-cell activation.

MATERIALS AND METHODS

Parasites. L. major (isolate LV39, R/SU/59/P) parasites were grown on bipha-
sic NNN medium (48) and passed through mice every 2 weeks to maintain
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virulence. Stationary metacyclic promastigotes were isolated by negative selec-
tion using peanut agglutinin as described previously (38).

Reagents. The following reagents were used in cell cultures: human CTLA-
4-Fc chimera (R&D Systems, Minneapolis, Minn.) at 10 pwg/ml; neutralizing
anti-human CD80 and CD86 monoclonal antibodies (MAbs) (mouse immuno-
globulin G1 [IgG1] isotype; R&D Systems) at 2.5 pg/ml; neutralizing anti-CD154
MAb (mouse IgG1 isotype; PharMingen, San Diego, Calif.) at 10 pg/ml; and
irrelevant isotype-matched antibodies from the same suppliers, used as controls
at the same concentrations. The following reagents were used for flow cytometry:
fluorescein isothiocyanate (FITC)-labeled anti-human CD14 (clone TUK4,
mouse IgG2a; Caltag, Burlingame, Calif.); phycoerythrin (PE)-labeled anti-hu-
man CD80 (clone L307.4, mouse IgG1; PharMingen); PE- and FITC-labeled
anti-human CD86 (clone 2331, mouse IgG1; PharMingen); CyChrome-labeled
anti-human CD40 (clone 5C3, mouse IgG1; PharMingen); FITC-labeled anti
human HLA DR, DP, and DQ (clone TU 39, mouse IgG2a; PharMingen); and
appropriately labeled irrelevant isotype-matched control antibodies from the
same suppliers.

IVS. Human blood was obtained from healthy individuals at the Student
Health Center of Colorado State University. Blood was collected from each
donor at two time points (stages 1 and 2), 7 days apart.

From the first blood collection (stage 1), adherent cells (macrophages) were
prepared to serve as APCs in stage 2. PBMC were obtained from heparinized
venous blood by passage over a Ficoll-Hypaque gradient (16). PBMC were
washed and resuspended at a concentration of 4 X 10° cells/ml in complete
medium consisting of RPMI 1640 medium supplemented with 2 mM L-glu-
tamine, penicillin (100 U/ml), gentamicin (100 pg/ml), and 10% heat-inactivated
human AB serum (Pel-Freez, Clinical System, Brown Deer, Wis.). Routine
testing of medium indicated lipopolysaccharide concentrations of <2 endotoxin
units/ml in a Limulus amebocyte lysate assay (BioWhittaker Inc., Walkersville,
Md.). These cells were plated in 24-well tissue culture plates (Costar; Corning
Incorporated, Corning, N.Y.) at 1 ml/well and incubated for 2 h at 37°C and 5%
CO,. Nonadherent cells were removed from the plates, and adherent cells were
cultured at 37°C with 5% CO, for an additional 6 days. Of the major histocom-
patibility complex (MHC) class II'* cells obtained with these methods, no CD19*
B cells were detected (data not shown). Further, no dendritic cells were identi-
fied among the adherent cells, based on a lack of CD1a expression on MHC class
I cells as determined by flow cytometry or by morphology using light micros-
copy. Metacyclic L. major promastigotes were added to some cultures at a
parasite/cell ratio of 5:1, and incubation was continued for an additional 24 h at
34°C with 5% CO,. Cultures were then washed to remove free parasites. These
techniques routinely resulted in an approximate 90% infection rate.

In stage 2, primary stimulation of PBL was performed. From a second blood
collection, both nonadherent cells (PBL) and adherent cells were obtained.
Blood was collected from the same donor as in stage 1, and PBMC were plated
at 4 < 10° cells/ml, 1 ml/well in 24-well tissue culture plates. After 2 h of culture
at 37°C with 5% CO,, PBL were harvested and resuspended in complete medium
at a concentration of 4 X 10° cells/ml. Adherent cells were cultured as described
in stage 1 for use in stage 3. PBL (1 ml) were added to culture wells containing
Leishmania-infected adherent cells obtained in stage 1 and cultured for an
additional 7 days at 37°C with 5% CO,. Blocking reagents (anti-human CD80,
anti-human CD86, and anti-human CD154, CTLA-4Ig, or controls) were present
in some cultures during this 7-day incubation at concentrations of 2.5 to 10
pg/ml. After this incubation, culture supernatants and blast cells were harvested.
Supernatants were stored at —20°C until assayed.

In stage 3, secondary stimulation of PBL blasts was performed. The blast cells
obtained in stage 2 were washed and resuspended in complete medium at 4 X 10°
cells/ml. These cells were restimulated by culturing (1 ml/well) for 48 h at 37°C
with 5% CO, with the autologous Leishmania-infected adherent cells obtained in
stage 2. No blocking reagents were added to these cultures. Culture supernatants
were collected and stored at —20°C until assayed.

Cytokine assays. Concentrations of IFN-y, IL-5, IL-10, and IL-12 in culture
supernatants were determined by enzyme-linked immunosorbent assay (ELISA)
using commercial anticytokine antibody pairs (PharMingen) and a protocol pro-
vided by the manufacturer. Human recombinant IFN-vy, IL-5, IL-10, and IL-12
(PharMingen) were used to generate standard curves. The limits of detection for
these assays were 10 pg/ml for IFN-y, IL-10, and IL-12 and 2 pg/ml for IL-5.

Flow cytometry. Monocytes and macrophages were analyzed for costimulatory
molecule expression. Monocytes were obtained as fresh PBMC and were iden-
tified by expression of CD14. Macrophages were obtained from cultures of
adherent cells (see “IVS” above) by using tissue culture cell scrapers (resultant
cells were =90% viable by trypan blue exclusion) and were identified by their
expression of MHC class I1. Cells (5 X 10°/sample) were prepared for analysis by
resuspension in PAB (phosphate-buffered saline, 1% bovine serum albumin,
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0.05% sodium azide) and blocked with mouse Ig (20 pg/ml) and 10% fetal bovine
serum for 30 min on ice. Cells were then incubated with labeled antibodies or
corresponding controls for an additional 30 min. Cells were fixed with 1%
paraformaldehyde in phosphate-buffered saline and analyzed on a Coulter XL
flow cytometer (Coulter Corp., Hialeah, Fla.).

Statistical analysis. Comparison of cytokine levels between treatment groups
and across multiple experiments was done by analysis of variance two-way
ANOVA followed by Tukey all-ways comparison posthoc ¢ tests. All tests were
performed with Sigma-Stat software (SPSS Inc., Chicago, Ill.). Differences were
considered significant at P < 0.05.

RESULTS

Expression of costimulatory molecules on monocytes/mac-
rophages in the presence or absence of L. major and PBL.
Freshly isolated CD14™ monocytes and cultured MHC class
II* macrophages were analyzed for expression of CD40,
CD80, and CD86 molecules. As shown in Fig. 1A to C, each of
these molecules was expressed on some CD14" monocytes;
whereas few monocytes expressed CD80 (2% [Fig. 1A]) and
CD40 (4% [Fig. 1C]), 70% expressed CD86 (Fig. 1B). Expres-
sion of costimulatory molecules was also observed on some
MHC class I macrophages after 7 days of culture (Fig. 1D to
F). Few macrophages expressed CD80, and then only at low
levels (Fig. 1D), whereas most (=70%) expressed CD86 (Fig.
1E). The expression of both CD80 and CD86 on macrophages
was similar to that observed on monocytes (see above). In
contrast to monocytes, approximately half (53%) of the mac-
rophages expressed CD40 (Fig. 1F). The presence of L. major
during the last 24 h of culture did not alter the expression of
CD80 or CD40 on macrophages (Fig. 1D and F). Compared
with unexposed macrophages, the expression of CD86 on L.
major-exposed macrophages was only slightly reduced, if
changed at all (Fig. 1E), and only on macrophages from some
donors (data not shown).

Culture of macrophages with PBL altered the influence of L.
major on costimulatory molecule expression (Fig. 1G to I). In
the presence of PBL, more L. major-infected (44%) than un-
infected (17%) macrophages expressed CD80 (Fig. 1G). A
similar but less marked increase in the percentage of CD40-
expressing macrophages was observed: 71% of infected mac-
rophages and 53% of uninfected macrophages expressed
CD40 (Fig. 1I). In contrast, no difference in the percentage of
CDS86 expression was observed between infected and unin-
fected macrophages (Fig. 1H).

Blockade of costimulatory molecules alters L. major-specific
cytokine production. Because costimulatory molecules can in-
fluence Thl and Th2 cytokine production, and because L.
major was shown to alter costimulatory molecule expression on
macrophages cultured in the presence of PBL (see above), we
examined the relative importance of CD40, CD80, and CD86
expression on the production of cytokines associated with Th1
and Th2 responses. PBL were stimulated with L. major-in-
fected macrophages in (i) primary cultures with or without
blocking reagents and (ii) secondary cultures without blocking
reagents (stages 2 and 3 of IVS [see Materials and Methods]).

CD40-CD154 blockade. The influence of CD40 expression
on L. major-specific cytokine production was examined by
blocking CD40-CD154 interactions with anti-CD154. As
shown in Fig. 2, the presence of anti-CD154 during primary
stimulation of PBL resulted in significantly reduced IFN-y
(Fig. 2A) and IL-5 (Fig. 2B) levels compared to cultures con-
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FIG. 1. Expression of CD80, CD86, and CD40 on monocytes and macrophages. Three different populations of monocytes/macrophages were
assessed for expression of CD80 (A, D, and G), CD86 (B, E, and H), and CD40 (C, F, and I) by flow cytometry before or after culture. (A to C)
Expression on freshly isolated CD14* PBMC. (D to F) Expression on MHC class I adherent cells (macrophages [see Materials and Methods])
for cells exposed (gray line) or not exposed (black line) to L. major during the last 24 h of 7-day cultures. Similar results were obtained for
macrophages cultured for a total of 14 days. (G to I) Expression on MHC class I1" adherent cells exposed (gray line) or not exposed (black line)
to L. major and cultured with PBL for an additional 7 days (14-day total culture). In all panels, shaded histograms represent nonspecific
fluorescence of cells stained with an isotype control antibody. The data presented are representative of five individual donors.

taining isotype-matched control antibody. This difference in
cytokine levels was also observed following blast cell restimu-
lation even though no anti-CD154 was present in these cul-
tures (Fig. 2C and D). Interestingly, no change in IL-10 levels
was detected in primary (Fig. 3A) or secondary (data not
shown) cultures as a result of anti-CD154 exposure, whereas
anti-CD154 exposure reduced the amount of IL-12 to unde-
tectable levels in both primary (Fig. 3B) and secondary (data
not shown) cultures.

CD80 and/or CD86 blockade. The influence of CD80 and
CD86 expression on L. major-specific cytokine production was
examined by blocking B7-CD28 and B7-CTLA-4 interactions
with CTLA-4Ig. As shown in Table 1, the presence of CTLA-
41g during primary stimulation of PBL resulted in the reduc-
tion of IFN-y and IL-5 to below detectable levels. Cytokine
levels in cultures containing control Ig were comparable to
those seen in previous control cultures (see above) and cul-

tures containing no control reagent (Table 1). The reduction of
cytokine levels resulting from CTLA-4Ig exposure in primary
cultures persisted in cultures of restimulated blast cells (Table
1). To investigate the contribution of individual B7 subtypes to
cytokine production, we blocked CDS80/CD86-CD28 and
CD80/CD86-CTLA-4 interactions with anti-CD80 and anti-
CD86 antibodies. As shown in Fig. 4, the presence of anti-
CD80 during primary stimulation of PBL resulted in a slight
but nonsignificant reduction of IFN-vy (Fig. 4A) and IL-5 (Fig.
4B) levels compared to cultures containing isotype-matched
control antibody. The presence of anti-CD86 significantly re-
duced both IFN-y and IL-5 levels, an effect that was greater
than that observed for anti-CD80 exposure. The presence of
both anti-CD80 and anti-CD86 during primary stimulation led
to a significant and near-complete elimination of detectable
cytokine levels (Fig. 4A and B, respectively), results similar to
those obtained when CTLA-4Ig was used. Similar reductions



668 BRODSKYN ET AL.

1600 A. Primary Stimulation
—\g 1200
o
k=4
T 800
p=d
w
*
400 \
0 &l
30 B. Primary Stimulation
20

1L-5 (pg/ml)

T

| [R5

1600 C. Secondary Stimulation

1200

/

800

IFN-y (pg/ml)

*
400

. "

D. Secondary Stimulation

1’

30
E
g 20
)
-
- -

10 L

0 AN
(‘\(\o Q\bb(
e O

FIG. 2. Blockade of CD40-CD154 interaction reduces IFN-y and
IL-5 production after primary and secondary stimulation. PBL were
stimulated with autologous L. major-infected adherent cells (macro-
phages) in the presence or absence of anti-CD154 or an isotype control
antibody (mouse IgG1). After 7 days, supernatants were harvested and
concentrations of IFN-y (A) and IL-5 (B) were determined by ELISA.
The blast cells from these cultures were isolated and restimulated
using autologous L. major-infected adherent cells. After 48 h, super-
natants were harvested and concentrations of IFN-y (C) and IL-5 (D)
were determined. The data for individual donors (@) and means (bars)
are presented with background cytokine levels subtracted. Background
equaled the concentration of cytokine when PBL were stimulated with
uninfected adherent cells and ranged <10 to 270 pg/ml for IFN-y and
<2.5 to 5.5 pg/ml for IL-5. The concentrations of IFN-y and IL-5
observed in cultures treated with isotype control antibody were equiv-
alent to those in cultures with no added antibody (data not shown). *,
statistically different (P < 0.05).

of IFN-y and IL-5 levels resulting from anti-CD80 and anti-
CD86 exposure persisted in cultures of restimulated blast cells
and were similarly statistically significant (Fig. 4C and D). No
consistent effect of anti-CD80 or anti-CD86 on IL-10 levels
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FIG. 3. Effects of CD40-CD154 blockade on IL-10 and IL-12 levels
after primary stimulation. PBL were stimulated with autologous L.
major-infected adherent cells (macrophages) in the presence or ab-
sence of anti-CD154 or an isotype control antibody (mouse IgG1).
After 7 days, supernatants were harvested and concentrations of IL-10
(A) and IL-12 (B) were determined by ELISA. The data for individual
donors (@) and means (bars) are presented with background cytokine
levels subtracted. Background equaled the concentration of cytokine
when PBL were stimulated with uninfected adherent cells and ranged
10 to 30 pg/ml for both IL-10 and IL-12. The concentrations of IL-10
and IL-12 observed in cultures treated with isotype control antibody
were equivalent to those in cultures with no added antibody (data not
shown). *, statistically different (P < 0.05).

was detected in primary (Fig. 5A) or secondary (data not
shown) cultures. However, a slight but increasingly significant
decrease in IL-12 levels resulting from exposure to anti-CD80,
anti-CD86, or both antibodies, similar to that seen for IFN-y
and IL-5, was observed in both primary (Fig. 5B) and second-
ary (data not shown) cultures.

TABLE 1. CTLA-4Ig blocks the production of cytokines in
response to L. major”

1st stimulation 2nd stimulation

Treatment
IFN-y IL-5 IFN-y IL-5
L. major 7710 14*x2 134*x11 18=*3
L. major + CTLA-4Ig <10 <10 <10 <10
L. major + control Ig 90x17 14=x1 142 £ 6 17x2

“ PBL were stimulated with autologous L. major-infected adherent cells (mac-
rophages) in the presence of CTLA-4Ig or control Ig. After 7 days (primary
stimulation), supernatants and blast cells were harvested. Blast cells were restim-
ulated using autologous L. major-infected adherent cells without additional
CTLA-4Ig. Supernatants were harvested after 48 h (secondary stimulation).
Cytokine concentrations in culture supernatants were determined by ELISA.
Values are presented as mean * standard error for three donors, with back-
ground cytokine levels subtracted. Cytokine levels for PBL cultured with unin-
fected adherent cells (background levels) ranged <10 to 35 pg/ml for IFN-y and
<2.0 to 5.5 pg/ml for IL-5.



VoL. 69, 2001

10000 A. Primary Stimulation

1000

i¥)

100

IFN-y (pg/ml)
o

r

50

40 B. Primary Stimulation

30

IL-5 (pg/ml)

20 a

10000

1000

IFN-y {pg/ml)

-
o
o

10

50
D. Secondary Stimulation
40
30

20

IL-5 (pg/ml)

ab
= b
10 b

8]
o]
N

o)
%
%,

\9)
Q <Q
cP .\\,0 ;\\,O &
¥ N <

FIG. 4. B7 blockade reduces IFN-y and IL-5 production after pri-
mary and secondary stimulation. PBL were stimulated with autologous
L. major-infected adherent cells (macrophages) in the presence or
absence of anti-CD80, anti-CD86, both antibodies, or an isotype con-
trol antibody (mouse IgG1). After 7 days, supernatants were harvested
and concentrations of IFN-y (A) and IL-5 (B) were determined by
ELISA. The blast cells from these cultures were isolated and restim-
ulated using autologous L. major-infected adherent cells. After 48 h,
supernatants were harvested and concentrations of IFN-y (C) and IL-5
(D) were determined. The data for individual donors (@) and means
(bars [geometric for IFN-y; arithmetic for IL-5]) are presented with
background cytokine levels subtracted. Background equaled the con-
centration of cytokine when PBL were stimulated with uninfected
macrophages and ranged from <10 to 270 pg/ml for IFN-y or <2.0 to
5.5 pg/ml for IL-5. The concentrations of IFN-y and IL-5 observed in
cultures treated with isotype control antibody were equivalent to those
in cultures with no added antibody (data not shown). Means with
different letters are statistically different (P < 0.05).
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FIG. 5. Effects of B7 blockade on IL-10 and IL-12 levels after
primary stimulation. PBL were stimulated with autologous L. major-
infected adherent cells (macrophages) in the presence or absence of
anti-CD80, anti-CD86, both antibodies, or an isotype control antibody
(mouse IgG1). After 7 days, supernatants were harvested and concen-
trations of IL-10 (A) and IL-12 (B) were determined by ELISA. The
data for individual donors (@) and means (bars) are presented with
background cytokine levels subtracted. Background equaled the con-
centration of cytokine when PBL were stimulated with uninfected
adherent cells and ranged from <10 to 30 pg/ml for both IL-10 and
IL-12. The concentrations of IL-10 and IL-12 observed in cultures
treated with isotype control antibody were equivalent to those in cul-
tures with no added antibody (data not shown). Means with different
letters are statistically different (P < 0.05).

DISCUSSION

The importance of various costimulatory molecules (e.g.,
CD40, CD80, and CD86) to the outcome of disease following
Leishmania infection of mice has been examined. CD40 has
been associated with resistance (6, 22, 26, 45), whereas the role
of CD80 and CD&6 is unclear (3, 4, 9, 12). Infection of mouse
macrophages can alter costimulatory molecule expression, at
least in vitro (27, 36, 41, 49). However, the impact on host
resistance, if any, of this potential subversion of immune func-
tion is unclear. Although evidence suggests that dendritic cells
play the major role in priming antileishmanial responses (31,
49), macrophages too are host cells for Leishmania and play
the major role in killing these parasites (33, 34, 48). This
parasitocidal activity is likely dependent, in part, on the mac-
rophage’s interaction with T cells (35). Little is known of the
role that costimulation plays in directing anti-Leishmania re-
sponses in humans. Therefore, we undertook the study pre-
sented here to examine (i) the influence of L. major on co-
stimulatory molecule expression on human monocyte-derived
macrophages and (ii) the interactions of these macrophages
with L. major-activated T cells.

Because costimulatory molecule expression has been shown
to be modulated on nonhuman APCs following Leishmania
infection in vitro (27, 36, 41, 49), we first determined if the
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expression of these molecules on cultured human macrophages
was modulated following infection with L. major. CD86 expres-
sion was slightly decreased by L. major infection, but this effect
was not observed with all donors, and we found no change in
the expression of CD40 or CD80 (Fig. 1). Thus, no marked
alteration of costimulatory molecule expression was observed
on L. major-infected human macrophages. These results are
similar to those for C57BL/6 mouse macrophages: no change
in CD80 expression was observed following infection with L.
donovani (41), and no change in CD40, CD80 or CD86 expres-
sion was observed following infection with L. major (49). How-
ever, Leishmania-induced changes in expression of costimula-
tory molecules has been observed on macrophages from
BALB/c mice and dogs: decreased CD80 expression was ob-
served following infection with L. donovani (27, 41) and L.
infantum (36), respectively. From a comparison of the results
shown here for humans, and shown by others in animal models,
it seems reasonable to predict that the sensitivity of macro-
phages to modulation of costimulatory molecule expression
following Leishmania infection may be dependent on the host’s
genetic background.

Because T cells may interact directly with infected macro-
phages through costimulatory molecules to promote parasite
killing (35), we also examined the influence of T cells on the
expression of costimulatory molecules by L. major-infected and
uninfected macrophages. Infection with L. major had no effect
on CD86 expression by macrophages cocultured with PBL
(Fig. 1). In contrast, coculture with PBL led to an increase in
CD40 and CD80 expression on L. major-infected macrophages
(Fig. 1). These findings are significant because they demon-
strate the feedback interactions between APCs and effector
cells and suggest that the effects of L. major on macrophages,
at least in part, require such interactions. These interactions
may include indirect mechanisms, such as IFN-y, which is
known to induce expression of CD80 and to up-regulate ex-
pression of CD86 on monocytes (11, 14), or direct mechanisms
such as stimulation of CD40 by CD154, which has been shown
to up-regulate both CD40 and CD86 (28). A combination of
direct and indirect mechanisms seems likely in this system.

This is the first report that live L. major modulates costimu-
latory molecule expression on human macrophages, but it is
not the first such report regarding intracellular parasites. For
example, Subauste et al. observed that infection of human
monocytes with tachyzoites of Trypanosoma gondii caused a
rapid induction of CD80 expression and up-regulation of
CD86 (46). On the other hand, infection of mouse macro-
phages with L. donovani or Mycobacterium tuberculosis failed
to up-regulate or actually decreased the expression of CD80
and CD86 (27, 40). These effects on costimulatory molecule
expression may represent strategies used by pathogens to in-
duce anergy or otherwise cause advantageous immune sup-
pression. Interestingly, the results presented here contrast with
those of Probst et al. (37), who cultured human macrophages
(without PBL) in the presence of a purified Leishmania pro-
tein, LelF, and showed an increase in both CD40 and CD80
expression. This difference in results may be due to confound-
ing interactions between the multitude of potentially immuno-
modulatory factors released by live parasites versus a single
purified protein, or a difference in the concentrations of LelF
present in the macrophage cultures.
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We had predicted that primary human responses to L. major
would be dependent on CD40 costimulation and influenced by
CD80 and CDS86 costimulation. These predictions were shown
to be mostly true. Blocking CD40 or CD86 significantly re-
duced the production of IFN-y, IL-12, and IL-5 following
stimulation with L. major, whereas the only significant effect of
blocking CD80 was a reduction in IL-12 production. Thus, of
these three costimulatory molecules, CD40 and CD86 played
the greatest role in initiating human in vitro anti-L. major
responses. The relatively small influence of CDS80 in this sys-
tem is an interesting finding in light of the marked up-regula-
tion of CD80 on macrophages cultured with PBL and L. major.
The mechanism(s) behind this lack of effect is unclear, but a
low sensitivity to CD80 costimulation may be a characteristic of
PBMC, as suggested by others (2, 23).

Our prediction that CD40 would be essential to human in
vitro responses to L. major was based on well-established path-
ways: (i) CD40 ligation leads to IL-12 production which leads
to IFN-y production and (ii) CD40 induces up-regulation of
B7 molecules on APCs (for reviews, see references 15 and 18).
Thus, our finding that blocking CD40 ligation reduced IL-12
and IFN-y production is not unique to anti-Leishmania re-
sponses, but it is important to know that in human cells, as in
mouse cells, L. major does not alter the predictability of this
costimulatory pathway. The greater effect of CD40 blockade
over B7 blockade could be explained, in part, by a double effect
on cytokines and B7 expression when CD40 ligation was in-
hibited.

An unexpected observation was the reduction of IL-5 pro-
duction in macrophage+L. major+PBL cultures following
blockade of CD40 and CD86. IL-5 was used as an indicator of
Th2 cell activity. The importance of CD40 to the development
of Th1 responses has been well established, but the role of this
costimulatory pathway in the development of Th2 responses is
less well studied. The results of the studies presented here
suggest that CD40, as well as CD86, can costimulate for both
Th1 and Th2 responses. Similar findings in another model (44,
47) suggest that, at least for CD40, this may be a common
phenomenon.

As shown here, IL-10 production was not significantly al-
tered by blocking CD40 or the B7 molecules, unlike what was
observed for IL-5, IL-12, and IFN-y. The IL-10 levels mea-
sured in these studies were lower than those observed by oth-
ers following mitogen or MAD stimulation (5, 10, 43) and were
more in line with spontaneous production levels (5, 25). This
can be explained by the use of metacyclic L. major in the study
presented here. Metacyclic L. major has been shown to be a
poor stimulator of IL-10 production from human PBMC, un-
like the log-phase promastigote form of the parasite (42). Be-
cause blocking costimulation did not alter IL-10 levels, these
results suggest that spontaneous or metacyclic L. major-stim-
ulated IL-10 production is independent of the costimulatory
molecules examined. Others have shown that IL-10 production
can be modulated by IL-12 and IFN-vy (1, 8, 10, 15). Therefore,
it was interesting that IL-10 levels were not changed in the face
of markedly lower IL-12 and IFN-vy levels. These data suggest
that spontaneous or metacyclic L. major-stimulated IL-10 pro-
duction is also independent of modulation by IL-12 and IFN-vy.
This possibility is supported for IL-12 by the results of Sartori
et al. (42), who showed that IL-10 production by metacyclic L.
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major-infected human PBMC was unchanged by treatment
with anti-IL-12 MAD.

In summary, we showed that L. major infection can influence
the expression of some costimulatory molecules on human
macrophages, with the greatest effect apparent in the presence
of PBL. Further, we showed that CD40 and CD86 play critical
roles in the initiation of human anti-Leishmania T-cell activa-
tion in vitro.
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