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The participation of NK cells in the activation of splenic macrophages or in resistance to systemic candi-
diasis is still a matter of debate. We had previously reported that there is a correlation between natural Killer
cell activation and resistance to systemic candidiasis. In those experiments we had used tilorone to boost NK
cell activity in mice. Here we show a mechanism elicited by tilorone in splenic macrophages which could explain
their effect on mouse survival during acute disseminated Candida albicans infection. The results demonstrate
that tilorone treatment elicits, by a direct effect, the production of proinflammatory cytokines (interleukin-6
[IL-6], tumor necrosis factor alpha [TNF-a], and IL-12) by splenic macrophages. In addition, it increases the
capacity of splenic macrophages to phagocytize C. albicans through activation of NK cells. We also demonstrate
that the presence of NK cells is essential for maintaining a basal level of phagocytic activity, which charac-
terizes splenic macrophages of naive control mice. The results demonstrate that it is possible to identify two
phenotypically and functionally peculiar cell populations among splenic macrophages: (i) cells of the “stim-
ulator/secretor phenotype,” which show high levels of major histocompatibility complex (MHC) class II surface
expression, are poorly phagocytic, and synthesize the proinflammatory cytokines IL-6, TNF-e, and IL-12, and
(ii) cells of the “phagocytic phenotype,” which express low levels of MHC class II molecules, are highly

phagocytic, and do not secrete proinflammatory cytokines.

The rise in the number of immunocompromised patients has
dramatically increased the incidence of human systemic fungal
infections in recent years. Accumulating evidence points to the
pivotal role of splenic macrophages in primary resistance to
systemic and disseminated candidiasis. Han et al. (14) have
shown that macrophages from the marginal zone of the spleen
trap Candida albicans yeast cells injected into mice. Moreover,
selective elimination of mouse splenic macrophages with di-
chloromethylene diphosphonate correlates with increased sus-
ceptibility to experimental disseminated candidiasis (24). Fur-
thermore, the resistance of mice to systemic infection with C.
albicans is associated with activated splenic macrophages that
show increased candidacidal activity in vitro (11). Thus, splenic
macrophages are clearly involved in protective mechanisms
during systemic infections caused by C. albicans (reviewed in
reference 37), but the precise role of these macrophages has
not been clearly defined.

Macrophage heterogeneity is a well-documented phenome-
non (13). It has also long been recognized that macrophages
isolated from different anatomical sites display a diversity of
phenotypes and capabilities. The presence of functionally dis-
tinct macrophage populations gives flexibility to respond to
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different stimuli. Depending on the stimulus, the nature of a
specific immune response is dictated in large part by the func-
tional phenotypes of the macrophages present within the tis-
sue. Macrophages can both regulate the immune response to
C. albicans (by antigen presentation and T-helper type 1 [Th1]
cell stimulation) and act as effector cells to phagocytize and kill
the fungus. Macrophages have been described as producing
proinflammatory cytokines (such as tumor necrosis factor al-
pha [TNF-a], interleukin-6 [IL-6], and IL-12) that induce the
development of a Thl cell response. It is generally accepted
that a proper interaction between the innate and the adaptive
immune system is required for efficient control of C. albicans
infections. Furthermore, several studies provide evidence that
resistance to C. albicans infection is determined by phagocytic
mechanisms, the activity of which is augmented or reinforced
by Th1 cytokines (26).

Immunotherapy strategies using biologic response modifiers
(by themselves or in conjunction with antimycotic drugs) could
be useful in improving the treatment and prognosis of yeast
infections. Since it is obvious that splenic macrophages play a
pivotal role in host responses to systemic candidiasis, in vivo
activation of splenic macrophages by immunomodulators
could be a good strategy for improving the treatment of sys-
temic candidiasis. Therefore, the in vivo biologic response of
splenic macrophages to C. albicans challenge must be exten-
sively studied before immunomodulators or selected cytokines
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are used in therapeutic regimens for candidiasis. Unfortu-
nately, at the moment, much of our knowledge about the
biologic response of macrophages to C. albicans comes from in
vitro studies. In vivo results have also been obtained, but in
most experiments serum cytokine levels were quantitated by
means of cytokine-specific enzyme-linked immunosorbent as-
says, so the pattern of cytokine production by the macrophage
population of choice was not determined. Another important
question that needs to be answered is the interaction between
splenic macrophages and other immune cells (i.e., NK cells),
which still remains unclear. Recently, we described a correla-
tion between NK cell activation (induced by tilorone treat-
ment) and resistance to experimental systemic candidiasis in
mice (22). Mice that were injected intravenously (i.v.) with a
lethal suspension of C. albicans and treated with tilorone re-
mained without evidence of disease, while untreated control
mice died on the third day. Tilorone is an orally active com-
pound previously described as a potent gamma interferon
(IFN-v) inducer which is widely used to boost NK cell activity
in mice.

The aim of the present study was to establish the mecha-
nisms of protection of mice against acute disseminated C.
albicans infection that are elicited by tilorone treatments. The
importance of splenic macrophages for induction of a protec-
tive immune response to acute systemic infection by C. albicans
is well documented; thus, we have selected this population as
the best cellular choice for the study of this disease. We focus
our interest on the role played by splenic macrophages of mice
infected i.v. with C. albicans. The parameters that we have
assessed are both phagocytic activity and production of the
proinflammatory cytokines (TNF-o, IL-6, and IL-12) by
splenic macrophages in response to both acute systemic C.
albicans infection and tilorone treatment. We have also studied
the interaction between T cells or NK cells and splenic mac-
rophages regarding the role played in the protection of mice
after lethal iv. doses of C. albicans. The experiments were
performed with BALB/c mice and athymic nude mice, and
some experiments were performed with hosts previously de-
pleted of NK cells by treatment with anti-asialo-GM1.

MATERIALS AND METHODS

Animals. Six- to eight-week-old male BALB/c mice were obtained from the
breeding colony of the University of Jaén, and male athymic nu/nu mice were
purchased from IFFA-Credo (Barcelona, Spain). The average weight of the mice
was 20 g, and they were maintained under pathogen-free conditions, with free
access to food and water. The experiments described in this article were per-
formed in accordance with national guidelines on the use of experimental ani-
mals.

In vivo treatment with tilorone and anti-asialo-GM1. The tilorone analogue
R10,874DA  {3,6-bis-[2-(dimethylamino)-ethoxy]-9H-xanthen-9-one  dihydro-
chloride} (Sigma Chemical Co., St. Louis, Mo.) was used to increase in vivo NK
activity. This compound is referred to below as tilorone. Each mouse receiving
tilorone was treated orally via cannula with 2 mg of the compound dissolved in
200 wl of water on day —1 or —2. In some experiments, in order to abolish NK
activity, mice were treated intraperitoneally on days —6 and —3 with 200 wl of a
1:50 dilution of anti-asialo-GM1 (Wako, Osaka, Japan).

Yeast culture and experimental infection with C. albicans. C. albicans (ATCC
2091) was grown in Mueller-Hinton broth (Scharlau, Barcelona, Spain) at 37°C
for 24 h, washed twice at 400 X g for 10 min, and finally adjusted to 2.5 X 10°
CFU/ml in phosphate-buffered saline (PBS; Sigma). Mice were injected i.v.
(through the tail vein) with 10° CFU of C. albicans.

Preparation of splenic macrophages. At the end of the experiments, mice were
anesthetized with ether and killed by cervical dislocation. Spleens were extracted
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under aseptic conditions, and cells were gently dispersed by using 90-mesh
stainless steel screens into cold complete RPMI 1640 medium (Sigma) contain-
ing 1% penicillin G-streptomycin solution (Sigma), 1% L-glutamine (Sigma), 1%
sodium pyruvate (Sigma), 1% HEPES (Flow Laboratories, Irvine, United King-
dom) and 5% fetal calf serum (FCS; Flow Laboratories). Cell suspensions were
centrifuged at 200 X g and 4°C for 10 min, and erythrocytes were lysed with Red
Blood Cell Lysing Buffer (Sigma) for 5 min. Remaining cells were washed twice
with RPMI medium. Cell suspensions were allowed to adhere to a plastic culture
flask (Nalgene Nunc International, Copenhagen, Denmark) in the absence of
serum for 1 h at 37°C in 5% CO,-. Nonadherent cells were removed. Adherent
cells were detached with a solution of 0.02% EDTA in PBS and finally were
resuspended in RPMI medium with 10% FCS to a final concentration of 10°
cells/ml. Under these conditions, adherent cells contained more than 95% mac-
rophages, as assessed by cell staining (with Wright-Giemsa stain) and morpho-
logical analysis. The viability of cells, assessed by trypan blue exclusion, was
=95%.

Intracellular cytokine detection. Flow cytometric determination of intracellu-
lar cytokine production at the single-cell level was performed. In all experiments,
in order to enhance the sensitivity of cytokine detection, 10° adherent spleen
cells were incubated for 6 h at 37°C with brefeldin A (1 pg/ml) (GolgiPlug; BD
PharMingen, San Diego, Calif.), a protein transport inhibitor that allows intra-
cellular cytokine accumulation. Intracytoplasmic cytokine staining was per-
formed by using the Cytofix/Cytoperm Plus kit and the manufacturer’s protocol
(BD PharMingen). Briefly, cells were washed in Staining Buffer, and in order to
block Fc receptors, they were incubated with 1 pg of Fc Block (clone 2.4G2;
antibody specific for FcyIl and Feylll receptors)/10° cells in 100 pl of Staining
Buffer for 15 min at 4°C. The cells were then washed twice with Staining Buffer
and resuspended in 250 pl of Cytofix/Cytoperm solution for 20 min at 4°C. Cells
were subsequently washed twice with 1X Perm/Wash solution and incubated for
30 min at 4°C in the dark in 50 pl of this solution containing a predetermined
optimal concentration of a fluorochrome-conjugated anticytokine antibody. Af-
ter two washes, cells were resuspended in Staining Buffer prior to flow cytometric
analysis on an EPICS Elite ESP flow cytometer (Coulter, Hialeah, Fla.). The
fluorochrome-conjugated anticytokine antibodies (BD PharMingen) used were
as follows: a fluorescein isothiocyanate-conjugated rat anti-mouse TNF-a mono-
clonal antibody (MAD) (clone MP6-XT22), a phycoerythrin-conjugated rat anti-
mouse IL-6 MAb (clone MP5-20F3), and a phycoerythrin-conjugated rat anti-
mouse IL-12 (p40/p70) MAD (clone C15.6).

In order to obtain a positive control, adherent splenic macrophages (5 X 10°
viable cells/ml) obtained as described above were cocultured with lipopolysac-
charide (LPS) from Escherichia coli serotype O26:B6 (Sigma) at 10 pg/ml for
24 h. Percentages reflect cytokine-positive cells.

Phagocytosis assay and flow cytometric analysis. C. albicans phagocytosis by
macrophages was assessed as previously described (21). Briefly, the yeast cells
were inactivated by heating at 100°C for 1 h. In order to obtain opsonized C.
albicans, 100% of non-heat-inactivated FCS was used as opsonin. The mixture
was incubated with continuous shaking at 37°C for 30 min and finally washed at
400 X g and resuspended in 1 ml of PBS. In order to stain C. albicans, 25 pl of
7-amino-actinomycin D solution was added to 107 CFU of heat-inactivated C.
albicans in 500 wl of PBS, and the mixture was homogenized by vortexing. The
yeast cells were incubated protected from light for 20 min at 4°C and finally were
pelleted by centrifugation (at 400 X g for 10 min). Adherent splenic macrophages
were incubated in complete RPMI 1640 medium (supplemented with 10% heat-
inactivated FCS) with heat-inactivated 7JAAD-stained C. albicans (ratio, 10:1) at
37°Cin a 5% CO, incubator for 1 h with continuous shaking. The incubation was
performed in a polystyrene tube (13 by 75 mm) (Soria Greiner, Barcelona,
Spain), and the cells were then washed three times in PBS (at 100 X g and 4°C
for 10 min) to remove noningested yeast cells. Phagocytosis was arrested, and the
cells were fixed by addition of cold 2% paraformaldehyde.

Fluorescence was analyzed on an EPICS Elite ESP flow cytometer (Coulter)
within 30 min of cell fixation. At least 5 X 10° events were measured for each
sample. Scattergrams were generated by combining forward light scatter (FS)
with 7JAAD fluorescence (FL3), and phagocytic cells were drawn around clear-
cut populations that had bright red fluorescence. Phagocytosis was determined
by gating the cells and calculating the percentage of phagocyte-associated red
fluorescent cells.

MHC class II surface expression. To detect I-A major histocompatibility
complex (MHC) class IT molecules, adherent spleen cells were incubated for 30
min at 4°C with a MADb specific for mouse H-2 I-A® class IT molecules (clone
28-16-8S) that cross-reacts with the I-A9 class II antigen of BALB/c mice (Caltag
Laboratories, Burlingame, Calif.). Cells were harvested by centrifugation,
washed twice in cold PBS supplemented with 2% FCS and 0.1% sodium azide,
and finally resuspended in 500 pl of a 2% paraformaldehyde solution. Samples
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were analyzed by flow cytometry on an EPICS Elite ESP flow cytometer. Flow
cytometry histograms were generated by logarithmic amplification of fluores-
cence emitted by single viable cells. A total of 10* viable cells were analyzed in
each sample.

RESULTS

Cytokine (IL-6, TNF-o, and IL-12) production profile in
splenic macrophages from naive BALB/c mice. Flow cytomet-
ric determination of intracellular IL-6, TNF-«, and IL-12 pro-
duction at the single-cell level was performed. In order to
enhance the sensitivity of cytokine detection, cells were incu-
bated for 6 h with brefeldin A, which prevents cytokine secre-
tion and leads to intracellular accumulation. The profiles of
IL-6, TNF-«, and IL-12 production in splenic macrophages
from naive BALB/c mice under these conditions are shown in
Fig. 1A, 2A, and 3A, respectively. As shown, few, if any, splenic
macrophages produced IL-6, TNF-a, or IL-12 (1.1, 0.6, and
0.9%, respectively).

In vitro effect of LPS on secretion of IL-6, TNF-«, and IL-12
by splenic macrophages from naive BALB/c mice. In order to
obtain a positive control, adherent splenic macrophages ob-
tained from naive BALB/c mice were first cocultured for 24 h
at 37°C with LPS from E. coli serotype O26:B6, and then
cytokine production was determined by flow cytometry. Under
these conditions, the proportions of splenic macrophages stain-
ing positive for intracellular cytokines were 4.5% for IL-6 (Fig.
1B), 8.1% for TNF-a (Fig. 2B), and 5.7% for IL-12 (Fig. 3B).
Thus, in vitro stimulation of splenic macrophages with LPS
increased production of IL-6 (4-fold), TNF-a (13-fold), and
IL-12 (6-fold) over that by unstimulated splenic macrophages.

In vivo increase in IL-6 secretion, but not in TNF-a or IL-12
secretion, by splenic macrophages from naive BALB/c mice
after i.v. challenge with live C. albicans. We characterized the
in vivo cytokine responses of the splenic macrophages during
acute disseminated C. albicans infection in BALB/c mice. As
shown in Fig. 1, i.v. challenge with live C. albicans on day —1
(Fig. 1C) or on day —3 (Fig. 1D) elicited splenic macrophage
responses in immunocompetent BALB/c mice, as determined
by intracellular cytokine staining of cells for IL-6 detection.
The experimental systemic candidiasis induced an increase in
IL-6 secretion by splenic macrophages assessed at 24 h (19.1%
positive cells [Fig. 1C]) or at 72 h (19.6% positive cells [Fig.
1D]) over that observed for splenic macrophages from unin-
fected naive BALB/c mice (1.1% positive cells [Fig. 1A]). In-
terestingly, under these conditions, no increase in TNF-a or
IL-12 secretion was observed at any time point studied. Thus,
24 h after i.v. inoculation with C. albicans, 0.7% of splenic
macrophages produced TNF-a (Fig. 2C), and 72 h after infec-
tion, 0.5% of cells produced the cytokine (Fig. 2D). In the
same way, 24 h after C. albicans inoculation, 0.8% of splenic
macrophages produced IL-12 (Fig. 3C), and 72 after infection,
0.6% of cells produced the cytokine (Fig. 3D). Thus, during
acute disseminated C. albicans infection in BALB/c mice, an
increase in IL-6 production by splenic macrophages was de-
tected, whereas TNF-o and IL-12 production remained similar
to those in uninfected control mice.

Tilorone increases the in vivo secretion of IL-6, TNF-«, and
IL-12 by splenic macrophages from naive BALB/c mice. Pre-
liminary studies with immunocompetent BALB/c mice treated
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with tilorone had shown enhanced resistance to experimental
systemic candidiasis (22). Mice that were injected i.v. with a
lethal suspension of C. albicans and treated with tilorone re-
mained without evidence of disease, while untreated control
mice died on the third day. Thus, we have further investigated
intracellular cytokine (IL-6, TNF-«, and IL-12) production by
splenic macrophages elicited by tilorone treatment of naive
BALB/c mice. The mice were treated orally with tilorone on
day —1, and splenic macrophages adhering to the plastic cul-
ture flask were harvested 24 h post-tilorone administration.
Under these conditions, the proportions of splenic macro-
phages staining positive for intracellular cytokines were 12.8%
for IL-6 (Fig. 1E), 7.3% for TNF-a (Fig. 2E), and 3.8% for
IL-12 (Fig. 3E). Thus, tilorone treatment increases the pro-
duction by splenic macrophages of the three proinflammatory
cytokines studied (IL-6 [11-fold], TNF-a [12-fold], and IL-12
[4-fold]) over that by cells isolated from untreated BALB/c
mice.

Tilorone increases the in vivo secretion of IL-6, TNF-«, and
IL-12 by splenic macrophages from BALB/c mice previously
depleted of NK cells. We had previously reported that there is
a correlation between natural killer cell activation and resis-
tance to systemic candidiasis (22). In those experiments we had
used tilorone to boost NK cell activity in mice. Since it has
been reported that the resistance of mice to systemic infections
caused by C. albicans is associated with activated splenic mac-
rophages, we now wanted to investigate in an in vivo experi-
ment the effects of tilorone treatment on the secretion of IL-6,
TNF-a, and IL-12 by splenic macrophages in BALB/c mice
previously depleted of NK cells. Thus, we would be able to
elucidate whether NK cells mediate the tilorone-related in-
crease in cytokine production by splenic macrophages.

It had previously been demonstrated that there is a popula-
tion of asialo-GM1-positive cells in tilorone-treated BALB/c
mice that is responsible for in vitro NK cytotoxicity (3). In
these experiments, in order to abolish NK activity, mice were
treated intraperitoneally on days —6 and —3 with anti-asialo-
GM1. The mice were further treated orally with tilorone on
day —1. Plastic-adherent splenic macrophages were harvested
24 h post-tilorone administration. Under these conditions, the
proportions of splenic macrophages staining positive for intra-
cellular cytokines were 20.2% for IL-6 (Fig. 1F), 7.5% for
TNF-a (Fig. 2F), and 6.0% for IL-12 (Fig. 3F). Thus, tilorone
treatment increased the secretion of IL-6 (18-fold), TNF-«
(12-fold), and IL-12 (6-fold) by splenic macrophages from
BALB/c mice previously depleted of NK cells over that by
splenic macrophages from untreated BALB/c mice. These re-
sults suggest that neither NK cells nor any cytokine produced
by them mediates the tilorone-related activation of splenic
macrophages measured as increased secretions of IL-6,
TNF-«, and IL-12.

Tilorone increases the secretion of IL-6, TNF-«, and IL-12
by splenic macrophages during acute disseminated C. albicans
infection in BALB/c mice. We had previously reported that
tilorone treatment prevents the death of mice injected i.v. with
a lethal suspension of C. albicans (22). Thus, we performed
flow cytometric analysis in order to investigate intracellular
cytokine production by splenic macrophages isolated from
mice with both acute disseminated candidiasis and tilorone
treatment. Two sets of experiments were performed. (i) In the
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FIG. 1. Intracellular IL-6 expression in splenic macrophages from control naive BALB/c mice (A) or BALB/c mice exposed to different stimuli,
as follows: in vitro LPS stimulation (B), C. albicans infection 24 h before the assay (C), C. albicans infection 72 h before the assay (D), tilorone
treatment 24 h before the assay (E), depletion of NK cells by intraperitoneal injection of anti-asialo-GM1 on the indicated days, followed by
tilorone treatment 24 h before the assay (F), tilorone treatment 48 h before the assay, followed by i.v. challenge with live C. albicans 24 h before
the assay (G), and i.v. C. albicans infection 48 h before the assay, followed by tilorone treatment 24 h before the assay (H). Percentages reflect
cytokine-positive cells. Results are from one representative experiment out of three performed with cells from different mice.

first set of experiments, in order to study the use of tilorone as
an immunoprophylactic, mice were treated with tilorone on
day —2, and i.v. challenge with live C. albicans was performed
subsequently, on day —1. We observed increases in the pro-
portions of splenic macrophages positive for IL-6 (Fig. 1G),

TNF-a (Fig. 2G), and IL-12 (Fig. 3G) 24 h after C. albicans
injection over those of splenic macrophages from naive
BALB/c mice, as follows: 19.6% versus 1.1% of cells were
positive for IL-6, 6.2% versus 0.6% were positive for TNF-a,
and 3.1% versus 0.9% were positive for IL-12. (ii) In the
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FIG. 2. Intracellular TNF-a expression in splenic macrophages from control naive BALB/c mice (A) or BALB/c mice exposed to different
stimuli, as follows: in vitro LPS stimulation (B), C. albicans infection 24 h before the assay (C), C. albicans infection 72 h before the assay (D),
tilorone treatment 24 h before the assay (E), depletion of NK cells by intraperitoneal injection of anti-asialo-GM1 on the indicated days, followed
by tilorone treatment 24 h before the assay (F), tilorone treatment 48 h before the assay, followed by i.v. challenge with live C. albicans 24 h before
the assay (G), and i.v. C. albicans infection 48 h before the assay, followed by tilorone treatment 24 h before the assay (H). Percentages reflect
cytokine-positive cells. Results are from one representative experiment out of three performed with cells from different mice.

second set of experiments, in order to study the use of tilorone
as an immunotherapeutic, acute disseminated candidiasis was
induced in BALB/c mice by i.v. challenge with live C. albicans
on day —2, and mice were treated with tilorone subsequently,
on day —1. We observed increases in the proportions of splenic

macrophages positive for IL-6 (Fig. 1H), TNF-« (Fig. 2H), and
IL-12 (Fig. 3H) 24 h after tilorone treatment over those of
splenic macrophages from naive BALB/c mice, as follows:
20.1% versus 1.1% of cells were positive for IL-6, 7.9% versus
0.6% were positive for TNF-a, and 4.0% versus 0.9% were
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FIG. 3. Intracellular IL-12 expression in splenic macrophages from control naive BALB/c mice (A) or BALB/c mice exposed to different
stimuli, as follows: in vitro LPS stimulation (B), C. albicans infection 24 h before the assay (C), C. albicans infection 72 h before the assay (D),
tilorone treatment 24 h before the assay (E), depletion of NK cells by intraperitoneal injection of anti-asialo-GM1 on the indicated days, followed
by tilorone treatment 24 h before the assay (F), tilorone treatment 48 h before the assay, followed by i.v. challenge with live C. albicans 24 h before
the assay (G), and i.v. C. albicans infection 48 h before the assay, followed by tilorone treatment 24 h before the assay (H). Percentages reflect
cytokine-positive cells. Results are from one representative experiment out of three performed with cells from different mice.

positive for IL-12. Thus, tilorone treatment induces increases
in IL-6, TNF-a, and IL-12 synthesis by splenic macrophages

during acute systemic candidiasis.

Tilorone increases the in vivo secretion of IL-6, TNF-«, and
IL-12 by splenic macrophages from both control and NK cell-

depleted athymic nude mice. As described above, NK cells are
not involved in the tilorone-related activation of splenic mac-
rophages measured as an increase in the secretion of IL-6,
TNF-a, or IL-12. We wanted to further investigate if T cells
mediate the effect of tilorone on intracellular cytokine produc-
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FIG. 4. Intracellular cytokine expression in splenic macrophages from athymic nude mice under different stimuli. Expression of IL-6 (A and
D), TNF-a (B and E), and IL-12 (C and F) was determined. (A through C) Cytokine production was induced by tilorone treatment 24 h before
the assay. (D through F) Mice were depleted of NK cells by intraperitoneal injection of anti-asialo-GM1 on the indicated days and then treated
with tilorone 24 h before the assay. Percentages reflect cytokine-positive cells. Results are from one representative experiment out of three

performed with cells from different mice.

tion by splenic macrophages. To this end, we first investigated
intracellular cytokine (IL-6, TNF-«, and IL-12) production by
splenic macrophages from tilorone-treated athymic nude mice
(T-cell-deficient hosts) by means of flow cytometry. T-cell-
deficient mice were treated orally with tilorone on day —1, and
plastic-adherent splenic macrophages were harvested 24 h
post-tilorone administration. Under these conditions, the pro-
portions of splenic macrophages staining positive for intracel-
lular cytokines were 12.3% for IL-6 (Fig. 4A), 3.1% for TNF-«a
(Fig. 4B), and 4.6% for IL-12 (Fig. 4C). The results show
increases in the production of the three proinflammatory cy-
tokines studied over production by untreated athymic mice,
which showed cytokine profiles similar to those of naive
BALB/c mice (data not shown). These results suggest that T
cells are not involved in the tilorone-related activation of

splenic macrophages measured as increased secretion of IL-6,
TNF-a, or IL-12.

In the second set of experiments we used athymic nude mice
previously depleted of NK cells in order to confirm that NK
cells are not involved in this tilorone-related activation of
splenic macrophages. In these experiments, in order to abolish
NK activity, T-cell-deficient mice were treated intraperitone-
ally on days —6 and —3 with anti-asialo-GM1. The mice were
further treated orally with tilorone on day —1. Plastic-adherent
splenic macrophages were harvested 24 h post-tilorone admin-
istration. Under these conditions, the proportions of splenic
macrophages staining positive for intracellular cytokines were
13.9% for IL-6 (Fig. 4D), 2.9% for TNF-«a (Fig. 4E), and 4.7%
for IL-12 (Fig. 4F). The results obtained with T-cell- and NK-
cell-deficient hosts confirm the hypothesis that neither NK
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FIG. 5. (A through C) C. albicans phagocytosis by splenic macrophages from immunocompetent BALB/c control mice (A), immunocompetent
BALB/c mice treated with tilorone 24 h before the phagocytosis assay (B), or BALB/c mice previously depleted of NK cells and treated with
tilorone 24 h before the phagocytosis assay (C). Percentages of phagocytic cells are given. (D and E) MHC class II expression on the surfaces of
splenic macrophages from BALB/c mice. (D) Solid line, immunocompetent control mice; dashed line, immunocompetent mice treated with
tilorone 24 h before the assay. (E) Solid line, immunocompetent control mice; dashed line, mice previously depleted of NK cells and treated with
tilorone 24 h before the assay. Results are from one representative experiment out of three performed with cells from different mice.

cells nor T cells mediate the tilorone-related activation of
splenic macrophages measured as increased secretions of the
proinflammatory cytokines IL-6, TNF-«, and IL-12. Moreover,
in vitro coincubation of splenic macrophages from naive
BALB/c mice with tilorone (100 pg/ml for 18 h) upregulates
the production of IL-6 (6.3% positive cells), TNF-a (5.0%
positive cells), and IL-12 (9.0% positive cells) by macrophages
(data not shown). Thus, these data suggest that tilorone di-
rectly triggers the production of proinflammatory cytokines
(IL-6, TNF-a, and IL-12) by splenic macrophages.

Tilorone increases C. albicans phagocytosis by splenic mac-
rophages. Macrophages do not act only as potent cytokine-
secretory cells; they can also act as phagocytes. Thus, in this set
of experiments, emphasis was placed on the effect of tilorone
treatment on the capacity of splenic macrophages to phagocy-
tize C. albicans. Naive BALB/c mice were treated orally with
tilorone on day —1, plastic-adherent splenic macrophages were
harvested 24 h post-tilorone administration, and then a flow
cytometric phagocytosis assay was performed. The targets for
these in vitro phagocytosis assays were heat-inactivated 7AAD-
stained C. albicans cells. The results show that the percentage
of phagocytic cells in tilorone-treated mice was significantly

increased (Fig. 5B) over that in control untreated BALB/c
mice (Fig. 5A) (61.1% versus 21.5%). Similar results were
obtained when tilorone-treated and untreated naive athymic
nude mice were used for the experiments (2). These results
suggest that tilorone treatment increases the capacity of
splenic macrophages to phagocytize C. albicans but that this
effect is not mediated by T cells. Nevertheless, it is not clear
whether tilorone directly affects the phagocytic activity of
splenic macrophages or induces its effects via accessory cell
populations, i.e., NK cells.

Suppression of C. albicans phagocytosis by splenic macro-
phages in tilorone-treated mice previously depleted of NK
cells. In order to investigate the contribution of NK cells in
relation to our previous observation, we performed the same
experiments with NK cell-depleted mice. In these experiments,
in order to abolish NK cell activity, naive BALB/c mice were
treated intraperitoneally on days —6 and —3 with anti-asialo-
GM1. The mice were further treated orally with tilorone on
day —1, plastic-adherent splenic macrophages were harvested
24 h post-tilorone administration, and then a flow cytometric
phagocytosis assay was performed. The targets for these in
vitro phagocytosis assays were also heat-inactivated 7AAD-
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stained C. albicans cells. Surprisingly, we found that in spite of
tilorone treatment, the percentage of phagocytic cells was
lower in NK cell-depleted mice (Fig. 5C) than in control im-
munocompetent BALB/c mice (Fig. 5A) (5.2% versus 21.5%),
respectively).

In another set of experiments, NK cell-depleted athymic
nude mice were treated orally with tilorone on day —1, and
then a flow cytometric phagocytosis assay was performed. The
results also showed a decrease in the percentage of phagocytic
cells in NK cell-depleted mice from that in control athymic
nude mice (2).

These results demonstrate that (i) tilorone treatment in-
creases the capacity of splenic macrophages to phagocytize C.
albicans through activation of NK cells and (ii) the presence of
NK cells is essential in order to maintain a basal level of
phagocytic activity of splenic macrophages in untreated control
mice.

Tilorone decreases MHC class II expression on the surfaces
of splenic macrophages in immunocompetent BALB/c mice
but increases expression in mice previously depleted of NK
cells. MHC class II molecules play a pivotal role in the induc-
tion and regulation of immune responses. Heterogeneity of
macrophages is also evident in relation to surface expression of
MHC class II molecules. In fact, macrophages stimulated for
tumoricidal activity show decreased MHC class II gene tran-
scription and surface expression, whereas macrophages in-
volved in the regulation of the immune response express high
levels of MHC class II molecules. Since we have already shown
that tilorone can activate splenic macrophages, we next inves-
tigated whether tilorone could, in addition, modulate MHC
class II expression on the surfaces of these immune cells.

First, we examined by flow cytometry the expression of
MHC class II molecules (I-A“) on the surfaces of splenic mac-
rophages isolated from untreated naive BALB/c mice. As
shown in Fig. 5D and E, two distinct populations of macro-
phages were identified. One population of splenic macro-
phages was negative or low for MHC class II surface expres-
sion, while the other population expressed moderate or high
levels of I-A® molecules. The first population could represent
resident macrophages that are quiescent immunologically,
whereas the second population would be primed splenic mac-
rophages. This hypothesis assumes a constitutive presence of
primed splenic macrophages in untreated naive mice. In fact,
in these mice, 21.5% of splenic macrophages were found to be
phagocytic cells (Fig. 5A), but in contrast, no proinflammatory
cytokine secretion was observed (Fig. 1A, 2A, and 3A).

To determine whether tilorone can modulate MHC class 11
expression on the surfaces of splenic macrophages in vivo,
immunocompetent BALB/c mice were treated with tilorone on
day —1, and then isolated splenic macrophages were investi-
gated by flow cytometry using a specific labeled MAD directed
against I-A“ molecules. Plastic-adherent splenic macrophages
were harvested 24 h post-tilorone administration. We observed
a decrease in MHC class II surface expression in the macro-
phage population (primed cells) which expressed moderate or
high levels of I-A“ molecules in tilorone-treated immunocom-
petent BALB/c mice (Fig. 5D). It should be noted that under
these conditions an increase in the capacity of splenic macro-
phages to phagocytize C. albicans was also observed (Fig. 5B).

We further investigated MHC class II expression on the
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surfaces of splenic macrophages isolated from NK cell-de-
pleted BALB/c mice which had been treated with tilorone on
day —1. Plastic-adherent splenic macrophages were harvested
24 h post-tilorone administration. We observed an upregula-
tion of MHC class II surface expression in the macrophage
population (primed cells) which expressed moderate or high
levels of I-A¢ molecules in NK cell-depleted, tilorone-treated
BALB/c mice (Fig. 5E). It should be noted that under these
conditions a suppression of the capacity of splenic macro-
phages to phagocytize C. albicans was also observed (Fig. 5C).
These results suggest that splenic macrophages can regulate
their functional capabilities during an immune response de-
pending on both the stimuli and the host immune state. This
implies an exquisite level of regulation of splenic macrophage
function.

DISCUSSION

Macrophages are pivotal effector cells of the innate immune
system, which is vital for recognizing and eliminating invasive
pathogens. Previous studies have demonstrated that innate
immunity, mediated by splenic macrophages, is crucial to con-
tainment and resolution of systemic infection caused by C.
albicans (24, 37). Thus, we have selected splenic macrophages
as the cell population of choice for study of the status of host
resistance against C. albicans infection. Macrophages orches-
trate innate immunity by phagocytosing pathogens and coor-
dinating inflammatory responses through cytokine synthesis.

Early in C. albicans infection, production of some proinflam-
matory cytokines (IL-6, TNF-a, and IL-12) appears to be es-
sential for the successful control of infection and the resulting
protective Thl-dependent immunity (26). Previously, we had
reported that iv. challenge of naive BALB/c mice with 10°
CFU of C. albicans (ATCC 2091) led to death of the mice on
the third day (22). The results of the present study show that
acute systemic candidiasis induced in naive BALB/c mice elic-
its an increase in the level of IL-6-producing splenic macro-
phages assessed at 24 or 72 h after yeast injection but does not
increase levels of TNF-a- or IL-12-positive cells at any time
point studied. IL-6 is a key cytokine mediator of the acute-
phase response against severe infections caused by gram-neg-
ative and gram-positive bacteria (32). The precise mechanism
of IL-6 action in C. albicans infections has not been elucidated
yet, but it is known that IL-6-deficient mice are more suscep-
tible to disseminated candidiasis than wild-type mice (27, 34).
Moreover, severe impairment of the macrophage response to
infection has been observed in IL-6-deficient mice. Taken to-
gether, these results indicate that IL-6 production by spleen
macrophages is essential but not sufficient for the defense
against disseminated candidiasis in mice.

Increased IL-6, TNF-a, or IL-12 production by macrophages
has been reported in in vitro and in vivo experiments in re-
sponse to C. albicans or to different cell wall extracts of C.
albicans (7,9, 15, 25, 30, 35, 36, 38, 40). Nevertheless, it should
be remembered that stimulation of murine macrophages by C.
albicans in vitro appears to be quite different from stimulation
of murine cells in vivo. Moreover, the interaction between
macrophages and C. albicans triggers differential secretory re-
sponses depending on the anatomical localization of the im-
mune cells.
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It has been reported that an imbalance in Thl-type and
Th2-type responses may allow C. albicans to modify the host
response so as to favor its own persistence (23); the general
conclusion from several studies is that resistance to C. albicans
infection in mice results from the development of Th1-specific
cell responses (6, 26). However, we have demonstrated that i.v.
lethal challenge of naive BALB/c mice with C. albicans induces
production of IL-6 by splenic macrophages but is unable to
elicit production of TNF-a or IL-12, cytokines that seem to be
essential for successful control of the infection and the result-
ing specific Th1 response.

The use of immunomodulators or biologic response modifi-
ers as therapeutic agents in infectious diseases is a promising
reality (for a review, see reference 33). These compounds have
been characterized as molecules that are capable of interacting
with the immune system to upregulate or downregulate specific
aspects of the host response. The purpose of these therapeutic
agents is to enhance the host’s ability to resist microbial infection.
Cytokines and LPS are well-known examples of such molecules.

Tilorone is a low-molecular-weight compound widely used
to boost NK cell activity in mice, and it has been classically
described as a potent in vivo inducer of IFN-vy by the oral route
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(1, 19, 31). Moreover, tilorone has been identified as a potent
antiviral (19) and antitumor agent (3, 4) in animal models. We
had previously reported that tilorone treatment induces resis-
tance to experimental systemic candidiasis in BALB/c mice
(22). Indeed, mice that were injected i.v. with a lethal suspen-
sion of C. albicans and treated with tilorone remained without
evidence of disease, while untreated control mice died on the
third day after challenge. As shown by the results of the
present study, tilorone treatment elicits the production of IL-6,
TNF-«, and IL-12 by a direct effect on splenic macrophages.

The protective effect of TNF-a with regard to systemic can-
didiasis is a well-documented event. TNF-a augments host
resistance in systemic candidiasis and prolongs survival in mu-
rine models (5, 16). Moreover, mice deficient in TNF are
highly susceptible to challenge with C. albicans (18). In the
same way, previous studies have suggested that endogenous
production of IL-12 is associated with protective immunity in
mice during candidiasis (28, 29). In support of the important
role played by this cytokine, Nau et al. (20) have recently
reported that another intracellular pathogen, Mycobacterium
tuberculosis, is able to inhibit macrophage IL-12 production,
suggesting one means by which this organism survives host
defenses. IL-12 acts by enhancing the activity of NK cells and
is also the major cytokine responsible for the differentiation of
Th1 cells, which are potent producers of IFN-y. IFN-vy, in turn,
has a powerful enhancing effect on the ability of phagocytes to
produce IL-12, thus acting as a potent positive-feedback mech-
anism that leads to a strong defensive response against intra-
cellular pathogens.

Thus, in our experimental murine model, resistance to sys-
temic C. albicans infections is associated with increases in
levels of IL-6, TNF-a, and IL-12 produced by splenic macro-
phages. Several studies clearly suggest that protection is asso-
ciated with the development of a Thl immune response (10,
26), and accumulating evidence indicates that TNF-a and
IL-12 are crucial for the development of these protective Thl
responses. The results reported here show that tilorone is
effective both as an immunoprophylactic (administered before
i.v. challenge with C. albicans) and as an immunotherapeutic
(administered after i.v. challenge with C. albicans) in systemic
C. albicans infections, because it elicits the synthesis of the
proinflammatory cytokines that promote a Thl immune re-
sponse during systemic infection by C. albicans. This could
explain the in vivo effect exerted by tilorone treatment on
mouse survival (22). These results also confirm the idea that
enhancing the host’s ability to resist yeast infection by promo-
tion of fungus-specific Th1 responses may be a realistic objec-
tive in the development of therapeutic strategies against C.
albicans (26, 23).

The phagocytic activity of splenic macrophages is also cru-
cial to host defense against C. albicans, particularly during the
early stages of infection. The results reported here clearly show
that the percentage of phagocytic splenic macrophages in tilor-
one-treated BALB/c mice is significantly increased over that in
untreated control BALB/c mice. It is known that tilorone ac-
tivates NK cells and induces high levels of IFN in mice and that
IFN titers are maximal 18 h after oral tilorone treatment. This
suggests that spleen NK cells constitute the source of the IFN
that induces the activation of splenic macrophage phagocytosis
in tilorone-treated mice. Thus, the results strongly suggest that
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tilorone treatment activates splenic macrophage phagocytosis
through NK cell activation. This hypothesis was confirmed by
the results obtained with NK cell-depleted BALB/c mice. In-
deed, phagocytosis was suppressed in tilorone-treated NK cell-
depleted BALB/c mice relative to that in untreated control
BALB/c mice. Similar results were obtained with T-cell-defi-
cient nude mice (2). It has been reported that C. albicans
causes an enhancement of splenic NK cell activity (17, 39),
although NK cells do not directly kill C. albicans (41). It is also
known that NK cells produce IFN-vy in response to C. albicans
(30). These results, together with those reported here, suggest
that NK cells mediate immune protection against C. albicans
infections by enhancing the phagocytic activity of splenic mac-
rophages. Based on our finding, we demonstrate that the pres-
ence of NK cells is essential to maintaining a basal phagocytic
activity of splenic macrophages in untreated control mice. This
is based on the assumption that NK cells are the source of a
stimulus (perhaps IFN-vy) that primes splenic macrophages in
the basal state. The primed macrophages are characterized as
moderately phagocytic and as expressing moderate to high
levels of MHC class II molecules on their surfaces. The result
obtained by us is consistent with that of Gomez-Flores et al.
(12), who demonstrated that treatment with morphine, a
known NK cell activity inhibitor, significantly inhibited phago-
cytosis of C. albicans by splenic macrophages. Balish et al. (8)
also reported that germ-free transgenic epsilon 26 mice, which
present a defect in NK cells, are extremely susceptible to can-
didiasis. These findings have important clinical implications, as
we can enhance the immune response against C. albicans in-
fections through activation of NK cell activity. Indeed, we have
recently reported that activation of NK cell activity by tilorone
treatment enhances resistance to experimental systemic candi-
diasis in mice (22). Thus, these results help to clarify the role
played by NK cells in resistance to candidiasis, and they open
new perspectives for the treatment of C. albicans infections.

In order to understand the pathway of splenic macrophage
activation by tilorone treatment, we examined the expression
of MHC class II molecules (I-A) on the surfaces of these
immune cells by flow cytometry. We investigated the expres-
sion of MHC class II molecules in adherent splenic macro-
phages from immunocompetent BALB/c mice, and we have
identified two cell populations: (i) a cell population predomi-
nantly negative for, or low in, MHC class II molecules (quies-
cent or resting cells) and (ii) a cell population which expressed
moderate or high levels of I-A molecules (primed cells).

Tilorone treatment of immunocompetent BALB/c mice re-
sulted in downregulation of MHC class II expression in the cell
population (primed cells) that expressed moderate to high
levels of I-A® molecules in untreated control mice. This is
closely associated with a significant increase in C. albicans
phagocytosis by splenic macrophages but not with an increase
in cytokine secretion. These results demonstrate that after
tilorone treatment of immunocompetent BALB/c mice, it is
possible to identify a phenotypically and functionally peculiar
cell population. This population could represent the “phago-
cytic phenotype,” characterized by expression of low levels of
MHC class II molecules, high phagocytic activity, and lack of
secretion of proinflammatory cytokines (Fig. 6).

On the other hand, tilorone treatment of NK cell-depleted
BALB/c mice resulted in upregulation of MHC class II expres-
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sion in the cell population (primed cells) that expressed mod-
erate to high levels of I-A? molecules in untreated control
mice. This is closely associated with both a suppression of C.
albicans phagocytosis by splenic macrophages and a high level
of proinflammatory cytokine synthesis. Thus, under these con-
ditions we identify another phenotypically and functionally pe-
culiar cell population. This population could represent the
“stimulator/secretor phenotype,” characterized by high levels
of MHC class II surface expression, low phagocytic activity,
and synthesis of the proinflammatory cytokines IL-6, TNF-a,
and IL-12 (Fig. 6). These results strongly suggest that NK cells
prime splenic macrophages to be moderately phagocytic in
naive BALB/c mice, probably mediated by IFN-vy production.

This functional transition demonstrates an exquisite level of
regulation and allows splenic macrophages to regulate their
functional capabilities during an immune response depending
on the stimuli and the host immune state. These results are in
agreement with those of Hamerman and Aderem (13), who
have found two distinct phenotypes in peritoneal macrophages
during in vivo infection with Mycobacterium bovis.

In conclusion, we have established a mechanism of action by
splenic macrophages, triggered by tilorone treatment, which
could explain their effect on mouse survival during acute dis-
seminated C. albicans infection (see Fig. 6). We propose that
tilorone could serve as a model for development of new bio-
logic response modifiers that could be of particular interest for
therapies inducing a specific immune resistance to C. albicans
infections as well as for vaccine adjuvants.
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