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Killing of intracellular Penicillium marneffei conidia is demonstrated in gamma interferon-lipopolysaccha-
ride-activated human THP1 and mouse J774 cells. Iron overload significantly reduces the antifungal activity
of macrophages. Likewise, exogenous iron enhances and iron chelators inhibit the extracellular growth of P.
marneffei. These results suggest that iron availability critically affects immunity to and the pathogenicity of P.

marneffei.

Iron is essential for living cells, including pathogenic micro-
organisms. As a defense against microbes, the human body
withholds iron through sequestration by high-affinity iron-bind-
ing proteins, such as transferrin and ferritin (16). Conversely,
invading pathogens compete with host iron by (i) secreting
siderophores, (ii) reducing insoluble Fe(III) to soluble Fe(II),
and (iii) up-regulating surface receptors for iron-containing
proteins (5, 9, 16). Altered iron availability is often a key
component in the host-microorganisms interplay. Excess iron
inhibits the transcription of the inducible nitric oxide synthase
(INOS), impairing nitric oxide (NO) synthesis (18). This may
result in the inhibition of the microbicidal activity of macro-
phages (19).

Penicillium marneffei is a dimorphic fungus endemic in
southeast Asia, recently associated with life-threatening infec-
tions in AIDS patients. It grows in vitro at 25°C as mold and in
vivo as yeast inside phagocytes (4, 13). Macrophages and T
lymphocytes play a central role in host resistance to P. marnef-
fei (7). We and others recently reproduced in vitro at 37°C the
intracellular growth of P. marneffei as yeast and showed that
activated J774 macrophages inhibit yeast transformation of P.
marneffei conidia by the secretion of NO (3, 8). In view of the
interplay between NO and iron, we studied the role of iron on
(i) the in vitro growth requirement of P. marneffei and (ii) the
fungicidal activity of activated human and mouse macro-
phages.

Conidia of P. marneffei TUM 885346 were cultured on yeast
morphology agar (YMA) (Difco) (15). P. marneffei cultures in
axenic minimal essential medium (MEM; with 20 mM HEPES
buffer, pH 7.2; GIBCO-BRL) were seeded in microtiter plates
at 5 X 10 conidia/well plus or minus fetal bovine serum (FBS)
(Euroclone, Celbio, Italy), FeCl; - 6H,O, hemin chloride, or
deferoxamine (DFO) (Sigma, Milan, Italy). P. marneffei growth
after 48 h was evaluated by the 3-(4,5-dimethylthiozol-2,5-
diphenyl)tetrazolium bromide (MTT) assay (14). Murine J774
and human THP1 monocytic-macrophage cell lines were main-
tained in complete medium (MEM plus 10% FBS; Pen/Strept)
in 5% CO, at 37°C (17). J774 cells or THP1 cells differentiated
by 0.3 wM phorbol myristate acetate (PMA) for 72 h were
seeded into chamber slides (Nunc) at 10° cells/well in complete
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FIG. 1. Effect of different concentrations of FBS (a) and iron (FeCl;) (b) on
P. marneffei growth in axenic medium. The assays were performed with MEM
containing 20 mM HEPES buffer, in microtiter wells, in triplicate, and with 5 X
10° conidia/well for 48 h at 37°C. Fungal growth was assessed by MTT reduction.
Data are expressed as the mean = standard deviation of a representative exper-
iment (n = 4). OD, optical density.
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FIG. 2. Effect of DFO with or without FBS (a) or iron (FeCl; or hemin) (b)
on P. marneffei growth in axenic medium. Methods are the same as for Fig. 1.
OD, optical density.

medium. After P. mameffei phagocytosis (2 h at 2 X 10°
conidia/well), monolayers were washed and stimulated with
different doses of recombinant gamma interferon (rIFN-vy)
(Genzyme) and 1 pg of lipopolysaccharide (LPS) (Sigma) per
ml for 24 to 48 h. P. marneffei yeasts were quantified both
microscopically on p-aminosalicylic acid-stained smears and as
CFU in YMA for 48 h after macrophage lysis. The percent
yeasts was calculated as follows: (number of intracellular
yeasts/number of intracellular conidia) X 100. Supernatants
were assayed for the presence of nitrite with the Griess reagent
(14).

Effect of serum, iron, and DFO on P. marneffei growth in
axenic medium. In axenic medium, FBS induced a dose-de-
pendent inhibition of P. marneffei growth, with a >80% reduc-
tion at 10% FBS (Fig. 1a). Iron supplementation as FeCly
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abrogated the inhibitory effect of FBS (Fig. 1b). Moreover, the
iron chelator DFO strongly inhibited fungal growth in a dose-
dependent manner (Fig. 2a), and this inhibition was reversed
by adding inorganic (FeCl;) or organic (hemin) iron (Fig. 2b).
Therefore, enhancing or limiting iron availability had opposite
effects on the growth of P. marneffei in axenic medium. The P.
marneffei iron acquisition mechanism is presently unknown,
even though hydroxamate siderophore production in several
Penicillium species has been reported (6). The fact that DFO
inhibits P. marneffei growth indicates that the fungus cannot
utilize this exogenous siderophore in its ferrated form, as is the
case with several Zygomycetes species (1).

Effect of NO and NO donors on intracellular P. marneffei
survival. For the first time in a human model, we observed that
P. marneffei conidia were readily phagocytosed by THP1 cells
(41% = 7% of the cells had internalized one or more conidia
after 2 h) and showed the characteristic dimorphism (yeast
transformation) after 24 h of coculture (Table 1). Fungal via-
bility (CFU after 48 h) was significantly reduced in PMA-
differentiated, IFN-y-plus-LPS-stimulated cells, compared to
unstimulated THP1 cells. The percentage of yeasts was also
decreased (60.0% versus 75.6%). As expected, no nitrite was
detected in the supernatant. Although the effect of IFN-vy plus
LPS is apparently not NO mediated, the NO donor sodium
nitroprusside (SNP) inhibited the yeast transformation of
phagocytosed P. marneffei conidia (60.4% versus 75.6%) and
caused a 53.4% reduction in CFU.

Like in THP1 cells, killing of intracellular yeasts occurred in
J774 cells after SNP or IFN-y-plus-LPS treatment. As ex-
pected with J774 cells, both treatments resulted in increased
nitrite levels. Conversely, with N-mono-methyl-L-arginine (L-
NMMA), an inhibitor of iNOS, CFU and the yeast percentage
returned to control values. Thus, the fungicidal activity of both
mouse and human macrophages was up-regulated by IFN-y
plus LPS. This effect was more clearly related to the induction
of iNOS in the former cells than that in the latter cells. How-
ever, in both cases, it could be mimicked by SNP addition,
confirming the important anti-P. marneffei activity of reactive
nitrogen intermediates (3, 8).

Effect of iron overload on yeast transformation and survival
of P. marneffei. Treatment with FeCl; alone did not alter J774
and THP1 cell viability nor their capacity to phagocytose P.
marneffei conidia (data not shown). Similarly, iron treatment
did not change the percentage of yeasts in unstimulated J774
or THP1 cells (data not shown). However, iron loading signif-
icantly impaired the fungicidal activity of IFN-y-plus-LPS-
stimulated mouse (Fig. 3a) as well as human (Fig. 3b) macro-
phages, and it increased the number of recovered CFU.
Although iron loading inhibits IFN-y-plus-LPS-mediated ef-
fects and impairs anti-P. marneffei activity in both macrophage

TABLE 1. Effects of immunological activation and of NO on the survival of P. marneffei conidia phagocytosed by human or mouse macrophages

Effect of treatment on antifungal activity of:

Treatment Human THP1 cells Mouse J774 cells
CFU (10%) % Yeasts Nitrite (uM)? CFU (10%)" % Yeasts Nitrite (WM)?
None (medium only) 96.7 = 12 75.6 0 207 = 11 57.0 0
SNP (200 nM) 45.1 £ 6° 60.4 89=*03 88 + 104 272 123 £05
IFN-y + LPS (1 pg/ml)° 53.6 = 15¢ 60.0 0 74 + 9¢ 36.5 19.6 £ 0.5
IFN-y + LPS + L-NMMA ND ND ND 179 = 13 42.4 0

“ CFU in YMA after a 48-h culture. The results are expressed as the mean = standard deviation of triplicate experiments.

b Nitrite levels by the Griess reagent in 48-h supernatants.
¢ P < 0.05, compared to control medium (by analysis of variance).
4P < 0.01, compared to control medium (by analysis of variance).

¢ The doses of IFN-y were 50 and 500 U/ml for J774 and THP1 cells, respectively.
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FIG. 3. Antifungal activity of FeCl;-loaded J774 (a) and THP1 (b) cells,
activated by IFN-y plus LPS. P. marneffei conidia at a ratio of 1:2 were phago-
cytosed by J774- or PMA-differentiated THP1 cells for 2 h. After removal of
nonphagocytosed conidia, cultures were incubated for a further 48 h (37°C, 5%
CO,) and stimulated with IFN-vy plus LPS. Cells were then washed and lysed, and
live fungi were plated in YMA for 48 h. The results are expressed as percent
CFU (mean + standard deviation) compared to the controls at 2 h (a) and as
mean CFU = standard deviation (b). Supernatants of J774 cells were assayed for
nitrite content with the Griess reagent. *, P < 0.05, compared to control medium
(by analysis of variance).

types, the prevailing mechanism may differ according to the
cell type. In J774 macrophages, the increase in CFU is associ-
ated with a reduced NO production, while the iron-dependent
reduction in microbicidal activity observed in THP1 cells can-
not be ascribed to a down-regulation in the nitrite production,
as NO production is not elicited after IFN-y stimulation in
THP1 cells. The decreased antifungal activity may be linked to
the profound alterations of IFN-vy signaling reported in iron-
loaded THP1 cells (17). This extends previous observations of
the permissive role of iron on the intramacrophagic growth of
other yeasts, such as Cryptococcus neoformans or Histoplasma
capsulatum (10-12).

In human immunodeficiency virus infection, iron is reported
to accumulate in the mononuclear-phagocyte system, mainly as
a result of the long-lasting inflammatory process (2). Together
with depressed T-cell numbers and function, such a progressive
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iron loading may contribute to a defective immune response of
phagocytes toward several pathogens, including P. marneffei, as
evidenced by the present work. This suggests that, for the
prevention and treatment of P. marneffei infections, pharma-
cological strategies of either limiting iron availability or deliv-
ering NO at the specific site of intracellular fungal multiplica-
tion should be explored. If successful, such strategies may also
be applied to other intracellular pathogens.
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