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Chloroquine Induces Human Macrophage Killing of Histoplasma
capsulatum by Limiting the Availability of Intracellular Iron
and Is Therapeutic in a Murine Model of Histoplasmosis

Simon L. Newman, Lisa Gootee, George Brunner, and George S. Deepe, Jr.
Department of Medicine, Division of Infectious Diseases, University of Cincinnati College of Medicine, Cincinnati, Ohio 45267

Abstract

We investigated the role of intracellular iron on the capacity of
Histoplasma capsulatum (Hc) yeasts to multiply within human
macrophages (M¢). Coculture of Hc-infected M¢ with the
iron chelator deferoxamine suppressed the growth of yeasts in a
concentration-dependent manner. The effect of deferoxamine
was reversed by iron-saturated transferrin (holotransferrin)
but not by iron-free transferrin (apotransferrin). Chloroquine,
which prevents release of iron from transferrin by raising endo-
cytic and lysosomal pH, induced human M¢ to kill Hc. The
effect of chloroquine was reversed by iron nitriloacetate, an iron
compound that is soluble at neutral to alkaline pH, but not by
holotransferrin, which releases iron only in an acidic environ-
ment.

Chloroquine (40-120 mg/kg) given intraperitoneally for 6
d to Hc-infected C57BL/6 mice significantly reduced the
growth of Hc in a dose-dependent manner. At 120 mg/kg there
was a 17- and 15-fold reduction (P < 0.01) in CFU in spleens
and livers, respectively. The therapeutic effect of chloroquine
also correlated with the length of treatment. As little as 2 d of
chloroquine therapy (120 mg/kg), when started at day S after
infection, reduced CFU in the spleen by 50%. Treatment with
chloroquine for 10 d after a lethal inoculum of Hc protected six
of nine mice; all control mice were dead by day 11 (P = 0.009).

This study demonstrates that: (a) iron is of critical impor-
tance to the survival and multiplication of Hc yeasts in human
M¢; (b) in vitro, chloroquine induces M¢ Kkilling of Hc yeasts
by restricting the availability of intracellular iron; and (c) in
vivo, chloroquine significantly reduces the number of organ-
isms in the spleens and livers of Hc-infected mice and can pro-
tect mice from a lethal inoculum of Hc yeasts. Thus, chloro-
quine may be effective in the treatment of active histoplasmosis
and also may be useful in preventing relapse of histoplasmosis
in patients with acquired immunodeficiency syndromes. (J.
Clin. Invest. 1994. 93:1422-1429.) Key words: macrophage ¢
Histoplasma capsulatum - chloroquine ¢ iron ¢ transferrin
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Introduction

The mechanisms used by Histoplasma capsulatum (Hc)!
yeasts to survive and multiply within human macrophages
(M¢) are poorly understood. Phagocytosis of Hc yeasts by hu-
man monocyte /M¢ stimulates both the respiratory burst (1-3)
and phagolysosomal fusion (4). Nevertheless, ingested yeasts
multiply within M¢ phagolysosomes (5-7).

Recent studies on the interaction of Hc yeasts with murine
peritoneal M¢ (PM) suggest that acquisition of intracellular
iron may be important for yeast survival. Thus, coculture of
Hc-infected murine PM in the presence of the iron chelator
deferoxamine suppresses the intracellular growth of yeasts, and
this effect is reversed by iron-saturated transferrin (holotrans-
ferrin ) (8 ). Furthermore, it has been suggested that one mecha-
nism by which IFNvy-activated mouse PM (8) and IFNy-LPS-
activated murine splenic M¢ (9) inhibit the intracellular
growth of Hc is by the restriction of intracellular iron. Likewise,
Byrd and Horwitz (10, 11) have demonstrated that the intra-
cellular multiplication of Legionella pneumophila in human
monocytes is iron dependent. IFNy downregulates monocyte
transferrin receptors and, therefore, suppresses intracellular
growth of L. pneumophila by restricting the availability of
iron (9).

Although in conflict with one report (12), we (7) and
others (5) have found that human M¢ stimulated with IFNy
do not inhibit the intracellular growth of Hc yeasts. Thus,
downregulation of transferrin receptors and the concomitant
restriction of iron in IFNvy-activated human M¢ apparently are
not sufficient to suppress the intracellular growth of Hc yeasts.
Since the availability of intracellular iron clearly is required for
the intracellular growth of Hc yeasts in murine M¢, we sought
to determine the role of intracellular iron in regulating the ca-
pacity of He yeasts to survive and multiply within human Mé.

Methods

Reagents. Deferoxamine, chloroquine, holotransferrin, apotrans-
ferrin, iron nitriloacetate (FENTA), and nitriloacetate (NTA) were
purchased from Sigma Chemical Co. (St. Louis, MO). FeNTA and its
control, NTA, were prepared fresh for each experiment as described
(13). NTA was prepared in distilled water and mixed 1:1 with ferric
chloride in 1 N HCL. The pH of the solution was adjusted to 7.0 with 1
N NaOH. NTA was prepared in the same manner, but without ferric

1. Abbreviations used in this paper: FeNTA, iron nitriloacetate; HBSA,
HBSS containing 0.25% BSA; Hc, Histoplasma capsulatum; M¢, mac-
rophage; NTA, nitriloacetate; PM, peritoneal M¢.



chloride. FeENTA and NTA were sterile filtered through a 0.22-um filter
unit before culturing with Hc-infected M¢. All other reagents were

prepared in RPMI 1640 (Gibco Laboratories, Grand Island, NY) and
sterile filtered.

Yeasts. H. capsulatum strain G217B was maintained as described
(1, 2). Yeasts were grown in HMM medium ( 14) at 37°C with orbital
shaking at 150 rpm. After 2 d, they were harvested by centrifugation,
washed three times in HBSS containing 20 mM Hepes and 0.25% BSA
(HBSA), and resuspended to 30 ml in HBSA. Large aggregates were
removed by centrifugation at 200¢ for 5 min at 4°C. The top 2 ml was
removed, and the single cell suspension obtained was standardized to 5
X 10*/ml in RPMI 1640 containing 5% heat-inactivated FCS and 10
ug/ml of gentamicin (Sigma Chemical Co.) (2).

Monocyte preparation and culture. Human peripheral blood mono-
cytes were prepared under sterile conditions by dextran sedimentation
and Ficoll-Hypaque centrifugation as described previously (15). The
mononuclear cells were washed in HBSS containing 20 mM Hepes and
10 ug/ml gentamicin (Hanks’ /Hepes) and suspended to 2-3 X 10¢/ml
in Hanks’/Hepes containing 0.1% autologous serum. 0.1-ml volumes
of mononuclear leukocytes were adhered in 96-well tissue culture
plates (Corning Medical & Scientific, Cambridge, MA) for 1 h at 37°C
in 5% CO,/95% air. The adherent monocytes were washed vigorously
with Hank’s/Hepes to remove the lymphocytes and then were infected
with Hc yeasts.

Alternatively, human monocytes were purified from buffy coats via
sequential centrifugation on Ficoll-Hypaque and percoll gradients
(both from Pharmacia LKB Biotechnology Inc., Piscataway, NJ). The
monocytes were cultured in suspension in Teflon beakers at 1 X 108/
ml in RPMI 1640 containing 12.5% human serum and 10 ug/ml of
gentamicin. After 4-7 d of culture, M¢ were washed and suspended in
HBSA containing 0.3 U/ml of aprotinin to 6.0 X 10°/ml (2, 6).0.1-ml
aliquots of M¢ were adhered in 96-well tissue culture plates for 1 h at
37°C in 5% CO,/95% air. M¢ monolayers were washed once with
RPMI 1640 and then were infected with Hc yeasts as described below.

Quantitation of the growth of Hc yeasts in human monocyte/Mé.
The intracellular growth of Hc yeasts in monocyte/M¢ was quantified
by the incorporation of [*H]leucine (7). Supernatant was removed
from the wells of monocyte/M¢, and 5 X 103 viable yeasts in 0.1 ml of
RPMI 1640 containing 5% heat-inactivated FCS and 10 ug/ml of gen-
tamicin were added to each well. After allowing 1 h for phagocytosis of
the yeasts, various reagents were added, and the monolayers were cul-
tured for a further 24 h at 37°C. The plates then were centrifuged at
2,000 rpm, the supernatant was carefully aspirated through a 27-gauge
needle, and 50 ul of [*H]leucine (sp act 153 Ci/mmol; New England
Nuclear, Boston, MA) in sterile water (1.5 pCi) and 5 ul of 10X yeast
nitrogen broth (Difco Laboratories Inc., Detroit, MI) were added to
each well. After further incubation for 24 h at 37°C, 50 ul of L-leucine
and 50 ul of sodium hypochlorite were added to each well. The con-
tents of the wells were harvested onto glass fiber filters using an auto-
mated harvester (Skatron, Inc., Sterling, VA). The filters were placed
into scintillation vials, scintillation cocktail was added, and the vials
were counted on a liquid scintillation spectrometer (LS 7000; Beck-
man Instruments, Inc., Fullerton, CA). Control wells containing M¢
but no yeasts did not incorporate significant amounts of [*H]leucine
(< 300 cpm) (7).

The range of counts per minute obtained from yeasts multiplying in
M¢ from different donors varied considerably (2,000-200,000 cpm).
Therefore, the data are presented as the mean + SEM of percent inhibi-
tion of growth, defined as 1 — (cpm in control M¢/cpm in treated M¢)
X 100. All experiments were performed at least three times, in triplicate
using M¢ from different donors. None of the agents tested decreased
Mg viability as determined by trypan blue dye exclusion, nor did they
cause a loss of M¢ from the monolayer.

Quantitation of the intracellular growth of Hc yeasts by phase-con-
trast microscopy. 1-ml aliquots of cultured M¢ were adhered to 12-mm
diameter glass coverslips in 24-well culture plates (Costar Corp., Cam-
bridge, MA) for 1 hat 37°C in 5% CO,/95% air. The cells were washed,
and 1 X 105 viable yeasts were added for 30 min at 37°C to allow for
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phagocytosis. The cells were washed twice in HBSA and incubated an
additional 30 min to insure that all yeasts were internalized. Two of the
cell monolayers were fixed in 2% glutaraldehyde/ 1% sucrose in 0.01 M
phosphate buffer/0.15 M NaCl, pH 7.2. These cells provided a baseline
for the percentage of M¢ initially infected and were designated 1-h
infection (6).

The remaining M¢ were cultured in M199 (Gibco Laboratories)
containing 10% human serum and 10 ug/ml gentamicin or in medium
containing chloroquine. After 24 h of culture at 37°C, medium was
removed, the cells were washed, and the monolayers were fixed in
glutaraldehyde. Coverslips were mounted cell side down onto micro-
scope slides. The percentage of M¢ containing one or more intracellu-
lar yeasts and the number of yeasts in 100 infected M¢ were enumer-
ated by phase-contrast microscopy at a magnification of 1,000. There
was no loss of adherent M¢ during these experiments (4, 6).

Mice. 5-wk-old C57BL/6J male mice were purchased from Jack-
son Laboratories ( Bar Harbor, ME). The mice were housed four to a
cage and adapted to their environment for 1 wk before infection with
Hc yeasts.

Injection of mice with Hc yeasts and treatment with chloroquine. A
single cell suspension of yeasts was prepared as described above. Mice
were given an intravenous injection with either a sublethal inoculum ( 1
X 10°) or a lethal inoculum (1.5 X 107) of Hc yeasts in a total volume
of 0.2 ml in RPMI 1640 ( 16). Chloroquine, prepared in RPMI 1640
and sterile filtered, was injected intraperitoneally in a total volume of
0.2 ml.

Organ culture for Hc. Spleens and livers from Hc-infected mice
were removed aseptically, homogenized in HBSS, and were diluted
serially. 100-u1 of homogenate was plated onto brain-heart infusion
agar (2% wt/vol) supplemented with 10% (vol/vol ) defibrinated sheep
erythrocytes, 10 ug/ml dextrose, and 0.1 ug/ml cysteine hydrochlor-
ide. Plates were incubated at 30°C, and CFU were counted after
7-10 d (16).

Statistics. The Wilcoxon rank sum test was used for comparison of
two groups. Fisher’s exact test was used to analyze mouse survival data.

Results

Deferoxamine inhibits the intracellular growth of Hc yeasts in
human monocytes and cultured M¢. In initial experiments we
sought to extend to human M¢ the observations of Lane et al.
(8) that deferoxamine inhibits the intracellular growth of Hc
yeasts in murine PM. Human monocyte and M¢ monolayers
were infected with 5 X 10 Hc yeasts and then were cultured for
24 h at 37°C in the presence of varying concentrations of defer-
oxamine. Intracellular growth of yeasts was quantified by the
incorporation of [*H]leucine as described in Methods. Defer-
oxamine inhibited the capacity of Hc yeasts to multiply in tis-
sue culture medium and within human monocytes and M¢ in
a concentration-dependent manner (Fig. 1). The viability of
control and deferoxamine-treated M¢ was > 95% as deter-
mined by trypan blue dye exclusion, and deferoxamine did not
cause a loss of M¢ from the monolayers.

Holotransferrin and FeNTA reverse deferoxamine inhibi-
tion of the intracellular growth of Hc yeasts. To demonstrate
that deferoxamine suppressed the intracellular growth of Hc
yeasts by chelating iron, Hc yeast-infected M¢ were cultured
for 24 h in the presence of 2.5 mM deferoxamine alone or with
deferoxamine and increasing concentrations of FeENTA or ho-
lotransferrin. Control wells contained infected M¢ incubated
in medium alone or in medium containing NTA or apotrans-
ferrin. FeNTA and holotransferrin completely reversed the in-
hibition of yeast growth by deferoxamine (Fig. 2). In fact, in
infected M¢ incubated with 100 ug/ml of FeNTA or = 5 mg/
ml of holotransferrin, the yeasts grew more rapidly than in
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Figure 1. Deferoxamine inhibits the growth of Hc yeasts in human
monocyte/M¢ in a concentration-dependent manner. Monocyte /M¢
were adhered in the wells of a 96-well tissue culture plate and then
were infected with 5 X 10% Hc yeasts. After allowing 1 h for phagocy-
tosis, the cells were cultured for 24 h in medium alone or in medium
containing varying concentrations of deferoxamine. Alternatively,
yeasts were cultured extracellularly for 24 h in medium alone or in
medium containing deferoxamine. All wells were pulsed for 24 h with
[*H]leucine and were harvested as described in Methods. The data
are the mean+SEM of eight experiments with M¢, five experiments
with monocytes, and seven experiments in tissue culture medium.
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Figure 2. Reversal of deferoxamine-mediated inhibition of the intra-
cellular growth of Hc yeasts by holotransferrin and FENTA. M¢ were
infected with 5 X 103 Hc yeasts and then were cultured for 24 h in
medium, medium containing 2.5 mM deferoxamine (CO), or me-
dium containing deferoxamine and varying concentrations of holo-
transferrin (HTF) or FeNTA. The data are the mean+SEM of six
experiments.
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Figure 3. Chloroquine inhibits the growth of Hc yeasts in human
monocyte/M¢ in a concentration-dependent manner. Monocyte /M¢
were infected with 5 X 103 Hc yeasts and were cultured for 24 h in
medium alone or in medium containing increasing concentrations of
chloroquine. The data presented are the mean+SEM of seven experi-
ments.
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control M¢. NTA (100 pg/ml) and apotransferrin (10 mg/ml)
did not reverse deferoxamine-mediated inhibition of the
growth of yeasts (data not shown).

Chloroquine inhibits the intracellular growth of He yeasts in
human monocytes and M¢. The intracellular transport and
mobilization of iron are dependent on an acidic environment
in endocytic vesicles and lysosomes (17, 18). Chloroquine is a
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Figure 4. Reversal of chloroquine-mediated inhibition of the intra-
cellular growth of Hc yeasts by FENTA but not by NTA. M¢ were
infected with 5 X 10® Hc yeasts and then were cultured for 24 h in
medium alone, in medium containing 10 uM chloroquine (CO), or
in medium containing chloroquine and FENTA or NTA. The data
are the mean+SEM of eight experiments.
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Figure 5. Reversal of chloroquine-mediated inhibition of the intra-
cellular growth of He yeasts by FeENTA but not by holotransferrin or
apotransferrin. M¢ were infected with 5 X 10° Hc yeasts and then
were cultured for 24 h in medium alone, in medium containing 10
#M chloroquine (CO), or in medium containing chloroquine and
FeNTA, holotransferrin (HTF), or apotransferrin (APOT). The data
are the mean+SEM of six experiments.

diprotic weak base that raises the pH of endocytic vesicles and
lysosomes in eukaryotic cells (19). It therefore prevents the
release of iron from transferrin in a variety of cell types includ-
ing M¢ (19-22). Byrd and Horwitz ( 13) have shown that chlo-
roquine inhibits the intracellular growth of L. pneumophila in
human monocytes and that the effect of chloroquine is re-
versed by FeENTA, a compound in which iron remains soluble
at neutral to alkaline pH (23).

Since the multiplication of Hc yeasts in human Mo is iron
dependent, we tested the hypothesis that chloroquine, by virtue
of its capacity to interfere with iron metabolism, would inhibit
the intracellular growth of Hc yeasts in a manner similar to that
reported for L. pneumophila (13).

Monocyte and M¢ monolayers were infected with Hc
yeasts and then were cultured for 24 h in medium alone or

Table 1. Chloroquine Induces Killing of He Yeasts by Human
Macrophages

Time after
infection Chloroquine Infected Mg
h uM %
1 None 30+9.0*
24 None 34+9.4
24 | 23+7.7
24 5 4.8+1.9
24 10 5.0+2.2

* Mean+SEM (n = 6).

Table II. Treatment of Mice with Chloroquine Decreases the
Growth of Hc Yeasts in Liver and Spleen

Spleen* Liver*
Treatment Weight CFU (x 10%) Weight CFU (x 10%
g g
RPMI 0.33£0.02  1.70+0.12  2.01+0.12  12.1+2.30
Chloroquine

120 mg/kg  0.18+0.03  0.19+0.07*  1.68+0.30  0.83+0.46

* Mean=SD (seven mice per group). * P < 0.01 compared with con-
trols.

medium containing increasing concentrations of chloroquine.
Culture of infected monocyte/M¢ with chloroquine sup-
pressed the intracellular growth of yeasts in a dose-dependent
fashion with maximum inhibition at 5-10 uM chloroquine
(Fig. 3). To exclude the possibility that chloroquine was di-
rectly toxic to yeasts, yeasts were cultured in tissue culture me-
dium in the presence or absence of chloroquine. At a concen-
tration of 20 uM, chloroquine inhibited the growth of yeasts by
only 8.7+4.3% (mean+SEM, n = 3).

FeNTA reverses chloroquine-mediated inhibition of the in-
tracellular growth of Hc yeasts. We next sought to determine if
chloroquine suppressed the intracellular growth of Hc yeasts by
limiting the availability of iron. Hc yeast-infected M¢ were
incubated with 10 uM chloroquine in the absence and presence
of varying concentration of FeNTA (23). Addition of FENTA
to He-infected M¢ treated with chloroquine reversed the inhibi-
tion of yeast growth by chloroquine (Fig. 4). At 25 ug/ml, the
highest concentration of FENTA tested, intracellular yeasts
grew more rapidly than in untreated control M¢. NTA at 25
ug/ml did not block the effect of chloroquine. These results
establish that the effect of FeNTA was mediated by iron and
not by NTA.

FeNTA, but not holotransferrin, reverses chloroquine-me-
diated inhibition of the intracellular growth of Hc yeasts. By
increasing the pH in endocytic vesicles, chloroquine prevents
the release of iron from endocytized transferrin, a process that
is dependent on endocytic vesicle acidification (17, 18). Thus,
the addition of iron transferrin to chloroquine-treated M¢
would not be expected to reverse the growth inhibitory effect of
chloroquine. To test this hypothesis, Hc-infected M¢ were cul-
tured for 24 h in the presence of 10 uM chloroquine alone or
with chloroquine and 25 ug/ml of FeNTA, 10 mg/ml of holo-
transferrin, or 10 mg/ml of apotransferrin. FeNTA completely
reversed the effect of chloroquine, whereas holotransferrin and
apotransferrin did not (Fig. 5).

Chloroguine induces intracellular killing of He yeasts by
human Mé¢. In the presence of cycloheximide, human Mo¢ di-
gest intracellular Hc yeasts (4), suggesting that inhibition of
yeast cell metabolism renders Hc susceptible to killing by M¢.
Chloroquine clearly disrupts yeast cell metabolism by restrict-
ing the availability of intracellular iron. Since the radiometric
assay does not distinguish between killing and growth inhibi-
tion, we quantified the killing of Hc yeasts in chloroquine-
treated M¢ by counting the percentage of infected M¢ by
phase-contrast microscopy (4).

Mo¢ were infected with Hc yeasts and were either fixed im-
mediately (1 h after infection) or were cultured for 24 h at

Chloroguine Limits Iron Availability to Histoplasma capsulatum 1425
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37°C in medium alone or in medium containing varying con-
centrations of chloroquine. After 1 h of phagocytosis, 30% of
M¢ were infected with one or more yeasts (Table I). After 24 h
of culture in medium alone, 34% of M¢ were infected, and the
average number of yeasts/M¢ had increased from 2.7 to 3.6.
However, culture of infected M¢ in the presence of 5-10 uM
chloroquine reduced the percentage of infected M¢ to 5% and
the number of yeasts/M¢ to 1.7 at 24 h. Thus, in the presence
of chloroquine, M¢ killed and digested Hc yeasts.

Treatment of He-infected mice with chloroquine reduces the
number of organisms in the spleen and liver. These findings
suggested that chloroquine might be effective against Hc in
vivo. Therefore, C57BL/6 mice were injected intravenously
with 1 X 10¢ Hc yeasts. 8 h later, chloroquine, 120 mg/kg, was
given intraperitoneally and continued daily thereafter. Mice
were killed on day 7. Chloroquine was well tolerated, and the
mice maintained their normal eating and drinking habits.

Treatment of mice with chloroquine reduced the number
of organisms in the spleens and livers by 9- and 15-fold, respec-
tively (P < 0.01 as compared with controls, Wilcoxon rank
sum test) (Table II). In subsequent trials, groups of mice were
given 40, 80, or 120 mg/kg of chloroquine 8 h after intrave-
nous injection of yeasts and daily for 6 d. Each dose of chloro-
quine significantly reduced CFU in spleens and livers as com-
pared with Hc-infected controls (Fig. 6).

Additional studies were performed to determine the effi-
cacy of chloroquine when administrated later in the course of

Table I11. Chloroquine Is Efficacious When Given during Active
Hc Infection

Days of
infection CFU (10%*
before
Treatment treatment Spleen Liver
RPMI 0(7) 2.18+0.99 15.9+4.3
Chloroquine 120 mg/kg 5(2) 1.06+0.35 13.3+2.2
34) 0.40+0.29% 7.7+4.8%
0(7) 0.13+0.09" 2.3+1.3"

* Mean=SD (six mice per group). ¥ Numbers in parentheses repre-
sent the number of days of treatment. ¢ P < 0.05; ' P <0.01.
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Figure 6. Chloroquine treatment reduces
the number of yeasts in the spleens and
livers of Hc-infected mice in a dose-depen-
dent manner. Mice were injected intrave-
nously with 1 X 106 Hc yeasts. On the same
day, mice were given chloroquine 40, 80,

or 120 mg/kg intraperitoneally and were
treated daily for 6 d. The data are the
mean=SD for six mice in each group. Each
dose of chloroquine significantly reduced
CFU in spleens and livers as compared with
Hc-infected controls: P < 0.05 for 40 mg/
kg; P < 0.01 for 80 and 120 mg/kg.

80 120

infection. Mice were injected intravenously with 1 X 10¢ Hc
yeasts, and therapy was initiated with chloroquine (120 mg/
kg) at 8 h, on day 3 or on day 5 after inoculation. Treatment
was continued daily until mice were killed on day 7. After 7 d of
treatment, the CFU in spleens and livers were reduced 17- and
7-fold, respectively (P < 0.01) (Table III). After 4 d of treat-
ment, CFU in the spleens and livers were reduced by five- and
twofold, respectively (P < 0.05). In mice in which Hc were
allowed to proliferate for 4 d before receiving only 2 d of chloro-
quine therapy, the number of organisms in the spleens still was
reduced by 50%. Thus, the efficacy of chloroquine correlated
with the length of treatment.

Treatment of Hc-infected mice with chloroquine protects
them from a lethal inoculum of Hc yeasts. Although chloro-
quine was therapeutic against a sublethal challenge, we sought
to determine if it could protect mice from a lethal inoculum of
yeasts. 20 mice were given 1.5 X 107 yeasts. 8 h after inocula-
tion, groups of 10 mice were treated either with 120 mg/kg of
chloroquine or with RPMI. Chloroquine was continued daily
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Figure 7. Chloroquine protects mice from a lethal inoculum of Hc
yeasts. 20 mice were given a lethal inoculum of Hc yeasts (1.5 X 107).
Groups of 10 mice were given chloroquine intraperitoneally (120
mg/kg) or RPMI on the day of infection. Treatment was continued
for 10 d. Mice were observed for 40 d. The survival of the chloro-
quine-treated mice was significantly different from the controls (P

= 0.009, Fisher’s exact test).



for 10 d. After 11 d, all 10 mice in the control group had died
(Fig. 7). One mouse in the chloroquine-treated group died on
day 3 from intraperitoneal hemorrhage secondary to trauma
from injection. Of the remaining nine mice, three died on day
13, and six mice survived until day 40 when the experiment
was terminated (Fig. 7). Extensive cultures of the spleens and
livers of the surviving mice yielded no growth of Hc.

Discussion

Iron is an essential element for the growth and metabolism of
almost all living cells (24). Iron functions in the transport and
storage of oxygen and as a catalyst in electron transport pro-
cesses. Thus, the acquisition of iron from the host is critical for
pathogenic microorganisms to successfully establish infection.
Conversely, restriction of the availability of iron to invading
microbes would be advantageous to the host (25-27).

Despite the abundance of iron in the mammalian host, free
iron is very limited. Most of the iron is located intracellularly,
making acquisition of iron by extracellular pathogens difficult.
The small amount of iron that is in body fluids is bound by the
high affinity iron-binding glycoproteins transferrin and lacto-
ferrin (28). These host proteins may provide nonspecific nutri-
tional immunity by restricting infective microbial growth
through the deprivation of iron (25-27). Thus, addition of
unsaturated transferrin to culture medium inhibits the growth
of Hc (29) and other fungi, including Candida albicans (30),
Candida glabrata (31), and Cryptococcus neoformans (32).

During infection, iron availability is restricted further by
the induction of hypoferremia, a manifestation of the acute-
phase response. The decrease in free iron is associated with an
increase in serum transferrin and lactoferrin (26, 33-35). The
major mechanism whereby iron decreases in serum and con-
comitantly accumulates in the spleen and liver is by inhibition
of the release of iron from M¢, which prevents its normal recy-
cling to transferrin (36). M¢ also initiate the synthesis of the
iron storage protein ferritin, which enables M¢ to continue to
acquire iron from ingested senescent erythrocytes (36). Para-
doxically, this response to infection may enhance the pathoge-
nicity of intracellular parasites by providing them with suffi-
cient iron to multiply successfully within M¢.

This study demonstrates that the availability of intracellu-
lar iron is critical for Hc yeasts to survive and multiply within
the phagolysosomes of human M¢. Culture of Hc-infected hu-
man M¢ with the iron chelator deferoxamine inhibited the
intracellular growth of Hc yeasts. The effect of deferoxamine
was reversed by FeNTA and holotransferrin but not by NTA or
apotransferrin.

In M¢, mobilization of iron from transferrin and ferritin is
dependent upon an acidic environment in endocytic vesicles
and lysosomes (17, 18, 37-39). After the transferrin receptor
binds diferric transferrin, the receptor-ligand complex is endo-
cytized, and the endocytic vesicle is acidified. As the pH de-
creases from 7 to 6, ferric ions dissociate from transferrin and
are distributed intracellularly. At pH 6, one of two ferric ions
bound to transferrin dissociates, resulting in 50% iron satura-
tion of transferrin. When the pH decreases to 5, the second
ferric ion dissociates (40, 41). The unsaturated apotransferrin
remains bound to the transferrin receptor and is recycled to the
cell surface (18). In contrast, iron that is bound to ferritin is
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released to the intermediate pool of the cell after ferritin is
degraded in lysosomes (37, 38). Chloroquine prevents the re-
lease of ferric ions from saturated iron transferrin (19-22) and
may prevent degradation of ferritin by acid proteases (39) by
virtue of its ability to raise endocytic and lysosomal pH.

Coculture of Hc-infected human M¢ with 5-10 uM chloro-
quine induced M¢ to kill Hc yeasts. The effect of chloroquine
was reversed by FENTA, an iron compound that is soluble in
the neutral to alkaline pH range (23), but not by holotrans-
ferrin, which requires an acid pH to release ferric ions (40, 41).
NTA did not reverse the effect of chloroquine. Thus, iron, and
not the parent compound, restored the capacity of Hc to multi-
ply in the presence of chloroquine.

In a recent study, Eissenberg and Goldman (42) demon-
strated that phagosomes of P388D1 mouse M¢ cell line con-
taining viable Hc yeasts have a pH of ~ 6.0-6.5. In contrast,
vesicles containing zymosan or methanol-fixed yeasts main-
tained a pH of 5.5 over a period of several hours. These data, in
conjunction with the present experiments, suggest a strategy by
which Hc yeasts may survive and multiply within M¢ phagoly-
sosomes. By maintaining a vacuolar pH of about 6, lysosomal
acid hydrolases that are detrimental to Hc presumably are inac-
tivated. However, at pH 6, one molecule of iron would be re-
leased from transferrin and would be available to the yeasts for
cellular metabolism. The addition of chloroquine to Hc-in-
fected M¢ upsets this balance by raising the pH above 6.5.
Thus, iron is not available to the yeasts, and, subsequently,
they are killed.

Several experiments demonstrated unequivocally that our
in vitro findings were applicable in vivo. First, treatment with
chloroquine reduced the number of organisms in the spleens
and livers of Hc-infected mice in a dose-dependent manner.
Second, the effectiveness of chloroquine in reducing the num-
bers of yeasts in the spleens and livers correlated with the length
of therapy. Third, 67% of mice given chloroquine were pro-
tected from a lethal inoculum of Hc yeasts, whereas all un-
treated mice were dead by day 11.

These studies confirm and extend the studies of Byrd and
Horwitz (13), who demonstrated that chloroquine inhibits the
growth of L. pneumophila in human monocytes by restricting
the availability of intracellular iron. Likewise, chloroquine in-
hibits the growth of Mycobacterium tuberculosis in human M¢
and also significantly enhances the effectiveness of isoniazid
and pyrazinamide against intracellular M. tuberculosis (43).
The mechanism by which chloroquine inhibits the intracellu-
lar growth of M. tuberculosis has not been explored. However,
it seems likely that the effect of chloroquine may be mediated
by restriction of the availability of intracellular iron.

Finally, it has been shown by other investigators that the
ability of resident or elicited murine PM to kill Listeria mono-
cytogenes (44) and to inhibit the replication of Trypanosoma
cruzi amastigotes (45) also is dependent on the concentration
of intracellular iron. Culture of T. cruzi-infected PM in the
presence of desferrioxamine reduces the rate of amastigote rep-
lication. Furthermore, T. cruzi-infected mice fed iron dextran
to increase intracellular iron stores have an increased mortality
rate. Conversely, depletion of host iron stores with desferrox-
amine and an iron-deficient diet reduce the pathogenicity of
infection with 7. cruzi (46).

Chloroquine is absorbed rapidly and completely from the
gastrointestinal tract and achieves concentrations in the liver,
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spleen, kidney, and lungs that are 200-700 times those ob-
tained in serum (47). Although excessive dosage can cause
ocular toxicity, dosages of 4 mg/kg per day of chloroquine and
6.5 mg/kg per day of hydroxychloroquine have been found to
be clinically safe in the management of rheumatoid arthritis
and other connective tissue diseases (48, 49). At these dosages,
serum concentrations of chloroquine are 1-1.5 uM, and a con-
centration of 300-1,050 uM might be obtained in the liver and
spleen (48, 49). Thus, chloroquine, hydroxychloroquine, or
other lysosomotropic agents that raise intraphagosomal pH
may be safe and effective therapeutic agents for the treatment
of active histoplasmosis and also may be useful in preventing
relapse of histoplasmosis in patients with acquired immunode-
ficiency syndromes. In addition, chloroquine alone or in com-
bination with other drugs may prove to be effective in aug-
menting the host’s capacity to destroy other intracellular para-
sites that require iron for survival (13, 43-46). A potential
advantage of chloroquine, or a similar acting drug, as an anti-
microbial agent is that it does not act directly on the invading
pathogen, but rather restricts the availability of intracellular
iron. Therefore, the potential for microorganisms to become
resistant to its effects may be limited.
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