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sosomes (38, 39, 41). Chloroquine, a diprotic weak base which
raises the endocytic and lysosomal pH of eukaryotic cells (3,
25), inhibits the growth of L. pneumophila, H. capsulatum, and
Francisella tularensis in human mononuclear phagocytes by
limiting iron availability in the phagolysosome (3, 12, 30).
The encapsulated fungus Cryptococcus neoformans is a significant cause of morbidity and mortality in patients with impaired cell-mediated immunity, especially those with AIDS (5,
7). While not an obligate intracellular pathogen, C. neoformans
is able to gain entry into macrophages via complement receptors (26). In vitro, killing of C. neoformans by human macrophages, even following cytokine activation, has not been convincingly demonstrated (8, 22, 23). Recently, we demonstrated
that human monocyte-derived macrophages (MDM) treated
with chloroquine had markedly increased fungistatic and fungicidal activity against C. neoformans (25). As opposed to the
above-mentioned pathogens, chloroquine exerted its effect on
C. neoformans independent of iron deprivation. Nevertheless,
the mechanism appeared to be dependent on raising the pH of
the phagolysosome, as another alkalinizing agent, ammonium
chloride, had a similar effect. Moreover, the growth of C.
neoformans in cell-free tissue culture medium was inversely
proportional to pH, suggesting that alkalinizing the pH could
significantly retard cryptococcal growth.
In view of the above studies suggesting a critical role for
phagosomal pH in the pathogenesis of cryptococcosis, we
sought to determine the pH of C. neoformans-laden phagosomes. Most techniques to determine intracellular pH utilize
fluorescein derivatives. The emission spectrum of fluorescein is
pH sensitive when excited at 498 nm and pH insensitive when
excited at 450 nm, allowing ratio imaging that is independent
of probe concentration (44). However, fluorescein has a pKa of

A key to the success of intracellular pathogens that parasitize macrophages is the ability to survive within the hostile
environment of the phagolysosome or to evade the phagolysosome altogether. Following phagocytosis of a variety of particulate stimuli, the phagosomal pH rapidly decreases to below
5.5 (10, 42). This relatively low pH is thought to enhance host
defenses by inhibiting microbial growth and enhancing the
activity of a variety of degradative enzymes active only under
acidic conditions. Acidity is also thought to be necessary for
intracellular trafficking and antigen presentation (10). To avoid
the hostile low pH of the phagolysosome, some organisms have
evolved mechanisms to modulate acidification. For example,
phagosomes containing Mycobacterium tuberculosis and M.
avium do not acidify below 6.3 to 6.5, apparently as a result of
a selective block in accumulation of vacuolar proton-ATPase
(37, 42). Macrophage phagolysosomes containing live Histoplasma capsulatum also have a near neutral pH (10). Other
microorganisms, including Legionella pneumophila and Toxoplasma gondii, avoid acidification by residing in vesicles that
fail to fuse with lysosomal compartments (1, 17, 40, 45).
Inhibition or avoidance of acidification can be a two-edged
sword for microorganisms, as mobilization of iron from transferrin and ferritin, the two major sources of iron in the mononuclear phagocyte, is dependent on an acidic environment (3,
6). At neutral pH, iron remains bound to transferrin and thus
unavailable to the microbe (3, 6). Iron availability from ferritin
is thought to occur following pH-dependent proteolysis in ly-
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Recently, we demonstrated that human monocyte-derived macrophages (MDM) treated with chloroquine or
ammonium chloride had markedly increased antifungal activity against the AIDS-related pathogen Cryptococcus neoformans. Both of these agents raise the lysosomal pH, which suggested that the increased antifungal
activity was a function of alkalinizing the phagolysosome. Moreover, there was an inverse correlation between
growth of C. neoformans in cell-free media and pH. These data suggested that C. neoformans was well adapted
to survive within acidic compartments. To test this hypothesis, we performed studies to determine the pH of
human MDM and neutrophil phagosomes containing C. neoformans. Fungi were labeled with the isothiocyanate derivatives of two pH-sensitive probes: fluorescein and 2*,7*-difluorofluorescein (Oregon Green). These
probes have pKas of 6.4 and 4.7, respectively, allowing sensitive pH detection over a broad range. The
phagosomal pH averaged approximately 5 after ingestion of either live or heat-killed fungi and remained
relatively constant over time, which suggested that C. neoformans does not actively regulate the pH of its
phagosome. The addition of 10 and 100 mM chloroquine resulted in increases in the phagosomal pH from a
baseline of 5.1 up to 6.5 and 7.3, respectively. Finally, by immunofluorescence, colocalization of C. neoformans
and the MDM lysosomal membrane protein LAMP-1 was demonstrated, establishing that fusion of C. neoformans-laden phagosomes with lysosomal compartments takes place. Thus, unlike many other intracellular
pathogens, C. neoformans does not avoid fusion with macrophage lysosomal compartments but rather resides
and survives in an acidic phagolysosome.
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around 6.4 and thus cannot be used to accurately quantitate
pH much below 5.5. Recently a new pH-sensitive probe, Oregon Green (29,79-difluorofluorescein), was synthesized. Oregon Green has the same excitation and emission wavelengths
as fluorescein but has a pKa of 4.7, allowing accurate measurement of phagosomal pH below 5.5. In the present study, C.
neoformans was labeled with the isothiocyanate derivatives of
fluorescein and Oregon Green, and then the pH of MDM
phagosomes containing C. neoformans in the presence and
absence of chloroquine was determined by dual-fluorescence
spectrofluorimetry. Moreover, fusion of C. neoformans phagosomes with lysosomal compartments was examined by immunofluorescence microscopy.

chloride, 30 mM sodium chloride, 30 mM potassium phosphate, 5.5 mM glucose,
0.8 mM magnesium sulfate, and 1.3 mM calcium chloride. Nigericin is a K1- and
H1-specific ionophore that rapidly equilibrates phagosomal and extracellular pH
under these conditions (20). Background values for excitation at 498 and 450 nm,
emission at 520 nm, were obtained for MDM challenged with unlabeled C.
neoformans and subtracted from readings obtained for labeled cells.
To calculate the average intracellular pH of the samples, the ratio of excitation
at 498 and 450 nm (following background subtraction) from unknowns was
compared with the standard pH titration curve generated with nigericin-permeabilized MDM.
pH of neutrophil phagosomes. Essentially the same procedure was used to
determine the pH of neutrophil phagosomes containing C. neoformans, with the
following exceptions. Neutrophils (4 3 106) and OGITC-labeled live C. neoformans (1.5 3 106) were tumbled at 37°C for 1, 2, or 3 h in polypropylene
microcentrifuge tubes containing a final volume of 1 ml RPMI 1640 with 10%
PHS. Extracellular fungi were quenched with trypan blue; the neutrophils were
washed free of trypan blue and resuspended in 1.2 ml of RPMI 1640. The cells
were placed in a cuvette containing a stir bar, and fluorescence emitted at 520 nm
from excitation at 498 and 450 nm was obtained.
Immunofluorescence staining for lysosomal membrane protein LAMP-1.
MDM were cultured for 6 to 8 days as described above except in eight-chamber
glass slides (Lab-Tek; Nalge Nunc International, Naperville, Ill.). MDM were
washed to remove nonadherent cells and incubated for 3 h with 104 live C.
neoformans in the presence of RPMI 1640 containing 10% PHS. Cells were fixed
and stained for LAMP-1 (CD107a) and C. neoformans capsular polysaccharide
by a modification of established protocols (1, 45). Briefly, MDM were fixed in
buffered paraformaldehyde-periodate and permeabilized with 220°C methanol.
Cells were then sequentially incubated in (i) blocking buffer (PBS containing 2%
goat serum); (ii) 1:100 dilution of anti-LAMP-1 (mouse immunoglobulin G1
monoclonal antibody H4A3; Developmental Studies Hybridoma Bank, Iowa
City, Iowa [4]), and a 1:2,000 dilution of rabbit polyclonal anticapsular antibody
(a gift from Thomas Kozel, Reno, Nev.); (iii) blocking buffer; (iv) 1:100 dilution
of Alexa 488-conjugated goat anti-mouse antibody (Molecular Probes) and 1:100
dilution of Alexa 594-conjugated goat anti-rabbit antibody; and (v) blocking
buffer. Control wells were incubated with irrelevant isotype-matched antibody
36.65 (directed against the hapten p-azophenylarsonate; a gift from Arturo
Casadevall) (35) in lieu of H4A3. Cells were then visualized by epifluorescence
microscopy (IMT-2 microscope; Olympus, Lake Success, N.Y.), using the B and
G dichroic mirror units for Alexa 488 and Alexa 594, respectively. Phagosomelysosome fusion was considered to take place if colocalization of LAMP-1 and
cryptococcal capsular polysaccharide was observed (1, 45).
Statistics. Means and standard errors (SE) were compared by the two-tailed
paired t test. Adjustments for significance based on multiple comparisons were
made by using Bonferroni’s method. Statistical significance was considered
achieved if the P value multiplied by the number of comparisons was less than
0.05. All statistical calculations were performed with SigmaStat statistical software (Jandel Corporation, San Rafael, Calif.).

RESULTS
Calibration curves with OGITC- and FITC-labeled C. neoformans. Initial experiments demonstrated that maximal pHdependent fluorescence for both OGITC- and FITC-labeled C.
neoformans occurred at 498 nm and that pH-independent fluorescence occurred at 450 nm (data not shown). These wavelengths were used for the remainder of the studies. Next, we
generated standard curves to verify that OGITC and FITC
could be used as probes to measure phagosomal pH. Coverslips containing adherent MDM were challenged with labeled
C. neoformans for 3 h. Following quenching of the fluorescence
of extracellular fungi with trypan blue, the coverslips were
placed in cuvettes containing nigericin in a potassium-rich
buffer of defined pH. This treatment equilibrates the pH in the
phagosome with the pH in the buffer (10, 20). Following each
pH change, we allowed 4 min for full equilibration to occur and
then obtained the ratio of fluorescence emissions at 520 nm
from excitation at 498 and 450 nm. As expected based on the
known pKa of the two free probes, C. neoformans labeled with
OGITC and FITC exhibited usable pH-dependent fluorescence over the ranges of approximately 3.75 to 5.50 and 5.50 to
7.50, respectively (Fig. 1). These calibration curves demonstrate that by using C. neoformans labeled with either OGITC
or FITC, we could accurately determine the pH of phagosomes
in MDM over a broad pH range.
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MATERIALS AND METHODS
Materials. Unless otherwise noted, reagents were obtained from Sigma Chemical Co. (St. Louis, Mo.). All experiments were performed under conditions
carefully designed to minimize endotoxin contamination as described previously
(27). RPMI 1640 and phosphate-buffered saline (PBS) were obtained from
BioWhittaker, Inc. (Walkersville, Md.). RPMI 1640 was supplemented with
L-glutamine, penicillin, and streptomycin but was without phenol red. Pooled
human serum (PHS) was obtained by combining serum from more than 10
healthy donors under ice-cold conditions and storing it at 270°C to preserve
complement activity. Culture medium, unless otherwise stated, was RPMI 1640
containing 10% PHS. Chloroquine was prepared as a 103 stock solution in
RPMI 1640 and filter sterilized prior to use. The monoclonal anticapsular antibody 2H1 (a gift from Arturo Casadevall, Albert Einstein College of Medicine,
Bronx, N.Y.) was purified from ascites fluid by passage over a protein G column
as described previously (15) and used at a final concentration of 12.5 mg/ml.
Preliminary experiments determined that this concentration was subagglutinating and opsonic. Unless otherwise noted, cells were incubated at 37°C in humidified air supplemented with 5% CO2.
C. neoformans. Serotype A strain 145 of C. neoformans was grown on Sabouraud dextrose agar at 30°C. Fungi were harvested after 4 days of growth,
washed three times in PBS, counted in a hemocytometer, and resuspended at the
desired concentration. Where indicated, fungi were heat killed by immersion in
a 60°C water bath for 30 min.
Live C. neoformans fungi were surface labeled with fluorescein isothiocyanate
(FITC) by incubation in a 5-mg/ml solution of FITC dissolved in 50 mM borate
buffer (pH 8.0) for 2 h at 37°C. Live fungi were labeled with the isothiocyanate
derivative of Oregon Green (OGITC; a gift from Molecular Probes, Eugene,
Oreg.) by incubation in a 1-mg/ml solution OGITC dissolved in PBS for 2 h at
37°C. Live fungi were freshly labeled the day of the experiment. Labeling with
FITC or OGITC did not affect the viability of the C. neoformans as measured by
counting CFU following dilutions and spreading on Sabouraud dextrose agar.
Heat-killed fungi were labeled in a similar manner, except that incubation was
for 18 h. Fungi were washed five times in PBS prior to addition to phagocytes.
Isolation of phagocytes. Peripheral blood was obtained by venipuncture from
healthy volunteers not taking any medications. The same donor was not used
more than once. Blood was anticoagulated with pyrogen-free heparin (ElkinsSinn Inc., Cherry Hill, N.J.) and centrifuged at 500 3 g for 15 min. Neutrophils
and peripheral blood mononuclear cells (PBMC) were isolated by centrifugation
of the leukocyte-rich buffy-coat cells on a Ficoll-Hypaque density gradient as in
our previous studies (23, 24). The neutrophil-rich layer was rid of contaminating
erythrocytes by hypotonic lysis. PBMC (108) were suspended in 20 ml of RPMI
1640 containing 10% PHS and added to 100- by 15-mm petri dishes containing
20 poly-L-lysine-coated 9- by 22-mm rectangular glass coverslips (23). This quantity of cells resulted in a monolayer on the coverslips. MDM were obtained by
culturing the PBMC for 6 to 8 days. MDM cultured on surfaces coated with
poly-L-lysine are able to inhibit the growth of, but not kill, C. neoformans (23).
pH of MDM phagosomes. Nonadherent cells were washed free, and glass
coverslips containing MDM were transferred to 35- by 10-mm petri dishes (two
per dish) with fresh culture medium. C. neoformans fungi (2 3 106) either labeled
with FITC or OGITC or left unlabeled were added to each dish and incubated
for 3 to 18 h. Coverslips were then dipped in 0.1% trypan blue for 3 min to
quench the fluorescence of bound but not internalized C. neoformans. Preliminary experiments demonstrated that under these conditions, trypan blue
quenched over 99% of the fluorescence of the extracellular organisms without
significantly affecting fluorescence of the internalized C. neoformans (data not
shown).
Glass coverslips were placed in a holding device that aligns the coverslip at a
30° angle to the excitation beam to minimize the effect of light reflection (32) and
then placed in cuvettes containing 1 ml of RPMI 1640 prewarmed to 37°C. With
the emission wavelength set at 520 nm, the ratio of fluorescence excitation at 498
and 450 nm was obtained in a thermostated Hitachi F-4500 spectrofluorimeter.
Then, for each condition, a standard curve was generated by obtaining ratios of
excitation at 498 and 450 nm in C. neoformans-laden MDM equilibrated in
solutions of defined pH composed of 2.8 3 1025 M nigericin, 80 mM potassium
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pH IN HUMAN PHAGOSOMES LADEN WITH CRYPTOCOCCUS

pH of C. neoformans-containing phagosomes. Having validated our methodology, we next determined the pH of MDM
phagosomes containing C. neoformans. All experiments compared OGITC- and FITC-labeled C. neoformans. However, the
data shown are for OGITC-labeled fungi, as the calculated
phagosomal pH was consistently in the sensitive range for
OGITC and insensitive range for FITC. Comparisons between
live and dead C. neoformans were made 3 and 24 h following
phagocytosis. For the dead fungi, the calculated phagosomal
pH did not change significantly over time (5.2 6 0.1 and 5.1 6
0.2 at 3 and 24 h, respectively [Fig. 2]). However, over the same
time course, the pH of phagosomes containing live fungi increased from 4.7 6 0.2 to 5.3 6 0.1 (P 5 0.0056 by Student’s
t test). By epifluorescence microscopy, FITC and OGITC remained strongly associated with C. neoformans throughout the
24-h incubation period with MDM. Thus, fluorescent label was
observed only in association with the fungus and not in other
locations in the MDM (data not shown). Nevertheless, the
possibility that a small amount of label was shed outside the
phagolysosome cannot be excluded.
We next sought to determine whether changing the receptor-mediated route of entry of C. neoformans by the addition of
the monoclonal anticapsular antibody 2H1 would affect the
resulting phagosomal pH. However, in three independent experiments, the pH values were similar in the presence and
absence of antibody (5.2 6 0.1 and 5.1 6 0.2, respectively).
Effect of chloroquine on the phagosomal pH. Our previous
studies demonstrated that human MDM treated with chloroquine had markedly increased anticryptococcal activity (25).
Therefore, we were interested in determining the pH in C.
neoformans-laden phagosomes following chloroquine treatment. MDM were incubated with various concentrations of
chloroquine for 30 min and then challenged with C. neoformans labeled with either OGITC or FITC. For calculated pH
of ,5.5, data obtained with OGITC were utilized; for values
$5.5, data obtained with FITC were adopted. Phagosomal pH
increased in a dose-dependent fashion over the concentration
range, 1 to 100 mM, tested (Fig. 3). At 10 mM chloroquine,
which was the concentration used in our previous studies to

FIG. 2. Phagosomal pH of live and dead C. neoformans at various time
points. MDM were challenged with OGITC-labeled live or dead fungi for 3 or
24 h, and then the pH of the intracellular fungi was determined as described in
Materials and Methods. Data are means 6 SE of four independent experiments,
each performed in duplicate. P 5 0.0004, comparing live fungi with dead fungi at
3 h; P 5 0.0056, comparing live fungi at 3 and 24 h.

demonstrate enhancement of MDM-mediated anticryptococcal activity (25), the calculated pH was 6.5 6 0.1.
Phagosomal pH in neutrophils. Neutrophils phagocytose
and kill C. neoformans and are thought to participate in host
defenses against C. neoformans, especially as part of first-line
defenses before a cell-mediated immune response develops (7,
9). Therefore, we examined the pH of neutrophil phagosomes
containing OGITC-labeled live C. neoformans. After 1, 2, and
3 h of incubation of neutrophils and C. neoformans, the phagosomal pH values were 5.2 6 0.1, 5.2 6 0.1, and 5.0 6 0.04,
respectively (means 6 SE of four independent experiments,
each of which had two to four replicate samples; P 5 nonsignificant, comparing any two groups).
Fusion of C. neoformans phagosomes with late endosomal
compartments. The above experiments demonstrating that
acidification of C. neoformans phagosomes occurred strongly
suggested that the vacuolar proton-ATPase fuses with the
phagosome. In the final set of experiments, we sought to determine whether fusion of C. neoformans phagosomes with
endosomal and lysosomal compartments occurred. To accomplish this, C. neoformans-laden MDM were simultaneously
stained for LAMP-1 and cryptococcal capsule. LAMP-1 is a
type I transmembrane glycoprotein that is localized in lyso-

FIG. 3. Effect of chloroquine on the phagosomal pH. MDM were challenged
with OGITC- or FITC-labeled heat-killed C. neoformans for 3 h in the presence
of the indicated concentration of chloroquine. The pH of the intracellular fungi
was determined as described in Materials and Methods. Data are means 6 SE of
three independent experiments, each performed in duplicate.
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FIG. 1. Relationship between the ratio of excitation at 498 and 450 (Ex498/
Ex450) and pH in MDM laden with C. neoformans labeled with OGITC and
FITC. MDM were challenged for 3 h with C. neoformans labeled with OGITC or
FITC and then permeabilized with nigericin-KCl in buffers at the pH indicated
on the abscissa. Under such conditions, the pHs of the phagosome and the buffer
are the same. Data are means 6 SE of three independent experiments, each
performed in duplicate.
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somes and endosomes (34). In three independent experiments,
intense LAMP-1 fluorescence surrounding the C. neoformans
capsule was observed (Fig. 4). This pattern was seen in over
90% of the phagosomes. Other than very faint background
autofluorescence, green fluorescence was not seen in cells incubated with the control antibody 36.65 in lieu of anti-LAMP-1
(not shown). Capsular polysaccharide staining was seen not
only in association with the surface of C. neoformans but also
scattered throughout the MDM (Fig. 4b).
DISCUSSION
The studies presented herein demonstrate that C. neoformans resides in an acidic phagosome in human MDM and
neutrophils. Although others have reported data for studies
using FITC and related fluorescein dyes to determine phagosomal pH below 5.5 (10, 31, 32, 37, 42), we believe that our
data presented in Fig. 1, as well as the calibration curves of
others (10), demonstrate that accuracy is lost when the pH
goes much below this value. The use of Oregon Green as a pH
probe represents a significant advance in this regard in that
accurate determination of phagosomal pH is still possible even
when the phagosome is fully acidified. Moreover, by the use of
both Oregon Green and traditional fluorescein as probes, the
entire pH range encountered in mammalian phagosomes can
be accurately quantitated.
The pH in MDM phagosomes containing live C. neoformans
was similar to that seen with dead fungi over 24 h. These data
suggest that unlike other pathogens such as M. tuberculosis and
H. capsulatum, C. neoformans does not regulate the pH of its

phagosome to an appreciable extent. C. neoformans grows
more rapidly in acidic media than in neutral or alkaline media
(18, 25) and appears to be able to resist the action of the
macrophage lysosomal enzymes, which function optimally at
acid pH (8, 25, 26). Thus, the pathogenicity of C. neoformans is
not dependent on avoidance of an acidic pH. Other pathogens,
including Coxiella burnetii, Leishmania amazonensis, and Salmonella typhimurium, have also adapted to survive within the
acidic phagosome (2, 14, 33).
Although we and others have demonstrated that chloroquine enhances the antimicrobial activity of macrophages by
presumed pH-dependent mechanisms (3, 12, 25, 30), to our
knowledge, our data are the first to actually quantitate the pH
in phagosomes following chloroquine treatment. MDM
treated with 10 mM chloroquine, which was the concentration
used to demonstrate anticryptococcal killing activity (25),
raised the pH to 6.5. At that pH, some free iron should be
present in the phagolysosome as a result of release from transferrin (6). This is consistent with our data demonstrating 10
mM chloroquine enhances the anticryptococcal activity of
MDM independent of iron deprivation (25). Using mouse
peritoneal macrophages that had endocytosed FITC-labeled
dextran, Ohkuma and Poole determined that treatment with
100 mM chloroquine raised the intralysosomal pH to 6.4 (32).
In our studies, treatment of human MDM with 100 mM chloroquine raised the pH of C. neoformans-laden phagosomes to
7.3. The discrepancy in pH obtained in our studies compared
with those of Ohkuma and Poole may reflect disparate capacities of endosomes and phagosomes to concentrate chloro-
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FIG. 4. Phagosome-lysosome fusion following MDM uptake of C. neoformans. MDM were challenged with live fungi for 3 h and then immunofluorescently stained
for LAMP-1 with Alexa 488 and C. neoformans capsule with Alexa 494 as described in Materials and Methods. A single MDM that has phagocytosed four C. neoformans
is shown. (a) LAMP-1 fluorescence (green) intensely distributed around the surface of the fungi (which faintly stains red). One fungus (arrows) appears to have been
recently phagocytosed based on its appearance under phase-contrast microscopy (not shown) and has only a small rim of green fluorescence. LAMP-1 staining can also
be appreciated in other parts of the cell except the nucleus. The same pattern of green fluorescence was seen in MDM stained for LAMP-1 with Alexa 488 but for which
staining with the anticapsular antibody was not performed (not shown). (b) Capsule fluorescence (red) of the same cell. The C. neoformans capsule surrounding the
four C. neoformans cells is readily apparent. Red fluorescence is also seen elsewhere in the MDM, mostly as a result of capsular polysaccharide secreted from the fungus.
A similar pattern of fluorescence was seen in cells stained only for anticapsular antibody and not LAMP-1 (data not shown).
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