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Nitric oxide (NO) is a microbiostatic gas generated by activated murine macrophages. Cytokine signals,
gamma interferon (IFN-g) and tumor necrosis factor alpha (TNF-a) act synergistically to induce production
of a macrophage nitric oxide synthase (NOS). A variety of intracellular pathogens, when recognized by
macrophages primed with IFN-g, induce NOS by eliciting TNF-a secretion, which then functions as a positive
autocrine signal. In cell culture assays, a murine macrophage cell line (J774), primed with IFN-g, was tested
for NOS induction upon challenge with virulent Cryptococcus neoformans. C. neoformans failed to induce
macrophage NOS as measured by nitrite production. This was true irrespective of the C. neoformans-to-J774
ratio. Other nonpathogenic Cryptococcus species likewise failed to induce NOS, yet Saccharomyces cerevisiae,
Histoplasma capsulatum, and Candida albicans were efficient inducers of NOS. Conditions which promoted
attachment and/or phagocytosis of C. neoformans did not lead to NOS induction (including opsonization with
specific antibodies against C. neoformans). Assays for transcriptional repressors of NOS were negative. Tests
for consumption of nitrite by measurement of additional products of NOS induction were negative. No TNF-a
was detected by enzyme-linked immunosorbent assay in supernatants from C. neoformans-J774 cocultures. A
mutant C. neoformans strain with a minimal, but visible, polysaccharide capsule also failed to induce NOS;
however, several nonencapsulated mutants of C. neoformans did induce NOS. Failure of C. neoformans to act
as an inducer of NOS may be related to the virulence of this pathogen in mice; C. neoformans is a unique
example of a facultative intracellular pathogen which fails to induce NOS in primed macrophages. The
mechanism appears to involve the failure of TNF-a secretion once the macrophage comes in contact with the
fungus. The presence of the polysaccharide capsule appears to mask the signal necessary for TNF-a secretion
and, ultimately, NOS induction.

Cryptococcus neoformans is an encapsulated facultative in-
tracellular fungus which is pathogenic for humans and other
animals. This microorganism produces an overwhelming, fatal
infection in mice (6). It has been demonstrated that macro-
phages are important in the immunologic defense against cryp-
tococcal infection; activated macrophages inhibit replication of
C. neoformans in vitro (17, 21, 35). In addition, in vivo exper-
iments have shown that at sites of cryptococcal infection, the
majority of inflammatory cells responding to the infection are
macrophages. One effector molecule involved in the inhibition
of C. neoformans is nitric oxide (NO) (2). NO is a microbio-
static, highly reactive gas produced by activated murine mac-
rophages by oxidation of L-arginine to L-citrulline and NO (38).
The enzyme catalyzing this reaction, nitric oxide synthase
(NOS), is induced by sequential cytokine signals. The first
signal, gamma interferon (IFN-g), is produced by activated
lymphocytes. The second signal for NOS induction is tumor
necrosis factor alpha (TNF-a), produced by the macrophage
itself (13, 14, 37, 40, 46). Several intracellular pathogens, when
recognized by macrophages primed with IFN-g, induce NOS
by eliciting TNF-a secretion. Examples include Listeria mono-
cytogenes (3, 5), Mycobacterium bovis (18, 50), Leishmania ma-
jor (23, 24, 36), and Francisella tularensis (16). Lipopolysaccha-
ride (LPS) from gram-negative bacteria is also a potent
inducer of NOS in primed macrophages (38, 50). The focus of
the present research was to examine the ability of C. neofor-

mans to induce NOS in primed murine macrophages in vitro.
We observed that NOS was not induced in IFN-g-primed
J774.1 macrophage-like cells challenged with virulent C. neo-
formans. Hence, a study was undertaken to examine the vari-
ables which might be responsible for this lack of induced en-
zyme activity.

MATERIALS AND METHODS

Cell culture assays. A murine macrophage cell line, J774.1, was used in cell
culture experiments. J774.1 cells were grown in a 5% carbon dioxide incubator at
378C and passaged every 3 to 4 days in sterile culture plates (Falcon, Lincoln
Park, N.J.). The medium used was Dulbecco’s modified Eagle’s medium (Gibco
Laboratories, Grand Island, N.Y.) with added glucose (final concentration, 15
mM), sodium bicarbonate (25 mM), buffer (25 mMMOPS [morpholinepropane-
sulfonic acid], pH 7.4), gentamicin (10 mg/ml), and 10% fetal bovine serum
(Hyclone Laboratories, Logan, Utah). J774.1 cells were washed from the cell
culture plates and placed into 16-mm-diameter culture wells (Costar, Cambridge,
Mass.) at a final concentration of 500,000 cells per well in 1.0 ml of medium.
Recombinant murine IFN-g (kindly provided as a gift from Genentech, San
Francisco, Calif.) was added to each experimental well at a concentration of 200
U/ml. After overnight incubation, the medium was changed with fresh Dulbec-
co’s modified Eagle’s medium containing the above-listed additives, 10% fetal
bovine serum, and 200 U of IFN-g per ml. Log-phase yeasts were counted with
a Coulter ZBi counter (Coulter Electronics, Hialeah, Fla.) and added at various
concentrations, as indicated in the figure legends. LPS, a phenol extract of
Escherichia coli O128:B12 (Sigma Chemical Co., St. Louis, Mo.), was added to
the positive control wells at a concentration of 10 ng/ml. The cultures were
incubated for approximately 40 h.
Fungal cultures. Yeast cells were inoculated from yeast nitrogen agar plates

into Dulbecco’s modified Eagle’s medium containing 25 mM sodium bicarbon-
ate, 25 mM MOPS (pH 7.4), 15 mM glucose, and 10 mg of gentamicin per ml
without serum. Yeast cells were passaged in this LPS-free medium in small
culture flasks (25 ml; Falcon) at least three times prior to use in experiments. All
yeasts were grown in a 5% CO2 incubator at 378C except non-C. neoformans
cryptococci, which were grown in the absence of CO2 at 308C.
Strain H99 is a clinical isolate of C. neoformans serotype A; it is virulent and
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has a prominent polysaccharide capsule when cultured in 5% CO2 (20). Strain
C3D is derived from H99. C3D possesses a much thinner polysaccharide capsule
than that of H99 when cultured in 5% CO2 and is markedly attenuated in
virulence (20). Strain 602 is an acapsular mutant of C. neoformans (32). Strains
C305, C307, C309, C322, C325, and C326 are also acapsular mutants of C.
neoformans. Strains 3501 and 3502 are the wild-type parents of strains C305,
C307, C309, C322, C325, and C326, produced by treatment with a mutagen (28).
Avirulent species of the genus Cryptococcus were grown at 308C. These strains

were all environmental isolates. Rhodotorula rubra, like C. neoformans, is a
basidiomycete and was tested because of its phylogenic relatedness to the genus
Cryptococcus.
The Candida albicans used in these experiments is a clinical isolate. Initial

attempts to use live C. albicans in cell culture were unsuccessful, as this species
killed the J774.1 cells in culture. Therefore, C. albicans used for experiments was
passaged as with other yeasts but was killed before use by heating to 708C for 15
min. Killing was verified by lack of growth on Sabouraud agar plates.Histoplasma
capsulatum strain 505a and a laboratory strain of Saccharomyces cerevisiae were
also used.
Cell culture assay for the presence of transcriptional inhibitors of NOS.

Cultures containing 53 105 J774.1 cells per ml were preincubated for 24 h under
three conditions: wells containing J774.1 cells plus IFN-g, wells containing J774.1
cells plus IFN-g plus C. neoformans H99 (in a 1:1 ratio with J774.1), and J774.1
cells only. Supernatants from these three conditions were designated, respec-
tively, supernatants 1, 2, and 3 (SNF1, SNF2, and SNF3, respectively). These
supernatants were removed from the original cell cultures and added to fresh
cultures with J774.1 cells. Preliminary experiments demonstrated that between
104 and 105 U of TNF-a per ml was required to induce NOS in IFN-g-primed
J774.1 cells (data not shown). We therefore chose concentrations of 400 U of
IFN-g per ml and 2 3 104 U of TNF-a per ml, which were added to each well
containing preincubated supernatant (either SNF1, SNF2, or SNF3) with fresh
J774.1 cells. The wells were assayed for the presence of nitrite by using Greiss
reagents after the standard incubation period (see below).
Preparation of rabbit anti-C. neoformans antibody. The method discussed here

has been previously published elsewhere (27). Briefly, male New Zealand White
rabbits were inoculated intracisternally with approximately 5 3 107 CFU of C.
neoformans H99 in 0.3 ml of phosphate-buffered saline (PBS). On day 3 of
infection, cerebrospinal fluid (CSF) was obtained from the subarachnoid space
of anesthetized animals and then pooled and centrifuged to remove cells. The
CSF was stored at 858C until just prior to use. Immunoglobulin G was then
purified from the CSF by using a protocol published previously (39). Ten milli-
liters of CSF was unfrozen and diluted with 40 ml of 60 mM acetate (pH 4.0).
The pH of the resulting mixture was adjusted to 4.5 with 1.0 N sodium hydroxide.
Caprylic acid (25 ml/ml) was added dropwise with thorough mixing for 30 min.
Insoluble material was removed by centrifugation (Sorvall RC-5B, rotor model
SS-34; at 10,0003 g for 30 min at 48C). The resulting supernatant was mixed with
concentrated PBS, and the pH was adjusted to 7.4 with 1.0 N sodium hydroxide.
The supernatant was cooled to 48C, to which 0.277 g of ammonium sulfate per ml
was added. This was stirred for 60 min and then centrifuged at 5,000 3 g for 15
min (Sorvall; at 48C). The supernatant was discarded, and the pellet was resus-
pended in 1 ml of PBS and subsequently dialyzed against 300 ml of PBS over-
night. The dialyzed sample was heated to 558C for 20 min and then centrifuged
at 5,0003 g (Sorvall; at 48C) for 20 min. The supernatant was filter sterilized and
stored at 2708C until just prior to use.
NOS activity measured by nitrite and nitrate production. Supernatants from

J774.1 cell cultures were removed and centrifuged for 60 s (Beckman Microfuge
TJ6-R; 10,000 3 g at room temperature) to remove yeast cells. Aliquots (400 ml)
of each supernatant were placed in 4.5-ml cuvettes, and 800 ml of each Greiss
reagent (1% sulfanilamide in 2.5% phosphoric acid and 0.5% naphthylethyl-
enediamine in 2.5% phosphoric acid) was added. The resulting colorimetric
reaction was measured at 540 nm with a Shimadzu model UV-240 spectropho-
tometer; nitrite concentration was calculated from a standard curve which was
linear between 0 and 100 mM sodium nitrite.
The total nitrite and nitrate concentration was determined for each sample to

assess the stoichiometric relationship of NO22 plus NO32 to citrulline. This
assay was performed by mixing 300 ml of sample supernatant, 150 ml of 0.2 M
HEPES (N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid, pH 7.4), and 150
ml of a Pseudomonas oleovorans preparation to reduce NO32 to NO22 (5). The
mixture was vortexed and incubated at 378C for 90 min and then centrifuged at
10,000 3 g (Beckman Microfuge TJ6-R) for 2 min. From the resulting superna-
tant, 400 ml was removed and placed into a 4.5-ml cuvette; 800 ml of each Greiss
reagent was added. A540 was measured on a spectrophotometer and compared
with nitrite and nitrate standards.
NOS activity measured by citrulline production. Three milliliters of fetal

bovine serum was dialyzed against 400 ml of sterile PBS to remove urea which
would interfere with the citrulline assay. The dialysate was changed every 24 h for
3 days. The resulting dialyzed fetal bovine serum was then filter sterilized for use.
Phenol red-free medium was used so as not to interfere with the colorimetric
measurement of citrulline. The medium was prepared with dialyzed fetal bovine
serum at a final concentration of 10%. J774.1 cells (5 3 105 cells per ml) were
plated in this medium as described previously. Supernatants were removed and
centrifuged (Beckman Microfuge TJ6-R). The colorimetric assay for citrulline is
based on the reaction of the carbamido group of citrulline with diacetyl mon-

oxime to form a chromophore with maximal A490 (25). Briefly, each supernatant
was placed in a glass test tube into which 10 U of urease per ml was added. In
addition, redox buffer (ferric ammonium sulfate plus ferrous ammonium sulfate
in 1 N sulfuric acid), an acid mixture (concentrated phosphoric acid plus 1 N
sulfuric acid), and diacetyl monoxime were added to each sample. The samples
were mixed and heated in a boiling water bath in the dark for 20 min and then
chilled in cold water for 5 min. The samples were read immediately in the
spectrophotometer at 490 nm. The citrulline concentration was calculated from
L-citrulline standards.
TNF-a ELISA. The presence of TNF-a in cell culture supernatants was de-

tected by murine TNF-a enzyme-linked immunosorbent assay (ELISA) (Endo-
gen, Boston, Mass.).

RESULTS

Lack of induction of NOS by H99. The induction of NOS by
C. neoformansH99, as measured by the production of nitrite in
the cell culture medium, was examined in J774.1 cells primed
with 50 to 200 U of IFN-g per ml. In these experiments, ratios
of H99 to J774.1 cells were varied by 10-fold dilutions of H99
from 0.036:1 to 3.6:1. As shown in Fig. 1, no appreciable nitrite
was produced compared with the negative control wells. The
positive control with added LPS (10 ng/ml) showed significant
nitrite production. By phase-contrast microscopy, H99 cells
were not phagocytized by J774.1 cells under these conditions
where no opsonins were added.
Lack of induction of NOS by non-C. neoformans cryptococci.

The five isolates of nonpathogenic cryptococci (C. laurentii, C.
albidus var. diffluens, C. albidus var. albidus, C. uniguttulatus,
and C. terreus) and the noncryptococcal basidiomycete R. rubra
were shown to be encapsulated by microscopic examination
with India ink. NOS induction assays using twofold dilutions of
yeast cells were performed, beginning with three yeast cells to
one J774.1 cell and diluting to 0.325 yeast cell per J774.1 cell.
Data shown in Fig. 2 represent a yeast-to-J774.1 ratio of 1.5:1.
No significant amounts of nitrite were produced in any of the
dilutions of experimental yeast cells. The nitrite concentration
measured in these wells was, in fact, below that of the negative
control (J774.1 plus IFN-g). By phase-contrast microscopy,
approximately 50% or more of the added yeast cells were

FIG. 1. Lack of NO production by primed macrophages challenged with C.
neoformans. Shown are nitrite concentrations in cell culture wells containing
500,000 J774 macrophage-like cells and C. neoformansH99 cells. The first bar on
the left represents culture with J774 only; all other wells received a total of 100
U of IFN-g per ml. Ratios indicate relative proportions of C. neoformans to J774
cells. In this and subsequent figures, wells with J774 plus IFN-g plus LPS are
positive controls. Results shown are from a representative experiment which was
repeated 20 times.
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phagocytized and were inside J774.1 cells by the final day of the
assay. The yeast cells remained viable, as demonstrated by
significant growth of organisms in supernatants taken from
experimental wells and incubated at 308C.
Induction of NOS by fungi other than cryptococci. Fungi

other than cryptococci were assayed under the same condi-
tions as those used for the previous experiments. S. cerevisiae,
heat-killed C. albicans, and H. capsulatum were counted with
a Coulter counter and added to J774.1 cultures primed
with IFN-g, as described previously. As shown in Fig. 3, all
three yeast species induced significant production of nitrite

by the J774.1 cells (P 5 0.0015 for S. cerevisiae, 0.014 for C.
albicans, and 0.00025 for H. capsulatum by analysis of vari-
ance).
Lack of induction of NOS by H99 cultured with rabbit anti-

H99 antibodies. Given the lack of NOS induction in the pre-
vious experiments, an antiserum raised against H99 whole cells
was added to cultures of J774.1 cells primed with 200 U of
IFN-g per ml and challenged with H99. The ratio of H99 to
J774.1 cells was 1:1. The concentration of antibody was varied
by using twofold dilutions beginning at a 1:10 dilution of stock
antibodies. Figure 4 demonstrates that no significant nitrite
production was measured in the wells containing antibody plus
H99. In fact, the supernatants from these wells contained less
nitrite than did wells with antibody but no added H99. Phase-
contrast microscopic examination revealed that the presence of
antibody increased phagocytosis of H99 compared with condi-
tions excluding H99-specific antibody.
Assay for the presence of transcriptional inhibitors of NOS.

Transcriptional inhibitors of NOS, such as interleukin 4, inter-
leukin 10, and transforming growth factor b, have been de-
scribed (12, 43, 48). To test the hypothesis that H99 induced
a transcriptional inhibitor which blocked NOS transcription,
supernatants from J774.1 cells primed with IFN-g and chal-
lenged with H99 were examined for inhibitory activity (see
Materials and Methods). J774.1 cells were primed with IFN-g
and challenged with H99. The resulting supernatant was
used as the medium for fresh cultures of J774.1 cells, which
were then induced to produce nitrite with known inducers
of NOS (IFN-g and TNF-a). If H99 induced a transcriptional
inhibitor, the putative inhibitor might be present in the super-
natant medium and might therefore suppress NOS induc-
tion in the fresh cultures with known NOS inducers. As shown
in Fig. 5, no evidence was found for the presence of a tran-
scriptional inhibitor. The nitrite concentration in the experi-
mental wells (containing SNF2), preincubated with J774.1 cells
primed with IFN-g and challenged with H99, was not signifi-

FIG. 2. Cryptococcus spp. fail to induce NO production by primed macro-
phages. Shown are nitrite concentrations in cell culture wells containing 500,000
J774 cells and nonpathogenic cryptococci in a 1:1.5 ratio. All wells received a
total of 200 U of IFN-g per ml. Results shown are from replicates of four culture
wells for each yeast species. Abbreviations: C. laur, C. laurentii; C. alb diff, C.
albidus var. diffluens; C. alb alb, C. albidus var. albidus; C. unig, C. uniguttulatus;
C. terr, C. terreus; Rhod, R. rubra, a noncryptococcal basidiomycete.

FIG. 3. Pathogenic and nonpathogenic fungi induce NO production in
primed macrophages. Shown are nitrite concentrations in cell culture wells con-
taining 500,000 J774 cells and other species. The first bar on the left represents
culture with J774 only without added fungus; all wells received a total of 200 U
of IFN-g per ml. Results shown are from duplicate culture wells for each fungus-
to-macrophage ratio. Abbreviations: Sacc, S. cerevisiae; å Cand, heat-killed C.
albicans; Histo, H. capsulatum.

FIG. 4. Effect of anticryptococcal immunoglobulin G on macrophage NO
production. Shown are nitrite concentrations in cocultures of 500,000 J774 cells
per well and IFN-g (200 U/ml) with rabbit anti-C. neoformans antibodies (Ab).
Dilutions of Ab shown. Solid bars represent culture of J774 plus IFN-g plus
Ab; striped bars represent addition of C. neoformans (strain H99 at a 1:1 yeast-
to-J774 ratio). Results shown are from duplicate culture wells for each condi-
tion.
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cantly less than the nitrite concentrations in positive control
wells.
Assay for the presence of citrulline in supernatants of H99

cell culture experiments. The measurement of nitrite concen-
tration in the cell medium is dependent upon the conversion of
NO to nitrite. To determine if NO was produced, but because
its reactivity was consumed on the surface of H99 cells, citrul-
line concentrations were measured in culture supernatants.
NO and citrulline are produced in equimolar amounts, but
because citrulline is neither reactive nor metabolized to other
products, it accumulates in the medium over NO-producing
cells (19). Accumulation of citrulline in the absence of a sig-
nificant nitrite concentration would suggest that NO was being
consumed.
Assays for citrulline with supernatants from cultures of

J774.1 cells primed with IFN-g and challenged with H99 (ratio
of 1:1) were performed. Concentrations of citrulline were ob-
tained and compared with citrulline standards; the values
shown in Table 1 were calculated from a standard curve which
was linear through the range shown. No citrulline was detected

in experimental supernatants, suggesting that NO was neither
produced nor consumed by the fungus.
Assay for the presence of TNF-a in supernatants of H99 cell

culture experiments. To determine whether the necessary sec-
ond signal, TNF-a, was being produced by the J774.1 cells, the
TNF-a concentration in supernatants was measured by using a
murine TNF-a ELISA. Although TNF-a concentrations were
very high in positive control wells primed with IFN-g plus 10 ng
of LPS per ml added (.15.0 ng of TNF per ml without H99
and 14.9 ng of TNF-a per ml with H99), primed J774.1 cells
challenged with H99 produced no significant levels of TNF-a
(data not shown). Controls (J774.1 without additives and
J774.1 plus 200 U of IFN-g per ml) likewise did not result in
significant TNF-a production (data not shown).
Acapsular C. neoformans mutants induce NOS, but a hy-

pocapsular mutant does not. C. neoformans C3D is a hypocap-
sular mutant of the encapsulated strain, H99 (20). It cannot
up-regulate capsule polysaccharide synthesis in response to
environmental signals. Under all conditions, it shows a visible
but very narrow capsule by India ink examination. Strain 602 is
an acapsular mutant of C. neoformans (32). In the standard cell
culture assay, nitrite concentrations were measured in
supernatants from J774.1 cells primed with IFN-g and chal-
lenged with either C3D or 602 at various concentrations of
yeast cells. As shown in Fig. 6, for each concentration of yeast
cells, strain C3D failed to induce NOS. In contrast, strain 602,
the acapsular mutant, did induce NOS, as evidenced by signif-
icant nitrite production (P 5 0.00018). This was true over a
broad range of 602:J774.1 ratios. By phase-contrast micro-
scopic examination, both C3D and 602 were avidly phagocy-
tized and could be seen inside J774.1 cells by the final day of
the assay.
As shown in Fig. 7, other acapsular C. neoformans strains,

C305, C307, C309, C322, C325, and C326, under the standard
cell culture conditions, induced NOS, as evidenced by signifi-
cant nitrite production. By contrast, the parent strains of these
acapsular mutants, 3501 and 3502, did not induce NOS.

FIG. 5. Assays for the presence of transcriptional inhibitors of NOS in
primed macrophages challenged with C. neoformans. Cultures with 500,000 J774
cells per well were preincubated for 24 h with either SNF1 (J774 plus IFN-g),
SNF2 (J774 plus IFN-g plus C. neoformans), or SNF3 (J774 only). Subsequently,
200 U of IFN-g per ml and 20,000 U of TNF-a per ml were added to wells
cocultured with SNF1, SNF2, or SNF3. The presence of nitrite equal to or above
that in positive control wells (J774 plus IFN-g plus LPS) indicates the absence of
an inhibitor of NOS. Results shown are from replicates of three culture wells for
each condition.

FIG. 6. C. neoformans acapsular mutant strain induces NO production by
primed macrophages. Shown are nitrite concentrations in wells containing
500,000 J774 cells, 200 U of IFN-g per ml, and either C3D, a hypocapsular
mutant of H99, or 602, an acapsular mutant of C. neoformans. Ratios of yeast
cells to J774 cells are shown. Results shown are from duplicate culture wells from
a representative experiment. The results were repeated and confirmed five times.

TABLE 1. Assay for products of NO in culture supernatants

Addition to cell
culture wells

Nitrate 1
nitrite concn
(mM)a

Citrulline
concn
(mM)b

J774 1 C. neoformansc 3.73 0
J774 1 IFN-gd 3.73 0
J774 1 C. neoformans 1 IFN-gd 1.82 0
J774 1 IFN-g 1 LPSe 70.34 48.44

a Calculated from a standard curve which was linear between 0 and 100 mM.
Results are means of triplicate cultures.
b Calculated from a standard curve which was linear between 0 and 50 mM.
c Strain H99 at a 1:1 yeast-to-J774.1 cell ratio.
d IFN added at 200 U/ml.
e LPS added at 10 ng/ml, IFN added at 200 U/ml.
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DISCUSSION
Previous investigators have established that NOS is induced

by IFN-g-primed murine macrophages challenged with a vari-
ety of intracellular organisms. Bacteria (3, 5, 16, 51), fungi (11),
and protozoan and metazoan parasites (23, 24, 29, 36) have
been reported to induce NOS by this pathway. Nitrite has also
been detected in cell cultures of macrophages harvested from
mice infected with Trypanosoma musculi, an extracellular
pathogen (53). However, a notable exception may be a strain
of the intracellular protozoan pathogen, Toxoplasma gondii,
which, upon infection of IFN-g-primed mouse macrophages,
requires the addition of LPS to induce a toxoplasmastatic ef-
fect (1). The work presented here focused on NOS induction
by yeasts, particularly C. neoformans.
Our results indicate that the C. neoformans strains, H99,

3501, and 3502, which possess prominent polysaccharide cap-
sules, fail to induce NOS in IFN-g-primed murine macro-

phages. Other encapsulated species of the genus Cryptococcus
similarly fail to induce NOS. However, several other fungal
species do induce NOS under identical experimental condi-
tions. Yeast induction of NOS has been reported previously.
Cenci et al. (11) found that NOS was induced in murine mac-
rophages primed with IFN-g and challenged with C. albicans.
Our experiments duplicated this finding. A study by Nakamura
et al. (42), in contrast to our work, failed to show induction of
nitrite with IFN-g-primed RAW 264.7 cells challenged with H.
capsulatum. The difference in results may arise from the cell
line used. RAW 264.7 cells are very sensitive to stimulation by
IFN-g alone, generating near-maximal levels of nitrite with as
little as 10 U of IFN-g per ml. J774.1 cells produce very little
nitrite with large doses of IFN-g alone (52). Nakamura et al.,
by using 10,000 U of IFN-g per ml, may have reached a plateau
for nitrite production such that infection with H. capsulatum
would not induce further nitrite production. Our data suggest
that encapsulated Cryptococcus species do not induce NOS,
whereas certain other fungi, such as C. albicans and H. capsu-
latum, are sufficient stimuli for NOS induction in IFN-g
primed macrophages.
We investigated various possibilities for the lack of NOS

induction by C. neoformans. Under our standard experimental
conditions, J774.1 cells did not phagocytize strain H99. The
addition of specific antibodies against H99 did facilitate phago-
cytosis but did not result in NOS induction. A transcriptional
inhibitor of NOS produced in experimental cell cultures was
searched for, but no evidence of a transcriptional inhibitor of
NOS was found. In addition, we did not detect citrulline in
supernatants from primed J774.1 cells challenged with H99,
suggesting that NO was not being consumed in cell culture.
These findings indicated that NO was not produced in
J774.1-C. neoformans cocultures, because the necessary signals
for NOS induction were not present. This was supported by the
observation that TNF-a was not detected in J774.1-C. neofor-
mans cell culture supernatants.
TNF-a induction is typically initiated by the organism itself

(15) but may also be triggered by mitogens (15), LPS (4), and
phorbol esters (49). In addition, anaphylatoxin C5a increases
LPS-stimulated TNF-a release from human macrophages (10).
The mechanisms of transcriptional and translational control of
TNF-a synthesis have not been fully explained. LPS induction
of TNF-a is dependent on a protein kinase C pathway (31) and
is inhibited by prostaglandin E2 and cyclic AMP (44). How-
ever, transcription of TNF-a varies with the concentration and
timing of exposure to LPS. Low-dose exposure to LPS induces
tolerance; later LPS exposure causes less TNF-a to be released
(47). Furthermore, other factors may modify the release of
TNF-a following transcription. Haslberger et al. (26) reported
that high extracellular potassium concentrations antagonized
release of LPS-stimulated TNF-a, although TNF-a mRNA
production was not inhibited. Calcium may also affect TNF-a
release (30, 49). It is clear that TNF-a production is complex
and regulated at several intermediate steps.
In our experiments, strain H99 failed to induce TNF-a re-

lease from stimulated macrophages. This failure, whether
through lack of binding a receptor, failure to complete the
signal transduction cascade, or, perhaps, posttranscriptional
regulation, requires further study. We speculated that the poly-
saccharide capsule prevents the transmission of signals neces-
sary for NOS induction. In support of this hypothesis, we found
that acapsular mutants derived from parent strains with a
prominent capsule do induce NOS, whereas hypocapsular mu-
tants do not. This appears not to be due to differences in
phagocytosis of the yeast strains. The hypocapsular as well as

FIG. 7. (A) A series of acapsular mutant strains induce NO in primed mac-
rophages. Nitrite concentration in wells containing 500,000 J774 cells, 200 U of
IFN-g per ml, and acapsular mutants (C305, C307, and C309) at the yeast-to-
macrophage ratios shown. Results shown are from replicates of four culture
wells. The results were repeated and confirmed in one subsequent experiment.
(B) Nitrite concentration in wells containing 500,000 J774 cells, 200 U of IFN-g
per ml, and either wild-type C. neoformans (strains 3501 and 3502) or acapsular
C. neoformans mutants (C322, C325, and C326). Data shown are for a yeast-to-
macrophage ratio of 0.125:1. Results shown are from a representative experi-
ment which was repeated, and the results were confirmed.
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the acapsular strains appear to be efficiently phagocytized, as
judged by examination by phase-contrast microscopy.
The importance of NO in C. neoformans fungistasis has been

established by previous experiments in our laboratory. Nitrite
production was found to be correlated with fungistasis of C.
neoformans in vitro (19). In these and other experiments, mu-
rine peritoneal macrophages were primed with IFN-g and
challenged with LPS, a potent inducer of NOS (54). These
activated macrophages inhibited growth of C. neoformans and
produced significant quantities of nitrite and nitrate. When
fungistasis experiments were carried out in LPS-free condi-
tions, fungistasis did not occur (22). This is consistent with the
results reported here.
The polysaccharide capsule of C. neoformans is a highly

regulated structure and is necessary for virulence (6, 20). Acap-
sular mutants are greatly attenuated in virulence (32). The
capsule has several known immunologic effects. It potently
activates the alternate complement pathway (34) and induces
proliferation of T-suppressor cells (41). In addition, the po-
lysaccharide capsule inhibits phagocytosis by macrophages (7).
Kozel and Gotschlich (33) propose that the mechanism of
inhibition is passive; the capsule prevents C. neoformans from
being recognized by the macrophage. Similarly, we propose
that the capsule prevents TNF-a induction in the macrophage
(whether by passive or active means), thereby blocking the
cascade of signals necessary for NOS induction.
C. neoformans is, therefore, one organism which fails to

induce NOS in IFN-g-primed murine macrophages, but it does
not appear to be unique in this regard. Roach et al. (45) found
that Leishmania donovani, an intracellular parasite, did not
induce NOS in IFN-g-primed resident peritoneal murine mac-
rophages unless LPS was added to the cell culture. Accord-
ingly, IFN-g alone failed to induce leishmanicidal activity; LPS
was an essential cofactor. Their results point to a species dif-
ference in the genus Leishmania. L. major, in contrast to L.
donovani, has been found to induce NOS in IFN-g-primed
murine macrophages (23, 24, 36). The finding that L. donovani
fails to induce IFN-g-primed murine macrophages comple-
ments our observations regarding C. neoformans and may dem-
onstrate a strategy employed by these organisms to evade de-
tection and cytotoxicity by macrophages.
Because the inducible isoform of NOS (iNOS) is not readily

detected in human macrophages treated with IFN-g and a
variety of TNF-a-inducing second signals, the relevance of
these findings to human host defense mechanisms requires
scrutiny. Two observations seem pertinent. First, until a repro-
ducible human macrophage antifungal assay which exhibits the
known characteristics of T cell-dependent macrophage activa-
tion is in place, the role of iNOS as a fungistat will continue to
be speculative. At present no such assay exists. Indeed, our
studies employing human pulmonary, peritoneal, and periph-
eral blood macrophages/monocytes revealed that human
IFN-g inhibited constitutive fungistatic activity (8, 9). Sec-
ondly, it has long been observed that mice possess an exquisite
innate susceptibility to clinical isolates of C. neoformans. The
findings reported here point to a striking defect in macrophage
reactivity and hence may help to explain one aspect of a spe-
cies-specific susceptibility to a common animal pathogen.
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