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Cryptococci survive and replicate within macrophages and can use exogenous arachidonic acid for the
production of eicosanoids. Phospholipase B1 (PLB1) has a putative, but uninvestigated, role in these processes.
We have shown that uptake and esterification of radiolabeled arachidonic, palmitic, and oleic acids by the
Cryptococcus neoformans var. grubii H99 wild-type strain and its PLB1 deletion mutant strain (the AplbI strain)
are independent of PLB1, except under hyperosmolar stress. Similarly, PLB1 was required for metabolism of
1-palmitoyl lysophosphatidylcholine (LysoPC), which is toxic to eukaryotic cell membranes, under hyperos-
molar conditions. During both logarithmic and stationary phases of growth, the physiologically relevant
phospholipids, dipalmitoyl phosphatidylcholine (DPPC) and dioleoyl phosphatidylcholine, were taken up and
metabolized via PLB1. Exogenous DPPC did not enhance growth in the presence of glucose as a carbon source
but could support it for at least 24 h in glucose-free medium. Detoxification of LysoPC by reacylation occurred
in both the H99 wild-type and the Aplbl strains in the presence of glucose, but PLB1 was required when
LysoPC was the sole carbon source. This indicates that both energy-independent (via PLB1) and energy-
dependent transacylation pathways are active in cryptococci. Phospholipase A, activity was identified by
PLBl1-independent degradation of 1-palmitoyl-2-arachidonoyl phosphatidylcholine, but the arachidonoyl
LysoPC formed was not detoxified by reacylation. Using the human macrophage-like cell line THP-1, we
demonstrated the PLB1-dependent incorporation of macrophage-derived arachidonic acid into cryptococcal
lipids during cryptococcus-phagocyte interaction. This pool of arachidonate can be sequestered for eicosanoid
production by the fungus and/or suppression of host phagocytic activity, thus diminishing the immune

response.

Secreted phospholipase Bl (PLB1), a multifunctional
enzyme exhibiting three activities (PLB, lysophospholipase
[LPL], and lysophospholipase transacylase [LPTA]), is a
proven virulence determinant for the pathogenic fungus Cryp-
tococcus neoformans. The functions of this enzyme include
facilitation of adhesion of cryptococci to a human lung epithe-
lial cell line (14), initiation of interstitial pulmonary infection,
and dissemination from the lung via the lymphatics and blood
(24). PLBL is also involved in the survival and replication of
cryptococci in macrophages (22). It has been postulated to
enhance intracellular survival by down-regulating macrophage
fungistatic activity through production of eicosanoids, such as
prostaglandins and leukotrienes (22, 23). PLB1 may promote
escape from the phagolysosome by breaking down the sur-
rounding membrane bilayer, since partial dissolution of this
membrane has been observed in cryptococcus-laden macro-
phages (12, 28).

The biochemical basis of PLBl1-dependent virulence is
poorly understood. It has been shown previously that an energy
source is not required for PLBI activity and that preferred
substrates of cryptococcal PLB1 include dipalmitoyl phosphati-
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dylcholine (DPPC) and phosphatidylglycerol, which are abun-
dant in lung surfactant (the fluid lining pulmonary alveoli) and
cell membrane phospholipids (PL), such as dioleoyl phosphati-
dylcholine (DOPC) (5, 25). 1-Oleoyl and 1-palmitoyl lysophos-
phatidylcholine (LysoPC) can be generated from mammalian
membrane lipids by other phospholipases and are the best
substrates for the LPL and LPTA activities of PLB1 (5). There
is indirect evidence from rat models of pulmonary and cerebral
cryptococcosis that DPPC is a substrate for cryptococcal PLB
in vivo since much larger amounts of glycerophosphorylcho-
line, the product of PLB hydrolysis, are found in lung, which is
rich in DPPC, than in brain, which is not (16, 17). Hence, PLB1
activity may promote lung penetration by cryptococci.

The function of cryptococcal PLB1 in degradation and me-
tabolism of lipids in macrophages has not been investigated.
The fatty acid arachidonic acid (AA) is an important precursor
for eicosanoid production, but the origin of the arachidonic
acid incorporated into cryptococcal eicosanoids during infec-
tion is unknown. Possibilities include the degradation of
phagocyte membrane phospholipids by host phospholipase A,
(PLA,) activity, hydrolysis of host lipids by secreted fungal
phospholipase activity, and the degradation of fungal lipids by
fungal or host enzymes. Arachidonic acid is not known to be a
component of cryptococcal cell membranes (18) but is taken
up by cryptococci when supplied exogenously, suggesting that
it could be derived from mammalian cells (23). PLB1 could
also liberate host fatty acids other than arachidonic acid, pro-
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viding an energy source for optimal intracellular growth, since
glucose is believed to be deficient in the phagosome. In support
of this hypothesis, the H99 wild-type strain and the PLBI
deletion mutant (Aplbl) and PLBI reconstituted Aplbl"™*¢
strains can all grow intracellularly, but the growth of the Aplb!
strain is deficient (9, 22, 24).

To determine the role of cryptococcal PLBI in the hydrolysis
and metabolism of lipids, we investigated the uptake and me-
tabolism of exogenous palmitic acid (PA), oleic acid (OA), and
arachidonic acid and phospholipids containing these fatty acid
species into lipids from the H99 and AplbI cryptococcal strains
under conditions of minimal nutrition, such as might be
present within host phagocytes, and during hyperosmotic
stress, conditions for which we have previously shown increases
in both PLB secretion and adhesion to a lung epithelial cell
line (14). We then sought and found evidence of PLB1-depen-
dent transcellular metabolism of host cell-derived arachidonic
acid during cryptococcal infection of a macrophage-like cell
line, THP-1.

MATERIALS AND METHODS

Reagents. Isotopically labeled lipids were supplied by Amersham Pharmacia
and included [9,10(n)-*H]palmitic acid, [9,10(n)->H]oleic acid, [5,6,8,9,
11,12,14,15-*H]arachidonic acid, L-a-1-palmitoyl-2-arachidonoyl [arachidonoyl-
1-'“CJphosphatidylcholine, 1,2-di[1-'*C]palmitoyl-phosphatidylcholine, 1,2-di[1-
4Cloleoyl-phosphatidylcholine, and 1-[1-!*C]palmitoyl-2-lysophosphatidylcho-
line. Carrier lipids were from Sigma Chemical Co. (St. Louis, MO) and included
1-palmitoyl-sn-glycero-3-phosphocholine, DPPC, DOPC, 1-palmitoyl-2-arachi-
donoyl phosphatidylcholine (PAPC), AA, PA, and OA. Solvents used were of
analytical or nanograde quality (Crown Scientific or Mallinckrodt Chemicals
USA). High-performance thin-layer chromatography (TLC) plates were from
Merck (Germany).

Cryptococcal strains. Cryptococcus grubii serotype A strain H99 (the wild type)
and the Aplbl (PLBI deletion mutant strain HCM5) and Aplb1"*¢ (reconstituted
strain HCM15) isogenic strains were generated and kindly supplied by Gary Cox
(9). Working cultures of these strains were prepared from the lyophilized cells in
the culture collection and maintained by growth on Sabouraud’s dextrose agar
plates from Difco Laboratories (Detroit, MI) for 48 h at 30°C. These were stored
at 4°C and subcultured every 2 to 3 weeks. New working cultures were prepared
every 3 months. The presence of PLB1 activity in the H99 and Aplb1™¢ strains
and the absence of PLBI activity in the Aplbl strain were confirmed by radio-
metric assays at regular intervals (5).

Culture and activation of THP-1 cells. The human macrophage-like cell line
THP-1 was maintained in RPMI 1640 medium containing 10% heat-inactivated
fetal calf serum at 37°C and 5% CO, THP-1 cells were grown to confluence in
75-cm? tissue culture flasks and then treated with 0.32 uM phorbol-12-myristate
13-acetate and incubated for a further 48 to 72 h to allow cell differentiation
(determined microscopically, by formation of an adherent monolayer).

Radiolabeling, opsonization, and phagocytosis of cryptococci. Radiolabeled
[9,10(n)-*H]oleic acid was added to cryptococci in phosphate-buffered saline
without calcium and magnesium [PBS(—)], and the cells were incubated at 35°C
in a rotary shaker at 150 rpm for 24 to 36 h. The cells were washed to remove
unincorporated radioactivity, and a sample was counted with a scintillation
counter using NCS tissue solubilizer (Amersham Pharmacia) and Ultima Gold
scintillant (Canberra-Packard, Groningen, The Netherlands). To prepare for
phagocytosis, the oleic acid-labeled cryptococci were then opsonized in PBS(—)
containing 10% human AB serum for 30 min, washed in PBS(—), and added to
differentiated THP-1 monolayers in 24-well plates at a 10:1 ratio of cryptococci
to THP-1 cells. In control experiments, radiolabeled cryptococci were autoclaved
for 15 min at 121°C (killed cells) before opsonization. The nonadherent crypto-
cocci were gently aspirated, and the monolayers containing ingested/strongly
adherent cryptococci were washed twice with PBS(—), dislodged from the wells
by scraping, and counted in a scintillation counter with the addition of NCS tissue
solubilizer and Ultima Gold. Percent phagocytosis/tight adhesion was calculated
and found to be maximal after 4 to 5 h of incubation at 37°C/5% CO,.

Preparation of cryptococci for fatty acid analysis. THP-1 cells in 75-cm? tissue
culture flasks were infected with Cryptococcus neoformans (live or autoclaved) at
a ratio of 10 cryptococci to 1 phagocyte and incubated for 5 h at 37°C and 5%
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CO,. Control THP-1 cells were incubated with a corresponding amount (1 ml) of
PBS(—). Nonadherent cryptococci were gently washed off the THP-1 monolayers
with prewarmed PBS(—). The THP-1 cells containing strongly adherent/phago-
cytosed cryptococci were scraped from the flasks with a rubber policeman (both
cryptococcal and THP-1 viabilities were unaffected), layered on top of Ficoll-
Paque, and centrifuged at 500 X g for 30 min. The interface layer was substan-
tially enriched in THP-1 cells containing ingested cryptococci, as reported pre-
viously by Chretien et al. (7). This layer was removed and washed twice with
PBS(—). The cryptococci were released from the THP-1 cells by freeze-thawing
and exposure to ice-cold water for 10 to 15 min. Contaminating THP-1 debris
was then removed by incubation with a combination of trypsin (50 pl of 10X
trypsin), DNase (2.8 ng; Sigma), and Zymolyase 20T (50 ng; Seikagaku America,
MA) for 1 h at 37°C. The cryptococci were then washed three times with PBS(—)
and stored frozen for analysis by gas chromatography.

Fatty acid analysis. Opsonized cryptococci, obtained before or after phago-
cytosis, or differentiated THP-1 cells incubated for 4 to 5 h in PBS(—) without
cryptococci were saponified, methylated, and extracted as in the MIDI Sherlock
version 4.0 microbial identification system (Newark, DE). Briefly, each sample
was suspended in 1 ml methanolic base (15g NaOH-50 ml water plus 50 ml
methanol) and boiled at 100°C for 30 min to achieve saponification. Released
fatty acids were then methylated with 2 ml methylation reagent (230 ml methanol
in 270 ml 6 N HCI) at 80°C for 10 min. After being cooled, the samples were
extracted with isohexane-methyl tetra-butyl ether (1:1, vol/vol) and the lipids
extracted in the organic phase were base washed with 3 ml of 2% (wt/vol) NaOH.
The organic phase was removed and stored at —20°C for gas chromatographic
analysis. For this, fatty acid methyl esters were separated on an HP Series II 5890
gas chromatograph with an Agilent Ultra-2 capillary column (19091B-102). Peak
identification was achieved using either the CLIN 50 or the Yeast 28 library.
Results are expressed as percentages of the sum of the areas of all peaks
identified.

Uptake and metabolism of exog lipids by cryptococci. Cryptococci were
cultured for 2 to 3 days on Sabouraud’s dextrose agar at 30°C to form a lawn,
harvested by scraping, and then washed twice with saline and once with one of
the following media: (i) buffer at pH 5.5 (close to the pH optimum for crypto-
coccal PLB1) containing 10 mM imidazole, 2 mM CaCl,, 2 mM MgCl,, and 56
mM p-glucose in 0.9% NaCl; (ii) yeast nitrogen broth (YNB) at pH 7.3 (close to
the physiological pH) containing 0.5% glucose; and (iii) hypertonic medium
(providing an osmotic stress) consisting of 10X YNB (pH 7.3) and 5% glucose.
The pelleted cells (0.5 ml) were resuspended in 0.5 ml of medium in an Eppen-
dorf tube and incubated with 50,000 to 100,000 disintegrations per minute (dpm)
of radiolabeled lipid and 1 wM carrier lipid for 24 h at 37°C. The cryptococci
were then centrifuged, and the pH of the supernatant was determined. The
pellets were washed twice with PBS(—) containing 0.1% fatty acid-free bovine
serum albumin and then once with PBS(—) only. Lipids were extracted with 4
volumes of chloroform-methanol (2:1) and then partitioned against water as in
the Bligh-Dyer method (2), and an aliquot of the organic phase was counted for
radioactivity to obtain the total lipid uptake level before separation of the
component lipids by TLC. The radioactivity in the component lipids was ex-
pressed as a percentage of the total lipids recovered from the plate. The solvent
systems used were petroleum ether (bp, 60 to 80°C)-diethyl ether-acetic acid
(90:15:1, vol/vol/vol) for neutral lipid and chloroform-methanol-water (65:25:4,
vol/vol/vol) for polar lipid separation. Spots were revealed with iodine vapor and
identified by comparison of their retardation factor values with those of authentic
standards. Spots were scraped from the plates and their radioactivity levels
determined by scintillation counting (Instagel; Canberra-Packard).

Growth and metabolism of cryptococci in the presence of lipids. The H99,
Aplb1, and Aplb1"*¢ cryptococcal strains were each inoculated into 50 ml of YNB
containing 0.5% or 1% (wt/vol) glucose and cultured for 24 h at 35°C with gentle
agitation. Aliquots of 1 ml (containing about 10° cells) were transferred subse-
quently to 50 ml YNB containing radiolabeled lipids and their corresponding
carrier lipids or YNB alone at pH 5.5. Lipids included 100,000 dpm 1,2-di[1-
14C]palmitoyl-phosphatidylcholine or 1-[1-'*C]palmitoyl-2-lysophosphatidylcho-
line with 1 WM DPPC or LysoPC carrier lipid, respectively. Cultures were then
incubated at 35°C with gentle agitation for up to 48 h. Plate counts were per-
formed at zero time and at various time points during growth and the CFU/ml
determined.

When lipids were substituted for glucose as the source of carbon, the proce-
dure was similar except that the YNB was prepared without glucose, carrier
DPPC was used at 2 mM, and LysoPC was used at 1 mM and 2.5 mM. Bovine
lung surfactant (25 mg/ml phospholipid content; Survanta; Abbott Laboratories),
containing the equivalent of 2 mM DPPC, was also tested. L-a-1-Palmitoyl-2-
arachidonoyl [arachidonoyl-1-'*C]phosphatidylcholine was added at 100,000
dpm, together with carrier PAPC, at 869 uM. In all growth experiments, YNB
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containing 0.5% glucose (PAPC) or 1% glucose (DPPC and LysoPC) was used
as the control, and the concentrations of the exogenous lipids were chosen to give
similar numbers of carbon atoms to these controls.

To determine lipid uptake and metabolism during growth, aliquots of the
cryptococcal suspensions were pelleted by centrifugation and washed with
PBS(—) containing 0.1% fatty acid-free bovine serum albumin and then PBS(—)
alone. Lipids were extracted and separated by TLC as described above, using
chloroform-methanol-water (65:25:4, vol/vol/vol) as a solvent system. The radio-
activity in the separate lipid classes was estimated. Using this solvent system,
triacylglycerol (TAG) and diacylglycerol (DAG) could not be adequately sepa-
rated and are reported as TAG/DAG.

RESULTS

Effect of PLB1 on cryptococcal uptake and metabolism of
exogenous lipids. (i) Fatty acid uptake. The uptake and incor-
poration of exogenous radiolabeled AA, PA, and OA into
cryptococcal lipids from packed cell suspensions (stationary
phase) were compared in three different media (see Materials
and Methods). These were (i) imidazole buffer (pH 5.5) con-
taining 1% glucose, close to the optimal pH for PLB1 activity
and also close to pH values found in cryptococcomas and
inside macrophages (21, 29); (ii) YNB containing 0.5% glucose
at pH 7.3, close to the physiological pH; and (iii) 10X YNB at
pH 7.3, providing an osmotic stress analogous to that provided
by cryptococcal polyols at sites of infection (16, 17), predom-
inantly by the addition of 5% glucose. Previously, we showed
that this medium markedly increased the secretion of active
PLB from cryptococci (H99) and their adhesion to lung epi-
thelial cells (14). Radiolabeled AA, PA, and OA were each
taken up into lipids extracted from packed cell suspensions of
the H99 and Aplbl strains to the same extent in the three
different media after a 24-h incubation period. Oleic acid was
taken up most avidly, followed by palmitic acid and arachi-
donic acid (shown for incubation in buffer-glucose at pH 5.5 in
Fig. 1A).

(ii) Fatty acid metabolism. The distribution of the total
radioactivity incorporated into the cryptococcal lipids was as-
sessed by separating the individual lipid species in the total
lipid extract by TLC, thus enabling the extent and direction of
the metabolism of the fatty acids to be determined. After 24 h
of incubation, radioactivity in cryptococci was almost exclu-
sively found in lipid fractions containing free fatty acids (FFA),
TAG, DAG, and PL. In the two iso-osmolar media (pH 5.5 and
pH 7.3), the utilization levels for exogenous fatty acids were
identical and there was no difference between levels for cryp-
tococcal strain H99 and its PLB1 deletion mutant. The utili-
zation levels for the fatty acids were inversely proportional to
the uptake levels, with both strains incorporating around 55%
of radioactive arachidonic acid predominantly into PL and
DAG (Fig. 1B). About 35% and 15% of palmitic and oleic
acids, respectively, were esterified into TAG, DAG, and PL.
Notably, after 24 h, the pH in YNB media, initially at pH 7.3,
was 4.5 to 5.0 for both the H99 and the Aplb! strains, due to
acetic acid production (3). This pH range is optimal for PLB1
activity (5), but clearly, PLB1 activity does not affect either the
uptake or the esterification of fatty acids under these condi-
tions. Putative pathways for cryptococcal fatty acid metabolism
are shown in Fig. 2.

Under conditions of osmotic stress, both the H99 and the
Aplb1 strains esterified more of all three fatty acids (but espe-
cially oleic acid) into TAG, a storage lipid (Fig. 1C). Arachi-
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FIG. 1. Uptake and metabolism of exogenous [9,10(n)-*H]PA,
[9,10(n)->H]OA, and [5,6,8,9,11,12,14,15-*H]AA by cryptococci. Up-
take was performed in the presence of 1 wM carrier fatty acid. Total
incorporation of radioactivity into lipids of 0.5 ml of cryptococci (H99
and Aplbl strains) at stationary phase after 24 h of incubation in
imidazole buffer containing glucose (pH 5.5) is shown in panel A, with
the distributions of radioactivity in the individual lipid classes (calcu-
lated as percentages of the total lipids recovered from the TLC plate;
see Materials and Methods) shown in panel B. In panel C, the distri-
butions of radioactivity into these lipid classes after uptake under
hypertonic conditions (10X YNB) are shown. Values presented are the
means and standard errors of the means for four experiments, and
statistical significance was determined by the unpaired two-tailed ¢ test
and analysis of variance. a, different from AA values; b, different from
PA values; c, different from H99 values (P < 0.05).

donic acid was converted more to DAG and PL than palmitic
or oleic acids. Less esterification of all three fatty acids (sig-
nificant for arachidonic) occurred in the AplbI strain than in
H99, indicating that this mutant may be less efficient at remov-
ing potentially lytic free fatty acids in cryptococci under hyper-
tonic (or possibly other stressful) conditions.

(iii) Phospholipids. The uptake and metabolism of radiola-
beled phospholipids were then tested in the same three media,
and under the same conditions, used for the fatty acid studies.
These phospholipids were DPPC and DOPC, which are fa-
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FIG. 2. Proposed pathways for incorporation of fatty acids into
cryptococcal lipids. The fatty acids can be added exogenously or de-
rived from phospholipids by the PLB activity of PLB1 or phospho-
lipase A, or A,. The energy-dependent pathway involves the activation
of fatty acids by coenzyme A (CoA), whereas the energy-independent
pathway involves the transacylase activity of PLB1. The exact mecha-
nism of this transacylase is unknown.

vored substrates for PLB1 (5), and LysoPC, which could form
via hydrolysis of DPPC by host or cryptococcal phospholipase
A, activity and which also serves as a substrate for the lyso-
phospholipase and transacylase activities of the PLB1 enzyme.
Lysophospholipids are not detected as intermediates in cryp-
tococcal PLB activity.

In all media, the H99 wild-type and Aplb! strains incorpo-
rated radioactivity from LysoPC and DPPC to similar extents
(results for incubation in buffer at pH 5.5 are shown in Fig. 3),
although there was a trend, which was not statistically signifi-
cant, for less incorporation of DPPC into the AplbI strain.
Compared with what was found for H99, there was significantly
less uptake of DOPC into the AplbI strain under all conditions
(i.e., buffer, YNB, and 10X YNB). Less DPPC and DOPC
were taken up by the Aplb1 strain than LysoPC (Fig. 3).

The extent and direction of metabolism of the radiolabeled
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FIG. 3. Incorporation of radioactive label from the fatty acids of
exogenous phospholipids into lipids of cryptococci. Uptakes of 1,2-
di[1-'*C]palmitoyl phosphatidylcholine, 1,2-di[1-'*C]oleoyl-phosphati-
dylcholine, and 1-[1-"*C]palmitoyl-2-lysophosphatidylcholine were
performed using 1 wM carrier lipid with 0.5 ml of H99 and Aplb1 strain
cells at stationary phase after 24 h of incubation in imidazole buffer
containing glucose at pH 5.5. Results are the means and standard
errors of the means for four experiments, and significance was deter-
mined by the unpaired two-tailed ¢ test and analysis of variance. a,
different from LysoPC values; b, different from H99 values (P < 0.05).
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FIG. 4. Metabolism of radioactive label from the fatty acids of
exogenous phospholipids into separate lipid classes of cryptococci.
Uptakes of 1,2-di[1-'"*C]palmitoyl phosphatidylcholine and 1-[1-
14C]palmitoyl-2-lysophosphatidylcholine were performed with H99
and AplbI strain cells at stationary phase using 1 wM carrier lipids after
24 h of incubation in imidazole buffer containing glucose at pH 5.5 (A
and C) or under hypertonic conditions (B, 10X YNB). Separation into
lipid classes was performed by TLC, as described in Materials and
Methods. Results are means and standard errors of the means for four
experiments, with significance calculated by the unpaired two-tailed ¢
test. a, different from H99 values (P < 0.05).

phospholipids were determined by separating the individual
lipid species present in the total lipid extract by TLC, as de-
scribed above for the fatty acids. Most of the LysoPC was
deacylated and remained as free fatty acid (around 80%) in pH
5.5 buffer (Fig. 4A) or YNB (not shown), with no differences
between levels for wild-type and mutant strains, indicating that
deacylation was not PLB1 dependent. In contrast, under hy-
pertonic conditions (10X YNB), more LysoPC was metabo-
lized by H99 into TAG, DAG, and PL, with only around 25%
remaining as free fatty acid compared with 60% for the Aplbl
strain, again indicating a possible role for PLBI in the removal
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FIG. 5. Distribution of radioactive fatty acid label from 1-[1-
C]palmitoyl-2-lysophosphatidylcholine in cryptococcal lipid frac-
tions after 24 h of growth in YNB plus glucose. Total lipids were
extracted and fractionated into separate classes by TLC, as de-
scribed in Materials and Methods. Lipid fractions are FFA, PC,
LysoPC, and TAG/DAG. Cryptococci (H99, Aplbl, and Aplb1™*¢
strains) were grown in YNB with 0.5% glucose plus 1 pM carrier
LysoPC for 24 h at pH 5.5. Data represent the means = ranges of
isotope distribution as percentages of the overall uptake levels for
two separate experiments.
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of potentially lytic free fatty acids under hypertonic conditions
(Fig. 4B). It was confirmed by use of TLC with a polar solvent
system that 75 to 78% of the PL (Fig. 4A and B) was composed
of phosphatidylcholine (PC) rather than LysoPC.

As expected, more than 85 to 95% of exogenous DPPC or
DOPC was taken up but not metabolized by the Aplb1 strain,
whether incubated in buffer, YNB, or 10X YNB (results for
DPPC in pH 5.5 buffer are shown in Fig. 4C), whereas 80 to
90% of DPPC or DOPC was recovered as free fatty acid in
H99. Only trace amounts of LysoPC were detected in any of
the PL fractions isolated by TLC, confirming that break-
down of phospholipid was occurring by PLB1 activity rather
than PLA.

Role of PLB1 in the metabolism of phospholipids during
growth. (i) LysoPC. We have shown above that in media sup-
plemented with glucose as an energy source, stationary-phase
H99 and Aplb1 strain cells degrade LysoPC, which is normally
toxic to cells (13), by disrupting their membranes. We next
tested whether these strains and the reconstituted Aplb1™¢
strain could grow in the presence of LysoPC and utilize it as a
substrate for growth. No differences were observed in the
growth of all three strains over 24 h in YNB containing 0.5%
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FIG. 6. Effects of substituting 2.5 mM 1-palmitoyl lysophosphatidylcholine for glucose on cryptococcal growth (A) and radiolabeled fatty acid
distribution from 1-[1-"*C]palmitoyl-2-lysophosphatidylcholine (B) into FFA, PC, LysoPC, and TAG/DAG. Cryptococci were grown for 24 h at pH
5.5 in YNB. Data represent the means = standard deviations of CFU/ml (A) or isotope distributions (B) as percentages of the overall uptake levels
for three separate experiments. Significantly reduced growth was observed for all strains of cryptococci grown in LysoPC at 24 h compared with
what was found for corresponding controls grown in YNB containing 0.5% glucose (P < 0.05). The Aplb1 strain had significantly higher CFU/ml
at 2 to 5 h than the H99 and AplbI"* strains (P < 0.001). Radiolabel in PC (a) (P < 0.01), LysoPC (b) (P < 0.001), and TAG/DAG (c) (P < 0.05)
was significantly different from that in corresponding AplbI strain samples; data were analyzed using analysis of variance.
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glucose and 1 wM LysoPC at pH 5.5 (not shown). The levels
for total uptake of radioactivity from 1-[1-'*C]palmitoyl-2-ly-
sophosphatidylcholine in the presence of 1 uM LysoPC into
extracted lipids by all strains were similar, and separation of
lipid species by TLC showed that all strains degraded LysoPC
and reesterified the released fatty acids into PC and TAG/
DAG (Fig. 5). This indicates that PLB1 is not required to
detoxify LysoPC in the presence of glucose as an energy
source.

To test whether LysoPC could be used as an energy source,
this experiment was repeated in the absence of glucose in YNB
medium containing LysoPC (2.5 mM) as the sole source of
carbon. In contrast to what was found for cryptococci grown in
the presence of glucose, growth was now reduced in all three
strains over the first 24 h (Fig. 6A). Although some LysoPC
was degraded, with radiolabel detected in free fatty acids, sig-
nificantly less was metabolized to PC in the AplbI strain than
in H99 or the Aplb1™*¢ strain (Fig. 6B).

The conversion of LysoPC to PC was also observed in the
H99 culture supernatant, which became quite flocculent due to
the insolubility of PC in aqueous media, whereas that from the
Aplb1 strain remained clear (not shown). Thin-layer chroma-
tography of the extracted supernatant lipids confirmed these
observations, indicating a high level of secreted PLB1 activity
from the H99 and AplbI™ strains. Growth of the H99 and
Aplb1"¢ strains was observed between 24 to 48 h, in contrast to
that of the Aplb1 strain, which had not recovered by 30 h in this
experiment or by 30 and 48 h in a separate experiment using
both 1 mM and 2.5 mM LysoPC (data not shown). Because the
fatty acid levels are similar in wild-type, mutant, and recombi-
nant strains (Fig. 6B), we can conclude that the Ap/bI strain
cells are dying due to LysoPC toxicity rather than a lack of a
carbon source (fatty acid) for growth. Together, these data
indicate a role for PLB1 in detoxifying LysoPC in the absence
of an energy supply such as glucose. This is not unexpected,
since the transacylase activity of PLB1 does not require the
addition of ATP to activate the fatty acids involved (Fig. 2,
pathways).

(ii) DPPC. When the H99 and Aplb1I strains were cultured
for 24 h in YNB containing 1% glucose at pH 5.5, there was a
trend, which was not statistically significant, for increased
growth of H99 in the presence of 1 uM DPPC (data not
shown). Similarly, radiolabeling experiments and lipid analyses
indicated that a small but significant amount of DPPC was
metabolized under these conditions by H99 (none by the Aplb!
strain), mainly to DAG/TAG (Fig. 7A). The AplbI strain in-
corporated 2.3 times more total radiolabeled DPPC than H99
(P < 0.05, paired two-tailed ¢ test), indicating that metabolism
of the DPPC substrate by the PLBl-competent strain had
occurred in the medium as well as intracellularly. Both exog-
enous and endogenous metabolism of DPPC occurred only
under acidic conditions (pH 5.5), which would favor PLB1
activities, and were not evident when the experiments were
carried out at pH 7.0 (data not shown).

When 2 mM DPPC was substituted for glucose, there were
no significant differences between the growth rates of the H99
and Aplb1 strains at 24 h and those of their glucose-containing
controls (data not shown), indicating that DPPC can support
growth in the absence of glucose, and it does not require PLBI.
Strain-dependent differences were observed, however, in the
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FIG. 7. Comparison of the distributions of radioactive fatty acid
from 1,2-di[1-'*C]palmitoyl phosphatidylcholine in cryptococci grown
in the presence of glucose (A) or as a substitute for glucose (B). In the
experiment for panel A, the cryptococci were grown for 24 h in YNB
at pH 5.5 containing 1% glucose plus 1 pM carrier DPPC, whereas in
the experiment for panel B, 2 mM DPPC was used instead of glucose.
Isotope distributions into FFA, PC, LysoPC, and TAG/DAG are rep-
resented as the means * standard deviations of the total isotope
uptake levels, with four separate experiments for panel A and seven
separate experiments for panel B. Data were compared using the
unpaired two-tailed ¢ test and analysis of variance. In the experiment
for panel A, FFA (a) (P < 0.01), PC (b) (P = 0.02), LysoPC (c¢) (P <
0.01), and TAG/DAG (d) (P = 0.02) were significantly different from
those observed for the Aplbl strain. In the experiment for panel B,
radiolabel in FFA (a) (P < 0.01) and LysoPC (c) (P < 0.01) was
significantly different from that observed in corresponding Aplb1 strain
samples.

distribution of radiolabeled DPPC into the various lipid
classes, mainly involving conversion by H99 to free fatty acid,
presumably for energy production (Fig. 7B). In contrast to
total uptake of radiolabeled DPPC in the presence of glucose,
uptake in its absence was significantly higher in H99 than in the
Aplb1 strain (2.5-fold, P < 0.05, paired two-tailed ¢ test). Thus,
it appears that PLB1 is metabolizing DPPC intracellularly in
the PLB1-competent strain, but it does not appear to be es-
sential for growth, at least over 24 h.

It is of interest that DPPC (equivalent to 2 mM) supplied as
lung surfactant produced the same effects as those described
above for pure DPPC (data not shown).

(iii) PAPC. Strain H99 has been shown (22) to produce
eicosanoids from exogenous diarachidonoyl phosphatidylcho-
line (DAPC), which contains arachidonic acid in both the sn-1
and the sn-2 positions. However, in macrophages, the lipid
species commonly contain arachidonic acid in the sn-2 position
and a saturated fatty acid, such as palmitic or stearic acid, or an
ether-linked fatty acid in the sn-1 position (27, 32). We there-
fore tested the effects of PAPC, radiolabeled in the arachi-
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FIG. 8. Effect of substituting 869 pM PAPC for glucose on cryptococcal growth in YNB (A) and distribution of radioactivity from L-a-1-
palmitoyl-2-arachidonoyl [arachidonoyl-1-'*C]phosphatidylcholine into cryptococcal lipid classes (B). Data represent the means = standard
deviations of CFU/ml (A) and isotope distributions (B) as percentages of the overall uptake. Radiolabeled PAPC (PC) and LysoPC were detected
in lipid fractions after 24 h. FFA and DAG/TAG levels are not visible above the baseline. *, significant difference in growth after 24 h was observed
with all strains grown in PAPC compared with what was found for corresponding controls grown in YNB containing 0.5% glucose (P < 0.01), using
the paired two-tailed ¢ test, in three separate experiments. No significant differences were observed in lipid distributions between strains.

donic acid chain, together with 869 uM carrier PAPC, on
growth and metabolism in the presence or absence of glucose
at pH 5.5. In the presence of glucose, all three strains grew to
similar extents over 24 h, and as with DPPC (Fig. 7), both the
H99 and the Aplb1"*¢ strains, but not the Aplb1 strain, metab-
olized significant amounts of PAPC, predominantly into stor-
age TAG (data not shown).

The levels of total uptake of radiolabel derived from PAPC
were similar in all three strains, but there was no growth over
24 h when PAPC was used as the sole source of carbon (Fig.
8A). Surprisingly, the arachidonic acid label derived from the
sn-2 position of PAPC was found in all strains only in LysoPC
and not in free fatty acid, indicating removal of the unlabeled
fatty acid from the sn-1 position and suggesting that a PLA,
rather than PLB1 was responsible for the hydrolysis (Fig. 8B).

The role of PLB1 in the phagocytosis/strong adhesion of
cryptococci by the macrophage-like cell line THP-1. Cox et al.
(9) reported that the budding of intracellular Aplb! strain after
ingestion by the macrophage-like cell line J774 was reduced

compared with that of H99 but that phagocytosis was not
affected. We sought to determine the effect of active crypto-
coccal PLB1, which is heat labile, by measuring the phagocy-
tosis of live and heat-killed (autoclaved) H99, Aplbl, and
Aplb1"*¢ strain cells (Fig. 9). Under our conditions, the phago-
cytosis of live H99 cells (7.3% =+ 1.2%) was significantly greater
than that for Ap/b1 strain cells (4.3% = 0.8%). The uptake
levels of killed cryptococci for all three strains were similar
and higher than those for the live organisms, though the
difference was significant only for the AplbI strain (Fig. 9).
This is an interesting observation, as the level of adherence
of dead Aplb1 strain cells to the lung epithelial cell line A549
is similarly higher than that of live cells (14).

Effect of phagocytosis on fatty acid composition of C. neo-
Jormans. In Fig. 1, it was shown that, in vitro, exogenous ara-
chidonic, oleic, and palmitic acids can be taken up and metab-
olized to DAG, TAG, and phospholipids by both wild-type and
PLB1 deletion mutant cryptococci (eicosanoid production was
not measured). Evidence of transcellular metabolism of ara-
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FIG. 9. Phagocytosis of the H99, Aplb1, and Aplb1"* C. neoformans
strains by THP-1 cells. Live or autoclaved cryptococci, radiolabeled
with oleic acid, were opsonized with 10% human AB serum and then
incubated with THP-1 cells for 4 to 5 h. a, P < 0.05, significant relative
to what was found for Aplb1 strain cells; b, P < 0.05, significant relative
to what was found for dead AplbI strain cells by the paired two-tailed
t test (three separate experiments, done in triplicate).

chidonic acid by cryptococci was sought by allowing live and
killed (autoclaved) cryptococci to be phagocytosed by THP-1
cells and analyzing the fatty acid compositions of THP-1 cell
lipids and of cryptococcal lipids before and after phagocytosis.
The autoclaved cryptococci served as a control for nonenzy-
matic activity and for the presence of residual THP-1 mem-
branes or nonincorporated fatty acids that remained adherent
to the cryptococci.

The fatty acid composition of lipids extracted from THP-1
cells was markedly different from that of cryptococcal strain
H99 as revealed by gas chromatographic analysis. The fatty
acids of lipids in the phagocytic cells tended to have more of
the saturated fatty acids 14:0, 16:0, and 18:0 and the monoun-
saturated fatty acid 16:1 than both live and dead cryptococci,
with the major component being palmitic acid (29%) (Table
1). Cryptococci contained much more oleic acid ( 1w9c) and
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linoleic acid (18:2w6,9¢), with the compositions being compa-
rable with those of other clinical strains of C. neoformans (18).
The absence of arachidonic acid and 18:1w7 in cryptococci is
noteworthy (18 (Table 1).

Prior to phagocytosis, both live and autoclaved H99 cells
showed no significant differences in fatty acid composition
(P > 0.05) except for myristic acid (14:0), which was reduced
by 53% in autoclaved cryptococci (Table 1). After phagocyto-
sis, the fatty acid compositions of both live and autoclaved
cryptococci showed selective changes superimposed on a gen-
eral profile more like that of the THP-1 cells. The latter ob-
servation indicates that despite extensive hypotonic lysis and
washing of cryptococci to free them from macrophages, resid-
ual macrophage-derived lipids remained attached to the cryp-
tococcal cells. Live and autoclaved cryptococci were therefore
compared after phagocytosis to determine the extent to which
the observed fatty acid changes were due to PLB1 enzyme
activity versus adhesion of residual THP-1 lipids. Uptake of
arachidonic acid from THP-1 cells was 77% higher in live than
in dead cryptococci, consistent with an enzyme-mediated ef-
fect. The fatty acids 14:0 aldehyde and 18:lw7c were also
significantly enriched in live cryptococci, whereas 18:2w6,9¢
was decreased (Table 1).

Prior to phagocytosis, the fatty acid compositions of the
Aplbl and AplbI™ strains showed no significant differences
from those of the H99 wild-type strain when analyzed using the
CLIN 50 library (data not shown). Slight differences were
noted using the Yeast 28 library database (e.g., in minor com-
ponents 14:0, 14:0 aldehyde, and 16:1) when the AplbI strain
was studied in a separate set of experiments (Table 2). Ara-
chidonic acid and 18:1w7c were again absent.

Following phagocytosis, the pattern of THP1-derived fatty
acids incorporated into the AplbI strain differed from that
observed for H99 (Table 2). Two saturated fatty acids, palmitic
acid (16:0) and stearic acid (18:0), were preferentially incor-
porated into live AplbI strain cells compared with the results
for killed AplbI strain cells, whereas unlike with H99, neither

TABLE 1. Fatty acid compositions of live and killed cryptococcal strain H99 cells

Value (% [SEM])* for indicated cell group

Fatty acid Live Killed
THP-1
Before ¢¢ After oo Before o¢ After o¢
14:0 3.50 (0.97) 1.53° (0.24) 3.58 (1.02) 0.72° (0.29) 3.08 (1.08)
14:0 aldehyde 1.05 (0.46) 0.24° (0.14) 1.467 (0.38) 0 (0) 1.11 (0.31)
16:0 28.94 (1.17) 19.36° (1.1) 25.39 (1.32) 18.14 (0.17) 25.19 (1.19)
16:1 cis 9 (w7c) 14.10 (1.59) 0.96° (0.16) 11.82 (1.23) 0.98 (0.45) 11.13 (1.45)
18:0 9.27 (1.18) 3.86° (0.22) 7.22 (0.68) 4.29 (0.42) 8.30 (0.96)
18:1w7c? 10.69 (0.49) 0° (0) 8.42¢ (0.40) 0 (0) 7.91 (0.51)
18:1w9¢ 21.83 (0.76) 40.32° (1.25) 25.25 (3.33) 42.46 (0.85) 26.47 (1.47)
18:206,9¢ 4.30 (0.35) 33.04” (0.42) 9.447 (2.02) 31.93 (1.63) 12.58 (1.88)
20:406,9,12,15 arachidonic acid 6.31 (0.53) 0° (0) 7.427 (1.38) 0(0) 4.20 (1.21)

“ Composition was determined by gas chromatography using the CLIN 50 library before and after phagocytosis by THP-1 macrophages. Enzyme-mediated changes
to lipid composition during cryptococcal-phagocyte interaction were analyzed by pair-wise comparison of each lipid class in live and killed cryptococci after phagocytosis
(values in bold) using the two-tailed # test. Values are expressed as percentages of the sum of the areas of all peaks identified and are the means (with standard errors
of the means in parentheses) for five separate experiments. ¢¢ symbolizes phagocytosis.

> P < 0.05, relative to value for THP-1.

¢ P < 0.05, relative to value for live H99, before phagocytosis.
4P < 0.05, relative to value for killed H99, after phagocytosis.
¢ May contain traces of 18:1 cis 11/trans 9/trans 6.

/May contain traces of 18:1w6,9c and 18:0 ANTEISO.
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TABLE 2. Fatty acid compositions of live and killed Aplb! cryptococcal strain cells

Value (% [SEM])* for indicated cell group

Fatty acid Live Killed
THP-1
Before ¢¢ After ¢¢ Before ¢¢ After ¢¢
14:0 5.39 (0.49) 0° (0) 0 (0) 0(0) 0 (0)
14:0 aldehyde 3.39 (0.94) 0° (0) 0 (0) 0 (0) 0 (0)
16:0 27.03 (0.54) 19.79° (0.66) 31.017 (2.82) 21.73° (1.01) 26.51 (1.36)
16:1 cis 9 (w7c) 14.47 (1.36) 0° (0) 0 (0) 0(0) 0 (0)
18:0 9.08 (0.86) 4.70° (0.41) 8.35¢ (1.25) 6.52 (0.86) 7.05 (1.07)
18:1w7c? 10.08 (0.27) 0° (0) 0 (0) 0(0) 0(0)
18:1w9c 19.99 (0.55) 37.42° (0.64) 34.86 (2.46) 35.94¢ (0.33) 34.96 (2.59)
18:2w6,9¢ 5.68 (0.83) 37.69° (1.21) 25.78% (1.88) 35.61 (1.88) 31.47 2.92)
20:406,9,12,15 arachidonic acid 3.29 (0.32) 0”7 (0) 0(0) 0(0) 0(0)

“ Composition was determined by gas chromatography using the Yeast 28 library before and after phagocytosis by THP-1 cells. Enzyme-mediated changes to lipid
composition during cryptococcal-phagocyte interaction were analyzed by pair-wise comparison of each lipid class in live and killed cryptococci after phagocytosis (values
in bold) using the two-tailed ¢ test. Values are expressed as percentages of the sum of the areas of all peaks identified and are the means (with standard errors of the

means in parentheses) for three separate experiments. ¢ symbolizes phagocytosis.

b P < 0.05, relative to value for THP-1.

¢ P < 0.05, relative to value for live AplbI, before phagocytosis.
4P < 0.05, relative to value for killed Aplb1, after phagocytosis.
¢ May contain traces of 18:1 cis 11/trans 9/trans 6.

/May contain traces of 18:1w6,9¢ and 18:0 ANTEISO.

arachidonic acid nor 18:1w7c was present in the AplbI strain.
As with H99, the 18:2w6,9¢c level was lower in live than in dead
cells after phagocytosis, consistent with transfer of this fatty
acid from cryptococci to the THP-1 cells.

DISCUSSION

In this study, we have proven the hypothesis that cryptococci
phagocytosed by mammalian macrophages take up and metab-
olize fatty acids of macrophage origin and that incorporation
of arachidonic acid, a precursor of cryptococcal eicosanoid
production, is specifically PLB1 dependent. Cryptococci can
thereby act as a “sink” for macrophage-derived arachidonate,
reducing its availability for phagocytic activation.

In addition, we have shown for the first time that cryptococci
utilize PLB1 to metabolize phospholipids present at sites of
human infection, specifically, its preferred substrates DPPC
(5), found in host surfactant, and DOPC (5), a component of
mammalian cell membranes. In the absence of glucose as an
energy source, PLB1 is required for reacylation of a toxic
product of DPPC hydrolysis, LysoPC, which could be formed
by phospholipase A, activity.

The finding of reduced phagocytosis of live cryptococci in
the absence of a functional PLB1 gene is at variance with
published data (9). This may be explained by our use of a
different phagocytic cell line (THP-1 rather than J774) and
different opsonization conditions but is most likely due to the
fact that Cox et al. (9) measured phagocytosis in the presence
of 10% fetal calf serum. We have shown previously that fetal
calf serum inhibits PLB activity (30). Furthermore, our results
are consistent with previous data implicating PLB1 in the ad-
hesion of cryptococci (a prerequisite for phagocytosis) to a
human lung epithelial cell line (14).

PLB1 and lipid metabolism in cryptococci. Exogenous fatty
acids were taken up readily by cryptococci independently of
PLBI1. The mechanisms of fatty acid uptake in cryptococci are
unknown, but those in mammalian cells involve protein-medi-
ated transport and/or simple diffusion (1, 19). Surprisingly,

much free fatty acid, which is potentially toxic to cell mem-
branes, was taken up by the fungus but not incorporated into
lipids, suggesting that it is stored, possibly in the capsule or cell
wall to avoid lytic membrane damage. There was also some
esterification of fatty acids into the signaling lipid, DAG, the
storage lipid, TAG, and membrane phospholipids by a mech-
anism that was independent of PLB1, except under hypertonic
conditions where esterification of arachidonic acid, in particu-
lar, was reduced in the Aplb1 strain. Arachidonic acid, in con-
trast to palmitic and oleic acids, is not normally found in
cryptococci (18) (Tables 1 and 2). The high rate of esterifica-
tion for arachidonic acid compared with those for palmitic and
oleic acids may be a protective mechanism, since in mamma-
lian systems, intracellular unesterified arachidonic acid can
signal apoptosis (4).

In addition, PLB1 was required to esterify the free fatty acid
produced by hydrolysis of LysoPC under hypertonic condi-
tions. Since the transacylase activity of PLBI is energy inde-
pendent (5), this would provide an energy-saving alternative
transacylation pathway that is active under stress conditions
(Fig. 2). Usually, fatty acids are activated by ATP formed in the
presence of an energy source, such as glucose, to coenzyme A
derivatives before metabolic utilization (6, 11) (Fig. 2). The
ability of the Ap/bI strain to acylate LysoPC to form PC only in
the presence of glucose indicates a switch to a PLB1-indepen-
dent transacylase pathway which is energy dependent. To-
gether, these data suggest that in cryptococci, as in mammalian
cells (6, 32), there are energy-dependent and -independent
pathways of fatty acid esterification. It is likely that PLBI1
activity is essential during stress, when energy needs to be
conserved. A role for PLB1 in cryptococcal membrane integ-
rity and/or remodeling during stress is consistent with our
previous findings of enhanced PLB1 secretion at a physiolog-
ical temperature (30), during osmotic stress (14), and demon-
stration of PLBI activity in experimental cryptococcomas (16).

PLBI1 was also essential for maintaining viability of crypto-
cocci when cultured in medium containing LysoPC as a sole
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carbon source, since this condition was lethal for the Aplbl
strain. Although growth of PLB1-competent strains was also
reduced upon initial transfer into glucose-free medium, growth
resumed within 24 h, most likely due to the initiation of the
reacylation of both cell-associated and extracellular LysoPC to
form PC. In contrast, in this medium, LysoPC was minimally
degraded or esterified by the Aplb! strain.

During growth in the presence of glucose, LysoPC was de-
toxified by conversion to PC for new membranes and TAG for
storage and deacylated, producing free fatty acid, by a PLB1-
independent pathway, indicating that a lysophospholipase
other than PLB1 was responsible. Two additional lysophospho-
lipases have been observed in cryptococci (8, 31).

Uptake of the physiologically important phospholipids,
DPPC and DOPC, was not dependent on PLB activity since
both were present in stationary-phase AplbI strain cells. Sub-
sequent hydrolysis was achieved by PLB1, with almost com-
plete release of fatty acids from both substrates observed in
H99 and no hydrolysis observed in the Aplbl strain. Metabo-
lism of DPPC was greatly reduced during logarithmic growth
of H99 in the presence of glucose, with some conversion to free
fatty acid and storage as TAG in H99, whereas in the absence
of glucose, the degraded DPPC remained as free fatty acid,
presumably for energy production.

Evidence for PLA, activity in Cryptococcus. Metabolism of
exogenous DAPC by cryptococci has been shown to be PLB1
dependent and to result in the generation of anti-inflammatory
eicosanoids from DAPC-derived arachidonic acid (22). In this
study, we tested the hypothesis that arachidonic acid is re-
leased by cryptococcal PLB1 from the sn-2 position of the
physiologically more common PAPC. In the absence of glu-
cose, PAPC did not support cryptococcal growth but was taken
up equally by all cryptococcal strains. However, PAPC was
hydrolyzed to 2-arachidonoyl LysoPC, consistent with PLA;
rather than PLBI activity and suggesting that 2-arachidonoyl
LysoPC cannot be metabolized and detoxified by cryptococcal
LPL/LPTA in the absence of glucose. Recently, cell-associated
PLA activity has been observed in membrane fractions of C.
neoformans (15).

Transcellular metabolism of arachidonic acid from phago-
cytes by cryptococci. PLB1-dependent generation of prosta-
glandins from exogenously supplied arachidonic acid was ob-
served by Noverr et al. (23). These workers postulated that
generation of prostaglandins by cryptococci in vivo explains
their survival within host macrophages, since macrophage fun-
gistatic activity is suppressed by prostaglandins. The source of
the arachidonic acid was not determined.

We confirmed in this study that there is no naturally occur-
ring arachidonic acid in cryptococci (18). Furthermore, we
showed that arachidonic acid is selectively enriched in live H99
wild-type cryptococci compared with that in heat-killed H99
wild-type cryptococci after ingestion by and/or strong adhesion
to the macrophage-like cell line THP-1. This difference was
significant despite a greater index of adhesion/ingestion for
heat-killed than for live organisms under these conditions (Fig.
9) and confirms that the arachidonic acid found in cryptococci
after phagocytosis is of macrophage origin. The observation
that some arachidonate was extracted from killed H99 cells
after phagocytosis is presumably due to residual host-derived
fatty acid that is present despite extensive enzyme treatment
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and washing. This interpretation is supported by a background
increase in other THP-associated lipids in both live and killed
cryptococci after phagocytosis and by our previous observation
of differences in capsule structure after heat killing, detected
by infrared spectroscopy (14), leading to differences in “stick-
iness” toward mammalian cells.

Arachidonic acid is almost exclusively found in the sn-2
position of the glycerol backbone of phospholipids in mamma-
lian cell membranes and could be released by the activity of
mammalian PLA, (secondary to cell membrane perturbation
during adhesion or phagocytosis) (6, 26, 32) or via the activity
of secreted or cell surface-associated cryptococcal PLB1 (10,
15). THP-1 cells are rich in arachidonic acid and demonstrate
almost equal distributions of arachidonate in phosphatidyleth-
anolamine, PC, and phosphatidylinositol species. In addition,
proliferating THP-1 cells remodel arachidonate at extremely
high rates (27). As no arachidonate was present in Aplb1 strain
cells after phagocytosis, it can be concluded that arachidonic
acid present in wild-type cryptococci was hydrolyzed from mac-
rophage phospholipids by the action of cryptococcal PLBI.
Arachidonic acid taken up by cryptococci is then esterified into
membrane phospholipids or DAG/TAG for storage or signal
transduction (Fig. 1) or converted into prostaglandins (22, 23).

In a preliminary in vivo experiment, cryptococci were iso-
lated by bronchoalveolar lavage from mice inoculated intrana-
sally with either H99 or the AplbI strain. Fatty acid analyses
indicated that arachidonic acid constituted 6.6% of H99 fatty
acids but only 4.7% of Aplbl strain fatty acids, despite the
presence of large amounts of contaminating host cellular de-
bris in the latter (J. Djordjevic, unpublished data).

Incorporation of host fatty acids other than arachidonic. In
addition to incorporation of arachidonic acid into H99 cells,
there was significant incorporation of other fatty acids, e.g.,
14:0 aldehyde and 18:1w7c in H99 and 16:0 and 18:0 in the
Aplb1 strain, after passage via THP-1 cells. In both cell lines,
18:2w6,9¢ was decreased. The function of these fatty acids in
cryptococcal metabolism is unknown. Overall, Aplbl strain
cells acquire more saturated fatty acids than H99 cells after
passage via THP-1 cells, making membranes potentially more
rigid and less flexible. Membrane remodeling via fatty acid
biosynthesis and saturation-desaturation are important regula-
tory mechanisms for overcoming stress responses in C. neofor-
mans (20). Cryptococci may acquire host fatty acids for this
function, as the LPTA activity of PLBI1 requires no input of
energy. We postulate that the relative increase in unsaturated
fatty acids in H99 under the osmotic and other stresses present
in the phagocytic vacuole results in increased membrane flu-
idity, which promotes replication and intracellular survival of
H99 compared with those of the AplbI strain.

We conclude that C. neoformans can acquire and utilize lipid
components from its environment, including the mammalian
host. We propose that cryptococcal PLB1, which we have dem-
onstrated in experimental cryptococcosis in vivo and have
shown to be essential for establishment of pulmonary infection
and dissemination to the brain and other organs, also promotes
survival and replication of cryptococci within macrophages,
where the intraphagosomal pH is known to be similar to the
pH optimum for cryptococcal PLB1 (5.5) (21). In particular,
transcellular metabolism of macrophage-derived arachidonic
acid is a potentially novel means of diverting arachidonate
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from mammalian cell pathways of phagocyte activation to gen-
erate more flexible cryptococcal membranes enriched in un-
saturated fatty acids and to enhance the production of crypto-
coccal eicosanoids that inhibit macrophage fungistatic activity,
with consequent suppression of the host immune response.
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