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The human fungal pathogens Cryptococcus neoformans and C. gattii cause life-threatening infections of the central nervous
system. One of the major characteristics of cryptococcal disease is the ability of the pathogen to parasitise upon phagocytic
immune effector cells, a phenomenon that correlates strongly with virulence in rodent models of infection. Despite the
importance of phagocyte/Cryptococcus interactions to disease progression, current methods for assaying virulence in the
macrophage system are both time consuming and low throughput. Here, we introduce the first stable and fully
characterised GFP-expressing derivatives of two widely used cryptococcal strains: C. neoformans serotype A type strain H99
and C. gattii serotype B type strain R265. Both strains show unaltered responses to environmental and host stress conditions
and no deficiency in virulence in the macrophage model system. In addition, we report the development of a method to
effectively and rapidly investigate macrophage parasitism by flow cytometry, a technique that preserves the accuracy of
current approaches but offers a four-fold improvement in speed.
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Introduction

Cryptococcus negformans (serotypes A and D) and C. gattii (serotypes
B and C) are encapsulated basidiomycetous yeasts that are the
causative agents of cryptococcosis [1]. C. negformans mainly infects
immunocompromised individuals for example those with HIV
infection, leukemia and other cancers or undergoing corticosteroid
treatment [2]. Within this species, serotype A isolates have been
found to cause the majority of infections [2]. In contrast, C. gatti is
a primary and emerging pathogen of healthy individuals; in
particular in North America where serotype B subgroup VGlIa is
responsible for approximately 95% of infections in outbreaks in
British Columbia, Canada and in the Pacific Northwest [3,4].

Cryptococcal infection can be asymptomatic, chronic or acute.
Infection is thought to occur via inhalation of desiccated yeast cells
or spores [1,5]. The initial pulmonary colonization is most often
asymptomatic or presents with cold-like symptoms such as
coughing and mild fever but pneumonia and acute respiratory
stress syndrome have been reported in severe cases [6,7]. The
disease then typically disseminates from the primary site of
infection to the central nervous system leading to meningitis and
meningoencephalitis that are fatal without rapid clinical interven-
tion. In addition, cryptococcosis can occasionally present as a
secondary infection of skin, lungs, prostate and eye [2]. Globally,
cases of cryptococcal meningitis are estimated to be 957,900 of
which 624,700 result in death each year [8].

Macrophages seem to play a critical role in the progression and
outcome of cryptococcal infections. Yeast cells are internalised by
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alveolar macrophages shortly after infection [9,10] and can then
survive and proliferate within the host cell, eventually escaping by
cell lysis [10,11,12,13,14,15,16] or a novel non-lytic expulsive
mechanism [17,18]. The ability to reside within macrophages,
together with the phenomenon of lateral yeast cell transfer from
one macrophage to another [11,14] have led to the suggestion that
cryptococci may disseminate within the host via a “I'rojan Horse’
mechanism [19,20].

Research into the interaction between Cryptococcus and macro-
phages in recent years has established this as a model system for
investigation of cryptococcal virulence, since intracellular yeast
proliferation in macrophages correlates well with virulence data
from mice [15,21]. However, experimental approaches to quantify
macrophage parasitism rely on time-lapse imaging and/or manual
colony counts of isolated yeast, both of which are low throughput,
time-consuming methods. To facilitate faster analysis of crypto-
coccal intracellular parasitism, we have been investigating the use
of fluorescently tagged yeast together with flow cytometry. Here,
we report the production of two cryptococcal strains that show
strong, stable GFP expression: a GFP-positive C. negformans
serotype A type strain H99 and a GFP-positive C. gattiz serotype
B type strain R265 (an isolate from the ongoing Vancouver Island
Outbreak [4]). We have extensively characterised both strains and
show that their responses to environmental and host stress
conditions and their virulence in the macrophage model system
remain unaltered. Using these strains, we report a flow cytometric
approach for accurate, high throughput quantification of macro-
phage parasitism. Taken together, these findings represent a
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powertul resource for the cryptococcosis research community and
should facilitate rapid advances in our understanding of
cryptococcal virulence.

Results

Random genomic integration and expression of a GFP
construct in C. neoformans H99 and C. gattii R265

To achieve constitutive GFP expression, we created a construct
where GFP is under the control of the actin promoter and
tryptophan terminator. Both sequences, obtained from NCBI for
the C. negformans strain JECG21 (AY483215), were used for the
design of overlapping primers. The three overlapping PCR
products were combined into the vector pRS426 [22] to create
a GFP construct using the homologous recombination machinery
of S. cerevisiae. Afterwards, the construct was recovered by PCR
and ligated into the vector pAG32 [23], which was used as shuttle
vector for biolistic bombardment (Figure 1A). Three individual
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Figure 1. GFP expressing mutants. (A) Plasmid map of pAG32
containing GFP construct and GFP-construct with primer localisation
below. (B) Growth rate analysis of the GFP-positive strains. Yeast were
grown in YPD media at 25°C with rotation (20 rpm). Colony forming
units were counted at time point 0 and 24 hours and relative strain
growth calculated. Plasmid map was created using the PlasMapper 2.0
[60]. (* P-Value <0.05, *** P-Value <0.001).
doi:10.1371/journal.pone.0015968.g001
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biolistic transformations yielded a range of hygromycin B resistant
and GFP expressing (. gattii R265 colonies but only two
transformant C. negformans H99 colonies. All positive colonies were
re-streaked onto selective YPD plates. Eight C. gattiz R265 strains
(R265_GFP6, R265_GFP13, R265_GFP14, R265_GFP15,
R265_GFP17, R265_GFP18, R265_GFP20, R265_GFP21) sta-
bly expressing GFP were randomly selected for further analysis. Of
the two transformed H99 colonies, one showed unstable GFP
expression that was lost after being re-streaked and hence only a
single GI'P-expressing H99 strain was used for further analysis. As
a first step to analyse these GIP-strains, we assessed growth in
YPD media at 25°C. Strains R265_GFP20 and R265_GFP21
showed a statistically significant reduction in growth rate in YPD
compared to the parental R265 strain and these two strains were
therefore excluded from further analysis. However, none of the
remaining mutants were altered in their ability to growth in YPD
media (Figure 1B).

GFP expressing strains show no altered response to
stress conditions

Within this host environment Cryptococcus encounters a variety of
stresses. The five selected GFP-positive strains were tested in an i
vitro system for their ability to cope with different stress conditions
in comparison with their parental strains (Figure 2 and Table S1).
Growth rates of all five GFP-expressing strains were indistinguish-
able from their respective parental strains at two different
temperatures (25°C and 37°C). In addition, none of the strains
were altered in their response to hypoxia (3% oxygen or treatment
with 0.05, 0.1 and 0.3 mM CoCl, [24]), oxidative (0.25, 0.5, 1 and
5 mM HyOy) or nitrosative (1, 5 and 20 mM NaNOy) stress, or
exposure to cell wall damage (0.005, 0.01 and 0.05% SDS or 0.05,
0.1 and 0.3 M NaCl). NaNO, treatment did not reduce growth at
any of the chosen concentrations. However, concentrations as low
as 250 uM and 500 uM NaNO, have been shown to induce a
transcriptional or translational response, respectively, to this stress
[25]. Hence, we believe the chosen concentrations were sufficient
to reveal potential stress-mediated growth defects due to
integration of GIFP. Thus, none of the GIFP-expressing strains
show any significant changes in their response to stress conditions.

GFP expressing strains show no alteration in virulence in
macrophages

Since macrophage/cryptococcal interactions are critical for
disease progression [26,27], we tested whether the expression of
GIP altered cryptococcal behaviour within phagocytic effector
cells. Using the J774 macrophage-like cell line, we tested each of
the GFP positive strains for a) phagocytic uptake (Figure 3A), b)
intracellular proliferation (Figure 3B) and c) the occurrence of
expulsion (Figure 3C). All of the GFP-expressing strains were
indistinguishable from their parental strains in each parameter
tested (Table S1). Thus, expression of GIP in these strains does
not alter their ability to parasitize macrophages.

GFP expression is entirely distinct from Cryptococcus
autofluorescence

Imaging by epifluorescence showed that GFP expressing strains
expressed strong cytoplasmic green fluorescence that was entirely
absent from parental strains (Figure 4A). To distinguish between
GFP fluorescence and autofluorescence we imaged our strains by
spectral confocal microscopy. In agreement with our epifluores-
cence data, with identical image capture and processing, the
parental strains had no discernable fluorescence relative to the
GIP expressing strains (Figure 4B). After phagocytosis of yeast by
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Figure 2. Response of GFP expressing strains to stress. The stress tolerance of the GFP-expressing isolates was tested by incubation under
stress conditions for 24 hours followed by relative CFU analysis. Neither high temperature (A), hypoxia (B), oxidative stress (C), nitrosative stress (D),
SDS exposure (E) or high salt (F) resulted in any significant differences in survival relative to non-GFP expressing parental strains (Table S1). Data are
presented as means of at least three independent repeats with 2 times standard error.

doi:10.1371/journal.pone.0015968.g002

macrophages there was no change in fluorescence in either the
GIP expressing strains or the parental strains (Figure 4C).
Furthermore, time lapse imaging of intracellular H99 for 9 hours
resulted in no observable increase in autofluorescence in
comparison to the fluorescence of the GIFP expressing H99 strain
(Figure S1). The autofluorescence of our two parental strains was
only visible with a 5-fold increase in laser power and maximum
detector sensitivity (Figure 4D). This autofluorescence was not
visibly altered after phagocytosis by macrophages (Figure 4E). In
addition, we include here the 32 individual, 6 nm wavelength
channel images for each strain, both intracellular and extracellu-
lar, and note that the spectra of GFP and Cryptococcus autofluo-
rescence are sufficiently different to allow spectral un-mixing
when, unlike in our strains, GFP fluorescence is too weak to allow
separation by intensity (Figures S2-12).

GFP expressing strains can be used for automated
analysis of cryptococcal interaction with macrophages

To date, analysis of cryptococcal interactions with macrophages
has required elaborate and time-consuming experimental ap-
proaches. Potentially, flow cytometric-based systems offer an
accurate but high-throughput alternative strategy for analysing
intracellular proliferation. Since the GFP-positive strains described
above are unaltered in their behaviour in macrophages, we used
these strains to develop a flow cytometry-based methodology for
quantifying intracellular proliferation of cryptococci after lysis of
mammalian cells. Analysis of fluorescence and forward scatter by
flow cytometry showed all five GIFP expressing strains were clearly
distinct from both the non-GFP expressing parental strains and
from uninfected macrophages (Figure 5A). Similar data were
obtained for R265-GFP (data not shown). Our previously
published method for assaying proliferation within macrophages
requires lysis of macrophages followed by manual counting of
numerous replicate samples using either a haemocytometer or by
plating on YPD plates and counting colony forming units (CFU)
[15,28]. To validate our flow cytometry based method, we took
replicate samples from macrophage infections with the same GFP-
expressing strain and compared proliferation quantification by
flow cytometry, CFU and haemocytometer count. Comparison of
Cryptococcus proliferation from all three counting methods showed
no significant differences. Thus, flow cytometry offers a reliable
and rapid alternative to manual count-based methods of analysis
(Figure 5B).

A non-lytic method of quantifying macrophage-
Cryptococcus interaction by flow cytometry

To date, all methods for quantifying intracellular cryptococcal
proliferation involve a lysis step to free any intracellular yeast cells
for counting. Lysis is methodologically undesirable since it
increases processing time, increases the risk of sample loss and
may potentially damage intracellular cryptococci. Accutase, a
proteolytic and collagenolytic enzyme mix, allows detachment and
dissociation of mammalian cells without significantly influencing
viability from culture plates i vitro [29] potentially enabling us to
quantify fungal burden within infected macrophages without lysis.
J774 macrophage cultures were infected with H99_GFP, incubat-
ed according to the protocol for IPR assays and then treated with
the enzyme mix instead of being lysed. Flow cytometry

@ PLoS ONE | www.plosone.org

demonstrated that extracellular yeast cells, macrophages and
macrophages with intracellular yeast cells formed three distinct
regions based upon their size (forward scatter, FSC) and GIP
fluorescence intensity (Figure 6A). Using fluorescence activated
cell sorting we separated the region of macrophages containing
intracellular yeast. Assessment of the purity of this region by
microscopy revealed that this population contained >90%
macrophages with intracellular yeast. By comparing events
counted for uninfected macrophages versus events counted for
macrophages with intracellular cryptococci we could accurately
quantify percentage phagocytosis (Figure 6B). In addition, by
calculating fluorescence intensity, we were able to quantify
intracellular cryptococcal proliferation without the need to lyse
the macrophage culture (Figure 6C).

Discussion

Here we describe the generation of Cryptococeus type strains
expressing GIP; C. gatti GFP-positive serotype B R265 strains and
a C. negformans GFP-positive serotype A H99 strain. Despite strong,
stable GFP expression, these strains are indistinguishable from
non-fluorescent parental isolates in terms of growth rate, stress
tolerance or their ability to parasitize macrophages. We then used
these strains to develop and validate a flow cytometry based assay
for quantifying intracellular cryptococcal proliferation. The
fluorescence of our GFP expressing cells far exceeds any
autofluorescence, even when intracellular, and in addition can
be spectrally distinguished by appropriate confocal techniques if,
unlike in our strains, GFP fluorescence is at a similar level as
autofluorescence. Endogenous GFP expression has substantial
advantages over exogenous fluorescent labels since it does not
require any secondary manipulations such as staining or treatment
with a probe and thus can be directly used for analysis. Although
GFP is generally regarded as a protein that does not influence
cellular processes, it is known that in Salmonella enterica expression of
GFP alters establishment of the intracellular niche in epithelial
cells and macrophages [30]. However, careful analysis indicates
that the GFP expressing cryptococci reported here show no
significant differences in their stress responses or behaviour within
macrophages.

GFP and its molecular cousins [31] offer many advantages over
dye labelling previously used to track Cryptococcus in vivo and in vitro
[19,20,32,33,34]. For example the commonly used dye FITC is
quenched in acidic conditions, a major disadvantage for studies in
macrophages. In addition, a number of these dyes show
photoxicity in comparison to GFP, a major impediment to live
imaging. Our GFP is stably expressed and is not diluted by
proliferation, making long term study in wwo a possibility.
Furthermore, multi-colour expression systems have been estab-
lished that could be easily adapted to allow the tracking of many
members of an infective population simultaneously [35].

The interaction with macrophages plays a key role in the
outcome of cryptococcal infections. After phagocytosis, Cryptococcus
manipulates host macrophages to establish itself as an intracellular
parasite that can survive and proliferate within the macrophage
phagolysosome [10]. This intracellular niche might help to explain
how Cryplococeus stays latent within infected individuals and also
how the yeast disseminates within the host. Phagocytosis,
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Figure 3. Analysis of intracellular virulence parameters. J774
macrophages were infected with GFP-positive isolates or their parental
strains and analysed for yeast uptake (A) maximal intracellular yeast cell
proliferation (IPR) (B) and occurrence of cryptococcal expulsion (C). No
statistically significant differences were found between the GFP-
expressing strains and their parental counterpart (Table S1). Data are
presented as mean (n=3) with 2 times standard error (A+B) or
accumulated data from three independent repeats (C).
doi:10.1371/journal.pone.0015968.9003

intracellular proliferation and the ability to exit macrophages in a
non-lytic manner (expulsion) are important parameters in under-
standing Cryptococcus-macrophage interactions [9,13,14,15,17,18,2
8,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56].
In particular, the ability to proliferate within these host cells is an
important pathogenesis feature as it correlates with i vivo virulence
data from mice [15]. However, to date the analysis of intracellular
proliferation and yeast uptake by phagocytes has required time
consuming methods, thus preventing high throughput screening or
related experimental approaches. The data presented here describe
GFP-positive derivatives of widely used Cryptococcus strains coupled
with a flow cytometry approach that enables efficient and high-
throughput analysis of virulence parameters in the macrophage
model system. Flow cytometry allows the analytical, and physical (by
fluorescently activated cell sorting), separation of infected macro-
phages and therefore this population can be separately assessed for
immune regulatory changes. Furthermore, our methodology poten-
tially permits high throughput examination of drugs and anti-fungal
components from both new and existing libraries, and, critically, the
ability to analyse within the host macrophage environment.

In summary, we report a reliable tool for rapid and simple
quantification of cryptococcal macrophage parasitism, which can
easily be transferred to other in vivo and in vitro model systems.

Materials and Methods

Biolistic transformation

C. neoformans serotype A strain H99, originally isolated from
patient cerebrospinal fluid, and C. gatti serotype B strain R265, a
clinical isolate from an outbreak on Vancouver Island, Canada,
were transformed with a GIFP construct by biolistic bombardment
[57]. The insertion cassette was constructed by PCR amplification
with overlapping primers (Table 1) of the C. neoformans JEC21 act]
promoter (AY483215), the GFP coding sequence and the C.
negformans JEC21 trpl terminator (AY483215) followed by lithium
acetate transformation in the uracil negative Saccharomyces cerevisiae
strain MLY40 [58] to achieve homologous recombination of
overlapping DNA fragments into the plasmid pRS426. The
plasmid was recovered from S. cerevisiae, electroporated into
Escherichia coli DH50 and the GFP construct isolated by PCR
(Table 1). After digestion with Xhol and BamHI the promoter/
GFP/terminator cassette was ligated into the shuttle vector
pAG32 [23] for biolistic DNA delivery. The GFP construct
containing shuttle vector pAG32 was directly used for biolistic
transformation. For biolistic bombardments, parental strains H99
and R265 were grown overnight in 50 ml YPD media at 30°C and
180 revolutions per minute in a shaker. Cells were collected by
centrifugation for 5 minutes at 900 rcf and washed with dH,O.
Yeast cells were resuspended in %4 of the original volume, 300 pl
aliquots spread in the centre of 1 M sorbitol YPD plates and left to
dry at 30°C. Ten pl of gold particles (0.25 g of 0.6 um beads in
750 ul ethanol) were mixed with 2 ul of 1 pg/pl DNA, 10 pl
2.5 M CaCl, and 2 pl of spermidine-free base and incubated for 5
minutes at room temperature to attach the DNA to the gold
particles. Free DNA was removed by a wash step with ethanol, the
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Figure 4. Imaging analysis of cryptococcal GFP fluorescence and autofluorescence. (A) GFP expressing strains exhibit a strong
fluorescence signal that is absent in the parental strains. Epifluorescence images were captured and processed identically for each parental strain and
transformant. (B and C) Spectral confocal images of parental strains and transformants showing absence of observable green fluorescence in parental
strains when compared to the GFP expressing transformants either alone (B) or after phagocytosis by a macrophage (C). (D and E) Spectral confocal
images of autofluorescence of parental strains either alone (D) or after phagocytosis by a macrophage (E). Spectral images were captured over 32
channels, 6 nm apart, between 500.1 nm and 691.3 nm. Spectral images images have been coloured to their actual fluorescent spectra. For separate
channels of spectral images see Figures S2, S3, S4, S5, S6, S7, S8, S9, S10, S11, S12, S13. Scale bars are 5 um.
doi:10.1371/journal.pone.0015968.g004

bead-DNA complexes resuspended in 12 ul ethanol and applied to helium-generated vacuum (1350psi rupture discs, BioRad) and
the centre of a microcarrier biolistic disc (2.5 cm, pre-washed in shot onto the 1 M sorbitol plates containing Cryplococcus in a
ethanol, BioRad). The gold microcarrier were accelerated in a BioRad PDS-1000/He biolistic particle delivery system. After
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Figure 5. Automated counting of intracellular Cryptococcus proliferation within macrophages. (A) GFP-tagged strains were first analysed
for their expression profile. All GFP-expressing strains are clearly discernable from GFP-negative cryptococci or cell debris. (B) Replicate samples were
used for quantifying intracellular yeast cell numbers after macrophage infection via haemocytometer (black bars), CFU count (grey bars) or flow
cytometry (white bars). For all of the strains, there was no statistically significant difference between any of the three counting methods. Data are
presented as means with 2 times standard error from at least three independent repeats.

doi:10.1371/journal.pone.0015968.g005
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doi:10.1371/journal.pone.0015968.g006

transformation, yeast cells were recovered for 5 hours at 30°C, the
cells lawn washed off with 1 ml liquid YPD media, plated on
selective media containing 250 pg/ml hygromycin B and
incubated for 5 days at 30°C. Three individual transformations
were carried out with 10 plates being objected to biolistic
bombardment each time [57].

Yeast cells and growth conditions

Cryptococcal strains were incubated in liquid YPD media (1%
peptone, 1% yeast extract, 2% D-(+)-glucose) for 24 hours at 25°C

@ PLoS ONE | www.plosone.org

on a rotator at 20 revolutions per minute prior to experimental
use. Fluorescence images of yeast cells were taken after growth in
YPD media overnight at 25°C on a rotator at 20 revolutions per
minute with a Zeiss Axiovert 135 TV microscope with 100 x oil
immersion Plan-Neofluor objective.

Stress treatment

GTP expressing strains were tested for their susceptibility towards
cellular stresses with the following conditions: hypoxia (3%, CoCly),
oxidative (HyOy), nitrosative (NaNOy) and cell wall (sodium dodecyl
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Table 1. Primer.
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Fragment Sequence (5'-3)

Actl promoter

GFP coding sequence

Trp1 terminator

GFP construct

Forward: TTGGGTACCGGGCCCCCCCTCGAGGTCGACGGTATCGATAAGGCTGCGGGAGGTGAGCTGG
Reverse: TCCTCGCCCTTGCTCACCATAGACATGTTGGGCGAGTTTTAC

Forward: GTAAAACTCGCCCAACATGTCTATGGTGAGCAAGGGCGAGGAG

Reverse: CCTTACGGCCTTCACAATTACTTGTACAGCTCGTCCATGCCG

Forward: CGGCATGGACGAGCTGTACAAGTAATTGTGAAGGCCGTAAGG

Reverse: AGAACTAGTGGATCCCCCGGGCTGCAGGAATTCGATATCAGAAGAGATGTAGAAACAGTTTCG
Forward: GTAGGATCCAGGCTGCGGGAGGTGAGCTGG

Reverse: TAGGATCCGAAGAGATGTAGAAACGAGTTTCG

doi:10.1371/journal.pone.0015968.t001

sulphate (SDS) and NaCl) in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 2 mM L-glutamine, 100 U/ml
penicillin and 100 U/ml streptomycin (assay medium), the medium
routinely used in macrophage assays. Cryptococcal cells from
24 hours cultures were washed three times with phosphate buffered
saline (PBS), counted in a haemocytometer and adjusted to 10° cells
per ml in assay medium. One ml of yeast solution was incubated
with the appropriate stress in 48-well plates and left at 37°C and 5%
COy, for 24 hours without shaking. To assess the influence of stress
conditions on cryptococcal growth, serial dilutions were plated and
colony-forming units (CFUs) counted after 0 and 24 hours. CFUs
relative to time point 0 were calculated.

Mammalian cells and growth conditions

The macrophage-like cell line J774 [39] was used for this study
and growth conditions were as described before [15,28]. The cells
were used between passage 5 and 20 after thawing and cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
2 mM L-glutamine, 100 U/ml penicillin and 100 U/ml strepto-
mycin and 10% fetal bovine serum (culture medium) at 37°Ci and

5% CO,.

Macrophage virulence assays

Infections of macrophages with Cryplococcus, phagocytosis assays,
proliferation assays and live-cell imaging was performed as
described before [15,28]. Briefly, 1 ml of J774 cells (10° cells/
ml) in culture medium was plated into 24 well plates and incubated
for 24 hours at 37°C and 5% COg before start of the assay. Cells
were activated with 1 mg/ml of the immune stimulant phorbol
myristic acetate (PMA) in assay medium (as culture medium but
without 10% fetal bovine serum) for 1 hour at 37°C and 5% COs,.
At the same time, yeast cells from 24 hours cultures were washed
three times with PBS and opsonized with 10 pg/ml of 18B7
antibody (a gift of Arturo Casadevall) for 1 hour at 37°C. Then,
macrophage infection with yeast cells (1:10 ratio) was allowed to
proceed for 2 hours in assay medium at 37°C and 5% CO,. After
this incubation time, uninternalized yeast cells were removed by
extensive washing with PBS and the effectiveness of washing
assessed by light mircrosopy. For assessment of phagocytosis,
macrophages were plated on acid-washed (1 M HCI) 13 mm glass
coverslips and, after infection, fixed with 4% paraformaldehyde for
20 minutes at 4°C. The coverslips were washed with PBS and
dH50O and then mounted with Mowiol (Calbiochem, Nottingham,
UK) mounting media (100 mM Tris-HCI, pH 8.5, 9% Mowiol,
25% glycerol) onto glass slides. At least 1,000 cells were assessed
for intracellular yeast cells and percentage phagocytosis calculated

@ PLoS ONE | www.plosone.org

Primers used for construction of the GFP cassette and biolistic transformation in Cryptococcus strains.

as percentage of cells with internalized Cryptococcus. For intracel-
lular proliferation, infected macrophages were further incubated in
assay medium at 37°C and 5% COs and samples taken after 0, 18,
24, 48 and 72 hours. Extracellular yeast were removed by washing
with 200 ul PBS and collected, intracellular yeast cells were
collected by macrophage lysis in a total of 200 pl dH,O and
number of yeast cells counted with a haemocytometer, by plating
serial dilutions and assessing CFU and by flow cytometry. Yeast
cell numbers were compared to time point 0 and maximal
intracellular proliferation (IPR) (typically after 24 hours) was used
as measure for intracellular proliferative capacity (highest
intracellular yeast cell number divided by the initial yeast count
at time point 0). For live-cell imaging, infected macrophages were
kept in assay medium and plates transferred into a control culture
chamber (OKOLAB) at 37°C and 5% CO,. Images were taken
every 90 seconds for 20 hours with a Nikon Digital Sight DS-
QilMC camera on a Nikon Eclipse TE2000-U microscope with
20 x phase contrast objective and 1 x optivar and compiled to
time-lapse movies using the software NIS-Elements AR 3.0. The
number of expulsion events was counted by eye.

Spectral confocal microscopy

Both yeast alone and macrophages with intracellular yeast were
imaged live in 96-well imaging plates (BD Biosciences). Confocal
mmages were captured on an Al-R instrument (Nikon) with 60 x
objective (CFI Plan Apo TIRF oil 1.49NA) in galvo scanner mode
with spectral detector in manual mode using NIS elements AR
software (Nikon). The Al-R Z-axis was driven with a piezo drive
(Mad City labs, Madison, WI). Spectral images were coloured and
merged in NIS elements AR software (Nikon). Contrast was
adjusted in Photoshop CS3 (Adobe). Laser and detector settings
for each strain are given in the legend for figures S2-13.

Timelapse imaging

After phagocytosis of cryptococci, J774 macrophage cells were
washed three times and imaged in DMEM without phenol red.
Cells were imaged on a TE2000 (Nikon) microscope enclosed in a
temperature controlled and humidified environmental chamber
(OKOLAB) with 5% COy at 37°C. Time lapse images were
captured with a Digital Sight DS-QilMC camera (Nikon), 20 x
objective (Ph1 PLAN APO), using NIS elements AR software
(Nikon). Images were captured every 2 minutes for 9 hours.

Accutase treatment

J774 macrophages were detached and separated by Accutase
(PAA) treatment. The cells were incubated with the undiluted
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proteolytic and collagenolytic enzyme mix for 15 minutes at 37°C
and then gently dissociated by pipetting to ensure a single cell
suspension; cell separation was checked by eye by light

microscopy.

Flow cytometry

Samples were fixed by adding an equal volume of 2%
formaldehyde and 2% fetal bovine serum in PBS. Flow cytometry
parameters were measured using a FACSCaliber instrument (BD
Biosciences) and analysed with CellQuestPro (BD Biosciences). To
enable comparison of different samples/time points, we assessed
the number of events over a fixed time period. Intracellular
proliferation was calculated by measuring the geometric mean of
GFP fluorescence of macrophages containing cryptococci and this
value normalised to the geometric mean of extracellular
cryptococci (to adjust for any inherent variation in GFP
florescence within the Cryptococcus population) and multiplied by
the number of macrophages containing cryptococci. The resulting
value for each time point was divided by the initial value at time
point zero and the maximum ratio taken as the maximum
proliferation rate.

Fluorescently activated cell sorting of macrophages
containing cryptococci

Five confluent 75 cm® flasks of J774 macrophages were
incubated with opsonised cryptococci for 2 hours, washed with
PBS and detached using Accutase as described above. Cells were
pelleted and resuspended in 3 mls of cell culture media. Cells were
sorted, using a FACSAria II (BD Biosciences), into cell culture
media and plated at 1x10°/ml.

Statistical analysis

At least three individual repeats were performed for each
experiment. Results for yeast growth, yeast stress response, IPRs
and percentage phagocytosis were analysed for statistically
significant differences using a one-way analysis of variance along
with multicomparisons (Tukey’s honestly significant difference test).
For assessment of expulsion, results from at least three individual
assays were tested for statistical significant differences using a Chi-
test. P-values of <0.05 were considered to be statistically significant.

Supporting Information

Figure S1 Time lapse phase contrast and fluorescent images of
intracellular H99 and H99_GFP were captured every 2 minutes
for 9 hours. There is no observable change in H99 autofluores-
cence in comparison to the H99_GFP strain.

(TIF)

Figure 82 Individual spectral channel images of the H99 GIP
strain. AIR confocal settings used were: 512x512 pixel scan area,
32 channels with 6 nm resolution between 500.1 nm and
691.3 nm, 1.2 mW 488 laser line, 166 spectral detector gain,
163 transmitted light detector gain, 0.08 pum/pixel.

(TIF)

Figure 83 Individual spectral channel images of the H99 strain.
AlIR confocal settings used were: 512x512 pixel scan area, 32
channels with 6 nm resolution between 500.1 nm and 691.3 nm,
1.2 mW 488 laser line, 166 spectral detector gain, 143 transmitted
light detector gain, 0.09 um/pixel.

(TIF)

Figure 84 Individual spectral channel images of the
R265_GFIP6 strain. AIR confocal settings used were: 512x512
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pixel scan area, 32 channels with 6 nm resolution between
500.1 nm and 691.3 nm, 1.2 mW 488 laser line, 137 spectral
detector gain, 167 transmitted light detector gain, 0.09 um/pixel.
(TIF)

Figure 85 Individual spectral channel images of the R265 strain.
AlR confocal settings used were: 512x512 pixel scan area, 32
channels with 6 nm resolution between 500.1 nm and 691.3 nm,
1.2 mW 488 laser line, 137 spectral detector gain, 143 transmitted
light detector gain, 0.08 um/pixel.

(TIF)

Figure S6 Individual spectral channel images of intracellular
H99_GFP strain. AIR confocal settings used were: 512 x512 pixel
scan area, 32 channels with 6 nm resolution between 500.1 nm
and 691.3 nm, 1.2 mW 488 laser line, 173 spectral detector gain,
140 transmitted light detector gain, 0.12 pm/pixel.

(TIF)

Figure 87 Individual spectral channel images of intracellular
H99 strain. AIR confocal settings used were: 512x512 pixel scan
area, 32 channels with 6 nm resolution between 500.1 nm and
691.3 nm, 1.2 mW 488 laser line, 173 spectral detector gain, 140
transmitted light detector gain, 0.10 pm/pixel.

(TIF)

Figure S8 Individual spectral channel images of intracellular
R265_GFP strain. AIR confocal settings used were: 512x512
pixel scan area, 32 channels with 6 nm resolution between
500.1 nm and 691.3 nm, 1.2 mW 488 laser line, 145 spectral
detector gain, 140 transmitted light detector gain, 0.10 um/pixel.
(TTF)

Figure S9 Individual spectral channel images of intracellular
R265 strain. AIR confocal settings used were: 512 x512 pixel scan
area, 32 channels with 6 nm resolution between 500.1 nm and
691.3 nm, 1.2 mW 488 laser line, 137 spectral detector gain, 167
transmitted light detector gain, 0.09 pm/pixel.

(TTF)

Figure S10 Individual spectral channel images of autofluores-
cence of H99 strain. AIR confocal settings used were: 512x512
pixel scan area, 32 channels with 6 nm resolution between
500.1 nm and 691.3 nm, 6 mW 488 laser line, 255 spectral
detector gain, 110 transmitted light detector gain, 0.11 um/pixel.
(TIF)

Figure S11 Individual spectral channel images of autofluores-
cence of R265 strain. AIR confocal settings used were: 512x512
pixel scan area, 32 channels with 6 nm resolution between
500.1 nm and 691.3 nm, 6 mW 488 laser line, 255 spectral
detector gain, 110 transmitted light detector gain, 0.11 um/pixel.

(TIF)

Figure S12 Individual spectral channel images of autofluores-
cence of intracellular H99 strain. AIR confocal settings used were:
512x512 pixel scan area, 32 channels with 6 nm resolution between
500.1 nm and 691.3 nm, 6 mW 488 laser line, 255 spectral detector
gain, 110 transmitted light detector gain, 0.11 pm/pixel.

(TIF)

Figure 813 Individual spectral channel images of autofluores-
cence of intracellular R265 strain. AIR confocal settings used
were: 512x512 pixel scan area, 32 channels with 6 nm resolution
between 500.1 nm and 691.3 nm, 6 mW 488 laser line, 255
spectral detector gain, 110 transmitted light detector gain,
0.11 um/pixel.

(TIF)
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Table S1 Statistical Analysis. P-values of statistical analysis of
results from CFU counts from stress treatments and intracellular
virulence assays of GIFP-positive strains compared to parental
strains.

(DOC)

Acknowledgments

We thank Arturo Casadevall for providing the 18B7 antibody used in this
study. We also thank Robert Panting for technical support with the biolistic
transformation process.

References

1.

20.

21.

Casadevall A, Perfect JR (1998) Cryptococcus neoformans. Washington DC:
American Society for Microbiology.

. Mitchell TG, Perfect JR (1995) Cryptococcosis in the era of AIDS-100 years

after the discovery of Cryptococcus neoformans. Clin Microbiol Rev 8: 515-548.

. MacDougall L, Kidd SE, Galanis E, Mak S, Leslie MJ, et al. (2007) Spread of

Cryptococcus gattii in British Columbia, Canada, and detection in the Pacific
Northwest, USA. Emerg Infect Dis 13: 42-50.

. Kidd SE, Hagen F, Tscharke RL, Huynh M, Bartlett KH, et al. (2004) A rare

genotype of Cryptococcus gattii caused the cryptococcosis outbreak on
Vancouver Island (British Columbia, Canada). Proc Natl Acad Sci U S A
101: 17258-17263.

. Velagapudi R, Hsueh YP, Geunes-Boyer S, Wright JR, Heitman J (2009) Spores

as infectious propagules of Cryptococcus neoformans. Infect Immun 77:
4345-4355.

. Campbell GD (1966) Primary pulmonary cryptococcosis. Am Rev Respir Dis

94: 236-243.

. Nadrous HF, Antonios VS, Terrell CL, Ryu JH (2003) Pulmonary cryptococ-

cosis in nonimmunocompromised patients. Chest 124: 2143-2147.

. Park BJ, Wannemuehler KA, Marston BJ, Govender N, Pappas PG, et al. (2009)

Estimation of the current global burden of cryptococcal meningitis among
persons living with HIV/AIDS. AIDS 23: 525-530.

. Goldman DL, Lee SC, Mednick AJ, Montella L, Casadevall A (2000) Persistent

Cryptococcus neoformans pulmonary infection in the rat is associated with
intracellular parasitism, decreased inducible nitric oxide synthase expression,
and altered antibody responsiveness to cryptococcal polysaccharide. Infect
Immun 68: 832-838.

. Feldmesser M, Kress Y, Novikoff P, Casadevall A (2000) Cryptococcus

neoformans is a facultative intracellular pathogen in murine pulmonary
infection. Infect Immun 68: 4225-4237.

. Ma H, Croudace JE, Lammas DA, May RC (2007) Direct cell-to-cell spread of a

pathogenic yeast. BMC Immunol 8: 15.

. Feldmesser M, Tucker S, Casadevall A (2001) Intracellular parasitism of

macrophages by Cryptococcus neoformans. Trends Microbiol 9: 273-278.

. Del Poeta M (2004) Role of phagocytosis in the virulence of Cryptococcus

neoformans. Eukaryot Cell 3: 1067-1075.

. Alvarez M, Casadevall A (2007) Cell-to-cell spread and massive vacuole

formation after Cryptococcus neoformans infection of murine macrophages.
BMC Immunol 8: 16.

. Ma H, Hagen F, Stekel DJ, Johnston SA, Sionov E, et al. (2009) The fatal fungal

outbreak on Vancouver Island is characterized by enhanced intracellular
parasitism driven by mitochondrial regulation. Proc Natl Acad Sci U S A 106:
12980-12985.

. Tucker SC, Casadevall A (2002) Replication of Cryptococcus neoformans in

macrophages is accompanied by phagosomal permeabilization and accumula-
tion of vesicles containing polysaccharide in the cytoplasm. Proc Natl Acad
Sci U S A 99: 3165-3170.

. Ma H, Croudace JE, Lammas DA, May RC (2006) Expulsion of live pathogenic

yeast by macrophages. Curr Biol 16: 2156-2160.

. Alvarez M, Casadevall A (2006) Phagosome extrusion and host-cell survival after

Cryptococcus neoformans phagocytosis by macrophages. Curr Biol 16:
2161-2165.

Santangelo R, Zoellner H, Sorrell T, Wilson C, Donald C, et al. (2004) Role of
extracellular phospholipases and mononuclear phagocytes in dissemination of
cryptococcosis in a murine model. Infect Immun 72: 2229-2239.

Chretien F, Lortholary O, Kansau I, Neuville S, Gray F, et al. (2002)
Pathogenesis of cerebral Cryptococcus neoformans infection after fungemia.
J Infect Dis 186: 522-530.

Byrnes EJ, 3rd, Li W, Lewit Y, Ma H, Voelz K, et al. (2010) Emergence and
pathogenicity of highly virulent Cryptococcus gattii genotypes in the northwest
United States. PLoS Pathog 6: ¢1000850.

. Christianson TW, Sikorski RS, Dante M, Shero JH, Hieter P (1992)

Multifunctional yeast high-copy-number shuttle vectors. Gene 110: 119-122.

. Goldstein AL, McCusker JH (1999) Three new dominant drug resistance

cassettes for gene disruption in Saccharomyces cerevisiae. Yeast 15: 1541-1553.

@ PLoS ONE | www.plosone.org

1

GFP-Tagged Cryptococci for Pathogenesis Research

Author Contributions

Conceived and designed the experiments: KV SAJ JCR RCM. Performed
the experiments: KV SAJ. Analyzed the data: KV SAJ. Contributed
reagents/materials/analysis tools: JCR. Wrote the paper: KV SAJ JCR
RCM.

24.

26.

27.

28.

29.

30.

31.

32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Lee H, Bien CM, Hughes AL, Espenshade PJ, Kwon-Chung KJ, et al. (2007)
Clobalt chloride, a hypoxia-mimicking agent, targets sterol synthesis in the
pathogenic fungus Cryptococcus neoformans. Mol Microbiol 65: 1018-1033.

5. Missall TA, Pusateri ME, Donlin MJ, Chambers KT, Corbett JA, et al. (2006)

Posttranslational, translational, and transcriptional responses to nitric oxide
stress in Cryptococcus neoformans: implications for virulence. Eukaryot Cell 5:
518-529.

Kechichian TB, Shea J, Del Poeta M (2007) Depletion of alveolar macrophages
decreases the dissemination of a glucosylceramide-deficient mutant of Crypto-
coccus neoformans in immunodeficient mice. Infect Immun 75: 4792-4798.
Shao X, Mednick A, Alvarez M, van Rooijen N, Casadevall A, et al. (2005) An
innate immune system cell is a major determinant of species-related susceptibility
differences to fungal pneumonia. J Immunol 175: 3244-3251.

Voelz K, Lammas DA, May RC (2009) Cytokine signaling regulates the
outcome of intracellular macrophage parasitism by Cryptococcus neoformans.
Infect Immun.

Bajpai R, Lesperance J, Kim M, Terskikh AV (2008) Efficient propagation of
single cells Accutase-dissociated human embryonic stem cells. Mol Reprod Dev
75: 818-827.

Knodler LA, Bestor A, Ma C, Hansen-Wester I, Hensel M, et al. (2005) Cloning
vectors and fluorescent proteins can significantly inhibit Salmonella enterica
virulence in both epithelial cells and macrophages: implications for bacterial
pathogenesis studies. Infect Immun 73: 7027-7031.

Shaner NC, Steinbach PA, Tsien RY (2005) A guide to choosing fluorescent
proteins. Nat Methods 2: 905-909.

Okagaki LH, Strain AK, Nielsen JN, Charlier C, Baltes NJ, et al. (2010)
Cryptococcal cell morphology affects host cell interactions and pathogenicity.
PLoS Pathog 6: ¢1000953.

Charlier C, Nielsen K, Daou S, Brigitte M, Chretien F, et al. (2009) Evidence of
a role for monocytes in dissemination and brain invasion by Cryptococcus
neoformans. Infect Immun 77: 120-127.

Shi M, Li SS, Zheng C, Jones GJ, Kim KS, et al. (2010) Real-time imaging of
trapping and urease-dependent transmigration of Cryptococcus neoformans in
mouse brain. J Clin Invest 120: 1683-1693.

. Livet J, Weissman TA, Kang H, Draft RW, Lu J, et al. (2007) Transgenic

strategies for combinatorial expression of fluorescent proteins in the nervous
system. Nature 450: 56-62.

Goldman DL, Khine H, Abadi J, Lindenberg DJ, Pirofski L, et al. (2001)
Serologic evidence for Cryptococcus neoformans infection in early childhood.
Pediatrics 107: E66.

Idnurm A, Bahn YS, Nielsen K, Lin X, Fraser JA, et al. (2005) Deciphering the
model pathogenic fungus Cryptococcus neoformans. Nat Rev Microbiol 3:
753-764.

Hu G, Kronstad JW (2010) A putative P-type ATPase, Aptl, is involved in stress
tolerance and virulence in Cryptococcus neoformans. Eukaryot Cell 9: 74-83.

Alvarez M, Burn T, Luo Y, Pirofski LA, Casadevall A (2009) The outcome of
Cryptococcus neoformans intracellular pathogenesis in human monocytes. BMC
Microbiol 9: 51.

Alvarez M, Saylor C, Casadevall A (2008) Antibody action after phagocytosis
promotes Cryptococcus neoformans and Cryptococcus gattii macrophage
exocytosis with biofilm-like microcolony formation. Cell Microbiol 10:
1622-1633.

Geunes-Boyer S, Oliver TN, Janbon G, Lodge JK, Heitman J, et al. (2009)
Surfactant protein D increases phagocytosis of hypocapsular Cryptococcus
neoformans by murine macrophages and enhances fungal survival. Infect
Immun 77: 2783-2794.

Oliveira DL, Freire-de-Lima CG, Nosanchuk JD, Casadevall A, Rodrigues ML,
et al. (2010) Extracellular vesicles from Cryptococcus neoformans modulate
macrophage functions. Infect Immun 78: 1601-1609.

Bobak DA, Washburn RG, Frank MM (1988) C1q enhances the phagocytosis of
Cryptococcus neoformans blastospores by human monocytes. J Immunol 141:
592-597.

Bolanos B, Mitchell TG (1989) Phagocytosis of Cryptococcus neoformans by rat
alveolar macrophages. ] Med Vet Mycol 27: 203-217.

December 2010 | Volume 5 | Issue 12 | 15968



46.

47.

48.

49.

50.

51.

52.

. Brummer E, Stevens DA (1994) Anticryptococcal activity of macrophages: role

of mouse strain, C5, contact, phagocytosis, and L-arginine. Cell Immunol 157:
1-10.

Bulmer GS, Sans MD (1967) Cryptococcus neoformans. II. Phagocytosis by
human leukocytes. J Bacteriol 94: 1480-1483.

Bulmer GS, Tacker JR (1975) Phagocytosis of Cryptococcus neoformans by
alveolar macrophages. Infect Immun 11: 73-79.

Cross CE, Collins HL, Bancroft GJ (1997) CR3-dependent phagocytosis by
murine macrophages: different cytokines regulate ingestion of a defined CR3
ligand and complement-opsonized Cryptococcus neoformans. Immunology 91:
289-296.

Diamond RD, Bennett JE (1973) Growth of Cryptococcus neoformans within
human macrophages in vitro. Infect Immun 7: 231-236.

Griffin FM, Jr. (1981) Roles of macrophage Fc and C3b receptors in
phagocytosis of immunologically coated Cryptococcus neoformans. Proc Natl
Acad Sci U S A 78: 3853-3857.

Kozel TR, Pfrommer GS, Guerlain AS, Highison BA, Highison GJ (1988)
Strain variation in phagocytosis of Cryptococcus neoformans: dissociation of
susceptibility to phagocytosis from activation and binding of opsonic fragments
of C3. Infect Immun 56: 2794-2800.

Levitz SM, Harrison TS, Tabuni A, Liu X (1997) Chloroquine induces human
mononuclear phagocytes to inhibit and kill Cryptococcus neoformans by a
mechanism independent of iron deprivation. J Clin Invest 100: 1640-1646.

@ PLoS ONE | www.plosone.org

12

53.

54.

56.

57.

58.

59.

60.

GFP-Tagged Cryptococci for Pathogenesis Research

Luberto C, Martinez-Marino B, Taraskiewicz D, Bolanos B, Chitano P, et al.
(2003) Identification of Appl as a regulator of phagocytosis and virulence of
Cryptococcus neoformans. J Clin Invest 112: 1080-1094.

Miller MF, Mitchell TG (1991) Killing of Cryptococcus neoformans strains by

human neutrophils and monocytes. Infect Immun 59: 24-28.

. Mitchell TG, Friedman L (1972) In vitro phagocytosis and intracellular fate of

variously encapsulated strains of Cryptococcus neoformans. Infect Immun 5:
491-498.

Monari C, Retini C, Casadevall A, Netski D, Bistoni F, et al. (2003) Differences
in outcome of the interaction between Cryptococcus neoformans glucuronox-
ylomannan and human monocytes and neutrophils. Eur J Immunol 33:
1041-1051.

Toffaletti DL, Rude TH, Johnston SA, Durack DT, Perfect JR (1993) Gene
transfer in Cryptococcus neoformans by use of biolistic delivery of DNA.
J Bacteriol 175: 1405-1411.

Lorenz MC, Heitman J (1997) Yeast pseudohyphal growth is regulated by
GPA2, a G protein alpha homolog. EMBO J 16: 7008-7018.

Ralph P, Prichard J, Cohn M (1975) Reticulum cell sarcoma: an effector cell in
antibody-dependent cell-mediated immunity. J Immunol 114: 898-905.

Dong X, Stothard P, Forsythe IJ, Wishart DS (2004) PlasMapper: a web server
for drawing and auto-annotating plasmid maps. Nucleic Acids Res 32:
W660-664.

December 2010 | Volume 5 | Issue 12 | 15968



