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ABSTRACT The genus Cryptococcus includes several species pathogenic for humans.
Until recently, the two major pathogenic species were recognized to be Cryptococcus
neoformans and Cryptococcus gattii. We compared the interaction of murine macro-
phages with three C. gattii species complex strains (WM179, R265, and WM161, repre-
senting molecular types VGI, VGIIa, and VGIII, respectively) and one C. neoformans spe-
cies complex strain (H99, molecular type VNI) to ascertain similarities and differences in
the yeast intracellular pathogenic strategy. The parameters analyzed included nonlytic
exocytosis frequency, phagolysosomal pH, intracellular capsular growth, phagolysosomal
membrane permeabilization, and macrophage transcriptional response, assessed using
time-lapse microscopy, fluorescence microscopy, flow cytometry, and gene expression
microarray analysis. The most striking result was that the intracellular pathogenic strate-
gies of C. neoformans and C. gattii species complex strains were qualitatively similar, de-
spite the species having separated an estimated 100 million years ago. Macrophages ex-
hibited a leaky phagolysosomal membrane phenotype and nonlytic exocytosis when
infected with either C. gattii or C. neoformans. Conservation of the intracellular strategy
among species that separated long ago suggests that it is ancient and possibly main-
tained by similar selection pressures through eons.
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The genus Cryptococcus includes several species pathogenic for humans. Until
recently, the two major pathogenic species were recognized to be Cryptococcus

neoformans and Cryptococcus gattii. However, accumulating genomic evidence indi-
cates that both of these denominations include more diversity than was previously
recognized, such that the splitting of these species into several distinct species may be
necessary. However, given taxonomic uncertainties, it has been proposed that the term
“species complex” be utilized until these issues are resolved and agreed upon by the
field (1). Hence, in this paper we employ the species complex nomenclature and refer
to the two major groupings as C. neoformans species complex and C. gattii species
complex. Despite the genetic diversity within and between these two groups, they
cause strikingly similar disease.

Based on the coincidence in dates between the separation of the two cryptococcal
species complexes and the breakup of the supercontinent Gondwanaland, we recently
proposed that the initial speciation trigger was continental drift, which helps explain
the global distribution of the various genotypes (2, 3). In addition to causing very
similar disease in humans and animals, the cryptococcal complexes share very similar
virulence factors, despite separation of the various lineages in ancient geologic time.
Given that the morphology, biology, and virulence characteristics of the two species
complexes are very similar and that these differ from those of other related species, it
is possible that they descended from a common Pangean ancestor that also possessed
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these traits (2, 4). Consequently, the comparative study of the pathogenic strategies
employed by the two species complexes could provide important insight into distant
common ancestors and the mechanisms responsible for the emergence and mainte-
nance of virulence.

The C. gattii species complex comprises a diverse set of organisms that include
strains responsible for an outbreak of cryptococcosis in immunocompetent patients in
British Columbia and the Pacific Northwest of the United States (5–7). Cases of
cryptococcosis caused by both species complexes number about 223,000, with approx-
imately 181,000 deaths (8). The majority of these cases were caused by C. neoformans
species complex strains. However, the sister species complex of C. neoformans, C. gattii,
is remarkable in that strains of this complex often cause disease in patients with no
known immunological defects (9, 10). The C. gattii species complex has been catego-
rized into serotypes B and C, each with four molecular subtypes: VGI, VGII, VGIII, and
VGIV (10). C. gattii species complex strains were originally thought to be restricted to
the tropics and subtropics, but as the outbreaks in British Columbia and the Pacific
Northwest of the United States demonstrate, this microbe has adapted to more
temperate climates (9). Thus, the outbreaks in the Vancouver Islands and the Pacific
Northwest of the United States, which had higher incidence rates than areas of
endemicity in Australia, have stimulated interest in C. gattii biology (10, 11).

Alveolar macrophages (Mac), dendritic cells (DC), and neutrophils are the early
responders to Cryptococcus infection, while CD4� T helper cells are the main effector
cell of the adaptive cellular immune response to Cryptococcus (12). There have been
inconsistent reports about which cryptococcal species complex is more virulent, but C.
gattii Vancouver Island outbreak strains (mainly VGIIa strains) elicit weaker immune
responses with lower levels of interleukin 6 (IL-6), tumor necrosis factor alpha, mono-
cyte chemotactic protein 1, Th1, and Th17 cytokines than strains not associated with
the outbreak (13–15). The VGII strains further inhibit neutrophil and CD4� T helper cell
migration to the lung (13, 16, 17). A possible mechanism for this reduced protective
immunity is inhibition of DC maturation, which may be related to C. gattii polysaccha-
ride capsule effects (18).

Although there are differences in the degree of the immune response, the sets of
virulence factors employed by the two species complexes are remarkably similar. The
cryptococcal capsule, one of the major virulence factors of Cryptococcus, is mainly
composed of glucuronoxylomannan (GXM), which has several immunomodulatory
properties (9, 19). However, it has been reported that the GXM capsule structure of C.
gattii strains differs from that of C. neoformans strains and may be responsible for the
different degrees of host activation (20) associated with the two species complexes.
Urease is another major virulence factor shared by both species complexes and one
that is proposed to have several roles, though these remain under debate (21). Mice
infected with urease-deficient C. neoformans mutants lived longer and had less dis-
semination than mice infected with wild-type strains (21). Additionally, C. gattii species
complex strains have also been shown to possess several unique virulence factors
differing from those of C. neoformans, such as a deubiquitinase, an increased rate of
intracellular proliferation, and the ability to induce host mitochondrial morphology
changes (22).

C. gattii Vancouver Island outbreak strains have a significantly higher intracellular
proliferation rate than nonoutbreak C. gattii strains, correlating with a greater fungal
burden in the lungs (23, 24). The intracellular proliferation rate and host mitochondrial
morphology of the C. gattii strains are correlated with increased virulence (24). This
suggests that the intracellular pathogenic strategy in macrophages has some role in the
increased virulence. In this study, we examined and compared the intracellular patho-
genic strategy of strains belonging to the two species complexes.

RESULTS
Phagocytosis of Cryptococcus gattii and Cryptococcus neoformans species com-

plex strains. First we compared the efficiency of phagocytosis of C. neoformans and C.
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gattii species complex strains, as the capsule structure has been shown to be different
enough to potentially affect the binding of antibody and influence the activation of
complement or its deposition (19). The efficiency of phagocytosis was greatest for all
strains when opsonized with monoclonal antibody (MAb) 18B7, a monoclonal antibody
against the GXM of C. neoformans (24), although complement could also trigger
significant phagocytosis. We noted no major differences in strain phagocytosis when
opsonized with the 18B7 antibody, but we measured significant differences when
opsonized with complement, such that C. neoformans H99 was ingested at a higher rate
than any of the C. gattii strains (Fig. 1).

Phagolysosomal acidification. The phagolysosomal pH in bone marrow-derived
macrophages (BMDM) was measured at 0, 1, 2, 3, 4, and 24 h postinfection (Fig. 2A to
F). At about 10 min after phagocytosis (time zero), C. neoformans H99-infected BMDM
had a lower mean phagolysosomal pH (5.2 � 0.4) than BMDM infected with either of
the C. gattii strains (Fig. 2A) (P � 0.001). At both 1 and 2 h postinfection, C. gattii
WM179-infected BMDM had a higher phagolysosomal pH than BMDM infected with

FIG 1 Phagocytic efficiency of BMDM when ingesting Cryptococcus strains. BMDM were infected with various cryptococcal strains at an MOI of
1:1 or 3:1 without opsonin (A and B), MAb 18B7 (C and D), or guinea pig complement (E and F) for 1.5 h. Shown is the mean with standard
deviation for triplicates under each condition. Cn, C. neoformans; Cg, C. gattii. Statistics were calculated using one-way ANOVA, which compared
every column with every other column. ****, P � 0.0001; ***, P � 0.001; **, P � 0.01; *, P � 0.05; n.s., not significant (P � 0.05).
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any of the other tested strains (Fig. 2B and C). At 3 h postinfection, there was a
significant difference in the pH between BMDM infected with the three Cryptococcus
strains (P � 0.001), and C. gattii WM179-infected BMDM had the most basic phagoly-
sosomal pH of 5.4 � 0.4 (Fig. 2D). At 4 h postinfection, both C. gattii R265- and C. gattii
WM179-infected BMDM had a similar phagolysosomal pH of 5.3 � 0.4, while the C.
neoformans H99-infected BMDM pH was more acidic at 5.1 � 0.4 (Fig. 2E). At 24 h
postinfection, the phagolysosomal pH of C. neoformans H99-infected BMDM increased
to 5.7 � 0.6, which was less acidic than both C. gattii R265- and C. gattii WM179-
infected BMDM (Fig. 2F). Overall, C. neoformans H99 had a more acidic phagosome than
the C. gattii strains tested up to the 24-h time point, when the phagosomal pH became
less acidic than the phagosomal pH for the C. gattii strains.

Apoptosis in C. neoformans- and C. gattii-infected bone marrow-derived mac-
rophages. Lysosomal membrane damage is associated with C. neoformans virulence
within the macrophage (25). We first determined the percentage of infected live, dead,
and apoptotic macrophage populations over a 24-h period (Fig. 3). No statistically
significant differences in the capacity to cause death or apoptosis were found among
all Cryptococcus strains tested, based on SYTOX viability dye exclusion and membrane
potential, as measured by use of the ratiometric dye F2N12S. We next sought to
determine whether there were differences in phagolysosomal membrane permeabili-
zation (PMP) between C. neoformans- and C. gattii-infected macrophages. The dye
LysoTracker Deep Red accumulates in phagolysosomes, but permeabilized phago-
somes cannot accumulate this dye (Fig. 3B). All strains displayed the capacity to cause
PMP in host macrophages, and we could not measure differences in their capacity to
cause PMP.

Cryptococcal capsule size after infection. Next, we examined whether the capsule
size of the Cryptococcus strains differed after infection, since we have noted that a larger
capsule size may lead to more membrane damage (unpublished). We measured the cell

FIG 2 Phagolysosomal pH in infected BMDM. (A to F) The phagolysosomal pH in BMDM infected with cryptococcal strains at 0 to 24 h
postinfection (p.i.) was determined using dual-ratio fluorescence microscopy. The pH remained essentially the same over the time intervals
within and among strains, as well as between experiments. Three biological replicates were carried out for each strain and time point, with
at least cells 5 cells/field and 7 to 10 fields being imaged in each replicate. Shown are data pooled from three independent experiments.
Data are graphed as means and upper and lower quartiles with minimum and maximum value tails. P values were determined using
one-way ANOVA and Tukey’s test for multiple comparisons. ***, P � 0.001; *, P � 0.05.
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body, capsule radius, cell volume, and cell surface area of the cryptococcal strains at 0,
24, 48, and 72 h postinfection (Fig. 4). Across each time interval, no statistically
significant difference in the total surface area of the cells was observed between strains
(Fig. 4A). However, at both 24 and 72 h, C. gattii WM179 had the largest average cell
body radius of 3.6 �m and 4.0 �m, respectively (P � 0.0001) (P values are described in
Table S1 in the supplemental material). The average capsule radius was consistently
larger for C. gattii WM179 than for the other strains at each time point at 7.4 �m

FIG 3 Cell viability and PMP in C. neoformans- and C. gattii-infected BMDM. (A) The percentages of populations of live, dead, and apoptotic
infected BMDM were determined. (B) Number of cells that have phagolysosomal membrane permeabilization, determined by selecting
the LysoTracker Deep Red-negative population of infected cells. Three independent biological replicates were performed for each
experiment (shown). No statistically significant difference was determined (two-way ANOVA).

FIG 4 Changes in cell body and capsule radii, volume, and surface area of cryptococcal strains after infection. C. neoformans H99, C. gattii R265,
C. gattii WM179, and C. gattii WM161 cells were analyzed via bright-field microscopy at 0, 24, 48, and 72 h postinfection. Cells were visualized
by bright-field microscopy of India ink-stained slides. The capsule was identified as the area of exclusion of India ink. Measurements were
taken of cryptococcal cell body radii (A) and capsule radii (B), from which cell volumes (C) and cell surface areas (D) were calculated. Data were
pooled from three independent experiments, performed in triplicate. Data are graphed as means and upper and lower quartiles with
minimum and maximum value tails. See Tables S1 to S4 in the supplemental material for the results of two-way ANOVA and the number of
experiments for each group.
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(Fig. 4B). These observations were consistent with those of previous work that showed
that VGI molecular type strains have larger capsules (26).

NLE in C. neoformans- and C. gattii-infected macrophages. Nonlytic exocytosis
(NLE) events have been reported in C. neoformans-infected macrophages and have
been hypothesized to assist in dissemination to the central nervous system (CNS) via a
Trojan horse mechanism (27). C. gattii has been shown to be less neurotropic than C.
neoformans strains (16). Thus, we hypothesized that there would be a lower frequency
of NLE events associated with C. gattii infections of murine macrophages. We found no
statistically significant differences between strains (Fig. 5).

C. neoformans and C. gattii urease activity. Urease is considered an important
virulence factor in Cryptococcus infection that has the potential to affect the pH of
phagolysosomes (21). In particular, urease-deficient strains have reduced intracellular
proliferation within macrophages, suggesting an important role for this enzyme (21).
Urease activity ex vivo was found to have no statistically significant difference among
the strains (Fig. 6).

Macrophage transcriptional response. Using gene expression microarrays, we
compared the transcriptional responses of C. neoformans H99-infected, C. gattii R265-
infected, and uninfected BMDM. We selected 10 genes for which the responses were
validated by quantitative PCR (qPCR) (Table S2), and the validation data supported the
results from the microarray analyses. Genes with significant differences in the levels of
expression in the uninfected controls between 24 h and 2 h, referred to as time-only

FIG 5 Nonlytic exocytosis (NLE) frequency in C. neoformans- and C. gattii-infected BMDM over a 24-h period. (A)
Type I (complete exocytosis), type II (partial exocytosis), and type III (cell-to-cell transfer) frequencies in BMDM
infected with C. neoformans H99 and C. gattii R265. (B) Total frequency of NLE compared to cell lysis frequency in
BMDM infected with C. neoformans H99 and C. gattii R265. Three biological replicates (movies) for each strain were
performed. Bars represent the standard deviation. No statistically significant difference was determined (two-way
ANOVA).

FIG 6 Urease activity ex vivo following 2 h of incubation with urea. Activity was determined using the
urease activity assay (Sigma-Aldrich). Three independent experiments with four replicate wells per strain
were performed. Shown are the average and standard deviation from all three experiments. No
significant difference was found (Tukey’s test).
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genes (1,435 genes), were removed from the filtered gene lists prior to comparison
between infection groups and time points. These time-only genes constituted about
50% of the total gene response for infected versus uninfected samples (Fig. S1 and
Table S1). This significant genetic response derived from the collection/culture times for
uninfected macrophages is well documented (28).

Analysis of genes regulated differently from their regulation in the control at 2 h of
infection showed that C. neoformans H99- and C. gattii R265-infected cells respond with
transcriptional changes in 203 and 139 genes, respectively, of which 58 genes were
shared (Fig. 7). At 24 h, C. neoformans H99- and C. gattii R265-infected cells responded
with transcriptional changes in 396 and 400 genes, respectively, of which 199 genes
were shared, leading us to initially posit that 30 to 50% of the genetic response of
macrophages to infection by the two cryptococcal strains is similar. However, when we
analyzed the genes uniquely regulated by each of the two species representatives, we
found no instance of genes being regulated in opposite directions for each strain.
Analysis of the clustering maps (Fig. S1) showed a stronger clustering by infection time
than by strain, suggesting that the host response caused by infection with the two
strains is indeed remarkably similar, which implies that the macrophage responses are
very similar. This conclusion would also imply that investigators attempting to detect
genetic response differences in hosts would need a very robust and sensitive method,
as the differences in the responses caused by infection with the different strains in this
model are probably quite small.

For both C. neoformans H99- and C. gattii R265-infected cells, the transcriptional
profile was different at 2 and 24 h, with only 13 genes being affected under all 4
conditions (strain and time) (Table 1). Using Ingenuity Pathways Analysis software, we
built a network comprising these 13 genes together with the most strongly upregu-
lated genes in 2 h and 24 h to decipher some of the pathways responsive to
cryptococcal infection (Fig. 7E). Some of these genes are transcription factors (Gata2,
Egr1, Egr3, Inhba) and have been associated with monocyte/macrophage growth and
differentiation (29–31). The IL-7 receptor (IL-7R) network was also affected. The role of
IL-7R in the monocyte/macrophage response is not well defined, but its importance for
the development of T cells (as well as B cells for mice but not for humans) is
underscored by the fact that the genetic deficiency causes SCID-type syndromes (32).
Trim29 is associated with alterations in susceptibility to pneumonia of viral and bacterial
etiologies (33). The Met gene has been associated with Stat3 activation, but the
functions of Met, Dusp13, Lsmem, and Fam71a are not clear at this time and will be the
subject of future work (34).

DISCUSSION

The C. neoformans and C. gattii species diverged approximately 80 million to 100
million years ago, roughly correlating with the time of separation of Africa and South
America, where these species originated, respectively (2, 35–38). Despite these species’
long period of separation and geographical distribution, they are remarkably similar,
such that they were considered the same species for over a century. For example, they
share core virulence factors, such as a capsule, melanin, urease, and the ability to grow
at 37°C (9, 10). These characteristics are not shared by other closely related cryptococcal
species, which suggests conservation from a Pangean ancestor (2, 39). Despite causing
similar disease in humans and animals, there appear to be quantitative differences
between the two species complexes with regard to the immune response that they
elicit. In general, C. gattii species complex strains induce a less protective immune
response in immunocompetent hosts that is associated with structural differences in
the capsular polysaccharide and that reduces DC activation (18, 20).

Given the conservation of virulence factors, the clinical similarities in the cryptococ-
cal diseases caused by strains of the two species complexes, and the fact that Crypto-
coccus is an intracellular pathogen of alveolar macrophages, we were interested in
examining the intracellular survival strategy of C. gattii within macrophages (40). Both
C. gattii and C. neoformans required opsonization by either complement or antibodies,
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FIG 7 Genes differentially regulated in BMDM upon C. neoformans H99 and C. gattii R265 infection. (A) Venn diagram
showing genes differentially regulated at 2 h compared with the regulation of genes from uninfected samples.

(Continued on next page)
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as the capsule of both cryptococcal species complexes is inherently antiphagocytic (12).
Despite significant structural differences in the capsular polysaccharide, we observed
very little difference in the efficiency of phagocytosis after antibody opsonization but
significant differences in complement-dependent opsonization (18, 20). IgG is the
preferred opsonin because it so efficient, with the caveat that its high efficiency may
mask differences in the pathogen surface molecule. Complement manifests great
interstrain variability in opsonizing efficiency, depending on where C3 is deposited (19),
and we hypothesize that this is related to antigenic differences in the capsule of each
of these strains. A detailed study of the surface molecules exposed by C. gattii versus
C. neoformans and of the phagocytic efficiency could shed some light on this conun-
drum.

After macrophage ingestion, cells of both C. neoformans and C. gattii species
complexes reside in mature phagolysosomes of macrophages (40, 41). Measurement of
the phagolysosomal pH after the ingestion of cells of both species complexes revealed
that all phagosomes acidified, with the pH remaining relatively constant over 4 h. At 24
h postinfection, the phagolysosomal pH was higher in phagolysosomes containing C.
neoformans H99 cells than in those containing cells of either strain of C. gattii (25), but
we observed no measurable differences in the PMP of infected macrophages or host
macrophage death. C. gattii WM179, a VGI molecular type, has a larger capsule than all
other strains before infection and after 24, 48, and 72 h postinfection. Therefore, it
seems that in the first 24 h of interaction with murine macrophages, C. neoformans and
C. gattii do not display striking differences in the capacity to damage host cells.

C. neoformans-infected macrophages can expunge fungal cells, leaving both the
macrophage and the fungus intact (42). This mechanism is believed to assist in
dissemination of the organism to the central nervous system (CNS) in vivo (43). When
comparing the frequency of nonlytic exocytosis for C. gattii R265-infected macrophages
compared with that for C. neoformans H99-infected macrophages, we were unable to
demonstrate a statistically significant difference. C. gattii species complex VGIIa strains
establish disease primarily in the lungs and rarely disseminate. C. neoformans species
complex strains predominately result in severe CNS disease (10, 16). In vitro studies

FIG 7 Legend (Continued)
(B) Heatmap of genes in common between both strains at 2 h. (C) Venn diagram showing genes differentially regulated
at 24 h compared with the regulation of genes from uninfected samples. (D) Heatmap of genes in common between
both strains at 24 h. The color scale in the heatmaps corresponds to Z-scores of standardized intensity values for each
sample. (E) Network analysis of the genes upregulated under all 4 conditions with the addition of Egr1 and Egr3, which
were the top upregulated genes at 2 h. Red shading denotes the intensity of upregulation at 24 h. Purple shading
denotes the intensity of upregulation at 2 h. The experiment was performed in BMDM derived from three mice across
all conditions.

TABLE 1 Genes upregulated at both time points (2 h and 24 h) in both C. neoformans H99 and C. gattii R265

Gene name Gene or protein encoded by gene

Fold change in expression ata:

2 h 24 h

C. neoformans H99 C. gattii R265 C. neoformans H99 C. gattii R265

Gm26995 Predicted gene, 26995 2.155 2.385 3.150 2.883
9530076L18 Uncharacterized protein 9530076L18 3.433 3.383 18.279 9.576
Il7r Interleukin 7 receptor 3.446 3.550 3.684 3.413
Lsmem1 Leucine-rich single-pass membrane protein 1 3.643 3.718 9.998 9.391
Inhba Inhibin beta-A 3.543 3.334 16.095 9.907
Ly6d Lymphocyte antigen 6 complex, locus D 2.497 2.216 2.337 3.402
D13Ertd608e DNA segment, chromosome 13, ERATO Doi 608, expressed 3.393 4.042 3.474 2.614
Gata2 GATA binding protein 2 3.238 2.754 4.082 3.757
Dusp13 Dual-specificity phosphatase 13 2.208 2.060 6.100 5.908
Trim29 Tripartite motif-containing 29 2.161 2.675 2.310 2.819
Fam71a Family with sequence similarity 71, member A 2.047 2.127 9.913 2.927
Met Met proto-oncogene 2.159 2.111 2.985 2.835
Gm13571 Predicted gene, 13571 2.853 2.423 4.772 4.480
aThe fold changes in expression by infected versus uninfected cells at 2 h and 24 h are shown.
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have shown that C. neoformans species complex strains transmigrate at greater fre-
quencies than C. gattii species complex strains (27).

Urease is important for hydrolyzing urea to produce ammonia and CO2 and is found
in many organisms, including bacteria and plants (21). The presence of urease activity
within microorganisms is associated with virulence and increased pathogenesis (21).
Urease is a major virulence factor of C. neoformans, is thought to play a role in
phagolysosome survival, and has been shown to have a role in aiding transmigration
through the blood-brain barrier (BBB) (21, 44). Because urease is important for migra-
tion across the BBB and C. gattii strains are less prone to cause meningoencephalitis, we
reasoned that urease activity may contribute to differential transmigration. We found
similar urease activity among all strains examined. We note that the assay used in our
study to measure urease activity is extremely sensitive, such that differences in culture
age or incubation period produced vastly different results. Overall, factors other than
urease activity may explain the preferential infection site of C. gattii.

Transcriptional responses had a high degree of overlap for macrophages infected
with C. neoformans H99 or C. gattii R265. Our results suggest that some genes could be
novel regulators in defense against Cryptococcus spp. Gata2 is a major immune
regulator whose absence is associated with severe immunodeficiency, including sus-
ceptibility to fungal infections (45). Egr1 and Egr3, coding for hematopoietic cell growth
factors, were also implicated in the response to fungal disease (46). Stat1 and Ifng are
major regulators of the monocyte/macrophage response to Cryptococcus, but we did
not find Stat1 or Ifng expression to be modulated in our model (47–50). However, Gata2
and Egr1 are predicted to interact with or are found to be coexpressed with Stat1 and
Ifng by data-mining algorithms (String, v10.5). Future work will dissect and validate the
importance of these regulators in fungal disease. Critically, we did not find major
differences in host genetic responses to either strain of Cryptococcus spp., implicating
that C. neoformans and C. gattii are largely undistinguishable to the host macrophage
and perhaps that macrophage susceptibility to both pathogens is similar. Consistent
with the notion that the intracellular pathogenic strategy is globally conserved, though
differing in details, is the recent report that both C. neoformans and C. gattii damage
DNA in human peripheral monocytes, a process that was associated with nitric oxide
(NO) in C. gattii but not C. neoformans (51). In mouse models, C. gattii R265 has a
preference for causing lung infections over brain infections, mimicking the human
disease pattern (16). However, comparison between these two strains does not allow
definitive conclusions regarding species differences. Further studies involving multiple
strains of each species are needed to extend these observations from the strain to the
species level. To this point, we do not know how the C. gattii disease prevalence and
impact would compare with the C. neoformans disease prevalence and impact if both
species had the same geographical distribution. As this work was performed in murine
macrophages, further work should seek to establish if the results are applicable to other
mouse models or primary human macrophages. However, it is noteworthy that most
facets of cryptococcal infection in murine macrophages that have been investigated in
human cells are conserved across both species (52).

Both cryptococcal species complexes have been isolated from soil and trees, where
the microbial communities also include amoebae (53–56). On the basis of similarities
between the intracellular pathogenic strategy of C. neoformans in mammalian macro-
phages and amoebae, we proposed that the virulence originated by selection pressures
in the environment independent of the vertebrate host (57, 58). The similarities
between C. neoformans and C. gattii macrophage intracellular strategies suggest that
both experienced parallel selection pressures after their divergence into separate
species. Given that the fungal and amoeba lineages predate the emergence of meta-
zoans, that phagocytosis is an ancient mechanism of food acquisition, and that amoe-
bae and cryptococcal yeasts are likely to have interacted since distant geological
epochs by virtue of occupying the same ecological niches, the similarities in C.
neoformans and C. gattii intracellular strategies suggest that these interactions occurred
as early as in the common Pangean ancestor and thus represent an ancient solution to
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the challenge of survival from amoeboid host predation (59, 60). Hence, the finding that
C. neoformans and C. gattii intracellular pathogenic strategies are similar is consistent
with and supportive of the theory that cryptococcal virulence emerged from survival
strategies selected by amoeboid predators and accidentally proved suitable for survival
in metazoan hosts (61).

Our results are also relevant to the current taxonomy controversy involving the
cryptococcal field (1). After decades of nomenclature stability, genome sequencing of
many strains has led to the proposal that each of the C. neoformans and C. gattii species
complexes be split into several distinct species (36). In response, some have argued that
the overwhelming similarities in clinical presentation and biology override the genetic
difference and instead suggest the species complex nomenclature used in this paper
(1). Our results provide fodder for both camps. On one hand, the conservation of the
intracellular pathogenic strategy supports the wider species complex view, encompass-
ing C. neoformans and C. gattii as causative agents of the same disease. On the other
hand, outbreaks such as the Vancouver Island outbreak may be caused by a particularly
virulent isolate of one species or a series of serendipitous events of an unusual high
exposure dose.

In summary, our study reveals that despite ancient separation, the interaction of
cells from both cryptococcal species complexes with murine macrophages was quali-
tatively similar. Hence, the overall intracellular pathogenic strategy of both cryptococcal
species complexes appears to be conserved. Conservation of intracellular strategies
among species with such temporally distant separation implies that these evolved
strategies are ancient and possibly maintained by common continuous and extant
selection pressures.

MATERIALS AND METHODS
Fungal strains. Cryptococcus gattii species complex strains R265 (VGIIa), WM179 (VGI), and WM161

(VGIII) were obtained from ATCC (Manassas, VA), and Cryptococcus neoformans species complex strain
H99 (VNI) was originally obtained from John Perfect (Durham, NC). The strains were stored at �80°C.
Frozen stocks were streaked onto Sabouraud dextrose agar (SDA) and incubated at 30°C. Liquid
suspensions of cryptococcal cultures were grown in SDA overnight at 30°C.

Mice. All experiments used C57BL/6 female mice 8 to 16 weeks of age obtained from the Jackson
Laboratory. All animal procedures were performed with prior approval from Johns Hopkins University
(JHU) Animal Care and Use Committee (IACUC), under approved protocol number M015H134. Mice were
handled and euthanized with CO2 in an appropriate chamber, followed by thoracotomy as a secondary
means of death in accordance with guidelines on Euthanasia of the American Veterinary Medical
Association. JHU is accredited by AAALAC International, in compliance with Animal Welfare Act regula-
tions and Public Health Service (PHS) Policy, and has a PHS Approved Animal Welfare Assurance with the
NIH Office of Laboratory Animal Welfare. JHU Animal Welfare Assurance Number is D16-00173 (A3272-
01). JHU utilizes the United States Government laws and policies for the utilization and care of vertebrate
animals used in testing and research and follows training guidelines for appropriate animal use in a
research and teaching setting.

Macrophages. Primary macrophages were obtained via isolation of bone marrow progenitors from
C57BL/6 mice. Mice were euthanized, the skin of each leg was peeled back, and muscle was cut away to
reveal the bone. An L929 cell supernatant was obtained by collecting supernatants from L929 cells at
confluence. Once the skin and muscle were removed, the tibia and femur were removed and placed in
Dulbecco modified Eagle medium (DMEM) feeding medium (20% L929 cell supernatant, 10% fetal bovine
serum [FBS], 0.1% �-mercaptoethanol, 1% penicillin-streptomycin [Pen-Strep], 1% minimal essential
medium nonessential amino acids [MEM-NEA], 1% GlutaMAX, 1% HEPES buffer). The marrow was then
flushed out with feeding medium, filtered through 100-�m-pore-size filters to remove aggregates or
bone debris, and centrifuged at 350 � g for 5 min at 4°C. The supernatant was then discarded and the
pellet was suspended in 120 ml of feeding medium. The resuspended solution was seeded onto 100-mm
tissue culture-treated petri dishes (Corning) and incubated at 37°C for 6 days.

J774.16 (J774) murine macrophage-like cells from frozen stocks were plated onto 6-well plates
containing DMEM complete medium (10% FBS, 10% medium NCTC-109 (Gibco, Gaithersburg, MD), 1%
Pen-Strep, 1% MEM-NEA).

Phagocytic efficiency. BMDM were seeded onto the wells of a 96-well plate containing BMDM
feeding medium at a density of 1 � 105/ml. The BMDM were incubated overnight at 37°C with gamma
interferon (IFN-�; Bioscience) and lipopolysaccharide (LPS; Bioscience) at 100 U/ml and 0.5 �g/ml,
respectively. Cryptococcal cultures for infection were opsonized with either MAb 18B7, which binds
capsular glucuronoxylomannan, at a concentration of 10 �g/ml (24) or 20% guinea pig complement (MP
Biomedical). BMDM were infected at a multiplicity of infection (MOI) of 1:1 or 3:1 (cryptococcal
cells/BMDM). BMDM were incubated for 1.5 h at 37°C before imaging.
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Measurement of phagolysosomal pH. Approximately 1.25 � 105 BMDM were seeded onto the
wells of a 24-well tissue culture plate containing 12-mm glass coverslips and DMEM feeding medium.
Macrophages were incubated at 37°C and activated overnight with LPS and IFN-� at 0.5 �g/ml and 100
U/ml, respectively. Macrophages were infected at an MOI of 3:1 (about 3.75 � 105 fungal cells/well) with
cryptococcal strains opsonized with MAb 18B7 conjugated to Oregon Green (Molecular Probes) at a
concentration of 10 �g/ml (62). The plate was immediately spun down at 350 � g for 1 min to facilitate
contact with the monolayer. Infected macrophages were then incubated at 37°C for 10 min to initialize
phagocytosis. For each strain of the two Cryptococcus species complexes, a standard curve was generated
to determine the pH at various time points after phagocytosis was initiated. Calibration buffers were
made for pH 3.0 to pH 7.0 at increments of 0.5 pH unit. Buffers were composed of 140 mM KCl, 1 mM
MgCl2, 1 mM CaCl2, and 5 mM glucose. For solutions with a pH of less than 5.0, acetic acid was added
to the mixture to adjust the pH. For solutions with a pH of between 5.5 and 6.5, 2-(N-
morpholino)ethanesulfonic acid (MES) was used. For solutions with a pH of greater than 7.0, HEPES was
used as the buffer. The pH was then adjusted to the desired values using either 1 M KOH or 1 M HCl.

For the standard curve, wells were incubated and washed with the desired pH calibration buffer for
5 min at 37°C. Nigericin (stock concentration at 5 mg/ml) was added at a final concentration of 5 �g/ml
to allow the intracellular pH to be dictated by the extracellular pH. The 12-mm coverslips were then
removed and placed culture side down on a 35-mm culture dish (MatTek), and images were obtained on
the fluorescein isothiocyanate channel (440 nm and 488 nm) using a QImaging Retiga 1300 camera
attached to an Olympus AX70 microscope. For the experimental samples, coverslips were placed in
Hanks buffered saline solution (HBSS) medium and imaged on the Olympus AX70 microscope (Olympus).
Imaging was done through the use of MetaFluor fluorescence ratio imaging software (Molecular Devices)
for Olympus. Analysis of the images was also performed on MetaFluor software, and the pH was
determined according to the fluorescence ratio of 440 nm/488 nm and comparisons with the pH
standard curve.

Measurement of phagolysosomal membrane permeabilization. BMDM or J774 cells were seeded
into a 6-well plate at approximately 1 � 106 cells per 2 ml of feeding medium and activated overnight
with LPS and IFN-� (0.5 �g/ml and 100 U/ml, respectively). On the following day, cells were infected with
Cryptococcus stained with Uvitex 2B stain (which binds to the cell wall of fungi) at an MOI of 1:2 for a
period of 24 h. Cultures were opsonized with MAb 18B7 at a concentration of 10 �g/ml. One hour before
the incubation period, LysoTracker Deep Red was added to each sample well and the single-stain control.
Once the 24 h of the incubation period was finished, supernatant was collected and transferred to a
corresponding 15-ml Falcon tube. Each well was washed with Hanks buffered saline solution (HBSS;
Gibco), and the cells were collected and transferred to the corresponding Falcon tube. After the wash,
1 ml of Cellstripper solution (Corning) was added to each well and the plate was incubated at 37°C for
5 min. Cells were then collected and centrifuged for 5 min at 350 � g. After centrifugation, the
supernatant was discarded and the pellet was suspended in HBSS, stained with CD11b-phycoerythrin (PE;
clone M1/70; eBioscience), and incubated for 5 min, followed by centrifugation for 5 min at 350 � g. The
supernatant was discarded, and the pellet was suspended in HBSS and placed on ice. F2N12S and
SYTOX-PE-Cy5.5 AADvanced dead cell stain (Thermo Fisher Scientific) was added 5 min before analysis
with a Becton Dickinson LSRII flow cytometer (BD Biosciences). The data were further analyzed with
FlowJo software (FlowJo Inc., a subsidiary of BD Biosciences).

Phagosomal capsule growth measurement. BMDM were seeded in 24-well plates at a density of
2.5 � 104 cells per well. BMDM were activated for 16 h with IFN-� and LPS at concentrations of 100 U/ml
and 0.5 �g/ml, respectively. After activation, the BMDM were infected for 1 h with cultures of Crypto-
coccus at an MOI of 1 and opsonized with 10 �g/ml MAb 18B7. After infection, the wells were washed
three times with BMDM feeding medium. At each time point, extracellular Cryptococcus was removed by
washing each well three times with BMDM feeding medium. The BMDM were then lysed by replacing the
medium with 200 �l distilled H2O, incubated for 10 min, and then pipetted to ensure lysis. The released
intracellular Cryptococcus cells were then pelleted by centrifugation at 15,600 � g for 5 min. The pellet
was resuspended in 15 �l phosphate-buffered saline (PBS), 10 �l of which was stained with India ink and
imaged at a �100 magnification under a bright-field microscope. Cryptococcus capsule and cell body
measurements were manually assessed using ImageJ and Fiji software according to India ink exclusion
(63).

Measurement of nonlytic exocytosis. BMDM were seeded at approximately 5 � 104 cells onto
35-mm MatTek culture dishes (Corning) containing BMDM feeding medium and incubated at 37°C for 2
h to induce adherence to the plate. Following the 2 h of incubation, macrophages were then activated
overnight using LPS and IFN-� at a concentration of 0.5 �g/ml and 100 U/ml, respectively. A Cryptococcus
suspension was prepared, and MAb 18B7 was added to the suspension at a concentration of 10 �g/ml
to enhance phagocytosis. The Cryptococcus strains were added at an MOI of 3:1 (approximately 1.5 � 105

cells). The infected macrophages were then incubated at 37°C for 2 h and then washed to remove
extracellular cryptococcal cells. Time-lapse images were taken every 4 min for a period of 24 h at 37°C
with 10% CO2 at a �10 magnification on the Axiovert 200M microscope (Zeiss). Time-lapse movies were
analyzed using Axio Vision software (Zeiss), and the number of cells exhibiting nonlytic exocytosis was
recorded by operator visual analysis of the movie.

Urease activity assay. Cryptococcus cultures were grown in liquid SDA for 17 h. Cultures were
washed, and the cells were counted and diluted to a concentration of approximately 1.11 � 107 cells/ml.
Approximately 1 � 106 cells were added onto a 96-well plate. To measure urease activity, a urease
activity assay (catalog number MAK120; Sigma-Aldrich) was used and the manufacturer’s protocol was
followed. Briefly, an ammonium standard that was at a concentration of 500 �M was prepared and

Freij et al. Infection and Immunity

July 2018 Volume 86 Issue 7 e00946-17 iai.asm.org 12

http://iai.asm.org


serially diluted. Then, 90 �l of the sample or the ammonium standard was added to the wells of a 96-well
plate. Next, 10 �l of urea was added and the plate was incubated for 2 h at 30°C. Reagent A (from urease
activity assay kit, catalog no. MAK120; Sigma-Aldrich) was added to stop the urease reaction. Then,
reagent B (from urease activity assay kit, catalog no. MAK120; Sigma-Aldrich) was added to develop the
plate and the plate was incubated at room temperature for 30 min. The plate was then read on an EMax
Plus microplate reader (Molecular Devices) at a wavelength of 650 nm. Urease activity was determined
by the following equation: urease activity � [(Asample � Ablank) · n]/(t · s), where Asample and Ablank are the
absorbance of the sample and the blank, respectively; n is the dilution factor; t is the incubation time (in
minutes); and s is the slope of the standard curve.

Statistics. All statistical measurements for the above-described methods were made using the
statistical software in Prism software. Unless otherwise noted, a one-way analysis of variance (ANOVA)
and Tukey’s multiple-comparison test were used to compare all groups.

Macrophage mRNA gene expression array. BMDM were washed five times with 1� PBS, removed
with a cell scraper, and centrifuged at 350 � g for 5 min. The cell pellet was then suspended in TRIzol
reagent and gently broken up, and the debris was removed by centrifugation at 8,000 � g. The
supernatant was then flash frozen and stored at �80°C. Total RNA was extracted using a PureLink RNA
minikit (Ambion/Life Technologies) according to the manufacturer’s protocol, including on-column
DNase treatment. Following elution of purified RNA from the PureLink columns with nuclease-free water,
quantitation was performed using a NanoDrop spectrophotometer, and quality assessment was deter-
mined by RNA LabChip analysis on an Agilent Bioanalyzer 2100 system or with RNA Screen tape on an
Agilent TapeStation 2200 system. One hundred nanograms of total RNA was processed for hybridization
to Agilent SurePrint G3 mouse (v2) 8x60K gene expression arrays according to Agilent’s one-color
microarray-based analysis (low-input QuickAmp labeling) protocol, including cDNA synthesis, cRNA
synthesis with Cy3 labeling and purification, fragmentation, hybridization, and posthybridization wash-
ing. Spike-In controls were utilized and processed according to Agilent’s one-color RNA Spike-In kit
protocol. The arrays were scanned in an Agilent G2600D SureScan microarray scanner using scan
protocol AgilentG3_GX_1color. Agilent’s Feature Extraction software was used to assign grids, provide
raw image files per array, and generate quality control (QC) metric reports from the microarray scan data.
The QC metric reports were used for quality assessment of all hybridizations and scans. Txt files from the
Feature Extraction software were imported into the Partek Genomics Suite (v6.6; Partek) for detailed
analyses of gene expression. Within Partek, the gene expression work flow was followed for Agilent
Feature Extraction files, including import of gProcessedSignal, quantile normalization, and log transfor-
mation base 2.0. For genes for which multiple probes were present, a summarization of probes was
performed (merge probes by gene symbol with the mean of the intensity values). The batch effect
removal tool (analysis of variance [ANOVA]) was used to correct for effects of culture batch and array
(slide). A two-way ANOVA with linear contrasts for treatment (infection/strain) and time (2 h or 24 h)
versus the control (uninfected cells) was performed with outputs of P value, fold change, and mean ratio.
A linear contrast of uninfected controls (uninfected cells at 24 h versus uninfected cells at 2 h) was also
performed to generate a time-only gene list. The cutoff criteria for filtering gene lists were significant P
values (P � 0.01) with fold changes of greater than 2 or less than �2. Heatmaps were generated from
the filtered gene lists, as well as lists from Venn diagram comparisons. The data derived from Partek
analysis were imported to Ingenuity Pathways Analysis software (Qiagen) to identify molecular
networks of relevance and the pathways and biological processes that were most significantly
related in the data set.

Gene expression validation by qPCR. Ten genes from the filtered gene lists were selected for
validation by qPCR. Selection criteria included the greatest differential expression in infection groups
(infection/strain and time) versus the controls, genes with functions relevant to phagosomal damage,
and genes similar to those in previous data sets (64). Four housekeeping genes, those for ribosomal
protein L13 (rpl13a), thyroid hormone receptor-interactor 6 (Trip6), �-actin, and glyceraldehyde-3-
phosphate dehydrogenase (Gapdh), were run for normalization and comparison. Selection criteria for
housekeeping genes included comparison of means and assessment of standard deviations across all
ANOVA linear contrast groups, as well as transcript abundance. A SuperScript III First-Strand cDNA kit
(Invitrogen/Thermo Fisher) was used to synthesize cDNA from 500 ng total RNA according to the
manufacturer’s recommended protocol. Assays on Demand TaqMan probe assays were run for all
selected genes (ABI/Thermo Fisher) in 20-�l-volume reaction mixtures with 1 �l cDNA and the TaqMan
Gene Expression master mix in a StepOne Plus instrument, utilizing standard protocols. StepOne Plus
software (ABI/Thermo Fisher) was used to determine the threshold cycle (CT). Detailed analysis was
performed in Partek Genomics Suite (v6.6). Gapdh was selected for normalization based on comparison
of CT means and standard deviations for each housekeeping gene across groups. ANOVA, with linear
contrasts, was used as described above to determine P values and fold changes in expression.
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