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ABSTRACT Cryptococcosis is an infectious disease caused by two fungal species,
Cryptococcus neoformans and Cryptococcus gattii. While C. neoformans affects mainly
immunocompromised patients, C. gattii infects both immunocompetent and immu-
nocompromised individuals. Laccase is an important virulence factor that contributes
to the virulence of C. neoformans by promoting pulmonary growth and dissemina-
tion to the brain. The presence of laccase in C. neoformans can shift the host im-
mune response toward a nonprotective Th2-type response. However, the role of lac-
case in the immune response against C. gattii remains unclear. In this study, we
characterized laccase activity in C. neoformans and C. gattii isolates from Thailand
and investigated whether C. gattii that is deficient in laccase might modulate im-
mune responses during infection. C. gattii was found to have higher laccase activity
than C. neoformans, indicating the importance of laccase in the pathogenesis of C.
gattii infection. The expression of laccase promoted intracellular proliferation in mac-
rophages and inhibited in vitro fungal clearance. Mice infected with a lac1� mutant
strain of C. gattii had reduced lung burdens at the early but not the late stage of in-
fection. Without affecting type-1 and type-2 responses, the deficiency of laccase in
C. gattii induced cryptococcus-specific interleukin-17 (IL-17) cytokine, neutrophil ac-
cumulation, and expression of the neutrophil-associated cytokine gene Csf3 and
chemokine genes Cxcl1, Cxcl2, and Cxcl5 in vivo, as well as enhanced neutrophil-
mediated phagocytosis and killing in vitro. Thus, our data suggest that laccase con-
stitutes an important virulence factor of C. gattii that plays roles in attenuating
Th17-type immunity, neutrophil recruitment, and function during the early stage of
infection.
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Cryptococcus neoformans and Cryptococcus gattii are major basidiomycete fungal
pathogens that cause cryptococcosis among humans. While C. neoformans infects

mainly immunocompromised individuals, C. gattii has been regarded as a pathogen of
immunocompetent patients (1–3). The pathophysiologies and clinical manifestations of
C. gattii and C. neoformans differ (3, 4): C. neoformans has often been associated with
central nervous system involvement and C. gattii with severe lung disease (5). It has
been reported that an underlying host antibody defect may be involved in the
predisposition to C. gattii infections (6, 7). Moreover, a failure of C. gattii to efficiently
induce an effective immune response among healthy individuals has also been pro-
posed (5). Related studies have suggested that C. gattii elicits a less protective immunity
than C. neoformans. Infection with C. gattii inhibited neutrophil migration in the lungs
during the initial stage of infection (8, 9). Moreover, C. gattii has been found to
modulate dendritic cell (DC) function by attenuating dendritic cell maturation (10).
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Besides affecting innate immune cell function, we recently reported that C. gattii’s
dampening of the Th1 and Th17 immune response may contribute to its ability to infect
immunocompetent individuals (11).

Cryptococcus produces numerous virulence factors to promote fungal survival and
modulate the host immune response. Although the relative importance of each of
these characteristics is not fully understood, the presence of capsule and the presence
of laccase are considered major virulence factors (5, 12). The expression of laccase has
been correlated with the virulence of C. neoformans (13–17). Laccase plays important
roles to promote extrapulmonary dissemination of C. neoformans to the brain (16).
Although the expression of LAC1, the predominant isoform, was uninvolved with the
pulmonary clearance of low-virulence strains, its expression was essential for the
progressive growth of a highly virulent strain of C. neoformans in the lungs (16, 17).
Laccase enzyme was required for the biosynthesis of not only melanin but also
prostaglandin E2 (18); therefore, its activity has been reported to be associated with
enhanced fungal survival in macrophages (19). Indeed, laccase expression can promote
the pathogenesis of cryptococcal infections by modulating both host innate and
adaptive T helper cell responses (14, 17). Mice infected with C. neoformans strain H99
with a LAC1 mutation displayed diminished pulmonary eosinophilia and shifted im-
mune polarization from deleterious M2 to M1 macrophages and Th2 to Th1/Th17
immune responses (17).

Although several lines of evidence have indicated the importance of laccase ex-
pression in promoting disease pathogenesis of C. neoformans infection, the immuno-
modulatory role of laccase in the virulence of C. gattii remains elusive. In this study, we
investigated the laccase expression of C. gattii and characterized its effect in modulat-
ing fungal uptake, intracellular survival, and killing in macrophages by using a highly
virulent C. gattii strain R265 that is deficient in LAC1 (20). The contribution of laccase
expression to the disease caused by C. gattii and to the immune response during
infection was also evaluated. C. gattii deficient in laccase was found to have less
resistance to fungal clearance in macrophages. The lower virulence of the lac1� C. gattii
mutant during the early stage of infection was found to be associated with a markedly
increased cryptococcus-specific Th17 cytokine response, pulmonary neutrophil infiltra-
tion, and pulmonary expression of growth factor for neutrophil gene Csf3 and
neutrophil-attracting chemokine genes Cxcl1, Cxcl2, and Cxcl5. Furthermore, laccase
expression was found to be an important attribute of C. gattii for inhibiting phagocy-
tosis and killing by neutrophils in vitro. Our studies suggest differential roles of laccase
in C. gattii and C. neoformans. Laccase expression by C. gattii may play a role in
promoting pulmonary fungal growth during initial lung infection by suppressing the
Th17 cytokine response and the recruitment and function of neutrophils.

RESULTS
Differences in laccase activity of C. neoformans and C. gattii clinical isolates

from Thailand. Several reports have shown the enhanced laccase activity of clinical
isolates of C. neoformans; however, only a few studies have investigated those of C.
gattii. To understand the importance of the laccase activity of C. gattii, we evaluated this
enzyme activity together with other key virulence factors, namely, urease activity and
capsule size, in comparison with those of C. neoformans. The fungal isolates used in this
study are the previously described 23 isolates of C. neoformans and 18 isolates of C.
gattii from Thailand (21). Laccase and urease enzyme activities were detected spectro-
photometrically for the production of black melanin after exposure to L-DOPA (L-3,4-
dihydroxyphenylalanine) medium and for the presence of pH change after urea hydro-
lysis, respectively. We found increased laccase and urease enzyme activities in both C.
neoformans and C. gattii. While C. neoformans appeared to possess higher urease
activity (P � 0.0001), the mean laccase activity of C. gattii was significantly higher than
that of C. neoformans (P � 0.0005) (Fig. 1A and B). We also measured the capsule sizes
of these isolates using India ink counterstaining after capsule induction. The capsule
size detected of C. gattii was much greater than that of C. neoformans (P � 0.0001)
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(Fig. 1C). These data demonstrate significant differences in these virulence factors
between C. neoformans and C. gattii clinical isolates. The high laccase enzyme activity
in C. gattii suggests the importance of this attribute in disease pathogenesis of not only
C. neoformans but also C. gattii infection.

Effect of LAC1 gene disruption in C. gattii on fungal uptake rate, intracellular
fungal load, intracellular proliferation rate, and killing by macrophages. Laccase
expression in C. neoformans has been shown to contribute to protection against killing
by macrophages (14). Because high laccase activity was observed in C. gattii, we
examined whether disruption of the LAC1 gene in C. gattii might enhance macrophage
responses, since the LAC1 gene is conserved and considered to be the dominant
laccase gene of both C. neoformans and C. gattii (20, 22). We tested the effect of laccase
expression in C. gattii on Cryptococcus-macrophage interactions using the previously
described melanin-deficient lac1� mutant of strain R265 and the reconstituted lac1�::
LAC1 strain that restored melanin production (20). We confirmed the absence of laccase
enzyme activity in the lac1� mutant and the restored melanin production in the
lac1�::LAC1 strain, in comparison to the parental strain R265, by use of the laccase
activity assay described in Materials and Methods (Fig. 2A). We determined the effect
of laccase expression in C. gattii infection on host macrophage function by assessing
phagocytosis rate, phagocytic index, intracellular fungal load (intracellular cryptococcal
load [ICL]), intracellular proliferation rate (IPR), and killing by macrophages. While the
phagocytosis rates and phagocytic indexes of these strains were similar (Fig. 2B and C),
the intracellular fungal load and intracellular proliferation rate of the lac1� mutant were
significantly lower than those of parental strain R265 and the reconstituted strain (Fig.
2D to G). Moreover, macrophage-mediated killing of the lac1� mutant appeared to be
greater than killing of the parental and reconstituted strains (Fig. 2H and I). Thus, our
data suggest that laccase expression in C. gattii is responsible for the protection against
macrophage function in promoting intracellular fungal growth and proliferation.

Laccase expression in C. gattii is required for promoting pulmonary fungal
growth at early but not late stages of infection. The expression of laccase has been
shown to be required for the virulence of C. neoformans by supporting pulmonary
persistence and facilitating brain dissemination (16, 17). Because we observed better
fungal clearance of the lac1� mutant by macrophages, we further determined whether
laccase deficiency in C. gattii may decrease virulence in a mouse model of cryptococ-
cosis using BALB/c mice infected with Cryptococcus via intranasal inhalation as previ-
ously described (21). We evaluated pulmonary fungal burdens at days 3, 7, and 14 after
infection and assessed mouse survival following infection with lac1� and lac1�::LAC1
strains and the parental C. gattii R265 strain. In comparison with infection with
complementary and parental strains, there was significantly less fungal burden in mice
infected with the lac1� strain at days 3 and 7 but not at day 14 postinfection (Fig. 3A).
Like related studies indicating minimal brain involvement of C. gattii strain R265 (11),
we indeed did not detect fungal burdens in the brains of mice infected with these

FIG 1 Activities of laccase and urease and sizes of capsules of C. neoformans and C. gattii clinical isolates. Laccase activity (A),
urease activity (B), and capsule size (C) of C. neoformans and C. gattii clinical isolates are shown. Each dot represents one clinical
isolate. Results were expressed as the mean of results of three to six experimental repeats. Error bars denote means � SD.
Significance was determined using an unpaired t test (two-tailed).
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strains. Despite the fact that lung fungal burden in mice infected with the lac1� strain
in the early stage of infection was reduced, the survival rates were comparable between
mice infected with C. gattii deficient in laccase and those infected with complementary
and parental strains (Fig. 3B). These data suggest that whereas laccase expression in C.
gattii is unrequired for supporting fungal growth in the late stage of infection, it acts
as an early protective factor from host defense.

Deficiency of laccase in C. gattii enhanced cryptococcus-specific IL-17 but not
type-1/2 immune responses during the early stage of infection. A recent study
demonstrated that the deletion of LAC1 in C. neoformans resulted in reduced virulence
by shifting Th2 to Th1 and Th17 cytokine responses (17). Therefore, we tested whether
reduced fungal growth in the early stage of lac1� C. gattii infection might be associated
with lower Th2-type cytokine induction during infection. To further understand the role
of laccase in modulating the T helper cytokine response against C. gattii, we assessed
the effect of the LAC1 deletion in C. gattii on cryptococcus-specific cytokine production
in lung-draining lymph nodes at 7 and 14 days postinfection. Lung-draining lymph
nodes harvested from mice infected with the parental C. gattii R265 strain and those
infected with lac1� and lac1 complementary (lac1�::LAC1) strains were activated with
the same heat-killed cryptococcal strain for 3 days in vitro before the culture superna-
tants were collected to measure cryptococcus-specific cytokines by ELISA. As previously

FIG 2 Laccase is crucial for intracellular proliferation and survival of C. gattii within macrophages. (A)
Laccase activity of LAC1 deletion strains (lac1�) was determined and compared with that of the parental
(R265) and LAC1 complementary (lac1�::LAC1 [::LAC1]) strains. (B to I) The J774 macrophage was infected
by C. gattii R265, lac1�, and complementary strains at a 1:10 ratio, followed by washing out the
extracellular yeasts after 2 h of infection and then lysis at 2, 18, and 24 h postinfection to determine
cryptococcal uptake (B) and phagocytic index (C) at 2 h, intracellular loads (ICL) at 18 h (D) and 24 h (E),
intracellular proliferation rate (IPR) at 18 h (F) and 24 h (G), and percent killing at 18 h (H) and 24 h (I)
using the CFU assay. Graphs depict means � SD and are representative of three experiments, and
significance was determined by one-way ANOVA with Tukey’s post hoc analysis; *, P � 0.05; **, P � 0.01;
***, P � 0.0001.
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reported (11), the production of cryptococcus-specific gamma interferon (IFN-�) and
interleukin-17 (IL-17) was low in lung-draining lymph nodes of mice infected with the
parental C. gattii R265 strain at 7 and 14 days postinfection (Fig. 4A and B). While IL-4 in the
lung-draining lymph nodes of these mice was undetected in the early stage of infection, we
found higher induction of cryptococcus-specific IL-4 at 14 days postinfection (Fig. 4B).
Unlike C. neoformans with a targeted LAC1 gene deletion (lac1�), C. gattii deficient in
laccase did not alter the production of IFN-� and IL-4 compared with that of the
parental strain R265 (Fig. 4A and B). Interestingly, we detected significantly higher
induction of cryptococcus-specific IL-17 production in lung-draining lymph nodes of
mice infected with the lac1� mutant at 7 days (Fig. 4A) but not 14 days (Fig. 4B)
postinfection. The laccase-reconstituted strain impaired the induction of cryptococcus-
specific IL-17 without affecting IFN-� and IL-4 (Fig. 4A and B), as observed for the
parental strain. These data suggest that although no role in switching type-1 to type-2
immune responses was observed, laccase expression in C. gattii is able to suppress the
induction of IL-17 cytokine production.

The expression of laccase in C. neoformans has been shown to promote alternative
activation of macrophages in infected lungs (17); therefore, we determined whether the
phenotypes of macrophages were altered in mice infected with C. gattii deficient in
laccase. Mice were infected with lac1� mutant, lac1�::LAC1, and R265 strains, and the
expression of signature genes that specify classically (M1) (Nos2) and alternatively (M2)
(Arg1) activated macrophages in the total lungs of infected mice was evaluated using
real-time PCR analysis. While the upregulation of Nos2 and Arg1 was detected at
14 days postinfection, no significant differences were observed in the expression of
Nos2 and Arg1 among mice infected with lac1� mutant, lac1�::LAC1, and R265 strains
at any stage of infection (Fig. 5A). Likewise, the activity of the arginase enzyme
indicated by the concentration of produced urea by bronchoalveolar lavage using a
colorimetric method with �-isonitrosopropiophenone was found to be induced after
14 days postinfection with the C. gattii R265 strain but remained unaltered in mice

FIG 3 Laccase is required for growth and proliferation of C. gattii during the early stage of infection. BALB/c mice were
intranasally infected with C. gattii R265, LAC1 deletion (lac1�), and LAC1 complementary (lac1�::LAC1 [::LAC1]) strains at
5 � 104 yeast cells/mouse. (A) Lung fungal burdens of infected mice were enumerated at 3, 7, and 14 days postinfection.
Graphs show results for individual mice and means � SD of results from three pooled independent experiments (n � 3
mice per group per experiment). Significance was determined using one-way ANOVA with Tukey’s post hoc analysis; **, P �
0.01; ***, P � 0.0001; ns, not significantly different. (B) For survival analysis, infected mice were monitored for survival daily
for 60 days. Survival curves were generated from the results obtained with eight mice per group and evaluated for
statistical significance with Kaplan-Meier survival curves, and P values were obtained from a log rank test. ns, not
significantly different.
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infected with the lac1� mutant (Fig. 5B). All together, these data suggest that the
expression of laccase in C. gattii may be uninvolved with the induction of type-2
immune responses but plays a role in attenuating Th17-mediated cytokine responses.

Laccase expression in C. gattii is required to inhibit neutrophil recruitment and
pulmonary chemokine expression at the early stage of infection. Th17 cells play a
role in host defense by mediating the recruitment of neutrophils. Related studies have
indicated that highly virulent C. gattii was able to inhibit neutrophil migration in vitro
and infiltration in the lungs after in vivo infection (8, 9). Because disruption of LAC1 in
C. gattii resulted in an enhanced early control of fungal growth in mouse lungs that was
associated with increased IL-17 cytokine responses in the early stage of infection, we
further tested whether the expression of laccase in C. gattii might contribute to the
inhibition of neutrophil recruitment in the lungs. The frequencies of neutrophils in the
lungs of mice infected with lac1�, lac1�::LAC1, and parental C. gattii R265 strains were
enumerated at days 3, 7, and 14 postinfection. While infection with the C. gattii R265
strain induced very low neutrophil infiltration in lungs following infection, we detected
a significantly increased number of pulmonary neutrophils in mice infected with the
lac1� mutant strain at days 3 and 7 but not 14 days postinfection (Fig. 6A and B).
Interestingly, the reconstituted strain was able to restore the impaired neutrophil
recruitment in infected lungs to a level comparable to that of the parental strain (Fig.
6A and B). Notably, we did not observe any differences in infiltration of other pulmo-
nary leukocytes, including dendritic cells, macrophages, and CD4� T helper cells,
among these mice (see Fig. S1 in the supplemental material). These data indicate that
laccase expression by C. gattii contributed to the attenuation of neutrophil infiltration
in the lungs during the early infection phase.

To understand the involvement of laccase expression in C. gattii in potentiating
neutrophil inhibition, we analyzed the pulmonary gene expression of key cytokines and
chemokines associated with the survival and recruitment of neutrophils as well as a
family of extracellular proteases and matrix metalloproteinases-12 (MMP-12) that were
previously shown to contribute to the regulation of pulmonary inflammation in Cryp-
tococcus infection (23). At day 7 postinfection, infection with C. gattii strain R265 was

FIG 4 C. gattii laccase deletion strain potentiates the induction of cryptococcus-specific IL-17 responses during the
early phase of infection. BALB/c mice were intranasally infected with C. gattii R265, LAC1 deletion (lac1�), and LAC1
complementary (lac1�::LAC1 [::LAC1]) strains at 5 � 104 yeast cells/mouse. At the indicated time points, lung-
draining lymph nodes were harvested and cell suspensions were prepared to analyze cryptococcus-specific
cytokine production. After lymph node cells were stimulated with heat-killed Cryptococcus cells for 72 h, super-
natant from lymph node stimulation at 7 (A) and 14 (B) days postinfection (dpi) was collected and subjected to
analysis of cytokines IFN-�, IL-17, and IL-4 by ELISA. Graphs show results for individual mice and means � SD from
three pooled independent experiments (n � 3 mice per group per experiment). Significance was determined by
one-way ANOVA with Tukey’s post hoc analysis; ***, P � 0.0001.

Hansakon et al. Infection and Immunity

March 2020 Volume 88 Issue 3 e00712-19 iai.asm.org 6

https://iai.asm.org


unable to elicit the pulmonary gene expression of key neutrophil-attracting chemo-
kines, cytokines, and MMP-12 (Fig. 7A). While the lac1�::LAC1 complementary strain and
the R265 strain induced similar expression patterns, we found a significant upregulation
of Mmp12, Csf2, Csf3, Cxcl1, Cxcl2, and Cxcl5 at day 7 postinfection with the lac1�

mutant (Fig. 7A). Consistent with the comparable neutrophil accumulation in the lungs
at day 14 postinfection, we did not detect different expression patterns of MMP-12,
neutrophil-attracting chemokines, and growth factors in mouse lungs infected with
R265 and the lac1� mutant strain (Fig. 7B). Collectively, our data suggest that the
expression of laccase in C. gattii contributed to the inefficient induction of pulmonary
neutrophil infiltration and inflammatory chemokine expression that may support C.
gattii survival during the early infection phase.

Laccase expression in C. gattii is required to inhibit neutrophil-mediated
antifungal activity in vitro. One recent study indicated that neutrophils can mediate
antifungal activity against the highly virulent C. gattii strain R265 in vitro (24). Because
the laccase enzyme contributes to the inhibition of neutrophil recruitment in the lungs
at the early stage of C. gattii infection, we further investigated whether the expression
of laccase in C. gattii might inhibit phagocytosis and neutrophil fungicidal activity in
vitro. We evaluated the percentage of phagocytosis of lac1�, lac1�::LAC1, and parental
C. gattii R265 strains stained with calcofluor white by neutrophils by use of flow
cytometry analysis. As described in a related study (24), we found that C. gattii R265
could be engulfed by neutrophils (Fig. 8A and B). Interestingly, the percentage of yeast
cells phagocytosed by neutrophils was much higher with infection with the lac1�

mutant strain than with infection with R265 and complementary strains (Fig. 8A and B).
We next assessed the fungicidal effect of neutrophils against C. gattii R265 and
laccase-deficient strains. We found that neutrophils were able to kill C. gattii R265 (Fig.
8C). However, the killing ability of the neutrophils was much greater with infection with
the laccase-deficient C. gattii strain (Fig. 8C). All together, our data suggest that laccase

FIG 5 Effect of laccase expression of C. gattii on the polarization of pulmonary M1 and M2 macrophages. BALB/c mice received
PBS or were intranasally infected with C. gattii R265 (parental), LAC1 deletion (lac1�), and LAC1 complementary (lac1�::LAC1
[::LAC1]) strains at 5 � 104 yeast cells/mouse. (A) The expression of genes associated with M1 (Nos2) and M2 (Arg1)
macrophages in lungs at 3, 7, and 14 days postinfection. (B) Arginase activity in BAL fluids was determined by photometric
measurement of the urea concentration (�g/ml) produced at 3, 7, and 14 days postinfection. Graphs show results for individual
mice and means � SD from three pooled independent experiments (n � 3 mice per group per experiment). Significance was
determined by one-way ANOVA with Tukey’s post hoc analysis; *, P � 0.05; **, P � 0.01; ***, P � 0.0001.
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expression in C. gattii plays an important role in suppressing neutrophil function in
vitro.

DISCUSSION

The complex interactions between Cryptococcus and the immune system shape the
consequence of disease pathogenesis. Laccase activity and melanin synthesis have
been implicated as major factors responsible for virulence in C. neoformans. The higher
laccase activity of a C. neoformans strain of HIV-positive patients appeared to heighten
fungal survival in cerebrospinal fluid (CSF) (19). Moreover, laccase has been shown to
be an important immune modulator of host-C. neoformans interaction (17, 25). The
protective function of laccase in C. neoformans against antimicrobial activities and its
role in modulating macrophage and T helper cell phenotypes promoted the progres-
sive pulmonary fungal growth and dissemination to the brain. Unlike C. neoformans, C.
gattii appears to cause infection in immunocompetent hosts. The influences of laccase

FIG 6 Effect of laccase expression in C. gattii on pulmonary neutrophil infiltration. BALB/c mice received PBS
or were intranasally infected with C. gattii R265, LAC1 deletion (�lac1), or LAC1 complementary (lac1�::LAC1
[::LAC1]) strains at 5 � 104 yeast cells/mouse. At the indicated time points, mice were sacrificed and
bronchoalveolar lavage (BAL) fluid and cells were collected to analyze neutrophils by a flow cytometry
assay. (A) Representative dot plot showing strategy for characterization of neutrophils (CD11b� Gr.1hi) from
BAL fluid cells of infected mice at 3, 7, and 14 days postinfection. (B) Percentage and absolute number of
BAL fluid neutrophils at 3, 7, and 14 days postinfection. Graphs show results for individual mice and
means � SD of results from three pooled independent experiments (n � 3 mice per group per experiment).
Significance was determined using one-way ANOVA with Tukey’s post hoc analysis; *, P � 0.05; **, P � 0.01;
***, P � 0.0001.
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expression on the virulence of C. gattii and the ability to modulate the host immune
response have not been clearly addressed. In the present study, we examined the effect
of laccase expression in C. gattii on the host immune response to better understand the
divergence of C. neoformans and C. gattii in modulating the immune response and
disease pathogenesis. We found that laccase expression of C. gattii contributed to the
inhibition of macrophage defense, IL-17 cytokine, and neutrophil responses in the early
stage of infection, as well as the suppression of neutrophil fungicidal activity in vitro.

Based on our results of virulence factor characterization of C. neoformans and C.
gattii isolates from Thailand, C. neoformans appears to be a higher urease producer than
C. gattii, as has been suggested by other studies (26). One recent study showed an
important role of urease in C. gattii infection, because the urease mutation caused
reduced blood burdens and a delayed time of death (27). It has been demonstrated
that capsule size can differ dramatically between C. neoformans and C. gattii (5). We
found a greater capsule size for C. gattii than for C. neoformans, suggesting the
involvement of capsule size in disease pathogenesis of C. gattii infection. Indeed, a

FIG 7 Mice infected with a C. gattii laccase deletion strain induced expression of neutrophil growth factor
and neutrophil-attracting chemokines in the lung. BALB/c mice received PBS or were intranasally infected
with C. gattii R265, LAC1 deletion (lac1�), or LAC1 complementary (lac1�::LAC1 [::LAC1]) strains at 5 � 104

yeast cells/mouse. At the indicated time points, mice were sacrificed and lungs were collected. Total lung
RNA was isolated and subjected to cDNA synthesis, followed by real-time PCR analysis of genes
associated with the growth and recruitment of neutrophils, including Mmp12, Csf2, Csf3, Cxcl1, Cxcl2, and
Cxcl5 at 7 (A) and 14 (B) days postinfection. Expression levels of target genes were normalized to
endogenous actin (Actb) transcript levels, and relative quantification of samples was compared with the
PBS control serving as the baseline. Graphs show results for individual mice and means � SD from three
pooled independent experiments (n � 3 mice per group per experiment). Significance was determined
using one-way ANOVA with Tukey’s post hoc analysis; *, P � 0.05; **, P � 0.01; ***, P � 0.0001.
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recent study suggested that whereas the capsular strain impaired the induction of DC
and T cells, the acapsular mutant of C. gattii induced human monocyte-derived DC
maturation and T cell proliferation, suggesting its contribution to the mechanisms of
immune evasion (28). While laccase activity of C. neoformans has been recognized as an
important virulence factor that plays multiple roles to protect against the host immune
defense, the role of laccase expression in C. gattii infections is less clear. Related studies
have found variable degrees of laccase enzyme activity in C. gattii isolated from
immunocompetent goats (29). A higher level of enzyme activity has been associated
with a highly virulent strain of C. gattii (20, 29). In accordance with these related studies,
we investigated the laccase enzyme activity in Cryptococcus isolates from Thailand and
found an expressed laccase enzyme activity not only in C. neoformans but also in C.
gattii. The average laccase enzyme activity of the investigated C. gattii isolates was even
higher than those of the C. neoformans isolates. Our data thus emphasize that laccase
activity is an important virulence factor for not only C. neoformans but also C. gattii.

As with C. neoformans, a related study using the lac1� mutant strain of C. gattii R265
(the C. gattii Vancouver Island outbreak strain) indicated that LAC1 was the main gene
responsible for melanin production (20). Using L-DOPA as the substrate, we did not
detect laccase activity in the lac1� mutant C. gattii R265 strain. A related study
suggested that there were no other phenotypic defects, including capsule formation
and growth at 37°C in the lac1� mutant C. gattii R265 strain (20). Moreover, the enzyme
activity could be restored in the lac1�::LAC1 complementary strain, suggesting that this
strain could be used to further address the function of laccase expression in C. gattii. By
evaluating the interaction with macrophages in vitro, we found laccase expression in C.
gattii to be involved in fungal growth, intracellular proliferation, and resistance to killing
in macrophages without affecting the phagocytosis rate. Similar to related findings
regarding C. neoformans, laccase expression has been associated with ex vivo CSF
survival and the in vivo rate of fungal clearance (19) and a laccase-negative strain was

FIG 8 Laccase expression of C. gattii suppresses phagocytosis and killing by neutrophils in vitro. Freshly
isolated murine neutrophils were cultured with live C. gattii R265, LAC1 deletion (lac1�), and LAC1
complementary (lac1�::LAC1 [::LAC1]) strains. For neutrophil phagocytosis, cryptococci were opsonized with
fresh mouse serum and labeled with calcofluor white (CFW; 1:100), followed by incubation with neutrophils
for 3 h. The percent phagocytosis was evaluated by flow cytometry. (A) Representative dot plot showing
strategy for characterization of neutrophils associated with Cryptococcus (CD11b� Gr.1hi CFW� neutrophils).
(B) Graph showing percent phagocytosis of Cryptococcus by neutrophils. For neutrophil killing, cryptococci
were opsonized with fresh mouse serum and incubated with neutrophils for 4 h. After neutrophil lysis, the
suspension was plated on an SDA plate to measure the number of viable fungi (CFU/ml) and the percent
killing was calculated by comparison with a Cryptococcus culture without neutrophils. (C) Graph showing
percent killing of Cryptococcus by neutrophils. Graphs depict means � SD and are representative of results
of three independent experiments. Significance was determined using one-way ANOVA with Tukey’s post
hoc analysis; **, P � 0.01; ***, P � 0.0001.
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more susceptible to the antifungal activity of alveolar macrophages (14). Our data
suggest that laccase expression in C. gattii may have a function similar to that in C.
neoformans, to protect the fungus from the antifungal activity of macrophages.

By investigating the contribution of laccase expression in C. gattii to fungal virulence
in mice, we found that laccase expression is important for control of the early growth
of the fungus in the lungs without affecting fungal burdens during the chronic stage
or the mouse survival rate. The expression of laccase in C. neoformans has been shown
to mainly promote fungal dissemination to the brain (16, 17). Moreover, the effect of
laccase on pulmonary persistence has been detected in a high-virulence C. neoformans
strain but not a low-virulence C. neoformans strain deficient in laccase. Because the
Vancouver Island outbreak strain R265 exhibited a high level of laccase activity, it is
likely that the expression level of laccase in high-virulence strains is correlated with
their ability to suppress the protective pulmonary host response. A related study
quantifying laccase expression in lung tissue during the course of infection showed that
laccase is highly expressed in early infection but decreases at later stages of infection
(30). Indeed, we observed increased laccase activity in C. gattii in pulmonary cells
during the course of infection (data not shown), suggesting the role of laccase during
infection. Moreover, the functional compensation of LAC2 in the absence of LAC1, as
has been described in C. neoformans (31), in long-term virulence of C. gattii cannot be
excluded in this study.

Related research has suggested that the mechanism by which laccase contributes to
cryptococcal virulence may be due to augmentation of the development of nonpro-
tective type-2 immune responses and inhibition of the polarization of Th1 and Th17 (17,
32). Unlike for C. neoformans, the presence of laccase in C. gattii did not affect the
production of cryptococcus-specific Th1/Th2 cytokines or the development of M1/M2
macrophages. However, consistent with previous studies (17, 32), we found that laccase
expression in C. gattii attenuated the induction of cryptococcus-specific IL-17 cytokine
responses. Comparable to observations in C. neoformans (18, 32), laccase in C. gattii may
be required for prostaglandin E2 (PGE2) synthesis, exhibiting an inhibitory effect on
IL-17 production, but this requires further investigation.

IL-17 has been found to promote neutrophil chemotaxis (33), and correspondingly,
we observed that laccase of C. gattii inhibited pulmonary neutrophil accumulation and
neutrophil-attracting chemokine expression during the early infection phase, in which
a reduced IL-17 cytokine level was measured. Furthermore, it has been demonstrated
that C. gattii suppresses the recruitment of neutrophils in vitro and in vivo at the early
stage of infection (8, 9). Therefore, laccase expression in C. gattii may be central to
neutrophil inhibition. Moreover, we observed that the percentage of phagocytosis and
killing by neutrophils in vitro was much more pronounced in the laccase-deficient
strain, indicating that laccase expression allows C. gattii R265 to resist neutrophil-
mediated killing to some extent. Although a recent study indicated that neutrophils can
recognize, phagocytose, and kill a highly virulent C. gattii R265 strain (24), it has been
suggested that the killing of C. gattii R265 by neutrophils may not be efficient for fungal
sterilization. Likewise, related research suggested that IL-17 enhances the host defense
against pulmonary infection with C. neoformans by affecting inflammatory cell recruit-
ment but without affecting mouse survival (34). Quite possibly, the expression of
laccase in C. gattii is required to support fungal growth in the early lung infection phase
by suppressing the production of IL-17 and the recruitment and function of neutro-
phils. The possible mechanisms by which laccase inhibits antifungal activities might be
due to the suppression of respiratory burst or oxidative stress in phagocytes, as
previously described in a model of C. neoformans (14, 35). It has been suggested that
C. gattii is more resistant to oxidative stress than C. neoformans and that oxidative
killing is not effective for sterilization of C. gattii R265 (24). It is likely that different
mechanisms may be required for the neutrophil-mediated antifungal effects on C. gattii
and C. neoformans. Although neutrophils seem to be detrimental in some mouse strains
and in HIV-infected patients with cryptococcal meningitis (36, 37), there have been
several reports in mouse and human studies indicating the importance of neutrophils
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in Cryptococcus clearance (38–40). In mouse strains with more resistance to progressive
pulmonary infection, the early neutrophilia was found to promote protective immune
responses against C. neoformans (39). Considering the ability of C. gattii to cause
disease in immunocompetent hosts, neutrophils may be important in the early pro-
tection of hosts against progressive pulmonary cryptococcosis. The definitive roles of
neutrophils in mediating protective effects against cryptococcosis caused by C. gattii
should be investigated further in both mice and humans.

In summary, our present data demonstrate that laccase is required for the early
growth of C. gattii strain R265 in the lungs and provide evidence that laccase signifi-
cantly contributes to the virulence of not only C. neoformans but also C. gattii in
pulmonary infection. The expression of laccase in C. gattii has been associated with the
inhibition of the Th17-type cytokine response and neutrophil recruitment and function
without affecting type-1 and type-2 immune responses. While C. neoformans has been
associated with dissemination to the brain, C. gattii has been known to cause fatal lung
infection with minimal brain involvement. Because a type-2 immune response was
stimulated by C. neoformans but not C. gattii, the differences in the mammalian
immune responses to these fungi likely contribute to differing disease outcomes. The
function of laccase in C. gattii may help us to gain clearer insights into the involvement
of fungal virulence in evading host immune responses and promoting cryptococcal
diseases.

MATERIALS AND METHODS
Mice. Female BALB/c mice, 6 to 8 weeks old, were obtained from Nomura Siam International Co., Ltd.,

Thailand, and housed under specific-pathogen-free conditions in the animal facility of Thammasat
University. Mice were euthanized with CO2 by controlled gradual displacement using a flow meter in
accordance with IACUC and the American Veterinary Medicine Association (AMVA) guidelines on
euthanasia. All animal studies were approved by the Thammasat University Animal Care and Use
Committee (008/2557).

Cryptococcus strains. All clinical isolates of the Cryptococcus neoformans-Cryptococcus gattii species
complex and reference strains of C. neoformans (H99) and C. gattii (R265) (21) were retrieved from a
culture collection of the Department of Medical Technology, Faculty of Allied Health Sciences, Tham-
masat University. Genetically engineered strains of C. gattii (R265), LAC1-deleted (lac1�), and LAC1-
complemented (lac1�::LAC1) strains generated from a related study (20) were retrieved from a culture
collection of the Department of Microbiology, Faculty of Medicine, Siriraj Hospital, Mahidol University.
Cryptococcus strains were thawed and maintained in Sabouraud dextrose agar (SDA) (Thermo Fisher
Scientific) at room temperature. A single colony of yeast cells was cultured in Sabouraud dextrose broth
(SDB) at 37°C with shaking at 200 rpm for 24 h before infection. This study’s ethics were approved by the
Thammasat Institutional Review Board under certificate number 041/2558 (exempt).

Laccase activity. The activity of laccase was determined as previously described (19). Briefly, a
single isolated colony from SDA was resuspended in L-DOPA medium (0.1% glucose anhydrous, 0.1%
L-asparagine, 0.3% KH2PO4, 0.025% MgSO4·7H2O, and 0.01% L-DOPA, pH 5.56) and adjusted to achieve a
concentration of 4 � 106 cells/ml. The inoculum was incubated for 16 h at 37°C and then for 24 h at 25°C,
with shaking at 250 rpm to induce melanin production. The supernatant was collected after centrifuga-
tion at 4,000 � g for 5 min, and the concentration of melanin was determined spectrophotometrically
at a 475-nm wavelength and converted to laccase units (U) by a factor of 0.001 optical density (OD) equal
to 1 U (19). The reference strains of C. neoformans (H99) and C. gattii (R265) were used as control strains,
and the assays were repeated two or three times.

Urease activity. The urease activity of Cryptococcus was determined as previously described (41).
Briefly, 24-h cryptococcal cultures were washed and resuspended in 2 ml of sterile phosphate-buffered
saline (PBS) at pH 7.2. The cell suspensions were adjusted to an OD of 0.7 at 570 nm and mixed with an
equal volume of 2� RUH broth and cultured at 37°C with shaking at 200 rpm for 8 h. Urease activity in
the culture supernatants was determined at 570 nm using PBS as a blank control. A magenta red color
was considered a positive reaction, and an orangish yellow color was considered a negative reaction.

Capsule induction assay. To induce capsule production in vitro, 24-h cryptococcal cultures were
washed and adjusted to 2 � 106 cells/ml in capsule-inducing medium (Dulbecco’s modified Eagle
medium [DMEM] with 1% NCTC-109 medium and 10% heat-inactivated fetal bovine serum [FBS]) and
incubated for 48 h at 37°C with 10% CO2. Cells were subsequently harvested, counterstained with India
ink, and observed under a 40� bright-field objective using an Olympus DP21-SAL light microscope
(Olympus Canada). The capsule diameter was calculated as the average of (total cell diameter – cell body
diameter)/2 for 50 to 100 cells (19).

In vitro phagocytosis, intracellular proliferation, and killing assays. The murine macrophage cell
line J774 (ATCC TIB-67) was used for in vitro phagocytosis, intracellular proliferation, and killing assays as
previously described (21). Briefly, macrophages were cultured in complete Dulbecco’s modified Eagle
medium (cDMEM), i.e., DMEM medium supplemented with 10% FBS, 1% L-glutamine, and 1% penicillin
and streptomycin, in a 5% CO2 humidified atmosphere at 37°C. Before infection, 1.5 � 105 cells of J774
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macrophages were cultured in a 24-well culture plate (Corning) containing cDMEM for 24 h at 37°C with
5% CO2 and in serum-free medium for 2 h, followed by activation with 1 �g/ml phorbol myristate acetate
(PMA) for 30 min at 37°C with 5% CO2. Macrophages were then infected with cryptococci that were
opsonized with anti-capsule monoclonal antibody (MAb) 18B7 (kindly provided by Arturo Casadevall,
Albert Einstein College of Medicine, New York, USA) at a ratio of 1:10 and incubated at 37°C with 5% CO2.

Cryptococcal uptake was determined by the number of intracellular cryptococci within the macrophages
2 h after infection. After 2 h of infection, extracellular cryptococci were removed, and macrophage
cultures were lysed with sterile distilled water and plated on Sabouraud dextrose agar to analyze CFU.
The phagocytic index (PI) was calculated using the following formula: PI � (CFU at 2 hpi/total number
of macrophages) � 100 (where hpi is hours postinfection) (42). To determine the intracellular cryptococci
(intracellular cryptococcal load [ICL]), the remaining wells were maintained and lysed at 18 and 24 h as
described above. The IPR of Cryptococcus at 18 and 24 h postinfection was calculated from the number
of intracellular cryptococci at 18 or 24 h postinfection divided by the number of intracellular cryptococci
at 2 h postinfection. For intracellular killing, the percent killing of Cryptococcus within macrophages at 18
and 24 h postinfection was calculated by the following formula: % killing at 18 or 24 hpi � [100 � (CFU
at 18 or 24 hpi � 100)/CFU at 2 hpi].

Murine model of Cryptococcus infection. The 24-h cryptococcal cultures were washed, counted,
and resuspended in PBS at a concentration of 1 � 106 yeast cells/ml as previously described (21). After
anesthetization with isoflurane, the mice were treated with PBS or infected with Cryptococcus by
intranasal inoculation of 50 �l of the yeast cell suspension (5 � 104 yeast cells/mouse) (43). For survival
analysis, BALB/c mice were infected with Cryptococcus (8 mice/group) and monitored for their survival by
inspection twice daily and euthanized when they appeared to be in pain or moribund (11). For organ
isolation and the CFU assay, the lungs of Cryptococcus-infected mice were excised, weighed, and
homogenized in sterile PBS with 1% penicillin and streptomycin and plated at various dilutions on SDA.
The number of CFU was calculated following incubation at 30°C for 48 h.

BAL fluid collection and inflammatory cell analysis. Bronchoalveolar lavage (BAL) fluid was
collected at the time points indicated in the figures and stored at �80°C for arginase activity. BAL cells
were analyzed for inflammatory cells by staining them with the following antibodies: fluorescein
isothiocyanate (FITC)-conjugated anti-CD11b (M1/70), phycoerythrin (PE)-conjugated anti-CD11c (HL3),
and allophycocyanin (APC)-conjugated-anti-Gr.1 (RB6-8C5) antibodies. Neutrophils were analyzed based
on the expression of CD11b and Gr.1 (CD11b� Gr.1hi) as previously described (11). Fc receptors were
blocked by the addition of anti-CD16/32 antibody. Flow cytometric analysis was performed using a BD
FACSVerse cytometer (BD Biosciences, San Jose, CA, USA).

Arginase activity assay. Arginase enzyme activity was determined as previously described (21).
Briefly, 100-�g/ml total protein concentrations of BAL fluids were added to the activation solution
(50 mmol Tris-HCl and 10 mmol MnCl2, pH 7.5) and then incubated at 56°C for 10 min. After the addition
of 0.5 M L-arginine (pH 9.7) to the activated mixture, the solution was incubated at 37°C for 2 h, followed by
the addition of acid stop solution. For the colorimetric determination of urea, 9% �-isonitrosopropiophenone
(ISPF) (Sigma-Aldrich) was added, and the mixture was heated at 100°C for 45 min. The urea concentration
was determined spectrophotometrically by measuring the absorbance at 490 nm. The activity of arginase
enzyme was determined as a concentration of produced urea (�g/ml).

Quantitative RT-PCR. Total lung RNA was extracted using TRIzol reagent (Invitrogen) according to
the manufacturer’s instructions. The RNA was used as the template for unspecific first-strand cDNA
synthesis by reverse transcription using oligo(dT), random hexamers, and Moloney murine leukemia virus
(MMLV) reverse transcriptase (Invitrogen). Real-time PCR (RT-PCR) was performed using iTaq universal
SYBR green supermix (Bio-Rad Laboratories) and the cytokine and chemokine primer pairs as previously
described (21). Expression levels of target genes were normalized to actin (Actb) transcript levels, and
relative quantification of samples was compared with the PBS control serving as the baseline.

Cryptococcus-specific cytokine production. Single-cell suspensions of lung-draining lymph nodes
were plated in a 24-well plate and stimulated with heat-killed C. gattii at a ratio of 1:2. Following 72 h
of stimulation at 37°C with 5% CO2, the culture supernatant was collected and kept at �80°C for cytokine
analysis. The concentrations of cytokines IL-4, IFN-�, and IL-17 were measured using the antibody pairs
from BD Pharmingen according to the manufacturer’s instructions.

Neutrophil phagocytosis and killing assays. The neutrophil phagocytosis and killing assays were
performed as previously described (24, 44). Briefly, 1.6 � 106 cells of freshly isolated murine neutrophils
were incubated in RPMI medium supplemented with 40% fresh mouse serum in the presence of live
cryptococci (3.2 � 106 cells) that were opsonized with fresh mouse serum and labeled with calcofluor
white (CFW; 1:100 dilution) (Sigma) for 3 h. After incubation, cells suspensions were stained with
fluorochrome-conjugated antibodies against CD11b and Gr.1 to determine neutrophils associated with
fungal cells (CD11b� Gr.1hi CFW� neutrophils) using a BD FACSVerse cytometer (BD Biosciences), and the
acquired data were analyzed with FlowJo software (Treestar). For neutrophil killing analysis, freshly
isolated neutrophils (3.2 � 106 cells) and live opsonized cryptococcal cells (4 � 104 cells) were incubated
in RPMI medium supplemented with 40% fresh mouse serum for 4 h. To assess the killing of Cryptococcus
by neutrophils, 1 �l of 10% (vol/vol) Triton X-100 was added to the suspension to lyse the neutrophils,
suspensions were diluted and plated on SDA plates to count the number of viable fungi expressed as
CFU, and killing percentage were calculated by comparison with CFU of fungus in the absence of
neutrophils.

Statistical analysis. Each experiment was performed two or three times. Data are presented as mean
values � standard deviation (SD). Data were analyzed using an unpaired t test (two-tailed) as well as
one-way analysis of variance (ANOVA) with Turkey’s post hoc analysis. Survival curves were evaluated for
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statistical significance with Kaplan-Meier survival curves, and P values were obtained from a log rank test.
Statistical analysis was performed using GraphPad Prism 5 Software. A P value of �0.05 was considered
significant.
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