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Cryptococcus neoformans is a fungal path-
ogen that causes disease in immunocom-
promised individuals, especially in HIVC/
AIDS patients, and organ transplant recipi-
ents. Patients who present with cryptococ-
cosis primarily die from chronic
meningoencephalitis (CME), and disease
may follow acute infection or reactivation
of latent infection.1 Despite the introduc-
tion of Combination Antiretroviral Ther-
apy (cART) and anti-fungal therapy, over
600,000 deaths per year have been reported
worldwide.1 This is in large part due to the
ability of the fungus to successfully infect a
diverse range of hosts with different body
temperatures.2 In addition, current treat-
ment regimens are expensive and difficult
to provide in resource limited settings
because they are very toxic and require care-
ful monitoring. Consequently, efforts are
constantly undertaken to identify new anti-
fungal drug regimens with fewer side effects.
To date, laboratories have relied on cell, tis-
sue, and animal based models to investigate
new drug targets. However, it remains
unclear to what extent, the current infection
models fully represent this complex host-
pathogen interaction.

Several models currently exist to study
C. neoformans infection. In vitro models
include the use of cell lines; primarily,
monocytes,3 and macrophages,4 and also
dendritic cells, neutrophils, eosinophils,
and lymphocytes.5 In addition, in vivo
models have been established and include
vertebrate models of mouse, rat, and rab-
bit.6,7 Because cryptococcal virulence has
been suggested to evolve in more primitive
organisms as C. neoformans was first an
environmental fungus that became an
accidental pathogen,8 other host models

have been used to investigate its interac-
tion. These models include invertebrates,
such as Caenorhabditis elegans,9 Acanta-
moeba castellanii,10 Dictyostelium discoi-
deum,11 and most recently the
lepidoptera, Galleria mellonella.12 Galleria
is the greater wax moth and is used during
its larval stage to screen for virulence with
a diverse array of pathogens. This model
affords several advantages, most important
of which is that it can withstand mamma-
lian body temperature, but also that its
larvae are easy to inoculate, inexpensive,
and have host hemocytes that are able to
phagocytose C. neoformans. Therefore,
this model has been used to test crypto-
coccal virulence, and antifungal efficacy.12

Since 2005, when this model was intro-
duced for C. neoformans, there have been
25 papers published using the Galleria
model with C. neoformans. Because we
observed some inconsistencies in select
experiments with this model when com-
pared with murine infection models, we
undertook a systematic large scale study to
compare the virulence of 20 different clin-
ical C. neoformans strains with cellular,
murine, and Galleria infection models.
Our results demonstrate that while the
model is beneficial to study some viru-
lence parameters with standard passaged
laboratory strains, virulence does not con-
sistently correlate with murine infection
models. We propose that Galleria infec-
tion does not conclusively model the host-
pathogen interaction of C. neoformans,
and most importantly cannot substitute
for mammalian models of C. neoformans
infections.

First, clinical C. neoformans strains (n
D 20) were characterized with respect to

known virulence traits. Strains were ran-
domly selected from our collection, and
included both serotype A (n D 15) and
serotype D (n D 5) strains from different
parts in the world (United States of
America and India). Also included was the
standard strain, H99, which was first iso-
lated from a patient at Duke University in
1978,13 and is the predominant strain
used in published C. neoformans literature.
All strains were found to exhibit variable
doubling times, cell, and capsule sizes in
rich glucose media, and laccase activity in
L-DOPA media (Table 1). Doubling
times ranged from 2.7 h (strain H99) to
5.2 h (strain M8A), and laccase activity
ranged from 0.886 U (strain I65) to
1.038 U (strain JEC21) normalized to
1.000 U of strain H99. Next, phagocyto-
sis indices, killing rates, and intracellular
replication rates (IPR) by co-cultivation in
the murine macrophage cell line J774.16
were determined for all strains. Phagocy-
tosis ranged from 8 - 55%, and accord-
ingly intracellular killing and IPR were
also found to be variable (Table 1). In
summary, these randomly selected clinical
C. neoformans strains exhibited marked
variability with respect to virulence traits
that were consistent with the previously
reported variability of replicative life span
(RLS) in these strains, which ranged from
8 generations (strain M8A) to 99 genera-
tions (strain M12A).14

Next, virulence of these strains was
compared in the insect model, Galleria
mellonella, as well as a murine intravenous
(i.v.) infection model. Galleria (n D 20)
were infected with 3 different doses [2 £
104, 105, or 106 colony forming units
(CFU)] of individual strains in 3
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independent experiments. BALB/c mice
(n D 8) were infected i.v. with 106 CFU.
Survival was observed daily and mortality
was recorded (Fig. 1A). Virulence varied
for clinical strains in both models. In the
i.v. model, survival ranged from 8 days to
45 days (mice sacrificed at 45 days). Pre-
morbid mice exhibited hunched backs,
and decreased movement consistent with
signs of secondary cryptococcal meningo-
encephalitis. Survival of Galleria corre-
lated in the majority of the strains (70%)
between the 3 doses (p < 0.05) (Fig. 1B).
However, most importantly, a relation-
ship in survival between both animal
models, Galleria and mice, was also not
found (Fig. 1C).

Given the lack of correlation between
the survival of Galleria and the survival of
mice, we explored correlation with other
commonly assessed virulence traits. These
experiments established that intracellular
phagocytosis or killing by murine macro-
phages, as well as laccase activity does not
correlate with virulence in Galleria.
Instead, killing by murine macrophages,
and laccase activity were found to moder-
ately correlate with murine survival (p <

0.05) (Fig. 1D, E). Lastly, correlation
with RLS, a variable, but also reproducible
trait of yeast strains was examined. Previ-
ous studies have shown that older crypto-
coccal cells are more virulent;14 however,

the relevance of the RLS of a strain to its
virulence had not been examined. These
data now demonstrate that although a
strong correlation between doubling time
and RLS in clinical strains was established
(Fig. 1F), no correlation between the RLS
of a strain and its virulence, either in
Galleria, or in BALB/c mice was found.

The observed variability in the outcome
of cryptococcal meningoencephalitis is
attributed to differences in host immunity,
as well as differences in potency of the viru-
lence associated with individual Cryptococcus
strains.1,15 Consequently, many studies on
mutants and potential drug targets seek to
screen and compare the virulence of individ-
ual Cryptococcus strains. Phenotypic charac-
terization of human infection with C.
neoformans can be mimicked in different
infection models.5-7,9,12,16 Although murine
infection models have been well established
and have the advantage of close correlation
with human pathology, strain virulence can
also be assessed in more primitive infection
models, such as Galleria mellonella, which
are considerably cheaper.12

We compared Galleria and murine
infection models, and also correlated out-
comes with in vitro laccase activity, IPR,
phagocytosis, killing, and growth times.
Specifically, easily phagocytosed strains,
namely “high-uptake” strains have been
described as hypocapsular, have enhanced

laccase activity, and importantly have
been associated with central nervous sys-
tem fungal burden and patient death.15 In
our study, we found such high-uptake
strains to have significantly enhanced lac-
case activity, and high virulence in mice,
but not in Galleria. These data reaffirm
that the virulence of clinical C. neoformans
strains varies greatly, highlight some
important differences between the various
infection models, and ultimately suggest
that the Galleria infection model cannot
reliably predict virulence in the murine
model. Notably, our high-uptake strains
did not have a significantly smaller capsule
size, nor a significantly smaller cell size.
Capsular enlargement has been shown to
be statistically similar among strains and
not predictive of virulence.17 One study
has also concluded that the virulence for
C. neoformans may be an emergent prop-
erty, rather than deterministic in the Gal-
leria model of infection.18

High-throughput screening of mutants
and of antifungal agents seeks to work
with the most cost efficient model. Viru-
lence of C. neoformans is mediated by
many different virulence traits, which
interact with the host in a complex man-
ner. The most important virulence traits
are the presence of a polysaccharide cap-
sule, as well the ability to grow at 37�C;1,8

however, multiple other genes contribute

Table 1. In vitro characterization of clinical C. neoformans strains

Strain #
Strain

serotype
Strain
name Doubling times (h) Cell size (mm) Capsule size (mm)

Laccase
activity (U)

Phagocytosis
indices (%)

Killing post
phagocytosis (%)

1 A H99 2.7 C 0.19 6.867 C 1.00 0.8566C 0.35 1.000 48.38 35.92
2 D I114 3.3 C 0.25 6.961 C 0.98 0.6491C 0.43 0.922 32.96 -
3 A I47 3.4 C 0.29 7.920 C 1.59 0.8348C 0.57 0.968 33.46 20.55
4 A I55 2.8 C 0.48 6.797 C 0.61 0.7312C 0.24 0.955 36.75 25.62
5 A I58 3.1 C 0.17 8.072 C 1.03 0.8870C 0.28 1.020 44.00 19.51
6 A I65 3.6 C 0.24 7.540 C 1.09 0.7031C 0.51 0.886 17.79 27.63
7 A ISG12 3.7 C 0.41 9.041 C 1.24 1.2440C 0.43 0.894 18.06 12.11
8 D J22 2.9 C 0.50 7.341 C 1.12 1.0770C 0.47 0.889 24.35 23.01
9 D J9 3.1 C 0.37 7.956 C 1.16 0.6764C 0.42 0.914 8.31 46.37
10 D JEC21 3.7 C 0.41 7.629 C 1.06 0.9114C 0.50 1.038 34.25 30.29
11 A M12A 2.9 C 0.17 6.286 C 0.81 0.6905C 0.43 0.906 39.33 30.51
12 A M12B 3.9 C 0.17 6.751 C 0.90 0.6162C 0.48 0.937 55.71 17.43
13 A M511B 3.2 C 0.19 8.157 C 0.94 1.1220C 0.28 0.965 38.83 21.90
14 A M7A 3.6 C 0.32 6.528 C 0.83 0.6809C 0.43 0.896 20.42 43.06
15 A M7E 4.3 C 0.10 7.467 C 1.30 1.0130C 0.43 0.924 18.75 57.56
16 A M8A 5.2 C 0.25 6.285 C 0.92 0.5851C 0.37 0.943 16.10 56.79
17 A M9A 4.6 C 0.27 6.938 C 1.14 0.6149C 0.55 0.909 13.04 42.01
18 D RC-2 3.3 C 0.46 11.100 C 1.51 2.8650C 0.35 0.900 17.94 25.34
19 A SB4 2.8 C 0.46 8.572 C 0.89 0.9422C 0.51 0.917 24.36 34.96
20 A W911A 3.6 C 0.28 8.884 C 1.57 1.3070C 0.55 0.960 29.17 44.86
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to virulence, and either their up- or down-
regulation can alter virulence as was
recently described even with C. gattii
strains used to infect Galleria.17 Several
important findings were documented in
this study. First, we established that inter-
nalization of the fungus did not depend
on the doubling time of different C.

neoformans strains; however, strains with a
long doubling time were killed intracellu-
larly faster than strains with a short dou-
bling time. Virulence in Galleria was
dependent on the different doses of C.
neoformans inoculated for most of the
strains. Despite this finding, we were not
able to find a significant correlation

between the virulence in Galle-
ria, and in the most widely
used animal model, the mouse.
In the latter host, killing by
macrophages and host survival
were found to strongly corre-
late, but the same could not be
established in Galleria. This
suggests that variables usually
reported to measure the viru-
lence of a strain, i.e. phagocyto-
sis and intracellular killing, are
not being replicated in all the
strains infecting the insect host,
Galleria. These findings suggest
that C. neoformans virulence
data obtained in the Galleria
model should be cautiously
applied to the virulence of a
pathogen in mammalian hosts.
It should be acknowledged that
for the 2 highly passaged labo-
ratory strains, H99 and RC2,
some correlation between Gal-
leria and murine virulence was
observed. It has been described
that laboratory passage selects
for fast growing, high passaged
strains with phenotypes differ-
ent from low passaged strains.19

These findings also highlight
the importance of relying on
multiple models of infection,
particularly with respect to
high-throughput screening.
One group20 has found a way
to reliably screen deletion
mutants in a single strain using
a multi-host approach that
involves first, a C. elegans host,
and second, a Galleria host,
and this approach was success-
fully validated in a murine
model of systemic cryptococco-
sis. This multi-host approach
should greatly aid high-
throughput screening of C. neo-
formans mutants and antifungal

agents when limited to a single strain and
not to compare virulence among different
strains.

Lastly, we analyzed the replicative life
span of the different clinical isolates. This
was done since the short-living mucoid vari-
ant of strain RC2.14 is known to be hyper-
virulent in mice.21 Also, for a pathogen, the

Figure 1. Relationships between different strain-specific characteristics of C. neoformans. (A) Kaplan-Meier sur-
vival curves of mice infected with clinical C. neoformans strains divided into 4 arbitrary groups (top left: JEC21,
SB4, I114, I47, H99; top right: I55, ISG12, M7A, M7E, I58; bottom left: I65, J22, M8A, M511B, W911A; bottom right:
M12B, J9, M9A, M12A, RC-2). (B) Scatter plot of Galleria infected with variable doses of clinical C. neoformans
strains (symbols represent the infection dose: triangle D 2£104 CFU, square D 105 CFU, circle D 106). (C) No sig-
nificant relationship was found between mice and Galleria survival. Symbol legends represent the assigned
strain numbers listed in Table 1. Note that strains #2 and #9 were omitted from this comparison because
infected mice were sacrificed at day 45 to terminate the study. Strains #12 and #18 are represented by the same
symbol because they induced similar survival in mice and Galleria. (D) An inverse correlative relationship was
found between mice survival and intracellular killing of C. neoformans strains in macrophages. Strains #2 and #9
were omitted from this comparison. (E) An inverse correlative relationship was found between mice survival
and laccase activity of C. neoformans strains. (F) An inverse correlative relationship was found between the dou-
bling time and the median replicative life span of C. neoformans strains. Strains #2 and #9 were omitted from
this comparison. Correlation considered when Pearson’s correlation coefficient had p< 0.05.
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ability to live long and also divide fast could
potentially aid in colonization; or alterna-
tively, the ability to live short, but divide
slower could aid in persistence. We found
no correlation between RLS and virulence;
however, interestingly an inverse correlation
between doubling time and RLS was
observed. This finding is not consistent
with previously published data in S. cerevi-
siae that enhanced longevity often comes
with a fitness cost.22 However, more recent
data in this yeast23 highlights that genetic
variability also contributes to variability in
longevity. For facultative intracellular
pathogens, such as C. neoformans, genetic
variants could potentially be selected
through the host response.

All animal experiments were carried
out with the approval of the Albert Ein-
stein College of Medicine Institute for
Animal Studies under protocol number
20091015 as approved by the Institutional
Animal Care and Use Committee at Ein-
stein. C. neoformans strains used in this
study are listed in Supplemental Methods
(Table S2). Standard yeast culture media

as outlined (Table S3) were employed. C.
neoformans cells (n D 100) were imaged at
100X magnification on an Olympus
AX70 microscope. Pictures were taken
with a Qimaging Retiga 1300 digital cam-
era using the Qcapture Suite V2.46 soft-
ware (Qimaging, British Columbia,
Canada) and size was measured with
Adobe Photoshop CS5 for Macintosh.
Log phase C. neoformans cells in 2% YPD
were diluted to an OD of 0.01 and grown
at 37 �C with agitation for in vitro studies.
Growth curves were determined in a Bio-
screen-C Automated Growth Curve Anal-
ysis System (Growth Curves USA).
Standard in vitro phagocytosis indices,
and macrophage killing assays were done
in J774.16 cells as previously described.24

IPR and laccase activity was determined as
previously described.15 For infection with
Galleria mellonella, a 10 ml suspension of
2£104, 105, or 106 C. neoformans cells
was used to infect larvae (n D 20)
(Vanderhorst Wholesale, Inc., OH) in the
last proleg as described previously.16 For
infection with mice, 106 C. neoformans

cells were used to infect 6-8 week old
female BALB/c mice (n D 8) (National
Cancer Institute, Bethesda, MD) intrave-
nously as previously described.25,26 Stan-
dard statistical analysis and non-
parametric tests, such as Student’s t-test,
Log-rank, Pearson correlation, and Wil-
coxon rank sum tests were performed
using Prism version 5 (Graphpad) or
Microsoft Excel 2011 for Macintosh. Dif-
ferences were considered significant if
p < 0.05.
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