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ABSTRACT

The fungal pathogen Cryptococcus neoformans variety grubii is an opportunistic
pathogen of immunocompromised people while the related species, Cryptococcus gattii,
appears to infect people regardless of their immune status. The objective of this study
was to investigate the differences between C. neoformans and C. gattii infections in a
mouse model of cryptococcosis in order to better understand why C. gattii is able to
cause disease in immunocompetent hosts. Normally, protective inflammation mediated
by neutrophils and an adaptive Thl-type immune response is required for clearance of C.
neoformans infections, whereas a Th2-type immune response is inefficient. Furthermore,
neutrophils act as important first-responders in innate immunity by initiating the adaptive
Th1 immune response during the early stage of infection. We hypothesized that while C.
neoformans infections are cleared because they elicit strong protective inflammatory
immune responses, C. gattii infections persist because they do not, thus enabling this
species to cause disease in immunocompetent hosts. The results support the hypothesis
because we found that C. gattii infections induce less protective inflammation than C.
neoformans infections with respect to leukocyte recruitment to the sites of infection and
cytokine induction. Mice infected with the C. gattii strains tested had less neutrophil
migration into their lungs and had a reduced protective cytokine profile, suggesting that
C. gattii strains may be able to skew the immune response towards a less efficient
response, but not necessarily a Th2 allergic immune response. However, we also
observed that the C. gattii strains tested varied in virulence, indicating that their ability to

limit protective inflammation is not the only factor involved in their pathogenicity.

il



Overall, these results provide important new insights into the virulence of Cryptococcus
species; this information may be useful in understanding the outbreak of C. gattii

infections that is occurring in British Columbia.
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INTRODUCTION

1. INTRODUCTION

1.1 Pathogenic Cryptococcus species: Epidemiology, geographic
distribution, and route of infection

Cryptococcus neoformans is an opportunistic fungal pathogen that is capable of
infecting humans, domestic animals (e.g., cats and dogs) and wild animals such as marine
mammals. In addition, C. neoformans is a dimorphic fungus that exhibits a budding,
yeast-like morphology during infection and a filamentous morphology during sexual
development (Casadevall and Perfect, 1998; Idnurm, et al., 2005; Wickes, et al., 1996).
In the environment, the fungus is found in trees, soil and avian excreta where it exists as
spores (1.8—2 mm) or desiccated yeast cells (Casadevall and Perfect, 1998; Idnurm, et al.,
2005; Wickes, et al., 1996). Inhalation of these cells is the primary means by which
infection is initiated, and the fungus can spread throughout the body to cause systemic
cryptococcosis. In many cases, the fungus can cross the blood-brain barrier to cause
cryptococcal meningitis (Bicanic and Harrison, 2005). This life-threatening disease is
difficult to treat and is generally fatal in the absence of antifungal drug therapy. As
discussed later, cryptococcosis has become an important disease in the last 30 years
because the AIDS epidemic has created a large population of susceptible people.

Isolates of the fungus have traditionally been classified into the varieties grubii
(serotype A), neoformans (serotype D) and gattii (serotypes B and C) based on
biochemical and molecular markers, and based on antigenic differences in the
polysaccharide capsule that is the major virulence factor (Buchanan and Murphy, 1998;

Casadevall and Perfect, 1998; Kwon-Chung, et al., 2002; Kwon-Chung and Rhodes,
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1986; Meyer, et al., 1999). The classification of C. neoformans changed recently in light
of new molecular typing data, and C. neoformans variety gattii is now considered to be a
different species rather than a variety of C. neoformans (Kwon-Chung, et al., 2002). The
work described in this thesis focuses on C. neoformans var. grubii (serotype A), which
infects people with compromised immune systems, and C. gattii (serotype B), which
infects people regardless of their immune status (Jarvis and Harrison, 2008; Sorrell,
2001a). C. neoformans var. neoformans (serotype D) also causes infections in
immunocompromised patients, but this variety is less prevalent than C. neoformans
serotype A (Banerjee, et al., 2004; Chen, et al., 2008). Isolates of the C. gattii C serotype
rarely cause human infections (Escandon, et al., 2006; Lizarazo, et al., 2007). For the
purposes of this thesis, C. neoformans var. grubii (serotype A) will be referred to as C.
neoformans and C. gattii strains of serotype B will be referred to as C. gattii.

The epidemiology is different for the neoformans and gattii species of
Cryptococcus. As mentioned earlier, C. neoformans is a prominent cause of fungal
meningitis as a result of the AIDS epidemic and the fungus is now identified as an AIDS-
associated pathogen (Bicanic and Harrison, 2005; Casadevall and Perfect, 1998). The
introduction of highly active antiretroviral therapy (HAART) has decreased the number
of cases of AIDS-associated C. neoformans infections in developed countries, but the
pathogen remains a serious problem in other parts of the world. For example, the
incidence of cryptococcosis is reported to be as high as 30% in the 25.8 million people

with HIV/AIDS in sub-Saharan Africa (www.unaids.org; Bicanic and Harrison, 2005;

Casadevall and Perfect, 1998). C. gattii typically infects healthy hosts and has a lower

incidence in AIDS patients compared to C. neoformans (Sorrell, 2001a). C. gattii
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infections were traditionally only found in tropical and sub-tropical regions of the world
such as South America and Australia (MacDougall, ef al., 2007). However, since 1999,
an outbreak of C. gattii infections has been occurring in the temperate climate of
Vancouver Island in British Columbia. This outbreak has resulted in at least 200 human
cases and eight deaths (Bartlett, ef al., 2008; Fyfe, et al., 2008). More recently, cases of
C. gattii have occurred on the mainland in British Columbia as well as in the states of

Washington and Oregon (Byrnes, et al., 2009; Upton, et al., 2007).

1.2 C. neoformans and C. gattii: virulence factors

C. neoformans and C. gattii share all of the major virulence factors, and these
include production of a polysaccharide capsule, formation of the pigment melanin in the

cell wall, secretion of the enzyme urease, and the unusual ability (among fungi) to grow

at 379C. Much of the research on these virulence factors was performed with C.
neoformans and less is known about them with respect to C. gattii.

The Cryptococcus capsule is the most distinctive feature of the fungus and it is the
only human fungal pathogen that is encapsulated (McFadden, et al., 2006). The capsule
is composed primarily of glucuronoxylomannan (GXM: 90%) and galactoxylomannan
(GalXM: 10%) (Idnurm, et al., 2005). A variety of exported mannoproteins are also
associated with the capsule. During infection, a high level of capsule polysaccharide
accumulates in the serum and cerebral spinal fluid (CSF) of patients (Casadevall and
Perfect, 1998). This accumulation is thought to contribute to neurological symptoms in
severely infected people. The capsule of C. neoformans is also known to have several

immunomodulatory properties, and many of these properties have been attributed to
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GXM. For example, GXM has been shown to suppress secretion of pro-inflammatory
cytokines from human monocytes (Vecchiarelli, ef al., 1995). Furthermore, it has also
been shown to suppress T cell proliferation, inhibit dendritic cell activation and
maturation, and reduce neutrophil and macrophage killing (Lendvai, et al., 1998; Monari,
et al., 2003; Syme, et al., 1999; Vecchiarelli, et al., 1995; Vecchiarelli, et al., 2003). In
addition, capsule production within phagocytic cells may also contribute to pathogen
survival through toxic effects on the host cells and by aiding fungal escape (Feldmesser,
et al., 2000; Tucker et al., 2002). In this regard, C. neoformans is believed to be a
facultative intracellular pathogen during at least some stages of infection (Feldmesser, et
al., 2000).

Other major cryptococcal virulence factors with immunomodulatory properties
include the pigment melanin and the enzyme urease. Both of these virulence factors
appear to be involved in inducing ineffective immune responses against Cryptococcus
infection. It has been shown, for example, that melanin production is associated with
induction of Th2 cytokines such as IL-4 (Mednick, et al., 2005). Furthermore, melanized
Cryptococcus cells are more virulent and less prone to phagocytosis compared to non-
melanized strains (Casadevall, et al., 2000; Noverr, et al., 2004). Melanized cells also
appear to be able to disseminate from the lung more readily than non-melanized cells
(Noverr, et al., 2004). The enzyme urease catalyzes the hydrolysis of urea to ammonia
and carbamate. In Cryptococcus species, urease-negative strains are significantly less
virulent than the wild-type strains (Cox, et al., 2000). Furthermore, this enzyme also
appears to have immunomodulatory properties, as evidenced by recent studies showing

urease production in Cryptococcus to be associated with highly polarized Th2 immune
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responses consisting of high levels of pulmonary eosinophils, immature dendritic cells
and high serum IgE and Th2 cytokine levels (Olszewski, ef al., 2004; Osterholzer, et al.,
2009).

C. gattii and C. neoformans share all of the major virulence factors but differ in a
number of traits (Idnurm et al., 2005; Lin and Heitman, 2006; Sorrell, 2001). For
example, C. gattii but not C. neoformans can assimilate D-proline, D-tryptophan and L-
malic acid, and use creatinine and glycine as nitrogen sources. Furthermore, in a recent
study, isolates of C. neoformans were shown to be more susceptible to the anti-fungal
agents fluconazole and voriconazole compared to C. gattii isolates (Khan, et al., 2009).
Additionally, C. gattii infections appear to be associated with a higher incidence of
granulomas in the lungs and brain (cryptococcomas), with increased neurological

morbidity and with a slower response to antifungal therapy (Sorrell, 2001b).

1.3 The immune response against C. neoformans and C. gattii

The mechanisms of the immune response to the Cryptococcal species have been
best established for infections caused by C. neoformans (using strains of both the A and
D serotypes). Little research has been done on the immune response to C. gattii
infections; thus, the information on the immune response to C. neoformans provides the
foundation for our investigation of the immune response to infections caused by C. gattii.
Normally, most of the fungal spores or yeast cells that are inhaled do not even reach the
lungs and are cleared due to air turbulence and ciliary action (Shoham and Levitz, 2005).
The small numbers of Cryptococcus spores or yeast cells that do reach the lung

parenchyma are cleared by a protective inflammatory immune response involving the



INTRODUCTION

production of cytokines such as TNF-a and IFN-y, and a leukocyte infiltrate consisting of
neutrophils, Thl-associated classically activated macrophages, Th1-lymphocytes and
dendritic cells (Chen, et al., 2008; Guillot, ef al., 2008; Lin and Heitman, 2006; Koguchi
and Kawakami, 2002). Furthermore, the timing of the cellular infiltrate is important in
determining the outcome of infection, for instance, early neutrophilia has been associated
with protective immune responses against C. neoformans infection (Guillot, et al., 2008).
In contrast, a non-protective response involves the production of high levels of the Th2
cytokine IL-4 as well as a diffuse pulmonary infiltrate consisting of immature dendritic
cells and alternatively activated macrophages (Chen, et al., 2008; Guillot, et al., 2008;
Koguchi and Kawakami, 2002; Vecchiarelli ef al., 2003). The deleterious effects of a
Th2 type immune response against Cryptococcus infection was illustrated in numerous
studies involving different mouse models. For instance, IL-13-overexpressing transgenic
mice have a reduced survival time and higher pulmonary fungal load upon C. neoformans
infection compared to IL-13 knockout or wild-type mice (Muller, et al., 2007).
Furthermore, IL-4 knockout mice infected with C. neoformans survive longer than wild-
type mice and display enhanced pulmonary clearance of the fungus (Blackstock and
Murphy, 2004b; Decken, et al., 1998; Hernandez, et al., 2005).

Macrophages and dendritic cells (DCs) play important roles during the initial
phase of infection with C. neoformans. These cells infiltrate the lung during infection,
act as antigen-presenting cells in the lymph nodes, phagocytose the fungus and produce
cytokines such as IL-1 and TNF-a that activate CD4+ T cells (Huffnagle et al., 2000;
Wozniak, 2006). These CD4+ T cells then initiate an adaptive Th1 type immune

response, involving the release of cytokines such as IFN-y, which activates macrophages
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and induces further inflammation. Cryptococci inside these activated macrophages are
then killed by lysosomal fusion and enzymatic degradation of fungal components
(Shoham and Levitz, 2005). Activated macrophages also release reactive oxygen species,
nitric oxide and antifungal peptides that kill extracellular cryptococci (Shoham and
Levitz, 2005). Furthermore, activated CD4+ and CD8+ T cells can bind to the
cryptococcal cell surface and inhibit replication. Natural killer cells also have a role in
killing; they bind to the fungus and release cytolytic compounds and produce additional
IFN-y for the activation of macrophages (Blackstock and Murphy, 2004; Shoham and
Levitz, 2005).

Protective inflammation, involving neutrophils is crucial for induction of adaptive
Th1 immune responses against cryptococcus infection (Aratani, ef al., 2006; Chaturvedi,
et al., 1996; Craig et al., 2009). The importance of neutrophil involvement was shown in
a recent study that found that mice resistant to C. neoformans infection exhibited
significantly higher neutrophilia compared to mice that were susceptible; this neutrophil
response was also accompanied by elevated levels of TNF-a (Guillot, ef al., 2008).
Additionally, mice deficient in myeloperoxidase, a neutrophil-specific enzyme, produce
weak Thl immune responses and have a significantly reduced survival time upon C.
neoformans infection compared to wild-type mice (Aratani, et al., 2006). Furthermore, a
recent case study showed that an apparently immunocompetent cryptococcus-positive
patient actually had defects in neutrophil function, suggesting that neutrophils play an
important role in preventing cryptococcosis (Marroni, et al., 2007). Neutrophils are a
crucial part of innate immunity against Cryptococcus infection because they induce early

production of TNF-a , IFN-y and important chemokines, which in turn are critical for
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development of an effective adaptive immune response for clearance of the fungus
(Shoham and Levitz, 2005). The importance of early production of TNF-o was
illustrated in a recent study which showed that using an anti-TNF-a antibody to
transiently decrease TNF-a levels during the initial phase of infection could permanently
impair the ability of the immune system to clear cryptococcal infection in the lungs of
infected mice (Herring, et al., 2005).

Although little research has been done on the host immune response to C. gattii
infections, there is some evidence that C. gattii infections induce less protective immune
responses than C. neoformans infections. For example, a study by Dong and Murphy
(1995) showed that culture filtrate antigens from C. gattii strains can inhibit neutrophil
migration in vitro and in vivo, whereas culture filtrate antigens from C. neoformans
stimulate neutrophil migration. Dong and Murphy proposed that C. gattii strains are able
to cause disease in immunocompetent people because they inhibit neutrophil migration
into the lungs during the initial stage of infection. A more recent study by Wright et al.
(2002) found that even though a C. gattii strain was able to inhibit neutrophil migration in
vitro, neutrophil infiltration into the lungs of infected rats was similar in C. neoformans
and C. gattii infections (Wright, et al., 2002). Furthermore, Wright et al. (2002)
observed that culture supernatants from a C. gattii strain inhibited neutrophil migration
through a monolayer of epithelial cells whereas those from C. neoformans did not.
Additionally, neutrophils incubated with culture supernatants from a C. gattii strain
displayed significantly decreased superoxide production compared to neutrophils
incubated with culture supernatants from a C. neoformans strain (Wright, et al., 2002).

Thus, Wright et al. (2002) suggested that C. gattii infections may not be cleared
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efficiently by immunocompetent hosts because they do not induce protective
inflammation during infection and as a result are not able to elicit adaptive Thl type
immune responses compared to infections with C. neoformans. However, this idea has
not been explored beyond the differential C. neoformans and C. gattii effects on

neutrophil function.

1.4 Thesis Objectives

The objective of this study was to investigate potential differences in the immune
responses to C. neoformans and C. gattii infections in a mouse model of cryptococcosis.
This analysis is a first step toward understanding the ability of C. gattii strains to cause
disease in immunocompetent hosts. One hypothesis is that C. gattii infections do not
produce a protective inflammatory immune response and subsequent Th1 immunity and
therefore is able to persist to cause disease. For our studies, we used the following
strains: WM276, which is a C. gattii isolate of the VGI genotype commonly found in
Australia and occasionally on Vancouver Island; R265, which is a clinical C. gattii
isolate of the VGllIa genotype that infected and killed an immunocompetent person on
Vancouver Island in 2001; R272 of the VGIIb genotype, which is a less virulent strain of
C. gattii that was also obtained as a clinical isolate from a patient on Vancouver Island
(Fraser et al. 2005); and H99, a representative of the C. neoformans var. grubii strains
that commonly infect immunocompromised patients.

Our first objective was to examine the virulence-associated phenotypes of the C.
gattii strains versus the commonly studied C. neoformans strain. Thus, we evaluated the

ability of the strains to produce the four major virulence factors that are necessary for
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both Cryptococcus species to cause highly lethal disease in animal models. The roles of
these factors are demonstrated by the findings that acapsular and temperature sensitive
mutants are non-pathogenic while melanin-negative or urease-negative mutants are
attenuated in their ability to cause disease (Casadevall, et al., 2000; Cox, et al., 2000;
Kwon-Chung and Rhodes, 1986; Wormley, et al., 2005). We also anticipated that if
there were differences in the virulence-associated phenotypes in our strains, there might
also be differences in their ability to cause disease in an animal host. Thus, our second
objective was to examine the virulence of our C. neoformans and C. gattii strains in a
mouse model of cryptococcosis.

Our third and main objective was to determine if there were differences in the
immune responses to the C. neoformans and C. gattii strains. Based on the studies by
Dong and Murphy (1995) and Wright et al. (2002) described above, there is evidence that
C. gattii strains may affect neutrophil function and that C. gattii infections induce less
neutrophil-mediated inflammation than C. neoformans infections. Protective immune
responses against C. neoformans involve early neutrophilia and elevated levels of TNF-a
(Guillot, et al., 2008). Other researchers speculated that because neutrophils are
important in the early innate immune response to cryptococcal infection, inhibition of
neutrophil migration into infected lung tissues might delay the production of TNF-a
JIFN-y and important chemokines, thus preventing the induction of an effective Thl
adaptive immune response (Shoham and Levitz, 2005). Given that C. gattii can inhibit
neutrophil migration in vitro, this may indeed be how they are able to infect and cause
disease in immunocompetent hosts.

To test our hypothesis, including the idea that C. gattii infections persist in

10
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immunocompetent hosts because they elicit an inefficient immune response, we infected
mice with C. neoformans and C. gattii isolates and examined their immune response at
specific time points. Specifically, we analyzed the cytokine profiles and pulmonary
infiltrates of dendritic cells, macrophages and neutrophils in the infected mice.

In a related project, we also assessed the ability of our isolates of interest to
survive during interactions with a macrophage-like cell line in culture (Appendix A).
The interaction with macrophages is of interest because, as mentioned earlier, these cells
play an important role in phagocytosis and killing of cryptococcal cells. Specifically, we
tested our C. neoformans and C. gattii strains for their ability to survive or grow within
macrophages during co-culture.

To date, this is the first study to examine differences in the immune response
using C. gattii strains from the Vancouver Island outbreak. In support of our main
hypothesis, we found that C. gattii infections induced less protective immune responses
compared to C. neoformans infections with respect to leukocyte recruitment to the sites
of infection and induction of cytokines. Furthermore, mice infected with C. gattii strains
had reduced neutrophil infiltration suggesting that C. gattii infections may be able to
skew the immune response towards a less protective response that is inefficient at

clearing the infection.
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2. MATERIALS AND METHODS

2.1 Mice

For all studies except histopathology studies, female C57BL/6 mice were
obtained from Charles River (Montreal, Quebec, Canada). For histopathology studies,
female A/JCr mice were obtained from the NIH animal program (Frederick, Maryland,
USA). The mice were 12-14 weeks of age at the time of infection and they were housed
under specific-pathogen-free conditions using sterilized cages with a microisolator cage
top. Clean food and water were given ad libitum. The mice were maintained by the
Wesbrook Animal Unit at the University of British Columbia in accordance with the
methods and regulations approved by the University of British Columbia’s Animal Care

Committee.

2.2 Strains of C. neoformans and C. gattii

The C. neoformans H99 strain and the C. gattii strains R265, R272 and WM276
were used in this study. Table 2.1 provides the details for all Cryptococcus strains used in
this study. R265 and R272 were both obtained in 2001 from the bronchial washings of
infected patients from the Vancouver Island outbreak of cryptococcosis. The C. gattii
strain WM276 is an Australian environmental isolate obtained from Dr. Joseph Heitman
(Duke University). The lacllac2 double mutant and the ure/ mutant were both derived

from the H99 strain.
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Table 2.1 Strains of Cryptococcus used in this study

Strain

C. neoformans var. grubbii

(serotype A) H99

Relevant Characteristics

Wild type

Source

Clinical isolate, Dr. Joseph

Heitman, Duke University

C. gattii (serotype B) R265

Wild type

Clinical isolate (Kidd, et al.,

2004)

C. gattii (serotype B) R272

Wild type

Clinical isolate (Kidd, et al.,

2004)

C. gattii (serotype B)

WM276

Wild type

Environmental isolate, Dr.
Joseph Heitman, Duke

University

C. neoformans var. grubii

(serotype A) H99 lacllac2

Inability to produce laccase
activity that is required for

melanin synthesis.

(Williamson, 1994)

C. neoformans var. grubii

(serotype A) H99 urel

L]
13

Inability to produce urease.

(Cox, et al., 2000)
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2.3 Intranasal inoculation

Cryptococcus strains were grown for 24 hours in Sabouraud dextrose broth (SDB)
and washed three times with phosphate-buffered saline (PBS), counted in a
hemocytometer and resuspended in PBS at a concentration of 1.0 x 10° yeast cells/mL.
The intranasal inoculation method has been described elsewhere (Hu, et al., 2008; Jung,
et al., 2008). In brief, mice were anesthetized with 82.25 mg/kg ketamine and 5.5mg/kg
xylazine by intraperitoneal injection. Anesthetized mice were then suspended by their
incisors on a thread to fully extend their necks and 50uL of the yeast suspension (5 x 10?
cells) was slowly pipetted into the nares of each mouse. The mice were suspended for an
additional 10 minutes and then placed on a heated blanket for recovery. For the virulence
assay, mice were euthanized using CO; inhalation if they appeared to be in pain or had
20% weight loss (humane endpoint). For all other assays, mice were euthanized on the

indicated days using CO, inhalation.

2.4 Lung leukocyte isolation

This procedure has been described elsewhere (Milam, et al., 2007). Briefly,
whole lungs were excised, minced and enzymatically digested for 1 hour in 10 mL of
digestion buffer (RPMI medium, 5% fetal bovine serum (FBS), 100 U/mL penicillin, 100
ug/mL streptomycin, 1 mg/mL collagenase IV, 30 ug/mL DNase). Cell suspensions were
further homogenized by drawing them through the bore of an 18-guage needle attached to
a 3 mL syringe. The total cell suspensions were then pelleted and washed with PBS
before resuspension in 3 mL of red blood cell lysis buffer (0.9% NH4ClI in H,O) for 5

mins. Subsequently, 10 mL of complete medium (RPMI medium, 10% FBS, 2 mM L-
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glutamine, 1 mM sodium pyruvate and antibiotics) was added to the suspension to return
the solution to isotonicity. The cell suspension was then strained through a 70 um filter
before being pelleted and resuspended in complete medium. Total lung leukocytes were

enumerated in the presence of trypan blue using a hemocytometer.

2.5 Neutrophil counting

Leukocyte suspensions were normalized for cell concentration, cytospun onto
glass slides and stained using the Hemacolour stain set (Harelco, EMD Chemicals,
Gibbstown, NJ, USA). A total of 200 neutrophils from randomly chosen micrographs

were visually counted.

2.6 Cytokine assays

Lung tissue was excised, weighed and homogenized in 5 mL of PBS using a
Mixer Mill (MM200, Retsch, Haan, Germany). The tissue homogenates were then
clarified by centrifugation and aliquots of the supernatant were stored at -80°C. Cytokine
analysis on the undiluted supernatant was performed on a BD FACSCalibur flow
cytometer using the BD Cytometric Bead Array (CBA) Mouse Inflammation Kit (Becton
Dickinson, San Jose, CA) according to the manufacturer’s instructions. The data were
analyzed using BD CellQuest, BD CBA software (Becton Dickinson, San Jose, CA) and

FlowJo software (Tree Star Inc., San Carlos, CA).
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2.7 Antibody staining and flow cytometric analysis

For flow cytometry, 1.0x 10° cells from the lung leukocyte suspension were
pipetted into wells of a 96-well round bottom plate for staining. Each sample was
assayed in duplicate. Cells were washed with 200 uL of buffer (Hanks balanced salt
solution (HBSS) + 20 mM Hepes + 0.2% sodium azide + 2% FBS), pelleted and stained
in 30 uL of buffer mixed with the following antibodies: fluorescein isothiocyanate
(FITC)-labelled anti-Gr.1, PerCP-labelled anti-CD11b and allophycocyanin (APC)-
labelled anti-CD11c. Staining was performed on ice for 20 mins, cells were then washed
with the buffer, pelleted, resuspended in 0.5% paraformaldehyde in PBS and analyzed on
a BD FACSCalibur flow cytometer. A total of 100,000 events were collected per sample.
Initial gates were set based on light scatter characteristics to exclude debris, red blood
cells and clusters of cells (Figure 2.1 A). Neutrophils were gated based on side-scatter
(as a measure for granularity) as well as expression of Gr.1 and CD11b. Pulmonary
macrophages are highly autofluorescent, express very low levels of F4/80 and high levels
of CD11c and have varying expression of CD11b depending on their activation status
(Gonzalez-Juarrero, et al., 2003; Vermacelen and Pauwels, 2004). Dendritic cells (DCs)
express high levels of CD11b and CD11c and can be differentiated from macrophages by
their low autofluorescence (Gonzalez-Juarrero, et al., 2003; Vermaelen and Pauwels,
2004). Therefore, to differentiate between macrophages and DCs, all cells that were
CD11cP*" with varying expression of CD11b were gated (Figure 2.1 B) from the total

positive

leukocyte population. These CD11c cells were then used to draw a histogram

showing the autofluorescent populations so that the threshold between

negative

autofluorescence and autofluorescence™ """ cells could be determined (Figure 2.1

16



MATERIALS AND METHODS

C). This threshold was used to draw a gate to differentiate between the population of
CD11cP*" cells that were macrophages or dendritic cells (Figure 2.1 D). All
fluorescence activated cell sorting (FACS) data were analyzed using BD Cellquest Pro
software (Becton Dickinson, San Jose, CA). The anti-Gr.1 antibody was purchased from
Caltag (Cedarlane Laboratories, Burlington, ON, Canada), all other antibodies were

purchased from Biolegend (Biolegend Inc., San Diego, CA).

Figure 2.1 Flow cytometry analysis. Total lung leukocytes (A) were examined for
dendritic cells (DCs) and macrophages by first gating on all cells that were CD11¢°*5""
(B). These CD11cP*"™" cells were then used to draw a histogram showing the

f
negative and

autofluorescent populations so that the threshold between autofluorescence
autofluorescence™ ™ cells could be determined (C). This threshold was used to draw a

gate to differentiate between the population of CD11¢" cells that were macrophages

or dendritic cells (D).
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2.8 Measurement of myeloperoxidase

Lung tissue was excised, weighed, snap frozen in liquid nitrogen and stored at -
80°C until being assayed. This method has been described elsewhere (Webert, et al.,
2000). Briefly, frozen tissue was homogenized in hexadecyltrimethylammonium bromide
(HTAB) buffer (10mL 50mM KH,PO,4 pH 6.0, 5 mM EDTA 0.5% HTAB) at 1 mL per
50 mg tissue using a Mixer Mill (MM200, Retsch, Haan, Germany). The tissue
homogenates were then clarified by centrifugation and 50 uL of the supernatant was
mixed with 1.45 mL of freshly prepared assay buffer (100 mM KH,PO4 pH 6.0, 0.005%
H,0,, 0.005g O-dianisideine dihydroschloride). The change in absorbance at 450 nm
was measured every minute for 4 minutes in a spectrophotometer. The results are
expressed in units of MPO per gram of tissue (wet weight) where 1 unit of MPO activity

is defined as that degrading 1 umol peroxide per min at 25°C (Webert, et al., 2000).

2.9 Phenotyping assays

To examine the production of the main cryptococcal virulence factors,
Cryptococcus cells were grown in SDB for 24 hours at 30°C in a shaker, washed twice
with PBS and adjusted to a concentration of 2.0 x 10° cells/mL. The cell suspensions
were then diluted 10-fold serially and 5 ul of each dilution was spotted onto Sabouraud
dextrose agar plates, L-DOPA plates (0.5 mM 3,4-hydroxyl-L-phenylalanine (L-DOPA),
ImM MgSO4 7H,0, 22mM KH,POy4, 3 uM thiamine-HCI, 0.1% glucose, 0.1% L-
asparagine, pHS5.6), or urease plates (333 mM urea, 86 mM NaCl, 15 mM KH,POy, 0.1%
peptone, 0.1% glucose, 0.0012% phenol red) to assess growth at 37°C, melanin

production and urease production respectively. All incubations were performed at 30°C
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unless otherwise specified. To examine capsule formation, strains were grown in low-
iron medium for 48 hours at 30°C in a shaker, washed with low-iron water, stained with

india ink and examined by differential interference microscopy (DIC).

2.10 Nitric oxide suppression assays

Cryptococcus strains were grown for 24 hours in SDB and washed three times
with PBS, counted in a hemocytometer and resuspended in PBS at a concentration of 1.0
x 10° yeast cells/mL. RAW macrophages were seeded at 2.0 x 10° cells per well in 24-
well plates in complete media (DMEM medium, 10% FBS, 4 mM L-glutamine and 100
U/mL penicillin, 100 ug/mL streptomycin) supplemented with 0.1 ug/mL IFN-y and 1
ug/mL LPS. To initiate the interaction, 100 uL of the fungal cell suspension or PBS (as a
control) was then added to each well and plates were incubated at 37°C in an atmosphere
of 5% CO, for 24 hours. After incubation, supernatants were tested for nitrite

concentration using the Greiss assay (Stuehr and Nathan, 1989).

2.11 Histology

A/JCr mice were used for histology experiments. At 2 and 7 days post-infection,
lungs were fixed in 10% neutral buffered formalin. The tissue was then embedded in
paraffin and cut into 5 wm thick sections, stained with hematoxylin and eosin (H&E) or
Mayer’s mucicarmine (MM) to visualize cryptococcal capsule and then fixed on slides.

Slides were examined by light microscopy.
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2.12 Statistics

For the virulence assay, the time to mortality was evaluated for statistical
significance with Kaplan-Meier survival curves and P-values were obtained from a log-
rank test. For all other assays, statistical significance was calculated using one-way
analysis of variance (ANOVA) and using the Student-Newman-Keuls post-analysis to

obtain P-values. All statistical analyses were done using Graphpad Prism 4.0 software

(GraphPad Software Inc). All values are reported as means * standard error (SEM).
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3. RESULTS

3.1 Phenotypic comparisons of virulence factor expression for C.

neoformans and C. gattii strains

C. neoformans and C. gattii are known to share the major virulence factors
needed to cause disease in mammalian hosts. These factors include capsule and melanin
formation, and growth at 37°C. We initially compared the virulence-associated
phenotypes of three strains of C. gattii with the phenotypes of the commonly studied C.
neoformans serotype A strain H99. Two of the C. gattii strains, R265 and R272,
represent the most common molecular subtypes (VGIla and VGIIb, respectively) from
the outbreak on Vancouver Island. The third C. gattii strain, WM276, was included as a
representative of the other subtype (VGI) that is also found on Vancouver Island. This
strain, however, is an environmental isolate from Australia and it was selected as the VGI
representative because, like R265, its genome has been sequenced. Our analysis of the
virulence factors revealed that the clinical C. gattii strains (R265 and R272) and the
clinical C. neoformans strain (H99) grew well at 37°C, and were similarly able to
produce melanin and the polysaccharide capsule (Figure 3.1). However, the
environmental C. gattii isolate WM276 grew more slowly at 37°C and exhibited a delay
in melanin production. We also noted that all four strains were similar in their production
of another virulence trait, the enzyme urease (Figure 3.1B). Taken together, these results
indicate that all four strains possess the major virulence factors, but WM276 appears to

be less robust with regard to growth at 37°C and melanin production.
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Figure 3.1. Virulence-associated phenotypes of the C. gattii strains R265, R272 and
WM276 , and the C. neoformans strain H99. The strains were grown at 30°C overnight
and spotted onto different types of media as described in the Materials and Methods
(Chapter 2). The photographs demonstrate that the C. gattii strain WM276 grew more
slowly at 37°C (A) and had a delay in melanin production (C). We also assessed the
strains for their ability to produce urease (B) and capsule (D) and found that there were
no major phenotypic differences between the strains. As a control for melanin
production, a lacl lac2 double mutant derivative of the C. neoformans strain H99 was
included because this strain lacks laccase function and is unable to produce melanin. As
a control for urease production, a ure/ mutant of strain H99 with a deletion in the urease
gene was included because this strain is unable to produce urease. The results are

representative of three independent experiments.
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3.2 C. gattii isolates from the Vancouver Island outbreak vary in

virulence in a mouse model of infection

We next tested the virulence of our selected isolates of C. neoformans and C.
gattii by infecting two different strains of mice using the intranasal inhalation method and
assessing survival over a 60 day period. We used C57BL/6 mice because this inbred
strain has been commonly used in studies of the immune response to C. neoformans and
we used A/JCr mice because this strain was used to compare the virulence of C.
neoformans and C. gattii isolates in a previous study (Fraser, et al., 2005). In C57BL/6
mice (Fig 3.2A) and especially in A/JCr mice (Fig 3.2B), we found that the C.
neoformans strain H99 and the C. gattii strain R265 were both significantly more virulent
than the C. gattii strains R272 and WM276 (P < 0.001). Furthermore, there was no
significant difference in the virulence of H99 compared to R265, nor was a significant
difference observed in the virulence of R272 compared to WM276 in either of these
mouse models. In addition to revealing the equivalent virulence of H99 and R265, these
results indicate that the differences in growth at 37°C and melanin production between
WM276 and R272 were not reflected in their virulence. Furthermore, given that the two
clinical isolates from the Vancouver Island outbreak (R265 and R272) are genetically
similar (Fraser, ef al., 2005; Kidd, et al., 2004) and had identical phenotypes for the
major virulence traits, these results indicate that R272 must have differences in other
traits that reduce its virulence relative to R265. Interestingly, A/JCr mice were
significantly more susceptible to infection with the two C. gattii strains with lower
virulence (R272 and WM276) (P < 0.01) compared to C57BL/6 mice. C57BL/6 mice

infected with R272 and WM276 reached the endpoint at 47 days and 35 days post-
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infection respectively; whereas A/JCr mice infected with either of these strains reached

the endpoint significantly earlier, at 29 days post-infection.
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Figure 3.2. Virulence of the C. neoformans strain H99 and three strains of C. gattii
in a mouse model of cryptococcosis. As described in the Materials and Methods, mice
were infected via intranasal inhalation with 5 x 10* CFU fungal cells. Infected animals
were observed until 58 and 38 days post-infection in C57BL/6 (A) and A/JCr (B) mice
respectively. The experiment in B was performed by Anita Sham. These virulence
assays were performed once. The C. neoformans strain H99 and the C. gattii strain R265
were significantly more virulent than the C. gattii strains R272 and WM276 (P <0.001)
in both animal models. Statistical analysis was performed using the log-rank test to

obtain P-values. (n = 10 except for WM276 infection of C57BL/6 mice where n =9).
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3.3 Growth of C. neoformans and C. gattii strains in pulmonary tissue

Having observed significant differences in virulence among our isolates of
interest, we wanted to determine if there were any differences in the pulmonary fungal
load at different times of the infections. Previous studies have shown that mice infected
with more virulent strains of C. neoformans have significantly higher pulmonary fungal
loads throughout infection compared to mice infected with strains of lower virulence
(Wormley, et al., 2005). As shown in Figure 3.3, all isolates were able to grow in the
lungs during infection. The fungal loads in mice infected with the more virulent isolates,
H99 and R265, increased steadily throughout infection. By 14 days post-infection, the
fungal load in these mice was 1000 times higher than the initial fungal load at 24 hours
and mice in these two groups began losing weight and reaching the endpoint (Fig 3.2).
These results are consistent with previous studies on H99-infected mice, which exhibit a
significant increase in pulmonary fungal load from days 3 to 14 post-infection (Wormley,
et al., 2005). These results indicate that not only is the C. gattii strain R265 as virulent as
the C. neoformans strain H99, but R265 is also able to grow to levels similar to H99 in
the lungs of infected mice. The fungal load in mice infected with the less virulent
1solates, R272 and WM276, were similar to those in mice infected with the more virulent

isolates at 7 days post-infection.
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Figure 3.3 Pulmonary fungal load in C. neoformans- and C. gattii-infected mice.
C57BL/6 mice were infected with 5 x 10* CFU of the indicated strains. At the specified
time points, lungs were excised, homogenized and plated on media to determine the
pulmonary fungal load. Data for the 7 days post-infection results are representative from
3 separate experiments, data for the 24 hours post-infection results are representative
from 2 separate experiments and data for the 14 days post-infection results are
representative of 1 experiment. Results are expressed as mean =+ SEM (n=3

mice/group).
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3.4 Suppression of nitric oxide production

Macrophages play an important role in the inflammatory immune response and
they produce large amounts of microcidal agents such as nitric oxide upon activation.
Furthermore, this nitric oxide production in macrophages is associated with control of the
pulmonary fungal load during Cryptococcus infection (Goldman, et al., 1996; Rossi, et
al., 1999). Given that we observed differences in the pulmonary fungal load of mice
infected with our C. neoformans and C. gattii isolates, we wanted to determine whether
there were any differences among the strains in their ability to inhibit nitric oxide
production by macrophages in vitro. However, as shown in Figure 3.4, each C.
neoformans and C. gattii strain that we tested was able to suppress nitric oxide

production of macrophages to a similar extent.

Figure 3.4 C. neoformans and C. gattii isolates can suppress nitric oxide production
in LPS-stimulated macrophages. Macrophages were stimulated with LPS and IFN-y
and co-cultured with fungal cells for 24 hours. Nitrite was measured in the supernatants
using the Greiss Assay. The data are representative of three separate experiments.

Results are expressed as mean + SEM. The symbol ** P < 0.001 represents the statistical

comparison to uninfected mice.
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3.5 Histopathology of C. neoformans and C. gattii infections

In order to obtain a gross morphological view of the lungs during cryptococcal
infection, the lungs of A/JCr mice infected with the C. neoformans strain H99 and the C.
gattii strain R265 were examined histologically at 2 and 7 days post-infection. These
Cryptococcus strains were selected because they have equivalent virulence in this mouse
model (Figure 3.2B). Furthermore, A/JCr mice were used for this study because this
mouse strain is also commonly used for virulence studies with C. neoformans and we
wanted to include studies with these mice to allow comparisons with published work.
Sections were stained with hematoxylin and eosin (H&E) to visualize lung structures, and
with Mayer’s mucicarmine (MM) to view the Cryptococcus capsular polysaccharide
(magenta colour) (Wright, ef al., 2002). At 2 days post-infection, the lungs of infected
mice appeared healthy with no obvious differences in the bronchovascular infiltrate
surrounding the capillaries and airways compared to uninfected mice (Figure 3.5).
Furthermore, cryptococci were present in the lungs, but were mostly confined to the
bronchiolar and alveolar airspaces (Figure 3.6). At 7 days post-infection, the lungs of
infected mice showed signs of differential immune responses. Specifically, the
bronchovascular infiltrate surrounding small blood vessels and airways in the lungs of
H99-infected mice (Figure 3.7C and D) appeared to be densely packed with leukocytes,
suggesting the development of protective immune responses as others have shown in
previous studies (Muller, et al., 2007; Osterholzer, et al., 2008). In contrast, the
bronchovascular infiltrate in R265-infected mice (Figure 3.7B) appeared to be more
diffuse. Diminished leukocyte infiltration and the presence of YM1 crystals has been

associated with non-protective Th2 immune responses to Cryptococcus infections (Arora,
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et al., 2005; Osterholzer, et al., 2008). However, we did not observe the presence of
YMI crystals in the histopathology of these C. gattii-infected mice. These results
indicate that a less protective immune response is developed against C. gattti R265
infection compared to C. neoformans H99 infections, at 7 days post-infection.
Additionally, the presence of Cryptococcus cells and mucus development was also
observed in the vicinity of the bronchovascular infiltrates at this time point (Figure 3.7).
Furthermore, Mayer’s mucicarmine staining revealed cryptococci invading the tissues
around the bronchiolar and alveolar airspaces and multiplying in the surrounding tissues
(Figure 3.8 A and B). Interestingly, these cryptococci appeared to vary in size and the C.
neoformans H99 cryptococci appeared to have larger capsules (diameter 2-14 um)
(Figure 3.8 C) compared to the C. gattii R265 cryptococci (diameter 2-5 wm) (Figure 3.8
D); this was also observed at 16 days post-infection (Figure 3.9 C and D), but not at 2
days post-infection. At 16 days post-infection, mucus production was mostly observed in
the bronchiolar airspace of C. neoformans-infected mice while in C. gattii-infected mice,
mucus production was mostly in alveolar airspaces (Fig 3.9 A and B).

It should be noted that our histopathology studies were performed in A/JCr mice
rather than in the C57BL/6 mice that we used for our other studies. We do not believe
that there are major differences between these two mouse strains in the context of our
study because, as we showed in our virulence assay, this histopathology analysis, and our
other analyses below, the effect of our C. neoformans and C. gattii isolates on the

survival and immune responses of these mice are similar between the two animal models
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Figure 3.5 Histopathology of Cryptococcus infection at 2 days post-infection. A/JCr
mice were infected with 5 x 10* CFU of Cryptococcus cells and lungs were harvested 2
days post-infection and prepared as described in the Materials and Methods.
Photomicrographs (hematoxylin and eosin staining, x200 magnification, scale bar is 50
um) of lung sections from uninfected mice (A), mice infected with C. neoformans strain
H99 (B) and mice infected with the C. gattii strain R265 (C). The lungs of infected mice

appeared healthy with a normal degree of bronchovascular infiltrates surrounding the

capillaries and air spaces.
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Figure 3.6 Histopathology of Cryptococcus infection at 2 days post-infection. A/JCr
mice were infected with 5 x 10* CFU of Cryptococcus cells and lungs were harvested 2
days post-infection and prepared as described in the Materials and Methods.
Photomicrographs (Mayer’s mucicarmine staining, x400 magnification, scale bar is 40
um) of lung sections from mice infected with C. neoformans strain H99 (A) and mice
infected with the C. gattii strain R265 (B). Mayer’s mucicarmine allows visualization of
the cryptoccocal polysaccharide capsule by staining it a magenta colour. Note that at 2
days post-infection, cryptococci are present in the lungs, but are confined to the alveolar

and bronchiolar airspaces.
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Figure 3.7 Histopathology of Cryptococcus infection at 7 days post-infection. A/JCr
mice were infected with 5 x 10* CFU of Cryptococcus cells and lungs were harvested 7
days post-infection and prepared as described in the Materials and Methods.
Photomicrographs (hematoxylin and eosin staining, x200 magnification, scale bar is 50
um) of lung sections from uninfected mice (A), mice infected with the C. gattii strain
R265 (B) and mice infected with the C. neoformans strain H99 (C and D). Note that at
this time point, the bronchovascular infiltrate (brackets) in C. neoformans-infected mice
appeared more densely packed with leukocytes compared to those in the uninfected or the
C. gattii-infected mice. Also note the appearance of cryptococci (indicated by an
asterisk) in the vicinity of the bronchovascular infiltrate and mucus production in the

airways (indicated by arrowheads).
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Figure 3.8 Histopathology of Cryptococcus infection at 7 days post-infection. A/JCr
mice were infected with 5 x 10* CFU of Cryptococcus cells and lungs were harvested 7
days post-infection and prepared as described in Materials and Methods.
Photomicrographs (Mayer’s mucicarmine staining, x200 magnification, scale bar is 50
um for A and B; x630 magnification, scale bar is 10 um for C and D) of lung sections
from mice infected with C. neoformans strain H99 (A) and mice infected with the C.
gattii strain R265 (B) show cryptococci invading the tissues around the bronchiolar and
alveolar airspaces and multiplying in the surrounding tissues. Closer examination of the
cryptococci showed that C. neoformans cells appear to have a larger capsule (C) than C.

gattii cells (D).
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Figure 3.9 Histopathology of Cryptococcus infection at 16 days post-infection.
A/ICr mice were infected with 5 x 10* CFU of Cryptococcus cells and lungs were
harvested 16 days post-infection and prepared as described in Materials and Methods.
Photomicrographs (Mayer’s mucicarmine staining, x200 magnification, scale bar is 50
um for A and B; x630 magnification, scale bar is 10 um for C and D) of lung sections
from mice infected with C. neoformans strain H99 (A) show abundant mucus production
in bronchiolar airspaces while in mice infected with the C. gattii strain R265 (B), mucus

is mostly in the alveolar airspaces. Closer examination of the cryptococci showed that C.

neoformans cells appear to have a larger capsule (C) than C. gattii cells (D).
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3.6 Cytokine profiles during pulmonary infections with C. neoformans
and C. gattii.

Previous investigators suggested that C. gattii infections may be less able to
induce Thl-associated inflammation than C. neoformans infections and that this may be
the reason why C. gattii strains are able to infect immunocompetent people and cause
disease (Wright, et al., 2002). However, to date, there have not been any studies to test
this idea, such as determining the cytokine profiles of C. gattii-infected mice to examine
their immune status. Furthermore, there have not been any immunological studies that
specifically focus on the C. gattii isolates from the Vancouver Island outbreak. We
therefore evaluated the cytokine profiles of infected C57BL/6 mice to address these gaps
in our knowledge and to specifically determine whether the C. gattii isolates from the
outbreak induce less protective immunity than C. neoformans isolates during infection.
We chose to use C57BL/6 mice in these immunological studies because this mouse strain
has commonly used in many other previous studies on the immune response against C.
neoformans infection. We focused our analysis on the cytokines TNF-o, IFN-y, MCP-1,
IL-6, the Th1 cytokine IL-12 (p70 subunit), which all have been associated with
protective immune responses against C. neoformans infection, and the Th2 cytokine IL-
10, which has been associated with non-protective immune responses. We performed all
of our measurements on lung homogenates from infected C57BL/6 mice collected at 24
hours, 7 days and 14 days post-infection. We found that there were no significant
differences in cytokine expression among mice infected with the different strains of
Cryptococcus at 24 hours post-infection (data not shown). At 7 days post-infection, the

cytokine measurements showed that the C. gattii infections indeed induced lower levels
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of protective cytokines compared to the C. neoformans H99 infection (Figure 3.10).
Specifically, mice infected with the C. gattii strains had significantly lower levels of
TNF-a, (P <0.001), MCP-1 (P < 0.001) and IL-6 (P < 0.05) compared to mice infected
with the C. neoformans H99 strain. The levels of MCP-1 and IL-6 in mice infected with
C. gattii isolates were slightly elevated at this time point compared to the uninfected
mice, especially in the case of R265, indicating that there was some induction of an
immune response in these mice. However, the levels of TNF-a in all of the C. gattii-
infected mice were not significantly different than those from the uninfected mice and the
levels of IFN-y in these C. gattii-infected mice were below the limit of detection of the
assay (2.5 pg/mL); indicating the absence of a significant immune response, especially in
comparison to C. neoformans-infected mice. Overall, our cytokine results indicate that
infections with these particular C. gattii strains are consistent with a less protective
profile than infection with the C. neoformans strain H99. We also detected very low
levels of the Thl cytokine IL-12, in infected mice; however, these levels were not
significantly different from that in the uninfected mice at any of the time points tested.
The absence of significantly elevated levels of IL-12 in the C. neoformans strain H99-
infected mice suggests that the immune response in these mice was not due to a Thl type
immune response. After 14 days of infection, the levels of protective cytokines in the C.
neoformans-infected mice decreased such that they were no longer significantly different
than those in the C. gattii-infected mice, indicating a dampening effect. We did not
detect the Th2 cytokine IL-10 in any samples at any of the time points and the lower limit

of detection for this cytokine was 17.5 pg/mL under our assay conditions.
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Figure 3.10 Cytokine expression in mice infected with C. neoformans and C. gattii
isolates. Lung homogenates from mice infected with 5 x 10* CFU of the indicated
Cryptococcus isolates were prepared by mechanical disruption and assayed for the
production of cytokines at 7 and 14 days post-infection. Results are expressed as the
mean = SEM (n = 3 mice/group/time point). The data are representative of three separate
experiments. The symbols (** P <0.001, * P <0.01, # P <0.05) represent the statistical

analysis based on comparisons to mice infected with C. neoformans strain H99.

TNF-a |FN-’Y I Day 7
750 300- [Day 14
600 250~
200-
g 4504 g
> B 150-
D 300 =2
e 2 1004
1504 - ” . 50+
0- 0- T T P T
H99 R265 R272 WM276 PBS H99 R265 R272 WM276 PBS
MCP-1 IL-6
12000+ 1750~
10000+ 1500+
o 8000- c 1250~ .
o o 1000
% 6000 o >
> S 750
o . *k o
4000 o 500 *
*
2000+ 250
0- 0-
H99 R265 R272 WM276 PBS H99 R265 R272 WM276 PBS
IL-12
90-
80~
70
g 60
& 50~
(=
5 404
2 30-
20~
104
0_

H99 R265 R272 WM276 PBS

38



RESULTS

3.7 Pulmonary leukocyte infiltration during infections with C.

neoformans and C. gattii.

Seven days post-infection is the onset of cell-mediated immunity this mouse model
of cryptococcosis (Wormley, et al., 2005). As discussed previously (section 3.5), at this
timepoint, we observed a more diffuse bronchopulmonary infiltrate in A/JCr mice
infected with the C. gattii strain R265 in our histopathology study. Furthermore, having
observed differences in the cytokine profiles of C. neoformans- and C. gattii-infected
C57BL/6 mice at this time point, we next measured the proportions of dendritic cells
(DCs), macrophages and neutrophils in the lungs of infected mice using flow cytometry
to determine if the lack of protective cytokine responses we observed in C. gattii-infected
mice was mirrored in the population of cells in the pulmonary infiltrate. Pulmonary
leukocyte infiltration during Cryptococcus infection is an important part of the immune
response against this pathogen. Previous studies have shown that a protective response
involves increased levels of neutrophils, classically-activated macrophages and
lymphocytes in the lungs (Chen, et al., 2008; Guillot, ef al., 2008). For this study,
C57BL/6 mice were infected intranasally with 5 x 10* CFU of Cryptococcus cells and
leukocyte infiltration levels were examined at 7 days post-infection (Figure 3.11). We
observed significantly lower levels of dendritic cells and neutrophils in the lungs of mice
infected with the C. gattii strains compared to mice infected with the C. neoformans H99
strain (P < 0.05). Furthermore, the total lung leukocyte levels were lower in mice
infected with C. gattii compared to mice infected with the C. neoformans strain, but this
result was not statistically significant. Additionally, there were no significant differences

in the levels of pulmonary macrophages in the infected mice. These results confirm our
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finding that at 7 days post-infection, the immune response to the C. gattii strains is
consistent with a less protective profile than the immune response to the C. neoformans

infection.

Figure 3.11 Pulmonary leukocyte infiltration. C57BL/6 mice were infected with 5 x
10* CFU of the indicated Cryptococcus isolates for 7 days, lungs were excised and
leukocytes were isolated from whole lungs by enzymatic digestion. As described in
Materials and Methods, leukocytes were labeled with anti-CD11b, anti-CD11¢, anti-Gr.1
and analyzed by flow cytometry. Results are represented as the mean =+ SEM (n =3
mice/group). The data are representative of three separate experiments, except in the
cases of R272 and WM276, which are representative of two separate experiments. The
symbol ( * P <0.01) indicates the statistical differences compared to mice infected with

C. neoformans strain H99.
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3.8 Neutrophil infiltration during pulmonary infections with C.

neoformans and C. gattii.

Neutrophils are important mediators of protective immune responses against C.
neoformans infection. We therefore measured neutrophil infiltration in the lungs of
infected mice at 24 hours and 7 days post-infection by cytological and enzymatic
methods to further investigate the differences in neutrophil accumulation we observed in
our flow cytometry analysis. As described in Chapter 1, a report from Dong and Murphy
(1995) showed that culture filtrate antigens from C. gattii strains inhibited neutrophil
migration and function in vitro, whereas those from C. neoformans strains stimulated
neutrophil migration and function. Another study found that even though a C. gattii
strain was able to inhibit neutrophil migration in vitro, neutrophil infiltration into the
lungs of infected rats are similar in C. neoformans and C. gattii infections (Wright, et al.,
2002). However, rats and mice differ widely in their susceptibility to Cryptococcus
infection and have been shown to have differential immune responses against infection
(Goldman, et al., 1994; Shao, et al., 2005). Thus, the role of neutrophils in C. gattii
infection is unclear. Some researchers speculate that because neutrophils are important in
the early innate immune responses to C. neoformans infection, inhibition of neutrophil
migration into infected lung tissues may delay the production of TNF-a, IFN-y and
important chemokines. This delay would potentially prevent the induction of an effective
adaptive immune response for clearance of the pathogen (Shoham and Levitz, 2005).
This latter scenario could potentially explain the lack of protective cytokines that we
observed in the C. gattii-infected mice. Thus, using cytological methods, we examined

the in vivo neutrophil response in C57BL/6 mice to our C. gattii strains from the
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Vancouver Island outbreak in comparison to the response against a C. neoformans
infection to determine whether there were any differences. At 24 hours post-infection,
there were significantly lower numbers of neutrophils in all of the C. gattii-infected mice
compared to mice infected with the C. neoformans strain H99 (P <0.001) (Figure 3.12).
Furthermore, the levels of pulmonary neutrophils in mice infected with the C. gattii
strains were not significantly different from those in the uninfected mice (P >0.05),
indicating that these C. gattii strains failed to provoke the migration of neutrophils into
the sites of infection.

Myeloperoxidase (MPO) is a neutrophil-specific enzyme that is a useful indicator
for neutrophil granulocyte sequestration (Klebanoff, 2005). MPO was therefore
measured to further assess neutrophil accumulation in the lung tissues of infected mice.
Measurement of MPO activity in the lung tissue of infected C57BL/6 mice at 24 hours
and 7 days post-infection showed that mice infected with the C. gattii strains had
significantly lower levels of pulmonary neutrophil activity compared to the C.
neoformans-infected mice (Figure 3.13). These results therefore confirmed our cytology
and flow cytometry analysis. Furthermore, at all three time points analyzed, neutrophil
activities in the lungs of C. gattii-infected mice were not significantly different than the
activity in uninfected mice at the corresponding time point (P > 0.05). Additionally, C.
neoformans-infected mice showed a significant increase in neutrophil activity from 24
hours to 7 days post-infection (P < 0.001); this activity was also significantly greater than
that in uninfected mice at 7 days post-infection (P < 0.001), indicating continued
induction of the neutrophil response. We also observed an increase in neutrophil activity

in the C. gattii-infected mice from 24 hours post-infection to 7 days post-infection,
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indicating that there was some neutrophil migration into the lungs between these time
points. However, because these neutrophil activity levels at 7 days post-infection were
not significantly different from those in the uninfected mice at this time point, this
increase is likely not relevant. By 14 days post-infection, neutrophil activity levels in C.
neoformans-infected mice were slightly reduced compared to those at 7 days post-
infection. Overall, our findings demonstrate that there are significantly lower levels of
neutrophil activity in mice infected with the C. gattii isolates, thus providing further
evidence that these C. gattii infections induce less protective immune responses than

infection with the C. neoformans strain H99.

Figure 3.12 Pulmonary neutrophil infiltration in C. neoformans- and C. gattii-
infected mice at 24 hours post-infection. As described in Materials and Methods, lung
leukocytes were isolated by enzymatic digestion of tissue and cytospun onto glass slides
for staining. Neutrophils were counted by microscopy and frequencies are expressed as
percentages of the total leukocytes present in the sample. The data are representative of
two separate experiments. Results are expressed as the mean + SEM (n = 5 mice/group).
The symbol ** P <0.001 and * P < 0.01 represents statistical comparisons to mice

infected with H99.
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Figure 3.13 Neutrophil infiltration as represented by myeloperoxidase activity in C.
neoformans- and C. gattii-infected mice at 24 hours, 7 and 14 days post-infection.
Myeloperoxidase (MPO) activity was employed as a measure of neutrophil infiltration.
Lungs were excised from infected mice, snap frozen with liquid nitrogen and measured
for MPO activity as described in the Materials and Methods. The data are representative
of three separate experiments. Results are expressed as mean = SEM (n = 3 mice/group).
The symbol * P <0.01 represents statistical comparisons to mice infected with H99 at the
respective time points. The symbol ** P<0.001 represents statistical comparison of mice
infected with C. neoformans H99 at 7 days post-infection to mice infected with H99 at 24

hours post-infection and to uninfected mice at 7 days post-infection.
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4. DISCUSSION

C. neoformans infections have commonly been associated with people with
compromised immune systems whereas C. gattii infections are thought to occur in people
regardless of their immune status. To understand the mechanisms of the immune
response that might begin to explain how C. gattii is able to cause disease in
immunocompetent people, we examined the immune response elicited by selected strains
of these species in a mouse model of cryptococcosis. Overall, we found that C. gattii
isolates caused infections with less protective characteristics compared to a representative
C. neoformans strain. This observation raises the possibility that C. gattii isolates may
actively suppress or may lack factors that provoke a protective inflammatory immune
response during infection. Furthermore, it is possible that these differences may

contribute to the ability of C. gattii strains to cause disease in immunocompetent people.

4.1 C. gattii infections induce less protective inflammation than C.

neoformans infections

A protective inflammatory immune response against cryptococcus infection
involves the elevated production of cytokines such as TNF-o and IFN-y as well as
increased levels of pulmonary leukocyte infiltration (Chen, et al., 2008; Guillot, et al.,
2008). There is little reseach on the immune response against C. gattii infections, but
previous studies indicated that C. gattii strains may induce less protective inflammation
than C. neoformans strains in vitro (Dong and Murphy, 1995; Wright, ef al., 2002). Our

results suggest that this may also be the case in vivo. Early events in the immune
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response to C. gattii infection indicated little induction of protective inflammation. At 24
hours post-infection, the levels of neutrophil infiltration in the lungs of these mice were
significantly lower than those in C. neoformans-infected mice. 7 days post-infection is
the onset of cell-mediated immunity in this mouse model (Wormley, ef al., 2005). At this
time point, we observed a minor increase in the levels of MCP-1 and IL-6 in the lungs of
C. gattii-infected mice. However, this immune response was very weak as evidenced by
the absence of IFN-y and similarity in the levels of pulmonary TNF-a., dendritic cells and
neutrophils in these C. gattii-infected mice and the uninfected mice. Additionally, the
histopathology of A/JCr mice infected with the C. gattii strain R265 showed a
bronchovascular infiltrate that was diffuse compared to that in the C. neoformans-
infected mice, further indicating weak inflammation at 7 days post-infection, which is
similar to what others have shown in mice producing ineffective immune responses
against Cryptococcus infection (Chen, ef al., 2007; Osterholzer, et al., 2008).
Furthermore, these results were consistent at 14 days post-infection, indicating a
continued lack of protective inflammation. Since these C. gattii-infected mice did not
trigger a Th1 type inflammatory immune response, we considered the possibility that
they may skew the immune response toward a Th2 profile. However, we did not detect
the Th2 cytokine IL-10 in these mice at any of the time points tested. Nor did we observe
the formation of YM1/YM2 crystals, which are indicative of Th2 responses (Arora, et al.,
2005; Chen, et al., 2005; Chen, et al., 2007), in the histopathology of R265-infected mice
at 7 days post-infection. However, our investigation was limited in terms of the

cytokines that were tested, and further studies may be necessary to entirely rule out a Th2
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immune response in these mice, including testing for IL-4, IL-13 and histopathology at
other time points.

In contrast to our observations in C. gattii-infected mice, C. neoformans infection
appeared to induce a strong protective inflammatory immune response. Specifically, in
the C. neoformans-infected mice, we observed a significant influx of neutrophils early
during the immune response with a subsequent increase in production of the protective
cytokines TNF-a and IFN-y and chemokines as well as an increase in pulmonary
neutrophils and dendritic cells at 7 days post-infection. Furthermore, at this time point,
we observed a dense bronchovascular infiltrate in the histopathology of A/JCr mice
infected with the C. neoformans H99 strain, which is indicative of a protective
inflammation. These results are consistent with previous studies involving H99 and other
strains of C. neoformans that showed that they elicit a protective inflammatory immune
responses in mice and other animal models (Chen, et al., 2008; Wormley, et al., 2005).
However, in contrast with previous studies involving C. neoformans infection, we did not
observe significant increases in the hallmark Th1 cytokine, IL-12 in these mice. The lack
of IL-12 induction, together with the presence of pulmonary neutrophils and IL-6,
highlights the possibility that an inflammatory Th17 type immune response was induced
in these C. neoformans-infected mice; this possibility is discussed further in section 4.4.1.

By 14 days post-infection, the significant differences in the immune response
against C. neoformans and C. gattii infections were not observed and there was little
production of cytokines detected in mice infected with any strain, indicating a decrease in
protective immune responses. We speculate that by 14 days post-infection, while the

immune response in C. gattii-infected mice was consistently weak, the immune response
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in the C. neoformans-infected mice is dampened due to the uncontrolled replication of
cryptococci in the lungs. This decrease in the protective immune response may also be
related to the shedding of GXM, as the cryptococcal infection gets firmly established and
GXM titers rise, as described in the next section. Furthermore, our results confirm those
from other studies, which have also shown that mice infected with the C. neoformans
strain H99 initially display protective inflammation that is dampened after 7 days post-
infection (Wormley, et al., 2005).

It is important to note that while the immune response (associated with protective
immunity in other studies) did not clear C. neoformans H99 infection in our study, this
does not mean that this type of inflammatory immune response is unable to clear C.
neoformans infection. Other studies have also shown that the C. neoformans strain H99
is highly virulent and while it does elicit protective inflammation during infection, mice
infected with this strain always succumb to infection (Fraser, ef al., 2005; Wormley, et
al., 2005). The importance of protective inflammatory immune responses in C.
neoformans infection has been shown in numerous studies, as outlined in chapter 1.
Rather, the use of inbred mouse strains and the high inoculum likely resulted in the lethal
outcome for these C. neoformans-infected mice. It is important to also note that while we
cannot make the claim that the lack of protective inflammation in C. gattii-infected mice
resulted in their outcome, we have shown that C. gattii infections induce less Th1-
associated inflammation than C. neoformans infections. As discussed in section 4.4.3,
further studies will be necessary in order to determine what entails a protective immune

response against C. gattii infection.
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We also note that our observations are different from another study in which there
were no differences in neutrophil accumulation in a rat model of cryptocococcis (Wright,
et al., 2002). One possible explanation for this discrepancy is the choice and history of
the C. gattii strains. We tested three different C. gattii strains, two of which were clinical
isolates from the Vancouver Island outbreak. Wright et al. (2002) tested one strain, an
environmental C. gattii isolate that was obtained from a eucalyptus tree. Although one of
our isolates was originally an environmental isolate, it is possible that the C. gattii
isolates that we used were better adapted to causing disease due to previous passage
through an animal or a human host. Furthermore, we employed a mouse model of
cryptococcosis whereas Wright et al. (2002) chose a rat model. Recent studies have
revealed fundamental differences in these models, especially with regard to neutrophil
infiltration during lung injury (Bermudez, et al., 2004). Furthermore, rats and mice differ
widely in their susceptibility to Cryptococcus infection and have been shown to have
differential immune responses against infection (Goldman, et al., 1994; Shao, et al.,
2005). In addition, Wright et al. (2002) used histological methods to enumerate
neutrophils in the lungs during infection, which only gives a partial view of pulmonary
immune responses depending on which part of the organ is sectioned. This approach is
not as accurate as flow cytometric methods and myeloperoxidase measurement, which
take the whole organ into account.

The differences we observed in the immune responses against C. neoformans and
C. gattii may provide a clue to understanding how C. gattii infections are able to infect
immunocompetent people. Specifically, it may be that C. gattii infections induce less

protective inflammation in humans, as we have shown in mice, and this may be how they
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are able to persist in the host. However, the interplay between host and pathogen is very
complex and involves a multitude of factors on both sides. Therefore, the situation in this
case may not be as simple as differences in the immune response since C. neoformans
and C. gattii are different in many other ways (e.g., metabolic capabilities). Further
studies are necessary in order to determine the molecular mechanisms of pathogenesis
that lead to the observed differences. It is interesting to point out that a recently
published case study suggests that our observations in mice may be relevant for human
cases of cryptococcosis. Specifically, an HIV-seronegative patient with C. gattii
meningitis had reduced levels of the cytokines TNF-a, IFN-y and IL-6 associated with
protective immune responses in his blood compared to patients with HIV-related C.
neoformans infections (Brouwer, et al., 2007). Although this is only a single case, the
observations suggest that the patient had a maladapted immune response to C. gattii
infection. It is likely that our study will prompt further analyses of cytokine levels in
patients with C. gattii infections including future cases that arise from the ongoing

outbreak in British Columbia.

4.2 Possible mechanisms of C. gatfii immunomodulation

The mechanism(s) by which C. gattii interferes with or fails to trigger the host
inflammatory immune response is unknown, but it is interesting to speculate about
possible explanations for our observations. Neutrophils play an important role in the
innate inflammatory immune response against infections of the lower respiratory tract by
killing microbes and by producing cytokines to trigger adaptive immunity (Craig, ef al.,

2009). Neutrophils modulate the immune response by producing cytokines such as TNF-
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a and IL-6 (Shoham, ef al., 2001). Furthermore, neutrophil migration into the lungs
during infection helps protect mice against progressive cryptococcal infection (Guillot, et
al., 2008). Previous studies showed that C. gattii strains can inhibit neutrophil migration
in vitro (Dong and Murphy, 1995; Wright, et al., 2002). Our results suggest that C. gattii
strains may also inhibit neutrophil migration in vivo. Specifically, we observed that mice
infected with the C. gattii strains had significantly lower levels of pulmonary neutrophil
infiltrates compared to C. neoformans-infected mice and, furthermore, these neutrophil
levels were not significantly different than those from uninfected mice at 24 hours, 7 and
14 days post-infection. We also observed a concurrent weak cytokine response in these
C. gattii-infected mice. Lack of early neutrophil migration into infected lung tissues may
delay the production of TNF-a, IFN-y and important chemokines, thus preventing the
induction of an effective adaptive immune response for clearance of the pathogen
(Shoham and Levitz, 2005). It is possible that the lack of pulmonary neutrophil
infiltration during the initial immune response may have led to the lack of protective
adaptive immunity in these C. gattii-infected mice. Our study revealed that C. gattii-
infected mice had significantly lower levels of pulmonary dendritic cells and neutrophils
compared to C. neoformans infected mice. However, we did not observe corresponding
differences in the levels of macrophages. Further studies are required in order to
understand the significance of these results with respect to dendritic cells due to their
mobile nature (trafficking from the lungs to lymph nodes) and because their maturation
status is critical for determining the type of immune response they elicit. However,

because there is evidence that C. gattii isolates have an effect on neutrophils (Wright, et
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al., 2002), we speculate that the C. gattii isolates from Vancouver Island may inhibit

induction of adaptive immunity via neutrophil-specific mechanisms.

4.2.1 Differences in capsule size may result in differences in the immune response.

One possible explanation for our observations involves the cryptococcal capsule.
Our in vitro studies did not reveal any phenotypic differences among our isolates with
respect to capsule size. However, we observed that cryptococci in the lungs of mice
infected with the C. neoformans strain H99 were larger than those in mice infected with
the C. gattii strain R265. Interestingly, this difference was only observed at 7 days post-
infection and not at 2 days post-infection. A previous study by Retini et al. (1996)
showed that encapsulated strains of C. neoformans can promote the secretion of the
protective cytokines TNF-a, IL-6, IL-8 and IL-1 from human neutrophils and the
magnitude of this response is dependent on capsule size (Retini, et al., 1996). The idea
that a larger capsule may induce higher levels of protective cytokine secretion from
neutrophils suggests that the significantly higher levels of protective cytokines we
observed in C. neoformans-infected mice at 7 days post-infection may be due to the
larger cryptococci capsule observed in these mice at this time point. Furthermore, this
also suggests that the lack of protective inflammation we observed in C. gattii-infected
mice may be due to their smaller capsule size in vivo.

Another possible explanation for the observed differences in the cytokine
response in infected mice may be related to the differential ability of C. neoformans and
C. gattii strains to activate complement (Young and Kozel, 1993). Specifically, C. gattii

does not activate the alternative complement cascade as strongly as C. neoformans and
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one study, for example, found that C. gattii binds fewer C3 molecules than C.
neoformans (Washburn, et al., 1991). This difference in complement activation between
C. gattii and C. neoformans may be responsible for the lack of protective cytokine
production observed in C. gattii-infected mice because capsule-induced activation of the
alternative complement pathway generates C3a and C5a. These proteins have been
shown to induce cytokine production by neutrophils (Vecchiarelli, ef al., 1998). In other
words, if there is less complement deposition on the surface of C. gattii cryptococci due
to the smaller size of the capsule (as we observed in our studies with R265) and the
capsule of these cryptococci do not activate the alternative complement pathway as
vigorously as those of C. neoformans strains, this would result in less C3a and C5a and
less neutrophil-induced protective cytokine production. Furthermore, another concurrent
possibility could be that the lower levels of C3 deposition on C. gattii isolates in vivo
may result in less complement-mediated killing and reduced protective inflammation.
These strategies could potentially explain the lack of protective inflammation we observe
in these C. gattii-infected mice. This strategy of immune evasion is also observed in
other pathogens; for example, pathogenic strains of Fransicella tularensis escape
complement-mediated lysis by limiting the deposition of C3 molecules on their cells

(Clay, et al., 2008).

4.2.2 Capsular GXM may be involved in inhibition of neutrophil migration
Cryptococcal capsule has been shown to have many immunomodulatory effects
on the host immune response. In particular, capsule has been shown to inhibit neutrophil

migration in vitro. Inhibition of neutrophil migration as a mechanism for immune
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evasion is employed by many other respiratory pathogens (Craig, et al., 2009). For
example, the causative agent of whooping cough, Bordetella pertussis, produces a toxin
that inhibits pulmonary neutrophil recruitment, resulting in inhibition of protective
immunity against this pathogen (Kirimanjeswara, et al., 2005). Previous studies have
shown that the capsular components of C. gazz77 isolates are able to inhibit neutrophil
migration through cell monolayers and bare filters (Dong and Murphy, 1995; Wright, et
al., 2002). Our results suggest that this may also be the case in vivo. Other studies have
shown that this ability of Cryptococcus capsule to inhibition neutrophils may be due to
the presence of O-acetyl groups on the major component of the capsule,
glucuronoxylmannan (GXM) (Ellerbroek, et al., 2004; Fujihara, et al., 1997).
Specifically, one study showed that de-O-acetylation of isolated fractions of GXM
reduces its ability to inhibit neutrophil migration in vitro (Ellerbroek, et al., 2004).
Furthermore, free GXM has been shown to promote L-selectin shedding from neutrophils
and this may interfere with migration (Dong and Murphy, 1996). These studies on the
effects of O-actylation and GXM were all done on C. neoformans strains. Further studies
are necessary in order to determine the relevance of O-acetylation in relation to the ability
of C. gattii isolates to inhibit neutrophil migration, although it is possible that the GXM
of C. gattii isolates has similar properties which enable it to inhibit neutrophil migration
in vivo.

Free GXM of C. neoformans has different immunoregulatory properties compared
with GXM assembled in the capsule structure (Vecchiarelli, 2000), which may explain
how the capsule of C. neoformans strains may promote the production of protective

cytokines as discussed in the previous section, while capsular material from these same
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strains may inhibit neutrophil migration. The deleterious effects of capsular GXM on the
host immune response may not be apparent until after 7 days post-infection, when the
fungal load of cryptococci reaches a critical point such that GXM begins to shed from the
cryptococcus capsule. This idea has been proposed by others as well to explain the
inhibitory effect of free GXM on T cell maturation in vitro (Yauch, et al., 2006). Indeed,
GXM is present in the blood and cerebrospinal fluid at high concentrations in patients
with cryptococcosis (Chuck and Sande, 1989). Our results support and extend these
ideas. At 14 days post-infection, cytokine levels and pulmonary neutrophil levels in the
C. neoformans-infected mice are decreased, indicating a decline in protective immune
responses. Other studies have also shown that mice infected with the C. neoformans
strain H99 initially display a protective immune response that is dampened after 7 days
post-infection (Wormley, et al., 2005). This dampened immune response could be due to
the uncontrolled replication of cryptococci in the lungs, as observed by the increased
pulmonary fungal load from 7 days to 14 days post-infection. As the cryptococcal
infection is established, GXM is shed from the capsule resulting in decreased immune
responses.

The idea that free GXM has an opposite effect on neutrophils compared to
capsule GXM may not be true in the case of C. gatti isolates because our observations
along with those from others show that C. gattii and as well as its capsule components
can inhibit or fail to provoke neutrophil migration in vitro and in vivo. Further studies are
required in order to understand the differences in capsule composition among the isolates
of C. gattii and C. neoformans and how they may differentially influence the immune

response.
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4.3 C. gattii isolates from the Vancouver Island outbreak vary in

virulence in a mouse model of infection

As part of our study, we observed differences in the virulence of C. neoformans
and C. gattii strains in the C57BL/6 and A/JCr mouse models of cryptocococcosis.
Specifically, the C. neoformans strain H99 and the C. gattii strain R265 were similar in
virulence and were both significantly more virulent than the C. gattii strains R272 and
WM276. We also observed that in C57BL/6 mice infected with the more virulent
isolates, H99 and R265, the pulmonary fungal load steadily increased from 24 hours post-
infection to 14 days post-infection. These observations and our histopathology results
showing cryptococcus invasion in all areas of the lung indicate that these mice likely
succumbed to infection due to uncontrolled cryptococcal replication. As we discussed in
the previous section, this outcome in the C. neoformans strain H99-infected mice was
most likely due to a dampening of the immune response we observed after 7 days post-
infection. As for the outcome of R265-infected mice, it may be that failure to induce a
protective inflammatory response eventually resulted in uncontrolled cryptococcal
replication. In contrast, the fungal load of C57BL/6 mice infected with the isolates of
lower virulence (C. gattii strains R272 and WM276) decreased slightly after 7 days post-
infection which is consistent with their lower virulence.

We also note that while A/JCr mice did not show a significant difference in
susceptibility to the more virulent H99 and R265 strains, these mice appeared to be
significantly more susceptible to R272 and WM276 compared to C57BL/6 mice. Host
genetic background plays an important role in determining susceptibility to Cryptococcus

infection (Guillot, et al., 2008; Zaragoza, et al., 2007), thus it may be that A/JCr mice
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differ from C57BL/6 mice in some critical property which makes them more susceptible
to infection with R272 and WM276.

It is interesting that these C. gattii isolates show different degrees of virulence in
vivo despite not showing significant differences in their phenotypes in vitro or immune
responses in vivo. We did observe delayed melanin production and weaker growth at
37°C in the C. gattii strain WM276. However, given that we did not observe these
phenotypes in the similarly virulent C. gattii strain R272, these apparent defects may not
play a role in the ability of WM276 to suppress protective inflammation or cause disease
in our mouse model. Furthermore, the C. gattii strain WM276 is genetically different
compared to the more closely related isolates from the Vancouver Island outbreak R272
and R265 (Kidd, et al., 2004), which makes it difficult to compare it to the other C. gattii
strains individually without further analysis. It may be that our in vitro screening
methods of the virulence-associated phenotypes limited detection of subtle differences
among the isolates. Furthermore, screening for phenotypes on laboratory media may not
have revealed differences that exist during infection, which others have shown previously
(Blackstock, et al., 1999) and as evidenced by our observation that capsule size of C.
neoformans cryptococci are increased during infection. Thus, we will focus on the
difference in virulence observed between the two C. gattii isolates R265 and R272 in
further discussion in the following paragraph.

The C. gattii strains R265 and R272 are genetically similar and represent the
major and minor genotypes of isolates from the Vancouver Island outbreak, respectively
(Fraser, et al., 2005; Kidd, et al., 2004). Previous studies have proposed that the C. gattii

strain from the less pathogenic minor genotype (represented by R272) mated with an
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unknown strain to produce the more pathogenic major genotype (represented by R265),
which was introduced onto Vancouver Island and emerged as a pathogen due to its
improved fitness in the new environment (Fraser, ef al., 2005). Based on comparative
genome hybridization studies performed in our laboratory, there are approximately seven
regions of difference between the R265 and R272 genomes (unpublished data). One of
these regions includes a gene encoding phospholipase B (PLB1), which is present in the
R265 genome, but not in the R272 genome. Furthermore, a previous study showed that
PLBI in C. neoformans is required for virulence in a mouse model of cryptococcosis
(Noverr, et al., 2003). It is possible therefore that the reduced virulence we observed in
the R272 strain of C. gattii can be due in part to its lack of PLBI. Further studies to
examine these genetic regions of difference may aid in revealing the underlying
mechanism of virulence in these C. gattii isolates.

WM276 is an environmental C. gattii strain originally isolated from a eucalyptus
tree in Australia. We observed that in addition to its phenotypic differences on laboratory
media, it also appeared to survive better in macrophage co-culture assays compared to
any of the other strains tested (Appendix Figure A.1). Furthermore, colonies of this
particular C. gattii strain showed a mucoid morphology whereas those from the other C.
gattii strains and the C. neoformans strain appeared dull (Figure A.2). It is possible that
mucoidy may have contributed to the ability of WM276 to survive within macrophages.
A previous study showed that a clinical C. gattii strain was able to switch between its
mucoid and non-mucoid (dull) variant and that the mucoid variant had enhanced survival
within macrophages (Jain, et al., 2006). Furthermore, our tests on other C. gattii isolates

with a mucoid phenotype also confirmed this idea (Figure A.3). Studies have shown that
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more virulent strains of Cryptococcus are able to replicate within macrophages and cause
disease more readily than less virulent strains (Zaragoza, et al., 2007). Furthermore,
intracellular survival may be linked to the ability of the infection to disseminate from the
lungs and spread to other organs, resulting in increased virulence (Shoham and Levitz,
2005). Thus, we speculate that in the case of WM276, its mucoid phenotype may have
allowed it to survive within macrophages and disseminate to other body sites and this
ability may be in part related to its virulence in our animal model. However, these results
are preliminary and further studies will be needed to verify these ideas.

We note that our virulence analyses are different than those in a previous study
that found that the C. gattii strain R265 was significantly more virulent than the C.
neoformans strain H99 (Fraser, et al., 2005). A possible explanation for this discrepancy
is the use of different isolates of the strains or ages of mice because we used C57BL/6
and A/JCr mice at 12-14 weeks old whereas Fraser et al. (2005) used A/JCr mice of an
unspecified age. Studies have shown that the outcome of cryptococcal infection varies
greatly with respect to the age, strain and source of mice, and this may explain
differences among various studies of virulence (Blackstock and Murphy, 2004a; Chen, et

al., 2008; Guillot, et al., 2008; Zaragoza, et al., 2007a).
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4.4 Proposed further studies to examine the immune response to

Cryptococcal infections

4.4.1 The role of Th17 immune responses in Cryptococcal infections

The Th1/Th2 paradigm has long been used to explain adaptive immunity.
However, new studies have begun to shed light on a third member of the CD4+ T helper
cells, the IL-17-producing Th17 cells. A Th17 immune response involves neutrophils
and the production of the cytokines IL-17 and IL-23 (Aujla, ef al., 2007; Dubin and
Kolls, 2008). We observed a strong inflammatory immune response (associated with
protective immunity) in mice infected with the C. neoformans strain and this involved a
significant increase in pulmonary neutrophils and production of cytokines such as TNF-a,
IFN-y, IL-6 and MCP-1. However, in contrast with previous studies involving C.
neoformans infection, we did not observe significant increases in the hallmark Thl
cytokine IL-12 in these mice. The lack of IL-12 induction, together with the presence of
pulmonary neutrophils and IL-6, highlights the possibility that a Th17 type immune
response was induced in these C. neoformans-infected mice. Furthermore, one recent
study showed that splenic cultures from mice resistant to C. neoformans infection
produce elevated levels of IL-17 upon stimulation with Cryptococcus antigen (Muller, et
al., 2007). The Th17 cytokine IL-17A is critical for pulmonary neutrophil recruitment
because it regulates CXC chemokines and has been shown to act in synergy with TNF-a
in recruitment during pulmonary immune responses (Dubin and Kolls, 2008).
Furthermore, in the presence of IL-6, ThO cells differentiate into Th17 cells (Basso, et al.,
2009). Given that the Th17 immune response plays an important role in mediating host

mucosal immunity in a variety of respiratory pathogens (Dubin and Kolls, 2008), it
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would be interesting to determine if it is also important in immunity to cryptococcal
infections. Understanding the type of immune response that is occurring during infection
may aid in understanding how C. gattii strains are able to inhibit or fail to provoke
protective inflammation. In order to define these immune responses in greater detail, we
propose further cytokine profiling to measure the Th17 cytokines IL-17 and IL-23, as
well as the Th2 cytokines IL-4 and IL-13. The role of Th17 immunity in cryptococcal
infection is as yet unknown but the fact that it was recently revealed to be important in
protective immunity against a number of pulmonary pathogens such as Klebsiella
pneumoniae, Mycoplasma pulmonis, Pseudomonas aeruginosa and Mycobacterium
tuberculosis (Dubin and Kolls, 2008) necessitates further studies into its role during

cryptococcosis.

4.4.2 Further analysis of the pulmonary infiltrate in C. gattii-infected mice

We observed differences in dendritic cell accumulation but no differences in
macrophage infiltration in the lungs of infected mice. In order to further explore the
significance of this result, additional studies should be carried out to identify the
maturation status of the dendritic cells and the activation status of the macrophages.
Previous studies have shown that a protective immune response involves the maturation
of dendritic cells and subsequent trafficking into lung-associated lymph nodes where T
cell priming takes place (Lindell, ef al., 2006; Wozniak, et al., 2006). Furthermore,
inhibiting dendritic cell maturation during Cryptococcus infection can lead to abrogation
of effective T cell-mediated inflammation (Vecchiarelli, et al., 2003). To determine if

the lack of protective inflammation we observed in C. gattii-infected mice is related to
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the maturation status of dendritic cells, these cells from the lungs and lung-associated
lymph nodes of infected mice can be stained for dendritic cell maturation markers such as
CD80, CD86 and MHC-II, and analyzed by flow cytometry. Classically activated
macrophages are associated with a protective immune response in Cryptococcus infection
whereas alternatively activated macrophages are not (Chen, et al., 2008; Olszewski, et
al., 2004; Osterholzer, et al., 2009). Determining the activation status of macrophages by
tissue sectioning of infected mouse lungs and staining for arginase will aid in the
identification of the types of macrophages involved in C. neoformans and C. gattii
infection. Furthermore, enumerating eosinophils in the lungs of infected mice may
clarify the type of immune response elicited by C. neoformans and C. gattii infections. It
may be that C. gattii infections induce less protective immune responses because they
alter the maturation status of dendritic cells and/or they promote the development of
alternatively activated macrophages and the subsequent development of a non-protective
allergic eosinophilic immune response, as observed during infection of susceptible mice

with highly-virulent C. neoformans strains (Chen, et al., 2008; Osterholzer, ef al., 2009).

4.4.3 Protective immune responses against C. gattii infection

Based on our results, we concluded that C. gattii strains might be able to cause
disease in immunocompetent people because they may actively suppress or lack factors
that provoke protective inflammation during infection. The corollary would be that in the
presence of a protective inflammatory immune response, a C. gattii infection would be
cleared. In order to test this idea, mice could be pre-treated with bleomycin to induce

neutrophil-mediate inflammation and then infected with C. gattii to determine if this type
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of protective inflammation can promote clearing of the infection. The bleomycin lung
injury model is well established and has been used for the study of pulmonary fibrosis
(Matute-Bello, et al., 2008). Intratracheal delivery of bleomycin in mice results in
neutrophil accumulation in the lungs and Thl-associated cytokine production. If
subsequent intranasal inoculation with C. gattii does not cause disease, this would
support the idea that C. gattii strains may lack factors that provoke protective
inflammation and thus are able to establish infections in immunocompetent people. Of
course, the host-pathogen interaction is complex and thus the outcome of this proposed

experiment would have to be cautiously interpreted and confirmed with additional work.

4.4.4 Further studies to determine the mechanisms of Cryptococcus

immunomodulation — a biochemical approach

Previous studies showed that culture filtrate antigens from C. gattii can inhibit
neutrophil migration in vitro (Dong and Murphy, 1995). However, this result has only
been demonstrated so far for one strain of C. gattii. Studies have also shown that heat-
inactivated supernatants from C. gattii can reduce the neutrophil superoxide response
compared to those from C. neoformans (Wright, et al., 2002). We observed that C. gattii
infections induce significantly lower numbers of neutrophils in vivo compared to the C.
neoformans infections. Determining the molecular components of C. gattii that may be
responsible for interfering with pulmonary neutrophil accumulation will aid in
understanding the overall mechanisms of C. gattii pathogenesis. Recent studies have
shown that the presence of O-acetyl groups on the GXM of C. neoformans are

responsible for the ability of GXM to inhibit neutrophil migration in vitro (Ellerbroek, et
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al., 2004). Furthermore, previous studies have shown that the O-acetyl groups are more
abundant on the GXM of C. neoformans isolates than those of C. gattii isolates, but these
studies were done more than 20 years ago (Bhattacharjee, et al., 1984), before the
emergence of the Vancouver Island outbreak and the discovery of the C. gattii isolates
that caused the outbreak. To determine if the concentration of O-acetyl groups on the
GXM of these Vancouver Island isolates of C. gattii is related to our observations in vivo,
nuclear magnetic resonance studies to analyze the acetyl content of GXM preparations
from these isolates may be informative. Overall, pinpointing molecular determinants of
immune evasion may aid in the development of new therapies for treating C. gattii

infections.

4.4.5 Further studies to determine the mechanisms of Cryptococcus

immunomodulation — a genetic approach.

A genetic approach to determining to the molecular mechanisms responsible for
C. gattii immunomodulation may also yield interesting results. As mentioned above,
previous studies have shown that the presence of acetyl groups on the GXM component
of capsule from C. neoformans is required for interference with neutrophil migration;
furthermore, the acetylation of GXM is dependent on CAS/, which encodes a putative
glycosyltransferase (Ellerbroek, et al., 2004; Janbon, et al., 2001; Kozel, et al., 2003).
Thus far, there have not been any studies done on the CAS/ gene in C. gattii isolates. It
may be that differences in the expression of CAS/ may be related to the differential
ability of the C. neoformans and C. gattii isolates to inhibit neutrophil infiltration in vivo.

Thus, we suggest analyzing the expression levels of the CAS! gene in different isolates of
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C. neoformans and C. gattii by quantitative PCR. Furthermore, deletion and
complementation with different copies of CAS/ from different isolates and testing the
transformants in neutrophil migration assays in vitro may yield more clues as to how the

CAS1 genes from C. neoformans and C. gattii can affect neutrophil migration.

4.5 Conclusions

In summary, the present study is the first to examine the immune responses
elicited by infection of C. gattii strains from the Vancouver Island outbreak. The
differences we observed in the immune responses against C. neoformans and C. gattii
may provide a clue to understanding how C. gattii infections are able to infect
immunocompromised people. Specifically, it may be that C. gattii infections induce less
protective inflammatory responses in humans as we have shown in mice and this is how
they are able to evade an effective immune response and persist in the host. Our
observations, combined with those from other studies, indicate that C. gattii may be
interfering with protective inflammation by inhibiting or failing to provoke the migration
of neutrophils to the site of infection. Studies are currently in progress to further

elucidate potential mechanisms for this lack of a neutrophil response.
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APPENDIX A. Cryptococcal survival during macrophage co-
culture

A.1 Introduction

C. neoformans has been shown to survive within macrophages (Feldmesser,
Kress, et al., 2000; Tucker, and Casadevall, 2002). Studies have shown that more
virulent strains of Cryptococcus are able to replicate within macrophages and cause
disease more readily than less virulent strains (Zaragoza, et al., 2007). Furthermore,
intracellular survival may be linked to the ability of the infection to disseminate from the
lungs and spread to other organs, resulting in increased virulence (Shoham and Levitz,
2005). Additionally, studies have shown that a phenomenon known as phenotypic
switching may be involved in intracellular macrophage survival, as demonstrated by the
enhanced survival of the mucoid variant of a C. gattii strain within macrophages (Jain, et
al., 2006). Because we observed differences in the virulence of our strains of C.
neoformans and C. gattii, we wanted to determine if these strains had differential ability
to survive within macrophages and if survival was associated with phenotypic switching.
To do these assays, we used the techniques that have been commonly employed in other

studies to examine intracellular survival of Cryptococcus strains in macrophages.

A.2 Materials and Methods

This assay has been described elsewhere (Casadevall, et al., 1998; Fan, et al.,
2005; Feldmesser, et al., 2000; Macura, et al., 2007; Tucker and Casadevall, 2002;
Zaragoza, et al., 2007b). Briefly, Cryptococcus strains were grown for 24 hours in SDB

and washed three times with PBS, counted in a hemocytometer and resuspended in PBS
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at a concentration of 1.0 x 10° yeast cells/mL. In addition to the C. neoformans and C.
gattii strains mentioned in the body of the thesis, additional C. gattii strains which were
previous observed to have a mucoid morphology were used. The fungal suspensions
were then opsonized with 1 ug/mL of mAB18B7 (gift from Arturo Casadevall of the
Albert Einstein College of Medicine), which binds to the capsular polysaccharide and is
opsonic (Casadevall, et al., 1998). After 20 mins of opsonization at 37°C, the fungal
suspensions were washed with PBS and resuspended in complete media (DMEM
medium, 10% FBS, 4 mM L-glutamine and 100 U/mL penicillin, 100 ug/mL
streptomycin) at a concentration of 1.0 x 10° yeast cells/mL. RAW macrophages were
seeded at 2.0 x 10° cells per well in 24-well plates in complete medium supplemented
with 0.1 ug/mL IFN-y and 1 ug/mL LPS. Three wells were assayed for each strain. To
initiate the interaction, 100 uL of the fungal cell suspension or PBS (as a control) was
then added to each well and plates were incubated at 37°C in an atmosphere of 5% CO,.
After 1 hour of incubation, all wells were gently washed twice with pre-warmed PBS and
I mL of complete media was added to each well. At each time point, Cryptococcus cells
were harvested by gently washing each well with distilled deionized water and
macrophages were removed by gently scraping with a cell scraper, this suspension was
then plated onto Sabouraud dextrose agar plates to determine CFU and colony
morphology. Shiny colonies were labeled as mucoid and dull colonies labeled as non-

mucoid (or dull) (Jain, et al., 2006).
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A.3 Results and Discussion

Surprisingly, the C. gattii strain WM276 appeared to survive to a greater extent
during the interaction with macrophages over a 24-hour period, compared to any of the
other strains tested (Figure A.1). This result was interesting because WM276 was the
only strain to show differences for any of the four major cryptococcal virulence factors
(Figure 3.1). However, these differences in intracellular survival did not account for the
observed differences in virulence between the more virulent isolates (H99 and R265) and
the less virulent ones (R272 and WM276). Furthermore, we noticed that the colony
morphology of the WM276 isolates after passage through macrophages was more shiny
compared to the appearance of the other strains (Figure A.2). This colony morphology
has been described before as part of a phenomenon known as phenotypic switching in
which a strain can switch between mucoid and dull variants; these variants are
distinguished by a number of different properties (Jain and Fries, 2008). It is possible
that mucoidy may have contributed to the ability of WM276 to survive within
macrophages. A previous study showed that a clinical C. gattii strain was able to switch
between its mucoid and non-mucoid (dull) variant and that the mucoid variant had
enhanced survival within macrophages (Jain, Li, et al., 2006). We therefore further tested
our strains of interest in the macrophage co-culture assay along with other C. gattii
isolates that had previously been shown to display a mucoid colony morphology. Our
results show that the C. gattii strains WM276 and RV6608, both of which are
environmental isolates with a mucoid colony morphology, displayed a significant
enhancement in survival in macrophages compared to H99 and R265, both of which have

a dull colony morphology (Figure A.3). The environmental strain with mucoid colony
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morphology, KB3864, also showed enhanced survival in macrophages; however, this did
not reach statistical significance. Studies have shown that more virulent strains of
Cryptococcus are able to replicate within macrophages and cause disease more readily
than less virulent strains (Zaragoza, et al., 2007). Furthermore, intracellular survival may
be linked to the ability of the infection to disseminate from the lungs and spread to other
organs, resulting in increased virulence (Shoham and Levitz, 2005). Thus, we speculate
that in the case of WM276, its mucoid phenotype may have allowed it to survive within
macrophages and disseminate to other body sites and this ability may be in part related to
its virulence in our animal model. However, given that we observed that some mucoid
strains (R794) do not display enhanced survival in macrophages, mucoidy may not
strictly correlate with survival in the presence of macrophages. These results are

preliminary and further studies will be needed to verify these ideas.
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Figure A.1 Cryptococcus growth within macrophages. Macrophages were seeded
into 24-well plates and infected with Cryptococcus cells at an MOI of 1:2 as described in
the Materials and Methods. Colony forming units (CFU) in each well after 24 hours of
incubation were divided by the number of macrophage-ingested/associated Cryptococcus
cells after 1 hour of co-incubation to obtain a fold growth number. Data are
representative of three separate experiments. Results are expressed as mean = SEM. The
asterisk * P < 0.001 indicates the statistical difference in survival of WM276 compared to

all other isolates.

Fold Growth

H99 R265 R272 WM276
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Figure A.2 Colony morphologies of C. neoformans and C. gattii strains after passage
through macrophages. Macrophages were seeded into 24-well plates and infected with
Cryptococcus cells at an MOI of 1:2 as described in the Materials and Methods. Colony
morphology was examined after co-culture with macrophages for 24 hours. Note the dull
colony morphology of the H99 and R265 strains compared to the shiny colony
morphology of the KB3864, WM276, R794 and RV6608 strains. The results are

representative of two separate experiments.

RV6608
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Figure A.3 Cryptococcus growth within macrophages. Macrophages were seeded
into 24-well plates and infected with Cryptococcus cells at an MOI of 1:2 as described in
the Materials and Methods. Colony forming units (CFU) in each well after 24 hours of
incubation were divided by the number of macrophage-ingested/associated Cryptococcus
cells after 1 hour of co-incubation to obtain a fold growth number. KB indicates strain
KB3864, and RV indicates strain RV6608. The data are representative of two separate
experiments. Results are expressed as mean + SEM. The asterisk * P < 0.05 indicates

the statistical difference in survival of the indicated strain compared to H99, R265 and

R794.
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