
 

 

 

 

 

 

ABSTRACT 

 

 

 

 

Title of Dissertation: HOST IMMUNE RESPONSES TO FUNGAL 

PATHOGENS 

  

 Ashley Brenda Strickland, Doctor of Philosophy, 

2022 

  

Dissertation directed by: Associate Professor Meiqing Shi, Department of 

Veterinary Medical Sciences 

 

Fungal infections are an increasing threat to global public health. Worldwide, more than 

one billion fungal infections are diagnosed each year and result in 1.5 million deaths annually. 

This number is expected to rise as advances in medical care for immunocompromised patients 

continue to be made. Furthermore, limited antifungal treatment options, coupled with the 

emergence of new and resistant fungal species, is anticipated to exacerbate this issue. For these 

reasons, it is essential to understand the dynamic interactions between host and fungus that 

contribute to fungal pathogenesis.  

The following work examined the role of IL-27 on T cell regulation in the lungs during 

infection with Aspergillus fumigatus, and in the brain during infection with Cryptococcus 

neoformans. In contrast to most infection settings demonstrating that IL-27 is anti-inflammatory, 

we report that this cytokine is proinflammatory in both the lung and the brain during infection with 

A. fumigatus and C. neoformans respectively. Genetic ablation of IL-27RŬ in mice resulted in 



 

higher fungal burdens in the lung during Aspergillus infection and in the brain during 

Cryptococcus infection. These were associated with reduced IFN-ɔ production, as well as a fewer 

CD4+ T cells in target organs. In the case of C. neoformans infection, IL-27 signaling enhanced T 

cell accumulation by promoting T cell proliferation early during infection, and inhibiting T cell 

death at later time points. These suggest that IL-27 promotes T cell responses required for fungal 

clearance during infection with A. fumigatus or C. neoformans. 

In addition, the work presented here also characterized lung resident macrophage responses 

during infection with C. neoformans. Here, we report that cryptococcal infection induced the 

accumulation of CD68hi macrophages in the lungs of infected mice. Approximately 10% of these 

cells were alveolar macrophages, while nearly 90% were interstitial macrophages. Both of these 

populations were observed to interact with fungi and upregulated their expression of arginase 1. 

The absence of either macrophage in transgenic mice, or following pharmacological depletion, 

significantly reduced fungal burdens in the lungs of mice, indicating that these cells enhance fungal 

growth and may represent attractive targets aimed at limiting the pathogenesis of C. neoformans.  
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Chapter 1: Fungal Pathogens 

Over the last three decades, the prevalence of fungal infections has been steadily 

increasing. This is thought to be due to the increased use of immunosuppressants in medical care, 

as well as the increased number of patients with HIV/AIDS [1ï3]. It is estimated that there are 

more than 6 million fungal species worldwide, but only a handful (less than 600) are capable of 

causing disease in humans [3, 4]. While the majority of these fungal infections are superficial, 

affecting the hair, skin or nails, some fungal species are capable of causing life-threatening 

infections [3]. These include Cryptococcus neoformans and Aspergillus fumigatus [5], which can 

cause fatal meningoencephalitis and invasive aspergillosis, respectively. Together, these and other 

fungal infections affect over one billion people each year, resulting in more than 1.5 million deaths 

annually [6]. In the United States alone, fungal diseases are estimated to cost upwards of $7.2 

billion each year, a trend that is expected to continue to rise as advances in medical care for 

immunocompromised patients continue to be made [7]. As such, fungal infections impose a 

considerable economic burden on healthcare systems worldwide and represent an increasing threat 

to global public health [7].  

The fact that only a small percentage of fungi are capable of causing infections in humans 

is due in part, to the high basal temperatures of mammals. The vast majority of fungi reside in soil, 

on trees, and in other places throughout the environment where ambient temperatures are much 

cooler than the mammalian core temperature, and in fact are unable to grow at mammalian 

temperatures (37°C). This creates a thermal restriction zone that prevents these fungi from 

infecting humans. When the magnitude of the difference between ambient environmental 

temperatures and mammalian temperatures is reduced, this allows fungal infections to take hold 
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[8]. For example, Geomyces destructans, the causative agent of white nose syndrome in bats, can 

infect bats during the hibernation process during which time body temperatures drop to levels 

closer to that of ambient temperature [9, 10].  

Similarly, as environmental temperatures rise due to climate change, the magnitude of the 

difference between ambient environmental temperatures and mammalian temperatures is reduced. 

Moreover, fungi are forced to adapt to these higher temperatures in order to survive. This would 

select for traits that confer thermal tolerance, which could allow potentially pathogenic fungi to 

acquire the ability to infect humans. Indeed, the sudden increase in Candida auris cases, a fungal 

species that rarely caused infection in humans prior to 2009, is thought to demonstrate this [8, 10], 

and it is expected that with sustained climate change and rising global temperatures additional 

pathogenic fungal species will continue to emerge.  

This is especially problematic as currently available antifungal treatment options remain 

limited. Furthermore, the efficacy of these is constantly threatened by the continual emergence of 

resistant fungal strains [11, 12]. For these reasons, it is critical that we understand the host-

pathogens interactions that contribute to the pathogenesis of various fungal diseases.  

Cryptococcus neoformans 

One of the major pathogenic fungi affecting humans is Cryptococcus. The genus 

Cryptococcus describes a group of globally distributed encapsulated yeast that are found 

throughout the environment. This fungus is round to oval in shape, 5-10 µm in diameter and 

displays narrow-based budding. Its thick polysaccharide capsule gives this fungus is characteristic 

halo that can be seen in histological and India ink-stained specimens [13]. Of its 70 species, two 
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(Cryptococcus neoformans and Cryptococcus gattii) are known to cause infection in humans and 

animals [14].  

The first clinical description of cryptococcosis is commonly credited to German physicians 

Otto Busse and Abraham Buschke, who in 1894 isolated Cryptococcus from a necrotic lesion and 

confirmed its pathogenicity by reinoculation into the patientôs skin [15]. Later that same year, 

Italian scientist Francesco Sanfelic isolated the yeast from an environmental source (peach juice) 

and demonstrated its ability to also cause disease in animals [15]. In 1895, he named the yeast 

óSaccharomyces neoformansô, a name that would later be changed to óCryptococcus neoformansô 

due to its lack of sugar fermentation and ascospore formation [16]. In 1896, a second clinical case 

of cryptococcosis, a tumor-like infection of the hip, was reported and later determined to have been 

caused by the other pathogenic fungus in this genus, Cryptococcus gattii. In 1902, C. neoformans 

was observed in the lungs of a horse; establishing this organism as a pulmonary pathogen. At 

around the same time, Cryptococcus was reported to also invade the central nervous system (CNS) 

and cause cryptococcal meningitis ï a fact that would not be fully appreciated until the 1980s with 

the onset of the AIDS pandemic [15].  

Since their discovery, these species of Cryptococcus, have since been divided into four 

serotypes and additional varieties. These include serotype A (C. neoformans var. grubii), serotypes 

B and C (C. gattii) and serotype D (C. neoformans var. neoformans) [17ï20]. C. neoformans and 

its varieties are distributed worldwide primarily in soil and pigeon droppings, whereas C. gattii is 

more commonly associated with plants and eucalyptus trees, and was originally thought to be 

restricted to tropic and subtropic regions, but has since emerged in temperate regions of North 

America [21]. C. neoformans is the most common etiologic agent of cryptococcosis, accounting 

for 95% of infections, and typically affects immunocompromised patients [22]. In fact, C. 
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neoformans is responsible for 75% of cases in immunocompromised individuals and more than 

99% in HIV+ patients [22]. C. gattii on the other hand, more commonly affects immunocompetent 

persons and is responsible for approximately 64% of cryptococcosis cases in these patients [22ï

24]. 

It is generally accepted that C. neoformans is acquired following the inhalation of spores 

or desiccated yeast [16]. This initial exposure event is thought to occur early in childhood, as 

antibodies against C. neoformans can be detected in most individuals by the age of 5 years old 

[25]. In healthy, or immunocompetent individuals, these initial events are not associated with 

clinical manifestations [26]. Instead, these organisms are either cleared or establish long-term, 

latent infections. Alternatively, in immunocompromised individuals, including HIV/AIDS 

patients, organ transplant recipients, and patients treated with immunosuppressive therapies, C. 

neoformans can establish symptomatic pulmonary infections resulting in pneumonia, acute 

respiratory distress syndrome, and disseminated disease [27]. Reactivation of latent infections later 

in life can also result in the development of symptomatic infections. To date, it is unclear whether 

the majority of cryptococcosis cases arise from de novo acquisition of C. neoformans or from 

reactivation of latent pulmonary infections [28]. 

Although, cryptococcal infections start in the lungs, the most devastating event occurs 

when this organism escapes and disseminates to the brain [29, 30]. Here, C. neoformans is able to 

cross the blood-brain barrier (BBB) and enter the brain parenchyma, where it can rapidly 

proliferate and cause fatal meningoencephalitis [31]. There are approximately 220,000 cases of 

cryptococcal meningoencephalitis diagnosed globally each year, which result in an estimated 

181,000 deaths annually [32]. 
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Cryptococcosis 

Clinical manifestations 

 

While C. neoformans can infect practically any organ, it most commonly affects the lungs, 

skin and CNS. The lungs are typically considered the primary site of infection, as C. neoformans 

is thought to be acquired through inhalation [26]. Depending on the immune status of the host, 

pulmonary cryptococcosis can range from asymptomatic infections to severe pneumonia or acute 

respiratory failure [33, 34]. Approximately, 30-40% of immunocompromised patients with 

pulmonary cryptococcosis are asymptomatic, and those patients with symptoms often exhibit non-

specific symptoms such as cough, dyspnea, chest pain, fever, weight loss and headache [33]. 

An estimated 45-75% of immunocompromised patients, and 10-15% of immunocompetent 

patients with pulmonary cryptococcosis also develop disseminated disease [33]. One manifestation 

of disseminated cryptococcosis is cutaneous cryptococcosis, which accounts for roughly 5-15% of 

all cryptococcosis cases [35]. While the majority of these skin infections are secondary, arising 

from the hematogenous dissemination from primary sites of infection, these infections can also be 

localized, and result from primary cryptococcal infections of the skin, usually as the result of a 

traumatic injury [35]. Cutaneous cryptococcosis often affects the head and neck and can present 

as a variety of lesions including papules, pustules, ulcers, nodules, blisters and plaques, as well as 

abscesses, cellulitis, and even necrotizing fasciitis [33, 35].  

Another manifestation of disseminated cryptococcosis, and the most devastating form, 

occurs when C. neoformans crosses the BBB and causes meningoencephalitis. Symptoms of this 

devastating disease are highly unspecific and include headache, memory loss, muscle weakness, 

disorientation, confusion, fever, loss of vision and seizures, which can progress to coma and death 

[34, 36]. Left untreated, cryptococcal meningoencephalitis is fatal within two weeks of clinical 
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presentation, and even with antifungals, up to 20% of patients die within three months of diagnosis 

[37]. The global incidence of cryptococcal meningoencephalitis is estimated to be more than 

220,000 cases annually, with an associated 181,000 deaths each year [32].  

Diagnosis 

 

Due to non-specific symptoms, or a lack of symptoms altogether, cryptococcal infections 

can be extremely difficult to diagnose and often require a combination of diagnostic features. Chest 

radiographs can provide evidence of pulmonary cryptococcosis, but these presentations are 

nonspecific and often mistaken for other clinical conditions [14]. Microscopic confirmation and/or 

positive culture from patient specimens (sputum, bronchoalveolar lavage (BAL) or pleural fluid) 

can be used to more definitively diagnose pulmonary infections [14].  

A negative culture from specimens does not necessarily indicate a lack of infection and 

could instead be due to nonviable organisms in the sample [14]. As such, examination of lung 

biopsies is the best diagnostic tool for pulmonary cryptococcosis. Histological staining of samples 

with H&E, GMS, or PAS can be used to detect fungal cells. Mucicarmine can also be used to stain 

the cryptococcal capsule, and differentiate Cryptococcus from other pathogenic yeast [14]. 

Antigen tests can also be used to detect capsular polysaccharides in biological fluids including 

serum, cerebrospinal fluid (CSF), BAL and urine, though blood and serum samples will rarely test 

positive unless the infection has disseminated. In the case of a positive pulmonary cryptococcosis 

diagnosis, a lumbar puncture and CSF examination for evidence of cryptococcal infection is 

recommended [14]. 

If cutaneous cryptococcosis is suspected, histopathological examination of skin biopsy 

specimens, along with direct microscopic evaluation and tissue culture can be used to detect the 

presence of cryptococci [34, 35]. In the case of a positive cutaneous infection, it is essential to 
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determine whether the infection is localized or the result of disseminated cryptococcosis. To do 

this, cultures and antigen tests should be performed for blood, CSF and urine samples [35].  

For the diagnosis of cryptococcal meningitis, CT scan or MRI of the brain or a fundus 

examination should be considered prior to performing a lumbar puncture [38]. Blood and CSF 

should be cultured and tested for cryptococcal antigen to confirm radiographic results, and 

particular attention should be placed on the opening CSF pressure at the time of puncture, which 

can indicate cryptococcal infection and can be used to predict prognosis [38] .  

Treatment and prevention 

 

The choice of treatment for cryptococcosis depends on the severity of the infection, the 

anatomical sites affected as well as the immune status of the host [39]. To date, treatment of 

cryptococcal infections has been limited to the use of three main antifungals including 

amphotericin B (AmpB), fluconazole (FLC) and other azoles, and 5-fluorocytosine (5-FC), either 

alone or in combination, and often as part of a three-step therapeutic strategy [39]. The polyene 

AmpB is the fastest acting drug against C. neoformans and has long been considered the gold 

standard in treatment of cryptococcal infections despite concerns over its toxicity and limited 

availability [39, 40]. AmpB works by binding and depleting the essential lipid ergosterol from 

fungal cell membranes, resulting in pore formation and membrane leakage that eventually leads to 

cell death. FLC and other azoles, also target ergosterol but instead, inhibit its biosynthesis entirely, 

resulting in compromised fungal cell membranes and leakage of cellular contents. 5-FC on the 

other hand, is an antimetabolite that can disrupt DNA and protein synthesis in susceptible fungal 

cells [41]. Resistance to 5-FC is common though, and it must therefore be used in combination 

with other antifungals such as AmpB or FLC [39, 42, 43]. In addition, inherent and acquired 

resistance to polyenes (AmpB), azoles (FLC), and the newer class of antifungal, echinocandins, 
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have also been reported for C. neoformans, greatly limiting treatment options for cryptococcosis 

[44, 45].   

The easiest and fastest approach to identifying novel antifungal compounds is to repurpose old 

drugs found to have off-label activity against C. neoformans. The anthelmintic fenbendazole, the 

antiparasitic chloroquine, the antidepressant sertraline and the estrogen receptor modulator 

tamoxifen, to name a few, have all been identified as possessing anticryptococcal activities [39, 

40]. In addition, alternative therapeutic strategies aimed at targeting essential genes and virulence 

factors of C. neoformans, have also been proposed for the treatment for cryptococcosis. Some such 

targets include melanin, capsule production, urease, metalloprotease as well as the vesicular 

transport pathways responsible for transporting these and other products out of the fungal cell [39]. 

Immunotherapies, including cytokine treatments and administration of monoclonal antibody 

(mAb) against capsular components, have also shown some promise in the treatment of 

cryptococcal infection [46].  

As for preventing cryptococcal infections, a number of vaccination strategies have been 

explored, including immunization with cryptococcal antigens, heat-killed fungus or chitosan-

deficient C. neoformans [39]. A major obstacle these strategies need to overcome, is the fact that 

initial infection with C. neoformans is thought to occur early in childhood [25], and infections later 

in life are thought to be due to the reactivation of latent infections. An effective vaccine against C. 

neoformans would either need to be administered at a very young age, or would need to be effective 

in the setting of previously established infection. In addition, a successful vaccine would need to 

elicit protection in immunocompromised individuals, who are at a higher risk for infection with C. 

neoformans. Interestingly, mice immunized with a C. neoformans strain that was genetically 

engineered to produce IFN-ɔ (H99ɔ) were protected upon challenge with wild-type C. neoformans 
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even in the absence of CD4+ T cells [47, 48]. Despite these findings, there are currently no licensed 

vaccines clinically available to treat or prevent cryptococcosis. In the meantime, synergistic 

combination therapies should be explored as a strategy to extend the efficacy of presently available 

drugs [39, 49, 50].  

Host immune responses to C. neoformans 

Innate immunity 

Complement 

 

Some of the most important elements of the innate immune response to C. neoformans, 

include the complement system as well as phagocytic cells such as neutrophils and macrophages. 

The complement system is a cascade of serum proteins that generates opsonins, anaphylatoxins 

and the membrane attack complex [51] and is considered the first line of defense against 

intravascular pathogens [52]. As C. neoformans circulates throughout the host, they can become 

mechanically trapped in the microvasculature of organs with closed capillary networks, including 

the brain [53]. Here, cryptococci activate the complement system [53ï57]. There are three 

complement activation pathways: the classical, the lectin and the alternative [51]. In the case of C. 

neoformans, activation of the classical and lectin pathways is blocked by its capsule which 

prevents access to cell wall components required for the initiation of these pathways [54, 55, 58, 

59]. Instead, capsular GXM directly activates complement via the alternative pathway [54ï56, 60].  

Following complement activation, formation of the C3 convertase occurs, which cleaves 

C3 into C3a and C3b. C3b can be further degraded into iC3b, which is the dominant fragment 

found on C. neoformans, and serves as an opsonin to facilitate phagocytosis [57]. In addition, C3b 

can enable the formation of the C5 convertase and subsequent cleavage of C5 to C5a and C5b. 

C5b initiates the formation of the membrane attack complex (C5b, C6, C7, C8, C9) which can 



 

10 

 

 

directly lyse intravascular pathogens, but is rendered useless against the cryptococcal capsule [51, 

52, 57]. C5a on the other hand is a potent chemoattractant and its release in response to C. 

neoformans induces neutrophil migration to fungal cells [51, 61].  

Neutrophils 

 

Neutrophils are the most abundant phagocytes in the bloodstream and are typically the first 

immune cells to be recruited to sites of infection [62]. Neutrophils are recruited to C. neoformans 

arrested in microvasculature in a C5a-C5aR dependent manner [63]. Once in proximity to 

cryptococci, neutrophils recognize and bind iC3b deposited on the surface of fungi through 

complement receptor 3 (CR3), and can kill C. neoformans extracellularly or intracellularly through 

oxidative or nonoxidative mechanisms. Extracellular killing is dependent on sphingomyelin 

synthase activity [64], while intracellular killing following phagocytosis, involves NADPH 

oxidase and the production of hypochlorous acid by myeloperoxidase (oxidative), or defensins, 

calprotectin, lactoferrin and lysozyme (nonoxidative) [65, 66]. To date, the role of neutrophils in 

defense against C. neoformans remains controversial. In vitro, neutrophils were found to 

effectively kill cryptococci [64, 66ï72], although it was also reported that C. neoformans can 

negatively regulate the extracellular killing activity of these cells [73, 74]. In vivo, augmentation 

of neutrophil activity enhanced anticryptococcal activity [75ï77], while impaired neutrophil 

activity significantly compromised survival during cryptococcal infection [65, 78]. These suggest 

that neutrophils may be protective. By contrast, depletion of neutrophils markedly reduced 

pulmonary fungal burdens following infection with C. neoformans [79], and in AIDS patients with 

cryptococcosis, enhanced blood neutrophil counts are associated with mortality [80], indicating 

instead that neutrophils may play a detrimental role during cryptococcal infection. Nevertheless, 

neutrophils have been shown to contribute to the intravascular clearance of disseminating C. 
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neoformans through the efficient phagocytosis and removal of fungal cells from the 

microvasculature of organs as demonstrated by intravital imaging in both a mouse and zebrafish 

model [81, 82]. 

Macrophages 

 

In addition to neutrophils, macrophages are another essential innate immune cell required 

for defense against C. neoformans [83, 84]. These cells consist of both tissue resident populations 

as well as monocyte-derived populations [85] . In the lungs, resident alveolar macrophages are 

some of the first cells to interact with C. neoformans following infection. The ability of these 

professional phagocytes to internalize cryptococcal cells is dependent on CR3 binding iC3b 

deposited on the surface of fungal cells, but can also be mediated by TLR2, TLR4, CD14 and 

CD18 binding the capsular component GXM [86ï88]. Following binding, fungi are internalized, 

and phagosomes containing C. neoformans fuse with lysosomes to form the phagolysosome [89]. 

In M1 macrophages primed with IFN-ɔ, the subsequent production of high levels of reactive 

oxygen species (ROS) and antimicrobial nitric oxide (NO) can kill cryptococcal cells [90, 91]. 

Conversely, M2 activation of macrophages by IL-4 or IL-13 results in their upregulation of 

arginase 1 (Arg1) which competes with iNOS and utilizes arginine via a nonfungicidal pathway 

[92, 93]. C. neoformans can survive within M2 macrophages and use them as a protective niche in 

which to evade host immune responses [92]. As such, macrophages are considered a major 

determinant in the outcome of cryptococcal infection, as their activation state that dictates whether 

fungal cells are cleared or persist.  
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Adaptive immunity 

T cells 

In addition to innate immune responses, adaptive immunity, in particular T cells are 

essential for mediating protection against C. neoformans in both the lungs and the brain. 

Individuals with reduced T cell counts, such as patients with HIV/AIDS or those undergoing T 

cell depletion therapies, are at a greater risk for developing cryptococcosis and disseminated 

disease [94ï100]. Upon activation, Cryptococcus-specific T cells expand and differentiate prior to 

migrating to sites of infection. Here, cytotoxic CD4+ and CD8+ T cells can form direct conjugates 

with C. neoformans. These interactions promote the production of IFN-ɔ, which in an autocrine 

fashion, can stimulate these cells to release granulysin, resulting in the direct killing of cryptococci 

[101, 102].  

In addition, CD4+ T helper (Th) cells can also differentiate into Th1, Th2 or Th17 cells. 

Protection and fungal clearance are associated with the development of Th1 responses, which are 

characterized by the production of IFN-ɔ and TNF-Ŭ, and can prime M1 macrophages [85, 103, 

104]. IL-4-producing Th2 cells on the other hand are considered detrimental, and drive the 

development of M2 macrophages [85]. 

NK cells 

 

Natural killer (NK) cells, have also been shown to contribute to early immune responses to 

C. neoformans, particularly in the lung [105]. These cells can recognize and bind cryptococci 

through ɓ1 integrins and NKp30 [106, 107]. Engagement of these receptors activate signaling 

cascades required for degranulation [107ï109]. The release of perforin, rather than granulysin, was 

found to be the main mechanism by which NK cells directly exert anticryptococcal activities [110]. 

More importantly though, NK cells have been found to enhance the fungicidal activity of 
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macrophages through the production of IFN-ɔ which in turn promotes M1 polarization and fungal 

clearance [111ï113].  

Major  virulence factors 

Capsule 

 

C. neoformans is equipped with a number of virulence factors that enable it to subvert host 

immune responses and successfully infect humans. The most well studied of these is its 

polysaccharide capsule. This complex structure is the main virulence factor of C. neoformans and 

is composed primarily of glucuronoxylomannan (GXM) and glucuronoxylomannogalactan 

(GXMGal) [114]. In the environment, the capsule protects fungal cells against stressors such as 

dehydration [114]. Within the host, the capsule promotes immune evasion and enhances fungal 

survival [114]. The capsule is considered antiphagocytic as it conceals traditional fungal pathogen-

associated molecular patterns (PAMPs), which helps C. neoformans to avoid immune recognition, 

and in turn prevents phagocytosis, antigen processing and presentation, and thus T cell responses 

[114ï116].  

Inside of macrophages, the capsule can prevent the induction of nitric oxide synthase 

(NOS) following IFN-ɔ priming, which promotes intracellular survival of C. neoformans [117]. In 

addition, C. neoformans can enlarge its capsule in response to certain growth conditions, such as 

CO2 enrichment, iron limitation and mammalian serum [114, 118]. These enlarged capsules can 

further protect intracellular C. neoformans against oxidative bursts by scavenging reactive 

oxidative intermediates and can act as a physical barrier to buffer fungal cells from fungicidal 

molecules [118].  

Melanin and laccase 
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Another important virulence factor for C. neoformans is the dark pigment polymer melanin 

[119]. Melanin is a component of the cryptococcal cell wall that protects the fungus from extreme 

temperature, radiation (UV and gamma) and heavy metals [119, 120]. Inside the host, melanin 

interferes with phagocytosis, protects against ROS and defends against antimicrobial peptides 

[119, 121ï124]. The amorphous structure of melanin can also bind antifungal compounds, 

preventing them from reaching their target, thereby reducing their efficacy against C. neoformans 

[119].  

In C. neoformans, the conversion of L-DOPA to melanin is catalyzed by the iron oxidase 

laccase [125]. In addition to its role in melanin production, laccase further contributes to 

cryptococcal virulence and can protect fungal cells from oxidative stress as well as promote 

intracellular survival [125ï127]. In particular, laccase oxidizes phagosomal iron to inert Fe(III), 

which in turn reduces the formation of hydroxyl radicals and inhibits oxidative bursts [125ï127]. 

In addition, laccase also exerts immunomodulatory effects through the production of PGE2 and 

15-keto-PGE2 [128]. PGE2 has been shown to promote the development of Th2 responses [129, 

130] which can drive M2 macrophage polarization, and 15-keto-PGE2 further promotes M2 

macrophage polarization through the activation of host nuclear transcription factor PPAR-ɔ [131ï

133] both of which can enhance pulmonary growth and brain dissemination [134].  

Phospholipase B 

 

Phospholipase B1 (Plb1) is an additional factor essential for the virulence of C. neoformans 

[135]. Plb1 possesses lysophospholipase hydrolase and lysophospholipase transacylase activities 

that break down ester linkages in phospholipids found in host cell membranes and lung surfactant 

[136]. Plb1 is localized to the fungal cell wall and can be secreted extracellularly [137, 138]. Cell-

associated Plb1 is thought to contribute to virulence by maintaining the integrity of the cell wall, 
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while secreted Plb1 is required for invasion of host tissues as well as extrapulmonary dissemination 

and neuroinvasion [139, 140]. In particular, Plb1 promotes intracellular survival and proliferation, 

possibly by metabolizing fatty acids as a source of carbon in the absence of glucose [135, 136, 

141]. In addition, the phospholipid degradation activity of Plb1 releases the fatty acid precursor 

arachidonic acid, which facilities the production of the immunoregulatory prostaglandin PGE2 

which as previously mentioned, can module macrophage activity and enable intracellular survival 

[136, 142, 143]. 

Urease 

 

C. neoformans also encodes the metalloenzyme, urease. Urease, or urea amidohydrolase, 

catalyzes the hydrolysis of urea to yield carbonic acid and two molecules of ammonia [144, 145]. 

Ammonia is a weak base and can act to buffer extracellular pH. This allows fungi to survive in 

otherwise inhospitable acidic environments, such as bird droppings as well as within mature 

phagolysosomes of host cells [146, 147]. Increased phagosomal pH, has been shown to prolong 

the intracellular residence of C. neoformans, as well as promote non-lytic exocytosis of fungal 

cells [147]. This is thought to contribute to extrapulmonary dissemination of fungi within 

phagocytic cells, and allows C. neoformans to stealthily escape phagocytes without inducing cell 

death-associated inflammation [148]. Urease has also been implicated in facilitating 

neuroinvasion. Initial studies suggested that urease promoted cryptococcal sequestration within 

brain microcapillaries [149], but later reports suggested a more active role for this enzyme in 

cryptococcal penetration of the BBB [53]. While the mechanism remains unknown, it is possible 

that urease-derived ammonia may have toxic effects on endothelial cells which weakens the 

integrity of the BBB and promotes opening of tight junctions leading to transmigration of C. 

neoformans [53, 149ï152].  
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Aspergillus fumigatus 

Another important fungal pathogen affecting humans is Aspergillus. The genus Aspergillus 

describes a group of molds that produce spore chains radiating from central structures [153]. This 

genus comprises more than 250 species, a number of which are capable of causing infection in 

humans. The most common of these are A. fumigatus, A. flavus, A. niger, A. terreus, and A. 

nidulans [153, 154]. Amongst these, A. fumigatus is the most common etiologic agent of 

aspergillosis and is responsible for 90% of all human cases [155].  

The genus Aspergillus was created in 1729, by Pier Antonio Micheli. As a priest, Micheli 

associated the flask-shape phialides of the fungus with that of an aspergillum, or holy water 

sprinkler and thus ascribed the name Aspergillus [153]. More than a century later, in 1863, A. 

fumigatus was first described by the physician Georg W. Fresenius, and its role in human disease 

was later recognized in 1856 by Rudolf Virchow [153]. In 1953, N.E. Rankin reported the first 

case of disseminated aspergillosis in a patient with aplastic anemia, and in the years since A. 

fumigatus has become a leading cause of death among severely immunocompromised patients 

[153, 156].  

A. fumigatus is a saprotrophic fungus found primarily in the air, soil and decaying 

vegetation. This fungus encodes an array of enzymes capable of degrading organic materials and 

plays an important role in carbon and nitrogen recycling [156, 157]. A. fumigatus produces small, 

asexual spores known as conidia on fruiting bodies called conidiophores [153]. Conidia readily 

become airborne and are distributed ubiquitously throughout indoor and outdoor environments. 

Humans are estimated to inhale hundreds or more of these spores each day [158]. By virtue of their 

small size, conidia can avoid mechanical clearance mechanisms and penetrate deep into alveolar 

spaces. In otherwise healthy individuals these spores are rapidly cleared without incident, but in 
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those patients with compromised immune systems, conidia can persist in the lungs and germinate 

to cause invasive infections [157].  

Aspergillosis 

Clinical manifestations 

 

In immunocompetent individuals, A. fumigatus can lead to chronic, noninvasive forms of 

infection known as chronic pulmonary aspergillosis (CPA). These include the formation of 

aspergillomas as well as other chronic inflammatory and fibrotic diseases [156]. Aspergillomas 

are masses of fungal growth, and most commonly occur in pre-existing pulmonary cavities, such 

as those due to pulmonary tuberculosis [156]. While symptoms associated with aspergillomas are 

mild, and include hemoptysis, the presence of aspergillomas can complicate other cavitating 

pulmonary diseases such as sarcoidosis [156]. The exact incidence of CPA remains unknown, but 

it is estimated that more than 350,000 new CPA cases complicate treated pulmonary tuberculosis 

each year [156].  

In addition to chronic forms of infection, repeated exposure to A. fumigatus can lead to the 

development of allergic disease in otherwise healthy individuals; the most severe of which is 

allergic bronchopulmonary aspergillosis (ABPA). ABPA develops following sensitization to 

Aspergillus allergens in certain atopic individuals such as those with cystic fibrosis (CF) or those 

with severe chronic asthma [156]. Symptoms of ABPA include episodic wheezing, malaise, low-

grade chronic fever, cough, brown sputum, and chest pain [156]. It is estimated that ABPA affects 

1% to 3.5% of all asthmatics, and approximately 4,000,000 patients worldwide [156].  

In persons with compromised immune systems, A. fumigatus can result in more severe 

invasive forms of infection. In these patients, conidia cannot be cleared from the lungs and instead 

germinate to form hyphae. As these hyphae continue to grow, they can invade pulmonary arterioles 
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and the lung parenchyma resulting in invasive pulmonary aspergillosis (IPA). This growth can 

lead to ischemic necrosis as well as hematogenous dissemination accompanied by thrombosis, 

hemorrhagic infarction and invasion of distant organs [156]. Symptoms of IPA may include low-

grade fever, mild, nonproductive cough, chest pain and pneumonia [156]. In recent years, IPA has 

become a leading cause of death in severely immunocompromised patients, surpassing even 

invasive candidiasis [156]. 

Diagnosis 

 

While microbial culture is considered the gold standard for the diagnosis of cryptococcal 

infections, culture from respiratory specimens is not sensitive or specific enough to diagnose 

aspergillosis.  As such, diagnosis often requires a combination of clinical, radiographic, serological 

and microbiological features [156]. Chest radiographs are particularly useful for the diagnosis of 

CPA/aspergillomas as they can reveal the presence of fungal masses within the lung, but may not 

be sensitive enough to detect early forms of IPA [156]. Patients with ABPA may also present with 

abnormal chest radiographs, but clinical and/or pulmonary function deterioration, as well as 

positive cutaneous reactions to fungal allergens, and elevated total or Aspergillus-specific serum 

IgE and IgG are superior diagnostic markers. The presence of anti-Aspergillus IgG can also be 

used to confirm the diagnosis of CPA/aspergilloma. Patients with IPA on the other hand, do not 

produce anti-Aspergillus antibodies as the result of underlying immunosuppression and instead 

detection of A. fumigatus antigens circulating in biological fluids is the only effective means to 

diagnose invasive infections [156].  

Treatment and prevention 

 

Similar to C. neoformans, the current arsenal of antifungal compounds used for treatment 

of aspergillosis is limited and consists of AmpB, azoles such as vorconizole, and echinocandins 
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including caspofungin, micafungin, anidulafungin [156]. To date, no resistance has been reported 

for echinocandins or AmpB in clinics, though resistant mutants can be induced in vitro [156]. 

Resistance to azoles on the other hand has been reported with increasing frequency and is thought 

to result from increased long-term use of antifungals in patients as well as extensive use of 

fungicides in agriculture [159]. Mutations in the gene encoding the sterol 14Ŭ-demethylase 

Cyp51A, a key enzyme in the ergosterol biosynthesis pathway, have been identified as the main 

mechanism of A. fumigatus resistance to azoles [160].  

In an attempt to extend the efficacy of currently available antifungals, combination 

therapies utilizing two or more compounds with different mechanisms of actions have been 

proposed in hopes of preventing resistance [156]. In addition, various immunotherapies are also 

being considered as alternative therapeutic strategies for the treatment of aspergillosis. These 

include cytokine therapies, phagocyte transfusions, and the generation of Aspergillus-specific T 

cells to name a few [156]. For select patients, resection of infected pulmonary tissues may also 

prove beneficial [156].  

Attempts at developing vaccines against A. fumigatus have also been undertaken, and 

typically involve the administration of either Aspergillus antigens or mAbs [156]. Unfortunately, 

these projects have not produced significant results. Furthermore, antigen vaccination is not 

applicable for immunocompromised patients [161], and those protective effects observed 

following the administration of anti-ɓ-(1,3)-glucan and anti-enolase monoclonal antibodies were 

short-lived [162ï164]. In the meantime, prophylaxis and routine monitoring of biomarkers such 

as galactomannan antigen should be considered for those patients at high risk for developing IPA 

[156].   
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Host immune responses to A. fumigatus 

Innate Immunity 

Epithelial cells  

 

Protection against A. fumigatus involves several components of the pulmonary innate 

immune system. Following inhalation, conidia become trapped in mucus and the vast majority of 

spores are eliminated via mucociliary clearance [165]. However, A. fumigatus can release 

ciliostatic factors that slow the beating of cilia and enable conidia to persist within the lung. Here, 

lung epithelia serve as an anatomical barrier against these inhaled pathogens [165, 166]. In 

addition, type II pneumocytes secrete surfactant containing surfactant proteins A and D (SP-A, 

SP-D) which have been shown to possess antimicrobial activities [165]. Both SP-A and SP-D bind 

conidia in vitro and can serve as opsonins to enhance conidial killing by neutrophils and 

macrophages [167ï169]. In addition, SP-D possesses direct fungistatic activity and can suppress 

the growth of A. fumigatus hyphae [170].  

Lung epithelia have also been reported to have a more active role in the defense against A. 

fumigatus. In vitro, lung bronchial and alveolar epithelial cells have been shown to internalize and 

kill conidia within mature, acidified phagolysosomes [171ï174]. These interactions also result in 

increased production of various pro-inflammatory cytokines including IL-6, IL-8, TNF-Ŭ and GM-

CSF [175ï179]. Lung epithelial cells also secrete antimicrobial peptides such as ɓ-defensins and 

cathepsins in response to A. fumigatus which have been shown to contribute to anti-Aspergillus 

responses [178, 180ï183]. 

Alveolar macrophages 

 

Alveolar macrophages (AMs) are some of the first immune cells to interact with A. 

fumigatus in the lung and are essential for defense against this pathogen [184]. As professional 
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phagocytes, these cells rapidly engulf conidia for clearance. AM recognition of A. fumigatus is 

mediated by PTX3, dectin-1 and DC-SIGN [184ï189]. Following phagocytosis, fungal spores are 

killed within acidified phagolysosomes beginning 6 hours after internalization, and only following 

conidial swelling [174, 190]. This process requires NADPH oxidase, but not nitric oxide synthase, 

and is extremely effective with up to 90% of conidia being eliminated within 30 hours [165, 191ï

193]. Of those conidia that survive, a portion can germinate and escape the phagosome to form 

extracellular hyphae without lysis of the host cell [174]. 

Neutrophils 

 

Conidial swelling and germination induces neutrophil recruitment to sites of infection [194, 

195]. Neutrophils are another essential phagocyte required for protection against A. fumigatus. 

This is demonstrated by the increased prevalence of aspergillosis in patients with neutropenia and 

is further highlighted by enhanced susceptibility of mice to A. fumigatus infection following 

neutrophil depletion [196ï198]. Once in proximity to fungal cells, neutrophils can phagocytose 

conidia following complement-mediated recognition through CD11b/CD18 (CR3) [199ï202]. 

Despite internalization, neutrophils are unable to kill resting conidia [199] as spores poorly induce 

degranulation and are resistant to ROS [199, 203, 204]. Instead, neutrophils are able to kill swollen 

conidia, through both oxidative and nonoxidative intracellular killing mechanisms [202, 205].  

Neutrophils can also able to damage and kill hyphae through extracellular, nonphagocytic 

mechanisms. Neutrophils attach to and spread over the surfaces of hyphae and degranulate. 

Recognition of hyphae was reported to occur in the absence of exogenous opsonins [206, 207], 

though later reports found antibody opsonization and FcɔR binding to be required [202]. 

Extracellular damage and killing of hyphae occur via oxidative mechanisms [206, 208] that 

involve NADPH oxidase and the myeloperoxidase system [202]. In addition, swollen conidia and 
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germ tubes can also trigger the formation of neutrophil extracellular traps (NETs) which also 

requires NADPH oxidase [209, 210]. While NETs are unable to kill the fungus directly and are 

instead fungistatic and prevent further growth [202, 209, 211]. 

Adaptive Immunity 

 

While defense against A. fumigatus has mainly been attributed to innate immune responses 

[212], recent reports have indicated that protection against aspergillosis is in part dependent on 

CD4+ T cells [213ï217]. Exposure to A. fumigatus results in the development of various CD4+ T 

cell responses including Th1 [218ï220], Th2 [221, 222], and Th17 responses [223, 224]. A number 

of factors dictate the type of T cell response mounted in response to A. fumigatus. These include 

the frequency of exposure [225ï227], the antigen type [228ï234], the viability of the fungus [222, 

235, 236], the morphology of the fungus [226, 227, 232], and the PRR engaged [222, 224, 230, 

237ï239] to name a few.  

Th1 responses are associated with protection against aspergillosis [217, 240, 241] and are 

indispensable for fungal clearance [212, 213, 242, 243]. An insufficient Th1 response can result 

in the development of invasive aspergillosis in susceptible individuals. Th2 responses on the other 

hand promote fungal persistence and disease progression [212ï214, 244]. Overwhelming Th2 

responses are also associated with allergic forms of aspergillosis such as ABPA [222, 243, 245, 

246]. The role of Th17 cells in response to A. fumigatus remains controversial [243]. While Th17 

responses are important for neutrophil recruitment and activation, they can also drive detrimental 

immunopathology [247] . Furthermore, Th17 responses have also been reported to promote Th2 

responses and the development of airway hyperresponsiveness [247ï250].  
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Major virulence factors 

Hydrophobins 
 

A number of factors have been identified as contributing to the virulence of A. fumigatus. 

One such factor is the outermost layer of the conidial surface. This layer is composed of 

hydrophobic rodlets known as hydrophobins, that are covalently bound to the cell wall through 

glycosylphosphatidylinositol (GPI)-anchors [251]. Hydrophobins are low molecular weight 

proteins that are hydrophobic in nature and facilitate air dispersion, which enables conidia to reach 

alveolar spaces within the host lung [252, 253].  A. fumigatus encodes seven hydrophobins, RodA-

RodG, but only RodA is essential for hydrophobin production [252, 253]. RodA itself is 

immunologically inert and fails to induce immune responses in vivo [251]. Moreover, this 

hydrophobin layer masks cell wall PAMPs recognized by dectin-1 and dectin-2 resulting in 

impaired neutrophil recruitment and reduced fungal clearance [254]. In addition, RodA has been 

implicated in conidial resistance to ROS as A. fumigatus mutants lacking the rodlet layer are more 

susceptible to killing by AMs [253, 255ï257].   

Melanin 

 

Below the conidial rodlet layer is the hydrophobic polymer pigment melanin [156]. Similar 

to C. neoformans, melanin is important for the virulence of A. fumigatus [258ï260]. A. fumigatus 

produces at least two types of melanin, the most prevalent of which is dihydroxynapthalene 

(DHN)-melanin [261]. DHN-melanin is an important structural component of the conidial cell wall 

and is responsible for the characteristic greenish-gray color of A. fumigatus [262]. Within the host, 

DHN-melanin suppresses the production of proinflammatory cytokines through masking fungal 

PAMPs [263]. DHN-melanin also enables intracellular survival via ROS quenching [258] and the 

prevention of phagolysosomal maturation and acidification [264ï266] . In addition, DHN-melanin 
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also inhibits the apoptosis of infected epithelial cells as well as macrophages which is thought to 

promote fungal persistence and dissemination [267, 268]. 

Mycotoxins 

 

A. fumigatus produces a number of toxins which are thought to protect against predators in 

the environment [269, 270]. These include fumagillin, helvolic acid, verruculogen and gliotoxin 

to name a few [269]. Of these, gliotoxin is the most potent toxin produced by A. fumigatus [271]. 

Gliotoxin is a low molecular weight alkaloid with broad immunosuppressive activities [272]. 

Gliotoxin production is enhanced in vivo and can be detected in the sera and infected organs of 

mice and patients with aspergillosis [273]. Strains of A. fumigatus that do not produce gliotoxin 

appear to be less virulent than gliotoxin-producing strains, especially in nonneutropenic hosts, 

suggesting neutrophils are the major target of this toxin [274ï278]. Indeed, gliotoxin was shown 

to suppress neutrophil recruitment [279, 280] and phagocytosis [281, 282] as well as inhibit the 

assembly of NADPH oxidase [283] and ROS generation in these cells [282].   

 In addition to its effects on neutrophils, gliotoxin also has antiphagocytic effects on 

macrophages [280, 284ï287] and can induce apoptosis in these and other antigen presenting cells 

[288, 289] resulting in suppressed T cell responses. Gliotoxin can also directly suppress T cell 

activation as well as induce T cell death [290, 291]. These broad immunosuppressive activities are 

thought to be, in part the result of gliotoxin-mediated NF-əb inhibition [292].  

Gliotoxin also exhibits ciliostatic effects on pulmonary epithelial cells and can cause 

damage to the epithelium, suggesting that gliotoxin may contribute to airway colonization [293, 

294]. Furthermore, gliotoxin has also been shown to promote the internalization of A. fumigatus 

into pulmonary epithelial cells [295, 296] and can disrupt the integrity of the BBB [297], 

implicating a role for this toxin in dissemination [148] . 
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Chapter 2: Mechanisms of fungal dissemination 

Abstract 

Fungal infections are an increasing threat to global public health. There are more than six 

million fungal species worldwide, but less than 1% are known to infect humans. Most of these 

fungal infections are superficial, affecting the hair, skin and nails, but some species are capable of 

causing life-threatening diseases. The most common of these include Cryptococcus neoformans, 

Aspergillus fumigatus and Candida albicans. These fungi are typically innocuous and even 

constitute a part of the human microbiome, but if these pathogens disseminate throughout the body, 

they can cause fatal infections which account for more than one million deaths worldwide each 

year. Thus, systemic dissemination of fungi is a critical step in the development of these deadly 

infections. In this review, we discuss our current understanding of how fungi disseminate from the 

initial infection sites to the bloodstream, how immune cells eliminate fungi from circulation and 

how fungi leave the blood and enter distant organs, highlighting some recent advances and offering 

some perspectives on future directions. 

Introduction 

The prevalence of fungal infections has been steadily increasing over the last three 

decades due to the increased use of immunosuppressants, as well as the increased number of 

patients with HIV/AIDS [1ï3]. It is estimated that there are more than 6 million fungal species 

worldwide, but only a small fraction (less than 600) are capable of causing diseases in humans 

[3, 4]. While the majority of these fungal infections are superficial, some fungal species are 

capable of causing life-threatening infections [3]. The most common of these include 

Cryptococcus neoformans, Aspergillus fumigatus and Candida albicans [5].  
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C. neoformans and A. fumigatus are found throughout the environment and are inhaled 

into the lungs, where they initially cause pulmonary infections [1, 298]. C. albicans on the other 

hand is a human commensal and commonly colonizes mucosal tissues but can also be acquired 

in healthcare settings [1, 3, 27]. When these opportunistic pathogens disseminate from sites of 

initial infection, they can cause serious diseases including meningoencephalitis, invasive 

aspergillosis and invasive candidiasis, respectively. Together, these and other fungal infections 

affect over one billion people each year and kill more than 1.5 million annually [6]. In the USA 

alone, fungal diseases are estimated to cost upwards of $7.2 billion each year, a trend that is 

expected to continue to rise as advances in medical care for immunocompromised patients 

continue to be made [7]. As such, fungal infections impose a considerable economic burden on 

healthcare systems worldwide and represent an increasing threat to global public health [7]. 

Furthermore, current antifungal treatment options remain limited and are threatened by the 

continued emergence of resistant fungal strains [11, 12]. For these reasons, it is critical that we 

understand the pathogenesis of fungal diseases, specifically the ways by which mycopathogens 

disseminate, in order to develop alternative antifungal therapies. In this review, we discuss how 

C. neoformans, A. fumigatus and C. albicans disseminate from initial sites of infection to distant 

organs. 

Dissemination of C. neoformans  

C. neoformans is an encapsulated yeast fungus found globally in soil and avian excrement 

[298]. Infectious propagules in the form of desiccated yeast or spores are inhaled into the 

respiratory tract on a daily basis [299]. Due to their small size, these organisms are able to avoid 

cough and mucociliary clearance and penetrate deep into alveolar spaces [1]. Here, C. neoformans 

encounters lung resident immune cells. In healthy, or immunocompetent, individuals, these fungi 
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are either successfully cleared or establish long-term, latent infections [1]. Alternatively, in the 

case of immunocompromised individuals, including AIDS patients, organ transplant recipients and 

patients treated with immunosuppressive therapies, C. neoformans can establish symptomatic 

pulmonary infections resulting in pneumonia, acute respiratory distress syndrome, and subsequent 

extrapulmonary dissemination [52]. Disseminated C. neoformans enters the bloodstream and can 

infect distant organs, but preferentially targets the CNS [299]. If these fungal cells cross the BBB 

and enter the brain parenchyma, they can cause meningoencephalitis [31]. The global incidence of 

cryptococcal meningoencephalitis is estimated to be more than 220,000 cases annually and results 

in approximately 181,000 deaths each year [32]. 

Extrapulmonary dissemination 

 

There are a number of proposed routes by which C. neoformans is thought to escape the 

lungs. These include an intracellular route within phagocytes known as the ñTrojan horseò 

mechanism, transcellular crossing through epithelial cells, paracellular crossing between epithelial 

cells and an extracellular route in which free fungi escape through damaged epithelial barriers 

[299] (Fig. 2.1).  
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Fig. 2.1 Mechanisms mediating extrapulmonary dissemination of C. neoformans a Trojan horse: following 

phagocytosis, C. neoformans (green) is able to survive within alveolar macrophages (purple) and is transported across 

the epithelium inside these migrating phagocytes where they can access the interstitium, lymph system and/or 

bloodstream. C. neoformans can exit macrophages through vomocytosis and disseminate throughout the host as free 

fungi or be taken up by peripheral monocytes in the bloodstream and transported to the vasculature of various organs 

including the brain. b Transcytosis: C. neoformans adheres to epithelial cells through interactions between 

glucuronoxylomannan (GXM) and CD14 as well as palmitic acid (PA) and surfactant protein-D (SP-D) receptors. 

Following adherence, epithelial cells endocytose yeast, transporting them across the epithelium. c Paracellular 

crossing and loss of barrier integrity: C. neoformans induces the production of IL-33 (peach), which along with urease 

(purple) disrupts tight junctions and allows fungal cells to pass between epithelial cells. C. neoformans also secretes 

Plb1 (green), urease (purple) and proteases (yellow) which damage epithelial barriers, allowing fungi to cross the 

epithelium and access the bloodstream. 
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Trojan horse 

 

Following pulmonary infection, one of the first immune cells C. neoformans encounters 

are lung resident alveolar macrophages. These professional phagocytes rapidly ingest cryptococcal 

cells for degradation [300, 301]. However, C. neoformans is a facultative intracellular pathogen 

and is equipped to survive and replicate within these cells [300]. This enables viable yeast to be 

transported out of the lungs within migrating phagocytes, a process known as the Trojan horse 

mechanism of dissemination [299]. Early studies provided indirect evidence supporting this 

mechanism, by demonstrating that the inability to survive within macrophages correlates with 

decreased extrapulmonary dissemination [125, 139, 302], while adoptive transfer studies 

confirmed that macrophages could indeed facilitate hematogenous dissemination to the brain [139, 

303]. In addition, depletion of macrophages using clodronate liposomes significantly diminished 

dissemination to the CNS, suggesting that these cells may contribute to the extrapulmonary spread 

of C. neoformans [303ï305]. It was later determined that CD11c+ lung resident cells, primarily 

alveolar macrophages and to a lesser extent dendritic cells, are responsible for internalizing and 

transporting cryptococci to the lymph system following intranasal instillation [306]. This event 

occurs early during infection, as fungal burdens were detected in mediastinal lymph nodes in as 

little as 24 h post-infection [306], and indicates that transport of C. neoformans may be an 

unintended consequence of the antigen-presenting function of these phagocytes. Depletion of these 

CD11c+ populations in transgenic mice resulted in a complete loss of dissemination [306], further 

supporting the role of these cells in Trojan horse transport. 

In order to utilize phagocytes as vehicles for dissemination, C. neoformans must 

successfully survive within and exit from these cells following internalization. This requires that 

C. neoformans defends against acidic, oxidative and nitrosative stresses commonly encountered 
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within macrophages [299]. Unlike A. fumigatus and C. albicans, which inhibit phagolysosomal 

maturation and must escape to the cytoplasm in order to establish an intracellular niche, C. 

neoformans can survive and replicate within phagosomes [307, 308]. The ability to grow in those 

acidic pHs found within mature phagolysosomes is dependent on C. neoformans expression of 

inositol phosphosphingolipidïphospholipase C 1 (Isc1) [302, 309]. Protection against oxidative 

and nitrosative stresses on the other hand is conferred by the cryptococcal capsule (a complex 

polysaccharide structure composed primarily of glucuronoxylomannan (GXM) and 

glucuronoxylomannogalactan (GXMGal)) [114, 118, 310ï314], the iron oxidase laccase [126, 

127] and the antioxidant melanin [122, 123, 125ï127]. In addition, phospholipase B1 (Plb1) is 

thought to alter macrophage activation through the production of immune regulatory eicosanoids 

in order to further promote intracellular survival and replication [136, 142, 143]. 

Once phagocytosed, C. neoformans can exit macrophages following intracellular 

replication. Cryptococcal replication within phagocytes is accompanied by the formation of a leaky 

phagosome and the accumulation of polysaccharidecontaining vesicles in the cytoplasm and 

eventually culminates in the lysis of host cells [315]. This event triggers local inflammation and 

leaves extracellular C. neoformans exposed to host immune responses [316]. Conversely, C. 

neoformans can exit macrophages via non-lytic exocytosis, or vomocytosis. Vomocytosis is 

mediated by phagosomal extrusion: a process in which mature phagosomes containing 

cryptococcal cells fuse with the plasma membrane and release fungi into the extracellular milieu 

[316ï319]. The cellular and molecular mechanisms governing vomocytosis remain poorly 

understood, but are reported to involve both host and pathogen factors [318, 320, 321]. After the 

expulsion event, both phagocytes and fungi remain viable, allowing C. neoformans to stealthily 

exit macrophages without triggering cell death-associated inflammation [316]. C. neoformans 
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promotes vomocytosis through its expression of urease [147]. Urease catalyzes the hydrolysis of 

urea to yield the weak base ammonia [144, 145], which acts as a buffer and raises the pH within 

phagosomes [147]. For other pathogens, this activity can inhibit acid-induced damage; however, 

in the case of C. neoformans, this increase in pH results in yeast entering into a quiescent state, in 

which intracellular replication is delayed [147, 307]. This prolongs intracellular residence of C. 

neoformans and increases the likelihood that fungal cells will be transported outside of the lung 

prior to the non-lytic expulsion of dormant yeast. 

Transcytosis 

 

In addition to intracellular means of escape, C. neoformans can exit the lungs as free fungi 

via a number of extracellular routes. One such pathway is transcellular crossing, also known as 

transcytosis. This mechanism involves exploitation of host cell endocytic pathways to facilitate 

fungal traversal of epithelial barriers and grants C. neoformans access to the lung interstitium, 

vasculature or lymph system [299]. 

Transcytosis is preceded by fungal cell adherence to the epithelium. To date, a limited 

number of adhesins have been identified as mediating cryptococcalïepithelial interactions. Initial 

findings demonstrated that both encapsulated and acapsular strains of C. neoformans adhere to 

A549 lung epithelial cells in vitro [322, 323]. In the case of encapsulated C. neoformans, the major 

capsule component GXM is responsible for mediating adherence by binding to CD14 on epithelial 

cells [324, 325]. As for acapsular strains, the mannoprotein MP84 was determined to bind A549 

cells through interactions with a yet identified host cell receptor [326]. In addition, a temperature-

sensitive adhesin was reported to facilitate adherence independently of GXM and was determined 

to be cryptococcal Plb1 [322, 324, 327]. Plb1 possesses multiple enzymatic activities that allow it 

to break down phospholipids found in host cell membranes and lung surfactant [136, 328, 329]. 
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Degradation of dipalmitoylphosphatidylcholine (DPPC), the main component of lung surfactant, 

results in the release of palmitic acid (PA) which is thought to mediate adherence by binding to 

surfactant protein D (SP-D) receptors on A549 cells [143, 327]. This is supported by the dose-

dependent increase in adherence that occurs when PA is added to co-cultures of A549 cells and a 

Plb1-deficient strain of C. neoformans [323, 327]. 

Adherence to epithelial cells results in the internalization of C. neoformans as well as 

eventual epithelial cell lysis [322, 324]. While little is known about the mechanisms involved in 

this process, it is likely actin-dependent, similar to those facilitating C. neoformans invasion of 

brain endothelial cells [330, 331]. 

Paracellular crossing and loss of barrier integrity 

 

In addition to traveling through epithelial cells, C. neoformans can pass between epithelial 

cells as the result of mechanical or biochemical disruption of tight junctions, a process known as 

paracellular crossing or paracytosis [299]. During pulmonary infection, C. neoformans induces the 

production of IL-33 by alveolar type 2 epithelial cells [332]. IL-33 promotes type 2 innate immune 

responses and suppresses the expression of the tight junction protein E-cadherin which may allow 

fungal cells to pass through weakened tight junctions. Similarly, urease activity is thought to 

disrupt the integrity of the pulmonary epithelium. While the effects of cryptococcal urease on 

epithelial tissues have yet to be fully examined, its activity has been extensively studied in the 

context of the bacterial pathogen Helicobacter pylori and was reported to increase phosphorylation 

of myosin regulatory light chains (MLCs) in epithelial cells, which can in turn disrupt tight 

junctions and result in a loss of barrier function [333]. In this way, C. neoformans may disrupt 

tight junctions allowing for free fungi to pass between epithelial cells. 
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Extracellular C. neoformans can also pass freely through weakened or damaged epithelial 

barriers [299]. This model is supported by the observation that prolonged incubation of C. 

neoformans with A549 cells results in significant amounts of host cell death [324] and the fact that 

C. neoformans produces a number of enzymes capable of disrupting host tissues [334]. Of these, 

urease, phospholipases and proteases have been implicated in contributing to fungal dissemination 

[335]. In addition to disrupting epithelial tight junctions, urease activity was found to be toxic to 

host cells [144, 145]. Ammonia derived from H. pylori urease was reported to cause local tissue 

damage and induce host cell death [144, 145]. Urease has also been implicated in causing immune-

mediated injury to host tissues, as it can act as a chemotactic factor and cause local inflammation 

as well as result in the production of iNOS which may also have cytotoxic effects [144, 145]. It is 

possible that cryptococcal urease may function similarly during pulmonary infection and could 

damage the epithelium, thereby promoting fungal dispersal and subsequent dissemination [335, 

336]. Plb1 activity is also thought to contribute to the disruption of epithelial barriers. Once C. 

neoformans is in proximity to the epithelium, secreted or cell wall-associated Plb1 can access and 

degrade epithelial cell membranes [137, 320]. Disruption of these membranes can result in the 

lysis of host cells and lead to a weakened barrier through which extracellular yeast can pass [139, 

335]. 

Finally, C. neoformans produces one or more unnamed serine proteases [337]. These 

enzymes are capable of degrading extracellular matrix (ECM) and basement membrane elements 

[337]. Together, these proteolytic activities can assist C. neoformans in tissue invasion and 

dissemination by degrading structural components of the epithelium [337]. Supporting their role 

in the breakdown of host barrier tissues is the report that cryptococcal serine proteases mediate 
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disruption of the BBB [338]. It is possible that within the lungs, these proteases could act similarly 

to disrupt epithelial barriers. 

Intravascular clearance 

 

Once outside of the lungs, cryptococcal cells can enter into the bloodstream resulting in 

blood infections known as fungemia [125, 139]. Early studies have demonstrated that brain 

infections occur following fungemia and that there is a direct correlation between the severity of 

the infection and the magnitude of fungemia [339ï341]. As such, intravascular recognition and 

clearance of C. neoformans represent an important step in preventing dissemination to the central 

nervous system (Fig. 2.2). 
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Fig. 2.2 Clearance of intravascaular C. neoformans a Neutrophils (dark purple) are recruited to intravascular C. 

neoformans (green) in a C5adependent manner. Fungal cells are phagocytosed by neutrophils via iC3bïCR3 

interactions and are killed through oxidative and nonoxidative mechanisms. b Liver-resident Kupffer cells (light 

purple) recognize and bind C3b/iC3b on circulating C. neoformans through CRIg receptors. Following phagocytosis, 

Kupffer cells can inhibit cryptococcal growth and limit fungal dissemination to target organs 

Neutrophils 

 

Neutrophils are the most abundant phagocytes in the bloodstream and are typically the first 

immune cells to be recruited to sites of infection [62]. To date, their role in defense against C. 

neoformans remains controversial. In vitro, neutrophils were found to effectively kill cryptococci 

[64, 66ï72], although it was also reported that C. neoformans can negatively regulate the 

extracellular killing activity of these cells [73, 74]. In vivo, augmentation of neutrophil activity 

enhanced anticryptococcal activity [75ï77], while impaired neutrophil activity significantly 

compromised survival during cryptococcal infection [65, 78]. These suggest that neutrophils may 

be protective. By contrast, depletion of neutrophils markedly reduced pulmonary fungal burdens 

following infection with C. neoformans [79], and in AIDS patients with cryptococcosis, enhanced 

blood neutrophil counts are associated with mortality [80], indicating instead that neutrophils may 

play a detrimental role during cryptococcal infection. Nevertheless, neutrophils have been shown 

to contribute to the intravascular clearance of disseminating C. neoformans through the efficient 

phagocytosis and removal of fungal cells from the microvasculature of organs as demonstrated by 

intravital imaging in both a mouse and zebrafish model [81, 82]. 

As C. neoformans circulates throughout the host, they can become mechanically trapped 

in the microvasculature of organs with closed capillary networks, including the brain [53]. Here, 

cryptococci activate the complement system [53ï57] which induces neutrophil migration to 

arrested fungal cells [342ï344]. Neutrophils then bind and ingest opsonized C. neoformans [81, 

342] and, in turn, can secrete leukotriene B4 (LTB4), which attracts additional neutrophils to sites 

of fungal infection [345, 346]. Following phagocytosis, neutrophils can kill yeast through 
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oxidative [67, 69ï72] and nonoxidative mechanisms [66]. In this way, neutrophils help to limit 

dissemination by directly killing and/or removing fungal cells from the endothelium [81, 82, 342, 

344]. 

This ability for neutrophils to clear intravascular cryptococci is less efficient in the brain 

as compared to other organs such as the lungs [344]. This is likely due to the fact that brain 

vasculature structure is different and lacks complement, which may explain the lower rates of 

neutrophil recruitment to the brain and the increased susceptibility of the CNS to infections by C. 

neoformans [60, 343]. Indeed, enhancing the recruitment of neutrophils to the brain vasculature 

significantly improves intravascular clearance of C. neoformans in the brain [344], further 

supporting the role of neutrophils in the clearance of disseminating C. neoformans in the blood. 

Kupffer cells 

 

In addition to neutrophils, liver-resident macrophages, known as Kupffer cells (KCs), have 

been shown to play a role in clearing intravascular C. neoformans. The liver is the largest internal 

organ, receiving 30% of the total volume of blood in the body each minute, and contains 

approximately 90% of the total tissue macrophages in the body [347, 348]. Here, KCs scan passing 

blood and remove potentially harmful substances [347ï352] and have been identified as playing 

an important role in maintaining blood sterility through the capture and removal of intravascular 

bacteria and parasites [350ï353]. Although the liver is not the target organ of C. neoformans, 

evidence suggests that liver disease is a risk factor for cryptococcosis [354ï357]. In this context, 

recent results revealed that the liver plays a prominent role in filtering disseminating C. 

neoformans and C. albicans out of circulation through KCs [358, 359]. 

Intravital imaging showed that disseminating C. neoformans is captured in the liver 

sinusoids [359]. This capture is mediated by KCs through the recognition of complement C3 on 
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fungal cells by complement receptor CRIg (complement receptor of the immunoglobulin 

superfamily). As such, depletion of KCs significantly reduces the fungal burden in the liver, 

leading to enhanced fungemia in the blood and increased deposition of fungi in other organs [359]. 

Following capture, KCs phagocytose C. neoformans and can inhibit fungal growth in a manner 

independent of IFN-ɔR signaling [359]. This demonstrates an important role for KCs in reducing 

fungal dissemination to other organs by directly removing organisms from circulation [359] and 

likely explains the association between liver disease and increased susceptibility to fungal 

infections [355ï357]. 

Brain invasion 

 

If C. neoformans avoids intravascular clearance, circulating fungal cells are preferentially 

deposited in the brain vasculature and eventually invade the brain [29]. Once inside the brain, C. 

neoformans begins to proliferate and causes fatal meningoencephalitis. Thus, although 

cryptococcal infection starts in the lungs, the most devastating event occurs when the fungus 

crosses the BBB and migrates to the brain parenchyma [29, 30]. The mechanism by which C. 

neoformans invades the brain remains to be completely understood. To date, there are a number 

of competing hypotheses that have been proposed for brain invasion by C. neoformans and include 

the Trojan horse mechanism, transcytosis, paracellular crossing and free entry through damaged 

endothelial barriers [21, 30] (Fig. 2.3). 
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Fig. 2.3 Mechanisms mediating brain invasion by C. neoformans a Trojan horse: peripheral monocytes (dark pink) 

ingest intravascular C. neoformans (green) and transport them to the brain vasculature. Monocytes can carry yeast 

across the BBB through transendothelial pores (transcellular transmigration), or can paracellularly transmigrate 

between endothelial cells. In addition, monocytes can transfer C. neoformans directly to endothelial cells (red) (lateral 

transfer), facilitating transmigration of cryptococci across the BBB. b Transcytosis: hyaluronic acid (HA)ïCD44 

interactions along with Mpr1 promote C. neoformans adherence to brain endothelial cells. Engagement of CD44 

activates EphA2, while cryptococcal Plb1 activates host cell Rac1 which in turn activates PKCŬ. Activation of these 

pathways induces endocytosis of C. neoformans. Following internalization, C. neoformans engages host AnxA2 via 

Mpr1 which facilitates exit of endothelial cells and successful crossing of the BBB. c Paracellular crossing and loss 

of barrier integrity: C. neoformans disrupts the BBB through the utilization of host plasmin (pink) and secretion of 

urease (purple) and other proteases (yellow) and migrates across the endothelium into the brain parenchyma 
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Trojan horse 

 

It has been well reported that phagocytes can transmigrate from the blood to the brain 

parenchyma across the BBB [62], and as described, C. neoformans can survive within phagocytes 

[300]. This raised the possibility that, following phagocytosis of fungal cells, phagocytes can 

escort C. neoformans to the brain parenchyma through the so-called Trojan horse mechanism.  

To directly visualize the dynamics of brain invasion by C. neoformans using Trojan horse 

crossing, live cell imaging was performed in vitro using human endothelial cell lines [360, 361]. 

The results confirmed that both C. neoformans and C. gattii can use the Trojan horse mechanism 

to cross endothelial cell layers [360]. Phagocytes derived from human monocytic cell lines 

containing C. neoformans were also seen to cross endothelial cell layers in real time [361]. 

Interestingly, transcellular transmigration (through endothelial cells) of monocytes harboring C. 

neoformans is the major pathway for Trojan horse crossing [361]. In contrast, paracellular 

transmigration (between endothelial cells) likely represents a small percentage of Trojan horse 

crossing as transendothelial electrical resistance (TEER) values remained stable during in vitro 

assays, indicating little to no disruption of endothelial tight junctions [361]. In vivo, monocytes 

containing C. neoformans were observed in the perivascular space of cortical post-capillary 

venules in the brains of infected mice [340, 362]. This is thought to be the major site of Trojan 

horse entry [362]. Once here, C.neoformans can escape the phagocyte and access the brain 

parenchyma and cerebrospinal fluid (CSF) [363], further confirming a role for these cells in 

dissemination to the CNS. 

In addition to carrying yeast across the BBB, it has been proposed that phagocytes transport 

C. neoformans to the brain vasculature where they instead pass them directly to endothelial cells 

[364]. This cell-to-cell spread, known as lateral transfer or dragotcytosis, is an actin-dependent 
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process that requires donor and acceptor cells to be in physical contact [364ï366]. Originally, 

lateral transfer was observed between two macrophages [364, 365], but was later reported to occur 

between monocytes and endothelial cells in vitro [361]. Alternatively, phagocytes may carry 

fungal cells to the brain, where they then escape and cross the BBB alone through an extracellular 

mechanism [361].  

Blood-derived monocytes have been implicated in the transport of C. neoformans across 

the BBB. In humans, these monocytes exist in two major populations: CD14hiCD16ī and 

CD14lowCD16hi monocytes [367]. The corresponding populations in mice are CCR2+Ly6Chi and 

CX3CR1+Ly6Clow monocytes, respectively [368]. During intravenous infection with C. 

neoformans, CX3CR1+Ly6Clow monocytes are recruited to the brain vasculature starting at 12 h 

post-infection [369]. Through the use of intravital microscopy, these cells were observed to engulf 

C. neoformans in brain vasculature and carry the yeast as they crawled on and adhered to the 

luminal wall of brain vasculature and migrated to the brain parenchyma [369], suggesting the 

involvement of these monocytes in cryptococcal crossing of the BBB. CCR2+Ly6Chi monocytes 

on the other hand were observed to accumulate in the brain starting 14 days after intravenous 

infection, indicating that these cells are not involved in the early transport of C. neoformans to the 

CNS [370]. Instead, CCR2+Ly6Chi monocytes promote brain inflammation, leading to lethal 

immune pathology in the brain in mice as well as in humans [371, 372]. 

Transcytosis 

 

In addition to Trojan horse crossing, extracellular C. neoformans cells can directly 

transmigrate across the BBB and invade the brain via transcytosis. Indirect evidence supporting 

this comes from a mouse model of C. neoformans infection, in which yeasts were detected in the 

cytoplasm of endothelial cells of small capillaries, suggesting that endothelial cells internalize C. 
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neoformans in vivo [340]. Direct evidence on the other hand is derived from in vitro studies using 

human brain microvascular endothelial cells (HBMECs) [330, 373, 374]. In this model, free C. 

neoformans cells were observed to have crossed endothelial monolayers via a transcellular 

pathway that did not affect monolayer integrity [373]. 

Similar to the lungs, transcytosis in the brain involves exploitation of host cell endocytic 

pathways in order to traverse the BBB [21] and is dependent on cryptococcal adherence to and 

internalization by brain endothelial cells [373, 375]. Adherence of C. neoformans to endothelial 

cells occurs independently of capsule expression and is mediated by hyaluronic acid (HA) [376ï

379]. HA is the product of an HA synthase encoded by the gene CPS1 and binds primarily to CD44 

receptors on brain endothelial cells, although the RHAMM receptor has also been reported to play 

a minor role in binding HA [380]. Interestingly, in response to the high levels of inositol found in 

mammalian brains, C. neoformans upregulates its expression of CPS1, leading to an increased 

production of HA and an enhanced association of cryptococcal cells and HBMECs [381]. 

Upon binding, C. neoformans is internalized by endothelial cells in an actin-dependent 

manner [330, 331, 382, 383]. Cryptococcal Plb1 activates host cell Rac1 (Ras-related C3 

botulinum toxin substrate 1) which in turn activates the actin reorganizing protein, protein kinase 

C-Ŭ (PKCŬ) [140, 379, 384]. The mechanism by which this occurs is not well understood, though 

it has been suggested that Plb1 activity might generate lipid mediators required to facilitate Rac1 

activation [140, 385]. In addition, engagement of CD44 by C. neoformans activates ephrin type-

A receptor 2 (EphA2). This receptor is involved in various signaling pathways that regulate 

cytoskeleton remodeling [386] and has been reported to be utilized by a number of pathogens in 

order to invade host cells suggesting that C. neoformans could also use this pathway to enter 

endothelial cells [386]. 
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 Lipid rafts also play a role in the internalization of C. neoformans by endothelial cells. 

Supporting this is the report that the HA receptor CD44 co-localizes with the lipid raft marker 

ganglioside GM1 on the plasma membrane of endothelial cells and that C. neoformans adheres to 

host cells in areas where GM1 is enriched [383]. CD44 was also found to co-localize with and 

activate the caveolae membrane marker caveolin-1 (Cav1) upon engagement with C. neoformans 

[387]. These demonstrate that transcytosis of C. neoformans across the BBB occurs through a lipid 

raft/caveolae-dependent endocytotic process [383, 387]. 

C. neoformans can further promote internalization by endothelial cells, through secretion 

of C. neoformans-derived extracellular microvesicles (CnMVs). These vesicular compartments, 

referred to as ñvirulence bags,ò contain polysaccharides, lipids and cytoplasmic proteins and can 

fuse with host cells independently of CD44 [388, 389]. This interaction increases lipid raft activity 

and promotes CD44 migration to membrane rafts [388]. In this way, CnMVs may enhance fungal 

adherence and endocytosis. Transcytosis was also found to occur independently of CD44. C. 

neoformans further promotes its adherence to endothelial cells through expression of the 

metalloprotease, Mpr1 [390, 391]. Once bound, Mpr1 engages host annexin A2 (AnxA2), an 

important signaling protein involved in endocytosis that was found to be essential for the 

transmigration of cryptococcal cells across the endothelium [391, 392]. While the absence of 

AnxA2 in HBMECs had no effect on adherence or internalization of cryptococci, yeast cells were 

unable to exit endothelial cells and enter into the parenchyma following endocytosis, indicating 

that AnxA2-Mpr1-mediated interactions promote successful crossing of the BBB [391]. 

Paracellular crossing and loss of barrier integrity  

 

Additional mechanisms of brain invasion by extracellular C. neoformans are paracellular 

crossing between brain endothelial cells as well as migration across damaged endothelial barriers 



 

43 

 

 

[21]. These pathways involve the entry of free yeast through a damaged or weakened BBB and are 

supported by reports that accumulation of C. neoformans in the brain results in severe damage to 

endothelial cells as well as tight junction alterations [330, 361, 376]. In this context, C. neoformans 

produces several degradative enzymes capable of disrupting the BBB. 

Cryptococcal urease has been identified as a major virulence factor during brain infection 

[150]. Initial studies reported that urease promotes cryptococcal sequestration within brain 

microcapillaries [149]. Later reports suggest a more active role for urease in cryptococcal 

penetration of the BBB [53]. While the mechanism remains unknown, it is possible that urease-

derived ammonia may have toxic effects on endothelial cells which weakens the integrity of the 

BBB and promotes opening of tight junctions leading to transmigration of C. neoformans [53, 

149ï151]. This is supported by the fact that urease-positive cryptococcal strains cause a reduction 

in levels of the tight junction protein ZO1 in HBMECs, while urease-deficient strains have no 

effect on monolayer integrity [151]. 

C. neoformans also secretes a number of proteases including serine proteases, which were 

found to degrade key components of ECM and the basement membrane [152, 334, 337, 338, 393]. 

This activity was reported to increase BBB permeability during infection with C. neoformans both 

in vitro and in vivo [337, 338]. In addition to its own proteases, C. neoformans is capable of 

utilizing host proteases. Cryptococcal cells can bind and activate host plasminogen, a plasma 

protein and central component of the fibrinolytic system. This interaction promotes the conversion 

of plasminogen to the serine protease plasmin via the urokinase-type plasminogen activator (uPA) 

[394ï396]. Plasmin digests components of the BBB, as well as activates matrix 

metalloproteinases, which are capable of damaging tight junction components [394]. 
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In addition to those factors expressed by C. neoformans, it is possible that host behaviors 

can also lead to the disruption of endothelial barriers and promote cryptococcal neuroinvasion. For 

example, abuse of methamphetamines was reported to enhance dissemination of C. neoformans to 

the CNS [397] and alter BBB integrity through the modified expression of tight junction and 

adhesion molecules [398]. This pharmacological disruption to the endothelium promotes 

transmigration of yeast into the brain parenchyma, demonstrating that external factors can also aid 

in dissemination of C. neoformans to the brain [398].  Regardless of entry mechanism, once inside 

the brain, C. neoformans can rapidly proliferate and cause life-threatening cases of 

meningoencephalitis. 

Dissemination of A. fumigatus 

 

A. fumigatus is a ubiquitously distributed saprophytic fungus that produces small spores 

known as conidia. On average, individuals inhale upwards of 200 conidia per day [255, 265]. By 

virtue of their size, conidia are able to avoid cough and mucociliary clearance and enter deeper 

into the lungs. In healthy individuals, these conidia are rapidly cleared, but in the case of 

immunocompromised patients, conidia can germinate and develop filamentous hyphae [1, 399]. 

This fungal growth can result in invasive aspergillosis: a severe and aggressive fungal disease 

characterized by tissue damage, necrosis and hypoxia [6, 156, 255]. Although the target organ of 

A. fumigatus is the lungs, Aspergillus is known to be angiotropic and has an affinity for host 

vasculature. As growing hyphae penetrate pulmonary tissues, they can invade the endothelial 

lining of nearby blood vessels and break off into circulation, causing sepsis and dissemination 

accompanied by thrombosis, hemorrhagic infarction and invasion of distant organs [6, 156, 255]. 

It is estimated that there are approximately 250,000 cases of invasive aspergillosis worldwide each 

year, with an associated mortality rate ranging from 30 to 80% [6]. 
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The primary route by which A. fumigatus is thought to traverse the pulmonary epithelium 

is transcytosis. As with C. neoformans, A. fumigatus adheres to and invades epithelial cells [172, 

255, 400, 401]. A. fumigatus adherence to the epithelium is mediated by several fungal factors, 

including sialic acid (SA), galactosaminogalactan (GAG) and ɓ-1,3-glucan binding to Dectin-1 

[171, 402, 403]. Following adherence, A. fumigatus is endocytosed in an actin-dependent manner 

[173, 296, 404ï406]. The fungal invasin calcineurin A (calA) promotes this internalization through 

interactions with integrin Ŭ5ɓ1 on host cells [407]. In addition, gliotoxin, a major mycotoxin of A. 

fumigatus, as well as the cell wall component ɓ-1,3-glucan, activates actin cytoskeleton 

rearranging proteins in host epithelial cells, including cofilin-1 and phospholipase D (PLD) [295, 

296, 404, 408], further promoting internalization. Inside these cells, a portion of engulfed conidia 

are killed, while approximately 3% remain viable [173, 405]. Of those, one-third of surviving 

conidia germinate and form extracellular hyphae without lysing host cells [173, 401, 405]. These 

organisms can continue to grow and invade pulmonary tissues and nearby blood vessels. A. 

fumigatus also encodes an array of degradative enzymes which may facilitate migration across the 

epithelium [409ï411]. Serine and cysteine proteases, including the serine protease AF-ALF, 

disrupt host epithelial tissues [409ï411]. The enzyme elastase is required for the development of 

invasive disease suggesting a role in dissemination [255, 412, 413]. In addition, a number of 

secondary metabolites, including gliotoxin, fumagillin, helvolic acid, and verruculogen, have been 

implicated in modifying the epithelium [255, 293, 414]. This combination of proteolytic activity 

may contribute to the disruption of host tissues and enable A. fumigatus to penetrate the epithelium 

and enter the bloodstream directly. 
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As for the Trojan horse mechanism, there is evidence suggesting that A. fumigatus may be 

able to utilize host phagocytes in order to escape the lung. Firstly, A. fumigatus can survive within 

phagocytes [154, 415]. Secondly, there are reports that monocyte-derived CD11b+ lung dendritic 

cells internalize and transport A. fumigatus to mediastinal lymph nodes [368]. This event is 

reminiscent of the transport of C. neoformans to the lymph system by alveolar macrophages. Once 

inside of the lymph node, Aspergillus could escape from dendritic cells and disseminate via the 

bloodstream. As A. fumigatus circulates throughout the host, it can become stopped in host 

microvasculature and can invade various organs including the liver, kidneys, spleen and brain 

[156]. To date, the mechanism by which A. fumigatus penetrates the BBB is not well understood, 

though studies have shown that gliotoxin (GTX) is able to damage the endothelium which may 

facilitate transmigration [297]. 

Dissemination of C. albicans 

C. albicans is a polymorphic fungus that can transition from a yeast phase to a hyphal phase 

and is commonly found as a commensal in the human body, asymptomatically colonizing the 

gastrointestinal, respiratory and reproductive tracts, as well as skin of approximately 30ï80% of 

people [1, 3, 27]. While a considerable proportion of C. albicans infections arise from indwelling 

medical devices [416], studies have identified the intestinal population of C. albicans as the main 

source of endogenous infection, especially following immunosuppression [417]. These organisms 

can cause lethal bloodstream infections (candidemia) and lead to invasive disease when they 

manage to cross the intestinal epithelium [417]. Approximately 700,000 cases of invasive 

candidiasis are diagnosed worldwide each year, with mortality rates of up to 40% [6, 418]. 

As with other fungi, invasion of epithelial barriers by C. albicans is preceded first by 

adherence to the intestinal epithelium. C. albicans expresses multiple surface moieties that mediate 
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this adherence. These adhesins exhibit differential expression in yeast and hyphal forms and 

promote binding by different mechanisms. In the case of yeast, adherence is due to passive forces 

such as hydrophobic and/or electrostatic interactions as well as agglutinin-like sequence (Als) 5 

[2, 419]. In addition, yeast ɓ-glucan is also recognized by the nonclassical pattern recognition 

receptor EphA2 [419]. These epithelialïyeast interactions stimulate germination, exposing several 

hyphal-associated adhesins that further promote adherence. These include a number of proteins 

from the Als family, particularly Als3, as well as hyphal wall protein 1 (Hwp1) [2, 419ï422]. 

Following adherence, C. albicans invades the epithelium through induced endocytosis or 

active penetration. Induced endocytosis involves interactions between fungal invasins and host cell 

proteins. C. albicans invasins include Als3 and the heat shock protein Ssa1 [419, 423, 424]. These 

invasins bind epithelial cell E-cadherin and initiate endocytosis through an actin-dependent 

mechanism that requires clathrin [423, 425ï429]. Once internalized, C. albicans prevents 

endolysosomal maturation and continues to grow. Intracellular hyphal extension is dependent on 

the expression of EED1 (epithelial escape and dissemination 1) [430], and continued growth of 

hyphae results in the piercing of epithelial cells and subsequent dissemination. 

Active penetration on the other hand is a separate mechanism that occurs at later time points 

than endocytosis. It requires viable fungi and results from hyphal extension and invasion in 

between or through epithelial cells. To date, the process of active penetration remains poorly 

understood, and it is unclear which fungal components are involved, although secreted aspartic 

proteinases (Saps) (especially Sap3), lipases and phospholipases are thought to play a role through 

degradation of the epithelial tight junction protein E-cadherin [2, 422, 423, 431]. 

In addition to Saps, C. albicans secretes a number of other proteases and phospholipases 

which may contribute to fungal-induced epithelial damage and enable passage across the intestinal 
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epithelium [422]. Similar to cryptococcal Plb1, Candidal Plb1 promotes penetration of the 

epithelium by breaking down host cell membranes [432]. The cytolytic peptide toxin Candidalysin 

was also found to be essential for C. albicans to damage host enterocytes [417]. In addition, a 

recent report indicates that C. albicans is also able to utilize phagocytes and the Trojan horse 

mechanism to disseminate throughout the host [433]. 

Once the intestinal epithelium has been breached, C. albicans can invade local tissues and 

nearby blood vessels and disseminate throughout the host. The primary target organs of 

disseminated C. albicans are the kidneys and brain [434ï437]. Approximately 50% of patients 

with disseminated candidiasis have CNS fungal invasion, which can cause meningoencephalitis 

and has an associated mortality rate of up to 90% [437]. Kidneys on the other hand are the most 

heavily colonized organ following Candida infection [434, 438]. These fungal burdens correlate 

with mortality, suggesting that the kidney is the critical target organ during candidiasis [439]. 

Inside the kidneys, Candidal infection can result in tissue damage and eventual organ failure [440]. 

Invasion into these distant organs requires fungal cells first adhere to endothelial cells prior 

to migrating into tissues [441]. C. albicans binding to the endothelium is not well understood, but 

similar to binding of the epithelium, endothelial binding involves adhesins and invasins that are 

differentially expressed during yeast and hyphal phases. Some such molecules include integrin-

like proteins, members of the Als family and fungal cell wall components [441]. For example, 

invasins Als3 and Ssa1 bind to the heat shock protein gp96 and an unknown endothelial receptor 

respectively, and induce endocytosis into brain endothelial cells [435, 442]. Additionally, Als3 has 

also been reported to promote fungal cell internalization into endothelial cells by binding N-

cadherin [425, 441, 443, 444]. 
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Alternative methods of transmigration across the endothelium include Trojan horse 

transport and paracellular crossing between adjacent endothelial cells [441]. Lastly, fungal cell 

migration across damaged endothelial barriers also occurs and is facilitated by the host protease 

plasmin. Similar to C. neoformans, C. albicans binds and activates host plasminogen to plasmin 

via a number of cell wall proteins, including enolase [445, 446]. Surface-bound plasmin can 

degrade components of the endothelium and enhance the ability of C. albicans to invade tissues 

[446]. 

Conclusion 

The most medically important fungal diseases are cryptococcosis, aspergillosis and 

candidiasis. Fungal infections are usually limited to initial sites of infection in immunocompetent 

individuals. However, if fungi disseminate from initial infection sites to the bloodstream, they can 

invade virtually any organ and cause fatal infections which account for more than one million 

deaths worldwide each year. Thus, fungal dissemination is a critical step in the development of 

invasive fungal diseases. Although the mechanism(s) involved in fungal dissemination remains 

incompletely understood, increasing evidence suggests that fungi can hijack phagocytes from 

initial sites of infection to enter the bloodstream, a process called Trojan horse crossing. 

Alternatively, free fungal cells can also directly enter into circulation through transcytosis, 

paracellular crossing or across damaged barrier tissues. During fungal dissemination, neutrophils 

and Kupffer cells have been shown to play a role in filtering circulating fungi out of the 

vasculature. Interestingly, fungi in the blood can also use similar strategies to those they use to 

escape from the site of initial infection to invade distant organs. The mechanism(s) involved in 

fungal dissemination reflects complicated interactions between the host and the pathogen, and an 
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understanding of this mechanism(s) is fundamental for the development of therapeutic strategies 

(Table 2.1). 

 
Table 2.1 Summary of dissemination mechanisms of three fungal pathogens 

 

Future Directions 

In vitro studies utilizing HBMECs monolayers as a BBB model have been extensively used 

to study the migration of C. neoformans and other pathogens across the BBB. These studies have 

made great contributions to our understanding of those mechanisms governing the transcytosis 

[140, 373, 378, 381, 390, 447] and Trojan horse pathways [360, 361]. However, these BBB models 

cannot recapitulate some important in vivo features in the brain microvasculature, such as shear 

stress, cellïECM interactions and cylindrical geometry characteristics. In addition, the BBB is 

composed of not only endothelial cells, but also pericytes and astrocytes. Therefore, what occurs 

in vivo in terms of fungal dissemination could be different to what we have observed in those in 

vitro models [448]. To overcome this weakness and to achieve physiological barrier function, 

three-dimensional self-organized microvascular models of the BBB containing endothelial cells, 
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pericytes and astrocytes have been recently developed [449ï452]. It is expected that these three-

dimensional models of the BBB would provide us a better platform to study fungal dissemination 

in a way more closely related to what happens in vivo. 

In vivo models of mouse infection with C. neoformans have also been used to study fungal 

dissemination. In line with in vitro findings, histological studies support both the Trojan horse 

mechanism [340, 362] and transcytosis crossing [340, 373]. However, fungal dissemination is a 

dynamic process, and histological studies are not an optimal approach to address dynamic events. 

In this regard, intravital microscopy has been recently used to study fungal dissemination through 

the imaging of dynamic interactions between fungal cells and endothelial cells as well as 

phagocytes [53, 81, 82, 301, 359, 369, 453]. However, the limitation of intravital microscopy is 

that only a small area can be visualized and that a limited number of fungal cells can be analyzed 

[454]. As such, it is unknown whether the observations reflect most of the fungal cells. To 

complement histology and intravital microscopy, colony-forming unit (CFU) determination has 

been used to study fungal dissemination in vivo [140, 379, 381, 390]. However, CFU analysis fails 

to distinguish between fungal cells residing within the vasculature bed and those in the brain 

parenchyma after crossing the BBB. More recently, flow cytometry has been used to determine 

the invasion of brain endothelial cells by the protozoan parasite Toxoplasma gondii [455]. This 

technique is likely a powerful tool that can be used for future studies on fungal dissemination by 

quantifying the frequency of endothelial cells containing fungal cells. 

Lastly, fungal cells can disseminate using numerous different mechanisms, namely Trojan 

horse crossing, transcytosis, paracellular crossing and passage through damaged tissues [456]. 

Although there is evidence to support all of these mechanisms, an important aspect of fungal 

dissemination left unanswered is the relative frequency of each mechanism during infection. 
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Determining the major pathway of fungal dissemination is fundamental for developing therapeutic 

strategies for invasive fungal diseases. It is a challenge to determine which pathway is the 

predominant route for fungal dissemination. To address this issue, an in vivo animal model of 

fungal infection is likely required, and when one mechanism is analyzed the other two mechanisms 

must be properly blocked simultaneously. With the emergence of new technologies and scientific 

approaches, we believe that we will have a better understanding of fungal dissemination in the 

future. 
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Chapter 3: IL-27 signaling promotes Th1 responses and is required to 

inhibit fungal growth in the lung during repeated exposure to Aspergillus 

fumigatus 

Abstract 

Aspergillus fumigatus is an opportunistic fungal pathogen that causes a wide spectrum of 

diseases in humans, including life-threatening invasive infections as well as several 

hypersensitivity respiratory disorders. Disease prevention is predicated on the hostôs ability to clear 

A. fumigatus from the lung while also limiting inflammation and preventing allergic responses. IL-

27 is an important immunoregulatory cytokine, but its role during A. fumigatus infection remains 

poorly understood. In contrast to most infection settings demonstrating that IL-27 is anti-

inflammatory, in this study we report that this cytokine plays a proinflammatory role in mice 

repeatedly infected with A. fumigatus. We found that mice exposed to A. fumigatus had 

significantly enhanced secretion of IL-27 in their lungs. Genetic ablation of IL-27RŬ in mice 

resulted in significantly higher fungal burdens in the lung during infection. The increased fungal 

growth in IL-27RŬ-/- mice was associated with reduced secretion of IL-12, TNF-Ŭ, and IFN-ɔ, 

diminished T-bet expression, as well as a reduction in CD4+ T cells and their activation in the lung, 

demonstrating that IL-27 signaling promotes Th1 immune responses during repeated exposure to 

A. fumigatus. In addition, infected IL-27RŬ-/- mice displayed reduced accumulation of dendritic 

cells and exudate macrophages in their lungs, and these cells had a lower expression of MHC class 

II. Collectively, this study suggests that IL-27 drives type 1 immunity and is indispensable for 

inhibiting fungal growth in the lungs of mice repeatedly exposed to A. fumigatus, highlighting a 

protective role for this cytokine during fungal infection. 
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Introduction 

Aspergillus fumigatus is a ubiquitously distributed saprophytic fungus and the most 

common of its genus to cause disease worldwide. It produces small spores, known as conidia, that 

readily become airborne and disseminate throughout indoor and outdoor environments [148, 156ï

158, 255]. It is estimated that humans inhale a few hundred to a couple of thousand conidia each 

day [157, 225]. Due to their small size (2-3 µm), conidia can circumvent pulmonary clearance 

mechanisms and enter deep into alveolar spaces [157, 158, 257]. In most immunocompetent hosts, 

these conidia are rapidly eliminated without incident. Occasionally though, noninvasive 

colonization or the formation of aspergillomas can occur. In addition, otherwise healthy 

individuals can also develop hypersensitivity disorders such as allergic asthma, farmerôs lung, and 

allergic bronchopulmonary aspergillosis. In the case of immunocompromised or 

immunosuppressed patients, the inability to eliminate A. fumigatus can result in the development 

of aggressive and often fatal invasive infections such as invasive pulmonary aspergillosis [148, 

457].  

Although protection against A. fumigatus has mainly been attributed to innate immune 

responses, recent reports have indicated adaptive immune responses, in particular T cells, as 

contributing to host defense. In fact, practically all T cell subsets have been identified as playing 

a role during A. fumigatus infection [243]. To illustrate, Th1 responses are protective and 

indispensable for fungal clearance, whereas Th2 responses promote fungal persistence and disease 

progression [212ï214]. The role of Th17 responses, alternatively, remains controversial. Although 

Th17 responses are important for the recruitment and activation of protective neutrophils, they 

have also been reported to suppress Th1 responses, as well as drive Th2 responses and the 

development of airway hyperresponsiveness [243, 247ï250]. If any of these T cell responses are 
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too weak or too strong, then disease can also occur [457]. For example, a weak Th1 or Th17 

response would be insufficient to remove fungi, whereas uncontrolled inflammation can cause 

tissue damage and impair fungal clearance [243, 458]. Conversely, an overwhelming Th2 response 

suppresses protective T cells and enables fungi to persist [214]. Th2 responses have also been 

associated with the development of allergic diseases [249, 457, 459]. For these reasons, the 

intensity and duration of each of immune response must be tightly regulated, and a fine balance 

between the protective and detrimental responses must also be established to ensure that fungi are 

successfully eliminated while also minimizing immunopathology and preventing the development 

of allergic disease. 

Interestingly, repeated exposure to A. fumigatus, such as what occurs on a daily basis, 

results in the codevelopment of Th1, Th2, and Th17 responses in the lung [225]. The inherent 

resistance to A. fumigatus in immunocompetent hosts, despite recurring exposure, suggests that 

there are regulatory mechanisms in place that balance these responses so that disease does not 

develop. Regulatory T cells (Tregs) have been identified as contributing to immune homeostasis 

during Aspergillus infection and were found to be induced by repeated exposure to A. fumigatus 

[225, 460]. Similar to helper T cells, though, these cells must also be carefully regulated, as 

excessive Treg activity can lead to immunosuppression and too little can enable immunopathology 

[461]. This indicates the possible existence of yet another immunomodulatory pathway in the lungs 

of healthy individuals. In fact, a non-T cell regulatory mechanism was indeed reported to be 

involved in dampening immune responses during repeated exposure to A. fumigatus [225].  

IL-27 is an important regulatory cytokine that is best known for its pleiotropic effects on T 

lymphocytes. It is composed of IL-27p28 and EBV-induced gene 3 (EBI3) subunits, and it signals 

through a receptor consisting of IL-27RŬ and gp130 [462ï464]. IL-27 was initially described as 
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proinflammatory because it upregulated T-bet expression in CD4+ T cells and promoted Th1 cell 

differentiation [465ï467]. Later, IL-27 was reported to be anti-inflammatory and could instead 

suppress Th1, Th2, and Th17 responses as well as dendritic cell development [462, 468ï474]. In 

terms of Th2 and Th17 cells, IL-27 can directly inhibit their development through downregulation 

of GATA3 and retinoic acid-related orphan receptor ɔt (RORɔt), respectively [466, 473, 475]. IL-

27 also possesses broader suppressive activities and can antagonize the production of IL-2 and 

stimulate T cell production of IL-10 [462, 476, 477]. IL-27 also interferes with the development 

and function of Tregs via the suppression of Foxp3 [478ï480]. This ability to dampen immune 

responses has been reported to be essential for preventing the development of T cell-mediated 

pathologies [468, 470, 481, 482]. Furthermore, IL-27 can influence T cell proliferation, prevent 

activation-induced T cell death, and regulate T cell recruitment through enhancing the expression 

of various chemokines, chemokine receptors, and adhesive molecules [483ï488].  

To date, not much is known about the role of IL-27 during fungal infections. Some fungi 

such as A. fumigatus and select Candida species, including C. parapsilosis, C. glabrata, and C. 

tropicalis, but not C. albicans, can induce host expression of IL-27 [489, 490]. During systemic 

infection with C. parapsilosis, IL-27 suppressed inflammatory responses and, in its absence, 

infected mice had improved fungal clearance and increased production of IFN-ɔ and IL-17 [489]. 

Likewise, during acute aspergillosis, IL-27 negatively regulated the production of IFN-ɔ, which 

compromised fungal clearance in wild-type (WT) mice [474]. In contrast, IL-27 expression by 

IFN-ɓ-conditioned dendritic cells was shown to result in increased Th1-mediated IFN-ɔ 

production in vitro [490, 491]. In addition, IL-27 has also been implicated in the maintenance of 

immune homeostasis during anti-Aspergillus responses through the development of type 1 Tregs 

(Tr1s) [490]. 
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Despite these findings, the role of IL-27 during repeated exposure to A. fumigatus has yet 

to be investigated. In this study, we found that during repeated exposure to A. fumigatus, IL-27RŬ-

/- mice displayed enhanced growth of the fungus in their lungs associated with reduced numbers 

and activation of CD4+ T cells, lower expression of T-bet, and diminished production of IL-12, 

IFN-ɔ, and TNF-Ŭ in the lung, as compared with infected WT mice. These data support a 

proinflammatory role for IL-27, rather than an anti-inflammatory role, during repeated exposure 

to A. fumigatus. 

Materials and methods 

Ethics approval 

All animal studies were conducted in accordance with the guidelines of the Institutional 

Animal Care and Use Committee at the University of Maryland, College Park.  

Animals 

Six- to 8-wk-old WT C57BL/6 mice were purchased from the National Cancer Institute 

(Frederick, MD). IL-27RŬ-/- (WSX-1-/-) mice in theC57BL/6 background (stock no. 018078) were 

purchased from The Jackson Laboratory (Bar Harbor, ME) and bred in the animal facilities at the 

University of Maryland, College Park. Mice were maintained in specific pathogen-free conditions 

in individually ventilated cages with a standard 12-h light/12-h dark cycle. For all experiments, 

age- and sex-matched 6- to 8-wk-old WT and knockout mice were used and cohoused during the 

experiments. 
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Fungal strain and culture 

A. fumigatus strain 293 (Af293) is a clinical isolate and was provided by Dr. Stuart M. 

Levitz (University of Massachusetts Medical School) and grown as previously described [492]. 

Briefly, fungi were cultured from frozen stocks on Sabouraud dextrose agar (Difco) slants for 2-3 

d at 37°C. Conidia were harvested by vortexing slants with sterile PBS containing 0.01% Tween 

20 (Amresco). Fungal suspensions were filtered through a 40-µm mesh cell strainer and washed 

three times with and then resuspended in 0.01% Tween 20-PBS. Conidia were counted using a 

hemocytometer, and the concentration was adjusted to 8.33x108 conidia/ml in 0.01% Tween 20-

PBS. 

Infection models 

For acute A. fumigatus infection, age- and sex-matched 6- to 8-wk-old C57BL/6 mice were 

anesthetized using a mix of ketamine (200 mg/kg) and xylazine (10 mg/kg) and infected 

intranasally with a single dose of 2.5 × 107 Af293 in 30 µl of 0.01% Tween 20-PBS and were 

sacrificed at 1, 3, and 5 d post infection for pulmonary CFU quantification. For repeated A. 

fumigatus exposure, age- and sex-matched 6- to 8-wk-old C57BL/6 WT and IL-27RŬ-/- mice were 

anesthetized using a mix of ketamine (200 mg/kg) and xylazine (10 mg/kg) and infected 

intranasally with 2.5 × 107 Af293 in 30 µl of 0.01% Tween 20-PBS every other day for 28 d and 

were sacrificed 1 d following the final instillation to examine immune responses in the lung. 

Histology and quantification 

Lungs from repeatedly infected WT and IL-27RŬ-/- mice were harvested 1 d following the 

final instillation of fungi and fixed in 10% neutral buffered formalin. Samples were sent to 

American HistoLabs (Gaithersburg, MD) for processing and staining. Lung sections were stained 
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with Grocott.Gomoriôs methenamine silver stain (GMS) to visualize A. fumigatus or with H&E 

stain to visualize cellular infiltrates. Fungi were contained to the airways in all mice, and cell 

infiltration was closely associated with airways containing fungi. Images were taken to include as 

much of the airway and surrounding areas as possible, and for airways too large to fit in a single 

frame, additional images were taken to image the entire area. Slides were imaged at a 

magnification of ×10 and ×63 on a Zeiss Axio Lab.A1 microscope. For subsequent analyses, five 

to eight images were analyzed for each mouse. 

The amount of A. fumigatus in the lungs was calculated as the % GMS+ area. To calculate 

% GMS+ areas, images were opened in ImageJ (National Institutes of Health) and colors were split 

into red, green, and blue channels (Image > Color > Split Channels). The green channel was then 

selected for subsequent analyses, as it had the most contrast between GMS+ and GMS- areas. A 

threshold of 35 was set and used for each GMS image analyzed (Image > Adjust > Threshold) to 

ensure that only GMS+ fungi were highlighted. To measure the highlighted GMS+ areas, Area was 

selected (Analyze > Set Measurements) and measured (Analyze > Measure) for each image. 

Individual values for each image were entered into GraphPad Prism 5 for analysis (GraphPad 

Software, San Diego, CA). The amount of cell infiltration in the lungs was calculated as the % 

H&E+ area. % H&E+ areas were calculated similar to % GMS+ areas for H&E-stained images, 

with a threshold value of 70.  

To calculate the depth of A. fumigatus growth in the lungs, an image containing a scale bar 

with a known length was opened in ImageJ. Using the straight-line tool, a line with the same length 

as the scale bar was drawn and its known distance and unit of length of 20 µm was set (Analyze > 

Set Scale) and applied globally (check Global box). Fungal cell lengths were then measured for 

GMS images by drawing a straight line from one end of the cell to the other and calculated 
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(Analyze > Measure). Between 5 and 10 measurements were made for each image, and fungal 

cells measured were randomly spaced out around the airways to avoid bias. Measurements from 

images of the same magnification were entered into GraphPad Prism 5 for analysis. 

Lung leukocyte isolation 

One day following the final instillation of Af293, lungs from repeatedly infected 

C57BL/6WT and IL-27RŬ-/- mice were harvested into 1 ml of sterile RPMI 1640 medium in a 24-

well plate and minced with surgical scissors. One hundred microliters of each lung sample were 

reserved on ice for RNA extraction for use in gene expression studies. The remaining tissues were 

digested with collagenase IV (Worthington Biochemical) at a final concentration of 1 mg/ml and 

incubated for 45 min at 37°C with gentle shaking. Samples were then manually homogenized on 

ice through a 70-µm cell strainer and centrifuged at 500 x g for 5 min at 4°C, and the supernatants 

were collected and stored at -80°C for use in cytokine analyses. Pelleted cells were resuspended 

in 37% Percoll (GE Healthcare Biosciences) and subjected to gradient centrifugation at 1200 × g 

for 15 min at room temperature with the brake off. The supernatants were decanted, and cell pellets 

were resuspended and incubated in ACK (ammonium-chloride-potassium) lysing buffer (Lonza 

BioWhittaker) for 5-10 min at room temperature to lyse RBCs. Cells were then washed once with 

sterile PBS and resuspended in flow cytometry staining buffer (1% BSA in PBS with 0.05% 

sodium azide). A 10-µl portion of the isolated cells were diluted and stained with trypan blue 

(Sigma-Aldrich), and live cells were enumerated using a hemocytometer. 

Flow cytometry 

Following isolation, 1 × 106 isolated lung leukocytes were resuspended in 100 µl of flow 

cytometry staining buffer. Fc receptors were blocked using anti-CD16/32 mAb (93) for 20 min at 
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4°C. Cells were then stained with fluorophore-conjugated Abs including anti-CD45 (30-F11), anti-

CD11c (N418), anti-MHC class II (M5/114.15.2), anti-Ly6G (1A8), anti-Ly6C (HK1.4), anti-

CD11b (M1/70), anti-F4/80 (BM8), anti-SiglecF (E50-2440), anti-CD3e (17A2), anti-CD4 

(GK1.5), anti-CD8 (53-6.7), anti-CD44 (IM7), anti-CD62L (MEL-14), anti-CD80 (16-10A1), and 

anti-CD86 (GL-1). Stained cells were detected with a FACSCanto II flow cytometer (BD 

Biosciences), and data were analyzed using FlowJo v7.6 (Tree Star). Gating strategies are shown 

in Supplemental Figs. 1 and 2. All Abs used for flow cytometry were purchased from BioLegend, 

unless otherwise stated. 

Quantification of fungal burdens 

The lungs of acutely infected mice were collected into 2 ml of sterile PBS in 15-ml tubes 

on ice and were homogenized with a hand-held tissue homogenizer (Omni International). Serial 

dilutions were performed using sterile water and were plated on Sabouraud dextrose agar. Plates 

were then incubated overnight at 37°C and CFU were counted and the total fungal burden was 

calculated. 

Gene expression 

Total RNA was extracted from 100-µl portions of lung tissues collected during leukocyte 

isolation using TRIzol reagent (Invitrogen) according to the manufacturerôs instructions. cDNA 

was transcribed using the SuperScript IV first-strand synthesis system (Invitrogen). Quantitative 

real-time PCR (qRT-PCR) was performed with appropriate primers on a Bio-Rad CFX96 real-

time system using SYBR Green PCR master mix (Applied Biosystems). The gene expressions for 

each sample were normalized against the housekeeping gene GAPDH and fold change was 

calculated using the ȹȹCt method. The primers used are listed in Table 3.1. 
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Table 3.1 The sequences of primers used for gene expression. 

Cytokine quantification 

The supernatants from lung homogenates collected during leukocyte isolation were stored 

at -80°C prior to use. Samples were then thawed and centrifuged to pellet any debris. The 

remaining suspensions were used to measure cytokine concentrations. BD OptEIA IL-4, IL-5, IL-

10, IL-12p40, and IFN-ɔ ELISA kits were purchased from BD Biosciences, and TNF-Ŭ, IL-1ɓ, IL-

17A, and IL-27 ELISA kits were purchased from Thermo Fisher Scientific, and all were used 

according to the manufacturers. protocols. ELISA plates were read using a BioTek Synergy HTX 

plate reader. 
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Statistical analysis 

All data were expressed as mean + SEM. Statistical tests were performed using GraphPad 

Prism 5 (GraphPad Software, San Diego, CA). For datasets containing two groups, the unpaired 

Student t test was used to determine significance. For comparisons of more than two groups, one-

way ANOVA was performed followed by a Tukey post hoc test. A p value <0.05 was considered 

to be significant. 

Results 

IL -27 is upregulated in the lung during A. fumigatus infection 

To determine whether IL-27 is involved in the immune response to A. fumigatus, we first 

examined the expression of this cytokine and its receptor in the lungs of mice following infection. 

WT C57BL/6 mice were infected intranasally with 2.5 × 107 Af293 and sacrificed at 14 d post 

infection. The expression of the IL-27 cytokine subunits EBI3 and IL-27p28, as well as the IL-27-

specific receptor subunit IL-27RŬ, were then measured by qRT-PCR. The expression of both EBI3 

and IL-27RŬ were increased following Aspergillus infection, whereas the expression of IL-27p28 

was unexpectedly decreased (Fig. 3.1A). To confirm that the upregulation of EBI3 correlated to 

an increased production of IL-27, we next measured the cytokine concentrations in the 

supernatants of lung homogenates and found a 3-fold increase in IL-27 levels following infection 

(Fig. 3.1B). These data provide evidence that IL-27 may be involved in immune responses to A. 

fumigatus.  
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Fig 3.1 Enhanced IL-27 expression in the lung following infection with A. fumigatus and establishment of an 

infection model for repeated exposure to A. fumigatus. (A and B) Six- to 8-wk-old C57BL/6 wildtype (WT) mice 

were infected intranasally with 2.5 × 107 Af293 for 14 d. (A) Gene expression of the IL-27 cytokine subunits EBI3 

and IL-27p28 as well as the IL-27ïspecific receptor subunit IL-27RŬ for naive WT (n=3) and infected WT (n=5) 

mice. (B) Protein levels of IL-27 in the supernatant of lung homogenates from naive (n=3) and infected WT (n=5) 

mice. Data are expressed as mean + SEM. ***p < 0.001. (C) Age- and sex-matched 6- to 8-wk-old WT and IL-27RŬ-

/- mice were infected intranasally with 2.5 × 107 Af293. The pulmonary CFU of WT and IL-27RŬ-/-mice (n=3ï5) on 

days 1, 3, and 5 post infection. Data are expressed as mean + SEM and are representative of two independent 

experiments. *p < 0.05, ****p < 0.0001. (D) Graphic representation of the experimental model of repeated infections. 

Age- and sex-matched 6- to 8-wk-old WT and IL-27RŬ-/-mice were infected intranasally (i.n.) with 2.5 × 107 Af293 

every other day for 28 d and were sacrificed 1 d following the final instillation of fungi (29 d after initial infection) to 

assess immune responses. 
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Establishing an infection model for repeated exposure to A. fumigatus 

To examine the immune responses that protect immunocompetent hosts from developing 

disease during repeated exposure to A. fumigatus, we sought to create an infection model in which 

a robust adaptive immune response was elicited. To this end, we modified a previously described 

model of repeated Aspergillus exposure to ensure that fungi were consistently present in the lungs, 

as it is rapidly cleared in immunocompetent hosts [225]. For this, we determined the frequency 

with which fungi needed to be instilled. WT and IL-27RŬ-/- mice were infected intranasally with 

2.5 × 107 Af293 and fungal burdens in the lungs were assessed at days 1, 3, and 5 post infection. 

One day following infection, less than half of the original inoculum was detected as CFU in the 

lungs of both WT and IL-27RŬ-/- mice. By 3 d post infection the CFU had decreased an additional 

5-fold, and by 5 d there were no detectable CFU in either strain of mouse (Fig. 3.1C). With this in 

mind, we developed a model in which mice were infected intranasally with 2.5 × 107 Af293 every 

other day during the course of 28 d, for a total of 15 instillations. We selected this duration for our 

model because T helper responses were previously reported to peak at 4 wk during repeated 

Aspergillus exposure [225]. Mice were then sacrificed 1 d following the final administration of 

fungus to examine immune responses in the lung (Fig. 3.1D). 

IL -27 signaling is required to suppress A. fumigatus growth in the lung 

To assess fungal growth, lung sections from repeatedly infected WT and IL-27RŬ-/- mice 

were stained with GMS to visualize A. fumigatus. The overall amount of fungi was determined as 

the % GMS+ area. We selected this method to quantify fungal loads, as traditional culture methods 

are often unreliable for A. fumigatus, especially at later time points when fungi have germinated 

into hyphae and form aggregates within tissues that are often difficult to disperse (52, 53). In 

addition, these methods fail to take into account how much fungi have grown, which is especially 
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important to consider for a filamentous fungus such as Aspergillus. In general, fungi were confined 

to the airway epithelium in both strains of mice, but IL-27RŬ-/- mice had twice the amount of GMS+ 

A. fumigatus in their lungs compared with WT mice (Fig. 3.2A). In addition, fungi in IL-27RŬ-/- 

mice had grown longer, which correlated to a significantly higher average fungal length (Fig. 

3.2B). These data demonstrate that IL-27 signaling is required to suppress A. fumigatus growth in 

the lung. 

 

Fig 3.2 IL-27 is required to suppress A. fumigatus growth in the lung. Age- and sex-matched 6- to 8 wk-old WT 

and IL-27RŬ-/- mice were infected intranasally with 2.5 × 107 Af293 every other day for 28 d and were sacrificed 1 d 

following the final instillation of fungi. (A) Representative images of GMS-stained lung sections from infected WT 

(n=3) and IL-27RŬ-/- (n=3) mice and quantification of % GMS+ areas. A. fumigatus can be visualized as black (original 

magnification, ×10). (B) Representative images of Aspergillus growth in the lungs of repeatedly infected WT (n=3) 

and IL-27RŬ-/- (n=3) mice and the quantification of fungal cell lengths (original magnification, ×63). Each data point 

represents an individual measurement. Data are expressed as mean + SEM. **p < 0.01, ****p< 0.0001. 

IL -27 promotes Th1 immune responses in the lung during repeated exposure to A. fumigatus 

IL-27 is best known for its effects on T cell polarization. For example, IL-27 can promote 

the development of Th1 cells, as well as inhibit Th1, Th2, and Th17 cells and Tregs [483]. To gain 

insight into how IL-27 might influence T cell responses during Aspergillus infection, we measured 
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the concentrations of various cytokines associated with these responses in the lungs of repeatedly 

infected mice. Of note, infected IL-27RŬ-/- mice had significantly lower concentrations of the Th1 

cytokines IL-12, IFN-ɔ, and TNF-Ŭ compared with infected WT mice. This decrease in Th1 

responses was not due to enhanced Th2 or Treg responses, as WT and IL-27RŬ-/- mice had 

comparable levels of IL-4, IL-5, and IL-10. Likewise, Th17 responses were also minimally 

affected by the absence of IL-27 signaling, as IL-17A concentrations were similar in these mice 

(Fig. 3.3A). Based on these results, IL-27 promotes Th1 cytokine responses during repeated A. 

fumigatus infection. 
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Fig 3.3 IL-27 signaling promotes Th1 responses in the lung during repeated exposure to A. fumigatus. (A) 

Concentrations of various cytokines in the lungs of repeatedly infected WT (n=15) and IL-27RŬ-/- (n=12) mice were 

measured 1 d following the final instillation of fungi. (B) Gene expression of T cell subset inducing transcription 

factors in repeatedly infected WT (n=7) and IL-27RŬ-/- (n=7) mice 1 d following the final instillation of fungi. Data 

are expressed as mean + SEM and are pooled from two independent experiments. *p<0.05, **p<0.01, ***p<0.001 

 

One way in which IL-27 regulates the development of T cell subsets is through regulating 

the expression of transcription factors. For instance, IL-27 promotes Th1 cell development via 

inducing the expression of T-bet, and it suppresses Th2, Th17, and Treg development by inhibiting 

expression of GATA3, RORɔt, and Foxp3, respectively [462, 477, 478]. To determine whether IL-

27 signaling affects the expression of these transcription factors during repeated exposure to A. 

fumigatus, we next measured their expression in the lung using qRT-PCR. Compared to WT mice, 

IL-27RŬ-/- mice had significantly reduced expression of Tbx21 (T-bet), whereas there were no 

differences between their expressions of Gata3, Rorc (RORɔt), or Foxp3 (Fig. 3.3B). This supports 

the notion that IL-27 drives Th1 polarization by enhancing T-bet expression. 

To determine whether IL-27 affects T cell numbers during Aspergillus infection, CD4+ and 

CD8+ T cell populations in the lungs of repeatedly infected mice were analyzed using flow 

cytometry (Fig. 3.4).  
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Fig 3.4 T cell gating strategy. The flow cytometry gating strategy used to identify CD4+ and CD8+ populations, as 

well as activated (CD44+CD62L-) CD4+ and CD8+ T cells in the lungs of repeatedly infected WT and IL-27RŬ-/- 

mice. 

 

IL-27RŬ-/- mice had significantly fewer CD4+ T cells compared with WT mice, but they 

had similar numbers of CD8+ T cells (Fig. 3.5A). Importantly, these CD4+ and CD8+ T cells in the 

lungs of IL-27RŬ-/- mice were less activated than those in WT mice (Fig. 3.5B). These data indicate 

that IL-27 signaling leads to increased T cell, especially CD4+ T cell, numbers and activation in 

the lungs during Aspergillus infection. Overall, these data suggest that IL-27 signaling drives Th1 

immune responses in the lung during repeated exposure to A. fumigatus. 
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Fig 3.5 IL-27 enhances T cell numbers and activation in the lung of mice repeatedly infected with A. fumigatus. 

(A) Representative flow cytometry dot plots and quantification of CD4+ and CD8+ T cell populations in the lung of 

repeatedly infected WT (n=7) and IL-27RŬ-/- (n=7) mice 1 d following the final instillation of fungi. (B) Representative 

flow cytometry dot plots and quantification of activated (CD44+CD62L-) CD4+ and CD8+ T cells in the lung of 

repeatedly infected WT (n=7) and IL-27RŬ-/- (n=7) mice. The gating strategy is shown in Fig. 3.4. Data are expressed 

as mean + SEM and are representative of two independent experiments. *p < 0.05, **p<0.01 

IL -27 signaling promotes dendritic cell and macrophage accumulation and activation in the 

lungs of mice repeatedly infected with A. fumigatus 

An important function of Th1 cells is to recruit and activate effector cells [493]. Two of 

the most important effector cells against A. fumigatus are macrophages and neutrophils [156, 255, 

494]. To determine whether recruitment of these and other myeloid cells was altered in the absence 
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of IL-27 signaling, we examined their populations in the lungs of repeatedly infected mice using 

flow cytometry (Fig. 3.6).  

 
 

Fig 3.6 Myeloid cell gating strategy. The flow cytometry gating strategy used to identify myeloid cell populations 

in the lungs of repeatedly infected WT and IL-27RŬ-/- mice. 

 

Overall, infected WT and IL-27RŬ-/- mice had comparable numbers of total leukocytes, 

neutrophils, eosinophils, inflammatory monocytes, patrolling monocytes, and alveolar 

macrophages (Fig. 3.7A). Interestingly, though, infected IL-27RŬ-/- mice had less than half the 

number of dendritic cells as well as exudate (monocyte-derived) macrophages as did infected WT 

mice (Fig. 3.7A).  
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Fig 3.7 IL-27 promotes dendritic cell and macrophage accumulation in the lung during repeated A. fumigatus 

infection. (A) The cell numbers of leukocytes, neutrophils, eosinophils, inflammatory monocytes, patrolling 

monocytes, alveolar macrophages, dendritic cells, and exudate macrophages in the lung of repeatedly infected WT 

(n=7) and IL-27RŬ-/- (n=7) mice 1 d following the final instillation of fungi. The gating strategy is shown in 

Supplemental Fig. 2. Data are expressed as mean + SEM and are representative of two independent experiments. *p 

< 0.05, **p < 0.01. (B) Representative images of H&E-stained lung sections of repeatedly infected WT (n=3) and IL-

27RŬ-/- (n=3) mice and quantification of % H&E+ areas. Cell infiltrates can be visualized as dark purple. Each data 

point represents an individual measurement. Data are expressed as mean + SEM. ****p <0.0001 

 

Furthermore, dendritic cells and exudate macrophages of infected IL-27RŬ-/- mice 

exhibited lower expression of MHC class II compared with those of infected WT mice, although 

the expression levels of costimulatory molecules CD80 and CD80 were not affected by the 

deficiency of IL-27RŬ (Fig. 3.8).  
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Fig 3.8 Reduced expression of MHC class II in lung dendritic cells and macrophages in the absence of IL-27 

signaling during repeated A. fumigatus infection. The expression of MHC class II, determined as the median 

fluorescence intensity, was measured in dendritic cells (DCs) and exudate macrophages (ExMs) in the lung of 

repeatedly infected IL-27RŬ-/- (n=7) mice and WT (n=7) mice 1 d following the final instillation of fungi. Data are 

expressed as mean + SEM and are representative of two independent experiments. ***p < 0.001, ****p < 0.0001 

 

The reduced accumulation of macrophages and dendritic cells, along with the drop in CD4+ 

T cells, was reflected in H&E-stained lung sections where cell infiltration, determined as the % 

H&E+ area, was significantly lower in infected IL-27RŬ-/- mice, with only 4% of the total areas 

imaged being positive, as compared with 12% in infected WT mice (Fig. 3.7B).  

Because macrophages are considered one of the main defenses against Aspergillus 

infection, the reduction of macrophage numbers in the lungs of infected IL-27RŬ-/- mice may 

explain the inability for IL-27RŬ-/- mice to control fungal growth. The fungicidal activity of these 

cells is typically associated with M1 polarization [495, 496]. To assess whether IL-27 influences 

macrophage polarization during infection with A. fumigatus, we examined the gene expression of 
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various M1 and M2 macrophage markers and found that IL-27RŬ-/- mice had a tendency toward 

lower M1 marker expression, including lower Nos2, Ifng, and Tnf expression, although the 

difference of these molecules did not reach statistically significant levels (Fig. 3.9). Collectively, 

these data demonstrate that IL-27 signaling promotes accumulation and activation of dendritic 

cells and macrophages in the lung during repeated exposure to A. fumigatus. 

 
 

Fig 3.9 Characterization of M1 macrophage polarization in WT and IL-27RŬ-/- mice during repeated A. 

fumigatus infection. Gene expression of M1 and M2 macrophage markers in the lung of repeatedly infected WT 

(n=7) and IL-27RŬ-/- (n=7) mice 1 d following the final instillation of fungi as determined by qRT-PCR. Data are 

expressed as mean + SEM. 

 

Discussion 

On average, humans inhale somewhere between a few hundred and a couple of thousand 

A. fumigatus spores each day [225, 255]. Repeated exposure to this fungal pathogen results in the 

codevelopment of Th1, Th2, and Th17 responses in the lung [225]. The way in which these 



 

75 

 

 

responses influence the outcome of Aspergillus infection varies greatly. For example, Th1 and 

Th17 responses confer protection, whereas Th2 responses are detrimental. Moreover, if one of 

these responses is too strong or too weak, then disease can occur. The fact that most 

immunocompetent individuals do not develop Aspergillus-associated diseases suggests that these 

responses are effectively regulated so that fungi are successfully cleared while minimizing 

immunopathology and preventing the development of allergic disease. Although Tregs have been 

identified as playing an important role in suppressing excessive immune responses during A. 

fumigatus infection, these cells must also be carefully regulated to prevent the development of 

disease [460, 461]. IL-27 is a cytokine that can regulate immune responses through promoting the 

development of the various T cell subsets. For this reason, we hypothesized that IL-27 may 

contribute to immunity during repeated A. fumigatus exposure. 

Supporting this hypothesis, IL-27 production in the lungs of WT mice was significantly 

increased following A. fumigatus infection. This went hand in hand with increased expression of 

the IL-27 subunit EBI3. In contrast, IL-27p28 expression was unexpectedly decreased. The fact 

that these subunits can be secreted independently of one another and possess unique biological 

functions outside of IL-27 cytokine formation may account for this discrepancy [497]. For 

example, IL-27p28 can act as a gp130 receptor antagonist, and its decreased expression likely 

represents a downregulation of this function rather than of IL-27 production, especially as IL-27 

protein levels did not reflect this decrease [462, 483]. 

The increased fungal growth in IL-27RŬ-/- mice was associated with reduced 

concentrations of IL-12, TNF-Ŭ, and IFN-ɔ, all of which have been shown to be required for 

protection against A. fumigatus, and were accompanied by lower expression of the Th1-inducing 

transcription factor T-bet [212, 213, 498ï501]. These data support the notion that IL-27 drives T-
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bet expression in CD4+ T cells and promotes the development of Th1 cells in mice [465]. In 

addition, we showed that infected IL-27RŬ-/- mice displayed reduced CD4+ T cell numbers in the 

lung, which is consistent with previous studies showing that IL-27 promoted the proliferation of 

CD4+ T cells as well as prevented their activation-induced cell death [483ï487, 502]. 

On top of fewer CD4+ T cells, IL-27RŬ-/- mice also had less T cell activation compared 

with WT mice, which could further explain the lower Th1 cytokine production. Due to its 

pleiotropic effects on T cells, it is conceivable that IL-27 directly influences T cell activation. 

However, we could not exclude the possibility that IL-27 also acts on APCs, which would in turn 

affect T cell activation. For instance, IL-27 has been shown to upregulate MHC class II expression 

on APCs, which is not only required to prime and activate T cells [503ï506], but is also required 

for APC survival [507]. In this regard, we found that MHC class II expression on dendritic cells 

and exudate macrophages was indeed dramatically lower in IL-27RŬ-/- mice and that infected IL-

27RŬ-/- mice had fewer of these cells, suggesting this as a potential cause for their reduced T cell 

activation. 

The lower numbers of dendritic cells and exudate macrophages observed in infected IL-

27RŬ-/- mice are likely the direct cause of impaired fungal clearance in these mice, because these 

are well-known effector cells that can directly kill A. fumigatus through the production of reactive 

oxygen species [156, 508]. It is well established that Th1 immune responses and IFN-ɔ, the 

signature Th1 cytokine, are essential for clearance of Aspergillus infections [212ï214, 498ï501, 

509]. It is also known that IFN-ɔ as well as TNF-Ŭ promote monocyte differentiation to dendritic 

cells and macrophages [464, 510ï513]. Thus, it is conceivable that disruption of IL-27 signaling 

reduces Th1 polarization and IFN-ɔ secretion, hence negatively influencing dendritic cell and 

exudate macrophage development, which leads to impaired Aspergillus clearance. 
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Taken together, our data suggest a protective role for IL-27 during repeated exposure to A. 

fumigatus. Interestingly, IL-27 does not appear to be anti-inflammatory, but instead promotes 

inflammatory responses in the lung that are essential to clear fungi. This is in conflict with a recent 

study showing that IL-27 was detrimental during an acute model of invasive pulmonary 

aspergillosis, as it negatively regulated the production of IFN-ɔ, which was required for fungal 

clearance and improved survival [474].  

In this study, acutely infected WT mice succumbed within 8 d, whereas IL-27RŬ-/- mice 

survived significantly longer [474]. This contrasts with our repeated exposure model where neither 

strain of mice died. These differences in survival could stem from the different dosages of A. 

fumigatus used to infect mice in each model. In the acute model, mice were infected once 

intratracheally with 5 × 107 Af293 [474]. For repeated exposure, mice were infected every other 

day intranasally with 2.5 × 107 Af293. It is possible that the higher dosage of A. fumigatus used 

for acute infection could cause death in WT mice, which would be in line with a previous report 

that found that mortality was positively correlated with the fungal dose used to infect mice [514]. 

This difference in susceptibility is also reflected as differences in the fungal burdens between both 

studies. In the acute model of aspergillosis, IL-27RŬ-/- mice had lower pulmonary CFU compared 

with WT mice, whereas IL-27RŬ-/- mice repeatedly exposed to A. fumigatus had more fungi in 

their lungs. 

The decreased fungal burdens in the lungs of acutely infected IL-27RŬ-/- mice were likely 

the result of increased IFN-ɔ at days 1 and 3 post infection [474]. This differs from repeatedly 

infected IL-27RŬ-/- mice, whose production of IFN-ɔ was significantly lower than that of WT mice 

at 29 d after initial infection. Although the source of IFN-ɔ during acute aspergillosis was not 

identified, it is likely that it is produced by a subset of innate immune cells such as NK cells rather 
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than T cells. This is reasonable, as NK cells were identified as the major source of IFN-ɔ during 

early Aspergillus infection in neutropenic mice [509]. Furthermore, IL-27 was also reported to 

influence IFN-ɔ production in these cells [462]. At later stages of A. fumigatus infection, the major 

source of IFN-ɔ was identified as CD4+ T cells, which is in agreement with our results that show 

that IL-27RŬ-/- mice with dramatically fewer CD4+ T cells had significantly lower levels of IFN-ɔ 

[509]. 

Based on these results, it is possible that IL-27 suppresses the early production of IFN-ɔ by 

innate immune cells/NK cells, which prevents fungal clearance during acute aspergillosis, but at 

later time points mediates protective responses through the promotion of IFN-ɔ-producing Th1 

cells, which are required to suppress Aspergillus growth following repeated exposure. Whether 

IL-27 is anti-inflammatory or proinflammatory during A. fumigatus infection may be dependent 

on the cell types in question, the infection stages, and/or the infection models. Future studies are 

needed to better understand what factors dictate IL-27 activity, and how IL-27 differentially shapes 

immune responses in the lung at different times of A. fumigatus infection. 

In summary, IL-27 signaling plays a protective role during repeated exposure to A. 

fumigatus through promotion of type 1 immune responses. This finding is surprising, because the 

function of IL-27 is currently considered to be mostly immunosuppressive in infectious diseases, 

although IL-27 was initially identified as a proinflammatory cytokine. 
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Chapter 4: Cell-intrinsic role for IL-27 signaling on T cell proliferation 

and survival as well as fungal clearance during brain infection with 

Cryptococcus neoformans 

Abstract 

Cryptococcus neoformans is an opportunistic pathogen responsible for fatal fungal 

meningoencephalitis. Protection against C. neoformans in the brain requires T cells which induce 

fungal clearance. However, it remains incompletely understood as to how T cell responses are 

regulated in the central nervous system, particularly in the infected brain. IL-27 has been shown 

to regulate T cells in a variety of settings, but its role during brain infection with C. neoformans 

has yet to be investigated. Here, we report that the expression of IL-27 and its receptor was 

dramatically upregulated in the brain during cryptococcal infection. Genetic ablation of IL-27 

receptor alpha in mice resulted in significantly higher fungal burdens in the brain following 

infection. This correlated with significantly fewer T cells, in particular IFN-ɔ-secreting CD4+ and 

CD8+ T cells, in the brain, suggesting a role for IL-27 in promoting T lymphocyte accumulation. 

IL-27 signaling enhanced T cell numbers through a cell-intrinsic mechanism that did not involve 

chemokine receptor or ICAM-1 expression. Instead, IL-27 directly signaled on T cells, driving T 

cell proliferation early during cryptococcal infection, and inhibiting death of activated T cells at 

later time points by suppressing the expression of FasL in CD4+ and CD8+ T cells in the brain. 

Thus, IL-27 promotes T cell responses in the brain required for fungal clearance during 

cryptococcal infection, suggesting a therapeutic potential for cryptococcosis by targeting IL-27 

signaling. 
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Introduction 

Cryptococcus neoformans is an encapsulated fungus found globally throughout the 

environment primarily in soil and pigeon guano [298]. It is generally accepted that C. neoformans 

is acquired following the inhalation of desiccated yeast or spores into the respiratory tract, where 

it initially causes pulmonary infections [515]. In immunocompetent individuals, these organisms 

are cleared or contained within the lungs with little to no incident. In immunocompromised persons 

though, C. neoformans can escape the lungs and disseminate to the central nervous system (CNS). 

If this organism crosses the blood-brain barrier (BBB) and enters the brain parenchyma it can 

rapidly proliferate, causing the fatal brain infection meningoencephalitis. Approximately 220,000 

cases of cryptococcal meningoencephalitis are diagnosed each year, resulting in an estimated 

181,000 deaths annually [32].  

T cells are essential for mediating protection against C. neoformans in both the lungs and 

the brain, and individuals with reduced T cell counts, such as patients with HIV/AIDS or those 

undergoing T cell depletion therapies, are at a greater risk for developing cryptococcosis and 

disseminated disease [94ï100]. Specifically, protection and fungal clearance are associated with 

the development of Th1 responses, characterized by the production of IL -12 and IFN-ɔ [103, 104]. 

Despite the importance of cell-mediated immunity against cryptococcal infections, there is 

increasing evidence suggesting that strong inflammatory responses may contribute to pathology in 

the CNS [516, 517]. This is especially true in HIV+ patients with cryptococcosis who develop 

immune reconstitution inflammatory syndrome (IRIS) following antiretroviral therapy (ART). 

IRIS is a phenomenon in which the rapid recovery of the immune system results in exaggerated 

inflammatory responses to pre-existing antigenic stimuli, and the worsening of symptoms [518ï

521]. In particular, IFN-ɔ producing CD4+ T cells were found to be pathogenic; driving 
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inflammation, clinical deterioration and death in both murine models of cryptococcal 

meningoencephalitis and Cryptococcus-associated IRIS (C-IRIS), demonstrating the importance 

of regulating T cell responses in the CNS during cryptococcal infection [519ï523]. To date, there 

is limited information regarding how T cell responses are regulated in the Cryptococcus-infected 

brain. 

IL-27 is an immunoregulatory cytokine best known for its pleiotropic effects on T 

lymphocytes. Depending on the setting, IL-27 can be either pro- or anti-inflammatory [462, 464ï

473]. During acute fungal infections, such as with Candida parapsilosis or Aspergillus fumigatus, 

IL-27 was reported to suppress inflammatory responses required for fungal clearance [474, 489]. 

Interestingly, in a model of repeated A. fumigatus exposure, IL-27 was instead found to promote 

Th1 responses and suppress fungal growth in the lungs [524]. In addition, polymorphisms in the 

IL-27 gene have been linked with enhanced susceptibility to HIV infection as well as with disease 

progression [525]. However, the role of IL-27 during cryptococcal meningoencephalitis remains 

unknown.  

In this study, we found that deficiency of IL-27 signaling led to impaired fungal clearance 

in the brains of infected mice. This was accompanied by reduced accumulation of leukocytes, 

particularly IFN-ɔ producing CD4+ and CD8+ T cells in the brain during C. neoformans infection. 

Of note, IL-27 signaling drove T cell proliferation in the spleen and brain during cryptococcal 

infection as well as prevented T cell death in the brain, particularly at later stages of infection. 

Importantly, the promotion of T cell proliferation and survival mediated by IL-27 signaling was 

cell-intrinsic. Together, these suggest that IL-27 is required for driving T cell responses necessary 

for mediating fungal clearance in the CNS.  
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Materials and methods 

Animals 

IL-27RŬ-/- mice in the C57BL/6 background (Stock #018078) were purchased from The Jackson 

Laboratory (Bar Harbor, ME, USA), and bred in the animal facilities at the University of Maryland, 

College Park. C57BL/6 wild-type mice were purchased from the National Cancer Institute 

(Frederick, MD) and co-housed with IL-27RŬ-/- prior to experiments. For adoptive transfer studies, 

Ly5.1 (CD45.1) (Strain code: 494) and Thy1.1 (CD90.1) (Stock #000406) mice both in the 

C57BL/6 background were purchased from Charles River Laboratories (Wilmington, MA, USA) 

and The Jackson Laboratory respectively. Mice were maintained in specific-pathogen-free 

conditions in individually ventilated cages with a standard 12 h light/dark cycle. For all 

experiments, 6- to 8-week-old mice were used. All animal studies were conducted in accordance 

with the guidelines of the Institutional Animal Care and Use Committee (IACUC) at the University 

of Maryland, College Park.  

Fungal strain and culture.  

Cryptococcus neoformans serotype D strain 52D (52D) was purchased from ATCC 

(Manassas, VA) and cryopreserved in 25% glycerol at -80oC. To culture fungi, Sabouraud dextrose 

agar (Difco) plates were streaked from frozen glycerol stocks and incubated for 48 hours at 30°C. 

A single colony was isolated from streaked plates and inoculated into 15 mL of Sabouraud dextrose 

(Difco) broth, and incubated overnight at 30oC with shaking at 200 rpm. Fungi were washed twice 

with sterile PBS and resuspended in sterile PBS. 

Infection model and adoptive transfer.  
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For infections, we adapted a previously described murine model of cryptococcal 

meningoencephalitis [522]. Briefly, age- and sex-matched C57BL/6 and IL-27RŬ-/- mice were 

infected intravenously with 1x106 C. neoformans 52D in 100 µL of sterile PBS and were sacrificed 

at various time points to examine immune responses in the brain, blood and spleen.  

For adoptive transfer studies, congenic WT Ly5.1 (CD45.1, CD90.2) mice were used as 

recipient mice. Recipient mice were infected intravenously with 1x106 C. neoformans 52D. One 

day following infection, CD4+ T cells were isolated from the spleens of naïve congenic WT Thy1.1 

(CD45.2, CD90.1) and IL-27RŬ-/- (CD45.2, CD90.2) mice using CD4 (L3T4) MicroBeads 

(Miltenyi Biotec) according to the manufacturerôs protocol. Following isolation, cells were washed 

and resuspended in sterile PBS. Cells from Thy1.1 and IL-27RŬ-/- mice were counted and mixed 

in a 1:1 ratio, and a minimum of 2x106 total CD4+ T cells were transferred intravenously to infected 

recipient mice via the tail vein. Tissues were collected from recipient mice 2 weeks post infection 

for analysis of donor T cell populations.  

Leukocyte isolation.  

To isolate leukocytes from the brain, organs from infected mice were harvested into 1 mL 

of sterile RPMI 1640 medium in a 24 well plate, and minced with surgical scissors. Tissues were 

digested with Collagenase IV (Worthington Biochemical Corporation) at a final concentration of 

1 mg/mL and incubated for 45 mins at 37°C with gentle shaking. Samples were homogenized into 

6 well plates on ice through a 70 ɛm cell strainer, collected into 15 mL tubes and centrifuged at 

500 x g for 5 mins at 4°C. Supernatants were collected for cytokine analysis and pelleted cells 

were resuspended in 600 ɛL of 100% Percoll (GE Healthcare Bio-sciences). Sterile PBS was added 

to samples to a final volume of 2 mL in order to obtain a final Percoll concentration of 30%. 

Samples were gently layered onto 2 mL of 70% Percoll and were subjected to gradient 
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centrifugation at 1500 x g for 20 mins at room temperature with the brake off. Following 

centrifugation, leukocytes in the interphase layer were collected into a new 15 mL tube, washed 

with PBS and resuspended in flow cytometry staining buffer (1% BSA in PBS with 0.05% sodium 

azide).  

For spleen leukocytes, samples were collected into 1 mL of sterile RPMI 1640 medium in 

a 24 well plate, minced with surgical scissors and immediately homogenized into 6 well plates on 

ice through a 70 ɛm cell strainer. Samples were collected into 15 mL tubes and centrifuged at 500 

x g for 5 mins at 4°C. Supernatants were decanted and cell pellets were resuspended and incubated 

in 5 mL of ACK lysing buffer (Lonza BioWhittaker) for 5-10 mins at room temperature in order 

to lyse red blood cells. Samples were washed in PBS and resuspended in flow cytometry staining 

buffer. For circulating leukocytes, 1 mL of blood was collected via heart cardiopuncture in a 

syringe containing 50 µL of 100 U heparin. 100 µL portions of the blood were lysed with ACK 

buffer, washed with PBS and resuspended in in flow cytometry staining buffer. To count 

leukocytes, 10 µL of isolated cells were diluted and stained with Trypan blue (Sigma-Aldrich) and 

enumerated using a hemocytometer.  

Flow cytometry and intracellular staining. 

For cell surface staining, 1x106 isolated leukocytes were resuspended in 100 µL of flow 

cytometry staining buffer, and Fc receptors were blocked with anti-CD16/32 mAb (93) for 20 mins 

at 4°C. Cells were then incubated with fluorophore-conjugated antibodies for 40 mins at 4°C to 

stain surface markers. Samples were washed and fixed with 2% paraformaldehyde (PFA) prior to 

a final wash and resuspension in 300 µL of staining buffer. To stain intracellular markers, cells 

were washed following surface staining, fixed for 30 mins at room temperature then permeabilized 

using the Foxp3/Transcription Factor Staining Buffer Set (ThermoFischer) according to the 
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manufacturerôs protocols. Samples were then incubated with fluorophore-conjugated antibodies 

for 40 mins at 4°C then washed and resuspended in 300 µL of staining buffer. For, intracellular 

cytokine staining of IFN-ɔ, 1x106 isolated leukocytes were cultured ex vivo in 1 mL of complete 

RPMI medium in the presence of Cell Stimulation Cocktail plus protein transport inhibitors 

(eBioscience) overnight at 37°C in CO2 incubator prior to cell surface staining. After surface 

markers were stained, samples were washed, then fixed and permeabilized as before, and samples 

were then incubated with fluorophore-conjugated anti-IFN-ɔ (XMG1.2) for 40 mins at 4ÁC, then 

washed and resuspended in 300 µL of staining buffer. To assess apoptosis and cell death, cells 

were washed following surface staining and were resuspended in 100 µL of Annexin V binding 

buffer (BioLegend) and 5 µL of 7-AAD and 5 µL of Annexin V were added to stained samples 

without fixation, 15 mins prior to detection.  

Stained cells were detected with a FACSCanto II flow cytometer (BD Biosciences) and 

data were analyzed using FlowJo v.7.6 (TreeStar). Unless otherwise stated, all antibodies used in 

this study were purchased from BioLegend, and include anti-CD45 (30-F11), anti-CD3Ů (17A2), 

anti-CD4 (GK1.5), anti-CD8 (53-6.7), anti-CD44 (IM7), anti-CD62L (MEL-14), anti-CD11c 

(N418), anti-MHC class II (M5/114.15.2), anti-Ly6G (1A8), anti-Ly6C (HK1.4), anti-CD11b 

(M1/70), anti-F4/80 (BM8), anti-CD80 (16-10A1) and anti-CD86 (GL-1), anti-CD45.1 (A20), 

anti-CD45.2 (104), anti-CD90.1 (OX-7), anti-CD90.2 (30-H12), anti-Ki -67 (17A8), anti-Bcl-2 

(BCL/10C4), anti-FasL (MFL3), anti-CTLA-4 (UC10-4B9), anti-PD-1 (29F.1A12), anti-CD28 

(37.51), anti-CCR1 (S15040E), anti-CCR2 (SA203G11), anti-CCR5 (HM-CCR5), anti-CCR6 

(29-2L17), anti-CXCR3 (CXCR3-173), anti-CXCR4 (L276F12), anti-CXCR6 (SA051D1) and 

anti-CX3CR1 (SA011F11). 



 

86 

 

 

ELISA.  

Supernatants from brain homogenates were collected during leukocyte isolation and stored 

at -80°C. Prior to use, samples were thawed and centrifuged to pellet any debris. The remaining 

suspensions were used to measure IFN-ɔ concentrations using the BD OptEIA IFN-ɔ ELISA kits 

according to the manufacturerôs protocol. ELISA plates were read using a BioTek Synergy HTX 

plate reader. 

Quantification of fungal burdens.  

The brains and spleens of infected mice were collected into 2 mL of sterile PBS in 15 mL 

tubes on ice, and were homogenized with a hand-held tissue homogenizer (Omni international). 

10 µL aliquots of organ homogenates were subjected to serial dilutions in sterile DI water and 

were plated on Sabouraud dextrose agar. Plates were incubated overnight at 30°C and colony 

forming units (CFUs) were counted and the total fungal burden per organ calculated. 

Gene expression.  

Total RNA was extracted from 100 µL portions of brain tissue using Trizol Reagent 

(Invitrogen) according to the manufacturerôs instructions. cDNA was transcribed using the 

SuperScript IV First-Strand Synthesis System (Invitrogen) and qRT-PCR was performed with 

designated primers on a Bio-Rad CFX96 Real-Time System using SYBR Green PCR Master Mix 

(Applied Biosystems). The gene expressions for each sample were normalized against the house 

keeping gene GAPDH and fold change values were calculated using the delta-delta Ct (2ȹȹCt) 

method. The primers used are listed in Table 4.1.  
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Table 4.1. Primer Sequences. The sequences of forward and reverse primers used to measure IL-27 cytokine subunit 

and IL-27RŬ expression in naµve and infected mice. 

Statistical analysis.  

All data were expressed as mean ± SEM. Statistical tests were performed using GraphPad 

Prism 9 (San Diego, CA). For data sets containing two groups, the unpaired Studentôs t-test was 

used to determine significance. For comparisons of more than two groups, own-way analysis of 

variance (ANOVA) was performed followed by Tukeyôs post-hoc test. A p value of <0.05 was 

considered to be significant.  

Results 

IL -27 signaling is required to suppress fungal growth in the brain during C. 

neoformans infection 

To determine whether IL-27 plays a role during cryptococcal meningoencephalitis, we first 

examined if the expression of this cytokine or its receptor was increased in the brain following C. 

neoformans infection. For this, we infected wild-type (WT) C57BL/6 mice intravenously with 

1x106 C. neoformans 52D and measured the expression of the IL-27 subunits Ebi3 and Il27p28, 

as well as the IL-27 specific receptor Il27ra via qRT-PCR. Following infection, mice upregulated 
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their expression of Ebi3, Il27p28 and Il27ra in the brain, with the highest levels of expression 

occurring at 2- and 3-weeks PI (Fig. 4.1A). In order to assess how IL-27 signaling affects disease 

progression we next infected WT and IL-27RŬ-/- mice with C. neoformans. Unlike WT mice, IL-

27RŬ-/- mice were unable to resolve the infection and had significantly higher fungal burdens in 

the brain at 3 weeks PI (Fig. 4.1B). In contrast, there was no difference in the fungal burdens in 

the spleen between infected WT and IL-27RŬ-/- mice (Fig. 4.1C). These suggest that IL-27 

signaling is required for anti-cryptococcal responses in the brain.   

 
Fig 4.1 Deficiency of IL-27 signaling leads to impaired fungal clearance in the brain during C. neoformans 

infection. Six- to 8-wk-old C57BL/6 wild-type (WT) mice were infected intravenously with 1x106 C. neoformans 

52D. (A) The expression of genes encoding the IL-27 cytokine subunits EBI3 and IL-27p28 as well as the IL-27ï

specific receptor subunit IL-27RŬ for naive (n=5) and WT (n=4-5) mice infected for 1, 2 and 3 weeks. Data are 

expressed as mean ± SEM and are representative of one independent experiment. (B) Fungal burdens in the brains of 

infected WT (n=9-14) and IL-27RŬ-/- (n=9-16) mice. Data are expressed as mean ± SEM and are pooled from three 

independent experiments. (C) Fungal burdens in the spleen of infected WT (n=8-10) and IL-27RŬ-/- (n=8-12) mice. 

Data are expressed as mean ± SEM and are pooled from two independent experiments. *p < 0.05 
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IL -27 signaling leads to the accumulation of IFN-ɔ producing T cells in the brain 

during C. neoformans infection 

T cells, in particular Th1 cells, are important for fungal clearance, thus we next examined 

T lymphocyte populations in the brains of infected mice using flow cytometry (Fig. 4.2).  

 
 

Fig 4.2 Flow cytometry gating strategy for the examination of T cells. The flow cytometry gating strategy used to 

examine total CD4+ (CD45+CD3+CD4+) and CD8+ (CD45+CD3+CD8+) T cells as well as activated (CD44+CD62L-) 

in the brains, spleens and blood of infected mice.  

 

At all time-points examined, IL-27RŬ-/- mice had significantly fewer CD4+ and CD8+ T 

cells (total and activated) compared to WT mice (Fig. 4.3A, B). Though the number of activated 

T cells differed between the mice, the proportion of CD4+ and CD8+ T cells that were activated 

was similar amongst WT and IL-27RŬ-/- mice, especially at later time points (Fig. 4.3A, B). At 3 
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weeks PI, significantly fewer T cells in IL-27RŬ-/- mice were producing IFN-ɔ compared to their 

WT counterparts, with only 24% of CD4+ T cells and 32% of CD8+ T cells being IFN-ɔ+ in IL-

27RŬ-/- mice, compared to approximately 44% of CD4+ T cells and 50% of CD8+ T cells in WT 

mice (Fig. 4.3C, D). Furthermore, the amount of IFN-ɔ, as determined by median fluorescence 

intensity (MFI), was also reduced in CD4+ and CD8+ T cells of IL-27RŬ-/- mice (Fig. 4.3D), which 

correlated with significantly reduced concentrations of IFN-ɔ in brain homogenates at 3 weeks PI 

(Fig. 4.3E). Together, these indicate that IL-27 signaling promotes the accumulation of IFN-ɔ 

producing T cells in the brain.  
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Fig 4.3 IL-27 signaling promotes T cell accumulation in the brain during infection with C. neoformans. Six- to 

8-wk-old C57BL/6 wildtype (WT) mice and IL-27RŬ-/- mice were infected intravenously with 1x106 C. neoformans 

52D and T cell populations were examined in the brain. The complete gating strategy is shown in Fig. 4.2. (A and B) 

The quantification of total and activated CD4+ (A) and CD8+ (B) T cells in infected WT (n=5) and IL-27RŬ-/- (n=4-5) 

mice at weeks 1, 2 and 3 PI. Data are expressed as mean ± SEM and are representative of three independent 

experiments. (C) Representative flow cytometry contour plots of IFN-ɔ+ CD4+ and CD8+ T cells in the brains of 

infected mice at 3 weeks PI. (D) The quantification of IFN-ɔ+ CD4+ and CD8+ T cells in the brains of infected WT 

(n=3) and IL-27RŬ-/- (n=4) mice at 3 weeks PI. Data are expressed as mean ± SEM and are representative of one 

independent experiment. (E) IFN-ɔ concentrations in brain supernatants of infected WT (n=5) and IL-27RŬ-/- (n=5) 

mice at 3 weeks PI measured via ELISA. Data are expressed as mean ± SEM and are representative of three 

independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 

Characterization of the expression of chemokine receptors and ICAM -1 in the 

presence and absence of IL-27 signaling  

Chemokines and adhesion molecules are known to be involved in T cell recruitment and 

accumulation in tissues. Previous studies have shown that IL-27 can promote T cell accumulation 

through a number of different mechanisms, including inducing the upregulation of chemokine 

receptors on these cells [483, 488]. The absence of IL-27 signaling though, was not found to affect 

the expression of CCR1, CCR2, CCR5, CCR6, CXCR3, CXCR4, CXCR6, or CX3CR1 on splenic 

T cells at any time examined (Fig. 4.4A-D).  
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Fig 4.4 Effects of IL-27 signaling on the expression of chemokine receptors on T cells during C. neoformans 

infection. Six- to 8-wk-old C57BL/6 wildtype (WT) mice and IL-27RŬ-/- mice were infected intravenously with 1x106 

C. neoformans 52D. (A and B) The proportion of CD4+ (A) and CD8+ (B) T cells expressing chemokine receptors in 

the spleens of infected WT (n=5) and IL-27RŬ-/- (n=4-5) mice at weeks 1, 2 and 3 PI. (C and D) The median 

fluorescence intensity (MFI) of chemokine receptor expression on splenic CD4+ (C) and CD8+ (D) T cells. Data are 

expressed as mean ± SEM and are representative of one independent experiment. *p < 0.05 

 

IL-27 has also been shown to induce the expression of the adhesion molecule ICAM-1 on 

T cells [526]. While there were no differences in ICAM-1 expression on splenic T cells between 

the mice at week 3 PI, there was a slight, but significant reduction in ICAM-1 expression on CD4+ 

T cells in the brains of IL-27RŬ-/- mice (Fig. 4.5A, B). However, there is no difference in the 

frequencies of ICAM-1 expressing CD4+ and CD8+ T cells in the spleen and brain between infected 

WT and IL-27RŬ-/- mice (Fig. 4.5A, B). Overall, IL-27 signaling had minor effects on the 

expression of the chemokine receptors and adhesion molecule examined here. 
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Fig 4.5 Effects of IL-27 signaling on the expression ICAM-1 on T cells during C. neoformans infection. Six- to 

8-wk-old C57BL/6 wildtype (WT) mice and IL-27RŬ-/- mice were infected intravenously with 1x106 C. neoformans 

52D. (A and B) ICAM-1 expression on total and activated CD4+ T cells and CD8+ T cells in the spleens (A) and brains 

(B) of WT (n=4) and IL-27RŬ-/- (n=3) mice. Data are expressed as mean ± SEM and are representative of one 

independent experiment. *p < 0.05 

IL -27 signaling is required for T cell proliferation and activation in the spleen during 

C. neoformans infection 

 We hypothesize that the reduced accumulation of T cells in the brains of infected IL-27RŬ-

/- mice is attributed to impaired T cell proliferation and activation in the spleen. To test this 
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hypothesis, we examined T cell numbers and activation in the spleen using flow cytometry. In 

naïve mice, there were no significant differences in the percentage or number of splenic CD4+ or 

CD8+ T cells between WT and IL-27RŬ-/- mice (Fig. 4.6).  

 
Fig 4.6 Ablation of IL-27RŬ does not affect T cell populations in the spleens of mice. The percent and total number 

of CD4+ and CD8+ T cells in the spleens of naïve WT (n=3) and IL-27RŬ-/- (n=3) mice. Data are expressed as mean ± 

SEM and are representative of two independent experiments.  

 

However, CD4+ and CD8+ T cell numbers and activation were significantly reduced in the spleens 

of infected IL-27RŬ-/- mice, compared to infected WT mice (Fig. 4.7A).  



 

97 

 

 

 
 

Fig 4.7 IL -27 signaling is required for T cell proliferation and activation in the spleen during C. neoformans 

infection. Six- to 8-wk-old C57BL/6 wildtype (WT) mice and IL-27RŬ-/- mice were infected intravenously with 1x106 

C. neoformans 52D. (A) The quantification of total and activated CD4+ and CD8+ T cells in the spleens of infected 

WT (n=4-5) and IL-27RŬ-/- (n=4-5) mice. Data are expressed as mean ± SEM and are representative of three 

independent experiments. (B and C) Quantification of percentages of Ki-67+ total and activated CD4+ and CD8+ T 

cells in the spleen (B) and brains (C) of infected WT (n=5) and IL-27RŬ-/- (n=4-5) mice at 1, 2 and 3 weeks PI. Data 

are expressed as mean ± SEM and are representative of two independent experiments.  *p < 0.05, **p < 0.01, ***p < 

0.001, ****p < 0.0001 
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Accordingly, a reduced proportion of CD4+ and CD8+ T cells was also detected in the blood of 

infected IL-27RŬ-/- mice (Fig. 4.8). Similar to the brain but in contrast to the spleen, the percentages 

of activated CD4+ and CD8+ T cells in the blood are comparable between infected WT and IL-

27RŬ-/- mice (Fig. 4.8). To examine the proliferation of T cells, we next assessed their expression 

Ki -67. Overall, IL-27RŬ-/- mice exhibited reduced frequencies of Ki-67+ CD4+ and CD8+ T cells 

in the spleen (Fig. 4.7B). Consistent with these results, we also detected a significantly lower 

percentage of Ki-67-expressing CD4+ and CD8+ T cells in the brain at weeks 1 and 2 PI, though 

this difference was resolved by week 3 (Fig. 4.7C). Collectively, these data highlight the essential 

role of IL-27 signaling on T cell proliferation in the spleen, which arguably contributes to the 

accumulation of T cells in the infected brain. 

 
 

Fig 4.8 IL-27 signaling leads to a higher proportion of CD4+ and CD8+ T cells in the blood during C. neoformans 

infection. Six- to 8-wk-old C57BL/6 wildtype (WT) mice and IL-27RŬ-/- mice were infected intravenously with 1x106 

C. neoformans 52D and the percentage of CD4+ and CD8+ T cells in the blood of WT (n=5) and IL-27RŬ-/- (n=4-5) 

mice at weeks 1, 2 and 3 PI. Data are expressed as the mean ± SEM and are representative of three independent 

experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 
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IL -27 signaling inhibits FasL-mediated T cell death in the brain during brain 

infection with C. neoformans  

Having shown that IL-27 signaling drives T cell proliferation and activation in the spleen, 

we next sought to determine whether this signaling is also required to inhibit T cell death in the 

brain during infection with C. neoformans, as this could also potentially contribute to the reduction 

of T cells in the brains of IL-27RŬ-/- mice. We examined live, dead and apoptotic T cell populations 

in the brains and spleens of infected mice using 7-AAD and Annexin V staining (Fig. 4.9A).  
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Fig 4.9 IL-27 signaling inhibits FasL-mediated T cell death in the brain during C. neoformans infection. Six- to 

8-wk-old C57BL/6 wildtype (WT) mice and IL-27RŬ-/- mice were infected intravenously with 1x106 C. neoformans 

52D. (A) Representative flow cytometry contour plots of live (7-AAD -, Annexin V-), apoptotic (7-AAD -, Annexin 

V+) and dead (7-AAD+, Annexin V+) CD4+ and CD8+ T cells in the brains of infected WT and IL-27RŬ-/- mice at 3 

weeks PI. (B) Quantification of the percent of live, apoptotic, and dead CD4+ and CD8+ T cells in the brains of WT 

(n=3-5) and IL-27RŬ-/- (n=3-5) mice. Data are expressed as mean ± SEM and are representative of two independent 

experiments. (C) Representative flow cytometry contour plots of FasL+ CD4+ and CD8+ T cells in the brains of 

infected mice at 3 weeks PI. (D) The percentage of FasL+ total and activated CD4+ and CD8+ T cell populations in the 

brains of infected WT (n=5) and IL-27RŬ-/- (n=5) mice at 3 weeks pi. Data are expressed as mean ± SEM and are 

representative of two independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 

 

IL-27RŬ-/- mice had significantly fewer live CD4+ and CD8+ T cells in the brain at 3 weeks 

PI, which went hand-in-hand with significantly more apoptotic and dead T cells (Fig. 4.9B; Fig. 

4.10A, B). Interestingly, this observation was specific to the brain, as T cells in the spleen did not 

demonstrate enhanced apoptosis or cell death at any time during infection (Fig. 4.10C, D). We 

further revealed that IL-27 signaling did not alter the expression of PD-1 on T cells in the brain, 

nor did it regulate cell death via Bcl-2 expression (Fig. 4.10E-G). Instead, IL-27 suppressed T cell 

expression of the pro-apoptotic molecule FasL (Fig. 4.9C, D). Together, these data suggest that 

IL-27 regulates FasL-mediated T cell death in the brain, particularly at later stages of cryptococcal 

infection, which likely contributes to T cell accumulation in the CNS.  
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Fig 4.10 Comparison of the expression of PD-1 and Bcl-2 on T cells in the presence and absence of IL-27 

signaling during C. neoformans infection. Six- to 8-wk-old C57BL/6 wildtype (WT) mice and IL-27RŬ-/- mice were 

infected intravenously with 1x106 C. neoformans 52D.  (A and B) Quantification of the percent of live (7-AAD -, 

Annexin V-), apoptotic (7-AAD -, Annexin V+) and dead (7-AAD +, Annexin V+) activated CD4+ (A) and CD8+ (B) T 

cells in the brains of WT (n=3-5) and IL-27RŬ-/- (n=3-5) mice at weeks 1, 2 and 3 PI. Data are expressed as mean ± 

SEM and are representative of two independent experiments. (C and G) Quantification of the percent of live, 

apoptotic, and dead total and activated CD4+ (C) and CD8+ (D) T cells in the spleens of infected WT (n=3-5) and IL-

27RŬ-/- (n=3-5) mice at 1-, 2- and 3-weeks PI. Data are expressed as mean ± SEM and are representative of two 

independent experiments. (E) The expression of PD-1 in CD4+ and CD8+ T cells in the brains of infected WT (n=3) 

and IL-27RŬ-/- (n=4) mice at 3 weeks pi. Data are expressed as mean ± SEM and are representative of one independent 

experiment. (F and G) The expression of Bcl-2 in CD4+ (F) and CD8+ (G) T cells in the brains of infected WT (n=8) 

and IL-27RŬ-/- (n=9) mice at 3 weeks PI. Data are expressed as mean ± SEM and are pooled from two independent 

experiment. *p < 0.05, ***p < 0.001 

Defects in T cell proliferation and survival in infected IL-27RŬ-/- mice are cell-

intrinsic  

 To gain insights into how IL-27 signaling affects T cell proliferation and survival during 

C. neoformans infection, we first examined the interactions between antigen presenting cells 

(MHCII +CD11c+ macrophages and dendritic cells; DCs) and T cells in the spleen. In contrast to 

previous reports that IL-27 altered the expression of the co-stimulatory molecule CD28 or the 

inhibitory molecule CTLA-4 of T cells [527, 528], we found that IL-27 signaling did not affect the 

expression of these molecules in the spleen (Fig. 4.11A, B).  
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Fig 4.11 IL-27 signaling does not affect the expression of co-stimulatory molecule CD28 and inhibitory molecule 

CTLA -4 on T cells during C. neoformans infection. CD4+ and CD8+ T cell expression of (A) CD28 and (B) CTLA-

4 in the spleens of infected WT (n=3) and IL-27RŬ-/- (n=4) mice at 3 weeks pi. Data are expressed as the mean ± SEM 

and are representative of one independent experiment. 

 

Interestingly, IL-27RŬ-/- mice had significantly fewer antigen presenting cells than WT mice at 

weeks 2 and 3 PI (Fig. 4.12A). Furthermore, these cells exhibited reduced MHC class II expression 

at week 2 PI and lower expression of CD80 and CD86 at week 3 PI (Fig. 4.12B). This is in line 

with previous studies that have reported that IL-27 can promote the accumulation and activation 

of antigen presenting cells [503, 505, 524]. However, it remains unknown whether IL-27 signaling 

directly on antigen presenting cells is responsible for these observations, or if IL-27 signaling on 

T cells consequently affected antigen presenting cell accumulation and activation.  
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Fig 4.12 IL-27 promotes T cell proliferation and survival in a cell-intrinsic manner during C.  neoformans 

infection. Six- to 8-wk-old C57BL/6 wildtype (WT) mice and IL-27RŬ-/- mice were infected intravenously with 1x106 

C. neoformans 52D. (A) The number of CD45+MHCII +CD11c+ splenic APCs (dendritic cells and macrophages) in 

WT (n=5) and IL-27RŬ-/- (n=5) mice at weeks 1, 2 and 3 PI. Data are expressed as mean ± SEM and are representative 

of three independent experiments. (B) Quantification of the median fluorescence intensity (MFI) of CD80, CD86 at 2 

weeks PI and MHC class II at 3 weeks PI on splenic APCs in WT (n=3) and IL-27RŬ-/- (n=4) mice. Data are expressed 

as mean ± SEM and are representative of two independent experiments. (C) Graphic representation of the adoptive 

transfer studies in which CD4+ T cells isolated from the spleens of naïve congenic WT Thy1.1 mice (CD45.2, CD90.1) 

and IL-27RŬ-/- (CD45.2, CD90.2) mice were mixed in a 1:1 ratio and adoptively transferred via the tail vein to infected 

congenic WT Ly5.1 mice 1 day post intravenous infection with 1x106 C. neoformans 52D. Quantification of recipient 

and donor CD4+ T cells in the spleens (D) and brains (E) of recipient mice 2 weeks PI. (F) Ki-67+ donor CD4+ T cell 

populations in the brains of recipient mice (n=5) at 2 weeks PI. (G) The percent of live, apoptotic and dead donor 

CD4+ T cells in the brains of recipient (n=5) 2 weeks PI. Data are expressed as mean ± SEM and are representative of 

two independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 
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To determine whether IL-27 signals directly on T cells during C. neoformans infection, we 

isolated CD4+ T cells from the spleens of naïve congenic WT Thy1.1 (CD45.2, CD90.1) mice and 

IL-27RŬ-/- (CD45.2, CD90.2) mice and transferred them via the tail vein in a 1:1 ratio to infected 

congenic WT Ly5.1 (CD45.1, CD90.2) recipient mice 1 day PI. CD4+ T cell populations were then 

assessed in the brains and spleens of recipient mice 2 weeks later (Fig. 4.12C). T cells from 

recipient mice were identified as CD45.1+CD45.2- while donor T cells were CD45.1-CD45.2+. 

Donor cells from Thy1.1 mice could further be distinguished as CD90.1+CD90.2- and those from 

IL-27RŬ-/- mice were CD90.1-CD90.2+. Despite activation being restored to WT levels in IL-27RŬ-

/- CD4+ T cells, there were significantly fewer of these cells than Thy1.1 (WT) CD4+ T cells in the 

spleens and brains of recipient mice (Fig. 4.12D, E). This demonstrates that the absence of IL-27 

signaling directly on CD4+ T cells was responsible for fewer T lymphocytes in IL-27RŬ-/- mice 

during C. neoformans infection. Moreover, significantly fewer IL-27RŬ-/- CD4+ T cells in the 

brains of recipient mice expressed Ki-67 compared to Thy1.1 (WT) donor cells, with only 20% of 

IL-27RŬ-/- T cells proliferating compared to nearly 60% of Thy1.1 (WT) cells (Fig. 4.12F), 

indicative of the essential role for direct IL-27 signaling on T cells during proliferation. Following 

adoptive transfer, CD4+ T cells from IL-27RŬ-/- donor mice also had higher amounts of apoptosis 

and cell death compared to CD4+ T cells from Thy1.1 (WT) donor mice (Fig. 4.12G), indicating 

that IL-27 intrinsically regulates cell death in these cells. Collectively, these results demonstrate 

that IL-27 signaling drives T cell proliferation and prevents T cell death in a cell-intrinsic manner 

during brain infection with C. neoformans, thus contributing to fungal clearance in the brain. 
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Effects of IL-27 signaling on myeloid cell accumulation and activation in the brain 

during C. neoformans infection 

 It has been previously shown that myeloid cells, particularly monocyte-derived 

macrophages, play a prominent role in eliminating C. neoformans from the lung [84]. Thus, we 

investigated how IL-27 signaling affected myeloid cell accumulation and activation in the brain 

during infection with C. neoformans. Our results demonstrated that infected IL-27RŬ-/- mice 

displayed significantly lower number of macrophages and microglial cells but higher neutrophils 

in the brain at the later stage of infection (Fig. 4.13A). Interestingly, microglia were less activated 

in infected IL-27RŬ-/- mice, expressing significantly lower levels of MHC class II, CD11c, CD40 

and CD86 (Fig. 4.13B, C). Since T cells, in particular Th1 cells, are important for the recruitment 

and activation of effector macrophages [529], this could explain why IL-27RŬ-/- mice, which had 

significantly fewer IFN-ɔ producing CD4+ T cells in the brain following infection, had reduced 

macrophage accumulation and activation.  
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Fig 4.13 Effects of IL-27 signaling on the accumulation and activation of myeloid cells in the brain during C. 

neoformans infection. (A) The percent and total number of neutrophils (CD45+MHCII -CD11c-CD11b+Ly6G+), 

Ly6Chi monocytes (CD45+MHCII -CD11c-CD11b+Ly6Chi), macrophages (CD45+MHCII+CD11c+F4/80+) and 

microglia (CD45intCD11b+) in the brains of infected WT (n=4-5) and IL-27RŬ-/- (n=4-5) mice at weeks 1, 2 and 3 PI. 

Data are expressed as mean ± SEM and are representative of three independent experiments. (B) Representative 

histograms of microglial expression of activation markers MHC class II, CD11c, CD40, CD80 and CD86 in infected 

WT (black line) and IL-27RŬ-/- (red line) mice at 3 weeks PI. (C) Quantification of the median fluorescence intensity 

(MFI) of activation markers in the microglia of infected WT (n=3) and IL-27RŬ-/- (n=4) mice at 3 weeks PI. Data are 

expressed as mean ± SEM and are representative of three independent experiments. *p < 0.05, ***p < 0.001, ****p 

< 0.0001 
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Discussion 

C. neoformans is an environmental fungus and opportunistic human pathogen, acquired 

following inhalation of infectious propagules into the lungs. The most devastating outcome of 

cryptococcal infection occurs when this organism disseminates to the brain and causes fatal 

meningoencephalitis. Those with compromised immune systems, in particular T cell deficits, such 

as HIV/AIDS patients, are at higher risk of developing cryptococcosis and disseminated disease. 

T cell-mediated responses to C. neoformans and the production of IFN-ɔ are essential for 

protection and fungal clearance in the CNS [97ï100, 530, 531]. Despite this, HIV+ patients with 

cryptococcosis can develop C-IRIS following ART and the restoration of the immune system. C-

IRIS pathogenesis is associated with excessive inflammation and IFN-ɔ producing CD4+ T cells 

[519ï523]. In order to help prevent the development of C-IRIS and CNS pathology but ensure 

proper fungal clearance, it is essential that we understand the mechanisms in place that regulate 

cellular immune responses in the brain.  

Here, we demonstrate that IL-27 signaling is required for anti-cryptococcal responses in 

the CNS. IL-27RŬ-/- mice had significantly higher fungal loads in the brain at 3 weeks PI. In line 

with this, IL-27RŬ-/- mice had dramatically decreased numbers of IFN-ɔ+ CD4+ and CD8+ T cells 

in the brain following cryptococcal infection. Obviously, the reduced fungal burdens in the brains 

of IL-27RŬ-/- mice is attributed to impaired accumulation of T cells and their diminished secretion 

of IFN-ɔ, since both CD4+ and CD8+ T cells as well as IFN-ɔ have previously been shown to be 

required for fungal clearance in the lung during pulmonary infection with C. neoformans [94, 532]. 

It is noteworthy that infected IL-27RŬ-/- mice displayed significantly lower macrophages and 

microglial cells, compared to infected WT mice. Monocyte-derived macrophages have been 

previously shown to kill C. neoformans during pulmonary infection with C. neoformans [84]. In 
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addition, microglia have been also shown to mediate protection against C. neoformans in the CNS 

[533ï535]. However, as a facultative intracellular fungus, C. neoformans can also grow within 

macrophages [300, 536] and microglia [537]. Whether the reduced accumulation of macrophages 

and microglia in the brain compromised fungal clearance in infected IL-27RŬ-/- mice deserves 

further investigation. 

One of the important findings of this study is that infected IL-27RŬ-/- mice displayed 

significantly lower numbers of CD4+ and CD8+ T cells in the spleen, which was associated with 

reduced T cell activation and proliferation. This result suggests that IL-27 signaling is required for 

the activation and proliferation of T cells in the spleen during C. neoformans infection. Indeed, IL-

27 has been previously shown to mediate T cell proliferation in non-infectious models [484, 485]. 

Reduced T cell proliferation likely leads to a reduction in the total number of activated T cells in 

the spleen of IL-27RŬ-/- mice, which in turn explains why there were fewer IFN-ɔ-secreting T cells 

in the brain of infected IL-27RŬ-/- mice. In support of this, a reduction of activated T cells was also 

observed in the blood of infected IL-27RŬ-/- mice, compared to infected WT mice.  

Another important finding of this study is that IL-27 signaling is required for the survival 

of activated T cells in the brain infected with C. neoformans. This is arguably another reason why 

there are fewer IFN-ɔ+ T cells in the brains of infected IL-27RŬ-/- mice compared to infected WT 

mice. Interestingly, IL-27 did not affect the expression of PD-1 or Bcl-2 on T cells, but did suppress 

their expression of the pro-apoptotic molecule FasL. This is in agreement with a previous report 

which observed that T cells from IL-27RŬ-/- mice could not induce colitis in Rag-/- mice, as these 

cells were unable to survive long-term [487]. Kim et al. determined that IL-27 signaling inhibited 

Fas-mediated activation-induced T cell death, via the STAT3 signaling pathway. More 

specifically, IL-27 enhanced T cell numbers through decreased activation of caspases 3 and 8, 
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downregulation of FasL and induction of the anti-apoptotic protein cFLIP [487]. It is likely that 

IL-27 functions similarly during cryptococcal meningoencephalitis, and future studies should be 

undertaken to better understand the detailed mechanisms by which IL-27 regulates T cell death in 

the brain infected with C. neoformans. 

In summary, IL-27 signaling contributes to fungal clearance in the brain during C. 

neoformans infection. Mechanistically, IL-27 directly signals on T cells and promotes, in a cell-

intrinsic manner, the proliferation and survival of IFN-ɔ-secreting T cells, which are well known 

to be required for fungal clearance during cryptococcosis. In line with our animal studies, recent 

clinical data showed that IL-27 gene polymorphisms were associated with susceptibility to HIV 

infection and disease progression [525] and that IL-27 plasma levels were reduced following HIV 

infection [538]. Thus, targeting IL-27 signaling may be considered as a therapeutic strategy for 

HIV/cryptococcosis patients. 
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Chapter 5:  Lung resident CD68hi macrophages proliferate in situ and are 

alternatively activated and promote fungal growth during infection with 

Cryptococcus neoformans 

Abstract 

Cryptococcus neoformans is an opportunistic fungal pathogen, responsible for causing 

fatal meningoencephalitis primarily in immunocompromised individuals. The infection starts in 

the lung, but if immune responses fail to contain the fungus here, the organism can disseminate to 

the brain. As such, interactions between immune cells and C. neoformans in the lung are critical 

in determining the progression of disease. Lung resident macrophages are the first line of defense 

against invading pathogens, however, their response to C. neoformans remains incompletely 

understood. Here, we report that infection with C. neoformans induces the substantial expansion 

of CD68hi macrophages in the lung. Approximately 10% of these cells are SiglecF+ alveolar 

macrophages, while nearly 90% are CX3CR1+ interstitial macrophages. Interestingly, both 

resident populations proliferate in situ and deficiency of CCR2 or Nr4a1, or depletion of 

circulating monocytes does not affect the expansion of these macrophages in the infected lung. 

Both subsets of resident macrophages are observed to ingest C. neoformans and become 

alternatively activated following infection. Mice depleted of alveolar and/or interstitial 

macrophages displayed significantly lower pulmonary fungal burdens during infection. 

Collectively, these data suggest that lung resident macrophages proliferate in situ and are 

alternatively activated, facilitating fungal growth in the lung during infection with C. neoformans. 

Thus, lung resident macrophages may represent attractive targets aimed at limiting the 

pathogenesis of C. neoformans.  
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Introduction 

Cryptococcus neoformans is an encapsulated yeast found globally throughout the 

environment primarily in soil, avian excrement, and decaying material [298]. It is generally 

accepted that C. neoformans is acquired following the inhalation of spores or desiccated yeast 

[515]. Although the infection starts in the lung, the most devastating manifestation of C. 

neoformans infection occurs when this organism escapes the lungs and disseminates to the central 

nervous system (CNS) [26]. If C. neoformans crosses the blood-brain barrier and enters the brain 

parenchyma, it can proliferate rapidly causing meningoencephalitis [11]. Left untreated, 

cryptococcal meningoencephalitis is fatal, and even with antifungal treatment, up to 20% of 

patients succumb within months of diagnosis [37]. The global incidence of cryptococcal 

meningoencephalitis is estimated to be more than 220,000 cases annually, with an associated 

180,000 deaths each year [32]. Thus, containing the fungus in the lung and preventing 

extrapulmonary dissemination is essential for limiting C. neoformans pathogenesis.  

While there are a number of proposed mechanisms by which C. neoformans is thought to 

escape the lungs, none have been definitively confirmed in vivo, making targeting such pathways 

virtually impossible [148]. Instead, a recent report demonstrated that higher fungal loads in the 

lungs, following both intranasal and intratracheal infection, correlated with a more rapid onset of 

brain infection [539]. This indicates that C. neoformans dissemination to the CNS is strongly 

influenced by pulmonary fungal burdens and suggests that inhibiting fungal growth in the lungs 

can help prevent the development of fatal brain infections. However, the mechanisms involved in 

fungal clearance and growth in the lung remains incompletely understood. 
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Tissue resident macrophages are among the first immune cells to encounter invading pathogens in 

the lungs. Two distinct types of resident macrophages exist in the lung of humans and mice: 

alveolar macrophages (AMs) and interstitial macrophages (IMs) [540, 541]. The most well 

characterized of these is AMs. AMs reside within alveolar spaces and are known as the first line 

of defense against inhaled pathogens [542]. In contrast, IMs are present in nonalveolar spaces 

including the lung parenchyma and bronchial interstitium [543ï545]. Due to the fact that IMs are 

difficult to isolate, and are often mistaken for monocyte-derived macrophages [543], these cells 

remain understudied and only until recently have studies begun to identify different subsets of IMs 

and their functions [545ï548]. IMs produce high levels of IL-10 and are believed to primarily 

function as immunoregulatory cells [549, 550]. Due to their phagocytic capacity and their 

expression of MHC class II, IMs may also possess antigen presenting capabilities, and thus play a 

role in host defense [543, 550, 551]. Furthermore, studies are beginning to demonstrate that IMs 

differ to AMs in their response to pathogens [540, 552, 553].  

Regarding C. neoformans infection, AMs have been reported to phagocytose C. 

neoformans, but their ability to kill cryptococci was host species- and fungal strain-dependent [72, 

83, 304, 554]. In addition, AMs have also been implicated in facilitating the extrapulmonary 

dissemination of C. neoformans [305, 306]. Similar to AMs, it has been recently reported that IMs 

harbored intracellular cryptococci following intratracheal instillation, suggesting these cells may 

contribute to host responses to C. neoformans as well [540]. Nevertheless, it still remains largely 

unknown as to how lung tissue resident macrophages, particularly IMs, respond to C. neoformans 

infection and how they contribute to fungal clearance and growth in the infected lung. 
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 In the current study, we found that cryptococcal infection induces the accumulation of 

CD68hi macrophages in the lungs of mice. Of these 10% were AMs, while nearly 90% were IMs. 

The expansion of lung resident macrophages was independent of monocyte recruitment and 

attributed instead to in situ proliferation. Both populations were able to interact with fungal cells 

and became alternatively activated during infection. Mice depleted of AMs and/or IMs displayed 

significantly lower fungal burdens in the lung during infection. Our data suggest that lung resident 

macrophages expand in situ and are alternatively activated, contributing to fungal growth in the 

lung during C. neoformans infection. 

Materials and methods 

Animals 

C57BL/6 mice were purchased from the National Cancer Institute (Frederick, MD) for use 

as wild-type mice and were housed in the animal facilities at the University of Maryland, College 

Park prior to use in experiments. CCR2-/- mice (Strain #: 004999), Nr4a1-/- mice (Strain #: 006187, 

GM-CSF-/- mice (Stock #026812), all in the C57BL/6 background were purchased from The 

Jackson Laboratory (Bar Harbor, ME, USA), and bred in-house. All mice were maintained in 

specific-pathogen-free conditions in individually ventilated cages with a standard 12 h light/dark 

cycle. For experiments, age- and sex-matched, 6- to 8-week-old mice were used. All animal studies 

were conducted in accordance with the guidelines of the Institutional Animal Care and Use 

Committee (IACUC) at the University of Maryland, College Park.  

Fungal strains and culture 

The highly virulent Cryptococcus neoformans serotype A strain H99 (208821) was 

purchased from ATCC (Manassas, Virginia) and used for all experiments. The GFP-expressing C. 
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neoformans H99 strain (H99-GFP) was a gift from Dr. Robin May (University of Birmingham, 

United Kingdom). Fungi were cultured from frozen stocks on Sabouraud dextrose agar (Difco) 

plates for 2 days at 30°C, prior to inoculation into Sabouraud dextrose broth (Difco). Cultures were 

grown to log phase with shaking at 200 rpm at 30°C for 16 hours. Fungi were washed twice, and 

resuspended in sterile PBS.  

Infection models and treatments 

Infections were performed by intranasal inoculation of 1x104 fungal cells suspended in 30 

µL of sterile PBS. Animals were anesthetized by intraperitoneal injection of a mixture containing 

ketamine (100 mg/kg) and xylazine (10 mg/kg). Mice were maintained in an upright position for 

5 mins to allow for the complete inhalation of the fungal suspension into the lungs. For monocyte 

depletion, 200 µL of clodronate liposome (CLL) (Encapsula NanoScience) was injected 

intravenously on day 1 and day 4 PI. To assess macrophage proliferation via the incorporation of 

bromodeoxyuridine (BrdU), mice were provided drinking water supplemented with BrdU at a 

concentration of 0.8 mg/mL one day prior to infection. Immediately following intranasal 

instillation of fungi, mice were injected intraperitoneally with 2 mg of BrdU. Mice continued 

receiving freshly prepared BrdU-supplemented water daily for the duration of the infection. To 

deplete AMs, mice were anesthetized and treated intranasally with 80 µL of control liposome or 

clodronate liposome prior to infection with C. neoformans (Encapsula Nanosciences). For IM 

depletion, mice were fed a diet (Research Diets Inc.; New Brunswick, 



 

117 

 

 

New Jersey) containing 1200 mg/kg of the CSF-1R inhibitor PLX5622 (Plexxikon; San 

Francisco, California) for 7 days prior to infection. To block CSFRs, 100 µg of anti-CSF1R 

(AFS98), anti-CSF2R (MPI-22E9) (Bio X Cell) or PBS was injected into the peritoneal cavity of 

mice at the time of infection, and was readministered every 2 to 3 days until sample collection.  

Immunofluorescence staining 

To stain whole lung sections, mice were anesthetized using a mix of ketamine (100 mg/kg) 

and xylazine (10 mg/kg) and were perfused with 10 mL of 4% paraformaldehyde (PFA). Lungs 

were inflated with 1 mL of 50% optimal cutting temperature (OCT) compound (Fischer) in PBS 

and were removed and embedded and frozen in 100% OCT. Frozen tissues were cut into 7 µm 

thick slices. Prior to staining, slides were fixed in ice cold acetone at 4°C for 10 mins, and were 

blocked with 5% goat serum in PBS for 30 mins at room temperature in a humidity chamber. 

Afterward, samples were incubated with fluorophore-conjugated antibodies including anti-CD68, 

anti-CD206, and anti-CD11c at a 1:200 dilution overnight at 4°C. Samples were then washed, and 

either nuclei were stained using DAPI or fungi were stained with Uvitex 2B. For weak markers, 

signal was amplified by incubating samples with fluorophore-conjugated secondary antibodies 

(1:1000) prior to staining with DAPI/Uvitex 2B.  

To stain AMs, mice infected intranasally with 1x106 H99-GFP, were anesthetized and 

bronchoalveolar lavage (BAL) was performed at various time points. BAL fluid was centrifuged, 

and the pellet washed and resuspended in 100 µL of flow cytometry staining buffer. AMs were 

stained with fluorophore-conjugated anti-SiglecF for 20 mins and washed and resuspended in 10 

µL of buffer. All samples were visualized under a Zeiss Axio Examiner.Z1 fluorescence 

microscope at a magnification of 20x.  
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Flow cytometry 

Lung leukocytes were isolated as previously described [524]. 1x106 lung leukocytes were 

resuspended in 100 µL of flow cytometry staining buffer (1% BSA in PBS with 0.05% sodium 

azide) and incubated with anti-CD16/32 mAb (93) for 20 mins at 4°C to block Fc receptors. Cell 

surface markers were then stained with fluorophore-conjugated antibodies including anti-CD45 

(30-F11), anti-CD206 (C068C2), anti-CD11c (N418), anti-MerTK (2B10C42), anti-CD64 (X54-

5/7.1), anti-SiglecF (S17007L), anti-CD11b (M1/70), anti-Ly6C (HK1.4), anti-CX3CR1 

(SA011F11), anti-F4/80 (BM8), anti-MHC class II (M5/114.15.2), anti-CD169 (3D6.112), anti-

Lyve1 (ALY7; eBioscience). Cells were washed, fixed and permeabilized using the 

Foxp3/Transcription Factor Staining Buffer Set (eBioscience) according to the manufacturerôs 

protocols, and Intracellular proteins stained with fluorophore-conjugated antibodies including anti-

CD68 (FA-11), anti-BrdU (3D4), anti-Ki -67 (16A8), anti-iNOS (W16030C) and anti-Arg1 

(A1exF5; ThermoFischer). Cells were then washed and resuspended in 300 µL of staining buffer. 

Samples were detected with a FACSCanto II flow cytometer (BD Biosciences) and data analyzed 

using FlowJo v.7.6 (TreeStar). All antibodies used for flow cytometry were purchased from 

BioLegend, unless otherwise stated.  

ELISA  

Supernatants from lung homogenates were collected during leukocyte isolation and stored 

at -80°C. Prior to use, samples were thawed and centrifuged to pellet any debris. The remaining 

suspensions were used to measure CSF-1 (R&D Systems), CSF-2 (R&D Systems), IL-4 (BD) and 

IL-13 (eBioscience) concentrations according to the manufacturerôs protocol. ELISA plates were 

read using a BioTek Synergy HTX plate reader. 
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Quantification of fungal burdens 

10 µL portions of lung homogenates were collected and reserved following 

homogenization during leukocyte isolation. Samples were subjected to serial dilutions using sterile 

water and 10 µL replicates were plated on Sabouraud dextrose agar. Plates were incubated 

overnight at 30°C and colony forming units (CFUs) were counted and the total fungal burden per 

organ calculated.  

Statistical analysis 

All data were expressed as mean ± SEM. Statistical tests were performed using GraphPad 

Prism (San Diego, CA). For data sets containing two groups, the unpaired Studentôs t-test was used 

to determine significance. For comparisons of more than two groups, own-way analysis of variance 

(ANOVA) was performed followed by Tukeyôs post-hoc test or multiple t tests were performed. 

For survival, log-rank tests were used for comparisons. A p value of p<0.05 was considered to be 

statistically significant.  

Results 

C. neoformans infection induces the accumulation of CD68hi macrophages in the lungs 

of mice 

To begin investigating the role of pulmonary macrophages during infection with C. 

neoformans, we first examined the distribution of these cells in the lungs of C57BL/6 wild-type 

(WT) mice using immunohistochemistry. Macrophages in the naïve lung could be recognized by 

their expression of F4/80 and CD68 (Fig. 5.1).  
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Fig. 5.1 Macrophage populations in the lungs of naïve mice. Representative immunohistochemistry images of 

F4/80+ and CD68+ macrophage populations in the lungs of naïve mice. Sections were imaged at x20 and yellow scale 

bars are equivalent to 100 µm.  

 

Following infection, the detection of F4/80 became more difficult, and macrophages were 

most easily identified by CD68 (Fig. 5.2A, B). With this in mind we examined the distribution of 

CD68+ cells in the lungs before and after infection (Fig. 5.2A) as well as in relation to Uvitex2B 

stained C. neoformans 1 week PI, and observed that the majority of cells in close proximity to 

fungi were CD68+ (Fig. 5.1B). To confirm that these cells were bona fide macrophages, we 

assessed the expression of other known macrophage markers on CD68+ cells using flow cytometry 

(Fig. 5.2C). We observed two CD68+ populations in the lungs of infected mice: a CD68hi and a 

CD68lo population. Based on their expression of MerTK, CD64 and F4/80 we determined that the 
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CD68lo population consisted of monocytes (CD68loMerTKloCD64loF4/80lo) and the CD68hi 

population was composed of macrophages (CD68hiMerTKhi CD64hiF4/80hi) (Fig. 5.2C). This was 

further confirmed by the size and granularity of these cells, determined by forward and side scatter 

respectively, where CD68lo monocytes were smaller and less granular and CD68hi macrophages 

larger and more complex (Fig. 5.2C).  
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Fig 5.2 C. neoformans infection induces the accumulation of CD68hi macrophages in the lungs of mice. (A) 

Representative immunohistochemistry images of CD68+ (red) cell distribution in the lungs of naïve CD57BL/6 mice, 

and mice infected intranasally with 1x104 C. neoformans H99 at weeks 1 and 2 PI. Nuclei were stained with DAPI 

(blue). Sections were imaged at either x10 or x20 and yellow scale bars are equivalent to 100 µM and 500 µM 

respectively. (B) Representative immunohistochemistry images of CD68+ (red) cell distribution in proximity to C. 

neoformans (blue) in infected mice at 1 week PI. Sections were imaged at x10 and yellow scale bars are equivalent to 

100 µM. (C) Representative flow cytometry plots characterizing CD68+ cell expression of macrophage markers 

MerTK, CD64, F4/80, as well as forward and side scatter. (D) Representative flow cytometry plot of CD68hi cells in 

naïve mice and infected mice at 1 week PI. (F) The quantification of CD68hi percentages and cell numbers in naïve 

WT mice (n=3-8), and mice infected with C. neoformans at weeks 1, 2 and 3 PI. Data are expressed as mean ± SEM 

and are representative of three independent experiments.  

 

Having established a strategy to identify macrophages, we next quantified the number of 

these cells in the lungs of mice before and after cryptococcal infection, and determined that CD68hi 

cells were present in the naïve lung, and rapidly expanded in response to C. neoformans infection 

(Fig. 5.2D, E). The number of CD68hi macrophages increased 50-fold within the span of a week 

following infection, and reached their peak at 3 weeks PI (Fig. 5.2E); a time that coincides with 

the highest fungal burdens in the lung prior to mortality (data not shown). This suggests that 

macrophages may play an important role in the lungs during cryptococcal infection. 

CD68hi macrophages in the lungs of Cryptococcus-infected mice consist of resident 

AMs and IMs 

To identify which macrophage subset(s) contributed to the CD68hi population, we 

immunophenotyped these cells 1 week PI using flow cytometry (Fig. 5.3A, B). Upon closer 

inspection, we determined that a portion of these cells expressed high levels of SiglecF. This, along 

with their high expression of CD11c and lack of CD11b expression, indicated that these cells were 

AMs (Fig. 5.3A, B). The remainder of the CD68hi cells were SiglecF-CD11b+Ly6CintCX3CR1+
 

(Fig. 5.3A). These cells also expressed a number of canonical macrophage markers including 

MerTK, CD64 and F4/80 (Fig. 5.3B), suggesting that these cells were IMs [550].  



 

124 

 

 

 



 

125 

 

 

Fig 5.3 CD68hi macrophages in the lungs of C. neoformans-infected mice consist of resident AMs and IMs. (A) 

Flow cytometry gating strategy to identify CD45+CD68hiSiglecF+CD11b- alveolar macrophages (AMs), 

CD45+CD68hiSiglecF-CD11b+Ly6CintCX3CR1+ interstitial macrophages (IMs), CD45+CD68loSiglecF-

CD11b+Ly6Chi monocytes (Ly6Chi) and CD45+CD68loSiglecF-CD11b+Ly6Clo monocytes (Ly6Clo). (B) 

Representative histogram overlays of AM (red line), IM (blue line), Ly6Chi monocyte (orange line), Ly6Clo monocyte 

(green line) expression of various macrophages markers. (C) Representative immunohistochemistry images of CD68+ 

(red), CD206+ (blue) and CD11c+ (green) cells in the lungs of infected mice at 2 weeks PI. Nuclei are stained with 

DAPI (blue). In the top row, sections were imaged at x20 and images in the bottom row are zoomed in on the areas 

within the yellow boxes. Yellow scale bars are equivalent to 100 µm (top) and 50 µm (bottom). 

 

Recent literature has identified several subsets of IMs, including IM1/IM2s 

(CD11cloMHCII+) and IM3s (CD11chiMHCIIhi), Lyve1hiMHCII lo and Lyve1loMHCII hi IMs, 

CD206+ and CD206- IMs, and CD169+ and CD169- IMs [545ï548]. Growing evidence suggests 

that these subsets differ in their response to pathogenic stimuli [555]. For this reason, we sought 

to determine which IM subsets were present in the lungs of mice during cryptococcal infection. 

Flow cytometric analyses revealed a single predominant IM population in the lung 1 week 

following infection. These cells were CD11c+ and MHCII+, but expressed both markers at lower 

levels than AMs. In addition, when compared to CD169+ AMs [546], IMs appeared to be CD169lo/- 

(Fig. 5.3B). IMs also expressed similar levels of Lyve1 as AMs which have been reported to be 

Lyve1lo [545], indicating IMs were also Lyve1lo (Fig. 5.3B). Taking these into account, we 

determined that IMs in the lung during infection with C. neoformans most closely resembled IM3s. 

The fact that these cells are also CD206+ though, is in conflict with previously published literature 

that identifies IM3s as CD206- (Fig. 5.3B, C). It is possible that during cryptococcal infection 

CD206 reflects the activation status of these IMs [556].  

Using the aforementioned markers, we attempted to immunostain IM subsets in lung 

sections of naïve and infected mice. In the naïve lung, we could identify CD206+ and CD206- 

CX3CR1+ cells, as well as MHCII+ and MHCII- CX3CR1+ cells and CD169+ and CD169- 

CX3CR1+ cells (Fig. 5.4). Following infection though, a number of these markers became more 

difficult to detect. We determined that CD206 and CD11c were most readily detected, and that 
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CD68+ cells co-expressed both markers, thus confirming the results from our flow cytometry 

analyses and demonstrating that C. neoformans infection induces the accumulation of CD68hi AMs 

and IMs in the lungs (Fig. 5.3C).  

 
 

Figure 5.4 IM subsets in the lungs of naïve mice. Representative immunohistochemistry images of CD169+/-, 

CD206+/- and MHCII+/- (red) CX3CR1+ (green) IMs in the lungs of naïve mice. Nuclei are stained with DAPI (blue). 

Sections were imaged at x20 and yellow scale bars are equivalent to 100 µm.  

The expansion of lung resident macrophages involves cell proliferation and occurs in 

a manner independent of recruited monocytes during C. neoformans infection 

Prior to infection with C. neoformans, approximately 80% of the CD68hi cells were AMs 

and less than 20% were IMs (Fig 5.5A). This is in agreement with reports that AMs are more 
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abundant in the naïve lung than their IM counterparts [545, 555]. However, following infection 

IMs constituted more than 80% of this population, while AMs made up less than 10% (Fig 5.5A). 

These alterations in the composition of the CD68hi population were due to changes in AM and IM 

numbers following infection. At 1 week PI, there was approximately a 20-fold increase in the 

number of AMs, and an 84-fold increase in the number of IMs in the lungs of infected mice (Fig. 

5.5B). IMs continued to expand an additional 23 times, for a total of nearly a 2000-fold increase 

by 3 weeks PI (Fig. 5.5B).  
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Fig 5.5 Resident AMs and IMs accumulate in the lungs independently of recruited monocytes during infection 

with C. neoformans. (A) Quantification of the proportion of CD68hi AMs and IMs in the lungs of naïve WT mice 

(n=3), and infected mice (n=3-8) at 1-, 2- and 3-weeks PI. Data are expressed as mean ± SEM and are representative 

of two independent experiments. (B) The quantification of the percentage and cell number of AMs and IMs in the 

lungs of naïve (n=3) and infected mice (n=3-8). Data are expressed as mean ± SEM and are representative of two 

independent experiments. (C) Representative immunohistochemistry images of CD68+ (red) cells and C. neoformans 

(blue) in the lungs of infected Wild-type (WT) C57BL/6 mice, CCR2-/- mice, Nr4a1-/- mice and WT mice treated 

intravenously with clodronate liposomes (CLL) and representative immunohistochemistry images of the accumulation 

of CD68+ (red) cells in the lungs of infected WT, CCR2-/- mice, Nr4a1-/- mice and WT mice treated intravenously with 

clodronate liposomes (CLL) at 1 week PI. Nuclei were stained with DAPI (blue) Sections were imaged at x20 and 

yellow scale bars are equivalent to 100 µm. (D) Quantification of the number of CD68hi macrophages, Ly6Clo 

monocytes, Ly6Chi monocytes, AMs and IMs in the lungs of infected mice at 1 week PI. Data are expressed as mean 

± SEM and are representative of two independent experiments.  **p < 0.01, ***p < 0.001, ****p < 0.0001 
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To determine whether recruited monocytes contributed to the expansion of these cells we 

examined the accumulation of CD68hi macrophages, as well as AMs and IMs in the lungs of 

infected CCR2-/- and Nr4a1-/- mice, which have deficits in Ly6Chi and Ly6Clo monocytes 

respectively [84, 557]. Compared to WT mice, both CCR2-/- and Nr4a1-/- mice had similar numbers 

of CD68hi macrophages, AMs and IMs (Fig. 5.5C, D). To exclude the possibility that Ly6Chi 

monocytes were compensating for the absence of Ly6Clo monocytes or vice versa, we depleted 

both monocyte populations from circulation in WT mice via intravenous administration of 

clodronate liposomes (CLL) prior to infection, and assessed macrophage accumulation in the lungs 

afterward. Similar to mice lacking one monocyte population, mice lacking both had comparable 

numbers of pulmonary macrophages as WT mice treated with control liposomes (Fig. 5.5C, D). 

These suggested that the expansion of both AMs and IMs occurred independently of 

recruited monocytes. Instead, resident macrophages upregulated their expression of the 

proliferative marker Ki-67 following infection (Fig. 5.6A). In addition, a greater proportion of 

AMs and IMs were Ki-67+ in infected mice compared to naïve mice (Fig. 5.6A). These cells also 

incorporated significantly more bromodeoxyuridine (BrdU) following infection (Fig. 5.6B), 

demonstrating that resident AMs and IM populations proliferate in response to C. neoformans 

infection.  
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