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Abstract 

Concurrent with the global escalation of the AIDS pandemic, cryptococcal 

infections are increasing and are of significant medical importance.  Although 

improvements in antifungal therapy have advanced the treatment of cryptococcosis, the 

mortality rate is approximately 12% in medically advanced countries, and approaches 

50% in less developed regions.  Additionally, C. neoformans can cause infection in 

seemingly healthy individuals, elevating its status as a primary human pathogen.  

Although numerous studies have examined virulence properties, less is understood 

regarding host immune factors in the lungs during early stages of fungal infection.  In the 

present thesis studies, I examined the roles played by pulmonary surfactant proteins in 

response to C. neoformans in vitro and in vivo.  We demonstrate that SP-D, but not SP-A, 

binds to the yeast and increases phagocytosis of poorly encapsulated yeast cells by 

macrophages, yet concomitantly protects the pathogenic microbes from macrophage-

mediated defense mechanisms.  Furthermore, we show that SP-D functions as risk factor 

in vivo by protecting the yeast cells against oxidant species and thus facilitating disease 

progression. The results of these studies provide a new paradigm on the role played by 

surfactant protein D during host responses to C. neoformans and, consequently, impart 

insight into potential future treatment strategies for cryptococcosis. 
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1. Introduction 

The process of inspiration, by which oxygen is acquired for metabolism, delivers 

manifold harmful materials present in the environment into the pulmonary space. Such 

materials include allergens that can lead to the development of asthma and infectious 

microorganisms that can cause disease. Microorganisms capable of penetrating the lung 

comprise bacteria, viruses, and fungi, and, in the absence of an adequate immune 

response, can initiate an infection that progresses to life-threatening diseases. The lung 

possesses an elaborate innate immune response capable of neutralizing the constant 

barrage of particulate matter while maintaining a homeostatic environment in the lung in 

order to prevent irreversible damage to the delicate pulmonary epithelium. In addition to 

interstitial macrophages, dendritic cell, pulmonary epithelial cells, complement, and 

immunoglobulins, this initial immune response is carried out by alveolar macrophages 

(AMs) and surfactant proteins A and D. 

 

1.1 The lung and surfactant proteins 

The landscape of the lungs consists of an intricate network of interconnected 

branches, which decrease in diameter before terminating into clusters of alveoli. The 

alveoli represent the sites at which gas exchange occurs. They consist of a delicate 

epithelium composed of Type I pneumocytes (Type I cells) interspersed with more 

cuboidal Type II pneumocytes (Type II cells). Type II cells secrete surfactant, a complex 

mixture of phospholipids (90%) and proteins (10%), into the alveolar space. This lipid-

rich material is responsible for reducing surface tension at the air-liquid interface of the 



 

2 

lung so that oxygen-rich air is equally distributed throughout the alveoli. This surface 

tension-reducing property of surfactant ensures that smaller alveoli, which would 

normally have a greater surface tension value, do not collapse and therefore receive 

adequate oxygenation during inspiration.  

The protein component of surfactant comprises four surfactant proteins annotated 

A-D (SP-A, SP-B, SP-C, SP-D). All four surfactant proteins are produced by Type II 

cells, whereas Clara cells in the airways secrete SP-A, SP-B, and SP-D. SP-B and SP-C 

are hydrophobic and remain closely associated with the lipid component of surfactant to 

participate in its surface tension reducing properties (1). SP-A and SP-D, which are 

members of the collectin family of proteins, are hydrophilic and exhibit innate immune 

(2) as well as anti-inflammatory functions (3, 4). For example, both proteins opsonize and 

target for phagocytosis a number of bacteria, allergens, and fungi. Furthermore, SP-A and 

SP-D can elicit or inhibit the inflammatory responses of immune cells depending on the 

orientation in which they are bound to the surface of the cell (3), and thus the structure of 

SPs plays a crucial role in their functions in the lung. 

 

1.1.1 The structures of surfactant proteins 

SP-A and SP-D have two distinct domains: the N-terminal collagen-like domain 

and the C-terminal lectin-like domain, also known as the Carbohydrate Recognition 

Domain (CRD). The structure of SP-A and SP-D is built upon a basic subunit known as 

the SP-A and SP-D trimer, respectively. Functional SP-A present in the lung comprises 

six SP-A trimers arranged in a bouquet-like structure, and thus is also referred to as an 
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octadecamer; whereas, SP-D consists of four SP-D trimers forming a cruciform structure, 

thus classifying it as a dodecamer (Figure 1). The two domains of SP-A and SP-D elicit 

different functions from cells; for example, the lectin-like domain of SP-A inhibits 

inflammatory mediator production, whereas the collagenous domain enhances it (3). 

Furthermore, the CRDs of both SP-A and SP-D bind to sugars, such as those found on the 

surfaces of viruses and bacteria, in a calcium-dependent manner, and thus SP-A and SP-

D function as pattern recognition molecules (PRMs). The binding of SPs to particulate 

matter and microorganisms in the pulmonary space has been shown to facilitate host 

immune responses, leading to the elimination of invasive materials (5-9). Since the 

structure of SPs permits their recognition of such invasive materials and also has different 

effects on immune cells depending on the domain bound, the orientation of SP binding to 

various microparticles likely impacts the type of immune response that is subsequently 

initiated.  
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Figure 1: The structures of surfactant proteins A and D.  

Schematic diagrams showing the N-terminal collagenous and C-terminal 
 carbohydrate recognition domains of surfactant proteins A and D. The basic 
 protein subunit is a trimer (shown on the upper left of the figure). Assembled SP-
 D protein consists of four SP-D trimers forming a dodecamer, whereas SP-A 
 comprises six SP-A trimers forming an octadecamer. 
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1.1.2 The functions of surfactant proteins 

Surfactant proteins play an essential role in the lung, participating in host defense 

and maintaining a delicate balance between inflammatory cytokine production and 

suppression. Inflammatory mediators such as cytokines play a vital role in the generation 

of an appropriate immune response to infection, signaling for the recruitment of other 

phagocytic cells, such as neutrophils and dendritic cells, as well as molding the type of 

adaptive immune response generated (7, 10, 11). Inflammation of the lung must be tightly 

regulated, as a prolonged inflammatory response can result in irreparable damage to the 

delicate pulmonary epithelium. Yet, some inflammation is crucial during host responses 

to invasive materials to facilitate the clearance of these materials and thus to avoid 

potentially chronic conditions, such as asthma, and disease progression. SPs regulate both 

pro and anti-inflammatory responses via the orientation in which they bind to immune 

cells. They often promote an inflammatory response by binding to and opsonizing 

allergens, bacteria, viruses, and fungi through the CRD domain, which allows the 

collagenous domain to interact with calreticulin/CD91 to promote phagocytosis and 

proinflammatory responses. By contrast, the interaction of the CRD domain with signal 

inhibitory regulatory particle α (SIRPα) present on immune cells blocks the production 

of pro-inflammatory mediators (Figure 2) (3). The current paradigm is that SP-A and SP-

D are host protective and participate in the pulmonary innate immune response during 

infection. Numerous studies investigating host responses to bacteria and viruses have 
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been reported in support of this model (12-20), but the literature regarding SP function 

during fungal infection is modest at best. 

 

 

 

Figure 2: Immunomodulatory effects of SP-A and SP-D. 
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1.2 Biology of the fungal pathogen Cryptococcus neoformans 

C. neoformans is an opportunistic fungal pathogen that has been isolated from 

diverse environmental ecological niches worldwide. For example, the yeast has been 

isolated from pigeon excrement, insect frass, as well as from several different tree 

species, most notably eucalyptus and Douglas fir tree species (21-28). C. neoformans 

cells are broadly subdivided based on genetic properties and surface antigens into one of 

five serotype categories: A (var. grubii); B (var. gattii); C (var. gattii); D (var. 

neoformans), and AD (the hybrid serotype) (29-31). The majority of clinical isolates are 

of serotype A, although clinical isolates of serotype D and serotype AD are prevalent in 

Europe, and serotype B is responsible for the ongoing outbreak of cryptoccocal 

meningitis among immunocompetent persons and animals in the Pacific Northwest (32-

34).  

C. neoformans most commonly exists in a haploid yeast form that divides 

mitotically to produce a daughter cell, although mating and meiotic recombination has 

been shown to occur between a and α mating types in the laboratory (35, 36).  Spores are 

the product of mating, and thus the lack of any evidence for mating in the environment 

and the prevalence of the α mating type among clinical and environment isolates 

precludes validation that the spores are the infectious propagule of this fungus. Lin et al. 

proposed that same-sex mating, also known as fruiting, which occurs between α  mating 

types might help to explain the apparent over-representation of the α  mating type in 

nature (37).   
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1.2.1 Cryptococcus neoformans: clinical significance 

C. neoformans is a facultative intracellular pathogen and consequently can 

survive both intracellularly and extracellularly within the host (38). In fact, hypotheses 

have been proposed that C. neoformans employ host immune cells as a “Trojan horse” to 

facilitate its own dissemination from the pulmonary space. In addition, C. neoformans 

cells have been shown to initiate a phagosomal extrusion event that results in their 

extracellular release or passage to adjacent immune cells while leaving the original host 

cell intact (39-41). In support of these properties being beneficial to the fungus, a recent 

study employing a panel of C. gattii strains with various virulence patterns revealed that 

increased intracellular survival correlates with increased fungal virulence (42). Another 

study showed that monocytes preloaded with C. neoformans cells permitted faster CNS 

penetration compared to yeast cells alone following tail vein injection of mice (43). These 

findings are consistent with hypotheses that C. neoformans disseminates from the 

pulmonary space via intracellular parasitism and that the ability to survive intracellularly 

allows the fungus to evade host immune responses. From an evolutionary point of view, 

the ability of C. neoformans cells to survive in amoebae may have provided this fungus 

ample opportunity to evolve robust intracellular survival strategies in nature (44). 

C. neoformans is the leading cause of meningoencephalitis in 

immunocompromised individuals (45, 46), with AIDS patients being particularly at risk 

of life-threatening infections (47, 48). Infection occurs when the fungus is inspired into 

the lungs in a desiccated form or as a spore, both of which have been speculated to be the 
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infectious propagules due to their small diameters. Currently, the acute mortality rate 

associated with cryptococcosis is about 10-25%, even with the use of antifungal drug 

treatments primarily targeting cell membrane integrity. In third world countries the 

mortality rate is 100% (personal communication - John R. Perfect, M.D). Furthermore, 

the treatment of fungal infections is difficult without incurring toxic side effects to the 

host because of the similarities of fungal cells to host cellular machinery. Because of 

these similarities, it is important to understand the interactions between C. neoformans 

and host immune cells with the goal of targeting interactions that lead to infection.  

 

1.2.2 Cryptococcus neoformans: virulence factors and capsule 

Cryptococcus neoformans cells possess several well-defined virulence factors, 

including the ability to survive at 37°C, the capacity to produce melanin, and the 

elaboration of a polysaccharide capsule. Approximately 90% of the C. neoformans 

capsule is composed of glucuronoxylomannan (GXM), a high-molecular-weight 

polysaccharide that is both assembled into capsule and is secreted into the extracellular 

space. The secreted GXM can reach serum levels in the µg/ml range and CNS levels in 

the mg/ml range and such high levels are indicative of advanced cryptococcal disease. A 

number of groups have investigated the role GXM plays during the development of 

disease. It has been found to play a role in both pro-inflammatory (49) and, more 

commonly, anti-inflammatory processes (50, 51), depending on the assays used for 

analysis. GXM appears to possess anti-inflammatory properties in vivo as a result of its 

ability to down-regulate the production of tumor necrosis factor (TNF)-α, interferon 
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(INF)-γ, and interleukin (IL)-2 and to up-regulate IL-10 (52-58). GXM can also inhibit 

neutrophil rolling and diapidesis (59, 60) and has also been shown to be a potent 

immunosuppressive agent with the potential for many clinical applications (57). It is 

currently accepted that the C. neoformans capsule represents a major virulence factor 

associated with disease development and progression (61). This phenomenon is likely 

due to the size and the composition of the capsule (Figure 3), which has been shown to 

have anti-phagocytic properties in the absence of opsonin (62).  The decreased capacity 

of phagocytic cells to ingest encapsulated C. neoformans is probably due, in large part, to 

the large diameter of the capsule, which can range in size from 50 to 100 µms in 

diameter. In addition to the immense size of the capsule, a number of other factors likely 

contribute to its antiphagocytic properties, including opsonization, the masking of 

moieties recognized by immune cells, signaling events, and cytokine production.  
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Figure 3: The capsule of C. neoformans cells.  

The micrograph of the left shows an India ink-stained C. neoformans cell 
 retrieved from the lung of a mouse. The ink is excluded from the capsular matrix, 
 external to the cell wall. The schematic on the right indicates the fungal structures 
 apparent in the micrograph. Scale bar, 10 µm. 
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1.3 Known interactions of surfactant proteins with Cryptococcus neoformans cells 

To date, there is very little known about the role played by SPs during C. 

neoformans infection, in contrast to a wealth of knowledge about the host protective roles 

SPs play in bacterial and viral infections. It has been proposed that SP-D binds to and 

aggregates acapsular C. neoformans strains (63, 64). The binding of SP-A to C. 

neoformans was shown to have no effect on yeast cell uptake by macrophages and our 

laboratory previously showed that SP-A does not significantly participate in C. 

neoformans infection in vivo (65, 66). Conversely, SP-D, but not SP-A, was found to 

bind mannoprotein 1 (MP1) and GXM, although the assay conditions employed to 

determine these findings were not optimal. Furthermore, there is evidence that GXM can 

inhibit the SP-D-dependent aggregation of C. neoformans (63). In vivo studies on the 

roles played by specific surfactant proteins during C. neoformans infection are lacking, 

although Gross et al. showed that natural porcine surfactant (Curosurf), which contains 

both lipid and SP-B and SP-C protein components of surfactant but lacks SP-A and SP-

D, administered together with anticryptococcal antibody facilitated host clearance of the 

fungus in rabbits (67). Thus, investigations of the function of SP-A and SP-D during 

fungal infection are warranted, particularly in light of the increasing numbers of fungal 

disease. 

 

1.4 Known interactions of surfactant proteins with other fungal species 

The mechanisms of SP’s host protective role have been well enumerated in the 

context of bacteria and viruses (13), yet their function during fungal infections is less 
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well characterized, with the most comprehensive studies having been performed with 

Aspergillus fumigatus. The pathogenic fungus A. fumigatus can cause both 

hypersensitivity reactions and invasive disease, and SP-A and SP-D have been shown to 

be host protective in both of these disease models, as evidenced by robust in vitro and in 

vivo studies. For example, Strong et al. demonstrated that the administration of 

recombinant SP-D to sensitized SP-D-/- mice rescues the elevated pulmonary 

hypersensitivity of SP-D-/- mice to A. fumigatus allergen challenge (68). SP-A-/- mice 

are also more susceptible to pulmonary hypersensitivity upon challenge with A. fumigatus 

allergens (10). Haczku et al. showed that SP-D levels are increased in the pulmonary 

space following A. fumigatus challenge of sensitized SP-D-/- mice in an IL-4 and IL-13-

dependent manner, and that these increased levels of endogenous SP-D protect the host 

against excessive inflammatory damage (69). In invasive aspergillosis, SP-A and SP-D 

have been shown to increase the uptake and killing of A. fumigatus conidia in vitro (70), 

and SP-D decreases fungal burden and increases the survival of mice, in part by 

increasing the levels of INF-γ and TNF-α (11). SP-D has also been shown to protect 

against infection with Candida albicans (71), although its host protective functions 

during infection with other fungi such as Blastomyces dermatitiditis, Pneumocytis carinii, 

Coccidioides posadasii, and C. neoformans remain unclear. Studies investigating the 

latter fungal pathogens hint at the possibility of the respective pathogens’ ability to 

subvert host innate immune responses via SP-D (5, 72-74). Furthermore, intriguingly, 

AIDS patients, who are at a high risk of developing opportunistic fungal infections, have 

been shown to possess elevated levels of SP-D in their lungs (75). Consequently, I 
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hypothesized that SP-D facilitates infection rather than clearance of C. neoformans cells, 

in contrast to the well-accepted paradigm ascribed to SP function in host defense. 

 

 

1.5 Hypothesis 

Based on the previous evidence showing that SP-A and SP-D bind to C. 

neoformans cells together with their known functions in host defense and C. neoformans’ 

propensity for intracellular survival, I hypothesized that SP-D binding to C. neoformans 

cells modulates the immune response by facilitating the phagocytosis of the yeast cells 

such that fungal infection is promoted rather than absolved (Figure 4). Most of the 

present thesis focuses on the interaction between SP-D and C. neoformans cells, as 

during the course of these studies our laboratory showed that SP-A does not play a 

significant role in host defense against this fungus (65). Furthermore, throughout the 

majority of these studies, two strains of C. neoformans cells were compared: the wild 

type H99 strain, a serotype A strain commonly employed in laboratory studies; the 

acapsular cap59∆ strain derived from H99 by deletion of the CAP59 locus via 

homologous recombination and therefore isogenic to strain H99.  In the present thesis, I 

characterize the binding of SP-A and SP-D to C. neoformans cells (Chapter 2), evaluate 

the ability of C. neoformans cell wall and capsular components to aggregate SP-A and 

SP-D (Chapter 3), assess the effect of SP-D on the phagocytosis and intracellular 

trafficking of C. neoformans cells in vitro and in vivo (Chapter 4), evaluate the protective 
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effects of SP-D bound to the surface of C. neoformans cells (Chapter 5), and elucidate the 

function of SP-D during C. neoformans infection in vivo (Chapter 6).  
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Figure 4: Model. 
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2. Surfactant Protein binding to Cryptococcus neoformans and to Aspergillus 
fumigatus 

 

2.1 Background 

To begin to understand the functions of SP-A and SP-D during fungal infection, I 

sought to clarify the mechanism(s) by which these proteins bind to the surfaces of the 

pathogenic fungi C. neoformans and Aspergillus fumigatus.  

For C. neoformans, SP-D has been proposed to bind acapsular strains, resulting in 

yeast cell aggregation (5, 76), and SP-A has been shown to bind the yeast without 

enhancing uptake (77).  Consistent with the latter finding, our laboratory demonstrated 

that the susceptibility of SP-A-/- mice to C. neoformans infection is similar to that of wild 

type animals, suggesting that SP-A does not play a major role in C. neoformans host 

defense in vivo (65).    Conversely, SP-D, but not SP-A, binds MP1 and GXM in vitro, 

and GXM has been shown to inhibit SP-D-dependent aggregation of C. neoformans cells 

(78).  In addition, SP-D has been found to interact with 1,6-ß-D-glucan present in the cell 

walls of S. cerevisiae and A. fumigatus (79).   

I hypothesized that SP-D binds to C. neoformans cells by recognizing multiple 

moieties, present in both the capsule and the cell wall (notably GXM, GalXM, MP1, and 

1,6-ß-D-glucan). In Chapter 2, I characterize SP-D binding to the acapsular C. 

neoformans strain cap59Δ and its isogenic wild type strain H99, and I also assess the 

binding of SP-D to the conidia and hyphae of mutant A. fumigatus strain ΔcnaA (deletion 

of the catalytic subunit calcineurin A of the calcium-activated protein phosphatase 



 

18 

calcineurin) and its wild type control strain. The ΔcnaA strain was previously shown to 

possess reduced levels of MP1 and 1,3-ß-D-glucan (80), and thus an assessment of SP-

D’s capacity to bind the ΔcnaA and wild type A. fumigatus strains was relevant for 

comparison to C. neoformans, to assess the conservation of the mechanism of SP-D 

binding to divergent fungal species. 

Invasive aspergillosis (IA), caused largely by the fungus Aspergillus fumigatus, is 

a leading cause of infectious mortality in immunocompromised patients (81).  Despite the 

use of newer antifungal agents, current IA therapy has a dismal 40-50% treatment success 

rate (81, 82).  IA occurs when A. fumigatus conidia are inhaled into the lungs of 

immunocompromised patients and germinate into hyphae, the critical growing and 

invading form of A. fumigatus (83, 84).  Paramount to the successful clearance of A. 

fumigatus hyphae in patients is host recognition of the invading fungus.   

SP-D has been shown to have a protective role in pulmonary defense against 

numerous pathogens, including the fungal pathogen A. fumigatus. For example, the 

administration of exogenous SP-D was recently shown to be protective in a murine model 

of invasive pulmonary aspergillosis (11). Gene knockout strains of A. fumigatus with 

decreased virulence, such as that containing a deletion in calcineurin (80, 85, 86), are a 

valuable tool for scientific research because they help to elucidate not only pathogen-

specific virulence traits, but also host-pathogen interactions that are important for disease 

resolution.   

Calcineurin is a conserved serine-threonine-specific Ca2+-calmodulin-activated 

protein phosphatase important in mediating cell stress responses (87).  It is a heterodimer 
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composed of a catalytic A and a regulatory B subunit and, upon mobilization of calcium 

stores, the catalytic A subunit is bound by Ca2+-calmodulin (88).  Calcineurin is the target 

of the immunosuppressants cyclosporine A (CsA) and tacrolimus (FK506) (89).  

Although inhibiting human calcineurin has revolutionized modern transplantation 

through its powerful immunosuppressive role, calcineurin is also critical for fungal 

virulence (86).  

A previous study showed that calcineurin is important in the formation of hyphae 

and the growth, invasion, and pathogenicity of A. fumigatus (90).  Further work supports 

the link between the calcineurin pathway and synthesis of the A. fumigatus cell wall, as a 

significantly decreased cell wall 1,3-β-D-glucan content was demonstrated following 

calcineurin inhibition in the ΔcnaA mutant or the wild type strain treated with FK506 

(85). Intriguingly, Lamaris et al. and Hohl et al. each recently described 1,3-β-D-glucan 

unmasking in hyphae preincubated with caspofungin, which resulted in more potent 

immune cell recognition (91-93). Although hyphae are important for in vivo growth, it is 

unclear if calcineurin is required for host recognition of A. fumigatus.  In this chapter, I 

investigate SP-D binding to A. fumigatus as a measure of host immune recognition and 

sought to determine the role of the calcineurin pathway in host recognition through its 

ability to control products of putative cell wall binding structures.  
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2.2 Materials and Methods 

 

2.2.1 Isolation of human SP-A from alveolar proteinosis patients and isolation of 
recombinant SP-D 

SP-A was isolated from human bronchoalveolar lavage (BAL) samples via 

butanol extraction as previously described (94). Recombinant SP-D was isolated from 

Chinese hamster ovary cells expressing a clone of full-length rat SP-D, purified using 

maltose affinity chromatography, and stored at 4˚C in 5 mM Tris buffer, pH 7.8 

containing 2 mM EDTA as previously described (95). 

 

2.2.2 Culturing and maintenance of C. neoformans strains 

C. neoformans serotype A strains H99α, KN99α, cap59∆::HYG (96) (H99 

background), and cap59∆::NAT (KN99 background) and serotype D strains B3501 and 

cap67∆ (ATCC #52817) were maintained in glycerol stocks. Stocks were grown on YPD 

agarose and YPD plus hygromycin or nourseothricin agarose medium for wild type and 

mutant strains, respectively, and incubated at 30˚C. Liquid cultures were grown in YPD 

media at 30oC for 16-18 hrs in a shaking incubator at 250 rpms.  

 

2.2.3 Alexa Fluor 488 fluorescent labeling of surfactant proteins 

Human SP-A and rat recombinant SP-D were labeled with fluorescent dyes with 

an Alexa Fluor 488 protein-labeling kit (Invitrogen, Carlsbad, CA). SP-A (2 mg/ml) in a 
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volume of 500 µL was dialyzed against 1 L of 5 mM HEPES, pH 6.4 before labeling to 

remove EDTA and against Tris-buffered water (5 mM, pH 7.4) after labeling to remove 

unbound fluorescent dye. SP-D was dialyzed against PBS without Ca2+ or Mg2+ before 

and after labeling. In addition, the pH was raised for the labeling reaction by dialyzing 

SP-D against 0.1 M sodium bicarbonate, pH 9.0 for 3 hours prior to labeling. All proteins 

had a labeling efficiency of 5-15 Alexa molecules/protein monomer. The functionality of 

labeled SP-A and SP-D was assessed by their ability to bind to AMs and E. coli, 

respectively (18, 97). 

 

2.2.4 SP-D binding to C. neoformans strains 

C. neoformans strains were centrifuged at 2000 x g for 2 min., washed three 

times, and resuspended in sterile PBS containing 0.9 mM CaCl2 and 0.1% BSA. C. 

neoformans cells were counted with a hemocytometer and adjusted to a concentration of 

1 x 106 yeast/ml. For binding assays, 100 µl of this suspension (1 x 105 yeast cells) was 

used. SP-D binding to C. neoformans strains H99 and cap59Δ was assessed at a 

concentration of 0.1 µg/ml in PBS + 0.9 mM CaCl2 + 0.1% BSA (Sigma-Aldrich, ST. 

Louis, MO) to block nonspecific binding. Strains were incubated with SP-D in 1.5 ml 

microfuge tubes for 1 hr. at 37°C shaking in an Eppendorf Thermomixer 5436 

(Eppendorf, Westbury, NY) in the dark and were then assessed by flow cytometry and 

fluorescence microscopy. 
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2.2.5 Flow cytometry 

Binding reactions were removed to 5 ml polystyrene round bottom Fluorescence 

Activated Cell Sorting (FACS) tubes (BD Biosciences Discovery Labware, Franklin 

Lakes, NJ) for analysis. Results were obtained using a LSR II Flow cytometry system 

(BD Biosciences, San Jose, CA). Analysis of results was performed using the FlowJo 

software (Treestar Inc. Ashland, OR). Prior to SP-D binding analysis, C. neoformans 

cells were gated using FSC-H versus FSC-A scatter plots so as to exclude aggregates, and 

at least 10,000 events were assessed. Data represent experiments that were performed at 

least three times with similar results. 

 

2.2.6 Light and fluorescence microscopy 

Fluorescence microscopy was performed using a Zeiss Axioskop 2 Plus 

fluorescent microscope (Thornwood, NY) with an attached AxioCam MRM digital 

camera. All images were acquired at a fixed time exposure. Data represent experiments 

performed at least three times with similar results. 

 

2.2.7 Sugar competition of SP-D binding 

All reagents were obtained from Sigma-Aldrich (St. Louis, MO) unless otherwise 

stated. Mannoprotein 1 (MP1) was a kind gift from Frank Coenjaerts (University Medical 

Center Utrecht, Utrecht, Netherlands) and GXM was a kind gift from Thomas Mitchell 

(Duke University, Durham, NC). All sugars were solubilized in PBS at a concentration of 

2 mg/ml and added to SP-D binding assays at the indicated concentrations. Sugar 
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competitors were added to SP-D prior to addition of C. neoformans cells to obtain 

optimal interactions between SP-D and each competitor evaluated. Results were assessed 

by flow cytometry. Data represent experiments that were performed at least three times 

with similar results. 

 

2.2.8 Aspergillus fumigatus growth and preparation for flow cytometry 

Freshly harvested conidia of A. fumigatus wild type (AF293), ΔcnaA, and ΔcnaA 

+ cnaA A. fumigatus strains previously described (90) were utilized. For conidial 

experiments, the fresh conidia were incubated with 1 µg/ml AF448-labled SP-D for 1 hr 

at 37°C.  For hyphal experiments, each strain was grown in 10 ml RPMI-1640 media 

shaking 200 RPM at 37°C for the indicated time periods [4, 8, 12 and 24 hrs].  After 

growth, strains were prepared for labeling and flow cytometry by sonication for 60 

seconds on ice to break up hyphae into fragments amenable to flow cytometry analysis.  

Sonicated strains were centrifuged at 1500 x g for 5 min and the supernatant was 

removed.  The strains were then washed twice in PBS + 0.9 mM CaCl2 + 0.1% BSA and 

resuspended in the same buffer.  Strains were counted using a hemocytometer and 

normalized to a concentration of 1 x 106 conidia or hyphal fragments per ml.  Hyphal 

fragments were normalized based on number of fragments as well as fragment size by 

assessing hyphal length using the hemocytometer, with hyphal length determined in 

relation to the hemocytometer quadrants, for which the length was scored as equivalent to 

1/8, ¼, ½, etc., of the quadrant. This technique enabled us to normalize inherent 
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differences in fungal mass between strains and provided consistent results in three 

independent experiments, such that comparisons were appropriate. 

 

2.2.9 Antifungal treatment of Aspergillus fumigatus  

A. fumigatus strains were treated with caspofungin (1 µg/ml) to inhibit 1,3-β-D-

glucan synthesis or FK506 (0.2 µg/ml) to inhibit calcineurin at clinical concentrations, as 

well as nikkomycin Z (16 µg/ml) to insure chitin synthesis inhibition.  Caspofungin was 

generously obtained from Merck, Inc., nikkomycin Z from Dr. Richard Hector, and 

FK506 from the clinical pharmacy at Duke University Medical Center.  Drugs were 

added to cultures at the time of inoculation and remained for the entire time period of the 

culture. 

 

2.2.10 Assessment of SP-D binding to Aspergillus fumigatus  

SP-D binding to A. fumigatus strains was assessed at a concentration of 1µg/ml in 

PBS + 0.9mM CaCl2 + 0.1% BSA to block nonspecific binding. A 100 µl aliquot of each 

1 x 106 stock (1 x 105 conidia or hyphal fragments) was incubated for 1 hour with 1µg/ml 

AF488-labeled SP-D in a final volume of 300 µl.  Negative controls were maintained in 

buffer alone.  Samples were incubated for 1 hour at 37°C shaking in the dark and then 

removed to 5 ml polystyrene round bottom FACs tubes (BD Biosciences Discovery 

Labware, Franklin Lakes, NJ) for analysis.  Results were obtained using a LSR II Flow 

cytometry system (BD Biosciences, San Jose, CA). Analysis of results was performed 

using the FlowJo software (Treestar Inc. Ashland, OR).  At least 5000 counts were 
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assessed for hyphal fragments and at least 10,000 counts were assessed for conidia and 4 

hour cultures.  Data represent experiments that were performed at least three times with 

similar results.  C. neoformans yeast cells were assessed for SP-D binding as described 

above for A. fumigatus, except that 0.1 µg/ml of SP-D was used for all binding assays. I 

had previously established that 0.1 µg/ml of SP-D is sufficient to detect binding to C. 

neoformans cells (98).  

 

2.2.11 Statistics  

Data were subjected to the unpaired Student’s T-test and single factor analysis of 

variance. All statistics were performed using the Microsoft Excel software package. 

Analyses with a resulting P < 0.05 were considered to be statistically significant.  
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2.3 Results: binding of surfactant proteins to C. neoformans cells 

 

2.3.1 SP-D, but not SP-A, binds to C. neoformans cells in vitro 

SP binding was assessed by incubating fluorescently labeled SP-A and SP-D with 

C. neoformans cells and analyzing binding by flow cytometry and fluorescence 

microscopy.  SP-D, but not SP-A, binds C. neoformans serotype A strains H99 and the 

isogenic mutant cap59Δ::HYG strain (Figure 5). KN99 and its respective cap59Δ mutant 

strain cap59Δ::NAT, as well as the serotype D strain B3501 and its hypocapsular mutant, 

cap67Δ, were also tested, with equivalent results. 
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Figure 5: Surfactant protein binding to C. neoformans cells.  

SP-D (A), but not SP-A (B), binds to C. neoformans cells and SP-D binding is 
 calcium-dependent (C). AF488-labeled SP-A and SP-D (0.1 µg/ml) were 
 incubated with 1x105 C. neoformans cells for 1 hr at 37°C. Results were assessed 
 by flow cytometry and fluorescence microscopy at 40X magnification. At least 
 10,000 cells were examined in the flow cytometry experiments, and the geometric 
 mean of the fluorescence was obtained. In panel A, the geometric means for wild 
 type cells alone and in the presence of SP-D were 67.3 and 1497 arbitrary units 
 (AU), respectively. Each experimental condition was performed in triplicate, and 
 similar results were obtained in at least three independent experiments. Scale bar, 
 10 µm. 
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2.3.2 SP-D binds to the acapsular strain cap59Δ to a greater than it does wild type 
H99, and SP-D binding to C. neoformans cells is calcium-dependent 

Binding of SP-D to both wild type and mutant cells was calcium-dependent, as 

evidenced by the reduction in binding when 5 mM EDTA or EGTA was included in the 

binding buffer (Figure 5C).  Binding was similarly abrogated by the addition of BAPTA, 

providing additional evidence that chelation of calcium ions inhibits binding (results not 

shown).  SP-D binds to a much greater extent to cap59Δ than to isogenic wild type cells.  

When C. neoformans cells are grown under standard conditions (overnight in YPD at 

30°C), SP-D bound to H99 in a punctate pattern, whereas binding to cap59Δ was uniform 

and intense, as observed by fluorescence microscopy (Figures 5, 6).  This same pattern of 

enhanced binding to the hypocapsular mutant was observed by comparison of wild type 

KN99 and the isogenic cap59Δ::NAT mutant and, to a lesser extent, between wild type 

B3501 and the cap67Δ mutant (Figure 6D).  This finding suggests that the absence of 

capsular GXM on cap59Δ may expose avid cell wall SP-D binding partners that are 

closely associated with the C. neoformans cell wall and that the polysaccharide capsule 

inhibits SP-D binding.  This interpretation is further reinforced by the observation that 

binding of SP-D is enhanced to some wild type daughter cell buds, which may have not 

yet assembled appreciable capsular material and/or possess a capsule architecture that 

differs from that of the mother cell (Figure 7, inset).  In summary, SP-D binding is 

inhibited by GXM and binding is enhanced to cells with reduced GXM levels (Figure 7).  
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Figure 6: SP-D binding to H99 and cap59∆.  
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(A) H99 and cap59∆ cells were incubated with AF488-labeled SP-D at 
 concentrations of 0.01, 0.1, and 1 µg/ml (shown from left to right) for 1 hr at 
 37°C. Results were assessed by flow cytometry and fluorescence microscopy at 
 40X magnification. Binding is presented graphically in (B) to demonstrate the 
 magnitude of SP-D binding to these two strains. Significant p values (P < 0.0005) 
 were obtained when comparing H99 and cap59∆ for each concentration of SP-D 
 tested. Panel (C) shows increased SP-D binding to independent cap59∆ mutants 
 compared to their respective wild type controls. At least 10,000 cells were 
 examined for the flow cytometry, and each condition was performed in 
 triplicate. Results indicate data obtained from at least three independent 
 experiments. Scale bar, 10 µm. 
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Figure 7: Triple stain microscopy of C. neoformans cells.  

Cells were triple stained with calcolfuor indicating cell wall (blue), Texas Red-
 labeled-18B7-anti-GXM antibody labels capsule (red), and AF488-labeled SP-D 
 showing SP-D binding (green).  H99 cells (A), cap59∆ cells (B). Inset in A shows 
 increased SP-D binding to the emerging daughter cell bud (indicated by the 
 arrow) of H99. Results are representative of at least independent experiments. 
 Scale bar, 10 µm. 
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2.3.3 SP-D binding to C. neoformans cells is inhibited by sugars and by C. 
neoformans cell wall and capsule components 

To define C. neoformans SP-D binding mechanisms, the ability of sugars known 

to bind the CRD of SP-D with variable affinity as well as known C. neoformans cell wall 

and capsular components were tested for inhibition of SP-D binding to wild type and 

mutant cells.  Pustulan, a cell wall component, is a 1,6-ß-D-glucan analog isolated from 

Umbilicaceae (lichen) that was shown to interact with SP-D in a previous study 

examining interactions of SP-D with S. cerevisiae (79). 1,6-ß-D-glucan is present in the 

cell wall of C. neoformans (99).  GXM is the major capsular component of C. 

neoformans cells, and MP1 is a minor capsular component (100).  I observed that 

Pustulan, GXM, and MP1 each inhibited SP-D binding to H99 and cap59Δ in a dose-

dependent manner at different concentration ranges, with Pustulan being the most 

effective inhibitor (Figure 8).  The superior ability of Pustulan, a cell wall component, to 

compete SP-D binding correlates with the avid interaction observed between SP-D and 

cap59Δ.  The cap59Δ deletion mutants have no GXM on their surface (101) and therefore 

present a more exposed cell wall, which I hypothesize results in an enhanced ability of 

SP-D to interact with cell wall-associated beta glucans.  

To test the hypothesis that SP-D interacts with more than one ligand on the 

surface of C. neoformans cells, I examined the ability of GXM, MP1, and Pustulan to 

inhibit SP-D binding to the encapsulated H99 strain and the acapsular cap59Δ mutant. I 

found that all competitors, as well as many known sugars known to bind the CRD domain 

of SP-D with variable affinity (102, 103), inhibited SP-D binding to H99 to a much 
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greater extent than to cap59Δ (Figure 9).  The ability of combinations of GXM, MP1, and 

Pustulan to compete SP-D binding to C. neoformans was also assessed by fluorescence 

microscopy and flow cytometry. I was unable to discriminate any additive effects of the 

combinations due to aggregation of SP-D, which can skew results obtained by flow 

cytometry due to mixing of the protein aggregates with the yeast cells. Interestingly, 

Pustulan was a much more effective competitor of SP-D than any of the other sugars 

tested. This observation is consistent with the observation that SP-D binds cap59Δ better 

than wild type yeast cells, and with the possibility that the interaction occurring between 

SP-D and H99 differs from that of cap59Δ, possibly due to SP-D interactions with 

capsular components GXM and MP1 in H99 as opposed to 1,6-ß-D-glucan in cap59Δ.  
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Figure 8: Pustulan, GXM, and MP1 compete SP-D binding to C. neoformans.  

 The abilities of 1, 5, and 10 µg/ml of (A) MP1, (B) GXM, and (C) Pustulan to 
 compete SP-D binding to C. neoformans cells were assessed by flow cytometry. 
 (D) Graphic representation of MP1, GXM, and Pustulan competition of SP-D 
 binding to strains H99 (on the left) and cap59∆ (on the right). Results indicate 
 data obtained from at least three independent experiments. Data were analyzed 
 using the two-tailed Student’s T-test. A P < 0.05 was considered as significant. 
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Figure 9: Competition of SP-D binding to H99 compared to cap59∆.  

Strain H99 is shown on the left and strain cap59∆ on the right. SP-D binding was 
 inhibited by increasing concentrations of the 1,6-ß-D-glucan analog Pustulan, 
 GXM, and MP1. Binding was assessed by flow cytometry. Pustulan, GXM, and 
 MP1 inhibited SP-D binding to both strains H99 and cap59∆ more efficiently than 
 many common monosaccharide sugar competitors. Yeast were incubated with 
 increasing concentrations of competitors and results were assessed by flow 
 cytometry. Dose response for competitors at concentrations ranging from 1 – 10 
 µg/ml (A) and from 25 – 75 µg/ml (B). Concentration of each competitor that 
 inhibited SP-D binding by 50% (C). * P < 0.05, ** P < 0.01. Results indicate data 
 obtained from at least three independent experiments. 
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2.3.4 SP-D displays reduced binding to C. neoformans deletion strains deficient in 
beta glucan synthesis and mannosylation 

Finally, I examined the ability of SP-D to bind various C. neoformans deletion 

strains lacking specific cell wall and capsule-associated gene products.  I found that C. 

neoformans strains containing mutations that affect mannosylation and beta glucan 

synthesis exhibit decreased SP-D binding, whereas those with mutations that compromise 

capsular integrity demonstrate increased SP-D binding compared to wild type strains 

(Table 1).  This further supports the hypotheses that capsule impedes SP-D binding, and 

that beta glucans and mannose residues on the surface of C. neoformans cells interact 

with SP-D. Interestingly, the uge1∆ and ugt1∆ mutants, which are GalXM-negative 

(104), showed equivalent binding to their isogenic wild type control, excluding GalXM 

as an SP-D binding partner on the surface of C. neoformans cells. Furthermore, it is 

noteworthy that hundreds of C. neoformans deletion mutants were evaluated for changes 

in SP-D binding, and thus the vast majority of the mutants evaluated demonstrated no 

changes in SP-D binding compared to their wild type background control strains (data not 

shown). 
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Table 1: SP-D binding to C. neoformans strains lacking cell wall and capsule 
components**. 
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**Binding differences were confirmed in independent mutants of kre5∆, kre6∆ 
 skn1∆, cas35∆, cas33∆, and cap59∆.  The other mutants included in the table are 
 of interest, although neither independent nor complemented strains were 
 available.  A selection of mutant strains not demonstrating significant SP-D 
 binding differences compared to background controls include: ilv5∆ 
 (isoleucine/valine biosynthesis), crr1∆ (cell wall organization and biogenesis-
 related protein), chs2∆ (chitin synthase 2, putative), uge1∆ (UDP-glucose 
 epimerase), ugt1∆ (UDP-galactose transporter), myo10∆ (myosin heavy chain b, 
 putative), mpn5∆ (nuclear protein, putative), and pep4∆ (endopeptidase, 
 putative).  JL = Jennifer Lodge, GJ = Guilhem Janbon, JP = John Perfect, JH = 
 Joseph Heitman.  * SP-D binding was compared by dividing the geometric mean 
 obtained for mutant C. neoformans cells by the geometric mean obtained for 
 H99. 
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2.4 Discussion: Binding of Surfactant Proteins to C. neoformans cells 

I observed that SP-D, but not SP-A, binds to C. neoformans cells in a calcium-

dependent manner, and this binding is decreased by the presence of capsule.  The 

observation that SP-D binding is calcium-dependent is consistent with the hypothesis that 

binding occurs through the carbohydrate recognition domain of SP-D.  SP-D binds to a 

greater extent to the hypocapsular cap59Δ mutant cells than to wild type H99 cells.  Wild 

type cells exhibit a punctate SP-D binding pattern on the outer surface of the capsule (or 

potentially within gaps in the capsule), whereas the pattern of binding observed for 

cap59Δ mutant cells is uniform and intense.  Because I also observed enhanced binding 

to some wild type daughter cell buds that had not yet assembled appreciable capsular 

material, I postulated that SP-D binding is abrogated by the presence of capsule.  

Although I did not observe any increased aggregation of either wild type or cap59Δ 

mutant cells in the presence of the low SP-D concentrations used in the assays, higher 

SP-D concentrations (5 µg/ml) agglutinated cap59Δ (data not shown), consistent with a 

previous study showing that SP-D aggregates acapsular strains (63). It is of interest that 

SP-D binding to C. neoformans cells was inversely correlated with capsule. A recent 

study demonstrated that capsule protects C. neoformans against reactive oxygen species 

(ROS) (105), which led me to speculate that SP-D may play a similar protective role prior 

to the assembly of sufficient capsular material, as well as for yeast cells that produce less 

capsular material due to the inherent genetic noise exhibited by C. neoformans strains 

(106). 
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To assess the mechanism of interaction of SP-D with C. neoformans cells, the 

ability of Pustulan, GXM, and MP1 to compete SP-D binding was examined.  All 

components inhibited SP-D binding in a dose-dependent manner, and Pustulan was the 

most effective competitor.  This is consistent with the observed high level of SP-D 

binding to cap59Δ, which probably has the greatest amount of 1,6-ß-D-glucan exposed 

on its surface in comparison to encapsulated strains such as H99.  The ability of GXM to 

inhibit SP-D binding is curious since our observations suggest that the presence of 

capsule, which is predominantly composed of GXM, is inversely related to SP-D binding.  

I hypothesize that isolated GXM binds to and inhibits the interaction of SP-D with 

another C. neoformans component or that the purified GXM used in the inhibition assays 

displays an SP-D binding moiety that is not available in the context of the intact 

encapsulated yeast cell.  

Because SP-D binds to acapsular C. neoformans to a much greater extent than to 

wild type encapsulated H99, I speculate that capsule formation abrogates SP-D activity 

and inhibits binding to cell wall components.  This is reinforced by our observation that 

various cell wall and capsule mutants demonstrate decreased and increased SP-D binding, 

respectively.  The polysaccharide capsule of C. neoformans cells has been proposed to be 

a major virulence factor, and the predominant capsular polysaccharide, GXM, has been 

shown to be anti-phagocytic (62, 107) and to inhibit immune responses by 

downregulating proinflammatory cytokine production and inhibiting neutrophil 

chemotaxis (52, 59, 60, 108-110).  Our results are consistent with the hypothesis that the 
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absence of capsular GXM on cap59Δ allows for greater SP-D binding to cell wall 

components of hypocapsular yeast. 
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2.5 Results: SP-D binding to Aspergillus fumigatus 

 

2.5.1 SP-D binding to the A. fumigatus ΔcnaA strain is decreased compared to the 
wild type strain 

When the binding of SP-D to wild type, ΔcnaA, and complemented ΔcnaA + cnaA 

strains was assessed by flow cytometry, a role for calcineurin in SP-D binding was 

discovered. A time course was performed to examine SP-D binding to the three A. 

fumigatus strains at specific growth intervals (0, 4, 8, 12, and 24 hours of incubation) to 

encompass important hyphal developmental landmarks such as unswollen conidia, 

swollen conidia, early germination, later germination, and full hyphal growth, 

respectively.  Although SP-D binding to conidia (0 hrs growth) and hyphae grown for 4 

hrs was similar for all strains assessed, significant differences became apparent after 8 hrs 

of growth (Figure 10A).  At this time point where hyphae were clearly present, the ΔcnaA 

strain demonstrated a significant reduction in SP-D binding compared to wild type and 

ΔcnaA + cnaA strains, and these differences were maintained after 24 hrs of hyphal 

growth (Figure 10A). All results were quantitatively assessed by flow cytometry and 

qualitatively confirmed by fluorescence microscopy (Figure. 10B).  Interestingly, this 

binding pattern was not observed for C. neoformans, as the C. neoformans cna1Δ and 

cnb1Δ strains lacking the calcineurin A catalytic and calcineurin B regulatory subunits, 

respectively, demonstrated equivalent SP-D binding when compared to wild type (H99) 

(Figure. 10C).  SP-D binding to the A. fumigatus ΔcnaA hyphae grown for 24 hrs, which 

was also significantly decreased (P<0.05) compared to the wild type and ΔcnaA + cnaA 
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strains (Figure. 10A), was examined to confirm that the effect observed at 8 and 12 hrs 

remained consistent for longer periods of hyphal growth.  Sonication of hyphae grown for 

24 hours proved to be difficult, as previously indicated (111).  However, in numerous 

experiments conducted to exclude artifacts that could result from inconsistencies in the 

size of the hyphal fragments, none of the strains demonstrated any increase in 

agglutination upon SP-D addition, as assessed by the flow cytometry forward scatter 

profiles (data not shown). Thus, I am confident that SP-D binding to the ΔcnaA strain is 

decreased after hyphal growth begins and continues throughout growth. 
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Figure 10: Decreased SP-D binding to ∆cnaA becomes evident at 8 hrs PI.  
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(A) Quantification of SP-D binding at the indicated time points post-inoculation 
 by flow cytometry. Time point zero reflects SP-D binding to the conidia of the 
 respective strains. Black filled bar = wild type, grey filled bar = ∆cnaA mutant, 
 grey filled bar with black cross-hatch = ∆cnaA mutant + cnaA. (B) Fluorescence 
 microscopy showing SP-D binding at the indicated time points post-
 inoculation. (C) SP-D binding to C. neoformans calcineurin mutants cna1∆ and 
 cnb1∆ and the background wild type control strain H99 was similar. % Max, 
 Percent Maximum Fluorescence; Scale bar, 10 µm; AF488, Alexa Fluor 488 
 labeled SP-D binding detected by flow cytometry presented in arbitrary units (
 AU). N = 3. * P < 0.05, # P < 0.001 compared to wild type. 
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2.5.2 Sonication marginally increases SP-D binding to A. fumigatus hyphae 

Sonication was used to break hyphae into fragments to be able to utilize flow 

cytometry for our analysis, but I wanted to verify that the sonication process itself did not 

alter our results by exposure of ligands that would typically by unavailable for SP-D 

binding.  To examine whether sonication of the hyphae affected the results, SP-D binding 

to both sonicated and unsonicated hyphae was assessed by fluorescence microscopy. 

Sonication did not change the pattern of SP-D binding (Figure 11), although it 

incrementally increased binding to the ΔcnaA strain.  I predicted such an increase likely, 

and postulate that sonication resulted in the exposure of normally masked moieties that 

are recognized by SP-D. Yet, the differences in SP-D binding between sonicated wild 

type and ΔcnaA were still statistically significant (Figure 10), lending further support to 

our assertion that SP-D binding to A. fumigatus hyphae is calcineurin-sensitive. 

Therefore, I concluded that the ΔcnaA mutant exhibits impaired SP-D binding.  
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Figure 11: Sonication marginally affects SP-D binding to A. fumigatus.    

Fluorescence microscopy showing various time points post-inoculation 
 comparing SP-D binding to unsonicated and sonicated samples of the three 
 A. fumigatus strains. Time points are indicated to the left of each micrograph. 
 S = sonicated. Scale bar, 10 µm. 

 

2.5.3 1,3-β-D-glucan and chitin synthesis inhibitor treatment of A. fumigatus 
increases SP-D binding in a calcineurin-sensitive manner 

Strains were then incubated with caspofungin (1 µg/ml), FK506 (0.2 µg/ml), or 

nikkomycin Z (16 µg/ml) to selectively inhibit cell wall components, followed by 

examination of subsequent SP-D binding by flow cytometry. 1,3-β-D-glucan and chitin 

synthesis inhibitor treatment significantly increased SP-D binding (P < 0.005) to the wild 

type strain (Figure 12B), while calcineurin inhibitor (FK506) treatment decreased binding 

similar to the untreated ΔcnaA strain.  However, caspofungin treatment did not increase 

SP-D binding to the ΔcnaA strain, whereas nikkomycin Z treatment did lead to a 

significant (P < 0.005) increase in binding (Figure 12).  
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Figure 12: Effect of drug treatment on SP-D binding to A. fumigatus. 
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      Caspofungin and nikkomycin Z treatment of wild type A. fumigatus    
       increases SP-D binding and FK506 treatment decreases binding,   
       mimicking  that observed for ∆cnaA. Results of SP-D binding are   
       shown for strains grown for 8 hrs. (A) Flow cytometry. Black filled   
       line with white indicates negative (no SP-D) control, black lines filled   
       with black indicate the respective strains of A. fumigatus + SP-D.   
       The results obtained by flow cytometry for SP-D binding to caspofungin  
       and nikkomycin-treated wild type hyphae were equivalent, and          
       therefore only the data for the caspofungin treatment are presented. (B)  
       Quantitation of SP-D binding by flow cytometry. Black bars    
       indicate wild type and grey bars indicate the ∆cnaA mutant    
       following treatment with either caspofungin, nikkomycin Z, or FK506.  
       (C) Fluorescence microscopy showing SP-D binding to treated and   
       untreated wild type and ∆cnaA A. fumigatus strains. Scale bar, 20 µm;   
       AF488, Alexa Fluor 488-labled SP-D binding detected by flow                         
       cytometry presented in arbitrary units (AU). N = 3. * P < 0.05, ** P < 0.01,            
       *** P < 0.005, compared to the untreated control. 
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2.6 Discussion: SP-D binding to Aspergillus fumigatus 

The respiratory tract is the major portal of entry for IA, and therefore an 

understanding of the roles of lung innate immune mechanism mediators, such as SP-D, is 

important for understanding host responses to this clinically important interaction.  

Previous studies have demonstrated that SP-D binds to A. fumigatus conidia in a calcium 

and carbohydrate-dependent manner (70), similar to my observations for SP-D binding to 

C. neoformans.  It is thought that SP-D mediates host defense by binding carbohydrates 

on the surface of A. fumigatus, but the specific polysaccharides recognized remain 

unknown.  Prior studies showing that binding of SP-D to A. fumigatus is inhibited by 

maltose are consistent with the possibility that the CRD regions of SP-D interact with 

carbohydrate structures on the A. fumigatus conidial cell wall (70). A similar 

carbohydrate selectivity has been shown for SP-D binding to C. neoformans (64).  

In my studies, the hyphae from ΔcnaA or wild type A. fumigatus strains treated 

with FK506 to inhibit calcineurin exhibited significantly decreased SP-D binding 

compared to the untreated wild type strain.  These results suggest that SP-D binding and 

immune recognition are at least partly calcineurin-dependent, as binding was decreased 

by both genetic and pharmacologic inhibition of calcineurin.  However, there were no 

differences between SP-D binding to the conidia of ΔcnaA and wild type A. fumigatus 

strains, suggesting that the differences may be solely hyphal-related given the substantial 

differences in hyphal morphology and length seen between the ΔcnaA mutant and wild 

type A. fumigatus strain (112). I postulate that the observed differences are a consequence 
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of the downregulation of calcineurin-dependent cell wall components such as 1,3-β-D-

glucan (80), as I accounted for differences in fungal length and clumping between strains 

and conditions using a hemocytometer and sonication, respectively.  

Based on the observed calcineurin-sensitive binding differences and previous 

carbohydrate links to SP-D binding (103, 113, 114), I hypothesized that the SP-D binding 

ligand is a cell wall component whose product is calcineurin-regulated.  A previous study 

showed that the ΔcnaA mutant or the wild type strain treated with FK506 to inhibit 

calcineurin has significantly decreased 1,3-β-D-glucan content (90), suggesting 

calcineurin is in involved in coordinating cell wall synthesis.  Furthermore, the inhibition 

of chitin through nikkomycin Z treatment leads to a compensatory increase in 1,3-β-D-

glucan content (112).  To confirm this, I used selective pharmacological inhibitors of two 

main cell wall components: 1,3-β-D-glucan and chitin.  The ΔcnaA mutant or the wild 

type strain treated with FK506 to inhibit calcineurin was shown to possess significantly 

decreased 1,3-β-D-glucan content (85). Here, I show that calcineurin inhibition results in 

decreased SP-D binding, suggesting that the binding ligand is absent or significantly 

diminished in the ΔcnaA mutant or the wild type strain treated with the pharmacologic 

calcineurin inhibitor FK506.  However, both 1,3-β-D-glucan inhibition through 

caspofungin and chitin inhibition through nikkomycin Z led to increased SP-D binding to 

the wild type strain. The increased SP-D binding observed following caspofungin 

treatment is suggestive of an SP-D binding partner other than 1,3-β-D-glucan that is 

exposed and/or upregulated following this treatment.   
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I speculate that the removal of these cell wall components exposed a ligand for 

additional binding.  It is unclear if the 1,3-β-D-glucan or chitin inhibition exposed greater 

amounts of each individual component, or if the decreased synthesis of each component 

simply led to an unprotected cell wall shell where an unidentified ligand and/or 1,3-β-D-

glucan was freely exposed for greater SP-D binding. Recent studies have shown 

increased 1,3-β-D-glucan exposure on hyphae after treatment with caspofungin, with a 

resultant increase in host recognition (91, 93). Consistent with those observations, I 

showed that SP-D binding to caspofungin-treated wild type hyphae was significantly 

increased compared to untreated controls. Regardless, caspofungin-mediated 1,3-β-D-

glucan synthase inhibition in the background of the ΔcnaA strain with decreased baseline 

levels of 1,3-β-D-glucan led to no statistical increase in SP-D binding, suggesting that the 

increase in SP-D binding following this cell wall stress is calcineurin-sensitive. It is 

important to point out that pleiotropic effects are likely incurred by calcineurin 

deficiency, making it difficult to make unequivocal conclusions regarding the cause of 

the observed differences in SP-D binding.  Because SP-D binds to the surface of the 

fungus, I consider that the data support the absence of key SP-D binding partners as a 

consequence of the lack of calcineurin activity. As ample evidence is available showing 

that SP-D binds to 1,3-β-D-glucan and it was previously demonstrated that the ΔcnaA 

strain possesses decreased 1,3-β-D-glucan content (80), 1,3-β-D-glucan appears to be an 

important moiety recognized by SP-D on A. fumigatus hyphae. Any additional 

moiety(ies) on A. fumigatus recognized by SP-D remain(s) to be elucidated, but the 

present study demonstrates that this binding is affected by calcineurin expression.   
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SP-D binds to A. fumigatus conidia at concentrations comparable to physiological 

concentrations in the host (70), but there have been no previous studies to examine 

binding to growing hyphae.  Infection with A. fumigatus begins with pulmonary 

inhalation of conidia, but the infection progresses when the conidia germinate into 

hyphae.  Therefore, conidial adhesion is relevant for only the initial stage of disease. 

Hyphae are the clinically relevant form when determining antifungal therapy or possible 

adjunctive immune therapy. Consequently, in the present study, I sought to gain a better 

understanding of the interaction of SP-D with A. fumigatus hyphae. To achieve this goal, 

I utilized rat recombinant SP-D, which demonstrates high sequence homology and a 

similar structure and functional activity to human SP-D (103). Furthermore, intranasal 

human and recombinant human SP-D has been shown to possess therapeutic efficacy in 

Aspergillus-infected mice (11), and conferred a survival benefit both alone and in 

conjunction with amphotericin B (117). Elucidation of specific signaling pathways that 

modulate SP-D binding could have important consequences for clinical therapies 

targeting aspergillosis.  
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2.7 Conclusion: similarities and differences between SP-D binding to Cryptococcus 
neoformans and Aspergillus fumigatus 

Interestingly, SP-D binding to the C. neoformans cna1∆ and cnb1∆ mutants was 

equivalent to wild type, suggesting potential differences in the carbohydrate moieties 

recognized by SP-D on the surface of C. neoformans compared to A. fumigatus. A. 

fumigatus lacks the polysaccharide-rich capsule that decorates the surface of C. 

neoformans yeast cells, which serves as a major virulence factor that inhibits 

phagocytosis and SP-D binding (62, 104, 107, 115).  A. fumigatus virulence is associated 

with hyphal growth, and therefore recognition of hyphae by innate immune factors 

present in the lung, such as SP-D, may have important consequences for the host.  For 

example, SP-D binding to 1,3-β-D-glucan on the surface of Blastomyces dermatitidis has 

been shown to inhibit the production of the pro-inflammatory cytokine TNF-α, 

potentially alleviating an overzealous inflammatory response that could lead to 

irreversible damage to the delicate epithelial lining of the lung (72, 116). In light of these 

findings, differential binding patterns of SP-D to pathogens in the presence and absence 

of important virulence factors is of interest as it may provide insight into additional 

important innate immune recognition mechanisms.  In support of this, I demonstrated that 

SP-D binds to the acapsular C. neoformans strain, cap59∆, to a significantly greater 

extent than to the wild type strain (Figure. 1C), reaffirming the role of C. neoformans 

capsule in immune recognition (98).  

The A. fumigatus cell wall contains largely glucan, chitin, and galactomannan 

(118). The fungal cell wall is at the crucial interface between the hyphae and the host and 

plays a critical role during fungal invasion.  The cell wall also contains several receptor 
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molecules for adhesion to host cells, and thus binding of SP-D to different carbohydrate 

structures could greatly influence A. fumigatus infection.  SP-D binding has also been 

examined in S. cerevisiae, but the cell wall of S. cerevisiae differs considerably from that 

of A. fumigatus.  Glucans are candidate SP-D binding moieties on the surface of A. 

fumigatus as the 1,6-ß-D-glucan analog Pustulan has been shown to effectively compete 

SP-D binding to A. fumigatus and S. cerevisiae (79), and both 1,3-β-D-glucan and 1,6-β-

D-glucan have been shown to be important for SP-D binding to B. dermatitidis and C. 

neoformans, respectively (5). 

This study is only the beginning of the explorations surrounding the mechanisms 

of host immune recognition and binding to A. fumigatus hyphae, and underscores the 

importance of future studies assessing the interactions of surfactant proteins with hyphae 

and the potential effect this has on disease progression and host defense.  It seems clear 

that the calcineurin pathway of A. fumigatus plays a role in the context of SP-D-mediated 

host immune recognition, and interestingly this does not appear to be true for C. 

neoformans.  The difference of a capsule in C. neoformans and the individual cell wall 

differences among the fungi offer several possible future directions for identifying the 

specific ligand(s) that SP-D binds to in these invasive fungal pathogens.     
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3. Shed and/or secreted products from C. neoformans cells aggregate SP-A and SP-
D, and thus inhibit SP-D binding to C. neoformans cells 

 

3.1 Background 

While characterizing the binding of SP-D to C. neoformans cells (Chapter 2), I 

observed that the conditioned medium from C. neoformans cells aggregated both SP-A 

and SP-D. The observed aggregation of these proteins was dramatic, with large 

aggregates of fluorescently labeled SP-A and SP-D readily apparent at low magnification 

using an epifluorescence microscope. Although higher order oligomers of SP-D 

sometimes display greater immune activity (119), the aggregation of proteins frequently 

renders them non-functional. Thus, I considered this observation as potentially important 

for my studies investigating pulmonary host immunity to C. neoformans infection.  Thus, 

I further examined this phenomenon in vitro and in vivo. I hypothesized that C. 

neoformans cells shed and/or secrete a product(s) that aggregates SP-A and SP-D, 

rendering their ability to bind to C. neoformans cells and their host protective roles non-

functional. 

In Chapter 2, I present my findings demonstrating that C. neoformans cells shed 

and/or secrete a metabolite(s) that aggregates SP-A and SP-D, both in vitro and in vivo. I 

further demonstrate that the aggregation of SP-D with conditioned medium abrogates its 

ability to bind to C. neoformans cells in vitro, as assessed by flow cytometry, consistent 

with my hypothesis that the functional capacity of aggregated SP-D is impaired. In an 

attempt to define the shed/secreted product(s) responsible for the SP-D-aggregating 
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activity, I investigated the ability of GXM, MP1, and Pustulan, individually and in 

combinations, to aggregate SP-D. My results revealed that none of these reagents alone, 

but that GXM and Pustulan together, aggregate SP-D. I also examined the aggregation 

potential of conditioned medium from several defined C. neoformans deletion mutants, in 

an attempt to define one or more of the aggregating components, although no definitive 

results were obtained. Finally, I evaluated the capacity of AMs to phagocytose SP-A 

aggregated by C. neoformans conditioned medium, compared to BSA aggregates and 

unaggregated SP-A. My results  revealed that C. neoformans-induced SP-A aggregates 

are phagocytosed to a greater extent than BSA aggregates, but less than unaggregated SP-

A. These findings are interesting and may imply a functional consequence of SP-A and/or 

SP-D during C. neoformans infection, but further studies are necessary to confirm or 

refute this hypothesis. 

 

3.2 Materials and Methods 

 

3.2.1 Animals and reagents 

For the AM uptake experiments, pathogen-free male Sprague-Dawley rats 

(Taconic, Germantown, NY) that ranged between 2 and 6 months of age were used. To 

assess the in vivo aggregation of SP-A and SP-D, pathogen-free C57BL/6 mice (Jackson 

Laboratories, Bar Harbor, ME) that ranged between 6 and 8 weeks of age were 

employed. Mice were anaesthetized by intraperitoneal injection of 150 mg/kg ketamine 

(Fort Dodge Animal Health, Fort Dodge, IA) and 10 mg/kg xylazine (Lloyd Laboratories, 
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Shenandoah, IA), and mice and rats were sacrificed by intraperitoneal injection of a lethal 

dose of Nembutal (Abbot Laboratories, North Chicago, IL) followed by exsanguination. 

All procedures were approved by the Duke University Institutional Animal Care and Use 

Committee. 

 

3.2.2 Strains and media 

Cryptococcus neoformans var. grubii strains H99 (wild-type, serotype A, mating 

type alpha) and cap59 (acapsular, serotype A, mating type alpha) were revived from 15% 

glycerol stocks stored at -80°C. Strains were maintained on yeast extract peptone 

dextrose (YPD; 1% yeast extract, 2% peptone and 2% dextrose) agar plates at 30˚C. Prior 

to use in these studies, yeast strains were grown on YPD plates for 24-48 hours at 30°C, 

harvested, washed three times with sterile phosphate-buffered saline (PBS), suspended in 

phagocytosis buffer, and counted with a hemocytometer to determine cell concentrations. 

 

 

3.2.3 Purification of surfactant protein A 

SP-A was isolated from the lavage of alveolar proteinosis patients as described in 

Chapter 2. Briefly, the surfactant pellet from the lavage fluid was extracted with butanol. 

Butanol insoluble proteins were then resuspended in octylglucopyranoside (OGP) in 0.15 

M NaCl. SP-A, which is insoluble in OGP and salt, was then suspended in Tris-buffered 

water, pH 7.4. The remaining OGP was then removed by dialysis against 5 mM Tris-

buffered water, pH 7.4. SP-A was then treated to remove endotoxin with polymyxin 
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agarose beads as previously described. SP-A preparations were tested for endotoxin 

contamination with the Limulus amoebocyte lysate assay (BioWhittaker, Rockland, ME).  

 

3.2.4 Isolation of recombinant SP-D 

Recombinant SP-D was isolated from Chinese hamster ovary cells expressing a 

clone of full-length rat SP-D, purified using maltose affinity chromatography, and stored 

at 4˚ C in 5 mM Tris buffer, pH 7.8 containing 2 mM EDTA as described in Chapter 2.   

 

3.2.5 Fluorescent labeling of SP-A and SP-D 

Rat recombinant SP-D and purified SP-A were fluorescently labeled using an 

Alexa Fluor 488 protein-labeling kit (Invitrogen, Carlsbad, CA). SP-A and SP-D were 

dialyzed against HEPES-buffered water and PBS without Ca2+ and Mg2+, respectively, 

before and after labeling.  In addition, the pH was raised for the labeling reaction by 

dialysis against 0.1 M sodium bicarbonate, pH 8.3 for three hours prior to labeling.  

Protein concentrations were assessed using the BCA (bicinchoninic acid) reagents 

according to the manufacturer’s instructions (Pierce, Rockford, IL). All proteins had a 

degree of labeling (DOL) efficiency of 5 - 15:1 (DOL, dye:protein ratio).  The 

functionality of labeled SP-A and SP-D was assessed by their ability to bind to AMs and 

E. coli, respectively (18, 97). 
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3.2.6 Isolation and culture of alveolar macrophages 

Alveolar macrophages were obtained by bronchoalveolar lavage.  Immediately 

after death, the trachea was cannulated and the lungs were removed. The lungs were then 

lavaged with 100 ml/rat lung of PBS containing 0.2 mM EGTA pre-warmed to 37oC. 

Cells were then pelleted by centrifugation at 1000 x g for 10 minutes. The cells were then 

washed once and resuspended in PBS containing 0.1 mM Ca2+ and 0.2% BSA (for 

suspension cell assays) or minimal essential medium (Invitrogen, Carlsbad, CA) 

supplemented with 0.2% BSA (for adherent cell assays). Cells were then diluted to a final 

concentration of 1 x 106 cells/ml and used for the phagocytosis assays. For both 

suspension and adherent cell assays, the cells were used in 200-µl aliquots, for a total of 2 

x 105 cells/tube. For the analysis of adherent cells, cells were plated in 96-well tissue 

culture plates and allowed to adhere for 2 hrs. Unattached cells were then washed away 

with PBS and fresh media containing the appropriate experimental reagents was added.  

 

3.2.7 Aggregation assays 

Serotype A (H99 and cap59Δ acapsular mutant) cells were grown up in YPD 

(yeast peptone dextrose) growth media for 24 hours at 30o. Cells were then separated 

from the supernatant (conditioned media) by centrifugation at 6000 rpms in a tabletop 

centrifuge. After centrifugation, the supernatant was gently removed with a pipette from 

the cell pellet to a clean centrifuge tube. Reactions were set up in microcentrifuge tubes 

in a final volume of 500 µl. Fluorescently labeled SP-A and SP-D were used at a final 

concentration of 10 µg/ml. The following conditions were used for analysis: SP-A + 
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YPD, SP-A + H99 supernatant, SP-A + cap59Δ supernatant, SP-D + YPD, SP-D + H99 

supernatant, and SP-D + cap59Δ supernatant. Tubes were then incubated at 37oC with 

shaking for 1 hour. Aliquots were immediately observed for aggregation by fluorescence 

microscopy. Aggregates were retrieved by centrifugation for 8 minutes at top speed in a 

tabletop centrifuge. The supernatant was removed with a pipette from any pelleted 

material, which was then washed in 500 µl of PBS. The pellet was then resuspended in 

200 µl of TRIS-HCL 2% lauryl sulfate, pH 7.5 for quantitative analysis using a 

fluorometer.  

 

3.2.8 Aggregation of SP-A and SP-D by purified GXM and the 1,6-ß-D-glucan 
analog Pustulan 

In order to assess the ability of various architectural components of C. 

neoformans to aggregate SP-A and SP-D, we used purified GXM from the capsule at a 

concentration of 50 µg/ml and Pustulan (representative of the cell wall component 1,6-ß-

D-glucan) at a concentration of 1 mM. All reactions were carried out at a final volume of 

200 µl in microcentrifuge tubes. AF488-labeled SP-A was added at a final concentration 

of 20 µg/ml, and AF488-labeled SP-D at 10 µg/ml. Aggregation was assessed in YPD as 

well as in PBS containing 0.1 mM Ca2+ and 0.5% BSA. Tubes were incubated for 1 hour 

with shaking at 37oC and examined with a fluorescence microscope. 
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3.2.9 Binding assays with SP-D aggregates 

C. neoformans strains were centrifuged at 2000 x g for 2 min., washed three 

times, and resuspended in sterile PBS containing 0.9 mM CaCl2 and 0.1% BSA. C. 

neoformans cells were counted with a hemocytometer and adjusted to a concentration of 

1 x 106 yeast/ml. For binding assays, 100 µl of this suspension (1 x 105 yeast cells) was 

used. SP-D binding to C. neoformans strains H99 and cap59Δ was assessed at a 

concentration of 0.1 µg/ml in PBS + 0.9 mM CaCl2 + 0.1% BSA (Sigma, ST. Louis, MO) 

to block nonspecific binding. Strains were incubated with SP-D in 1.5 ml microfuge 

tubes with increasing concentrations of conditioned medium for 1 hr. at 37°C shaking in 

an Eppendorf Thermomixer 5436 (Eppendorf, Westbury, NY) in the dark and were then 

assessed by flow cytometry and fluorescence microscopy. 

 

3.2.10 In vivo aggregation of SP-A and SP-D 

Mice anesthetized by intraperitoneal injection of ketamine (150 mg/kg) xylazine 

(10 mg/kg) were positioned on a taut string secured at either end, hanging from their 

incisors. C. neoformans cells in sterile phosphate buffered saline at 1 x 106 yeast/ml were 

administered in a volume of 50 µl by dropping the inoculum into the nares.  Mice treated 

in the same way with sterile saline and uninfected mice were included as controls. At 3 

days post-infection, fluorescently labeled SP-D (10 µg/mouse) was administered 

intranasally to anesthetized mice. Three hours later, the mice were sacrificed and their 

lungs lavaged for examination of aggregates in the BAL by flow cytometry and 

fluorescence microscopy.  
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3.2.11 Aggregate uptake by alveolar macrophages      

Uptake of SP-A aggregates was performed using Alexa Fluor labeled SP-A and 

the conditioned media from C. neoformans strains H99 and cap59Δ. Conditioned media 

was obtained by growing C. neoformans cells for 24 hrs in YPD at 30°C. Yeast cells 

were separated from media by centrifugation at 6000 rpms in a tabletop centrifuge. The 

collected supernatant was considered to be conditioned medium. The assay was set up 

with 100 µg/ml of AF647-SP-A in 500 µl of the respective cap59Δ or H99 supernatant 

and YPD as a control. BSA aggregative were used as a control for aggregation. The 

reactions were incubated for 1 hour at 37°C with shaking, and aggregated proteins were 

separated by centrifugation at top speed in a tabletop centrifuge for 10 minutes. Any 

aggregates obtained after centrifugation were washed twice with phagocytosis buffer and 

resuspended in 1 ml of phagocytosis buffer by vigorous vortexing. Aggregates were 

normalized to AF-SP-A using a fluorescence plate reader, and the following reactions 

were set up in a final volume of 500 µl. 1. Cells alone, 2. Cells + SP-A, 3. Cells + H99-

aggregated SP-A, 4. Cells + cap59Δ-aggregated SP-A, 5. Cells + aggregated BSA. The 

reactions were incubated at 37°C rotating for 30 minutes. Cells were then washed twice 

with phagocytosis buffer and fixed for flow cytometry or spotted on a slide for 

fluorescence or confocal microscopy.  
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3.2.12 Light and fluorescence microscopy 

Fluorescence microscopy was performed using a Zeiss Axioskop 2 Plus 

fluorescent microscope (Thornwood, NY) with an attached AxioCam MRM digital 

camera. All images were acquired at a fixed time exposure. Data represent experiments 

performed at least three times with similar results. 

 

3.2.13 Flow cytometry 

Binding reactions were removed to 5 ml polystyrene round bottom Fluorescence 

Activated Cell Sorting (FACS) tubes (BD Biosciences Discovery Labware, Franklin 

Lakes, NJ) for analysis. Results were obtained using a LSR II Flow cytometry system 

(BD Biosciences, San Jose, CA). Analysis of results was performed using the FlowJo 

software (Treestar Inc. Ashland, OR). Prior to SP-D binding analysis, C. neoformans 

cells were gated using FSC-H versus FSC-A scatter plots so as to exclude aggregates, if 

necessary, and at least 10,000 events were assessed. Data represent experiments that were 

performed at least three times with similar results. 

 

3.2.14 Statistics 

Data were subjected to the unpaired Student’s T-test and single factor analysis of 

variance. All statistics were performed using the Microsoft Excel software package. 

Analyses with a resulting P < 0.05 were considered to be statistically significant. 
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3.3 Results 

 

3.3.1 C. neoformans conditioned medium aggregates SP-A and SP-D in vitro  

To assess the possibility that SP-D and SP-A are aggregated by a shed and/or 

secreted product from C. neoformans cells, each protein was added at varying 

concentrations to culture supernatants from yeast grown in complete (YPD) or defined 

(RPMI-1640) medium.  Aggregate formation was visualized by fluorescence microscopy, 

and quantitatively assessed using a fluorometer.  The addition of SP-D or SP-A to YPD 

or RPMI-1640 conditioned supernatants resulted in a dose dependent formation of 

aggregates (Figure 13).  In contrast, the addition of SP-D or SP-A to medium alone or to 

phagocytosis buffer (PBS + 0.1 M Ca+2 and 0.2 % BSA) did not induce aggregation, 

demonstrating that aggregation was mediated by a factor derived from C. neoformans 

cells.   

Given my previous results demonstrating that interactions between SP-D and 

constituents of the C. neoformans cell wall and capsular matrix are calcium-dependent, I 

next assessed whether the formation of aggregates was calcium dependent.  I found that 

EDTA (5 mM) completely abrogated the ability of conditioned culture supernatants to 

aggregate SP-D and SP-A.  Thus, aggregation is a calcium-dependent process that 

appears to involve the lectin domains of SP-D and SP-A.    

 

 



 

66 

 

Figure 13: SP-A and SP-D are bound by C. neoformans conditioned media.  

C. neoformans conditioned media (CM) aggregate Alexa Fluor 488-labeled SP-
 A (A) and SP-D (B). Fluorescently labeled SP-A and SP-D (10 µg/ml) were 
 incubated with conditioned medium or YPD control for 1 hr at 37°C. Images 
 were obtained using a fluorescence microscope at 40X magnification. 
 Aggregation was also analyzed by quantifying fluorescence with a  fluorometric 
 plate reader. Increasing concentrations of conditioned medium were added to 
 AF488-labeled SP-A (20 µg/ml) and AF488-labeled SP-D (10 µg/ml). (C) 
 Data represent one of three independent experiments with similar  results. 
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3.3.2 C. neoformans aggregates SP-A and SP-D in vivo 

To assess whether SP-A and/or SP-D are aggregated by C. neoformans in vivo, 

mice were intranasally instilled with C. neoformans cells, followed by fluorescently 

labeled SP-A or SP-D three days later. Three-four hours after SP instillation, the mice 

were sacrificed and their lungs lavaged to retrieve  the BAL for qualitative analysis by 

fluorescence microscopy and quantitative evaluation by flow cytometry. The results 

revealed that SP-A (data not shown) and SP-D were aggregated in the lungs of C. 

neoformans-infected mice, compared to saline infected control mice, as assessed by 

microscopy (Figure 14), consistent with my in vitro results. The aggregates formed in 

vivo were smaller than the in vitro aggregates, although this observation was not 

surprising given the high probability that the SP-A and SP-D present in vivo were diluted 

to a much greater extent than those in vitro, and that the C. neoformans conditioned 

medium likely contained much higher concentrations of the aggregating factor than the 

infected lung. These findings revealed that C. neoformans cells secrete and/or shed a 

metabolite(s) and/or cell wall/capsular product(s) that aggregates SP-A and SP-D in the 

lung. 
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Figure 14: SP-D is aggregated by C. neoformans cell in vivo.  

Fluorescence microscopy demonstrating that fluorescently labeled SP-D             
 retrieved from C. neoformans-infected mouse lungs is aggregated compared to 
 that from saline-instilled mouse lungs. Top row, SP-D incubated in CM (positive 
 control); middle row, SP-D retrieved from saline-instilled mice (negative control); 
 bottom row, SP-D retrieved from H99-infected mice (experimental). 
 Magnification, 40X. Results represent one  experiment performed in triplicate. 
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3.3.3 Conditioned medium from H99 and cap59∆ competes SP-D binding to C. 
neoformans cells  

I hypothesized that C. neoformans-induced aggregation of SP-D may impair SP-

D’s ability to bind to C. neoformans cells. To test this hypothesis, I first examined the 

ability of conditioned medium (CM) to inhibit SP-D binding to C. neoformans cells by 

adding increasing amounts of CM to my SP-D binding assays. Yeast cells were grown in 

RPMI medium to minimize confounding factors that might be present in YPD, such as 

cell wall components. Use of RPMI resulted in a decrease in SP-D binding, even without 

CM, because this medium is not an optimal buffer for SP binding assays. Despite this, I 

was able to demonstrate significant SP-D binding and a subsequent gradual decrease in 

binding in the presence of increasing percentages of RPMI CM from H99 cells (Figure 

15). Interestingly, this decrease was more pronounced for H99 CM compared to cap59Δ 

CM (Figures 15 and 16). These results suggest that C. neoformans shed and/or secrete 

components that aggregate SP-D and impede its ability to bind to fungal cells. As a 

consequence of this finding, I hypothesize that SP-D’s immunomodulatory capacity 

would be modulated. Such modulation might result from a dysfunctional opsonin activity 

of aggregated SP-D. In addition, I hypothesize  that the aggregated SPs might possess 

aggregated-protein-specific functions in the lung that are beneficial to the fungal 

pathogen. Such function might include a downregulation of  TH1-type pro-inflammatory 

responses that are critical to the host’s ability to clear infection. 
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Figure 15: H99 conditioned medium inhibits SP-D binding to cap59∆ cells.  

AF488-labeled SP-D (0.1 µg/ml) was incubated with cap59∆ cells in RPMI 
 medium. Conditioned medium was obtained from H99 cells grown in RPMI 
 overnight at 30°C. Cells were incubated with SP-D in RPMI alone, 8.3% CM, 
 16.6% CM, 25% CM, 29% CM, and 33.3% CM, diluted in RPMI. SP-D binding 
 was then assessed by flow cytometry. The results show that H99 CM dose-
 dependently inhibited SP-D binding to cap59∆ cells. N = 3. 

 

 

 



 

71 

 

Figure 16: Competition of SP-D binding with H99 and cap59∆ CM.  

The conditioned medium from H99 cells inhibits SP-D binding to cap59∆ cells 
 better than does that from cap59∆ cells. The assay was performed as 
 described in Figure 15, except that the conditioned medium from cap59∆ cells 
 was also evaluated. Results are shown as a percentage of the positive control 
 (no CM). N = 3. 
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Figure 17: Aggregation of SP-A and SP-D by H99 and cap59∆ CM.  

The CM from H99 cells aggregated SP-D to a greater extent than did that from 
 cap59∆ cells. Microscopy showing six independent reactions from the assay 
 presented in Figure 16. Magnification, 10X. N = 3. 
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3.3.4 Isolated C. neoformans cell wall and capsular components together aggregate 
SP-A and SP-D 

To define further the C. neoformans factor(s) responsible for aggregating SP-A 

and SP-D, I evaluated the capacity of the purified cell wall and capsular components 

(GXM and Pustulan, respectively) to aggregate SPs in vitro. Individually, neither purified 

GXM, the major component of the C. neoformans capsule, nor Pustulan, a component of 

the cell wall, aggregated fluorescently labeled surfactant proteins. Interestingly, when 

both fungal components were incubated with SP-A or SP-D, aggregation was observed 

(Figure 18). This observation is consistent with the possibility that multiple constituents 

of the C. neoformans cell wall and capsule function synergistically to cross-link and 

aggregate surfactant proteins A and D.  
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Figure 18: Pustulan and GXM together aggregate SP-A and SP-D.  

C. neoformans CM and the combination of 1 mM Pustulan plus 50 µg/ml GXM 
 aggregated fluorescently labeled SP-A and SP-D. Labeled protein (10 µg/ml) 
 was incubated with CM, YPD, or PBS alone or in combination with Pustulan, 
 GXM. Or Pustulan plus GXM for 1 hr at 37°C in PBS containing 0.1% BSA and 
 100 µM Ca2+.. Images were obtained using a fluorescence microscope at 40X 
 magnification. Data represent one of three independent experiments with similar 
 results. 
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3.3.5 C. neoformans-induced SP-A aggregates are efficiently phagocytosed by mouse 
alveolar macrophages 

To begin to assess whether the immunomodulatory activity of C. neoformans-

aggregated SPs was changed, I evaluated the uptake of fluorescently labeled SP-A 

aggregates by AMs using flow cytometry. The results were compared to equivalent 

concentrations of unaggregated SP-A and aggregates of BSA. I found that SP-A 

aggregates were phagocytosed more efficiently than BSA aggregates, but less than 

unaggregated SP-A (Figure 19). The decreased phagocytosis of SP-A aggregates was 

further supported by comparing aggregates formed by H99 with those elicited by cap59∆ 

CM, which I previously showed has a decreased capacity to aggregate SPs compared to 

H99 CM. These results are consistent with my hypothesis that C. neoformans cells shed 

and/or secrete a component(s) that aggregates SPs and thus alters their functions. Of note, 

C. neoformans-induced SP-D aggregates have not yet been assessed in this context. 
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Figure 19: SP-A aggregate uptake by alveolar macrophages.  

Fluorescently labeled SP-A aggregated by CM from H99, unaggregated SP-A, 
 and BSA aggregates (not shown) were incubated with AMs. Uptake was 
 determined by evaluating the fluorescence of AMs using a flow cytometer. The 
 results  represent one experiment, with each condition performed in triplicate. 
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3.4 Discussion 

Labeled SP-A and SP-D form large aggregates in the presence of C. neoformans 

conditioned media. Although SP-A shows little binding affinity for C. neoformans cells, 

aggregation of SP-D inhibits its ability to bind to the surface of the yeast cells. The 

interaction between SP-D and the fungal surface has been found to be dependent on a 

number of factors, including the following: (1) the presence of calcium, (2) the absence 

of capsular material, and (3) the reduced density of the capsule. Taken together with the 

results presented in this Chapter, my findings suggest that a capsular component(s) has 

the ability to both inhibit SP-D binding to the intact capsule as well as to bind to and 

aggregate extracellular surfactant proteins. This finding may be explained by the 

orientation of the C. neoformans component in the capsule, or it may represent the 

activities of more than one capsular and/or cell wall component as suggested by the 

ability of GXM and Pustulan to elicit SP aggregation when assayed together. These 

findings suggest that more than one component of the capsule is responsible for the 

observed aggregation, or that a more physiological combination of the aggregating 

factors is necessary. The capacity of mannoprotein 1 (MP1) to aggregate SPs was not 

evaluated, but it is an intriguing possibility as MP1 has been found to interact with SP-D 

in solid phase binding assays (78, 79).  

In alignment with my hypothesis that aggregation of SPs by C. neoformans cells 

modulates their function, I found that conditioned media impedes the ability of SP-D to 

bind to C. neoformans cells and that the uptake of SP-A aggregates by AMs differs from 
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that of unaggregated SP-A and BSA aggregates. It is possible that the SP aggregation 

caused by C. neoformans cells modulates the immune response, such that infection is 

promoted. A precedent for this hypothesis has been demonstrated for Pseudomonas 

aeruginosa, which secretes a protease that degrades SP-A and SP-D, abrogating their 

ability to bind to and enhance the uptake and clearance of this bacterium (120, 121). I 

speculate that C. neoformans cells shed/secrete fungal products that aggregate SPs, 

inhibiting SP-D binding and altering the immune response to favor progression of the 

infection. Whether the SP aggregates themselves play an immunomodulatory role 

remains to be determined in vivo, warranting further investigations of this phenomenon. 

The aggregation of SP-A and SP-D by C. neoformans cells might represent a 

mechanism by which the fungus redecorates its environment during infection to promote 

its growth and survival. Upon inhalation of spores or desiccated yeast cells, C. 

neoformans is rapidly phagocytosed by alveolar macrophages, and it has been 

hypothesized that intracellular parasitism is a mechanism by which these fungi evade host 

immune detection. C. neoformans can also move in and out of immune cells, as well as 

between immune cells, while leaving the host cells intact, and perhaps this process is 

triggered by fungal detection and subsequent activation of the parasitized cells. Thus, C. 

neoformans would prefer to exit such cells and enter more naïve immune cells. Similarly, 

aggregation could represent a mechanism by which C. neoformans dampens host immune 

responses while the fungus exists in the extracellular environment.  This might occur via, 

as mentioned, an immunosuppressive effect of the aggregates. Furthermore, it is possible 
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that the aggregates, consisting of surfactant proteins and C. neoformans components, 

might function as decoys for the fungus.  
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4. SP-D bound to the surface of C. neoformans cells enhances their uptake by 
macrophages, and thus functions as an opsonin 

 

4.1 Background 

C. neoformans is an opportunistic fungal pathogen that usually infects the host via 

the lungs and then disseminates to the central nervous system where it can cause life-

threatening disease in immunocompromised patients.  Immunocompetent individuals 

generally clear the pulmonary infection, although a recent outbreak of serotype B, C. 

gattii, in apparently immunocompetent individuals has occurred on Vancouver Island and 

the surrounding areas (34).  

The importance of the adaptive immune response, including T cell, B cells, and 

antibodies, has been clearly demonstrated (122-128), but information regarding the innate 

immune repertoire responsible for recognizing and clearing C. neoformans cells is sparse. 

The innate immune system plays a pivotal role in mediating the host response to 

Cryptococcus neoformans infection due to its ability to directly decrease fungal burden 

and to potentiate clearance of the infection, alone and via directing adaptive immune 

mechanisms. Innate immune responses help guide the development of TH1 versus TH2-

polarized adaptive immunity, which is critical to the outcome of C. neoformans infection 

(129). TH2-skewed immune responses are detrimental to the host, as evidenced in mouse 

models which demonstrate enhanced susceptibility of TH2-skewed mice in comparison to 

those that develop robust TH1 responses (130). In fact, one study comparing various 

inbred mouse strains with different susceptibilities to C. neoformans infection 
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demonstrated that a strong polarization toward TH1 immunity can result in host 

resistance to this pathogen (130). Further assessment of the inherent differences of mouse 

strains to C. neoformans susceptibility may help elucidate the role of the expression or 

activity of one or more innate immune molecules critical for the host response to C. 

neoformans.  

Innate immune factors, the primary effectors of the host immune response during 

the early stages of infection, represent intriguing primary targets for therapeutic studies. 

They include the Pattern Recognition Receptors (PRRs) such as Toll-Like Receptors 

(TLRs), Mannose Receptor (MR), and β-glucan receptor, as well as the soluble proteins 

complement and surfactant proteins A and D. Previous studies have demonstrated that 

SP-A does not affect the host immune response to C. neoformans cells, as evidenced by 

its inability to act as an opsonin when bound to the yeast surface in vitro and in animal 

studies employing SP-A-/- mice (65, 66, 131). SP-D has been shown to bind to and 

aggregate acapsular C. neoformans strains in vitro (63), but evidence for its role in vivo 

are lacking. 

I hypothesized that SP-D bound to the surface of C. neoformans cells modulates 

the host immune response by increasing uptake by macrophages, and thus it facilitates 

intracellular parasitism by this fungus. In Chapter 4, I examine the capacity of SP-D to 

function as an opsonin for C. neoformans cells both in vitro and in vivo.  
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4.2 Materials and Methods 

 

4.2.1 Animals and Reagents 

Experiments were conducted using pathogen-free C57BL/6 mice (Jackson 

Laboratories, Bar Harbor, ME) and SP-D -/- mice generated in the same background as 

previously described (132, 133) that ranged between 6 and 8 weeks of age. Male Sprague 

Dawley rats were obtained from Taconic (Hudson, NY). Mice were anaesthetized by 

intraperitoneal injection of 150 mg/kg ketamine (Fort Dodge Animal Health, Fort Dodge, 

IA) and 10 mg/kg xylazine (Lloyd Laboratories, Shenandoah, IA) and mice and rats were 

sacrificed by intraperitoneal injection of a lethal dose of Nembutal (Abbot Laboratories, 

North Chicago, IL) followed by exsanguination. All procedures were approved by the 

Duke University Institutional Animal Care and Use Committee. 

 

4.2.2 Isolation of human SP-A from Alveolar Proteinosis patients and recombinant 
SP-D 

SP-A was isolated from human BAL samples via butanol extraction as previously 

described (97). Recombinant SP-D was isolated from Chinese hamster ovary cells 

expressing a clone of full-length rat SP-D, purified using maltose affinity 

chromatography, and stored at 4˚C in 5 mM Tris buffer, pH 7.8 containing 2 mM EDTA 

as previously described (18).  
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4.2.3 Isolation of rat alveolar macrophages 

Rats were sacrificed by overdose of Nembutal, and the lungs were lavaged using a 

14-gauge cannula to inject PBS containing 0.2 mM EGTA. The lungs were inflated to 

full capacity (approximately 3 ml of buffer) three times, and the cells obtained were 

centrifuged at 1000 x g for 10 minutes at 4°C. The cells were then resuspended in 

macrophage media, plated in 8-well chamber slides (Nalge Nunc International, 

Rochester, NY), and allowed to adhere for 2 hours, or maintained in suspension for 

incubation with C. neoformans cells. 

 

4.2.4 Isolation of mouse dendritic cells 

Dendritic cells were isolated from the bone marrow of mice and differentiated 

using a previously described protocol (18). 

 

4.2.5 Uptake of C. neoformans by rat alveolar macrophages and mouse dendritic 
cells 

C. neoformans strain H99 was pre-coated with 10% rat or human serum, 2 µg/ml 

18B7 anti-GXM antibody, 20 µg/ml SP-A, 10 µg/ml SP-D, or nothing for one hour at 

37°C. Pre-coated yeast cells were then added to macrophages or dendritic cells (1 x 105 

cells/ml) in suspension at a multiplicity of infection (M.O.I.) of 1:1, and the samples were 

incubated rotating at 37°C. The same M.O.I. was used to assess uptake by adherent AMs. 

Results were assessed by fluorescence microscopy and flow cytometry. 
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4.2.6 Culturing and maintenance of J774A.1 macrophages 

The J774A.1 murine macrophage cell line (ATCC, Manassas, VA) was cultured 

in Dulbecco’s modified Eagles Medium supplemented with 10% heat-inactivated FBS 

(Hyclone, Logan, UT) and 100 U/ml of penicillin-streptomycin in T75 flasks and 

subcultured by scraping and dilution at a ratio of 1:6. Cells were maintained at 37°C in an 

atmosphere containing 5 % CO2. Assays performed with macrophages were carried out in 

the absence of serum to discriminate the effects of SP-D alone.  

 

4.2.7 Uptake of C. neoformans cells by J774A.1 macrophages 

J774A.1 cells were removed from T75 flasks by scraping, centrifuged at 1000 x g 

for 8 min. and resuspended in complete medium. Live cells were counted with a 

hemocytometer using Trypan blue exclusion to identify dead cells. Cells were then 

adjusted to a concentration of 1 x 105 cells/ml. 300 µl of this suspension was added to 8-

well chamber culture slides (Nalge Nunc International, Rochester, NY) and incubated 

overnight prior to C. neoformans challenge. Cells were either infected immediately or 

activated with LPS and interferon-gamma for 3 hrs prior to infection, as described for the 

trafficking and immunofluorescence assays below. C. neoformans cells were washed 

three times and resuspended in complete medium, counted with a hemocytometer and 

adjusted to a concentration of 3 x 105 yeast/ml to achieve a multiplicity of infection 

(M.O.I) of 5:1. SP-D was used at a concentration of 1 µg/ml and Pustulan was used at a 

concentration of 25 µg/ml. C. neoformans cells were preincubated alone, with SP-D, SP-
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D and Pustulan or Pustulan alone in PBS + 0.9 mM CaCl2 + 0.1% BSA for 1 hr at 37°C, 

centrifuged and resuspended in complete medium. Preincubated yeast cells were then 

added to macrophages at time = 0 of time lapse microscopy experiments. Data represent 

experiments that were performed at least three times with similar results. 

 

4.2.8 In vivo uptake of C. neoformans cells by wild type and SP-D-/- mouse 
macrophages 

AF488-labeled cap59Δ or H99 cells were intranasally instilled in anaesthetized 

wild type and SP-D -/- mice at a concentration of 5 x 105 cells/mouse. This large 

inoculum was selected so that sufficient numbers of C. neoformans cells were retrieved 

for quantification by confocal microscopy, and also to mimic the M.O.I. employed in the 

in vitro uptake studies. Mice were then harvested 12 hrs post-infection by lethal injection 

of sodium pentobarbital followed by exanguination. The lungs were lavaged using a 20-

gauge cannula to inject PBS containing 0.2 mM EGTA. Lungs were inflated to full 

capacity (approximately 1 ml of buffer) three times, and the cells obtained were 

centrifuged at 1000 x g for 10 minutes at 4°C. The cells were then resuspended in 

macrophage media, plated in 8-well chamber slides (Nalge Nunc International, 

Rochester, NY), and allowed to adhere for 2 hours. The chamber slides were then placed 

on ice for 20 minutes prior to macrophage membrane labeling. Membrane labeling was 

performed by washing the macrophages three times with PBS + Ca2+, incubated in 

blocking solution (10% mouse serum and 2% BSA in Superblock [Pierce]) for 1 hour on 

ice, and incubating with APC hamster anti-mouse CD11c (BD Biosciences, San Jose, 

CA) in blocking solution for 1 hr on ice. The washing step was repeated and the cells 
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were fixed in 1% formalin in PBS. The slides were then mounted with Fluorsave reagent 

(Calbiochem, San Diego, CA) and the results were assessed by confocal microscopy.   

 

4.2.9 Flow Cytometry 

Binding reactions were removed to 5 ml polystyrene round bottom Fluorescence 

Activated Cell Sorting (FACS) tubes (BD Biosciences Discovery Labware, Franklin 

Lakes, NJ) for analysis. Results were obtained using a LSR II Flow cytometry system 

(BD Biosciences, San Jose, CA). Analysis of results was performed using the FlowJo 

software (Treestar Inc. Ashland, OR). Prior to SP-D binding analysis, C. neoformans 

cells were gated using FSC-H versus FSC-A scatter plots so as to exclude aggregates, and 

at least 10,000 events were assessed. Data represent experiments that were performed at 

least three times with similar results. 

 

4.2.10 Light and Fluorescence Microscopy 

Fluorescence microscopy was performed using a Zeiss Axioskop 2 Plus 

fluorescent microscope (Thornwood, NY) with an attached AxioCam MRM digital 

camera. All images were acquired at a fixed time exposure. Data represent experiments 

performed at least three times with similar results. 

 

4.2.11 Time lapse microscopy 

Time Lapse microscopy was performed using a Zeiss Axiovert Time Lapse 

station (Carl Zeiss Microimaging Inc., Thornwood, NY) equipped with a Hamamatsu 
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Orca AG camera (Hamamatusu, Bridgewater, NJ). An exposure of 240 was used along 

with an LD acroplan 40X objective for optimal brightfield cell imaging. Images were 

obtained for five independent fields of each well at 1 minute time intervals for a total of 

120 min. 

 

4.2.12 Confocal microscopy 

Confocal Microscopy was performed with a Zeiss LSM 510 Meta (Carl Zeiss 

Microimaging Inc., Thornwood, NY). Images were acquired at 20X and 100X oil 

immersion magnification using the 488 and 633 lasers for green and red fluorescence, 

respectively. XZ-stacks were performed at 100X magnification. 

 

4.2.13 Statistics 

Data were subjected to the two-tailed Student’s T-test to compare two groups, 

one-way analysis of variance followed by Tukey’s multiple comparison test to compare 

more than 2 groups, and two-way analysis of variance followed by the Bonferroni post-

test when comparing multiple conditions. Statistics were performed using the Microsoft 

Excel software package and Graphpad Prism 5.0a. Analyses with a resulting P < 0.05 

were considered as statistically significant.  
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4.3 Results 

  

4.3.1 SP-D does not enhance phagocytosis by primary rat alveolar macrophages or 
mouse dendritic cell in vitro 

Given that SP-A and SP-D are abundant in the lung and that SP-D binds to C. 

neoformans, I assessed whether SP-D could enhance the uptake of H99 by AMs, the 

primary innate immune cell type in the alveolar space.  H99 yeast were pre-coated with 

complete rat serum, complete human serum, or mouse monoclonal anti-GXM antibody 

(18B7), as controls. The pre-treated yeast cells were then incubated with rat AMs or 

mouse DCs in suspension (Figure 20) or rat AMs adhered to plates for two hours.  The 

ability of adherent macrophages and those in suspension to phagocytose pre-treated yeast 

was assessed by microscopy and flow cytometry.  Surprisingly, I observed very little 

enhancement of the uptake of C. neoformans yeast opsonized with whole serum or SP-D 

(data not shown), as compared to untreated yeast. Furthermore, none of the yeast pre-

coated with SP-A or SP-D were internalized by AMs (Figure 21) or DCs (data not 

shown). Only the anti-GXM antibody opsonized yeast were phagocytosed by AMs 

(Figure 21). 
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Figure 20: Protocol Schematic.  

Schematic showing the experimental protocol followed to assess C. neoformans 
 uptake by alveolar macrophages and dendritic cells (DCs). 
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Figure 21: C. neoformans uptake by rat alveolar macrophages.  

Neither SP-A nor SP-D facilitated uptake of C. neoformans by primary rat 
 AMs in vitro. Results were assessed by fluorescence microscopy (A - D) and flow 
 cytometry (E). No treatment (A), 2 µg/ml anti-GXM antibody (18B7 mAb) 
 (B), 10 µg/ml SP-A (C), and 10 µg/ml SP-D (D). Quantitative results 
 obtained by flow cytometry are shown in (E). Similar results were obtained in 
 six independent experiments. 
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4.3.2 SP-D opsonization of cap59Δ  enhances phagocytosis by macrophages in vitro 

To assess the ability of SP-D to enhance phagocytosis of C. neoformans by 

macrophages, C. neoformans cells were preincubated with SP-D, SP-D and Pustulan 

competitor, Pustulan, or neither and then incubated with adherent J774A.1 cells at a 

multiplicity of infection (M.O.I) of 5:1 (Figure 22).  The presence and absence of SP-D 

on the surface of C. neoformans cells was determined using a rabbit anti-mouse SP-D 

primary antibody and AF594-conjugated goat anti-rabbit secondary antibody and the 

results assessed by flow cytometry (data not shown).  Phagocytosis was analyzed by 

time-lapse microscopy for a duration of 2 hours. H99, either alone or opsonized with SP-

D and in the presence of pre-activated macrophages or those with no pre-treatment, was 

not detectably phagocytosed in vitro (data not shown), consistent with previous reports 

and our observations establishing that capsule inhibits uptake by innate immune cells in 

vitro (62, 107).  In contrast, cap59Δ was phagocytosed at a low basal level even when no 

opsonin was present (movies, not shown).  Pre-incubation of cap59Δ with SP-D resulted 

in a significantly increased rate of phagocytosis and a 3-fold greater phagocytic index, as 

evidenced by earlier uptake as well as greater numbers of yeast-containing macrophages 

(movies, not shown).  In addition, SP-D-opsonized cap59Δ were phagocytosed at a 

higher rate than unopsonized cells (Figures 23A, B).  When macrophages were pre-

activated with LPS and interferon-gamma, similar results were observed at 1 and 2 hours 

post-infection (Figure 23C, D), although the phagocytic index was increased about 4-fold 

for all treatments evaluated.  Therefore, SP-D acts as an opsonin for acapsular C. 

neoformans cells and results in a greater number of macrophages phagocytosing fungal 
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cells, as well as a faster rate of phagocytosis by both unactivated and activated 

macrophages.  In accordance with an earlier report (134, 135), primary rat AMs did not 

phagocytose either unopsonized or SP-D-opsonized cap59Δ or H99 (data not shown). 
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Figure 22: Protocol Schematic.  

Schematic showing the experimental protocol followed to assess C. 
 neoformans uptake by macrophage cell lines. 
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Figure 23: SP-D opsonizes cap59∆ cells.  

SP-D-opsonized cap59∆ cells are phagocytosed at a faster rate than 
 unopsonized cap59∆ cells. (A) Phagocytic index calculated 2 hrs post-infection of 
 unstimulated macrophages with cap59∆ cells. P < 0.0005 compared to 
 unopsonized, SP-D plus Pustulan as a competitor, and Pustulan alone control 
 conditions. The phagocytic index (PI) was calculated every five minutes post-
 infection using time lapse microscopy (B). When macrophages were pre-activated 
 with LPS and interferon-γ prior to infection, similar results were obtained at 1 hr 
 (C) and 2 hrs (D) post-infection. For each experiment, 5 fields of view were 
 examined per condition. Results were analyzed by one-way analysis of variance 
 (ANOVA). P < 0.05 was considered as significant. N = 3. 
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4.3.3 SP-D null mice exhibit reduced phagocytosis of cap59Δ  and H99 in vivo 

To assess uptake of C. neoformans strain cap59Δ and H99 in vivo in wild type 

and SP-D -/- mice, both C. neformans strains were fluorescently labeled with Alexa Fluor 

488 and intranasally instilled at 500,000 yeast cells per animal. Lungs were lavaged and 

cells were adhered to chamber slides and examined by confocal microscopy. AMs from 

wild type mice contained approximately 3-fold more internalized cap59Δ and 3-fold 

more H99 than did AMs from SP-D -/- mice (Figure 24).  Uptake was quantified by 

calculating the phagocytic index for the two groups as described in Materials and 

Methods.  SP-D was shown to bind to AF488-labeled cap59Δ cells by pre-incubating 

these cells with 1 µg/ml of SP-D and detecting bound SP-D using a rabbit anti-mouse SP-

D primary antibody and AF594-conjugated goat anti-rabbit secondary antibody, and 

assessing the results by flow cytometry (data not shown). In summary, I found that SP-D 

augments phagocytosis of hypocapsular C. neoformans cells by mouse macrophages in 

vitro and in vivo. 
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Figure 24: Phagocytosis of C. neoformans cells in vivo.  

SP-D-/- mice exhibited impaired phagocytosis of cap59∆ and H99 in vivo. A 
 greater number of AF488-labeled cap59∆ (A) or H99 (B) cells were internalized 
 by AMs in wild type compared to SP-D-/- mice (n = 3, 5). The PI was calculated 
 as the percentage of macrophages that had phagocytosed cap59∆ cells multiplied 
 by the number of internalized cap59∆. Representative confocal micrographs for 
 cap59∆ and H99 are shown in (B) and (D), respectively. Each experimental 
 condition was performed in triplicate and the results represent the mean±SE 
 obtained from three independent experiments. Data were analyzed using the 
 two-tailed Student’s T-test. P < 0.05 was considered as significant. Scale bar, 10 
 µm. 
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4.4 Discussion 

Although the lung collectins SP-A and SP-D have been shown to opsonize a 

variety of pathogens, few studies have evaluated their role during cryptococcal infection, 

and previous studies have reported conflicting observations.  For example, Walenkamp et 

al. suggested that SP-A binds to C. neoformans cells but does not act as an opsonin to 

increase phagocytosis by various phagocytic cells (66).  The C. neoformans strains used 

by this group were clinical serotype A isolates. In contrast, other groups have found that 

SP-D binds to C. neoformans cells and agglutinates acapsular serotype D strains (63).  

Furthermore, Gross et al. showed that natural porcine surfactant (Curosurf), which 

contains both lipid and SP-B and SP-C protein components of surfactant but lacks SP-A 

and SP-D, increased internalization, but not killing, of C. neoformans serotype D cells by 

AMs (67, 131).  In the present chapter, I describe surfactant protein binding properties to 

C. neoformans cells and further demonstrate a role for SP-D during fungal clearance from 

the pulmonary space. 

SP-D may play an important role during the initial stages of C. neoformans 

cellular infection, as I found that SP-D opsonizes the surface of hypocapsular C. 

neoformans cells, resulting in an increased rate of uptake by a macrophage cell line, as 

well as an increased overall phagocytic index.  In addition, after intranasal instillation of 

fluorescently labeled C. neoformans strain cap59∆ or H99, AMs obtained from wild type 

SP-D replete mice contained more intracellular C. neoformans than AMs from SP-D-/- 

mice.  The decreased phagocytosis in the SP-D null mice may be a consequence of the 
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lack of opsonic function of SP-D. However, it is also possible that the reduced uptake is a 

consequence of the altered macrophage function reported for SP-D null mice.  Studies 

with conditional SP-D null mice were carried out to evaluate these possibilities and the 

results are reported in Chapter 6. 

Our data support the possibility that SP-D plays a role in opsonizing and 

facilitating C. neoformans entry into immune cells during the initial stages of infection.  

Whether or not disease outcome is affected will be evaluated in subsequent chapters 

(Chapter 5 and 6).  Because C. neoformans is a facultative intracellular pathogen, it is 

possible that C. neoformans may use SP-D as a “Trojan horse” to gain access to specific 

intracellular compartments where it can grow and divide in intracellular vesicles. In 

addition, it has been postulated that C. neoformans cells disseminate from the pulmonary 

space via transport by phagocytic immune cells (43, 122).  Thus, the effects of SP-D may 

allow for sufficient intracellular fungal growth and, potentially, increased dissemination. 
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5. SP-D protects C. neoformans cells against macrophage-mediated defense 
mechanisms 

 

5.1 Background 

In the present chapter, I seek to elucidate the function of SP-D bound to the 

surface of C. neoformans cells. I have previously shown that SP-D binds to and opsonizes 

C. neoformans cells, increasing their uptake by AMs in vitro and in vivo (98). Although 

SP-D’s ability to enhance the phagocytosis of microbes is usually a host protective 

function (2), previous data have shown that C. neoformans cells survive and divide 

intracellularly (38, 41, 136, 137). Furthermore, a recent report showed that the pre-

loading of monocytes with C. neoformans cells facilitates the entry of yeast into the CNS 

(43), and it is hypothesized that internalization by immune cells protects C. neoformans 

against the host immune response and is the mechanism by which they disseminate from 

the pulmonary space. Another group found that the depletion of AMs diminishes the 

dissemination of a glucosylceramide-deficient strain of C. neoformans (138). Finally, 

capsule has been demonstrated to protect C. neoformans cell against oxidative stress in 

the form of H2O2 exposure (105). Based on these data, I hypothesized that SP-D binding 

to the surface of C. neoformans cells protects them against macrophage-mediated 

immune responses, not only by augmenting phagocytosis, but also by shielding them 

against reactive oxygen species. 
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5.2 Materials and Methods 

 

5.2.1 Culture and Maintenance of J774A.1 and MH-S Macrophages 

The J774A.1 murine macrophage cell line (ATCC, Manassas, VA) was cultured 

in Dulbecco’s modified Eagle’s Medium supplemented with 10% heat-inactivated FBS 

(Hyclone, Logan, UT) and penicillin streptomycin in T75 flasks and subcultured by 

scraping and dilution at a ratio of 1:6. Cells were maintained at 37°C in an atmosphere 

containing 5% CO2. The MH-S murine alveolar macrophage cell line (ATCC, Manassas, 

VA) was cultured in RPMI-1640 medium supplemented with 0.5 mM 2-mercaptoethanol 

(Sigma, St. Louis, MO) and 10% heat-inactivated FBS (Hyclone, Logan, UT) and 

penicillin streptomycin in T75 flasks and subcultured by incubation with 0.25% trypsin, 

0.5 mM EDTA (Sigma, St. Louis, MO) at a ratio of 1:6. 

 

5.2.2 Preparation of C. neoformans for Macrophage Trafficking and Yeast Growth 
Assays 

C. neoformans were grown overnight in YPD liquid medium, spun down at 2000 

x g, washed three times, and labeled with AF-647 dye, which binds primary amines on 

the yeast cell surface. The yeast were then washed again three times with PBS to remove 

any unconjugated fluor, and resuspended in sterile PBS containing 0.9 µM CaCl2 at a 

concentration of 2 x 106 yeast/ml. Yeast cells were then incubated with 1 µg/ml SP-D or 

alone for 1 hr at 37°C shaking in an Eppendorf Thermomixer 5436 (Eppendorf, Westbury 

NY). For macrophage infection, 10 µl of pre-treated yeast cells (20,000 yeast cells) were 
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inoculated into wells containing activated macrophages. This number of yeast cells was 

chosen to represent a Multiplicity of Infection (M.O.I.) of 1:1, with the assumption that 

the macrophages had doubled overnight (139). For the immunofluorecence studies, an 

M.O.I. of 5:1 was used so that sufficient yeast-containing macrophages could be 

assessed.  

 

5.2.3 Immunofluorescence 

Three hundred microliters of a suspension of J774A.1 cells were plated in 8-well 

coverslip chambers at a concentration of 1 x 105 cells/ml, allowed to adhere overnight, 

and activated with 300 µl fresh complete medium containing 100 ng/ml LPS (serotype 

0111:B4) and 200 U/ml mouse interferon-gamma (R&D Systems) for 3 hrs. Activated 

cells were then infected with SP-D-bound or unbound AF647-labeled cap59∆ for 16 hrs, 

washed three times with PBS, and fixed with 4% paraformaldehyde for 20 min at room 

temperature, followed by 3 more washes with PBS and permeabilization with -20ºC 

MeOH for 1 min. Cells were then washed 3 times with PBS and incubated in blocking 

solution (10% goat serum and 2% BSA in Superblock [Pierce]) for 1 hr at 37ºC. Cells 

were then incubated with monoclonal rat anti-mouse CD107a (LAMP-1) primary 

antibody (Pharmingen) at a final concentration of 1 µg/ml for 30 min at 37ºC, washed 3 

times with blocking solution, and incubated with AF488-labeled goat anti-rat secondary 

antibody (Invitrogen) at a final concentration of 1:2500 for 30 min at 37ºC. Cell were 

then washed 3 times with PBS and viewed by confocal microscopy. 
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5.2.4 Macrophage Inhibition of Yeast Cell growth Assays 

J774 macrophages were counted with a hemocytometer using Trypan blue to 

exclude dead cells, resuspended at a concentration of 1 x 105 cells/ml and 100 µl of this 

suspension (10,000 cells) was plated in a 96-well plate. Macrophages were allowed to 

adhere overnight and then the media was replaced with 100 µl fresh complete medium 

containing 100 ng/ml LPS (serotype 0111:B4) and 200 U/ml mouse interferon-gamma 

(R&D Systems) for 3 hrs to activate the cells. An additional 100 µl of complete medium 

was then added to the cells and pretreated C. neoformans were added to the macrophages 

at a multiplicity of infection (M.O.I.) of 1:1. Controls included wells containing 

macrophages alone and C. neoformans cells alone for each pretreatment condition. 

Growth of the yeast cells was assessed after 16 hrs by removing the supernatant from 

each well, and lysing the macrophages with 2 washes of 100 µl 0.01 % SDS in PBS. The 

supernatant and SDS washes were combined for each condition, and dilution series were 

plated on YPD agarose plates for CFU analysis. Results were assessed by comparing the 

CFUs from macrophage + C. neoformans conditions to each of their respective C. 

neoformans alone controls. This allowed me to normalize for growth rate differences of 

different strains as well as, potentially, SP-D pre-opsonization. Experiments were 

performed in replicates of five, and results represent data obtained in at least three 

independent experiments. 
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5.2.5 Hydrogen Peroxide (H2O2) Assays 

C. neoformans cells (strains H99 and cap59∆) were collected by centrifugation 

and washed three times with phosphate buffered saline and incubated with 1 µg/ml SP-A, 

1 µg/ml SP-D, or buffer alone as a control for 1 hour at 37ºC with shaking. The yeast 

cells were then centrifuged to remove unbound protein and adjusted to a concentration of 

1 x 106 yeast/ml in YNB medium. The pretreated yeast cells were then exposed to 1 mM 

H2O2 for 2 hrs at 37ºC with shaking, followed by dilution and plating on YPD agarose 

plates for CFU evaluation as above. 

 

5.2.6 XTT Assays 

C. neoformans cells (strains H99 and cap59∆) were pretreated and exposed to 

H2O2 described above for the H2O2 assays. The samples were then plated in a 96-well 

plate in triplicate, and XTT (sodium 3-[1-(phenylaminocarbonyl)- 3,4-tetrazolium]-bis 

(4-methoxy-6-nitro) benzene sulfonic acid hydrate) reagent (Sigma-Aldrich, ST. Louis, 

MO) together with the electron donor phenazine methosulfate (Sigma-Aldrich, St. Louis, 

MO) were added to each well as previously described (140). Plates were evaluated in a 

plate reader at an absorbance wavelength of 450 nm to compare differences in cell 

metabolism between the different conditions.  
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5.2.7 Light Microscopy 

Light microscopy was performed using a Zeiss Axioskop 2 Plus fluorescence 

microscope (Thornwood, NY) with an attached AxioCam MRM digital camera. All 

images were acquired at a fixed time exposure. Data represent experiments performed at 

least three times with similar results. 

 

5.2.8 Confocal Microscopy 

Confocal Microscopy was performed with a Zeiss LSM 510 Meta (Carl Zeiss 

Microimaging Inc., Thornwood, NY). Images were acquired at 20X and 100X oil 

immersion magnification using the 488 and 633 lasers for green and red fluorescence, 

respectively. XZ-stacks were performed at 100X magnification. 

 

5.2.9 Statistics 

The two-tailed Student’s t-test was used for all comparisons between two groups. 

For comparison of multiple groups, one-way or two-way analysis of variance (ANOVA) 

followed by Tukey’s multiple comparison or Bonferroni’s post-test, respectively, was 

employed. Survival analyses were conducted by Kaplan-Meier survival curve analysis 

using the log-rank (Mantel-Cox) test. All statistical analyses were performed using 

Graphpad Prism version 5.0 software. P<0.05 was considered as statistically significant. 
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5.3 Results 

 

5.3.1 SP-D-bound cap59Δ cells traffic to lysosomal compartments, but demonstrate 
decreased colocalization with LAMP-1 and decreased breakdown compared to 
unbound cap59Δ  in vitro 

Trafficking of cap59Δ to LAMP-1-positive compartments was assessed in 

J774A.1 cells with or without pre-opsonization with SP-D. cap59Δ cells traffic to 

phagolysosomal compartments in the presence or absence of SP-D pretreatment.  

However, when SP-D is present, fewer cap59Δ cells colocalized with LAMP-1 and 

significantly fewer fluorescent cell wall fragments were detected.  Trafficking was 

assessed by incubating AF647-labeled cap59Δ cells with J774A.1 macrophages at an 

M.O.I. of 10:1 for 16 hrs, and visualizing lysosomal compartments by 

immunofluorescence using rat anti-mouse CD107a (LAMP-1) primary antibody, 

followed by AF488-labeled goat anti-rat secondary antibody.  Colocalization was 

qualitatively ascertained by confocal microscopy and quantitated with the Metamorph 

software.  The results show decreased colocalization of SP-D-bound cap59Δ with 

LAMP-1 compared to unbound yeast cells (Figure 25A, B).  Furthermore, I observed a 

greater breakdown of unbound compared to SP-D-bound cap59Δ cells (Figure 25C). 
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Figure 25: C. neoformans trafficking studies.  

SP-D opsonization decreases cap59∆ localization with LAMP-1 and decreases 
 fungal breakdown. Lysosomal trafficking of SP-D-bound or unbound AF647-
 labeled cap59∆ cells was assessed by immunofluorescence and confocal 
 microscopy. The percent colocalization and percent debris were quantified with 
 Metamorph software using the colocalization and regions tools, respectively. 
 Percent debris was obtained by creating regions around intact cap59∆ cells in the 
 red channel and subtracting the resultant value from all red pixels present for a 
 given image to obtain the pixel value for debris. This value was then divided by 
 the total red pixels and multiplied by 100 to obtain the percentage. Results were 
 obtained by assessing 15 randomly selected cells in each condition and are 
 presented as means±SEM. Similar results were obtained in two experiment, with 
 each condition performed in triplicate. Data were analyzed using the two-tailed 
 Student’s T-test, and P < 0.05 was considered as significant. Scale bar, 10 µm. 
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5.3.2 Pre-treatment with SP-D protects both wild type H99 and cap59Δ cells against 
macrophage-mediated defense mechanisms in vitro 

Growth of wild type and cap59Δ C. neoformans cells in the presence of 

macrophages was assessed by incubating cap59Δ or wild type C. neoformans cells pre-

treated or not with SP-D with J774s at an M.O.I. of 1:1 for 16 hrs, followed by CFU 

analysis of the fungi obtained from the different conditions as follows: H99 + 

macrophages, SP-D-bound H99 + macrophages, cap59Δ + macrophages, SP-D-bound 

cap59Δ + macrophages. Control conditions consisted of SP-D-bound or unbound fungi 

alone and macrophages alone. In the C. neoformans alone controls, fungal cells 

approximately doubled or tripled their initial inoculum, with greater growth observed for 

the wild type strain and no significant differences observed within strains in the presence 

or absence of SP-D. CFUs were compared to the respective controls to assess the percent 

decrease incurred by macrophages.  I discovered that SP-D protected both wild type and 

cap59Δ mutant cells from macrophage-mediated defense mechanisms, which can include 

phagocytosis and production of oxidant. The protective effect of SP-D was demonstrated 

by a smaller percent decrease of SP-D-bound C. neoformans cells, indicating greater 

survival, compared to those lacking SP-D, revealing a protective effect of SP-D 

decoration on the fungal cell surface. Similar trends were observed using two different 

macrophage cell lines: the mouse alveolar macrophage cell line MH-S (Figure 26) and 

the mouse peritoneal macrophage cell line J774A.1 (Figure 27). However, comparison of 
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the data obtained using the two different cell line revealed differences with respect to SP-

D’s protective role for wild type strain H99. 

 

 

Figure 26: SP-D protection of C. neoformans against MH-S macrophages.  

Pre-treatment with SP-D protected both wild type H99 and cap59∆ mutant cells 
 against MH-S macrophage-mediated defense mechanisms in vitro. Per well, 
 20,000 yeast pre-treated as indicated were inoculated, and the results were 
 assessed by CFU analysis. The percent decrease was calculated for each 
 condition by comparison to its respective yeast alone control (which had 
 approximately doubled compared to the inoculation value, with H99 
 demonstrating greater growth than cap59∆). This technique allows one to discern 
 the contribution of the macrophages to the decreased C. neoformans growth. 
 Results represent the mean±SEM of 3 independent experiments. Data were 
 analyzed using the two-tailed Student’s T-test, and P < 0.05 was considered as 
 significant. 
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Figure 27: SP-D protection of C. neoformans against J774A.1 macrophages.   

Experiment was performed as described for MH-S macrophages in Figure 26. 
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5.3.3 SP-D-/- alveolar macrophages demonstrate an enhanced ability to kill C. 
neoformans cells  

To assess whether the heightened inflammatory state of SP-D-/- macrophages 

inhibits the growth of C. neoformans cells, I performed killing assays with AMs lavaged 

from SP-D-/- and wild type mice. I previously showed that SP-D opsonization protects C. 

neoformans cells against macrophage-mediated defense mechanisms in vitro using the 

J774A.1 macrophage cell line (98). Because SP-D-/- mouse macrophages demonstrate an 

enhanced activation state compared to wild type mouse macrophages (141, 142), I 

assessed whether SP-D-/- AMs kill C. neoformans cells better than do wild type AMs.  

My results demonstrated that, indeed, SP-D-/- AMs possess an augmented capacity to kill 

C. neoformans cells, as evidenced by significantly increased killing of mutant cap59∆ 

cells (*P<0.005) and a trend towards increased fungal killing of wild type H99 in the 

presence of SP-D-/- AMs (Figure 28). This effect may be due to the enhanced activation 

status of SP-D-/- AMs, suggesting a secondary indirect pathogen-protective role for SP-D 

in which the increased inflammation incurred by the absence of SP-D facilitates fungal 

clearance. 



 

111 

 

 

Figure 28: SP-D-/- compared to wild type macrophage killing of C. 
neoformans. 

 SP-D-/- macrophages decreased the growth of C. neoformans cells in vitro, and 
 this effect was reversed by pre-coating the yeast cells with SP-D. AMs from wild 
 type and SP-D-/- mice were isolated from BAL and  incubated with H99 and 
 cap59∆ for 16 hrs to compare the killing capacity of these two macrophage 
 populations. For the experimental samples in which yeast cells were pre-coated 
 with SP-D prior to the incubation (H99-SP-D, cap59∆-SP-D), 1 µg/ml of SP-D 
 was used. * P < 0.005. 
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5.3.4 SP-D protects C. neoformans cells against oxidative stress and yeast cells 
recovered from infected SP-D-/- mice display a “leaky capsule” morphology 

To assess the mechanism of SP-D’s pathogen-protective effect, I evaluated its 

ability to protect C. neoformans against oxidative stress in the form of 1 mM H2O2 both 

in vitro and in vivo. Wild type yeast cells obtained from the BAL of SP-D-/- mice 3 days 

post-infection were more susceptible to oxidative insult compared to those obtained from 

wild type mice, as indicated by CFU analysis following exposure to H2O2. Furthermore, 

pre-coating the yeast cells with SP-D prior to instillation reversed this effect, 

demonstrating that SP-D plays a functional role on the surface of C. neoformans cells, 

protecting them against high levels of oxidative stress, such as that which might be 

encountered in vivo as a consequence of the immune cell respiratory burst (143-147) 

(Figure 31B) (*P<0.05). By India ink staining, an abrogated capsular morphology was 

observed among yeast cells recovered from previously infected SP-D-/- mice, as 

evidenced by inclusion of the ink within the capsular matrix, suggesting a less dense or 

leaky capsule (Figures 29 and 31A). I investigated the protective effect of SP-D in vitro 

by adding increasing amounts of SP-D to wild type yeast cells suspended in SP-D-/- BAL 

prior to H2O2 exposure. Consistent with the in vivo results, SP-D dose-dependently 

protected C. neoformans cells against oxidative stressors (Figure 31C) (*P<0.05, 

**P<0.01). I further noted that the capsules of C. neoformans cells incubated in the 

presence of SP-D were larger than those incubated in the absence of SP-D (Figure 30), 

raising the question of whether the protective effect of SP-D on yeast cells was due to SP-

D inducing capsule enlargement or to SP-D itself. 
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Figure 29: “Leaky capsule” morphology of C. neoformans from SP-D-/- mice.  

C. neoformans cells recovered from SP-D-/- mice display a “leaky capsule” 
 morphology. Representative yeast cells recovered from the BAL of SP-D-/- and 
 wild type mice 3 days post-infection and stained with India ink. In the absence 
 of SP-D, the India ink penetrated the capsule matrix. Scale bar, 10 µm.  
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Figure 30: C. neoformans capsule size in the presence and absence of SP-D.  

C. neoformans cells incubated in the presence of SP-D exhibited larger capsules 
 than those incubated in the absence of SP-D. Yeast cells were incubated in SP-D-
 /- bronchoalveolar lavage fluid (BALF) with or without 1 µg/ml of SP-D for 3 
 days at 37°C. The yeast cells were then stained with India ink, viewed under a 
 microscope, and micrographs were obtained to calculate capsule sizes. Capsule 
 was measured using Adobe Photoshop CS2. The diameter of the whole cell (DWC) 
 and the cell body (DCB) were measured and the volumes calculated. The capsule 
 volume was defined as the difference between the volume of the whole cell (plus 
 capsule) and the cell body (no capsule). Capsule volumes were determined using 
 the equation for the volume of a sphere (4/3 x Π X (D/2)3), as previously 
 described (148). The capsule volumes of 15 - 20 yeast cells per group were 
 determined. * P < 0.05. 
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Figure 31: SP-D protects C. neoformans cells in vivo.  
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H99 retrieved from SP-D-/- mice 3 days post-instillation displayed an 
 abrogated capsule integrity (A) and decreased resistance to oxidative stress (B). 
 H99 or SP-D-coated H99 instilled into wild type and SP-D-/- mice, lavaged 3 
 days post-instillation, and exposed to 1 mM H2O2 for 1 hr at 37°C. Yeast 
 retrieved from SP-D-/- BAL exhibited significantly increased susceptibility to 
 oxidative stress. (C) H99 in SP-D-/- BAL with increasing concentrations of SP-
 D demonstrated a concomitant increased resistance to oxidative stress. * P < 
 0.05, ** P < 0.01. N = 3.  
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5.3.5 SP-D is sufficient to protect C. neoformans cells against oxidative stress  

To evaluate whether SP-D functions to reinforce and/or to stabilize the protective 

effect of the capsule or is sufficient to protect C. neoformans cells against oxidative 

stress, I utilized the acapsular mutant cap59∆ and assessed yeast viability following 

exposure to 1 mM H2O2 via CFU as well as by sodium 3-[1-(phenylaminocarbonyl)- 3,4-

tetrazolium]-bis (4-methoxy-6-nitro) benzene sulfonic acid hydrate (XTT) analysis. SP-

D, but not SP-A, protected cap59∆ cells against oxidative stress (Figure 32), revealing 

that SP-D can shield this pathogen against critical host-mediated defense mechanisms 

even in the absence of capsule (*P<0.05, **P<0.01). 
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Figure 32: SP-D protection against oxidative stress is independent of capsule.  

H99 and cap59∆ cells were pre-coated with SP-D (unbound SP-D washed away) 
 and then exposed to H2O2. Respective unexposed yeast cells (with and without 
 SP-D) were incubated under the same conditions, but without H2O2, to calculate 
 the percent change compared to the control. * P < 0.05, ** P < 0.01. 
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5.4 Discussion 

SP-D binding to C. neoformans cells and the resultant increased phagocytosis 

resulted in pathogen protection against reactive oxygen species, rather than decreased 

fungal growth, as assessed by CFU analysis and intracellular trafficking assays.  Of note, 

a greater number of degraded intracellular C. neoformans cells was observed in my in 

vivo phagocytosis assays described in Chapter 4 (data not shown), concordant with the 

LAMP-1 trafficking results.  These observations support models in which C. neoformans 

cells subvert host defense mechanisms via SP-D. 

My data support the possibility that SP-D plays a role in opsonizing and 

protecting C. neoformans cells during the initial stages of C. neoformans infection.  

Whether or not disease outcome is affected is evaluated in the murine model in Chapter 

6.  Because C. neoformans is a facultative intracellular pathogen, it is possible that C. 

neoformans may utilize SP-D as a “Trojan horse” to gain access to specific intracellular 

compartments where it can grow and divide in intracellular vesicles.  In the present 

Chapter, LAMP-1 staining indicated that both SP-D opsonized and unopsonized cap59∆ 

were targeted to LAMP-1-positive compartments, although the presence of SP-D 

protected the yeast cells against immune cell antimicrobial effects, as evidenced by a 

reduction in yeast cell debris. Of interest, C. neoformans cells have been shown to be 

fairly resistant to the antimicrobial environment of the phagosome and lysosome, and in 

fact can initiate a phagosomal extrusion event that results in their extracellular release 

(38, 41, 105, 136, 137, 149, 150). It is speculated that phagosome extrusion occurs when 

the health of the respective host cell declines. In addition, it has been postulated that C. 
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neoformans cells disseminate from the pulmonary space via transport by phagocytic 

immune cells.  Thus, the effects of SP-D may allow for sufficient intracellular fungal 

growth and, potentially, increased dissemination. These possibilities are evaluated in vivo 

using SP-D-/- and wild type mice, and the results are presented in Chapter 6. 
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6. SP-D is a risk factor for C. neoformans infection 

 

6.1 Background 

The facultative intracellular fungal pathogen C. neoformans causes infection 

when dessicated yeast cells or basidiospores are inhaled into the lungs, although the 

mechanisms by which yeast cells survive and disseminate after inhalation are poorly 

understood. Previous studies have demonstrated that following initial infection C. 

neoformans cells are phagocytosed by AMs, where they proliferate intracellularly, and 

also that they elicit a phagosome extrusion event that leaves the respective immune cell 

intact, as discussed previously. These early events represent a critical time in the 

progression of infection because if the yeast cells are not eliminated from or contained in 

the pulmonary space, they can disseminate throughout the body, eventually crossing the 

blood brain barrier (BBB) and causing fatal meningoencephalitis. The neurotropism of C. 

neoformans and the mechanism(s) by which it crosses the BBB are currently areas of 

intense study. 

Surfactant proteins A and D opsonize and enhance the clearance of a number of 

microorganisms and allergens (8, 10, 14, 20, 151, 152) and thereby have protective 

functions in the lung, although their roles during C. neoformans infection remain unclear. 

I showed that preopsonization with SP-D augments the phagocytosis of the acapsular 

cap59Δ mutant strain by macrophages and leads to increased survival of both wild type 

(H99) and cap59Δ mutant strains  in vitro (98). These results are inconsistent with the 

model that SP-D plays a host protective role during innate immune responses to infection. 
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In the present chapter, I extend my previous studies by evaluating the role of SP-D during 

C. neoformans infection in vivo utilizing a mouse model of C. neoformans infection.  My 

data suggest that SP-D functions as a risk factor for C. neoformans infection and is 

exploited by the yeast cells to subvert host pulmonary immune mechanisms. To elucidate 

the mechanism by which SP-D protects C. neoformans cells, I examined the role of SP-D 

during C. neoformans (strain H99, serotype A) infection using SP-D-/- as well as triple 

transgenic inducible SP-D-/- mouse strains. I assessed fungal burden and mouse survival. 

My results demonstrate that the presence of SP-D enhances the survival and proliferation 

of C. neoformans cells in vivo, as evidenced by the observation that SP-D-/- mice have 

decreased fungal burden and are partially protected during C. neoformans infection. 

Furthermore, SP-D-/- mice demonstrated a more robust inflammatory responses at early 

time points post-infection with C. neoformans cells, a phenomenon that has been shown 

to be protective against cryptococcosis (153-155). These results together with my data 

showing that AMs isolated from SP-D-/- mice demonstrate a greater ability to kill C. 

neoformans cells than do wild type AMs, and that preopsonization of the yeast cells with 

SP-D protects them against oxidative stress suggest that SP-D is detrimental to the host 

during C. neoformans infection. Thus, I conclude that SP-D protects C. neoformans cells 

against host innate immune responses, in particular the production of oxidants, and that 

this protection is sufficient to completely overcome the known inflammation and 

increased oxidant production exhibited by the SP-D-/- mouse macrophages. My data 

suggest that C. neoformans cells have evolved a mechanism to subvert host innate 
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immune defenses via exploitation of SP-D, a finding that could impact targeting 

strategies used to treat patients presenting with cryptococcosis. 

 

6.2 Materials and Methods 

 

6.2.1 Animals and reagents 

Experiments were carried out using pathogen-free C57BL/6 mice (Jackson 

Laboratories, Bar Harbor, ME), SP-D-/- mice on the C57BL/6 background, triple 

transgenic (CCSP-rtTA, (tetO)7-rSP-D, SP-D-/-) inducible SP-D-/- mice kindly provided 

by Jeffrey Whitsett, M.D. (156) (designated offdoxySP-D-/- and plusdoxySP-D+/+ when 

fed doxycyline or not, respectively), and FVB controls for the triple transgenic mice 

(Taconic, Hudson River Valley, NY). For all experiments, the mice were age and sex-

matched and ranged between 8 and 10 weeks of age. Animals were anesthetized by 

intraperitoneal injection of ketamine (150 mg/kg) and xylazine (10 mg/kg) and 

euthanized by intraperitoneal injection of Nembutal (Abbot Laboratories, North Chicago, 

IL) followed by exsanguination. For isoflurane anesthesia, each mouse was exposed to 

isoflurane via inhalation in a closed container containing a Styrofoam platform atop 

gauze soaked in isoflurane. Mice were immediately removed from the container when 

their heads fell and rested on the platform. 
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6.2.2 Animal infection 

Mice anesthetized by intraperitoneal injection of ketamine (150 mg/kg) xylazine 

(10 mg/kg) were positioned on a taut string secured at either end, hanging from their 

incisors. C. neoformans cells in sterile phosphate buffered saline at 1 x 106 yeast/ml or 2 

x 105 yeast/ml were administered in a volume of 50 µl by dropping the inoculum into the 

nares.  Mice treated in the same way with sterile saline and uninfected mice were 

included as controls. For delivery of exogenous SP-D, the C. neoformans inoculum was 

supplemented with 1 µg/ml (oxidative stress assays) or 2 µg/ml SP-D (rescue survival), 

as indicated. Anesthetized mice were kept warm and monitored until full recovery from 

the procedure was achieved. For the tail vein infections, mice were restrained for a 

minimal period of time, their tail veins dilated through the use of a heat lamp and pre-

warmed ethanol, and then 200 µl of the inoculum (containing 5 x 104 yeast cells) was 

delivered into the lateral tail vein. Mice were monitored as described above. 

 

6.2.3 Cytokine and total protein assessment 

C. neoformans strains H99 or cap59Δ were intranasally instilled in anaesthetized 

wild type and SP-D-/- mice at a concentration of 5 x 104 cells/mouse. Mice were then 

euthanized 12 hrs post-infection by lethal injection of sodium pentobarbital followed by 

exanguination. The lungs were lavaged using a 20-gauge cannula to inject phosphate 

buffered saline containing 0.2 mM ethylene glycol-bis(2-aminoethylether)-N,N,N’,N’-

tetraacetic acid (EGTA). Lungs were inflated to full capacity (approximately 1 ml of 

buffer), and the first 1 ml was collected and stored at -80ºC for later analysis of cytokine 
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and protein concentrations. ELISA assays were performed using commercially available 

kits (R&D Systems, Minneapolis, MN). The protein concentration of the BAL was 

determined using the bicinchoninic acid (BCA) protein assay (Pierce, USA) with known 

dilutions of bovine serum albumin as standards. 

 

6.2.4 Histology 

Wild type and SP-D-/- mice infected with C. neoformans cells as described above 

were euthanized by a lethal dose of Nembutal followed by exsanguination. The lungs 

were then perfused with warm sterile phosphate buffered saline and inflated by gravity 

flotation with 4% paraformaldehyde for fixation. The lungs were paraffin-embedded, 

sectioned at a thickness of 4 µm, and stained with hematoxylin and eosin to visualize 

lung morphology, cell infiltration, and fungal burden. 

  

6.2.5 Colony forming unit (CFU) analyses 

Wild type and SP-D-/- mice infected with C. neoformans cells as previously 

described were euthanized and the lungs, spleens, and brains harvested for CFU analyses 

at the indicated time points to detect fungal burden and dissemination. Whole organs 

were homogenized in 1 ml of sterile phosphate buffered saline using a using a tissue 

homogenizer. Serial dilutions of the homogenized tissues were plated on YPD agarose 

plates, and the colonies were counted following incubation at 30ºC for 2-3 days.  
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6.2.6 Survival studies 

Mice were intranasally instilled with 5x104 or 1x104 yeast cells delivered in 50 µl 

of sterile phosphate buffered saline, as described above. For the rescue survival studies, 

50 µl of exogenous SP-D at a concentration of 2 µg/ml was delivered into the lungs on 

days 0, 1, 3, 5, 10, and 15 post-infection. SP-D administered on day 0 was delivered 

together with the infectious inoculum via intranasal instillation. All subsequent does were 

delivered via intratracheal instillation under isoflurane anesthesia. Mice were monitored 

until they regained consciousness and then twice daily for signs of morbidity (weight loss 

equal to or greater than 15% of their original body weight, symptoms of central nervous 

system infection, respiratory distress, and any other signs of illness), at which point they 

were euthanized by carbon dioxide inhalation followed by bilateral thoracotomy.  

 

6.2.7 Light Microscopy 

Light microscopy was performed using a Zeiss Axioskop 2 Plus fluorescence 

microscope (Thornwood, NY) with an attached AxioCam MRM digital camera. All 

images were acquired at a fixed exposure. Data represent experiments that were 

performed at least three times. 

 

6.2.8 Statistics 

The two-tailed Student’s t-test was used for all comparisons between two groups. 

For comparison of multiple groups, one-way or two-way analysis of variance (ANOVA) 

followed by Tukey’s multiple comparison or Bonferroni’s post-test, respectively, was 
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employed. Population percentages were compared using the Chi-Square and Fisher’s 

exact tests. Survival analyses were conducted by Kaplan-Meier survival curve analysis 

using the log-rank (Mantel-Cox) test. All statistical analyses were performed using 

Graphpad Prism version 5.0 software. P<0.05 was considered as statistically significant. 
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6.3 Results 

 

6.3.1 SP-D-/- mice are protected during C. neoformans infection 

To assess whether SP-D affects overall disease outcome in C. neoformans 

infected mice, age and weight-matched SP-D-/- and wild type background control mice 

were intranasally instilled with 5x104 C. neoformans cells and survival studies were 

performed. The SP-D-/- mice displayed a significantly prolonged mean time to death 

compared to the wild type mice (Figure 33A) (P<0.0001). To confirm that this 

observation was not due solely to the heightened inflammatory state associated with the 

SP-D-/- phenotype, survival studies were performed employing a triple transgenic SP-D-

/- mouse strain containing tet-inducible recombinant rat (rr)SP-D driven by the CCSP 

(Clara cell-specific) promoter (132, 156). Mice fed doxycycline express SP-D in the 

lungs (doxy SP-D+/+), while those removed from the doxycycline diet lack SP-D 

(offdoxy SP-D-/-). The presence and absence of SP-D in the lungs of doxy SP-D+/+ and 

offdoxy SP-D-/- mice were confirmed by western blot of the BAL (Figure 33D). As 

observed with the SP-D -/- mice, a significant delay in the mean time to death was 

observed for transgenic mice lacking SP-D (Figure 33B), suggesting the presence of SP-

D is important in C. neoformans infection and enhances disease progression (P<0.0001 

for doxy SP-D+/+ compared to offdoxy SP-D-/-).  

Based on my previous in vitro results demonstrating that the elaboration of SP-D 

on the surface of C. neoformans cells provides protection against macrophage-mediated 

defense mechanisms (98), I was intrigued as to whether the application of exogenous SP-
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D (+SP-D) could rescue the survival phenotype of SP-D-/- mice observed during C. 

neoformans infection. To answer this question, I performed survival analyses of SP-D-/- 

versus wild type mice as described above using a lower inoculum of C. neoformans cells 

(1x104 yeast cells) to obtain a greater difference between the survival curves and thus 

facilitate the detection of differences in the +SP-D groups. For this experiment, four 

groups of C. neoformans-infected mice were evaluated: (1) wild type; (2) wild type+SP-

D; (3) SP-D-/-; (4) SP-D-/-+SP-D. During the course of the survival experiment, 

exogenous rrSP-D (50 µl at 2 µg/ml) was administered to the mice in the +SP-D groups 

at 6 time points (days 0, 1, 3, 5, 10, and 15). As in the previous survival studies, all 

animals were monitored twice daily and humanely euthanized when moribund (loss of 

15% of their original body weight, respiratory distress, symptoms of central nervous 

system (CNS) involvement such as head tilting, and/or not expected to live another 48 

hrs). Although I did not observe a complete restoration of the wild type phenotype, the 

SP-D-/-+SP-D group demonstrated a significantly faster mean time to death compared to 

the SP-D-/- group (Figure 33C) (P<0.005), consistent with my in vitro data suggesting 

that SP-D facilitates C. neoformans infection and therefore functions as a risk factor in 

the development of cryptococcosis. It is noteworthy that no significant differences were 

detected between the wild type and wild type+SP-D groups, indicating that 

administration of SP-D above the levels present in wild type control mice does not affect 

the response to C. neoformans infection. 

In addition to the survival studies, I also observed marked differences between the 

groups with regard to the symptoms of disease. Following C. neoformans infection, both 
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wild type mouse groups and SP-D-/- mice administered exogenous SP-D displayed 

symptoms of respiratory distress (ruffling of the fur, panting), whereas almost half of the 

SP-D-/- group not provided any exogenous SP-D exhibited signs of CNS infection (head 

tilting, paralysis) (Figure 34). These results may reflect the longer survival of the SP-D-/- 

group, and thus the greater opportunity for C. neoformans cells to enter the CNS. 

Furthermore, these results are also consistent with my findings that SP-D promotes 

fungal growth in the lungs. 
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Figure 33: SP-D-/- mice are protected during C. neoformans infection.  

(A) Survival curves for wild type vs. SP-D-/- mice following intranasal 
 instillation of 5x104 yeast cell/mouse. (B) Survival curves for the inducible SP-D-
 /- mouse strain compared to controls following infection with the same 
 inoculum. (C) Survival curves for wild type vs. SP-D-/- mice with and without 
 administration of exogenous SP-D following intranasal instillation of 1x104 yeast 
 cells/mouse. (D) Western blot showing the presence and absence of SP-D in the 
 lungs of the inducible mice in the absence (SP-D-/-) and presence (SP-D+/+) of 
 doxycycline. P < 0.0001 for the SP-D-/- groups compared to the SP-D+/+  groups. 
 P < 0.005 for the SP-D-/- group compared to the SP-D-/-+SP-D group. Ten mice 
 per group were assessed. 
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Figure 34: Cause of death in wild type vs. SP-D-/- mice following C. 
neoformans infection.  

SP-D-/- mice succumb to CNS infection to a significantly greater extent than 
 do SP-D replete mice. Wild type mice (not shown) and SP-D-/- mice 
 administered exogenous SP-D demonstrated respiratory distress, whereas a 
 subset of the SP-D-/- mice displayed CNS abnormalities. Ten mice per group 
 were assessed. 
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6.3.2 SP-D-/- mice demonstrate decreased fungal burden compared to wild type 
mice at early time points post-infection 

 To assess whether SP-D’s ability to promote C. neoformans infection 

occurred during innate immune responses, I examined the fungal burden and histology of 

SP-D-/- and wild type control mouse lungs at 12 hrs, 3 days, and 7 days post-infection.  

The SP-D-/- and wild type mice displayed comparable fungal burden in the lung 3 days 

post-infection, as confirmed by histology, which revealed a similar level of disease 

progression in the lung tissue of both strains (Figure 35). Remarkably, significantly 

decreased fungal burden was apparent in SP-D-/- BAL compared to that of wild type 

(Figure 35A: **P<0.01). Furthermore, SP-D-/- mice demonstrated a significant increase 

in the production of the pro-inflammatory cytokine TNFα as well as increased protein 

levels in the BAL at 12 hrs post-infection in response to mutant cap59∆ yeast cells; wild 

type H99 elicited a significant increase only in BAL protein levels (Figure 36: *P<0.05, 

**P<0.001). Since the alveolar compartment sampled by lavage represents an early site 

of infection, these results suggest that SP-D plays an important role during initial 

infection by augmenting the survival and/or proliferation of C. neoformans cells and 

diminishing pro-inflammatory immune responses, which may be critical for disease 

outcome. In support of this hypothesis, at 7 days post-infection, SP-D-/- mice displayed 

significantly decreased fungal burden in both the BAL (*P=0.053) and lung tissue 

(**P<0.01), with considerably less infection apparent by lung histology, compared to 

wild type mice (Figure 35B).  
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Figure 35: Fungal burden and histology at early time point post-infection.  
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SP-D-/- mice display decreased fungal burden in the BAL from the lungs, but 
 not the lung tissue at 3 days post-instillation (A) and decreased fungal burden in 
 both compartments at 7 days post-instillation (B) of H99 cells. BAL is indicated 
 as CFU/ml and lung tissue as CFU/g. Scale bar, 100 µm. * P = 0.053, ** P < 
 0.01.  
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Figure 36: Cytokine and protein levels in the BALs of WT and SP-D-/- mice.   

SP-D-/- mice displayed and increase in markers of inflammation 12 hrs post-
 infection of C. neoformans cells compared to wild type mice. Total BAL protein 
 (A) and TNF-α (B) following H99 infection. Total BAL protein (C) and TNF-α 
 levels following H99 infection. Total BAL protein (C) and TNF-α (D) following 
 cap59∆ infection. * P < 0.05, ** P < 0.001. N = 3. 
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6.3.3 SP-D promotes C. neoformans growth in the lung and increases dissemination 
to the spleen and brain in vivo 

To ascertain the time course of C. neoformans infection and dissemination, CFU 

analyses of the lungs, spleen, and brain were performed to compare the two mouse strains 

at various time points post-infection. Not only did the SP-D-/- mice display decreased 

fungal burden compared to wild type in all organs at all time points evaluated, but they 

also revealed a delay in dissemination of the fungus from the lungs to the spleen and 

brain; dissemination occurred between 10-12 days post-infection in wild type mice versus 

12-15 days in SP-D-/- mice (Figure 37). These studies were also performed using the 

triple transgenic mouse strain and similar results were obtained, although the differences 

between mice on and off doxycycline were only consistently statistically significant for 

the lung tissue (Figure 38). Of interest, identical experiments performed using the mutant 

cap59Δ strain, which did not disseminate from the lungs, revealed significantly increased 

fungal burden in the lungs of wild type compared to SP-D-/- mice, which appeared to 

effectively clear the infection by 80 days post-infection (Figure 39). These results are 

consistent with the delayed mean time to death observed for SP-D-/- mice and suggest 

that SP-D is a risk factor for C. neoformans infection. 
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Figure 37: Increased fungal burden in wild type compared to SP-D-/- mice.  

(A) Lung, (B) spleen, and (C) brain at days 10, 12, 15, 17, 20, and 22 post-
 instillation. Inset in (C) shows the delayed dissemination of C. neoformans 
 cells to the brain in SP-D-/- mice. * P < 0.05, ** P < 0.001. 

 



 

139 

 

 

 

Figure 38: Increased fungal burden in SP-D+/+ compared to SP-D-/- mice.  

offdoxySP-D-/- mice displayed decreased fungal burden compared to doxySP-
 D+/+ and wild type control mice. Top panel shows a time course of the change 
 in fungal burden in the lungs of doxySP-D+/+ compared to offdoxySP-D-/- 
 mice at days 10, 12, 15,  18, and 20 post-instillation with H99. Bottom panels 
 show the results for fungal burden in the lung, spleen, and brain at 15 days post-
 instillation for doxySP-D+/+, offdoxySP-D-/-, and FVB wild type control mice 
 on and off doxycycline. * P < 0.05, ** P < 0.01, *** P < 0.005. N = 3 - 4 mice per 
 group. 
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Figure 39: Fungal burden in the lungs of cap59∆-infected mice.  

SP-D-/- mice had decreased fungal burden in the lung at days 40, 63, and 85 
 post-instillation of cap59∆ cells. * P < 0.05, ** P < 0.005. Four mice per group 
 were assessed. 
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6.3.4 SP-D delays the mean time to death following infection with C. neoformans 
cells via the tail vein  

Since SP-D is present not only in the lung, but also in many other compartments 

and organs of the body, such as the skin, blood vessels, stomach, heart, and eye, I was 

curious whether its capacity to facilitate C. neoformans infection is dependent on the 

route of infection. Consequently, I infected wild type and SP-D-/- mice via the tail vein 

with C. neoformans cells pre-coated or not with 1 µg/ml SP-D (5 x 104 yeast cells/mouse) 

and analyzed the survival of each group. My results demonstrated that rather than 

facilitating C. neoformans infection, SP-D opsonization actually delayed the mean time 

to death following tail vein infection of both wild type and SP-D-/- mice (Figure 40). 

These findings demonstrate that the route of infection is critical for SP-D’s capacity to 

promote fungal infection and, furthermore, raise the question of whether SP-D modulates 

the ability of C. neoformans cells to cross the blood brain barrier.  These findings and the 

questions raised by them are further discussed in Chapter 7.  



 

142 

 

 

Figure 40: Infection of SP-D-/- and wild type via the tail vein.  

SP-D opsonization of C. neoformans cells (H99) delayed the mean time to death 
 following infection via the tail vein. Four groups were assessed: (1) wild type 
 mice infected with H99 (WT), (2) SP-D-/- mice infected with H99 (SP-D-/-), (3) 
 wild type mice infected with H99 cells pre-coated with 1 µg/ml SP-D (WT + SP-
 D), and (4) SP-D-/- mice infected with C. neoformans cells pre-coated with 1 
 µg/ml SP-D (SP-D-/- + SP-D). All groups received 5x104 yeast cells/mouse. No 
 differences were detected between the WT and SP-D-/- groups, or between the 
 WT + SP-D and SP-D-/- + SP-D groups. P < 0.0001 for WT compared to WT + 
 SP-D, and for SP-D-/- compared to SP-D-/- + SP-D. N = 7, 8 mice per WT, SP-
 D-/- group. 
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6.4 Discussion 

In the Chapter 6, I extend my studies showing that C. neoformans yeast cells 

subvert host pulmonary innate immune responses by utilizing SP-D bound to their 

surface for protection against oxidative stress (Chapter 5) by demonstrating that SP-D-/- 

mice survive longer than SP-D replete mice following intranasal infection with C. 

neoformans cells. The SP-D-/- mice display decreased fungal burden and delayed 

dissemination compared to wild type mice, and similar results were obtained using both 

SP-D-/- and the triple transgenic inducible SP-D-/- mouse strains, indicating that the 

observed effect was dependent on the absence of SP-D and not only the heightened 

inflammation and activation of AMs that are characteristics in the SP-D-/- mice (133, 

142). In addition, the administration of exogenous SP-D partially rescued the phenotype 

of delayed disease progression in SP-D-/- mice as assessed by survival studies, further 

demonstrating that SP-D facilitates the progression of C. neoformans infection. I 

speculate that the inability to completely restore the wild type phenotype by 

administration of exogenous SP-D to SP-D-/- mice during C. neoformans infection may 

be due to a partial contribution by the heightened inflammatory state present in these 

mice. This conclusion is further supported by the slightly greater difference in survival 

observed between SP-D-/- and wild type mice, compared to that between offdoxySP-D-/- 

and plusdoxySP-D+/+ mice. Alternately, higher concentrations of SP-D and/or a more 

frequent dosing schedule than that utilized in the present study may be necessary to 

achieve a complete rescue of the SP-D-/- phenotype.  
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The host protective functions of SP-D have been proposed to be sabotaged by a 

few other fungal pathogens via various mechanisms. Results showing a host detrimental 

effect of SP-D have been described for P. carinii, although those studies compared mice 

overexpressing SP-D to those expressing physiological levels of SP-D (74). C. posadasii 

was found to decrease the expression of both SP-A and SP-D, potentially facilitating 

disease progression (73), and SP-D was found to abrogate TNF1-α production by AMs in 

response to B. dermatitidis infection (116), an effect that could also promote disease. 

Although these studies are suggestive of the ability of fungal pathogens to subvert the 

host protective properties of SP-D, further investigations using in vivo models of disease 

are necessary to confirm this hypothesis. It is intriguing to speculate that the innate 

immune functions of SP-D established for bacterial and viral infections are not applicable 

to fungal infections, and one might postulate an evolutionary explanation for this 

observation, perhaps as a consequence of the eukaryotic fungal cell’s ability greater 

ability to recognize, respond to, and subvert host machinery compared to prokaryotic 

bacteria and viruses.  

C. neoformans possess a number of strategies that facilitate its survival against 

host defense mechanisms. I previously showed that SP-D on the surface of C. 

neoformans cells functions as an opsonin by increasing their phagocytosis by 

macrophages. I also found that SP-D-bound fungi are protected against macrophage-

mediated defense mechanisms, displaying increased survival compared to uncoated yeast 

cells. Other studies have shown that C. neoformans cells can survive intracellularly and 

can extrude from host immune cells via a process known as vomocytosis (40). In support 
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of these properties being beneficial to the fungus, a recent study employing a panel of C. 

gattii strains with various virulence patterns revealed that increased intracellular survival 

correlates with increased fungal virulence (42). This finding is consistent with hypotheses 

that C. neoformans disseminates from the pulmonary space via intracellular parasitism 

and that the ability to survive intracellularly allows the fungus to evade host immune 

responses. From an evolutionary point of view, the ability of C. neoformans cells to 

survive in amoebae may provide this fungus ample opportunity to evolve robust 

intracellular survival strategies in nature (44). In the present Chapter, I provide further 

evidence that C. neoformans cells have developed elegant tactics to promote their 

survival during infection.  

My finding that SP-D bound to the surface of C. neoformans cells injected via the 

tail vein delays disease progression is in opposition to my results for intranasal infection. 

Thus, I can conclude that the route of C. neoformans infection is important for the 

function of SP-D in host defense: SP-D facilitates disease subsequent to intranasal 

infection but delays disease progression following direct delivery of C. neoformans cells 

into the bloodstream. Since the mode of death following tail vein delivery of C. 

neoformans cells is CNS infection, these findings further raise the question of whether 

SP-D modulates C. neoformans BBB traversal, which has been proposed to occur via a 

transcellular pathway (157). The results obtained for the tail vein survival studies are 

consistent with my data showing that mice lacking SP-D have a greater propensity to 

succumb to CNS infection. Thus, it is possible that the SP-D present on the yeast cell 

surface modulates the route by which C. neoformans cells cross the endothelial cells 
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comprising the BBB, although additional experiments are necessary in order to support or 

refute this hypothesis. 

Considering that the route of C. neoformans infection is proposed to occur via 

inhalation, additional studies should also be aimed at confirming whether SP-D functions 

as a risk factor in humans, particularly in light of the ongoing diagnoses of C. gattii 

infection in apparently immunocompetent individuals in the Pacific Northwest (30, 34, 

158, 159). Such studies might consider whether the various SP-D polymorphisms 

described in the literature (4, 160-162) could affect susceptibility to C. neoformans 

infection and/or C. gattii infection. The present Chapter together with my previous 

findings have led me to propose that SP-D is subverted by C. neoformans cells for 

increased uptake by immune cells and protection against oxidative stress, thus enabling 

disease progression. Further investigations in our laboratory are aimed at elucidating 

whether SP-D protects C. neoformans cells against oxidative stress by acting as a 

scavenger of highly reactive oxidant molecules or by upregulating the antioxidant 

capabilities of the yeast cells.  Since containment of infection during its early stages is 

critical for avoiding disease, the present findings elucidate important early host-pathogen 

interactions that could be targeted for clinical intervention.   
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7. Future directions and conclusions 

 

7.1 Summary 

The goal of the present work was to elucidate the interaction between surfactant 

proteins (SP-A and SP-D) and the model fungal pathogen Cryptococcus neoformans and 

compare and contrast the results to another fungal pathogen, Aspergillus fumigatus. As 

previously mentioned, a large body of work has demonstrated that SP-A and SP-D 

participate in pulmonary host defense during viral and bacterial infections, yet their roles 

during fungal infection are murkier, with the most convincing data reported for A. 

fumigatus. SP-A and SP-D have been shown to bind to and facilitate the clearance of A. 

fumigatus conidia in models of invasive aspergillosis and to be protective against 

aspergillus-induced hypersensitivity. Furthermore, SP-A demonstrates allelic variation in 

the human population that modulates susceptibility to A. fumigatus-mediated allergies 

(163-165). Thus, the host protective roles of SP-A and SP-D during A. fumigatus 

infection are consistent with the accepted paradigm established for SP function, although 

conflicting results have been obtained for other pathogenic fungal species, such as C. 

neoformans. For example, Schelenz et al. showed that SP-A binds to C. neoformans cells 

but does not enhance uptake by macrophages, and we demonstrated that SP-A does not 

bind to nor play a significant role during C. neoformans infection in vivo (65, 66). In vitro 

studies have shown that SP-D binds to and aggregates C. neoformans cells and that SP-D 

binds to the capsular components GXM and MP1 (63). An underlying variable likely 

affecting these results is the use of various C. neoformans strains in different studies. 
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Consequently, I focused on the role played by SPs in response to the major C. 

neoformans clinical isolate, serotype A.  

C. neoformans is a pathogenic, facultative intracellular, yeast-like fungus that, in 

addition to being surrounded by a chitin-rich cell wall, exhibits a prominent 

polysaccharide capsule. C. neoformans cells are broadly subdivided based on genetic 

properties and surface antigens into one of five serotype categories: A (var. grubii); B 

(var. gattii); C (var. gattii); D (var. neoformans), and AD (the hybrid serotype). C. 

neoformans typically causes disease in patients suffering from severe 

immunosuppression, such as AIDS patients, cancer patients undergoing chemotherapy, 

and organ transplant recipients being treated with immunosuppressive drugs. 

Approximately 95% of all C. neoformans clinical isolates are of serotype A, although it is 

being reported that C. gattii (serotype B) is causing disease in animals and humans with 

seemingly healthy immune systems (32, 166-168). As a well accepted major virulence 

factor, the capsule of C. neoformans cells has acquired much attention and study. Capsule 

has been shown to inhibit the phagocytosis of the yeast by immune cells, to be important 

for yeast dissemination from the pulmonary space, and to protect the fungus against 

oxidative stress (98, 105, 107, 169). Furthermore, the major capsular component GXM, 

which comprises approximately 90% of the capsular material, has been shown to possess 

immunosuppressive properties, including the capacity to inhibit neutrophil rolling and 

diapidesis (52, 59, 60, 110, 170-172), inhibition of T cell proliferation and activation 

(107), interference with human dendritic cell maturation and activation (173), and 

induction of macrophage apoptosis via Fas ligand (174). Galactoxylomannan (GalXM), 
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another capsular polysaccharide that comprises much less of the capsule mass, has 

recently attracted much attention. GalXM is also capable of inducing macrophage 

apoptosis via Fas ligand and has additionally been demonstrated to facilitate T cell 

apoptosis via caspase-8 activation (50, 175). Thus, based on its presence on the surface of 

the yeast cells and its potent role in virulence, I postulated that capsule is important for 

the interaction between SPs and C. neoformans cells. 

My studies investigating the interactions of SP-A and SP-D with C. neoformans 

cells revealed the following important findings: (1) SP-D, but not SP-A, binds to C. 

neoformans cells and this binding is decreased in the presence of capsule (Chapter 2); (2) 

SP-D binding to A. fumigatus, but not to C. neoformans, is dependent on functional 

calcineurin (Chapter 2); (3) SP-D and SP-A are aggregated by shed and/or secreted C. 

neoformans products in vitro and in vivo, and by isolated GXM (capsular component) 

together with Pustulan (1,6-ß-D-glucan) in vitro (Chapter 3); SP-D bound to the surface 

of C. neoformans cells enhances their phagocytosis by macrophages and thus functions as 

an opsonin (Chapter 4); SP-D bound to the surface of C. neoformans cells protects them 

against macrophage-mediated defense mechanisms, including H2O2-induced oxidative 

stress (Chapter 5); SP-D facilitates the progression of C. neoformans infection in vivo, as 

evidenced by the earlier dissemination of yeast cells from the lung and a faster mean time 

to death (Chapter 6). Taken together, my findings provide evidence that SP-D is not host 

protective during C. neoformans infection and, in fact, it facilitates the survival of the 

fungus, resulting in greater susceptibility to C. neoformans infection (Figure 41). It is 

important to note that a similar pathogen-protective effect has been reported for SP-A. In 
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that study, SP-A was found to suppress reactive nitrogen intermediates produced by AMs 

in response to Mycobacterium tuberculosis, promoting the growth of the bacterium (15, 

176). Thus, SP-A and SP-D are not universally host protective, and their functions are 

dependent on the type of infection encountered. 
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Figure 41:  Model.  

SP-D protects C. neoformans cells by opsonizing them, promoting increased 
 uptake by AMs, and protecting the yeast cells against oxidative stress. 
 Consequently, the presence of SP-D results in greater fungal growth and  faster 
 dissemination to the CNS following intranasal instillation in vivo. 
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7.2 Relevance 

Fungal infections have increased significantly concomitant with the increased 

numbers of immunosuppressed individuals. Because fungi are comprised of eukaryotic 

cells, the treatment of fungal infections without severe side effects is difficult. 

Furthermore, different pathogenic fungi are resistant to different treatment regimens 

(177-182), creating additional problems for clinical intervention in mixed fungal and 

bacterial infections, such as in biofilms (183-185). C. neoformans infection is most 

responsive to combination therapy with amphotericin B plus flucytosine (186), A. 

fumigatus to micafungin alone or in combination with other antifungals (91, 93, 187, 

188), and Candida albicans to voriconazole, fluconazole, Amphotericin B, or 

caspofungin (189, 190).  Furthermore, Amphotericin B has been shown to activate 

macrophages, resulting in an increased production of reactive oxygen and nitrogen 

intermediates (191-198). Thus, the effectiveness of some antifungals may result from 

their ability to augment host innate immune responses. However, despite these antifungal 

treatments, the morbidity and mortality of affected patients remains high, and thus the 

discovery of novel targets that can potentially lead to improved clinical therapies is 

needed.  

Cell-mediated and humoral immunity are important for the resolution of C. 

neoformans infection. Consistent with the high susceptibility of AIDS patients to C. 

neoformans infection, T-cell-mediated immune responses are critical host defense 

mechanisms against this fungus. Depletion of either CD4+ or CD8+ T cells in mice 

abrogates pulmonary clearance and facilitates dissemination from the lung (199-206). 
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CD4+ T cells have been suggested to be important for the recruitment and activation of 

phagocytic cells, such as macrophages and neutrophils, and CD8+ T cells have been 

shown to lyse phagocytes that are engorged with yeast cells but that have remained 

inactivated (202, 207). CD4+ T cells are required for the formation of multinucleated 

giant cells, which have been shown to confine encapsulated C. neoformans cells in the 

lung (208, 209). T cells also produce IFN-γ, which is responsible for macrophage 

activation (46, 205, 206, 210). Moreover, SCID mice, which are incapable of containing 

C. neoformans cells in the lung, show a significant improvement in pulmonary clearance 

following the adoptive transfer of T cells from immunocompetent donors (211). The 

production of antibodies in response to pulmonary C. neoformans infection is not robust; 

however, the administration of exogenous IgG1 antibody against GXM resulted in 

decreased fungal burden and prolonged survival of mice (128, 212-214). Although the 

adaptive immune mechanisms provided by T cells and B cells are critical during C. 

neoformans infection, other cell types and nonspecific immunity, including soluble 

proteins present in the lung and serum, have been shown to play important host-

protective roles.  

Other important mediators of the host response to C. neoformans infection include 

NK cells, dendritic cells, macrophages, neutrophils, complement, serum, and collectins. 

NK cells release the microbicidal agent perforin in response to C. neoformans infection 

(215). Neutrophils have been shown to phagocytose and kill C. neoformans cells in vitro 

and to produce defensins capable of killing the yeast cells (216-218). The depletion of 

AMs and DCs in mice results in rapid deterioration of these animals compared to control 
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animals (219). The sera of several mammalian species have been shown to inhibit C. 

neoformans growth in vitro, in particular the alpha-2-globulin, gamma-2-globulin, and 

beta-2-globulin fractions (220, 221). With regard to complement proteins, all 

complement pathways (classical, alternative, and mannose-binding lectin pathways) 

appear to participate in the host immune response to C. neoformans, with the alternative 

pathway being prominent during infection with encapsulated yeast strains. Intriguingly, 

C1q has been shown to facilitate phagocytosis of C. neoformans blastospores by 

monocytes (222). Since yeast spores may represent the agent responsible for initiating C. 

neoformans infection, the classical pathway could play a critical role in facilitating 

clearance during early stages of the disease. The functions of SPs during C. neoformans 

infection are unclear, as mentioned above, and thus I sought to fill in some of the gaps 

present in this area of research. Additionally, since further improvement of clinical 

therapies are needed and early immune responses are important for the containment of 

infection, SPs may provide an effective target for the creation of novel clinical therapies, 

for example by blocking the interaction between C. neoformans and SP-D using specific 

blocking antibodies. In a broader sense, further investigations might reveal an SP-D-

dependent induction of specific fungal virulence properties, which might provide more 

effective therapeutic targets.  
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7.3 Future Directions 

Importantly, the results of my studies have raised additional questions, providing 

a platform for further studies investigating the interaction of SP-D with C. neoformans 

cells. Below, I list these questions and provide testable hypotheses with the goal of 

obtaining robust conclusions.  

 

7.3.1 The pathogen-protective effect of SP-D bound to C. neoformans cells 

I demonstrated that SP-D opsonizes and enhances the uptake of C. neoformans by 

macrophages in vitro and in vivo (Chapter 4) and protects the yeast cells against 

macrophage-mediated defense mechanisms, such as oxidative stress, in vitro (Chapter 5). 

I showed that the capacity of SP-D to protect the fungi against oxidative stress is 

independent of capsule, as evidenced using the acapsular cap59∆ strain (Chapter 5), yet 

the questions remain whether SP-D directly scavenges ROS and/or upregulates the 

expression of antioxidants in C. neoformans cells and whether SP-D is protective or not 

both intracellularly and extracellularly. To clarify these questions, I propose the 

following studies. To investigate how SP-D increases C. neoformans resistance to 

oxidative stress, I recommend the following analyses. First, SP-D alone and bound to C. 

neoformans cells will be treated or not with H2O2, as described in Chapter 5, 

electrophoresed, silver stained, and submitted for Mass Spectrometry analysis to detect 

protein structure modifications caused by exposure to oxidants. Next, SP-D previously 

exposed to H2O2 will be examined for a reduced capacity to protect C. neoformans cells, 

although it must be demonstrated that equivalent amounts of the exposed SP-D compared 
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to unexposed SP-D bind to the yeast cells. Concurrently, microarray analyses of RNA 

isolated from C. neoformans cells pre-coated or not with SP-D will be carried out to 

investigate the hypothesis that SP-D modulates the expression of proteins important in 

antioxidant functions. Proteins shown to be important for the antioxidant capabilities of 

C. neoformans include superoxide dismutase, catalase, peroxidase, flavohemoglobin 

denitrosylase, and S-nitrosoglutathione (223-228). Consequently, if these or other 

proteins are found to be upregulated in response to SP-D, C. neoformans deletion mutants 

of the respective proteins can be tested to confirm the microarray results. Finally, it 

would be interesting to assess whether SP-D can protect other fungal species against 

oxidative stress (my preliminary results suggest that SP-D is not protective for C. 

albicans) and to compare the MS and microarray results, irrespective of the findings 

obtained. The findings of these studies will provide important information regarding the 

host protective versus the pathogen protective mechanisms of SP-D, and potentially 

elucidate novel virulence factors of C. neoformans cells that could be targeted in clinical 

studies. 

To clarify whether SP-D-bound C. neoformans cells are protected against 

macrophage-mediates defenses, including oxidative stress, I first propose that studies be 

performed to evaluate how long after phagocytosis SP-D is retained on the yeast cell 

surface. Such investigations could be achieved by coating C. neoformans (fluorescently 

labeled or engineered to express a fluorescent protein) cells with fluorescently labeled 

SP-D, infecting macrophages with the pre-coated cells, and performing time course 

studies using confocal and time lapse microscopy to visually evaluate the length of time 
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SP-D is retained on the yeast cell surface.  The findings of these studies could also help to 

establish whether SP-D protects C. neoformans by triggering a change in their 

metabolism (i.e., by increasing the expression of antioxidants), for example by providing 

evidence that yeast cells are still protected after surface-bound SP-D is lost. Further 

studies could investigate whether SP-D protects yeast cells intracellularly by infecting 

macrophages with coated or uncoated C. neoformans cells, allowing uptake to occur, and 

washing away extracellular yeast cells, as previously described (42). Subsequently, time 

course studies of yeast cell viability could be performed using CFU analysis and XTT 

assays, as described in Chapter 5. To evaluate whether SP-D protects C. neoformans cells 

in the extracellular environment of phagocytic immune cells, the numbers of viable yeast 

cells washed away in the above experiment could be determined. Furthermore, the 

conditioned medium from C. neoformans-stimulated macrophages could be evaluated for 

any killing activity and whether the activity is diminished in the presence of SP-D. Next, 

provided the conditioned medium can kill C. neoformans cells, various inhibitors could 

be employed to determine the nature of the killing activity. These inhibitors could include 

N-nitro-L-arginine methyl ester (L-NAME), which inhibits nitric oxide (NO) synthesis, 

catalase (catalyzes the breakdown of H2O2 to water and oxygen), and superoxide 

dismutase (SOD), which catalyzes the dismutation of superoxide into oxygen and 

hydrogen peroxide. 
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7.3.2 Aggregation of SP-D by C. neoformans cells 

I have demonstrated that C. neoformans cells shed/and or secrete components that 

aggregate SP-A and SP-D in vitro and in vivo. Furthermore, I have shown that the 

isolated capsular component GXM together with Pustulan can aggregate SP-A and SP-D 

in vitro. Whether these findings are of physiological importance remains a wide open 

question, requiring a series of additional experiments. First, it will be essential to assess 

whether SP aggregates modulate immune responses in vivo by instilling mice with SP 

aggregates or BSA aggregates as a control, and comparing various parameters at different 

time points post-instillation. Such parameters should include the assessment of cytokines, 

cellular influx, and cellular activation. I also propose a screen for a C. neoformans mutant 

that cannot aggregate SPs and assess its virulence in comparison to wild type yeast, as 

well as in comparison to any results obtained in the aggregate-instillation assays. A 

mutant screen would further elucidate the factors responsible for SP aggregation. It 

would be interesting to ascertain whether aggregate formation is protective or detrimental 

to the host. Based on my previous findings, I hypothesize that aggregate formation is 

detrimental to the host, although it is possible that this phenomenon has evolved in order 

to abrogate SP-D binding to C. neoformans cells and thus is host-protective. 

 

7.3.3 A C. neoformans mutant that lacks SP-D binding 

It would be elegant to confirm my in vivo findings through the use of a C. 

neoformans mutant to which SP-D does not bind. I initiated this search using known 

deletion strains (see Table 1) as well as unknown mutants generated via Agrobacterium 
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tumefaciens-mediated transformation. I was able to detect known mutant strains that 

display decreased SP-D binding compared to controls, but I did not discover a strains to 

which SP-D was completely abrogated. Indeed, such a single deletion strain may not 

exist, based on others and my findings suggesting that SP-D binds to more than one 

moiety on the surface of C. neoformans cells. However, the technology exists to generate 

double, triple, and even quadruple mutants of C. neoformans (226), and such mutants 

could be designed according to suspected SP-D binding partners. A mutant that does not 

bind SP-D would not only confirm or refute the proposed SP-D binding partners, but 

could be employed to confirm my in vivo findings that SP-D protects C. neoformans cells 

and facilitates infection. The latter studies, however, may not be feasible, as the mutant 

strain may demonstrate reduced virulence in vivo that is independent of SP-D binding. 

This possibility should be excluded by examining the survival of wild type and SP-D-/- 

infected with the wild type and mutant strains (four groups: wild type mice + mutant 

yeast, wild type mice plus wild type yeast, SP-D-/- mice + mutant yeast, SP-D-/- + wild 

type yeast). If longer and equivalent survival of both wild type and SP-D-/- mice infected 

with mutant C. neoformans are observed compared to the same mice infected with wild 

type C. neoformans, then the mutant yeast strain is hypovirulent. If longer survival of 

wild type mice infected with mutant C. neoformans is observed compared to those 

infected with wild type yeast, but equivalent survival is observed for the two SP-D-/- 

mouse groups, then the hypovirulence of the mutant is SP-D-dependent. These studies 

have the potential to elegantly confirm my in vivo findings. Minimally, the generation of 
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a mutant that does not bind SP-D would clarify the surface moieties responsible for SP-D 

binding.  

  

7.3.4 Relevance to humans  

My dissertation studies have provided important clues to the role played by SP-D 

in response to C. neoformans using a robust mouse model of infection. It remains to be 

proven, however, whether a similar phenomenon occurs in humans, and the extension of 

my findings to humans is highly important. If my findings are confirmed in human 

studies, then the therapeutic potential of SP-D targeting could be considered in clinical 

studies. However, if my findings are not recapitulated in humans, then important 

differences between mouse and human immune responses to C. neoformans infection 

could be elucidated, leading to the discovery of additional therapeutic targets. To achieve 

these goals, human studies could be initiated by obtaining human primary AMs and 

performing in vitro studies with SP-D-bound and unbound C. neoformans cells to assess 

whether SP-D enhances the phagocytosis of and protects yeast cells against human 

macrophage-mediated defense mechanisms. These assays could be performed as 

described in Chapters 4 and 5. Furthermore, the supernatants from infected cells could be 

evaluated for differences in cytokine production and ROS generation, indicative of the 

activation status of the macrophages. Of additional significance, SP-D levels have been 

shown to be increased in the lungs of AIDS patients (75), and SP-D polymorphisms have 

been shown to modulate susceptibility to respiratory syncytial virus and influenza A virus 

(162, 229, 230). Thus, it would be interesting to perform binding studies with the various 
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known human SP-D variants. Moreover, population studies could be initiated in light of 

the recent evidence of C. neoformans infection in immunocompetent individuals, with the 

goal of determining whether the affected individuals possess a distinct SP-D 

polymorphism(s). The proposed studies are critical to confirm my contention that SP-D is 

a risk factor for C. neoformans infection. 

 

7.3.5 The function of SP-D bound to C. neoformans cells in traversal from the 
bloodstream to the central nervous system  

 During the course of my studies, I obtained some results suggesting that SP-D 

modulates the capacity of C. neoformans cells to cross the blood brain barrier (BBB). C. 

neoformans cell display neurotropism, and the mechanism by which BBB traversal 

occurs is an area of active research as meningoencephalitis is predominantly a fatal 

condition. Navigation of the BBB by C. neoformans cells has been proposed to occur via 

a transcytosis event that is dependent on CD44 receptor present on endothelial cells (231, 

232). Furthermore, monocytes have been shown to augment, but not be necessary for, the 

entry of yeast cells into the CNS (43). My data revealed that coating of C. neoformans 

cells with SP-D extends the mean time to death in mice following tail vein injection. 

Furthermore, I noticed that SP-D-/- mice infected intranasally with C. neoformans cells 

displayed an increased rate of CNS infection after the yeast cells had disseminated from 

the pulmonary space, as compared to wild type mice (Chapter 6). In addition, in my 

survival studies, SP-D-/- mice more frequently displayed CNS infection compared to 

wild type mice, and this effect was reversed by the administration of exogenous SP-D 

(Chapter 6). Since C. neoformans cells proliferate poorly in serum, I hypothesize that SP-
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D delays BBB entry by modulating the mechanism by which C. neoformans cells cross 

the BBB endothelium. This modulation could occur via the modification of surface 

receptors, such as CD44, which are important for crossing of the BBB. Other receptors 

present on the brain endothelium that may be of interest in the context of SP-D 

modulation include scavenger receptors and Toll-like receptors (233-240).  Recently, a 

human brain endothelial cell line, HCMEC/D3, was reported to be effective for in vitro 

studies of C. neoformans penetration into the CNS (241). I propose that this cell line be 

employed to investigate whether SP-D affects BBB penetration and traversal. 

Subsequently, if an effect for SP-D is discovered, analyses of the modulation of surface 

receptor expression could be pursued using real time-PCR and immunofluorescence. 

Concomitantly, trafficking studies using antibodies specific to intracellular compartments 

could be initiated to determine whether the presence of SP-D on the surface of C. 

neoformans cells alters the route by which transcytosis occurs.  If the uptake of C. 

neoformans cells by the BBB endothelium differs in the presence and absence of SP-D, 

and if uptake in the presence of SP-D is found to be dependent on a specific endothelial 

cell receptor, knockout mice for the receptor’s respective gene could be employed to 

confirm whether SP-D-coated yeast cells are trafficked similarly in vivo.  

 

7.3.6 Examine interactions between SP-D and C. neoformans spores as well as other 
C. neoformans serotypes  

It would be very interesting to evaluate whether similar pathogen protective 

effects of SP-D occur for C. neoformans spores, which are hypothesized to be the 

infectious propagule, as well as for the Cryptococcus gattii serotype, which is presently 
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responsible for infection in seemingly immunocompetent individuals in the Pacific 

Northwest. I propose that spores and C. gattii first be examined in the mouse model of C. 

neoformans infection using the SP-D-/- mouse strain. If the results are consistent with 

those obtained using strain H99, further in vitro analyses as performed in the present 

thesis could be carried out to elucidate how SP-D affects interactions with immune cells.  
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7.4 Conclusions 

In summary and in contrast to previous studies that evaluated the function of SP-

D in host defense against bacterial and viral infections, I found that SP-D protects C. 

neoformans cells against macrophage-mediated defense mechanisms in vitro and 

facilitates C. neoformans infection in vivo. My findings showing that SP-D binds to and 

enhances the uptake of C. neoformans cells by macrophages and protects the yeast cells 

against macrophage-mediated defense mechanisms are consistent with reports 

demonstrating that increased intracellular yeast survival correlates with virulence and that 

the depletion of AMs diminishes yeast dissemination from the lung (42, 138). Based on 

my findings, I conclude that SP-D is a risk factor in C. neoformans infection and thus 

could be a potential target for clinical intervention. My results are in stark contrast to the 

well accepted model ascribed to SP-D’s functions in host defense and thus provide an 

important contribution to this field of study, raising additional questions regarding the 

precise interplay between the components of pulmonary host defense and specific 

pathogens.  
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