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The opportunistic fungal pathogen Cryptococcus neoformans (C. neoformans) causes the systemic 

disease cryptococcosis, mainly affecting immunocompromised persons such as AIDS patients. Infection 

with C. neoformans occurs through inhalation of spores or yeasts. Systemic disease is established 

through dissemination to the bloodstream and fungal growth in the brain leading to the main 

manifestation as cryptococcal meningitis (CM). Development of an anti-cryptococcal vaccine is of great 

importance due to high mortality rates even in patients receiving antifungal therapy and therefore 

research has focused on identification of cryptococcal proteins suitable as vaccine candidates. This thesis 

focuses on the identification of cryptococcal proteins recognized by murine and human serum 

antibodies, therefore possessing immunoreactive properties beneficial for vaccine development. In the 

first study, sera from naïve and C. neoformans-infected mice were analyzed. Serological analysis 

revealed increased total serum concentrations of Th2-associated IgG1 antibodies, but not Th1-associated 

IgG2a antibodies. Additionally, titers of anti-cryptococcal IgG1 antibodies strongly increased upon 

cryptococcal infection. Using immunoproteomic analysis, cryptococcal protein spots specifically 

reactive with murine IgG2a or IgG1 antibodies were identified. The proteins contained in those spots 

are therefore associated with protective Th1 or detrimental Th2 responses rendering them interesting 

candidates for future research. The second study focuses on identification of cryptococcal proteins 

recognized by human antibodies from sera of Colombian HIV-positive and HIV-negative CM patients, 

and healthy individuals. We detected an increase in titers of anti-cryptococcal IgG, but not IgM 

antibodies in sera from HIV-negative CM patients. Immunoproteomic analysis revealed several 

cryptococcal protein spots preferentially recognized by sera from CM patients or healthy individuals. 

Proteins contained in those spots were identified and recombinantly expressed. Subsequent 

quantification of serum IgG immunoreactivity revealed twelve disease-associated proteins, defined by 

significantly stronger reactivity with sera from CM patients compared to healthy individuals. Some of 

these proteins could be suitable candidates for development of an anti-cryptococcal vaccine based on 

lack of homology to human proteins. Additionally, several cryptococcal proteins identified using murine 

or human sera are involved in cryptococcal virulence or survival, rendering them excellent candidates 

for targeting by new antifungal agents.  
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1 Introduction 
1.1 Cryptococcus neoformans – an environmental fungal pathogen 

The fungus Cryptococcus neoformans (C. neoformans) is an opportunistic pathogen causing the fatal 

systemic disease cryptococcosis1. Infection with C. neoformans occurs through the inhalation of spores 

and yeast cells2. Cryptococcal cells or spores have been detected in several environmental sources such 

as bird droppings3,4, house dust5, trees6, and decaying wood7,8 across the globe. Therefore, exposure to 

the fungus is very likely ubiquitous. However, development of severe cryptococcal disease, mostly 

manifesting as cryptococcal meningitis (CM)9, mainly occurs in persons with impaired cell-mediated 

immunity10,11. Rajasingham et al., 2017, estimated a total of 223,100 global cases of cryptococcal 

meningitis resulting in 181,100 annual deaths in 201412, emphasizing the importance of research on 

novel therapeutic and prophylactic approaches for anti-cryptococcal therapy. Currently, a licensed 

vaccine against C. neoformans is not available13. 

1.1.1 Immunocompromised patients are at risk for cryptococcal disease 

The majority of patients suffering from systemic cryptococcosis are human immunodeficiency virus 

(HIV)-positive patients with acquired immunodeficiency syndrome (AIDS), accounting for 80-95% of 

all cases9,11,14. Especially at risk are those patients with a CD4+ (cluster of differentiation 4-positive) 

T helper (Th) cell count of less than 100 cells per microliter not receiving anti-retroviral therapy12. 

Without anti-retroviral therapy, independently of an antifungal therapy with fluconazole, mortality rates 

were as high as 100% among AIDS patients with CM in Zambia in 200115. Since then, establishment of 

cryptococcal antigen screening methods16 and anti-retroviral therapy12 have reduced AIDS-related 

deaths. However, cryptococcal meningitis was still estimated to cause 15% of AIDS-related deaths 

globally in 2014 especially in low- and mid-income countries, with Sub-Saharan Africa bearing the 

greatest burden of this disease (75% of world-wide CM deaths)12. Estimated one year mortality rates 

differ strongly between high-income countries (20% for patients in care, 45% for patients not in care) 

and low-income countries (70% for patients in care, 100% for patients not in care)12. 

Other persons at risk for CM are individuals immunosuppressed due to medical treatment. The main 

group of those patients are organ transplant recipients receiving immunosuppressing drugs and cancer 

patients receiving immunocompromising chemotherapy17. Additionally, patients treated with steroids, 

suffering from diabetes mellitus, renal insufficiency or cirrhosis are at risk for developing 

cryptococcosis17. Interestingly, pulmonary infections are more common within non-HIV cryptococcosis 

patients (40% of all cases) compared to HIV-infected patients (10% of all cases)17. 
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1.2 The role of cell-mediated immune response against C. neoformans 

The immune response against C. neoformans is critically orchestrated by T helper cells, with Th type 1 

responses being associated with protection against fatal outcome of disease and Th2 responses 

associated with disseminated disease and immunopathology18. 

1.2.1 T helper type 1 responses are protective in cryptococcal infection 

The different effects of Th1 and Th2 responses on anti-cryptococcal defense were first observed based 

on cytokine expression in response to infection of mice with C. neoformans strains exhibiting different 

virulence potential. Infection with weakly virulent strains was associated with rapid clearance of fungi 

from the lungs, an increased production of Th1 cytokines interleukin (IL)-2 and interferon (IFN)-γ, and 

absent or low production of the Th2 cytokine IL-4 in spleen cells19 or lung leukocytes20 cultivated ex vivo 

or, concentration of the respective cytokines in BAL fluid21. In contrast, mice infected with highly 

virulent strains, resulting in high fungal burden in the lung and dissemination to the brain, showed 

increased concentrations of IL-4, but low concentration of IFN-γ in BAL fluid21 or in supernatants of 

lung leukocytes cultivated ex vivo20.  

Intratracheal C. neoformans infection of IFN-γ knockout mice resulted in increased pulmonary fungal 

burden and a switch from chronic to progressive cryptococcal infection, demonstrating the importance 

of IFN-γ for defense against cryptococcal infection22. Impaired fungal clearance was associated with 

higher concentrations of Th2 cytokines produced by isolated lung leukocytes of IFN-γ-deficient mice 

compared to WT mice22. The generation of a C. neoformans strain expressing murine IFN-γ (strain 

H99-γ) from the serotype A wild type strain H99 furthermore established the protective effect of this 

cytokine during cryptococcosis23. Mice infected with C. neoformans H99-γ showed lower lung fungal 

burden, higher concentration of Th1 and inflammatory cytokines and lower concentration of Th2 

cytokines in lung homogenates, compared to mice infected with the wild type strain, and completely 

resolved the infection23,24. Interestingly, after resolving the primary H99-γ infection, mice showed 

significantly increased resistance to a subsequent challenge with the otherwise lethal strain H9923,25. 

However, protection was abrogated in knockout mice deficient in T cells and production of Th1-related 

cytokines, but was still present in mice lacking B cells or the receptor for IL-4 (IL-4R)25. Similarly, mice 

showed increased survival and decreased fungal burden when infected with a C. neoformans H99 strain 

genetically modified to express the pro-inflammatory cytokine murine tumor necrosis factor (TNF)-α, 

which reduced the development of a pulmonary Th2 cytokine bias during cryptococcal infection26. 

1.2.2 T helper type 2-mediated immune responses are detrimental in cryptococcal infection 

Detrimental influence of Th2 responses for the outcome of cryptococcal infections has been 

demonstrated by various studies using Th2 cytokine-deficient mice. Infection of IL-4/IL-13-deficient 

mice with C. neoformans serotype A strain H99 resulted in enhanced clearance of fungi from the lungs 

and increased levels of IFN-γ compared to BALB/c wild type (WT) animals, but ultimately infection 
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was still fatal27. In contrast, other studies using the C. neoformans serotype D strain 1841 for infection 

of IL-13-deficient or IL-4R α chain (IL-4Rα)-deficient mice demonstrated increased survival or 

complete resistance, respectively, after infection28,29. 

Critical players in the control of C. neoformans are classically activated macrophages, characterized by 

production of inducible nitric oxide synthase (iNOS), which are able to phagocytose and kill 

cryptococcal cells22,30 (reviewed in 31,32). In contrast, alternatively activated macrophages expressing 

arginase and chitinase 3-like 3 enzyme (YM1), fail to control cryptococcal infection22,27,28,30,33 (reviewed 

in 31,32). Polarized activation of macrophages critically depends on cytokine signaling. IFN-γ-deficient 

mice infected with C. neoformans showed morphologically larger lung macrophages containing 

numerous intracellular cryptococci and YM1 crystals, as well as decreased mRNA expression of iNOS 

but increased mRNA expression of arginase in lung homogenates22. Consistent with that, infection with 

C. neoformans strain H99-γ resulting in enhanced survival of infected mice, was characterized by 

classical macrophage activation in contrast to infection with a C. neoformans WT strain leading to 

pronounced alternative activation of macrophages24. Macrophages in C. neoformans-infected mice 

deficient in Th2-associated cytokines were biased towards classical activation with decreased expression 

of arginase, YM1 or CD206 and higher iNOS expression, ultimately resulting in improved cryptococcal 

killing and protection of mice from cryptococcal infection28,29,34. Underlining the role of IL-4 for 

development of alternatively activated macrophages and detrimental immune responses, knockout of 

the IL-4Rα specifically on lung macrophages led to significantly improved survival of mice, although 

the pulmonary Th2 phenotype (immune cell composition, cytokine production) was similar to mice 

heterozygous for IL-4Rα 35. This demonstrates a central role of macrophage polarization for the course 

and outcome of cryptococcal infection. 

1.2.3 The cryptococcal capsule induces a Th2 shift 

A major virulence factor of C. neoformans is the polysaccharide capsule consisting mainly of 

glucuronoxylomannan (GXM) and to a lesser extent of galactoxylomannan and few mannoproteins36. 

Four different serotypes of C. neoformans and the closely related species Cryptococcus gattii (C. gattii) 

were defined based on reactivity of the capsule with rabbit polyclonal sera36. Distribution of serotypes 

causing cryptococcosis differs between regions, with serotype A accounting for 95% of all cases in a 

study from Colombia37, and 92% of all cases in a study from India38. A study from France found 61% 

of all cases to be caused by C. neoformans serotype A strains and 19% by serotype D strains39.  

Interestingly, C. neoformans is able to induce a non-protective Th2-biased immune response through 

proteins like laccase40, urease33, and its polysaccharide capsule41. Cryptococcal capsular polysaccharides 

(CPS) were demonstrated to induce immunological unresponsiveness in mice towards subsequent 

vaccination with CPS in Freund’s adjuvant42,43. Furthermore, fungicidal activity of alveolar 

macrophages was higher against acapsular compared to encapsulated cryptococcal cells, accompanied 

by inhibition of TNF-α production44,45, and purified CPS induced expression of immunosuppressive 
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cytokine IL-10 in human monocytes46. CPS reduced lymphocyte proliferation in response to 

C. neoformans stimulation, likely due to reduced phagocytosis of C. neoformans by human peripheral 

blood mononuclear cells (PBMCs) in the presence of capsule or addition of CPS, which could be 

reversed by incubation with an anti-capsular monoclonal antibody (mAb), but not blocking of IL-1047. 

Similarly, incubation with encapsulated cryptococci reduced phagocytosis and IL-12 production of 

human monocytes, as well as IFN-γ production by PBMCs, although the effects could be reversed by 

the addition of anti-IL-10 mAb in this study48. Finally, co-cultivation of murine CD4+ splenocytes with 

antigen-presenting spleen adherent cells and CPS resulted in increased production of Th2 cytokine IL-4 

as well as immunosuppressive cytokine IL-10, but not IFN-γ or TNF-α compared to medium control, 

demonstrating that CPS could directly induce a Th2-type cytokine pattern41.  

1.2.4 Progressing HIV-infection is associated with an increasing Th2 bias 

The importance of T helper, and especially T helper type 1 immune responses against C. neoformans, 

is further demonstrated by the fact that disseminated cryptococcosis mainly affects HIV-positive 

patients with severe immunosuppression9. Importantly, a hallmark in the development of AIDS is an 

increasing imbalance between Th1 and Th2 type responses, with a shift towards Th2 type immune 

responses with progressing disease49. This is marked by loss of IL-2 and IFN-γ production and 

simultaneous increase in IL-4 and IL-10 production when human PBMCs were stimulated with 

influenza A virus or phytohemagglutinin, respectively49. 

1.3 The role of humoral immune response in C. neoformans infection 

Defense against systemic cryptococcal disease has historically been associated with cell-mediated 

immunity as mainly patients with T cell deficiencies, most prominently AIDS patients, are affected by 

cryptococcosis. However, several studies indicate a critical role for B cells and more specifically, anti-

cryptococcal antibodies in protection against C. neoformans. 

1.3.1 Deficiencies in B cells or immunoglobulins predispose for development of systemic 
cryptococcosis 

A role for humoral immunity in anti-cryptococcal defense in humans is supported by the identification 

of humoral immunity defects like immunoglobulin (Ig)G-deficiencies, mostly IgG-, IgG2- or IgG4-

deficiency, as a risk factor for systemic cryptococcal disease caused by C. neoformans50–53, and 

C. gattii54. Confirmatively, human X-linked hyper-IgM syndrome, characterized by decreased levels of 

serum IgG, IgA, IgE, but elevated levels of serum IgM55, has been identified as a risk factor for the 

development of cryptococcal meningitis or other forms of disseminated cryptococcosis56–59. 

Interestingly, a study published in 2018 found reduced percentage of B cells, memory B cells, and more 

specific, IgM-producing memory B cells in PBMCs of otherwise non-immunocompromised 

CM patients, linking B cells to protection against CM60. The percentages of IgM-expressing B cells in 

PBMCs were also lower in HIV-positive patients with history of cryptococcosis compared to HIV-
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positive patients without previous cryptococcal disease and healthy control persons61. Mice lacking 

B cells62,63, or B-1a cells64 showed increased fungal organ burden and decreased survival upon 

cryptococcal infection. Adoptive transfer of lymphocytes from B cell-deficient mice immunized through 

sublethal infection with C. neoformans into severe combined immunodeficiency (SCID) mice resulted 

in significantly weaker protection against C. neoformans challenge infection compared to mice 

receiving lymphocytes from immunized B cell-sufficient mice65. Similarly, adoptive transfer of naïve 

B cells to recombination activating gene 1 (Rag1)-deficient mice before cryptococcal infection 

decreased fungal dissemination to the brain66. Additionally, mice lacking secreted IgM antibodies 

showed decreased survival upon pulmonary C. neoformans infection, accompanied by higher blood and 

brain fungal burden67. However, in a model of systemic C. neoformans infection, absence of serum IgM 

had a beneficial effect reflected by increased survival68. Taken together, the majority of these studies 

argues for a role of B cell-mediated immunity in protection during C. neoformans infection. 

1.3.2 Anti-cryptococcal antibodies are ubiquitously present in human sera 

Anti-cryptococcal antibodies directed against cryptococcal capsular polysaccharides61,69–77, 

mannoproteins78, and cryptococcal proteins79–83 have been ubiquitously detected in human sera, 

independently of predisposing HIV-infection or a previous history of cryptococcosis. There are two 

leading hypotheses regarding the origin of those antibodies: latent infection with C. neoformans or 

permanent exposure to the fungus, triggering constant antibody production. Constant exposure to the 

fungus is quite likely, as C. neoformans was detected in several environmental reservoirs5–8, most 

prominently bird droppings3,4. Evidence for latent or dormant infection was provided by several 

publications demonstrating the reactivation of a previous, asymptomatic cryptococcal infection for 

C. neoformans84–86, as well as C. gattii87 (reviewed in 88). Another explanation to ubiquitous presence of 

anti-cryptococcal antibodies, at least directed against CPS, is cross-reactivity with antibodies produced 

in response to other fungi, as the structure of the cell wall polysaccharides is conserved in many fungi89. 

1.3.3 Anti-cryptococcal antibodies support innate immune cell function 

C. neoformans can be killed by different innate immune cells, such as alveolar macrophages44,90, 

dendritic cells91, natural killer cells92,93, and neutrophils44. Phagocytosis of cryptococcal cells is critical 

for killing by macrophages and dendritic cells94. Antibodies were shown to critically influence the 

effectivity of the phagocytic process. Early studies of C. neoformans-phagocyte interaction postulated 

killing of cryptococcal cells by human and murine PBMCs, monocytes or macrophages only in the 

presence of anti-cryptococcal antibodies95–98. Similar observations were made for murine and human 

NK cells, which did not inhibit growth of C. neoformans in the absence of anti-cryptococcal 

antibodies99,100. A murine monoclonal antibody (mAb 18B7) against CPS also enhanced the antifungal 

activity of neutrophils from AIDS patients101.  

Anti-cryptococcal antibodies were found to opsonize cryptococcal cells, thereby promoting 

phagocytosis by macrophages and binding of dendritic cells to C. neoformans102,103. Additionally, anti-
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capsular mAbs enhance complement activity104,105, or act as opsonins in complement-deficient mice, 

promoting survival of C. neoformans-infected mice106, or reducing lung fungal burden107. 

Interestingly, protection conferred by anti-capsular murine mAbs was dependent on the antibody 

isotype. Administration of the mAbs E1 (IgG1)108, 17E12 (IgG1)109, 2H1 (IgG1)110,111, 12A1 (IgM)112,113 

before or after infection with C. neoformans prolonged survival of mice and/or enhanced phagocytosis 

of cryptococcal cells. In contrast, administration of mAbs 4H3 (IgG3)109, 3E5 (IgG3)109, and 13F1 

(IgM)112,113, did not prolong survival and/or enhance phagocytosis. Isotype switching of non-protective 

mAbs from IgG3 to IgG1 (mAb 3E5)114 or IgG2b (mAb 4H3)115, resulted in protection of mice from 

fatal cryptococcosis or enhanced phagocytosis (mAb 2D10 (IgM to IgG1, IgG2a or IgG2b switch))111. 

However, protection was dependent on both the fungal strain used116, as well as the mouse genotype117. 

The mAb 3E5 isotype IgG1 was protective in C57BL/6J and A/JCr mice, whereas the IgG3 switch 

variant was nonprotective117. In contrast, mAb 3E5 (IgG1) was non-protective in 129/Sv as well as 

C57BL/6x129/Sv mice, but showed significant protection as IgG3 switch variant in C57BL/6x129/Sv 

mice, indicating that the efficacy of the antibody isotype against C. neoformans is dependent on the 

genetic background of the host117. Additionally, distinct functions of Fc receptors, expressed on immune 

cell subsets and binding the fragment crystallizable region also known as constant region of antibodies, 

influence the outcome of infection, as the IgG1 mAb 3E5 showed no opsonizing capacity and the 

protective effect was ablated in FcRγ-deficient mice118. However, the IgG3 3E5 switch variant was 

generally non-protective, but increased phagocytosis in macrophages from FcRγ-deficient mice 

although with no influence on fungal colony-forming units (CFU)118. Furthermore, several studies 

showed an influence of isotype change on differences in fine specificity, and kinetics of antibody-

antigen interactions119,120. In conclusion, both antigen-specificity and the isotype play a role for 

protective antibody effector functions. 

1.3.4 Direct actions of anti-cryptococcal antibodies 

One important function of antifungal antibodies in cryptococcal infection is the binding and therefore 

neutralization of immunosuppressive CPS. Administration of IgG1 mAb 2H1 before intravenous 

infection of mice or rats with C. neoformans led to reduced serum GXM levels, reduction of tissue 

polysaccharide and improved fungal clearance121,122. C. neoformans is capable of biofilm formation 

resulting in increased fungal resistance, which was prevented by GXM-binding mAbs 18B7 (IgG1) and 

12A1 (IgM)123. Human IgM antibodies were also effective in inhibiting titan cell formation, another 

virulence trait of C. neoformans which prevents phagocytosis124. Interestingly, a study published in 2010 

found a direct influence of antibody-binding to the capsule on the gene expression of cryptococcal 

cells125. Binding of protective mAb 18B7 led to upregulation of genes encoding proteins involved in 

fatty acid synthesis and changes in lipid metabolism, resulting in increased susceptibility to the 

antifungal agent amphotericin B125. In contrast, binding of non-protective mAbs (12A1, 13F1) had only 

moderate effects on gene expression125. Synergism of the mAb 2H1 and amphotericin B treatment was 



 Introduction 

7 
 

also found in a murine model of systemic cryptococcosis126. Unfortunately, despite promising results in 

murine studies, a phase I evaluation of mAb 18B7 application in HIV-positive patients successfully 

treated for CM revealed poor cerebrospinal fluid penetration127, and development of this mAb for usage 

in anti-cryptococcal therapy of humans was not continued. 

1.3.5 Antibodies as tools for identification of immunoreactive fungal proteins suitable for 
development of vaccines 

Anti-cryptococcal antibodies bind different fungal components, including capsular 

polysaccharides61,69-77, but also cryptococcal proteins79–83. However, only a few studies aimed at the 

identification of the respective proteins bound by those antibodies, although cryptococcal proteins 

showing immunoreactivity could potentially be used as vaccine candidates. The need for 

immunoreactive cryptococcal proteins for development of a vaccine is further strengthened by the fact 

that CPS are not only immunosuppressive42,43, but also poorly immunogenic36,128. Nevertheless, studies 

using conjugate vaccines consisting of GXM coupled to tetanus toxoid prolonged survival of 

C. neoformans-infected mice129,130. Unfortunately, both, protective but also non-protective antibodies 

were induced upon vaccination with GXM-tetanus toxoid conjugates and therefore, a GXM-tetanus 

toxoid-based vaccine was not developed further131,132. 

Thus, cryptococcal proteins are more promising candidates than cryptococcal polysaccharides for 

development of an anti-cryptococcal vaccine. Previous studies focused on the identification of 

cryptococcal proteins immunoreactive with sera from C. neoformans- and C. gattii-infected mice133–135, 

C. gattii-infected koalas136, or C. gattii-infected humans137 using two-dimensional gel electrophoresis 

and immunoblotting. Two of these studies aimed to identify potentially protective cryptococcal proteins, 

either based on stronger reactivity with sera from mice immunized with C. neoformans strain H99-γ and 

thus protected against fatal cryptococcal disease133, or based on presence of proteins in Th1-inducing 

cryptococcal protein fractions out of which individual protein spots also showed stronger reactivity with 

sera from H99-γ immunized mice134. A similar approach was used for identification of potentially 

protective C. gattii proteins exhibiting stronger reactivity with sera from mice protectively immunized 

with C. gattii protein fractions135. One study focused on the identification of cryptococcal proteins 

contained in spots showing IgG binding with sera from human patients infected with C. gattii137. 

However, immunoreactivity of the proteins contained in immunoreactive spots was not confirmed 

through subsequent recombinant protein expression in any of these studies. Therefore, the proteins 

identified in those studies can only be designated as potentially immunoreactive cryptococcal proteins. 

However, the general approach of using immunoreactive proteins as vaccine antigen candidates has 

been demonstrated to mediate protection against cryptococcal infection. Packaging of proteins 

previously demonstrated to be immunoreactive into glucan particles and subsequent application via 

subcutaneous injection for immunization of mice conferred significant protection against challenge with 

the highly virulent C. neoformans serotype A strain KN99138,139. Importantly, this method of antigen 
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application was successfully tested using various proteins in different mouse genotypes, emphasizing 

the efficacy of the immunization strategy138,139. Protective effects in murine cryptococcal infection 

models were also observed when immunizing mice with cytosolic proteins of capsular cryptococci 

contained in fibrin microspheres140, or alkaline protein extracts of acapsular cryptococci loaded into 

glucan particles141.  

1.4 Aim of the study 

We aimed to identify immunoreactive cryptococcal proteins reactive with a) murine (Publication 1: 

Firacative and Gressler et al. 2018)142 or b) human (Publication 2: Gressler et al. 2021)143 sera, to identify 

proteins potentially suitable for development of an anti-cryptococcal vaccine or for targeting by 

antifungal agents. 

1.4.1 Publication 1: Identification of T helper (Th)1- and Th2-associated antigens of 
Cryptococcus neoformans in a murine model of pulmonary infection142 

The approach of this publication is based on the established link between certain cytokines and the 

production of distinct antibody isotypes. Cytokines induce transcription of specific constant region 

encoding genes through binding of germline promotor elements144. Even though cytokines do not 

directly induce the switching process, the transcriptional induction or suppression precedes the 

switching to the same isotype after B cell activation145. Incubation of murine B cells with IL-12 or IFN-γ 

has been associated with the production of antibodies of the isotypes IgG2a, IgG2b and IgG3146–149. In 

contrast, IL-4 stimulates production of murine IgG1 and IgE147–149, in accordance with the finding, that 

the germline promotors for the γ1 and ε antibody chain have binding sites for the IL-4-induced 

transcriptional activator Stat6 (signal inducer and activator of transcription 6)144. The mechanisms is 

illustrated in Figure 1. 

 
Figure 1: Class-switch reaction of B cells is influenced by T helper (Th) cell cytokines. B cells need antigen-
dependent stimulation as well as T cell co-stimulation through membrane-bound receptors and cytokines for 
differentiation and maturation. Upon maturation, switching to production of a distinct isotype takes place (class 
switch). In mice, the Th1 cytokine IFN-γ promotes switching to production of IgG2a (besides IgG2b and IgG3), 
whereas the Th2 cytokine IL-4 stimulates production of IgG1 (besides IgE)146–149. Figure adapted from Figure 9-11 
Immunobiology, 7ed. (© Garland Science 2008)150. 

Therefore, we aimed to identify proteins preferentially bound by IFN-γ-stimulated IgG2a antibodies, 

therefore associated with protective Th1 responses, and proteins bound by IL-4-promoted IgG1 
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antibodies, thus associated with detrimental Th2 responses. Increasing titers of C. neoformans-specific 

IgG1 antibodies and a shift of the total serum IgG2a to IgG1 ratio towards IgG1 have previously been 

linked to progressing cryptococcal disease in mice28,29. Our approach is further supported by the fact 

that previous studies on the fungal pathogen Candida albicans linked IgG2a production with protective 

immune responses151,152. In a proteomics approach for identification of immunoreactive Candida 

albicans spots, sera from mice immunized with a weakly virulent Candida albicans strain and 

subsequently protected against lethal infection contained fungus-specific antibodies mainly of the 

isotype IgG2a whereas susceptible mice produced antibodies of different isotypes against Candida 

albicans proteins151,152. Connection of IgG1 antibodies with detrimental Th2 responses and IgG2a or 

IgG2b antibodies with protective Th1 responses has been furthermore established in several non-fungal 

infection models153,154. BALB/c WT mice infected with Rodentibacter pneomotropicus showed 

increased lung bacterial burden and a polarization of IgG isotypes towards IgG1, whereas C57BL/6 

mice showed lower bacterial burden and increased levels of Th1-associated IgG2b antibodies153. 

Similarly, IL-12-deficient mice infected with Leishmania major did not only show increased parasite 

burden compared to BALB/c WT mice, but also reduction of pathogen-specific IgG2a antibodies154. 

Features of experimental asthma in ovalbumin (OVA)-sensitized mice, classically connected to Th2 

responses, were improved by application of synthetic toll-like receptor (TLR)-3 or TLR-7 ligands, also 

resulting in decreased titers of OVA-specific IgG1 for both ligands, and increased titers of OVA-specific 

IgG2a when TLR-7 was activated155. 

Based on the established connection between Th responses and immunoglobulin isotypes, we aimed to 

identify cryptococcal proteins immunoreactive with either IgG2a or IgG1 antibodies, which are 

therefore associated with protective Th1 or detrimental Th2 responses, respectively. Th1-associated 

proteins could be used for development of an anti-cryptococcal vaccine, whereas Th2-associated 

proteins are potential targets for new antifungal substances. 

1.4.2 Publication 2: Identification of disease-associated cryptococcal proteins reactive with 
serum IgG from cryptococcal meningitis patients143 

The second publication focuses on identification of cryptococcal proteins immunoreactive with human 

sera from patients with cryptococcal meningitis and healthy individuals, all living in Colombia. This is 

the first study to investigate the cryptococcal protein targets of human anti-cryptococcal IgG antibodies 

using an immunoproteomic approach. In contrast to other studies, we also applied recombinant protein 

expression of potentially immunoreactive proteins to confirm reactivity with human sera. Using this 

approach, we aimed to identify cryptococcal proteins showing significantly stronger reactivity with 

serum IgG from CM patients compared to healthy individuals, as those can be considered disease-

associated proteins. These proteins are potentially implicated in virulence, but are also very interesting 

research objects because of their potential for vaccine development, as they are immunogenic even in 

patients with severely impaired immune responses like AIDS patients. 
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Highlights: 

 Concentrations of the Th2-associated immunoglobulin IgG1, but not the Th1-associated 
antibody IgG2a increased upon cryptococcal infection in mice of different genotypes 
 

 Titers of anti-cryptococcal IgG1 and IgG2a antibodies increased over the course of cryptococcal 
infection, but only titers of anti-cryptococcal IgG1 antibodies and concentrations of total serum 
IgG1 were correlated, arguing for a disease-dependent induction of the Th2-associated isotype 
IgG1 during cryptococcal infection 
 

 Immunoproteomic analysis revealed several cryptococcal protein spots bound by IgG1 and 
IgG2a antibodies from murine sera 
 

 Some cryptococcal proteins were identified exclusively in IgG1- or IgG2a-reactive spots, 
rendering them Th1- or Th2-associated proteins 
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Highlights: 

 Human sera from Colombian HIV-positive and HIV-negative cryptococcal meningitis (CM) 
patients and healthy individuals were analyzed 
 

 Total serum IgM concentrations were lower in sera from CM patients 
 

 Anti-cryptococcal IgG antibody titers were higher in HIV-negative, but not HIV-positive 
CM patients compared to healthy individuals 
 

 Production of anti-cryptococcal IgG, but not IgM antibodies was induced in response to 
cryptococcal infection of wild type and IL-4Rα-deficient mice 
 

 Immunoproteomic analysis of human sera revealed several IgG-reactive cryptococcal protein 
spots recognized with different intensity by sera from individual experimental groups 
 

 Recombinant protein expression and quantification of immunoreactivity of individual proteins 
revealed disease-associated cryptococcal proteins, defined by significantly stronger 
immunoreactivity with sera from CM patients compared to healthy individuals 
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4 Summary 
Cryptococcal meningitis is a fatal systemic disease caused by the opportunistic fungal pathogen 

C. neoformans leading to an estimated number of 180,000 deaths per year1. This disease mainly affects 

immunocompromised patients, mostly AIDS patients2–4. Besides the search for novel antifungal 

compounds, research of the past years focused on the development of an anti-cryptococcal vaccine to 

mediate protection against severe disease. However, to date only a limited number of immunogenic 

fungal protein antigens have been identified which could potentially be used for vaccine development. 

The two studies presented in this thesis demonstrate the applicability of an immunoproteomic approach 

for the identification of immunoreactive cryptococcal proteins potentially suitable for vaccine 

development. We used two-dimensional gel electrophoresis to separate cryptococcal proteins, Western 

blotting, and subsequent incubation with murine or human sera for identification of immunoreactive 

cryptococcal proteins. Furthermore, the composition of total serum and C. neoformans-specific 

antibodies of different isotypes contained in the sera was quantified using ELISA analysis. 

Mice of different genotypes develop different disease phenotypes after cryptococcal infection and 
show predominant production of Th2-associated IgG1 antibodies. 

The first study used sera from C. neoformans-infected mice of different genotypes which develop 

different courses of disease. BALB/c wild type (WT) mice intranasally infected with C. neoformans 

succumb to the infection after a median time of ten weeks5,6, whereas IL-12-deficient mice, showing 

impaired T helper (Th) type 1 responses, succumb significantly earlier to the infection compared to 

WT mice7. In contrast, IL-4Rα-deficient mice, with an impaired ability to form Th2 responses, are 

resistant to severe disease and develop a latent pulmonary infection6. This highlights the importance of 

immune response polarization towards a Th1 bias, favoring fungal clearance, in contrast to a Th2 bias 

promoting fungal growth and dissemination. Interestingly, the production of different antibody isotypes 

has been linked to distinct cytokines. The Th2 cytokine IL-4 favors production of IgG1 antibodies and 

the Th1 cytokine IFN-γ is associated with IgG2a production8–11. We used this connection to identify 

cryptococcal proteins contained in spots reactive with either IgG2a or IgG1 antibodies, which are 

therefore associated with protective Th1 or detrimental Th2 responses, respectively.  

The total serum concentrations of Th2-associated IgG1 antibodies were significantly higher in 

C. neoformans-infected mice compared to naïve mice for all genotypes, although total serum IgG1 

antibody concentrations were significantly lower in IL-4Rα-deficient mice compared to WT and IL-12-

deficient mice, representing the Th2-dependency of IgG1 induction. In contrast, total serum 

concentrations of Th1-associated IgG2a antibodies were similar in naïve and infected mice and therefore 

unaffected by the infection. Nevertheless, there were genotype-dependent differences, as Th1-impaired 

IL-12-deficient mice had lower total serum IgG2a concentrations compared to the other two mouse 

strains. IgG1 and IgG2a antibodies directed against cryptococcal proteins were not detectable in sera of 



 Summary 

54 
 

naïve mice of all genotypes using ELISA analysis. Anti-cryptococcal serum IgG1 titers increased 

strongly upon infection in WT and IL-12-deficient mice, whereas titers in sera from IL-4Rα-deficient 

mice showed only a moderate, but nevertheless significant increase, again reflecting genotype-

dependent differences. Furthermore, we found a significant correlation between increasing total serum 

IgG1 concentrations and titers of anti-cryptococcal IgG1 antibodies. Therefore, we hypothesize that the 

observed increase of Th2-associated IgG1 antibodies is triggered by cryptococcal infection. In contrast, 

anti-cryptococcal IgG2a titers were only moderately, but still significantly increased upon infection in 

WT and IL-4Rα-deficient mice, but not IL-12-deficient mice, reflecting the impaired production of 

IgG2a antibodies in IL-12-deficient mice. Furthermore, total serum IgG2a concentrations and anti-

cryptococcal IgG2a titers were not correlated. All in all, analysis of antifungal antibodies reflects the 

Th2- and not Th1-biased immune response observed upon cryptococcal infection. 

Two-dimensional immunoproteomic analysis using murine sera leads to identification of 
cryptococcal proteins contained in Th1-associated IgG2a-reactive, or Th2-associated IgG1-
reactive protein spots. 

For the identification of immunoreactive protein antigens, cryptococcal proteins were separated by two-

dimensional gel electrophoresis, blotted on nitrocellulose membranes, and incubated with sera from 

individual mice of different genotypes. Anti-cryptococcal IgG1 or IgG2a antibodies were detected using 

isotype-specific secondary antibodies and spot patterns were compared between naïve and infected 

mice, as well as between mice from different genotypes. Cryptococcal protein spots reactive with anti-

cryptococcal IgG1 antibodies were not detected in sera from naïve mice but were present when 

membranes were incubated with sera from infected WT and IL-12-deficient mice. Interestingly, sera 

from IL-12-deficient mice reacted with an increased number of cryptococcal protein spots compared to 

WT mice. Analysis of IgG2a antibodies revealed cryptococcal protein spots reactive with serum IgG2a 

from naïve mice of all genotypes. Incubation of cryptococcal proteins with sera from infected IL-12-

deficient mice resulted in the same spot pattern as for naïve mice. In contrast, sera from infected WT 

and IL-4Rα-deficient mice recognized additional protein spots, with the highest number of spots 

observed after incubation with sera from IL-4Rα-deficient mice. 

Mass spectrometry analysis of all immunoreactive spots was carried out and the most abundant protein 

of each spot was selected as a potentially immunoreactive protein. Ten proteins were exclusively present 

in IgG1-reactive spots and four proteins were only identified in IgG2a-reactive spots, out of which one 

protein was identified in the five spots also recognized by sera from naïve mice, indicating potential 

cross-reactivity with other fungal proteins. Three proteins were found in both IgG1- and IgG2a-reactive 

spots. Eight out of seventeen of the proteins identified in the immunoreactive spots of our study were 

previously described to be contained in immunoreactive cryptococcal protein spots by other 

publications12–16, strengthening the probability of immunogenic properties. Furthermore, several of the 

identified proteins were described to be implicated in cryptococcal virulence, rendering them potential 

targets for anti-cryptococcal agents.  
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Serologic analysis of human sera reveals increased titers of anti-cryptococcal IgG, but not IgM 
antibodies in sera from HIV-negative cryptococcal meningitis (CM) patients, but not HIV-positive 
CM patients compared to healthy individuals. 

The second study focuses on the identification of cryptococcal proteins immunoreactive with human 

sera from cryptococcal meningitis (CM) patients and healthy individuals. We used sera from HIV-

positive CM patients (CD4+ T cells <250 cells/µL), HIV-negative CM patients and healthy individuals, 

all living in Colombia in order to guarantee similar environmental microbial exposure, also to 

C. neoformans. We aimed to determine proteins preferentially recognized by sera from CM patients, 

rendering them disease-associated proteins. These proteins are of interest because of potential 

implications in virulence, but also because of their potential for vaccine development, as they are 

immunogenic even in patients with severely impaired immune responses. 

Previous publications produced mixed results regarding the main isotype produced in response to 

cryptococcal infection. Additionally, in contrast to anti-cryptococcal capsular polysaccharide (CPS) 

titers17–29, the quantification of anti-cryptococcal protein antibodies often relied on semi-quantitative 

methods like counting of bands on Western blots for individual sera23,24,30–34. Therefore, we decided to 

quantify the concentrations of total serum antibodies and titers of C. neoformans-specific antibodies of 

the isotypes IgG and IgM in human sera. The total serum IgG concentrations were similar in sera from 

all three groups. In contrast, total serum IgM concentrations were lower in sera from CM patients, 

independently of their HIV status, compared to healthy individuals. Interestingly, previous publications 

found decreased proportions of IgM-expressing memory B cells in both, HIV-positive and HIV-negative 

cryptococcosis patients compared to healthy individuals25,27. However, titers of anti-cryptococcal IgM 

antibodies directed against cryptococcal proteins or CPS were similar for all groups. In contrast, anti-

protein and anti-CPS IgG titers were increased in sera from HIV-negative CM patients, but not HIV-

positive CM patients, compared to healthy individuals. We hypothesize that the severely 

immunocompromised HIV-positive CM patients are not able to generate a strong immune response 

towards C. neoformans and are therefore lacking the increase in anti-cryptococcal IgG titers observed 

for HIV-negative CM patients in response to cryptococcal infection. 

Induction of anti-cryptococcal IgG, but not IgM antibody production during cryptococcal 
infection is confirmed by analysis of murine sera. 

To further investigate the dominant isotype produced in response to C. neoformans infection, we 

analyzed sera from naïve and intranasally infected BALB/c WT mice, susceptible to disseminated 

cryptococcal disease, and IL-4Rα-deficient mice, developing a latent pulmonary cryptococcal infection. 

Over the course of infection, WT mice showed significantly higher fungal burden in the lungs compared 

to IL-4Rα-deficient mice. IgM antibodies directed against cryptococcal proteins and CPS were detected 

at similar titers over the course of infection, although concentrations of total serum IgM antibodies were 

increased by day 60 post infection for both genotypes. Anti-CPS IgM antibodies were even present in 

naïve mice, indicating cross-reactivity with polysaccharides from other microbes. In contrast, titers of 

anti-cryptococcal protein and CPS IgG antibodies as well as total serum IgG concentrations increased 
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over the course of infection for mice of both genotypes. Interestingly, anti-cryptococcal IgG titers were 

significantly higher in WT mice compared to IL-4Rα-deficient mice 60 days post infection. 

Furthermore, titers of anti-cryptococcal IgG antibodies were positively correlated with lung fungal 

burden in WT mice, but not in IL-4Rα-deficient mice. Based on the serological data from human CM 

patients and experimentally infected mice, we therefore hypothesize that production of IgG, but not IgM 

antibodies is induced during cryptococcal infection and that the increase of anti-cryptococcal IgG titers 

is triggered by high fungal burden and disseminated disease. 

Two-dimensional immunoproteomic analysis of sera from Colombian CM patients and healthy 
individuals leads to the identification of disease-associated immunoreactive cryptococcal proteins. 

Two-dimensional immunoproteomic analysis was applied to identify immunoreactive cryptococcal 

protein spots. C. neoformans proteins were separated by two-dimensional gel electrophoresis and 

blotted on nitrocellulose membranes. Human sera were combined in subpools for each experimental 

group and used for membrane incubation. Whole cryptococcal proteins as well as immunoreactive 

protein spots were detected using fluorescence-based protein detection and fluorophore-coupled 

anti-human IgG antibodies to allow for quantification. Binding of IgG to protein spots was compared 

between the three groups (HIV-positive and HIV-negative CM patients, healthy control persons) using 

the software Delta2D (DECODON). Briefly, fluorescence intensity in each immunoreactive spot was 

quantified, normalized to the protein loading, and statistically analyzed with Delta2D. The analysis 

revealed several CM-associated spots, showing increased reactivity with sera from HIV-positive and 

HIV-negative CM patients compared to healthy individuals, but also spots exhibiting stronger reactivity 

with sera from healthy individuals, HIV-positive, or HIV-negative CM patients compared to the other 

respective groups. Mass spectrometry analysis of those spots of interest resulted in the identification of 

143 cryptococcal proteins. Twenty-three proteins were selected for recombinant expression in 

Escherichia coli based on their abundance in several spots of interest, previously described potential 

immunoreactivity, or implication in cryptococcal virulence. The identity of the recombinantly produced 

proteins was confirmed using mass spectrometry. Quantification of immunoreactivity of the 

recombinant proteins was achieved by analysis of IgG-binding to the respective proteins contained in 

Escherichia coli protein lysates on Western blots and normalization of the immunoreactive signal by 

protein loading. Immunoreactivity of all 23 cryptococcal proteins could be confirmed with sera from 

both cryptococcal meningitis patients and healthy individuals. Fourteen of these proteins are newly 

described as immunoreactive protein antigens, whereas nine proteins were previously reported to be 

contained in spots immunoreactive with sera from C. neoformans-infected mice12–14,35, or koalas15 and 

humans16 infected with the closely related fungal pathogen Cryptococcus gattii. However, this is the 

first study to confirm immunoreactivity of those proteins using recombinant expression and subsequent 

incubation with sera. Quantification of the immunoreactivity revealed a disease-associated recognition 

pattern for twelve of the 23 proteins, defined by significantly stronger reactivity with sera from 

CM patients independently of their HIV status compared to healthy individuals. The identified proteins 
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are very interesting candidates for future research as they were recognized even by sera from severely 

immunocompromised AIDS patients. Three of those proteins show favorable properties for usage as 

vaccine candidates like extracellular appearance36 or existence of a secretory signal peptide, and no 

significant homology to human proteins. Supportively, one protein identified in our analysis, 

extracellular elastinolytic metalloprotease, was already included in a murine anti-cryptococcal 

vaccination study and was demonstrated to increase survival of C. neoformans-infected C57BL/6 

WT mice37. Furthermore, six proteins described as disease-associated proteins in our study are 

implicated in cryptococcal virulence, survival or metabolism and could therefore be targeted by 

antifungal drugs. Interestingly, the inhibition of the previously mentioned extracellular elastinolytic 

metalloproteinase prevented crossing of cryptococcal cells through the blood brain barrier in an in vitro 

transwell model38, strengthening our hypothesis that targeting disease-associated proteins could be 

utilized for anti-cryptococcal therapy. 

Conclusions 

This thesis demonstrates the power of immunoproteomic approaches for the identification of 

immunoreactive cryptococcal proteins with excellent potential for development of an anti-cryptococcal 

vaccine or new antifungal therapy strategies.  

Proteins identified in the first study35 are contained in immunoreactive spots associated with protective 

Th1 or detrimental Th2 responses. Five of these proteins were recombinantly expressed in the second 

study39 and immunoreactivity was confirmed. Two of those proteins showed stronger reactivity with 

sera from HIV-positive and HIV-negative CM patients compared to healthy individuals, whereas three 

proteins showed stronger reactivity with sera from HIV-positive, but not HIV-negative CM patients 

compared to healthy individuals. Reactivity of the proteins with antibodies from different species also 

highlights their strong immunogenicity and underlines the power of the immunoproteomic approach.  

The second study39 led to the identification of 23 cryptococcal proteins showing confirmed 

immunoreactivity with human sera from cryptococcal meningitis patients but also healthy individuals, 

emphasizing their immunogenic potential. Fourteen of these proteins are newly described as 

immunoreactive cryptococcal proteins. Quantification of the immunoreactivity revealed a disease-

associated recognition pattern for twelve proteins, characterized by significantly higher 

immunoreactivity with sera from CM patients compared to healthy individuals. Some of the identified 

proteins are potential vaccine candidates based on their immunogenic properties and lack of homology 

to human proteins. Additionally, some proteins are involved in fungal virulence or survival and are 

therefore interesting targets for new antifungal agents.  

Previous studies showed promising results when using recombinant cryptococcal proteins for 

vaccination of mice37,40. Therefore, the immunoreactive cryptococcal proteins identified in this thesis 

are very promising candidates for future research and ultimately for the development of an anti-

cryptococcal vaccine.  
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5 Zusammenfassung 
Der opportunistisch pathogene Pilz Cryptococcus neoformans ist der hauptsächliche Erreger der 

lebensbedrohlichen Kryptokokkenmeningitis, welche jährlich etwa 180.000 Todesfälle verursacht1. Die 

Krankheit betrifft hauptsächlich immunsupprimierte Personen, insbesondere AIDS-Patient:innen2–4. 

Zusätzlich zur Erforschung neuer anti-fungaler Substanzen ist daher die Entwicklung einer gegen 

C. neoformans wirksamen Vakzine seit mehreren Jahren ein Schwerpunkt der Kryptokokkenforschung. 

Jedoch wurden bisher nur wenige immunogene Pilzproteine identifiziert, die grundsätzlich für die 

Entwicklung einer Vakzine geeignet sind. 

Die beiden in dieser Dissertation vorgestellten Arbeiten verdeutlichen die Anwendbarkeit von 

immunproteomischen Verfahren zur Identifizierung von immunreaktiven Kryptokokkenproteinen, 

welche grundsätzlich als Vakzin-Antigene genutzt werden können. Hierfür wurden Proteine mittels 

zweidimensionaler (2D-) Gelelektrophorese aufgetrennt, auf Nitrozellulosemembranen übertragen und 

für die Identifikation immunreaktiver Proteine mit murinen oder humanen Seren inkubiert. Des 

Weiteren wurden die absoluten Konzentrationen von Antikörpern sowie die Titer anti-fungaler 

Antikörper bestimmt. 

Mäuse verschiedener Genotypen zeigen unterschiedliche Krankheitsverläufe nach Infektion mit 
C. neoformans und eine vorherrschende Produktion von Th2-assoziierten IgG1-Antikörpern. 

In der ersten Publikation wurden Seren von C. neoformans-infizierten Mäusen verschiedener 

Genotypen, welche nach der Infektion unterschiedliche Krankheitsverläufe ausbilden, verwendet. 

Intranasal mit C. neoformans infizierte BALB/c Wildtyp-Mäuse (WT-Mäuse) versterben nach 

durchschnittlich zehn Wochen an der disseminierten Erkrankung5,6, während Interleukin (IL)-12-

defiziente Mäuse, welche in der Ausbildung von T-Helferzell (Th)-Antworten des Typs 1 beeinträchtigt 

sind, signifikant früher versterben7. Im Gegensatz dazu sind IL-4-Rezeptor α (IL-4Rα)-defiziente 

Mäuse, welche keine funktionalen Th2-Antworten entwickeln, resistent gegenüber der 

lebensbedrohlichen Erkrankung und entwickeln eine latente, pulmonale Infektionsform6. Diese 

Ergebnisse verdeutlichen den protektiven Einfluss von Th1-Immunantworten sowie den schädlichen 

Einfluss einer Th2-Immunpolarisierung im Rahmen der Kryptokokkose. Interessanterweise wird die 

Produktion verschiedener Antikörperisotypen durch unterschiedliche Zytokine begünstigt. Während das 

Th2-Zytokin IL-4 die Produktion von IgG1-Antikörpern induziert, ist das Th1-Zytokin mit der 

Produktion von IgG2a-Antikörpern assoziiert8–11. Die erste Publikation nutzt diese Verknüpfung von 

Th-Zytokinen und Antikörperisotypen. Es wurden Kryptokokkenproteine identifiziert, welche von 

IgG1- oder IgG2a-Antikörpern gebunden werden und daher mit protektiven Th1- oder pathologischen 

Th2-Antworten assoziiert sind. 

Die Konzentrationen von Serumantikörpern wurden mittels ELISA bestimmt. Die Infektion mit 

C. neoformans führte zu einem Anstieg der Serumkonzentration von IgG1-Antikörpern in allen 
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Mausstämmen, wobei die Konzentration in IL-4Rα-defizienten Mäusen signifikant niedriger als in WT- 

und IL-12-defizienten Mäusen war. Dies verdeutlicht die Th2-Abhängigkeit der IgG1-Induktion. Im 

Gegensatz dazu konnten ähnliche IgG2a-Serumkonzentrationen in naiven und infizierten Mäusen aller 

Genotypen gemessen werden. Genotyp-spezifisch wiesen Th1-defiziente IL-12-Knockout-Mäuse 

niedrigere IgG2a-Serumkonzentrationen als Mäuse anderer Genotypen auf. C. neoformans-spezifische 

IgG1- und IgG2a-Antikörper konnten in Seren von naiven Tieren nicht detektiert werden. Die Titer von 

anti-Kryptokokken IgG1-Antikörpern stiegen nach der C. neoformans-Infektion stark an, wobei der 

Anstieg in Seren von WT- und IL-12-defizienten Mäusen stärker war als bei IL-4Rα-defizienten 

Mäusen. Des Weiteren konnte eine signifikante Korrelation zwischen ansteigenden IgG1-

Serumkonzentrationen und anti-Kryptokokken IgG1-Titern festgestellt werden. Der 

Konzentrationsanstieg von Th2-assoziierten IgG1-Antikörpern könnte daher durch die Infektion mit 

C. neoformans verursacht worden sein. Die Titer von anti-Kryptokokken IgG2a-Antikörpern waren in 

infizierten WT- und IL-4Rα-defizienten Mäusen nur moderat, jedoch trotzdem signifikant erhöht, was 

bei IL-12-defizienten Mäusen nicht der Fall war. Zusätzlich ergab sich keine Korrelation zwischen 

IgG2a-Serumkonzentrationen und anti-Kryptokokken IgG2a-Titern. Die vorherrschende Induktion des 

Th2-assoziierten Isotyps IgG1 bestätigt die in der Literatur postulierte Tendenz zur Ausprägung von 

Th2-Antworten während der Kryptokokkeninfektion. 

Die 2D-Immunproteomanalyse von murinen Seren führt zur Identifizierung von 
Kryptokokkenproteinen, welche in Th1-assoziierten IgG2a-reaktiven oder Th2-assoziierten 
IgG1-reaktiven Protein-Spots enthalten sind. 

Zur Identifizierung von immunreaktiven C. neoformans-Antigenen wurden Kryptokokkenproteine 

mittels 2D-Gelelektrophorese aufgetrennt, auf Nitrozellulosemembranen übertragen und mit Seren 

individueller Mäuse inkubiert. Die Detektion von gebundenen anti-Kryptokokken IgG1- oder IgG2a-

Antikörpern erfolgte mittels Isotyp-spezifischer Sekundärantikörper und die reaktiven Protein-Spots 

wurden verglichen. Es konnten keine IgG1-reaktiven Protein-Spots nach Inkubation mit Seren naiver 

Mäuse detektiert werden. Seren infizierter WT- und IL-12-defizienter Mäuse enthielten jedoch IgG1-

Antikörper, welche an Kryptokokkenprotein-Spots banden, wobei die meisten immunreaktiven Protein-

Spots unter Verwendung von Seren IL-12-defizienter Mäuse detektiert wurden. Im Gegensatz zur 

Analyse von IgG1-Antikörpern konnten nach Inkubation von Kryptokokkenproteinen mit Seren naiver 

Mäuse IgG2a-reaktive Protein-Spots beobachtet werden. Diese Protein-Spots wurden auch von Seren 

infizierter IL-12-defizienter Mäuse gebunden. Nach Inkubation mit Seren von infizierten WT- und 

IL-4Rα-defizienten Mäusen konnte eine höhere Anzahl von IgG2a-reaktiven Spots detektiert werden, 

wobei hier Seren von IL-4Rα-defizienten Mäusen die meisten Kryptokokkenprotein-Spots erkannten.  

Massenspektrometrie wurde eingesetzt, um in den immunreaktiven Protein-Spots enthaltene Proteine 

zu identifizieren, wobei das am häufigsten im jeweiligen Spot vorhandene Protein als potentiell 

immunreaktives Protein postuliert wurde. Zehn Proteine wurden ausschließlich in IgG1-reaktiven 

Protein-Spots gefunden, während vier Proteine nur in IgG2a-reaktiven Spots vorhanden waren, wovon 
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ein Protein in den Spots identifiziert wurde, welche auch von Seren naiver Mäuse gebunden wurden. 

Letzteres Protein könnte kreuzreaktiv mit Proteinen anderer Pilze sein. Drei Proteine wurden in IgG1- 

und IgG2a-reaktiven Spots identifiziert. Einige der in dieser Studie identifizierten Proteine wurden 

bereits in früheren Publikationen als potentiell immunreaktive Kryptokokkenproteine beschrieben12–16, 

wodurch die Wahrscheinlichkeit steigt, dass diese Proteine tatsächlich immunogene Eigenschaften 

besitzen. Des Weiteren sind einige der identifizierten Proteine als Virulenzfaktoren beschrieben und 

könnten daher Ziele neuer anti-fungaler Substanzen darstellen. 

Die Analyse humaner Seren zeigt eine Erhöhung von anti-Kryptokokken IgG-Titern, jedoch nicht 
anti-Kryptokokken IgM-Titern in Seren von HIV-negativen, jedoch nicht HIV-positiven 
Patient:innen mit Kryptokokkenmeningitis im Vergleich zu Seren gesunder Personen. 

Die zweite Publikation beschäftigt sich mit der Identifizierung von Kryptokokkenproteinen welche 

Immunreaktivität mit humanen Seren zeigen. Hierfür wurden Seren von in Kolumbien lebenden 

HIV-positiven Kryptokokkenmeningitispatient:innen (KM-Patient:innen) mit einer CD4+ T-Zell-

konzentration von weniger als 250 Zellen pro Mikroliter, HIV-negativen KM-Patient:innen und 

gesunden Personen analysiert. Es wurde die Identifizierung von Proteinen angestrebt, welche präferierte 

Reaktivität mit Seren von KM-Patient:innen zeigen, wodurch sie als Krankheits-assoziierte Proteine 

definiert werden können. Diese Proteine sind von besonderem Interesse, da sie einerseits potentielle 

Virulenzfaktoren darstellen und andererseits vielversprechende Vakzinkandidaten sind, da sie auch in 

immunsupprimierten Personen immunogen wirken. 

Bisherige Publikationen zeigten unterschiedliche Ergebnisse bezüglich des hauptsächlich im Zuge der 

Kryptokokkeninfektion produzierten Antikörper-Isotyps. Im Unterschied zu Titern von gegen die 

Kryptokokkenkapsel gerichteten Antikörpern, welche mittels ELISA quantifiziert wurden17–29, wurde 

die Konzentration von gegen Kryptokokkenproteine gerichteten Antikörpern bisher hauptsächlich durch 

semiquantitative Methoden bestimmt, wie das Zählen von Banden in Western Blots nach 

Seruminkubation24,25,30–34. Daher wurden in der vorliegenden Studie die Konzentrationen von 

Serumantikörpern und die Titer von anti-Kryptokokken Immunglobulinen für die Antikörperklassen 

IgM und IgG in humanen Seren quantifiziert. Die Serumkonzentration von IgG-Antikörpern war in 

Seren aller Gruppen ähnlich. Im Gegensatz dazu waren IgM-Antikörper in Seren von KM-Patient:innen 

unabhängig von ihrem HIV-Status in signifikant niedrigerer Konzentration vorhanden. 

Interessanterweise wiesen HIV-positive und HIV-negative KM-Patient:innen in früheren Studien einen 

verringerten Anteil von IgM-exprimierenden Gedächtnis-B-Zellen im Vergleich zu gesunden Personen 

auf26,28. Die Quantifizierung von gegen C. neoformans-Proteine oder Kapselpolysaccharide (KPS) 

gerichteten Antikörpern mittels ELISA ergab jedoch ähnliche anti-Kryptokokken IgM Titer in Seren 

aller Gruppen. Demgegenüber waren die Titer von anti-Kryptokokken IgG-Antikörpern in Seren von 

HIV-negativen KM-Patient:innen im Vergleich zu Kontrollpersonen, aber auch HIV-positiven KM-

Patient:innen, erhöht. Der ausbleibende Anstieg von anti-C. neoformans IgG-Titern in HIV-positiven 
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KM-Patient:innen könnte auf der schweren Immunsuppression dieser Personen beruhen, wodurch keine 

adäquate Immunreaktion auf die Infektion initiiert werden kann. 

Die erhöhte Produktion von anti-Kryptokokken IgG, aber nicht IgM-Antikörpern während der 
Kryptokokkeninfektion wird durch die Analyse von murinen Seren bestätigt. 

Zur weiteren Analyse des hauptsächlich durch C. neoformans induzierten Isotyps wurden weitere 

Antikörperbestimmungen in murinen Seren von naiven und intranasal infizierten BALB/c WT-Mäusen, 

welche eine systemische Kryptokokkose entwickeln, und IL-4Rα-defizienten Mäusen, welche eine 

latente, pulmonale Kryptokokkeninfektion zeigen, durchgeführt. Während der gesamten Infektion 

zeigten WT-Mäuse eine höhere fungale Lungenlast als IL-4Rα-defiziente Mäuse. Anti-Kryptokokken 

IgM-Antikörper wurden während des gesamten Beobachtungszeitraums in ähnlicher Konzentration in 

Seren von naiven und infizierten Tieren detektiert, während die Serumkonzentration von IgM-

Antikörpern 60 Tage nach der Infektion in beiden Mausstämmen erhöht war. Demgegenüber zeigten 

sich erhöhte Titer von anti-Kryptokokken IgG-Antiköpern und eine erhöhte IgG-Serumkonzentration 

mit fortschreitender Infektion in Seren von Mäusen beider Genotypen. Interessanterweise konnten 

60 Tage nach der Infektion signifikant höhere anti-C. neoformans IgG-Titer in WT-Mäusen, welche 

eine hohe Pilzlast in der Lunge aufwiesen, als in IL-4Rα-defizienten Mäusen, welche eine moderate 

Lungenpilzlast zeigten, detektiert werden. Des Weiteren waren die anti-C. neoformans IgG-Titer in WT-

Mäusen mit der Kryptokokkenorganlast der Lunge positiv korreliert, was für IL-4Rα-defizienten Mäuse 

nicht der Fall war. Auf der Grundlage der humanen und murinen serologischen Daten stellen wir daher 

die Hypothese auf, dass die Produktion von IgG-, aber nicht IgM-Antikörpern im Zuge der 

Kryptokokkeninfektion induziert und durch hohe Pilzlast und Dissemination verstärkt wird. 

Krankheits-assoziierte Kryptokokkenproteine können durch 2D-Immunproteomanalyse unter 
Verwendung von Seren kolumbianischer KM-Patient:innen und gesunder Personen identifiziert 
werden. 

Für die Identifizierung von immunreaktiven Kryptokokkenprotein-Spots wurde eine 2D-Immun-

proteomanalyse durchgeführt. Es wurden C. neoformans-Proteine mittels 2D-Gelelektrophorese 

aufgetrennt, auf Nitrozellulosemembranen übertragen und mit gepoolten humanen Seren inkubiert. 

Sowohl die Kryptokokkenproteine als auch die immunreaktiven Proteine, an welche Serum-IgG-

Antikörper gebunden haben, wurden mittels fluoreszierender Farbstoffe detektiert, um eine 

Quantifizierung zu ermöglichen. Die entstehenden Fluoreszenzsignale wurden zwischen den drei 

Gruppen (HIV-positive und HIV-negative KM-Patient:innen sowie gesunde Personen) mit Hilfe der 

Software Delta2D (DECODON) verglichen. Hierfür wurde die Fluoreszenzintensität der 

immunreaktiven Protein-Spots quantifiziert, durch die Proteinbeladung normalisiert und statistisch 

analysiert. Es konnten Protein-Spots identifiziert werden, welche eine stärkere Reaktivität mit Seren von 

KM-Patient:innen im Vergleich zu gesunden Personen zeigten, jedoch auch solche Spots, die stärker 

mit Seren von gesunden Personen, HIV-positiven oder HIV-negativen KM-Patient:innen im Vergleich 

zu den jeweiligen anderen Gruppen reagierten. Mittels massenspektrometrischer Analyse konnten 
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143 Proteine in diesen differentiell immunreaktiven Spots identifiziert werden. Dreiundzwanzig 

Proteine wurden auf Grund von häufigem Auftreten in verschiedenen immunreaktiven Spots, bereits 

postulierter Immunreaktivität, oder einem potentiellen Einfluss auf die Virulenz des Pilzes für die 

rekombinante Expression in Escherichia coli ausgewählt. Die Identität der rekombinant exprimierten 

Proteine wurde durch Massenspektrometrie bestätigt. Für die Quantifizierung der Immunreaktivität der 

rekombinanten Proteine wurde erneut die Bindung von Serum-IgG-Antikörpern mittels 

Fluoreszenzfarbstoff quantifiziert und über die vorhandene Gesamtproteinmenge normalisiert. Alle 

23 Kryptokokkenproteine zeigten Immunreaktivität mit humanen Seren von KM-Patient:innen, aber 

auch Seren von gesunden Individuen. Vierzehn dieser Proteine wurden bisher nicht als immunreaktive 

Kryptokokkenproteine beschrieben, während zwölf Proteine in Kryptokokkenprotein-Spots 

nachgewiesen wurden, welche Reaktivität mit Seren C. neoformans-infizierter Mäuse12–14,35, oder mit 

Seren von Koalas15 und Menschen16, die mit dem nah verwandten Pilz Cryptococcus gattii infiziert 

waren, zeigten. Die vorliegende Publikation ist jedoch die erste Studie, welche die tatsächliche 

Immunreaktivität dieser Proteine durch rekombinante Expression und isolierte Betrachtung bestätigt. 

Die Quantifizierung der Immunreaktivität ergab ein Krankheits-assoziiertes Erkennungsmuster für 

zwölf der 23 Kryptokokkenproteine, definiert durch signifikant stärkere Reaktivität des jeweiligen 

Proteins mit Seren von KM-Patient:innen im Vergleich zu gesunden Personen. Die identifizierten 

Proteine stellen interessante Kandidaten für zukünftige Studien dar, da sie selbst mit Seren von 

immunsupprimierten AIDS-Patient:innen starke Reaktivität zeigten. Drei Proteine weisen zusätzlich 

keine signifikante Homologie mit humanen Proteinen auf und konnten extrazellulär nachgewiesen 

werden36, oder besitzen ein sekretorisches Signalpeptid, was sie zu vielversprechenden Vakzinantigenen 

macht. Eines dieser Proteine, die extrazelluläre elastinolytische Metalloproteinase, wurde bereits in 

einer murinen Vakzinstudie verwendet und konnte das Überleben von C. neoformans-infizierten 

C57BL/6 WT-Mäusen signifikant verlängern37. Des Weiteren sind sechs der Krankheits-assoziierten 

Kryptokokkenproteine in das Überleben des Pilzes, die Virulenz und den Metabolismus involviert, 

weshalb sie als potentielle Angriffspunkte anti-fungaler Therapie dienen könnten. Interessanterweise 

konnte gezeigt werden, dass nach Inhibierung der erwähnten extrazellulären Metalloproteinase die 

Fähigkeit von Kryptokokken zur Translokation durch die Blut-Hirn-Schranke in einem in vitro 

Transwell-Modell eingeschränkt war38. Dies bestärkt die Hypothese, dass eine Inhibierung der 

identifizierten Krankheits-assoziierten Proteine in der anti-fungalen Therapie genutzt werden könnte. 

Schlussfolgerungen 

Die vorgelegte Dissertation demonstriert die Nutzbarkeit immunproteomischer Analysemethoden für 

die Identifizierung von immunreaktiven Kryptokokkenproteinen. Es konnten Kandidatenantigene mit 

exzellentem Potential für die Entwicklung prophylaktischer anti-Kryptokokkenvakzinen oder 

therapeutischer anti-fungaler Wirkstoffe identifiziert werden. 
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Die in der ersten Studie35 identifizierten Proteine sind in Protein-Spots enthalten, welche mit protektiven 

Th1- oder pathologischen Th2-Antworten assoziiert sind. Fünf dieser Proteine wurden im Rahmen der 

zweiten Studie39 rekombinant exprimiert und die Immunreaktivität der Proteine konnte bestätigt werden. 

Zwei dieser Proteine zeigten stärkere Reaktivität mit Seren von HIV-positiven und HIV-negativen KM-

Patient:innen im Vergleich zu Seren gesunder Individuen, während die drei anderen Proteine stärkere 

Reaktivität mit Seren von HIV-positiven KM-Patient:innen als mit Seren von HIV-negativen KM-

Patient:innen und gesunden Personen aufwiesen. Die Erkennung der Proteine durch Antikörper 

verschiedener Spezies lässt auf eine starke Immunogenität schließen und verdeutlicht außerdem das 

erfolgsversprechende Potential des immunproteomischen Ansatzes für die Identifizierung von 

immunreaktiven Proteinen. 

In der zweiten Studie39 konnten 23 Proteine identifiziert werden, welche erwiesenermaßen 

Immunreaktivität mit humanen Seren von KM-Patient:innen aber auch gesunden Personen zeigen, was 

die Immunogenität der Proteine verdeutlicht. Vierzehn Kryptokokkenproteine wurden zum ersten Mal 

als immunreaktive Antigene beschrieben. Durch Quantifizierung der Immunreaktivität konnte ein 

Krankheits-assoziiertes Erkennungsmuster für zwölf Proteine ermittelt werden, definiert durch 

signifikant stärkere Reaktivität mit Seren von KM-Patient:innen im Vergleich zu gesunden Personen. 

Das immunogene Potential sowie die Funktion der Proteine oder ihre molekularen Eigenschaften, wie 

beispielsweise das Nicht-Vorhandensein von Homologie mit humanen Proteinen, markiert einzelne 

Proteine als Zielproteine für anti-fungale Wirkstoffe oder prädestiniert sie für die Verwendung als 

Vakzinantigene. 

Frühere Studien verwendeten bereits rekombinant hergestellte Kryptokokkenproteine für die 

Immunisierung von Mäusen und konnten vielversprechende protektive Effekte erzielen37,40. Daher 

stellen die in den Studien der vorliegenden Dissertation identifizierten Proteine aussichtsreiche 

Kandidaten für zukünftige Forschungen und schlussendlich die Entwicklung einer gegen C. neoformans 

wirksamen Vakzine dar. 
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Supplementary Table 1 

Supplementary table 1: Primer sequences used for amplification of cDNA sequences from C. 

neoformans for recombinant protein expression. 

Targeted Protein Serotype / 
strain Primer name Sequence 

26S proteasome regulatory 
subunit N8 

serotype A / 
H99 26S_prot_fwd TT ACT CAT ATG CCC GGC 

TTA ACA ACG GCA C 
26S proteasome regulatory 
subunit N8 

serotype A / 
H99 26S_prot_rev CGT TTT GCGG CCGC CTT TTT 

CTT CTT CTC TTT CTC CTC T 
chlorophyll synthesis pathway 
protein BchC  

serotype A / 
H99 Chloro_BchC_fwd GC ACC CAT ATG GTC GCC 

AAG GAG ATG AAC G 
chlorophyll synthesis pathway 
protein BchC  

serotype A / 
H99 Chloro_BchC_rev GCT TTT GCG GCC GCG TCC 

TTG TGT TCG GGC TTG 

Cytoplasmic protein 
CNAG_02943 

serotype A / 
H99 CP_02943_rev 

GGC CCT GCGG CCGC CTC 
CTT TTT GGC TGA TCC AAA 
GT 

Cytoplasmic protein 
CNAG_02943 

serotype A / 
H99 CP_02943_fwd TAT TC CAT ATG TCC CAT 

TTC GAC ACT GTC TCC 
deoxyuridine 5~-triphosphate 
nucleotidohydrolase 

serotype A / 
H99 D5TNH_fwd TA TTA CAT ATG TCC AGA 

TTC GTC AGG CCT TC 
deoxyuridine 5~-triphosphate 
nucleotidohydrolase 

serotype A / 
H99 D5TNH_rev GTA AAA GCGG CCGC AAT 

CAA GCT CCC AGC AAC ATC 
extracellular elastinolytic 
metalloproteinase 

serotype A / 
H99 Ex_el_MP_fwd TA TAA CAT ATG CGC TCC 

TCC GCG CTC AT 
extracellular elastinolytic 
metalloproteinase 

serotype A / 
H99 Ex_el_MP_rev CGA TAA GCG GCC GCA GCC 

TTT TTG GAC TCG CAG AC 
glucose-methanol-choline 
oxidoreductase 

serotype A / 
H99 GMC_oxired_fwd TA TTA CAT ATG GTT CAC 

GCT GCT ACT CAC C 
glucose-methanol-choline 
oxidoreductase 

serotype A / 
H99 GMC_oxired_rev AA CCC AAG CTT CTT TGT 

CTC TTT GTA AAG GTC GG 
glutamate dehydrogenase 
(NADP)  

serotype A / 
H99 Glu_Dehyd_rev GCA TTT GCG GCC GCC CAC 

CAG TCA CCC TGT TCG 
glutamate dehydrogenase 
(NADP)  

serotype A / 
H99 Glu_Dehyd_fwd TA TTA CAT ATG TCC AAC 

TAC CCC TCT GAG CC 
glycerol-3-phosphate 
dehydrogenase (NAD(+))  

serotype A / 
H99 GPDH_2_fwd TA TGG CAT ATG GGC AAG 

GAA AAG GTT GCT GTT 
glycerol-3-phosphate 
dehydrogenase (NAD(+))  

serotype A / 
H99 GPDH_2_rev GCA AAT GCGG CCGC AAG 

CCC CTC GGT CAG TTT C 

GTP-binding protein ypt1 serotype A / 
H99 YPT1_rev ACT AAA GCGG CCGC GCA 

GCA TCC ACC AGC GGT 

GTP-binding protein ypt1 serotype A / 
H99 YPT1_fwd TA TAA CAT ATG TCT GCC 

CCA GAA TAC GAC TAC 

heat shock 70kDa protein 4  serotype A / 
H99 HSP70_P4_rev GCA TTC GCGG CCGC ATC 

GAT ATC CAT CTC CTC AAC C 

heat shock 70kDa protein 4  serotype A / 
H99 HSP70_P4_fwd TC CAA CAT ATG GCC AGT 

GTC GTC GGT ATT GA 

hsp71-like protein serotype A / 
H99 HSP71_fwd TA TTA CAT ATG GTT AAG 

GCT GTT GGT ATT GAT TTG G 

hsp71-like protein serotype A / 
H99 HSP71_rev AAA TGT GCGG CCGC GTC 

GAC CTC CTC AAC GGA AG 

hsp71-like protein serotype D / 
JEC21 

Hsp71CnIFNTstrep
SMx_f 

GTT CGA GAA GCC ATG GAT 
GGT TAA GGC TGT TGG TAT 
TGA T 

hsp71-like protein serotype D / 
JEC21 

Hsp71CnIFNTstrep
SMx_r  

ACT GCT GTT ACC ATG GTT 
AGT CGA CCT CCT CAA CG G  

hsp72-like protein serotype A / 
H99 HSP72_fwd TA TTC GGA TCC ATG ACA 

AAA GCT ATC GGT ATT GAC T 
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hsp72-like protein serotype A / 
H99 HSP72_rev 

GCA TTC GCGG CCGC ATC 
AAC TTC CTC AAC TGA AGG 
AC 

hsp75-like protein  serotype A / 
H99 HSP75_rev GCA TTT GCG GCC GCA CGG 

GCA GAA GCC ATG GC 

hsp75-like protein  serotype A / 
H99 HSP75_fwd AT TAG CAT ATG TCC GCT 

GAA GAC GTT TTC GAG 
hypothetical protein 
CNAG_05236 

serotype A / 
H99 HP_05236_fwd TA TTA GGA TCC ATG TCT 

ACA ACG ATG GTC CCA G 

hypothetical protein 
CNAG_05236 

serotype A / 
H99 HP_05236_rev 

GCA TTC GCGG CCGC ATC 
ATC GTC ACT TTC ACC ATC 
ACT 

hypothetical protein 
CNAG_06113 

serotype A / 
H99 HP_06113_fwd TA TAA CAT ATG TCG GTC 

GTG TCG AAG AAC CT 
hypothetical protein 
CNAG_06113 

serotype A / 
H99 HP_06113_rev TTT AAA GCGG CCGC AGC 

GCC CAA AGC GGG GAA 
hypothetical protein 
CNAG_06946 

serotype A / 
H99 HP_06946_fwd TA GGA CAT ATG CTG CGC 

ACA GCT TCA AGA AAC 
hypothetical protein 
CNAG_06946 

serotype A / 
H99 HP_06946_rev CGA TTA GCGG CCGC CGC 

CTC AAG TGC CTT CTT TG 

ketol-acid reductoisomerase serotype A / 
H99 KAD_fwd TG TTT CAT ATG TCC TTC TCT 

AGA GCT TCC AGC 

ketol-acid reductoisomerase serotype A / 
H99 KAD_rev GCA TTC GCGG CCGC AAG 

CTC ATC CTT GTT GGC GTC 
Mannose-1-phosphate 
guanyltransferase 

serotype A / 
H99 M1P-G_fwd TA TGA CAT ATG AAG GCC 

CTG ATC CTC GTC G 

Mannose-1-phosphate 
guanyltransferase 

serotype A / 
H99 M1P-G_rev 

CCA TAC GCGG CCGC CAT 
AAC AAT ACG GGG CTC AGT 
G 

phosphoglucomutase serotype A / 
H99 PGM_fwd GC TTC CAT ATG TCC AAT 

ATC ATA ACC GTC AAG ACA 

phosphoglucomutase serotype A / 
H99 PGM_rev GCA TTC GCGG CCGC AGT 

GAT AAC ACT GGG CTT CTC 

phosphoglucomutase serotype D / 
JEC21 PGM_pET_fwd  

CAT CAT CAT AGC GGA TCC 
ATG TCC GAT ATC GTA ACC 
GTC A 

phosphoglucomutase serotype D / 
JEC21 PGM_pET_rev  

ATA CAG CTG TGC GGC CGC 
TTA AGT GAT AAC ACT AGG 
CTT CTC  

pyruvate decarboxylase  serotype A / 
H99 PyDe_rev GCA ATT GCGG CCGC GGC 

CCT GTC GTT GGC TTC 

pyruvate decarboxylase  serotype A / 
H99 PyDe_fwd TA GGG CAT ATG TCC AGT 

AAC GAA CAA GTA GCC TT 

transaldolase serotype A / 
H99 Transald_fwd CC ACC CAT ATG CCC ACT 

TCT CTT GAA GCT CTT 

transaldolase serotype A / 
H99 Transald_rev GCT TTA GCGG CCGC AGC 

CTT GAG CTT CTC GAT CAA 

transketolase serotype A / 
H99 Transketo_fwd AA TTT CAT ATG GCC AAC 

TTC TCC AGC AAC GA 

transketolase serotype A / 
H99 Transketo_rev CAG CGA GCGG CCGC CTC 

AGA GAT GTC GTC CAA AGC 

urease accessory protein UreG serotype A / 
H99 UreG_fwd TA GTA CAT ATG GCA GTG 

CCT GCT CAG CCT 

urease accessory protein UreG serotype A / 
H99 UreG_rev 

GCA TTC GCGG CCGC TGC 
CTT AGC CTT ACC ATT TCC 
TT 
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Supplementary Table 2 

Supplementary table 2: Correlation of lung fungal burden with anti-cryptococcal antibody levels 

in sera from wild type (WT) and IL-4Rα-deficient (IL-4Rα-/-) mice. Correlation analysis was 

performed using non-parametric Spearman’s rank correlation. Number of colony-forming units (CFU) 

in the lungs of the mice were correlated with titers of anti-protein and anti-CPS IgG and IgM determined 

by ELISA, or levels of IgG and IgM directed against intact cryptococcal cells (anti-Cn IgG, anti-Cn 

IgM). Asterisks indicate significant differences. ns: not significant. 

Genotype Parameter 1 Parameter 2 Spearman’s ρ p value Summary 

WT 

Anti-protein IgG Lung CFU 0.4017 0.0378 * 

Anti-protein IgM Lung CFU 0.1049 0.6026 ns 

Anti-CPS IgG Lung CFU 0.4277 0.0261 * 

Anti-CPS IgM Lung CFU -0.1579 0.4314 ns 

Anti-Cn IgG Lung CFU -0.3755 0.0536 ns 

Anti-Cn IgM Lung CFU -0.5364 0.0039 ** 

IL-4Rα-/- 

Anti-protein IgG Lung CFU 0.03094 0.8537 ns 

Anti-protein IgM Lung CFU 0.1229 0.4624 ns 

Anti-CPS IgG Lung CFU -0.04810 0.7743 ns 

Anti-CPS IgM Lung CFU -0.04391 0.7935 ns 

Anti-Cn IgG Lung CFU 0.04882 0.7710 ns 

Anti-Cn IgM Lung CFU 0.06031 0.7191 ns 

Supplementary Table 3 

Supplementary table 3: Sub-pools of sera from CM patients and healthy individuals used for 2D 

immunoproteome analysis. Quenchable sera from Colombian HIV-positive (HIV+) and HIV-negative 

(HIV-) CM patients, as well as healthy control persons were pooled according to their infection status 

(group) and anti-cryptococcal protein IgG titers (sub-pools) for immunoproteome analysis. CM: 

cryptococcal meningitis, Cn: Cryptococcus neoformans. No.: Number. 

Group Sub-pools Titer anti-Cn protein IgG No. of sera 

HIV+ CM patients 

Low titer 1:100 – 1:200 3 

Intermediate titer 1: 300 – 1:800 4 

High titer 1:1600 – 1:12800 3 

HIV- CM patients 

Low titer 1:800 – 1:3200 3 

Intermediate titer 1:6400 – 1:12800 4 

High titer 1:12800 – 1:25600 3 

Healthy control persons 

Low titer 1:125 – 1:1000 4 

Intermediate titer 1:1600 3 

High titer 1:2400 – 1:9600 4 
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Supplementary Table 4 
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