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Article 
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Abstract: Cryptococcal meningitis (CM) remains a leading cause of mortality among people living 
with HIV, particularly in sub-Saharan Africa, despite increased access to antiretroviral therapy. Host-
pathogen interactions are crucial in determining CM outcomes, with both immune status and fungal 
genetic variation influencing disease severity. This study investigated how allelic variation in the 
CNAG_04922 gene of Cryptococcus neoformans modulates host immune responses, using ex vivo 
cytokine profiling. Peripheral blood samples from HIV-positive and HIV-negative adults were 
stimulated with heat-inactivated whole-cell antigens from strains carrying either the CNAG_04922 
reference allele (H99) or an alternate allele (UgCl377). Cytokine concentrations were quantified using 
Luminex assays. The H99 strain induced significantly higher levels of key cytokines—including 
CD40-ligand (p = 0.047), IL-10 (p = 0.028), IL-12p70 (p < 0.001), IL-13 (p < 0.001), IL-15 (p = 0.009), and 
IL-33 (p = 0.006)—suggesting a strong pro-inflammatory and regulatory immune response. 
Conversely, the CNAG_04922 alternate allele elicited a dampened cytokine profile, possibly enabling 
immune evasion. These findings support prior evidence that fungal genotypes shape host immunity 
and may influence disease outcomes. This study underscores the need for integrating fungal 
genotyping into CM management and highlights cytokine targets for therapeutic modulation. 

Keywords: Cryptococcus neoformans; CNAG_04922; Cytokine response; TNF-alpha; pro-inflammatory 
cytokines; host-pathogen interaction; single nucleotide polymorphism; cryptococcal meningitis; 
cryptococcosis; gene alleles 
 

1. Introduction 

Cryptococcal meningitis (CM) is the most common cause of fatal central nervous system (CNS) 
infections in individuals with HIV/AIDS in sub-Saharan Africa, contributing significantly to AIDS-
related mortality [1]. Annually, an estimated 112,000 cryptococcal-related deaths occur globally, with 
the highest burden in regions with limited access to comprehensive healthcare [2]. Despite the rollout 
of antiretroviral therapy (ART), CM-associated mortality remains high due to complications such as 
immune reconstitution inflammatory syndrome (IRIS) [3]. 

A major challenge in CM management is the variability in disease presentation and outcomes. 
Recent studies suggest that this variability is influenced not only by host immune factors but also by 
genetic differences in Cryptococcus strains [4]. Patients have better clinical outcomes with a pro-
inflammatory Type-1 immune response, and have increased rates of fungal clearance and improved 
patient survival [5]. Conversely, a Type-2 immune response correlates with poor patient outcomes 
[1] ]. The mechanism behind shifts between Type-1 or Type-2 immune responses remains largely 
unknown, but recent evidence shows that some virulence factors in Cryptococcus. neoformans promote 
deleterious Type-2 responses [6]. 
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Previous studies identified structural variations (SV) in the genome of C. neoformans that are 
associated with changes in virulence during human infection, including aberrant chromosome 
numbers in clinical isolates [7–9]. Known Cryptococcus virulence factors were identified based on in 
vitro genetic screens or lack of strain growth in animal models [10–12]. These studies have begun to 
link the production of known virulence factors to patient outcome, yet only examined production of 
a few known factors and did not explore underlying molecular differences between strains. Most 
importantly, the studies recently showed that the mouse inhalation model recapitulates differences 
in clinical isolate virulence in humans, again highlighting the importance of inherent genetic 
differences between isolates. Surprisingly, changes in known virulence factors were unable to 
account for these virulence differences, suggesting that virulence factors impacting in vivo virulence 
are yet to be determined. Thus, there is a critical need to use an unbiased approach to discover 
Cryptococcus virulence factors that impact in vivo virulence and patient mortality in CM infection. 

Gerstein et al., explored in a previous study and identified Cryptococcus DNA polymorphisms 
associated with alterations in cytokine levels during CM diagnosis [13]. The study identified four 
previously uncharacterized genes CNAG_04922; CNAG_07837, CNAG_00363 and CNAG_06422 
with effects on IL-2 levels at the time of CM diagnosis. This study focused on one of these genes, 
CNAG_04922, which had alternate alleles associated with decreased IL-2 levels compared to the 
reference allele. IL-2 plays a crucial role as a key cytokine in promoting a protective Th1 immune 
response, which is essential for effectively fighting the fungal pathogen by stimulating the activation 
and proliferation of cytotoxic T cells and macrophages that can eliminate Cryptococcus cells [14]. 
Survival was higher in subjects infected with isolates containing the CNAG_04922 alternate alleles 
compared to those infected with the isolates carrying the H99 reference allele [15]. The current study, 
compared the immune response to C. neoformans H99 [16] that has the reference allele and UgCl377 
that has an alternate allele. Specifically UgCl377 has two mutations in the CNAG_04922 gene link to 
decrease IL-2 Levels, located at positions 18933 (C  A) and 18941 (C T) on chromosome 10 [13]. 
Using an ex-vivo cytokine release assay, we tested the hypothesis that the genetic variations between 
these two isolates alters the immune response 

2. Materials and Methods 

Study design: This was a cross-sectional study carried out among HIV+ and HIV- adult 
participants with no CCM (Volunteers). For the HIV+ participants, only, those with CD4+ <=200 
cells/mm3 (homogeneous population and with risk of CCM) fitted the study criteria; HIV–ve 
volunteers were included as control (limited risk of CCM infection). Participants: Informed consent 
to participate in the study was obtained from each participant, 18 years and older (≥ 18 years of age). 

Sample collection from participants: Approximately, 5-10mls of whole blood was collected in 
lithium heparin tubes from each of the 15 HIV+ve and 15 HIV-ve study participants after an informed 
consent process to participate in the study. The samples were immediately assayed after collection 

Antigen preparation: H99 and UgCl377 whole-cell antigens were prepared by sub culturing 
each isolate on YPD agar plates and incubating for 48 hours at 370C. The resulting colonies were 
suspended in sterile PBS (pH 7.4) to McFarland 3.0 (approx. 9.0x10^8 CFU/mL). The suspension was 
heated at 650C for 1 hour to inactivate the cells. Effective heat-killing was confirmed through lack of 
growth upon plating a portion of the suspension on YPD agar plates and incubating for 48 hours at 
370C. H99 and UgCl377 whole cell antigen were added in the ratio of 1:1 to the peripheral blood 
samples from each participant in the 24-well sterile cell culture plates. The culture plates were rotated 
gently until mixed and then incubated at 37oC in a 5% CO2 incubator overnight. 

After the overnight incubation, the plate contents were transferred aseptically using a sterile 
1mL micropipette tip to a sterile 15ml Falcon tube and centrifuged at 3000g for 3 minutes to separate 
the plasma and the cells. The plasma was transferred into 2mL cryovials and stored at -200C until 
analysis. 

Ex-vivo Cytokine Stimulation: The ex-vivo cytokine stimulation assay was performed as 
previously [17] at Mbarara University of Science and Technology –Genomics and Translational 
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Laboratory (MUST –GTL). Briefly, antigen preparations from C. neoformans strains (H99 reference 
strain [16] and CNAG_04922 alternate allele-carrying strain) were added to peripheral blood samples 
from each study participant, divided into three portions as follows: H99 strain treated portion, 
CNAG_04922 treated portion and the PBS incubated/untreated control portion and the plates were 
incubated at 37oC in 5% CO2 overnight. After incubation, the plasma was separated from the cells by 
centrifugation and stored at -80oC until analysis. Cytokines Quantification Assay: Quantification 
assay was performed at the Immunology Laboratory, Department of Immunology and Molecular 
Biology, Makerere College of Health Sciences, Kampala, Uganda. The assay was carried out via the 
Luminex magnetic bead technology using a Luminex xPONENT –LX100/LX200 instrument. The 
Luminex Human XL Cytokine Premixed kit was obtained from Biotechne, R&D Systems (614 
McKinley Place NE Minneapolis, MN 55413, 800 343 7475). Seventeen cytokines and chemokines 
known to be involved in innate and adaptive immune responses (IL-2, GMCSF, IFNγ, TNFα, IL-1β, 
IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12, IL-13, IL1-7, MCP1, MIP1α, VEGF) were quantified in duplicate 
according to the kit manufacturer’s protocol. 

Luminex (magnetic bead) assay Procedure: 
Human 17-plex kits were purchased from Biotechne, R&D Systems (614 McKinley Place NE 

Minneapolis, MN 55413, 800 343 7475) and used according to the manufacturer’s recommendations. 
Briefly, 50ul of the standard, sample or controls were added into each well of the 96-well plate and 
incubated for 2 hours in a shaker at 800rpm. The plate was washed 3 times using the Wash buffer. 
After the last wash, 50ul of diluted Biotin-Antibody Cocktail was added to each well, covered, and 
incubated for 1 hour at room temperature on a shaker at 800 rpm. 

The plate was again washed three times using the wash buffer after which 50ul of diluted 
Streptavidin-PE was added to each well, covered, and incubated for 30 minutes at room temperature, 
shaking at 800rpm. This was followed by final wash cycles where the plates were washed three times 
using the wash buffer. Finally, 100ul of the wash buffer was added to each well and then incubated 
at room temperature for two minutes and the plate was read using the Luminex LX100 instrument 
within 90 minutes of preparation, with a lower bound of 100 beads per sample per cytokine. Each 
sample was measured in duplicate. 

Luminex xPONENT for LX100/200 4.3.309.1 (Luminex Corp.) was used for data acquisition on the 
Luminex instrument. Analysis output CSV files were analyzed with MILLIPLEX® Analyst 5.1 software 
(Merck KGaA, Darmstadt, Germany). Sample names and dilution factors were added from an Excel 
template. Standard wells were designated, and 7-point standard curves were generated with a 5PL (5-
parameter logistic) algorithm. A custom report was generated to include both MFI and pg/ml data. 

For further statistical analysis, the CSV file was exported to STATA Version 18 software 
(StataCorp. 2023 Stata Statistical Software: Version 18. College Station, TX: StataCorp LLC.) from 
where group descriptive statistics, quartiles, medians and fold-change differences were determined. 

Ethical Consideration: Mbarara University of Science and Technology Research Ethics 
Committee, (MUST-2022-743) and Uganda National Council for Science and Technology, UNCST 
(No. HS3076ES). 

3. Results 

Participants were recruited into the study after an informed consent process. Blood samples 
were collected and an ex-vivo cytokines experiment performed on the samples. After 24-hour 
incubation, the cells were separated and serum/plasma collected and stored at -800C. the 
serum/plasma were later assayed for the cytokines using a 17-plex cytokine quantification kit 
(Biotechne, R&D Systems (614 McKinley Place NE Minneapolis, MN 55413, 800 343 7475) 

3.1. Participants Demographics 

Table 1 below shows a total of 30 participants who were recruited to participate in this study, 
including 15 HIV -positive individuals and 15- HIV negative volunteers 
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Table 1. Participant Demographics. 

Age in years  Number, n (%) 
0-30 11.0 (36.7) 

31-40 12.0 (40.0) 
41+ 7.0(23.3) 

Gender  

Female 15.0 (50.0) 
Male  15.0 (50.0) 

HIV Status  

HIV+ 15.0 (50.0) 
HIV- 15.0 (50.0) 

CD4 cells   

<100 20 (66.7) 
>=100 10 (33.3) 

Table 1, above provides a summary of the demographic and clinical variables in the study 
population. The age distribution is relatively balanced, with 36.7% of participants aged 0-30 years, 
40.0% aged 31-40 years, and 23.3% aged 41 or older. Gender is also evenly distributed, with an equal 
number of females and males, each representing 50% of the sample. The HIV status is split evenly, 
with 50% of participants being HIV-positive (HIV+) and the other being HIV-negative (HIV-). 
Regarding CD4 + count, a higher proportion of participants (66.7%) have CD4 + levels below 100 CD4 
+ cells/ml and the remainder being above 100 CD4 + cells. 

3.2. Cytokine Modulation by CNAG_04922 Alleles 

We analyzed total of 17 cytokines and chemokines using the 17-Plex kit obtained from Biotechne, 
R&D Systems (614 McKinley Place NE Minneapolis, MN 55413, 800 343 7475). however, only 13 
cytokines were quantified and the remaining 4 cytokines were not quantified likely due to their 
concentrations being lower than the lower limit of detection by the assay. The findings are presented 
in the Figure 2 below 

Figure 1: The median cytokine s concentration in response to stimulation by whole cell antigens 
from (H99 ref strain) and CNAG_04922 alternate allele strain. 
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Figure 1. Panel A: Cytokine Levels by Allele: The grouped bar chat comparing cytokine levels (pg/mL) (such 
as IL-1, IL-6, TNF-alpha etc.) across the different alleles (CMAG_04922 alternate & H99 reference alleles). IL-17 
and IL-10 concentrations were roughly 3-fold higher in H99 compared to the CNAG_04922 variant. IL-12p70 (the 
active IL-12 heterodimer) was also elevated ~2.5–3-fold in H99. Panel (B). This graph represents fold changes in 
cytokine levels when comparing CMAG_04922 and H99 alleles. Certain cytokines, such as IL-6, IL-10, and GM-
CSF, show a significant fold change in response to the different alleles. Heatmap of fold changes in cytokine 
levels between the two strains, highlighting immunomodulatory effects of CNAG_04922 variation. Panel (C) 
Schematic diagram of the ex vivo cytokine assay workflow including blood collection, antigen stimulation, 
incubation, plasma separation,and Luminex cytokine quantification. Panel (D): This radar chart presents the 
overall immune response profile associated with the alleles, highlighting differences in cytokine production. The 
chart shows how different alleles may skew immune responses (e.g., promoting or inhibiting certain pro-
inflammatory pathways). Radar chart depicting the immune profile signature for each strain, illustrating 
differences in Th1, regulatory, and pro-inflammatory cytokines. 

Figure 2: CNAG_04922 shapes cytokine profiles and immune phases in Cryptococcus 
neoformans infection 
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Figure 2: Fig. 2 is a Proposed model depicting the impact of CNAG_04922 allelic variation on host cytokine 
responses relative to the H99 reference strain. The diagram integrates experimental cytokine profiling data to 
illustrate how CNAG_04922 may modulate pro-inflammatory and regulatory immune pathways. The data in 
figure 34 above suggest that CMAG_04922 alleles significantly influence cytokine production and immune 
responses, with implications for understanding their role in disease progression and immune modulation. 

Figure 3: Comparative Cytokine Expression between H99 and CNAG_04922 

 

Figure 3. Comparative analysis of cytokine expression levels between H99 and CNAG_4922 antigens. Median 
cytokine levels (pg/mL) are shown with interquartile ranges (IQR) for each group. H99 generally induced higher 
cytokine responses compared to CNAG_4922. Statistically significant differences between groups are indicated 
by asterisks (*), based on Mann-Whitney U tests (p < 0.05). Significant upregulation in response to H99 was 
observed for the following cytokines: CD40-ligand (p = 0.047), IL-10 (p = 0.028), IL-12p70 (p < 0.001), IL-13 (p < 
0.001), IL-15 (p = 0.009), and IL-33 (p = 0.006). These results highlight a stronger pro-inflammatory and 
immunomodulatory cytokine response to H99 compared to CNAG_4922, suggesting distinct immune activation 
pathways induced by the two antigens. 
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4. Discussion 

Our study focused on the determination of the impact of the alternate allele for CNAG_04922 
gene, which was previously shown to be associated with decreased IL-2 levels during cryptococcal 
meningitis infection, with a resultant favorable outcome for the patients compared to those who had 
C. neoformans strains carrying CNAG_04922 reference gene alleles. We carried out this study among 
HIV positive participants with CD4+ cells below 200 cells^3 with equal number of male and female 
participants aged between 18 - 52years old. 

Our findings indicate a moderate decrease in IL-2 levels generally across the participant 
categories and test antigens, although the decrease is not statistically significant (p=0.068) (Figure 3). 
Clinically, these findings emphasize the potential utility of CNAG_04922 genotyping as a prognostic 
tool and highlight key cytokine pathways—such as IL-10 and IL-12p70—as potential targets for 
immunomodulatory therapy. However, as our data are derived from ex vivo assays, translation to 
clinical practice requires validation in vivo and correlation with patient-level outcomes, including 
fungal burden, IRIS incidence, and survival. The proposed model (Figure 2) summarizes how 
CNAG_04922 allelic variation may shape immune responses. The H99 reference allele provokes a 
strong pro-inflammatory and regulatory cytokine milieu, while the alternate allele leads to a muted 
response. These differences may impact granuloma formation, pathogen clearance, and clinical 
outcomes, warranting further in vivo validation in animal models such as C3HeB/FeJ mice [18], [19]. 

In contrast, the CNAG_04922 alternate allele triggered significantly lower cytokine production 
across the panel, suggesting an immune-dampening effect. This profile may reflect a fungal strategy 
to evade immune detection or limit inflammation, thereby promoting persistence without triggering 
strong host responses. Such modulation of immune pathways by fungal genetic variants underscores 
the complexity of host-pathogen interactions in cryptococcal disease [20]. The elevated levels of IL-
12p70 and CD40-ligand are particularly notable, as they play key roles in initiating and sustaining 
Th1 responses, which are essential for effective clearance of fungal pathogens such as Cryptococcus 
[21,22]. Similarly, increased IL-13 and IL-33, often associated with Th2 responses, may indicate a 
mixed Th1/Th2 immune signature. The high IL-10 levels suggest a compensatory regulatory 
mechanism designed to moderate excessive inflammation, aligning with earlier findings that robust 
IL-10 responses can improve CM outcomes [23,24]. 

The findings demonstrate that allelic variation in CNAG_04922 significantly influences host 
cytokine responses during Cryptococcus neoformans infection. Specifically, stimulation with the H99 
reference allele led to significantly higher levels of CD40-ligand (p = 0.047), IL-10 (p = 0.028), IL-12p70 
(p < 0.001), IL-13 (p < 0.001), IL-15 (p = 0.009), and IL-33 (p = 0.006) compared to the alternate 
CNAG_04922 allele. These cytokines span both pro-inflammatory and regulatory domains, reflecting 
the capacity of H99 to induce a broad immune activation pattern [25]. The findings further reinforce 
the growing understanding that fungal genetic variation significantly influences host-pathogen 
dynamics in cryptococcal meningitis (CM) [26–28]. Notably, the CNAG_04922 reference allele strain 
H99 elicited significantly higher cytokine levels—including CD40-ligand, IL-10, IL-12p70, IL-13, IL-
15, and IL-33—compared to the alternate allele strain. These cytokines are associated with Th1 (IL-
12p70, CD40L), Th2 (IL-13, IL-33), and regulatory (IL-10) responses, indicating a broad immune 
activation profile linked to H99. 

Elevated IL-12p70 levels suggest enhanced Th1 polarization, which is crucial for IFN-γ 
production and control of fungal pathogens [29]. Similarly, IL-13 and IL-33 are involved in Th2 and 
tissue-repair responses, while IL-10 functions as a regulatory cytokine that tempers inflammation 
and mitigates immunopathology [30,31]. These dynamics align with earlier studies linking cytokine 
profiles to clinical outcomes in CM [32]. The cytokine expression pattern induced by H99 suggests 
robust immune stimulation with potential for both protective and pathological consequences [33,34]. 
As observed earlier, the CNAG_04922 alternate allele induced significantly lower cytokine responses. 
This muted profile may reflect an immune evasion mechanism that promotes fungal persistence or 
tolerance, especially in immunocompromised hosts [35,36]. These findings are consistent with prior 
reports associating CNAG_04922 allelic variants with reduced IL-2 levels and altered patient 
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outcomes [37]. The proposed model (Figure 3) illustrates how these immunomodulatory shifts could 
influence granuloma structure, pathogen burden, and host outcome. 

Clinically, the strong IL-10 and IL-12p70 responses to the H99 strain may offer therapeutic 
targets for modulating immune responses in CM [29]. IL-10, in particular, has shown dual roles in 
protecting against IRIS and facilitating fungal clearance depending on the context [38]. Genotyping 
C. neoformans isolates for CNAG_04922 alleles may have prognostic value and guide personalized 
treatment strategies. Nevertheless, translation of these findings into clinical practice requires in vivo 
validation using models that capture the full spectrum of CM pathophysiology. 

Future research should investigate the mechanistic pathways linking CNAG_04922 to cytokine 
modulation using in vivo models such as C3HeB/FeJ mice [19]. Additional studies exploring how 
host immune status (e.g., CD4 count) interacts with fungal genotype could clarify the 
immunopathogenesis of CM. A deeper understanding of host-pathogen interactions at the genomic 
and immunological levels may ultimately improve patient outcomes through tailored interventions. 

5. Conclusions 

This study demonstrates that allelic variation in CNAG_04922 significantly alters host cytokine 
responses during C. neoformans infection. The H99 strain, carrying the reference allele, elicits a 
broad, heightened cytokine response, while the alternate allele variant results in diminished immune 
activation. These findings suggest that fungal genetic variability contributes to differential host-
pathogen dynamics and may inform risk stratification and therapeutic strategies. Future in vivo 
studies, especially using C3HeB/FeJ mice, are necessary to validate these immune patterns and their 
clinical implications in cryptococcal meningitis.[39] 
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