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Cryptococcus neoformans,” Cryptococcus gattii and Candida albicans are opportunistic fungal
pathogens associated with infections in immunocompromised hosts. Cryptococcal meningitis
(CM) is the leadingfungal cause of HIV-related deaths globally, with the majority occurring in
Africa. The human immune response to C. albicans infection has been studied extensively in large
genomics studies-whereas cryptococcal infections, despite their severity, are comparatively
understudied. Here we investigated the transcriptional response of immune cells after in vitro
stimulation with in vitro C. neoformans, C. gattii and C. albicans infection of peripheral blood
mononuclear-cells (PBMCs) collected from healthy South African volunteers. We found a lower
transcriptional response to cryptococcal stimuli compared to C. albicans and unique expression
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signatures from all three fungal stimuli. This work provides a starting point for further studies
comparing the transcriptional signature of CM in immunocompromised patients, with the goal of
identifying biomarkers of disease severity and possible novel treatment targets.

INTRODUCTION

Cryptococcus neoformans and Cryptococcus gattii are ubiquitous environmental organisms to
which humans are exposed via inhalation. Invasive infection is rare in immunocompetent hosts,
however in individuals with deficient immunity, dissemination occurs from the lungs into the
central nervous system (CNS), causing cryptococcal meningitis (CM)..CM is one of the leading
causes of HIV-related deaths globally, with mortality ranging from 30-70%, and over 75% of CM
cases occur in Africa [1].

Studies of the immune response to cryptococci show pattern recognition of cryptococcal
components, such as glucuronoxylomannan (GXM) and‘mannoproteins (MPs), and activation of
CD4+ T cells, mainly Thl, leading to activation of M1.macrophages and yeast cell engulfment
[2,3], mediated via the production of cytokines IFN-y; TNF-o, 1L-6 and IL-17, amongst others
[4,5]. The association of CM with advanced HIV disease, characterised by depletion of CD4+ T
cells, illustrates the importance of CD4-mediated host defense [6]. Defects in Thl-type immune
responses result in production of Th2-mediated alternatively activated macrophages that allow
cryptococci to survive and proliferate [7-9]. Our recent genome-wide association study, which
included South African participants of African descent with advanced HIV, identified 6 single
nucleotide polymorphisms upstream from CSF1 associated with susceptibility to cryptococcosis
[10].

Candida albicans is.a human gut commensal associated with mucosal and bloodstream infections.
It is another opportunistic fungal pathogen in the context of advanced HIV. Compared to
Cryptococcus; C. albicans is a well-studied organism, and human studies have used transcriptional
profiling tounderstand the host immune response to infection. C. albicans infections activate both
innate immunercells such as neutrophils and macrophages, as well as inducing Thl and Thl7-
mediated immune response [11,12]. While host defence mechanisms mediated by innate immune
cells, especially neutrophils, are crucial in systemic Candida infections, Th17-responses mainly
mediate anti-Candida mucosal host defence. During invasion of the tissues, C. albicans adaptsand
switches to its filamentous hyphal form, allowing escape and immune evasion [13].

Unlike C. albicans, immunological studies of C. neoformans and C. gattii have been limited to a
handful of selected cytokine targets or murine models [4—6,14-16]. Most of the human
immunological studies have been performed in European populations, while very limited dataare
available from populations in Africa, where the burden of CM-related mortality is greatest. Despite
expanded ART access in high HIV-prevalence African settings leading to reductions in the
incidence of CM, mortality remains high. Further improvement of antifungal therapy is necessary
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to improve outcomes and is reliant on an understanding of the host response to the infection. In
this study, we undertook the first bulk transcriptome study of the human peripheral blood
mononuclear cell (PBMC) response to cryptococcal infection in healthy South African volunteers.

MATERIALS & METHOD
Healthy human volunteer cohort

Following informed consent, 25 ml of whole blood was drawn from 15 (8 female, 7 male) healthy
volunteers (confirmed HIV negative) of self-identified Xhosa ethnicity from Cape Town, South
Africa. PBMCs were isolated according to a standard Ficoll-Paque plus (GE healthcare) protocol,
counted and adjusted to 5x10° cells/ml, then cultured in RPMI 1640 media supplemented with
gentamicin 10 mg/mL, L-glutamine 10 mM, pyruvate 10 mM and-10% heat-inactivated human
serum (Sigma, UK).

Ethical approval

The study was approved by the University of Cape Town Human Research Ethics Committee in
2014 (Ref 721/2014), as an extension of the original human GWAS study (Ref 018/2005),
published separately [10].

PBMC stimulations

5x10° PBMCs were stimulated for 24h at 37°C with 3 fungal stimuli: Cryptococcus neoformans
H99, Cryptococcus gattii R265.and Candida albicans UC280, or remained unstimulated. C.
neoformans, C. gattii and C. albicans were cultured on Sabouraud dextrose (SD) agar and
incubated for 48h at 30°C. Up to 5 colonies were sampled and inoculated in 5ml of SD liquid
media and cultured overnight at 30°C with gentle agitation (165 rpm). Fungal cells (yeast and
hyphae mixture for C. albicans) were collected after centrifugation (200 rpm for 5min) and washed
twice in PBS. Heat killed C. neoformans, C. gattii and C. albicans were prepared by incubating
the fungal cells at65°C for 2h and then the cells were washed twice in PBS before stimulation
assays.- The multiplicity of infection (MOI) used was 0.1. After washing with PBS, C. neoformans
and C. gattii cells were opsonised with monoclonal anti-capsule (18B7) antibody (kindly provided
by A.Casadevall, Johns Hopkins School of Medicine, Baltimore, USA). For the phagocytosis
assay, opsonised C. neoformans and C. gattii were stained with Calcofluor White (Sigma) for
15min prior to co-culture with PBMCs. In the phagocytosis assay, on average 20-30% of the
CD14+ cells were identified with internalised fungus during 6h incubation and 40-65% during 24h
incubation. Cells were harvested for RNA extraction at 6h and 24h from unstimulated and
stimulated PBMCs using TRIzol® (Life technologies) reagent according to manufacturer’s
instructions and treated with DNase to ensure elimination of genomic DNA. RNA concentration
and quality was analysed using a Qubit fluorometer (Life Technologies) and 2200 Tape station
(Agilent Technologies), respectively.

DOI: 10.1093/infdis/jiae410 3

20z 1snBny 6. Uo Jesn teyq ebueines) Aq z98GE///0 L FRBIISIPIUIEBOL 0 L/10P/B|oIME-90UBAPE/PIl/LOS"dNO"DlWEPEDE//:SA]Y WOy POPEOJUMOQ



RNA sequencing and analysis

RNA sequencing libraries were prepared using the TruSeq RNA Library Preparation Kit v2
(Illumina), according to manufacturer’s instructions. Libraries were then sequenced to generate
150-bp paired-end reads on an Illumina Novaseq 6000 using an S4 flow cell. Read quality was
assessed using FASTQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqe/) and
samples with too few reads prior to alignment were removed using fastp software (version 0.20.0)
(https://github.com/OpenGene/fastp). Sequences were aligned to the human reference genome
(hg38) with STAR (version 2.6.8a) [17] and samples with a low percentage of reads mapped to the
reference were removed. Differential gene expression was performed using-DESeg2 (v1.30.1) [18]
in R (v3.8.3). Gene ontology analysis was carried out using goseq (v1.54.0) [19], also in R.

Pathway analysis was carried out using Reactome [20].
Data availability

The raw RNA sequencing data produced during this study.is split over two repositories. It is
available from figshare via https://figshare.com/s/h953f3192c77cefObe98 and the European
Nucleotide Archive under study accession number: PRIEB74561.

RESULTS
Cryptococcal-induced Differential Gene Expression in Human pbmcs

To understand the transcriptional response to cryptococcal stimulation, we compared PBMCs from
15 healthy donors stimulated with two cryptococcal species commonly causing human CM
(Cryptococcus neoformans and. Cryptococcus gattii) with unstimulated cells. RNA was isolated
from PBMCs at 6h.and 24h post stimulation, andmRNA was then sequenced from each sample,
generating a mean of 36.6 million reads per sample. We determined the differentially expressed
genes (DEGs) at-both time points using a cut-off of >1 log2 fold change in expression and
Benjaminirand Hochberg’s (BH)-adjusted P value < 0.05. C. gattii had the greater number of DEGs
at 6h post-stimulation (280 vs 30), whereas C. neoformans had more abundant DEGs at 24h post-
stimulation (71 vs 17) (Figure 1). There were 5 upregulated and 25 downregulated DEGs for C.
neoformans at 6h, and 3 upregulated and 68 downregulated DEGs after 24h. For C. gattii we found
4.upregulated and 276 downregulated DEGs at 6h and 0 upregulated and 17 downregulated DEGs
after 24h. The full list of DEGs associated with C. neoformans and C. gattii stimulation at both
time points can be found in supplementary table 1.

We compared the fraction of shared DEGs between the two time points for both pathogens and
found little (< 1%) to no crossover between gene expression within species at the two time points
(Figure 2). C. neoformans shared no DEGsbetween 6 and 24h time points, whereas C. gattii shared
2 DEGs between 6 and 24h. One of which one was an RNA pseudogene (RN7SL4P) and the other
was a long intergenic non-protein coding RNA (IncRNA) gene (LINC01094).
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There were also only a minority of shared DEGs between species at the same time points; 3% (8
genes) of total DEGs were shared at 6h and this rose to 21% (15 genes) of DEGs at 24h.

Cryptococcal pathway analysis

We used Gene Ontology (GO) terms to functionally annotate these DEGs found post-stimulation
with C. neoformans and C. gattii. Analysing the GO molecular function pathways_at 6h. post-
stimulation showed C. neoformans had 7 pathways significantly altered compared to unstimulated
controls, whereas C. gattii had 13 (Figure 3). Both pathogens had significantly enriched pro-
inflammatory pathways containing genes associated with cytokine and chemokine. activity and
receptor binding. GO molecular function pathways significantly differentially expressed in C.
gattii at 6h post-stimulation included Toll-like receptors and CXCR3 chemokine receptors. GO
biological processes significantly associated with C. gattii included neutrophil chemotaxis and
genes associated with a cell defence response to fungi. GO. biological processes significantly
associated with C. neoformans 6h post-stimulation included pro-inflammatory pathways
associated with T-cell activation and differentiation (Supplementary Figure 1). By 24h, none of
these 6h pro-inflammatory pathways remained significantly enriched for either cryptococcal
stimulus.

Candida albicans-induced Differential Gene Expression in Human pbmcs

We compared cryptococcal responses to Candida albicans as a model for a previously well-
characterised anti-fungal immune response. As described previously, we stimulated PBMCs from
the same 15 healthy donors with'heat-killed C. albicans and isolated RNA at 6h and 24h. When
compared to the heat-Kkilled cryptococcal species, a much more pronounced inflammatory response
was seen in C. albicans stimulated cells at the same time points. There were 580 DEGs at 6h post-
stimulation with C. albicans and'927 at 24h, compared to 280 and 30 at 6h, and 17 and 71 at 24h
for C. gattii and C. neoformans, respectively. For C. albicans DEGs this corresponded to 413
downregulated and 167 upregulated at 6h and 656 upregulated and 271 downregulated at 24h. The
full list of DEGs associated with C. albicans stimulation at both time points can be found in
supplementary table 1.

When we compared the fraction of shared DEGs for C. albicans between 6h and 24h, we found
26% (Figure 4) of the total number of DEGs were shared between both time points, compared to
the completely distinct cryptococcal responses at 6h and 24h. At 24h post-stimulation, almost the
entirety of the transcriptional response found in C. neoformans and C. gattii stimulated cells
matched with the DEGs found in C. albicans stimulated cells (70/73 DEGs or 96%). However, as
noted above, the overall scale of the response from exposure to C. albicans was greater than that
of the cryptococcal stimuli (Figure 1).

As with the cryptococcal stimuli, we used GO terms to functionally annotate the DEGs found post-
stimulation with C. albicans (Figure 3). Similar to C. neoformans and C. gattii, pro-inflammatory
genes within cytokine, chemokine and receptor binding pathways were significantly enriched.
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However, the scale of enriched pathways was greater than the other cryptococcal stimuli and
included additional pathways such as a CCR chemokine receptors and 1gG binding. Comparing
GO biological process pathways, at 6h, among the pro-inflammatory pathways significantly
enriched were those associated with myeloid leukocyte migration, whereas by 24h this was
replaced by cytokine production and its regulation.

Comparative host transcriptomics between cryptococcal and C. Albicans stimulations

We further wanted to determine whether there were unique features of cryptococeal inflammatory
responses compared to those following Candida stimulation, as well as any differences between
C. neoformans and C. gattii. As previously noted, no inflammatory pathwayswere significantly
altered at 24h post-cryptococcal stimulation. We therefore focused on the 6h post-stimulation
timepoint, as this comprised pro-inflammatory signatures common-to all three species (Figure 3 &
5). There were 505 unique DEGs associated with C. albicans stimulation, 214 associated with C.
gattii stimulation and only 6 unique DEGs associated with. C. neoformans stimulation (figure 3).
To determine the role of this group of genes, we again functionally annotated themusing GO terms
as above, retaining only genes which had a higher-order GO Biological process annotation
corresponding to “immune system process”. We used Reactome pathway analysis to group these
genes into specific inflammatory pathways (Figure 5).-We found only a single pro-inflammatory
DEG associated with all 3 pathogens, CXCL10, a chemokine strongly induced by interferon-
gamma and recognised as a component of the 1-10 signalling pathway in Reactome pathway
database. C. albicans and C. gattii shared the highest number of inflammatory DEGs (15 DEGS)
compared to C. neoformans and'C. albicans (4 DEGSs) and we found no DEGSs shared solely
between C. neoformans and C:'gattii. Common pathways shared between C. albicans and C. gattii
included Dectin-2 C-type lectin receptors and the complement cascade, all of which are important
elements of the innate immune response to these fungi. Pathways enriched uniquely following C.
neoformans stimulation included those associated with Killer Ig-Like Receptors (KIRs) and
Regulatory T cells (Tregs).

DISCUSSION

In this study we describe for the first time the transcriptome response to stimulation of human
PBMCs-by commensal and environmental fungal pathogens in healthy South African volunteers,
and'we show unique gene expression signatures in C. neoformans, C. gattii and C. albicans. The
scale of the transcriptional response following stimulation by both cryptococcal species was
considerably smaller than that to C. albicans. The cryptococcal inflammatory response peaked at
6h and had subsided by 24h, whereas the C. albicans response persisted at 24h post-stimulation.

There are many possible reasons for these differences. C. albicans is a human commensal of the
gastrointestinal and vulvovaginal tracts causing mucosal or bloodstream infections in advanced
HIV disease and invasive disease (candidiasis or candidemia) in hospitalised patients, often in the
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context of mucosal barrier breach [21], whilst Cryptococcus is an environmental saprophyte
acquired by inhalation, causing invasive infection (CM) largely in immunocompromised hosts.
Human immune responses to Cryptococcus are triggered by phagocytosis of encapsulated
cryptococcal cells (enhanced by opsonising antibodies and complement) by macrophages/
dendritic cells and subsequent antigen presentation to T cells (CD4+, CD8+ and NKcells),
orchestrated and potentiated by pro-inflammatory cytokines such as TNFa and IFN-y. The capsule
is anti-phagocytic and disrupts T cell proliferation, which could explain the paucity of
inflammatory responses seen in our study. Of the two cryptococcal pathogens, C. gattii is
responsible for relatively more disease in immunocompetent hosts [22,23] and this seems to
corroborate with the more pronounced inflammatory response when comparedto C: neoformans,
as previously shown.

There has not been a prior study of the human transcriptome responseto fungal pathogens from
immunocompetent African volunteers. A studyin China found similar upregulated pathways, such
as NF-kB signalling and JAK-STAT pathway signalling, following heat-killed C. neoformans
stimulation of 15 healthy volunteers [24]. We found little overlap“in the individual DEGs between
these two studies, which may underline differences ineither host or pathogen-related factors, as
well as methodological differences (the Chinese study used monocytes alone and a different
timepoint of 12 hours).

The inflammatory response to C. albicans was of a greater magnitude compared to C. neoformans
and C. gattii and included some overlap in DEGs. However, there was only a single inflammatory
Reactome pathway over-represented in all 3 fungal species, which was IL-10 signalling through
the differential expression of CXCL10. This has previously been identified as a protective or at
least secondary response to regulate-inflammation in all 3 pathogens [5,11,25,26]. Other than this
pathway, the inflammatory response caused by heat-killed C. neoformans and C. gattii seem to be
distinct from each.other. A transcriptomics study of mice infected with C. neoformans and C.
gattii also identified distinct gene expression signatures caused by the two fungal species, but they
were not entirely unique [27]. Although there were differences, the study also found classical
complement activation as unique to C. gattii infection, compared to C. neoformans, and expression
of natural killer cell genes, such as receptor KIR2DL4, unique to C. neoformans.

Another significantly expressed gene unigue to C. neoformans stimulation was interferon-gamma,
which we and others have previously described as key in the clearance of infection [4,28]. IL27
was also significantly differentially expressed in C. neoformans samples, and has been associated
with the well-characterised cryptococcal immune reconstitution inflammatory syndrome [28].

A feature common to all the fungal stimuli includes innate immune recognition of fungal cell wall
antigens. We identified shared pathways between C. neoformans and C. albicans that included
Dectin-1 mediated NF-kB signalling; between C. gattii and C. albicans we identified enhanced
expression of genes encoding for Dectin-2 family signalling. For C. albicans, important innate
immune pattern recognition receptors are C-type lectin receptors (CLR) of the Dectin-1 cluster
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which recognise the (1,3)-Beta-d-glucans (BDG) in its cell wall [29]. Dectin-2 is another CLR that
recognises the alpha-mannan constituent of the C. albicans cell wall [30] and has also been
previously shown to bind the same proteins in the C. gattii cell wall [31].

Limitations of this study include the relatively small number of healthy controls and a lack of
comparison to a diseased cohort. In this study, while we have attempted to recreate real-world
infection conditions ex vivo, these are not going to be identical to a genuine infection. Forexample,
using heat-killed fungi, opsonising with monoclonal antibodies and multiplicity of.infection all
introduce possible variables that are not present in invasive human infections, but these are
nevertheless consistent with other published studies using Candida [11,32,33]and Cryptococcus
[24,34-37] and are necessary in order to carry out temporal studies on human cells. Unfortunately
for these healthy volunteers we do not have clinical or serological datato ascertain prior exposure
to any of the pathogens included in this study. However, given the commensalism of C. albicans
and the high seroprevalence of cryptococcal antibodies in adult cohorts in the US [38,39], we
would also expect a high seroprevalence for all fungi in this cohort. There is major issue in the
lack of serological dataacross Southern Africa given. it has.the largest the burden of disease and
reaffirms the need of studies such as this that has focused on a healthy South African population.
Further studies quantifying seroprevalence and immune responses to a range of cryptococcal
stimuli in southern African populations would be ‘especially valuable. Also, future studies could
undertake RNA sequencing from immune .cells from blood or CSF collected from
immunocompetent patients as well as thoseliving with HI'V with a range of CD4 counts, to identify
differential gene expression associated witha range of opportunistic pathogens common to this
specific patient population, such as Mycobacterium tuberculosis, Pneumocystis jirovecii, Candida
spp. and Cryptococcus spp.

In conclusion, this study has used de novo transcriptomic sequencing to identify unique gene
expression signatures that differentiate C. neoformans and C. gattii infection from each other, and
from C. albicans infection, in a healthy African control population. This work provides a
foundation for further transcriptomic studies to investigate the gene expression signature
associated with mortality in cryptococcal meningitis and provide new insights into potential novel
treatment targets.

Acknowledgements

We thank the volunteers who participated in the study, nurses at Site B Khayelitsha who organised
recruitment and consent for the study; Professor Robert Wilkinson, University of Cape Town, in
whose laboratory the PBMC stimulation and RNA extractions were conducted.

Funding

This work was funded by the National Institute for Health Research (NIHR) through a Global
Health Research Professorship to JNJ (RP-2017-08-ST2-012) using UK aid from the UK

DOI: 10.1093/infdis/jiae410 8

20z 1snBny 6. Uo Jesn teyq ebueines) Aq z98GE///0 L FRBIISIPIUIEBOL 0 L/10P/B|oIME-90UBAPE/PIl/LOS"dNO"DlWEPEDE//:SA]Y WOy POPEOJUMOQ



Government to support global health research, and by a Wellcome Trust Strategic Award for
Medical Mycology and Fungal Immunology 097377/Z/11/Z, via a postdoctoral fellowship award
to TB and MN. The views expressed in this publication are those of the authors and not necessarily
those of the NIHR or the UK Department of Health and Social Care.

Conflict of Interest: All authors declare to have no conflicts of interest.

References

1. Rajasingham R, Govender NP, Jordan A, et al. The global burden of HIV -associated cryptococcal
infectionin adults in 2020: a modelling analysis. Lancet Infect Dis. 2022; 22(12):1748-1755.

2. Vecchiarelli A. Immunoregulation by capsular components of Cryptococcus neoformans. Med
Mycol. 2000; 38(6):407-417.

3. Uicker WC, McCracken JP, Buchanan KL. Role of CD4+ T cells in a.protective immune response
against Cryptococcus neoformans in the central nervous system. Med Mycol. 2006; 44(1):1-11.

4. Jarvis JN, Casazza JP, Stone HH, et al. The phenotype.of the Cryptococcus-specific CD4+
memory T-cell response is associated with disease severity and outcome in HIV -associated
cryptococcal meningitis. J Infect Dis. 2013; 207(12):1817-1828.

5. Jarvis JN, Meintjes G, Bicanic T, et al. Cerebrospinalfluid cytokine profiles predict risk of early
mortality and immune reconstitution inflammatory syndrome in HIV -associated cryptococcal
meningitis. PLoS Pathog. 2015; 11(4):e12004754.

6. Tenforde MW, Scriven JE, Harrison TS, Jarvis JN. Immune correlates of HIV -associated
cryptococcal meningitis. PLoS Pathog. 2017; 13(3):e1006207.

7. Kozel TR, Gotschlich EC. The.capsule of cryptococcus neoformans passively inhibits
phagocytosis of the yeast by macrophages. J Immunol Baltim Md 1950. 1982; 129(4):1675-1680.

8. Levitz SM, Nong S-H, Seetoo KF, Harrison TS, Speizer RA, Simons ER. Cryptococcus
neoformans Resides.in an/Acidic Phagolysosome of Human Macrophages. Infect Immun. 1999;
67(2):885-890.

9. Voelz K, Johnston SA, Rutherford JC, May RC. Automated Analysis of Cryptococcal Macrophage
Parasitism Using GFP-Tagged Cryptococci. PloS One. 2010; 5(12):e15968.

10. Kannambath.S, Jarvis JN, Wake RM, et al. Genome-Wide Association Study ldentifies Novel
Colony Stimulating Factor 1 Locus Conferring Susceptibility to Cryptococcosis in Human
Immunodeficiency Virus-Infected South Africans. Open Forum Infect Dis. 2020; 7(11):0faa489.

11. .~Smeekens SP, Ng A, Kumar V, etal. Functional genomics identifies type | interferon pathway as
central for host defense against Candida albicans. Nat Commun. 2013; 4(1):1342.

12. .Quintin J, Saeed S, Martens JHA, et al. Candida albicans Infection Affords Protection against
Reinfection via Functional Reprogramming of Monocytes. Cell Host Microbe. 2012; 12(2):223-
232.

13. Lorenz MC, Bender JA, Fink GR. Transcriptional Response of Candida albicans upon
Internalization by Macrophages. Eukaryot Cell. 2004; 3(5):1076-1087.

14. Beenhouwer DO, Shapiro S, Feldmesser M, Casadevall A, Scharff MD. Both Th1 and Th2

cytokines affect the ability of monoclonal antibodies to protect mice against Cryptococcus
neoformans. Infect Immun. 2001; 69(10):6445-6455.

DOI: 10.1093/infdis/jiae410 9

20z 1snBny 6. Uo Jesn teyq ebueines) Aq z98GE///0 L FRBIISIPIUIEBOL 0 L/10P/B|oIME-90UBAPE/PIl/LOS"dNO"DlWEPEDE//:SA]Y WOy POPEOJUMOQ



15.

16.

17.
18.
19.
20.
21.

22.

23.
24.
25.

26.

217.

28.

29.

30.
31.

32.

DOI: 10.1093/infdis/jiae410

Siddiqui AA, Brouwer AE, Wuthiekanun 'V, et al. IFN-gamma at the site of infection determines
rate of clearance of infection in cryptococcal meningitis. J Immunol Baltim Md 1950. 2005;
174(3):1746-1750.

Scriven JE, Graham LM, Schutz C, et al. A Glucuronoxylomannan-Associated Immune Signature,
Characterized by Monocyte Deactivation and an Increased Interleukin 10 Level, Is a Predictor of
Death in Cryptococcal Meningitis. J Infect Dis. 2016; 213(11):1725-1734.

Dobin A, Davis CA, Schlesinger F, et al. STAR: ultrafast universal RNA-seq aligner..Bioinforma
Oxf Engl. 2013; 29(1):15-21.

Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion for RNA-seq
data with DESeq2. Genome Biol. 2014; 15(12):550.

Young MD, Wakefield MJ, Smyth GK, Oshlack A. Gene ontology analysis forRNA-seq:
accounting for selection bias. Genome Biol. 2010; 11(2):R14.

Gillespie M, Jassal B, Stephan R, et al. The reactome pathway knowledgebase 2022. Nucleic Acids
Res. 2022; 50(D1):D687-D692.

Kullberg BJ, Arendrup MC. Invasive Candidiasis. N Engl J Med. Massachusetts Medical Society;
2015; 373(15):1445-1456.

Perfect JR, Dismukes WE, Dromer F, et al. Clinical practice.guidelines for the management of
cryptococcal disease: 2010 update by the infectiousdiseases society of america. Clin Infect Dis Off
Publ Infect Dis Soc Am. 2010; 50(3):291-322.

Gibson JF, Johnston SA. Immunity to Cryptococcus neoformans and C. gattii during
cryptococcosis. Fungal Genet Biol. 2015;.78:76-86.

Chen S, Yan H, Zhang L, et al. Cryptococcus Neoformans Infection and Immune Cell Regulation
in Human Monocytes. Cell Physiol Biochem. 2015; 37(2):537-547.

Brouwer AE, Siddiqui AA, Kester MlI, et al. Immune dysfunction in HIV -seronegative,
Cryptococcus gattii meningitis. J Infect. 2007; 54(3):e165-e168.

Quintin J, Voigt J, Voort R vander, et al. Differential role of NK cells against Candida albicans
infection in immunocompetentor immunocompromised mice. Eur J Immunol. 2014; 44(8):2405-
2414.

Holcomb ZE; Steinbrink JM, Zaas AK, et al. Transcriptional Profiles Elucidate Differential Host
Responses'to Infection with Cryptococcus neoformans and Cryptococcus gattii. J Fungi. 2022;
8(5):430.

Vlasova-St. Louis I, Chang CC, Shahid S, French MA, Bohjanen PR. Transcriptomic Predictors of
Paradoxical Cryptococcosis-Associated Immune Reconstitution Inflammatory Syndrome. Open
Forum-infect Dis. 2018; 5(7):0fy157.

Rosentul DC, Plantinga TS, Oosting M, et al. Genetic Variation in the Dectin-1/CARD9
Recognition Pathway and Susceptibility to Candidemia. J Infect Dis. Oxford University Press;
2011; 204(7):1138.

Ifrim DC, Quintin J, Courjol F, etal. The Role of Dectin-2 for Host Defense Against Disseminated
Candidiasis. J Interferon Cytokine Res. 2016; 36(4):267-276.

Ueno K, Otani Y, Yanagihara N, etal. Cryptococcus gattii alters immunostimulatory potential in
response to the environment. PLoS ONE. 2019; 14(8):e0220989.

Veerdonk FL van de, Joosten LAB, Devesa |, et al. Bypassing Pathogen-Induced Inflammasome
Activation for the Regulation of Interleukin-1p Production by the Fungal Pathogen Candida
albicans. J Infect Dis. 2009; 199(7):1087-1096.

10

20z 1snBny 6. Uo Jesn teyq ebueines) Aq z98GE///0 L FRBIISIPIUIEBOL 0 L/10P/B|oIME-90UBAPE/PIl/LOS"dNO"DlWEPEDE//:SA]Y WOy POPEOJUMOQ



33.

34.

35.

36.

37.

38.

39.

Vries DH de, Matzaraki V, Bakker OB, et al. Integrating GWAS with bulk and single-cell RNA-
sequencing reveals a role for LY86 in the anti-Candida host response. PLOS Pathog. Public
Library of Science; 2020; 16(4):e1008408.

Baronetti JL, Chiapello LS, Aoki MP, Gea S, Masih DT. Heat killed cells of Cryptococcus
neoformans var. grubii induces protective immunity in rats: immunological and histopathological
parameters. Med Mycol. 2006; 44(6):493-504.

Schoffelen T, llInait-Zaragozi M-T, Joosten LAB, et al. Cryptococcus gattii induces a cytokine
pattern that is distinct from other cryptococcal species. PloS One. 2013; 8(1):e55579.

Sabiiti W, Robertson E, Beale MA, et al. Efficient phagocytosis and laccase activity affect the
outcome of HIV-associated cryptococcosis. J Clin Invest. 2014; 124(5):2000-2008.
Subramani A, Griggs P, Frantzen N, et al. Intracellular Cryptococcus neeformans disrupts the
transcriptome profile of M1- and M2-polarized host macrophages: PLoS One. 2020;
15(8):20233818.

Chen L-C, Goldman DL, Doering TL, Pirofski L, Casadevall'A. Antibody Response to
Cryptococcus neoformans Proteins in Rodents and Humans. Infect Immun. 1999; 67(5):2218-
2224.

Goldman DL, Khine H, Abadi J, etal. Serologic evidence for.Cryptococcus neoformans infection
in early childhood. Pediatrics. 2001; 107(5):E66.

DOI: 10.1093/infdis/jiae410 11

¥20z 1snbny 6| uo Jasn teyq ebueines Aq z9g8se///01 oeIl/SIPIUIEE0 L 0 L/10p/a[o1e-8ouUBAPE/pIf/W0d dnoolwspede//:sdiy woly papeojumo(q



FIGURE LEGENDS

Figure 1. Volcano plots showing the number of differentially expressed genes when compared to
unstimulated controls for C. neoformans, C. gattii and C. albicans at 6h and at 24h.
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Figure 2. Euler diagram showing number of differentially expressed genes shared between C.
neoformans at 6h and 24h. Then the same comparison between C. neoformans and C. gattii at the

same time points.
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Figure 3. Gene Ontology molecular function pathways enriched in C. neoformans, C. gattii and
C. albicans at 6h and 24h post-stimulation. Top 10 pathways displayed by lowest adjusted P-value
and red line denotes adjusted P value<0.05.
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Figure 4. Euler diagram showing number of differentially expressed genes shared between C.
albicans at two different time points. Then the same comparison between C. neoformans, C. gattii
and C. albicans at both 6h and 24h post-stimulation.
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Figure 5. Expression of pro-inflammatory genes following heat-killed C. neoformans, C. gattii
and C. albicans stimulation. A solid black square denotes a gene that is significantly differentially
expressed in specific pathogen samples when compared to unstimulated controls. Black circles

correspond to the Reactome immunological pathways each gene is associated with.
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