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Background.  Candidemia, one of the most common causes of fungal bloodstream infection, leads to mortality rates up to 40% 
in affected patients. Understanding genetic mechanisms for differential susceptibility to candidemia may aid in designing host-
directed therapies.

Methods.  We performed the first genome-wide association study on candidemia, and we integrated these data with variants that 
affect cytokines in different cellular systems stimulated with Candida albicans.

Results.  We observed strong association between candidemia and a variant, rs8028958, that significantly affects the expression 
levels of PLA2G4B in blood. We found that up to 35% of the susceptibility loci affect in vitro cytokine production in response to 
Candida. Furthermore, potential causal genes located within these loci are enriched for lipid and arachidonic acid metabolism. Using 
an independent cohort, we also showed that the numbers of risk alleles at these loci are negatively correlated with reactive oxygen 
species and interleukin-6 levels in response to Candida. Finally, there was a significant correlation between susceptibility and allelic 
scores based on 16 independent candidemia-associated single-nucleotide polymorphisms that affect monocyte-derived cytokines, 
but not with T cell-derived cytokines.

Conclusions.  Our results prioritize the disturbed lipid homeostasis and oxidative stress as potential mechanisms that affect 
monocyte-derived cytokines to influence susceptibility to candidemia.

Keywords.  arachidonic acid metabolism; C albicans; cytokine-QTLs; genetic variants; PLA2G4B.

Invasive fungal infections are an increasingly significant cause 
of sepsis in critically ill and immunocompromised patients, and 
they are associated with high morbidity and mortality. Candida 
albicans is the most commonly encountered Candida species 
associated with nosocomial invasive candidiasis globally and 
is mainly part of the normal gut flora [1, 2]. Candida albicans 
causes both invasive and mucosal infections. It is a dimorphic 
fungus because it grows both as yeast and filamentous cells, and 
it causes approximately 250 000 new systemic infections on a 
yearly basis, leading to more than 50 000 deaths [3, 4].

Both innate and adaptive immune mechanisms are crucial for 
an effective host defense against fungal pathogens. One of the 
defense mechanisms used by phagocytes is the use of reactive 

oxygen species (ROS) against various pathogens, including 
fungi [5]. Cytokines play a critical role during anti-Candida 
host immune defense, and recombinant cytokines have been 
proposed as adjunctive therapy in systemic Candida infection 
[6–9]. Therefore, identifying genetic loci that influence suscep-
tibility to systemic Candida infections by modulating ROS pro-
duction as well as cytokine levels will help us understand what 
drives susceptibility, a crucial step for the design of novel pre-
ventive and therapeutic strategies.

In the present study, we performed the first genome-wide as-
sociation study (GWAS) of candidemia on the largest patient co-
hort published to date consisting of 178 candidemia patients and 
175 case-matched controls of European ancestry. By making use of 
cytokine-quantitative trait loci (cQTL) datasets generated from our 
previous studies from the Human Functional Genomics Project 
(HFGP) consortium [10, 11], we assessed the impact of genetic 
polymorphisms on the cytokine production capacity of peripheral 
blood mononuclear cells (PBMCs), whole blood, and monocyte-
derived macrophages in response to C albicans yeast or hyphae, in 
500 healthy volunteers [10]. By integrating these cQTLs with the 
candidemia susceptibility data (Figure 1), we show that 35% of the 
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independent susceptibility loci influence cytokine levels in response 
to C albicans, with several genes from these loci being known to be 
involved in lipid and arachidonic acid (AA) metabolic pathways. 
Furthermore, given that AA metabolism plays a role in the gener-
ation of ROS in various cell types [12], we show that the numbers 
of risk alleles at these loci are negatively correlated with ROS pro-
duction in response to Candida, which is positively correlated with 
interleukin (IL)-6 levels, using an independent cohort of healthy 
volunteers. Taken together, our results suggest that increased risk 
to candidemia can be partly explained by a disturbed lipid home-
ostasis, which results in modulation of ROS and proinflammatory 
cytokines, which would ultimately lead to increased susceptibility 
to candidemia.

METHODS

Study Populations
Population-Based Cohorts
The study was performed using 2 independent population-
based cohorts, 500FG and 200FG, composed of healthy 
individuals of Western European ancestry from the 
HFGP (www.humanfunctionalgenomics.org). For further 

description of these cohorts and ethics approval statements, see 
Supplementary Methods.

Candidemia Cohort
To identify single-nucleotide polymorphisms (SNPs) associated 
with candidemia susceptibility, we performed the first GWAS 
analysis of a well described candidemia cohort with corresponding 
case-matched controls [13]. In total, 178 candidemia cases and 
175 case-matched controls of European ancestry were tested for 
disease association. The demographic and clinical characteristics 
of the candidemia cohort have been described previously [13].

Genotyping of the 500FG Cohort

Deoxyribonucleic acid (DNA) obtained from the 500FG co-
hort was genotyped using the commercially available Illumina 
HumanOmniExpressExome-8 v1.0 SNP chip. Genotype calling, 
quality control, and imputation were previously described else-
where and in the Supplementary Methods [10].

Genotyping, Quality Control, and Imputation of the Candidemia Cohort

Isolated DNA obtained from case and control samples was 
genotyped using the commercially available SNP chips, 
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Figure 1.  Study overview. We performed a genome-wide association study (GWAS) to test the association of genetic variants to candidemia susceptibility by using 
178 patients and 175 case-matched controls. To identify whether susceptibility variants influence cytokine levels in response to Candida albicans, we first collected blood 
samples from 500 healthy individuals (500FG cohort), isolated their DNA, and genotyped it. Whole blood or peripheral blood mononuclear cells (PBMCs) or monocyte-derived 
macrophages were also isolated to perform a series of stimulation experiments with C albicans to profile cytokines released in the 3 cell systems. Using the genotype in-
formation and cytokine measurements, we mapped Candida-response cytokine quantitative trait loci (QTLs) in the 500FG cohort. Finally, we generated genotype data and 
measured reactive oxygen species (ROS) production from Candida-stimulated PBMCs isolated from an independent cohort of 122 healthy volunteers (200FG cohort). In ad-
dition, we profiled cytokine interleukin (IL)-6 produced from PBMCs isolated from a subgroup of 200FG cohort (n = 61). Taken all datasets, we showed that the numbers of 
risk alleles at candidemia loci, which influence cytokine levels in response to Candida, are negatively correlated with ROS production in response to Candida. Finally, ROS 
production showed a positive correlation with IL-6 measurements in 200FG. SNPs, single-nucleotide polymorphisms.
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HumanCoreExome-12 v1.0, and HumanCoreExome-24 
v1.0 BeadChip from Illumina (https://www.illumina.com). 
Genotype calling, quality control, and imputation are described 
in Supplementary Methods.

Genome-Wide Case-Control Association Analysis

The associations between the genome-wide variants and 
candidemia susceptibility were tested by Fisher’s exact test using 
PLINK v1.9 (www.cog-genomics.org/plink/1.9/) [14]. A P value 
significance threshold of <5.0  ×  10–8 was set to call genome-
wide significant associations. We considered SNPs with a P 
value between 9.99 × 10–5 and 5 × 10–8 as variants showing a 
suggestive association with candidemia susceptibility.

Cell Collection and Candida Stimulation Experiments

For the cytokine profiling, PBMCs, monocyte-derived 
macrophages and whole blood were collected and stimulated 
with heat-killed C albicans yeast (strain ATCC MYA-3573, 
UC 820) or hyphae in a concentration of 106 colony-forming 
units (CFU)/mL as previously described [10]. To identify the 
transcriptome upon Candida stimulation, 5 × 105 PBMCs iso-
lated from 8 healthy volunteers were incubated with 1 ×  106/
mL heat-killed C albicans (UC 820) and Roswell Park Memorial 
Institute (RPMI) culture medium as a control for 4 and 24 
hours, as previously described [15]. For further details on the 
experiments, see Supplementary Methods.

Analysis of Ribonucleic Acid Sequencing Reads

Ribonucleic acid (RNA) sequencing analysis of the data 
generated from Candida-stimulated PBMCs for 4 and 24 hours 
was previously described (see Supplementary Methods) [15].

Cytokine-Quantitative Trait Loci Mapping

We made use of cQTL datasets generated from our previous 
studies from the HFGP consortium, which are publicly avail-
able at www.humanfunctionalgenomics.org [10]. To correct for 
multiple testing, we used Bonferroni and Benjamini-Hochberg 
approaches for the 26 susceptibility variants located in 24 inde-
pendent loci. We considered P < 5 × 10–8 to be the threshold for 
significant cQTLs. Candida albicans response QTLs (P <  .05) 
were intersected with SNPs associated with susceptibility to 
candidemia showing a P value between 9.99 × 10–5 and 5 × 10–8 
to identify cQTLs associated with susceptibility.

Peripheral Blood Mononuclear Cell Fungal Killing Assays

Human PBMCs isolated from healthy volunteers were plated in 
96 round-bottom plates (5 × 105 cells per well). After 24 hours 
of incubation, 25  nM of either nontargeting small interfering 
RNA (siRNA) control pool (D-001810-10-05) or PLA2G4B 
(L-187552-01-0005) targeting siRNA (SMARTpool, Thermo 
Fischer Scientific) were added for 24 hours. After the transfec-
tion period, 1 × 106/mL live Candida was added for 24 hours. 
After incubation, the well contents were serially diluted in sterile 

water and plated on Sabouraud agar for counting of CFUs after 
24 hours of incubation. Experiments were performed 3 times 
with 2 donors (N = 6) in each individual experiment. The se-
rial dilutions were plated in duplicate, and the mean value of 
both measurements was used for the analysis: P  <0.05  =  *, 
P < .01 = ** and P < .001 = ***.

Reactive Oxygen Species Production

Reactive oxygen species were measured in PBMCs of healthy 
volunteers from the 200FG cohort. Induction of ROS was 
measured by oxidation of luminol (5-amino-2,3-dihydro-1,4-
phtalazinedione). The PBMCs (5 × 105) of healthy volunteers 
were resuspended in Hanks’Balanced Salt Solution and put 
in dark 96-well plates. Cells were exposed to 1  ×  106/mL C 
albicans yeast (UC820, heat killed) together with 20 µL of 1 mM 
luminol (final concentration 50 μM). Chemiluminescence was 
measured in BioTek Synergy HTreader at 37°C for 1 hour with 
intervals of 2.23 minutes.

Quantitative Trait Loci Mapping of Reactive Oxygen Species Production

We selected 137 healthy individuals from 200FG for whom both 
genotype and measurements of ROS production were avail-
able. We applied a log2 transformation on raw measurements 
of ROS production. The correlation between the transformed 
phenotype with genotypes was tested by a linear regression 
model using age and gender as covariables, using the R-package 
Matrix-eQTL. We considered P  <  .05 to be the threshold for 
suggestive QTLs.

Constructing Allelic Scores

We constructed allelic risk scores for candidemia susceptibility 
using 122 individuals from the 200FG cohort for whom we have 
genotypes and ROS measurements available. We calculated an 
allelic score per individual as the sum of the number of minor 
alleles across all susceptibility variants multiplied by the log2 
of the odds ratio (OR) of that particular SNP for candidemia 
susceptibility. Allelic scores were calculated using PLINK v1.9 
(www.cog-genomics.org/plink/1.9/) [14].

Correlation Analyses

All correlations were tested by non-parametric Spearman’s 
rank correlation test using R version 3.3.2 (available at http://
www.R-project.org). Both ROS and IL-6 measurements were 
log2 transformed. Measurements of IL-6 levels from Candida-
stimulated PBMCs were available for 61 individuals from the 
200FG cohort measured with enzyme-linked immunosorbent 
assay in 2017. P  <  .05 was considered as the threshold for 
significance.

Pathway Enrichment Analysis

We performed pathway enrichment analysis using a novel 
tool called Pascal (Pathway scoring algorithm). We applied 
Pascal to define gene-level P values for all genetic loci that 

https://www.illumina.com
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiz206#supplementary-data
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showed association to candidemia susceptibility with a P 
value of <9.99 × 10–4 using default parameters. The Pascal tool 
is described in detail elsewhere [16]. Results reported in this 
paper are based on the empirical P values; similar results were 
obtained using the χ2 statistic.

RESULTS

Candidemia Genome-Wide Association Study Identifies a Susceptibility 

Locus on Chromosome 15

To identify genetic variants associated with candidemia suscep-
tibility, we genotyped 178 well described candidemia patients 
and 175 case-matched controls of European ancestry [13] on 
a genome-wide SNP platform and imputed the genotype data 
using the Human Reference Consortium [17]. After quality 
control filtering per SNP and sample (Figure S1A and B), we 
obtained 161 patients and 152 case-matched controls for which 
we had genotype information on 5 326 313 SNPs, which were 
tested for disease association. This GWAS identified 235 SNPs 
in 69 independent loci that show suggestive disease associations 
(P < 9.99 × 10–5). Among these loci, an SNP on chromosome 15, 
rs8028958, showed the strongest association with susceptibility 
to candidemia (P = 7.97 × 10–8, OR = 0.4002, imputation quality 
score R2 = 0.97) (Figure 2A) and is located within the intronic 
region of the SPTBN5 gene (Figure 2B).

Prioritization of PLA2G4B as Plausible Causal Gene

To identify potential causal genes affected by rs8028958, we 
made use of expression-QTL (eQTL) datasets derived from 
whole blood of healthy donors. In addition, we tested the ex-
pression levels of all genes located within a 500-kilobase 

cis-window of all 69 candidemia variants with suggestive asso-
ciation (P < 9.99 × 10–5) in PBMCs stimulated with C albicans 
yeast for 4 and 24 hours. For eQTL analysis, we made use of 
the largest cis- and trans-expression QTL study in blood from 
31 684 individuals through the eQTLGen Consortium [18]. The 
results from this eQTL mapping at rs8028958 identified a signif-
icant effect on expression levels of PLA2G4B gene (P = 7.9 × 10–

158). In addition, we observed significant downregulation of 
PLA2G4B expression (P = 1.02 × 10–13) upon C albicans stim-
ulation for 24 hours in PBMCs, which helped to prioritize 
PLA2G4B as a plausible candidemia susceptibility gene (Figure 
S2A). Furthermore, publicly available transcriptomic data from 
PBMCs isolated from patients with chronic mucocutaneous 
candidiasis (CMC), which were stimulated with RPMI and 
heat-killed C albicans, showed a trend of decreased expression 
of PLA2G4B in response to C albicans compared with RPMI 
control medium (Figure S2B) [19]. The CMC patients have 
increased susceptibility to mucosal fungal infections and often 
carry gain-of-function mutations in STAT1 [20, 21].

PLA2G4B (cytosolic phospholipase A2 group IVB; also 
termed cPLA2-beta) encodes a member of the cytosolic phos-
pholipase A2 protein family [22]. It is interesting to note that 
the other member of this family, cPLA2-alpha, has also been 
shown to modulate inflammation and immune responses to 
Candida, which suggests a critical role of phospholipid metabo-
lism pathway in candidemia [23]. Therefore, we conducted spe-
cific PLA2G4B siRNA or control siRNA experiments in human 
PBMCs to silence the gene before stimulation with C albicans. 
Although it was not statistically significant (P = .08), we observed 
that targeted silencing of PLA2G4B led to an increased trend of 
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Figure 2.  PLA2G4B locus is associated with candidemia susceptibility. (A) Manhattan plot of single-nucleotide polymorphisms (SNPs) associated with candidemia sus-
ceptibility identified by the genome-wide association study (GWAS). The GWAS revealed a locus strongly associated with susceptibility to candidemia at chromosome 15 
(P = 7.97 × 10–8, odds ratio = 0.4002). The y-axis represents –log10 P values of SNPs. The x-axis shows chromosomal positions. The blue line is the suggestive threshold for 
association (P < 9.99 × 10–5). (B) The regional association plot for the candidemia-associated SNP, rs8028958 (purple diamond), which is located within the intronic region of 
the SPTBN5 gene at chromosome 15. Each dot represents an SNP, and the linkage disequilibrium of neighboring SNPs with the top SNP is color coded. The y-axis represents 
–log10 P values of SNPs. The x-axis shows chromosomal positions.
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PBMCs to kill C albicans yeast (Figure S2C), suggesting a func-
tional role for PLA2G4B in host defense against C albicans.

Candidemia Genetic Loci Are Enriched for Phospholipid Metabolism

Given the function of PLA2G4B in phospholipid metabolism, 
we hypothesized that genetic loci that show suggestive associ-
ation with candidemia (P  <  9.99  ×  10–4) are also involved in 
phospholipid metabolism. To test this, we ran a pathway en-
richment analysis using the Pascal tool. Pascal first allows map-
ping individual SNPs to genes, and their association P values are 
combined into gene scores (Supplementary Table S1); second, 
genes are grouped into pathways, and their gene scores are 
combined into pathway scores (Supplementary Table S2) [16]. 
We found a significant enrichment of candidemia genes in 
alpha-Linolenic acid (P = .006), linoleic acid (P = .007), phos-
pholipid (P  =  .007), and AA metabolism (P  =  .03) (Figure 3, 
Supplementary Table S2). Arachidonic acid is a polyunsatu-
rated fatty acid present in the phospholipids of cell membranes, 
conferring them with fluidity and flexibility, and alpha-
Linolenic and linoleic acids are major dietary polyunsaturated 
fatty acids in the Western diet and are metabolic precursors to 
AA [24, 25].

Next, we prioritized potential causal genes from these 
candidemia loci (P < 9.99 × 10–5) by using 3 different approaches 
(Supplementary Methods). Our 3 approaches prioritized 129 
candidate genes (Supplementary Table 3) located in 69 suscep-
tibility loci (P < 9.99 × 10–5). Of note, 19 of these 131 prioritized 
genes are known to be involved in lipid metabolic processes 
and AA metabolism. In addition to the PLA2G4B gene, these 
loci encompassed genes such as SLC16A11, GGT5, GSTT1, 
AGPAT5, and AGPAT1, which are known to be involved in 
lipid metabolism. Genes, other than the PLA2 family, such as 
ALOX12B, ALOXE3, and ALOX15B encode members of the 
family of enzymes called arachidonate lipoxygenases, which 
are known to metabolize AA to different metabolites. Other in-
teresting genes relevant to phospholipid synthesis and metab-
olism are TTC7B and HSD17B4 genes [26, 27]. Finally, genes 
in the candidemia-associated locus rs4369966 on chromosome 
22 encoding Apolipoprotein L (APOL) proteins, which belong 
to the high-density lipoprotein family, were found to be sig-
nificantly differentially expressed after 4-hour Candida stim-
ulation (APOL1, APOL6) and 24-hour Candida stimulation 
(APOL1, APOL2, APOL3, APOL4, APOL6). The APOL proteins 
are known to play a central role in cholesterol transport. Taken 
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Figure 3.  The pathway enrichment analysis of genes from candidemia loci (P < 9.99 × 10–4) showed a significant enrichment in alpha-linolenic acid (P = .006), lipid (P = .006), 
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together, our gene prioritization pinpointed several genes that 
are known to be involved in lipid and AA metabolic processes, 
suggesting a crucial role for these metabolic processes in 
regulating inflammation and susceptibility to candidemia.

Candidemia Single-Nucleotide Polymorphisms Affecting Phospholipid 

Metabolism Regulate Cytokine Levels in Response to Candida albicans

It is known that the phospholipid metabolism influences in-
flammation in response to infections [28–30]. Therefore, 
we hypothesized that candidemia-associated SNPs, to-
gether with phospholipid metabolism, may also affect cy-
tokine production in response to Candida infection. We 
therefore tested whether SNPs associated with susceptibility to 
candidemia (P  <  9.99  ×  10–5) influence cytokine levels in re-
sponse to C albicans yeast or hyphae using the results of the 
previous cQTL mapping [10]. We found 26 SNPs from 24 in-
dependent candidemia-susceptibility loci that modulate cyto-
kine levels upon C albicans yeast or hyphae stimulation in any 
of the cell systems (PBMCs, whole blood, and macrophages) 
(Table 1, Supplementary Table 4). Of note, the candidemia-
associated SNP on chromosome 15, rs12593397 (missense var-
iant), is correlated (D’  =  0.94, r2  =  0.49) with rs8028958 in a 
European population, which showed the strongest association 
to candidemia susceptibility (Supplementary Table 5). Genes 
within 7 independent candidemia-associated loci are known to 
be involved in lipid and AA metabolism pathways (Table 1). In 
addition, this analysis also identified important innate immune 
genes such as NOD2 and IL21R for candidemia susceptibility. 
These observations led us to the hypothesis that susceptibility 
to candidemia can be partly explained by defects in phospho-
lipid metabolism and, subsequently, to AA metabolic processes, 
which could ultimately lead to dysregulated cytokine responses.

Genetic Basis for Interplay Among Phospholipid Metabolism, Cytokine 

Responses, and Reactive Oxygen Species Production in Candidemia

Given that ROS production is one of the downstream products 
of AA metabolism, we tested whether the candidemia SNPs 
(P  =  9.99  ×  10–5) have an impact on ROS production in re-
sponse to C albicans [31, 32]. For this, we generated genotypes 
and measurements of ROS production in PBMCs of 122 
healthy volunteers from a 200FG cohort. Due to the small co-
hort size, only the candidemia-associated SNP, rs2725008, on 
chromosome 8 was found to significantly influence ROS pro-
duction (P  =  .007) (Supplementary Table S6). Five additional 
candidemia-associated SNPs influenced ROS production with 
a P value of nominal significance (P  <  .05) (Supplementary 
Table S6). Next, to examine the overall impact of candidemia 
susceptibility SNPs on ROS production, we constructed an al-
lelic risk score for candidemia susceptibility based on the 24 
independent susceptibility variants that affect cytokine levels 
and correlated with ROS levels (Figure 4A). We observed a 
strong negative correlation between the abundance of ROS and 

allelic scores (P = .0065, r = −0.24). This correlation remained 
significant only when calculating allelic scores based on 16 
independent candidemia-associated SNPs that affect only 
monocyte-derived cytokine levels (IL-6, IL-1β, and tumor ne-
crosis factor [TNF]α) (P = .00063, r = −0.31) (Figure 4B). The 
correlation did not remain significant when using 12 inde-
pendent candidemia-associated variant SNPs that affect T cell-
derived cytokines (IL-17, IL-22, and interferon [IFN]γ) (Figure 
4C). No significant correlations observed when allelic scores 
constructed as the total number of risk alleles either from 49 
susceptibility loci (P = 0.57, r = −0.052) (excluding those that 
influence Candida-induced cytokines) (Figure S3A) or 69 sus-
ceptibility SNPs (P < 9.99 × 10–5), including those that influence 
Candida-induced cytokines (P =  0.15, r = −0.13) (Figure S3B). 
Furthermore, we correlated the ROS measurements with the 
levels of the IL-6 produced in Candida-stimulated PBMCs. We 
observed a strong positive correlation between IL-6 and ROS 
levels (r = 0.27, P = .036) (Figure S4). Overall, these findings in-
dicate that candidemia-associated loci have a functional role in 
the anti-Candida defense mechanism by influencing cytokine 
and ROS production upon Candida infection.

DISCUSSION

In a given at-risk population, not all patients develop infections, 
which indicates that there is a strong genetic influence on in-
dividual susceptibility to different infections [33]. Genetic as-
sociation studies that identify risk genes for systemic fungal 
infections are extremely challenging because of the difficulty 
of enrolling large numbers of patients and of using appropriate 
controls, such as case-matched controls. To circumvent these 
challenges, we combined traditional GWAS strategy with sys-
tems biology approaches. By testing whether SNPs associated 
with susceptibility to candidemia influences cytokine levels 
and ROS production in response to C albicans in an unbi-
ased manner, we prioritize critical genes and pathways for 
candidemia susceptibility.

We identified a novel strong genetic association of 
candidemia with polymorphisms in PLA2G4B. It has been 
suggested that PLA2G4B-F enzymes may control phospholipid 
and/or arachidonate metabolism in a tissue-specific manner 
[34]. However, the role of PLA2G4B has never been studied 
in the context of infectious diseases. We observed that spe-
cific downregulation of PLA2G4B using siRNA resulted in a 
tendency to improve the candidacidal properties of PBMCs, 
suggesting a role of this gene in the host response against C 
albicans. Of note, genes from other susceptibility loci showed 
a significant enrichment in alpha-Linolenic acid and linoleic 
acid (metabolic precursors of AA), phospholipid, as well as AA 
metabolism.

Furthermore, we demonstrated the moderate impact of 
Candida-induced cQTLs on susceptibility to candidemia. 
As shown in Table 1, there are 24 independent cQTLs that 

http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiz206#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiz206#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiz206#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiz206#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiz206#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiz206#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiz206#supplementary-data
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modulate candidemia susceptibility. Genes well known to be 
involved in lipid and AA metabolic processes were found in 
these loci. For instance, genes encoding for members of the 
lipoxygenase family, such as ALOX15B, ALOXE3 and ALOX12B, 
in candidemia-associated locus rs3027232, are known to cat-
alyze the attachment of molecular oxygen O2 to polyunsatu-
rated fatty acids, such as AA. It has been previously reported 
that a mutation in ALOXE3 gene among nonbullous congenital 
ichthyosiform erythroderma patients predispose the patients to 
high risk of severe cutaneous fungal infections [35]. Many meta-
bolic changes, including lipid synthesis, are shown to be impor-
tant in regulating cytokine secretion to coordinate the immune 
response [36–38]. In mouse studies, hyperlipoproteinemia 
increased the susceptibility to systemic candidiasis due to an 
increased fungal outgrowth in their organs [39]. In human 
studies, infusion of lipoproteins enhanced the growth of C 
albicans in the plasma of volunteers [40], suggesting that hyper-
lipidemia have deleterious effects by enhancing the growth of C 
albicans in both species

One of the well known mechanisms of action of AA is 
triggering the generation of superoxides (O2

−) in leukocytes, 
which act as microbicidal agents in phagocytes and a second 
messenger in many cell types [41, 42]. Thus, one would ex-
pect that ROS decrease or depletion would be associated with 
increased susceptibility to infection. Indeed, mice deficient in 
ROS production have been described to be more susceptible 
to different infections [5]. In addition, chronic granulomatous 
disease patients, who lack a functional NOX2 protein, show an 
increased susceptibility to various pathogens, including bacteria 

and fungi such as Candida and Aspergillus [43]. In this study, we 
observed that the numbers of risk alleles at candidemia suscep-
tibility loci are negatively correlated with ROS production in 
response to C albicans. Of note, the correlation remained sig-
nificant when using susceptibility variants that only influence 
monocyte-derived cytokines (IL-6, IL-1β, and TNFα), but not 
T cell-derived cytokines (IL-17, IL-22, and IFNγ). These data 
show that individuals with a higher genetic risk to candidemia 
susceptibility show a decreased ROS as well as cytokine produc-
tion in response to C albicans infection. In the future, stratifying 
patients based on their genetic profiling would allow us to iden-
tify those at high-risk, who will benefit most from the treatment.

CONCLUSIONS

There are some limitations in this study. First, although it is 
difficult to gather large cohorts of patients, we need independent 
candidemia cohorts to replicate the genetic associations. 
Second, the publicly available eQTL datasets from whole blood 
used miss cell-type specific [44–46] or context-specific eQTLs 
upon Candida infection. Nevertheless, our approach to cor-
relate the polygenic risk score for candidemia with ROS and 
cytokine levels in an independent cohort prioritized the dis-
turbed lipid homeostasis and oxidative stress as potential ge-
netic mechanisms that affect cytokine production to influence 
susceptibility to candidemia.

SUPPLEMENTARY DATA

Supplementary materials are available at The Journal of Infectious 
Diseases online. Consisting of data provided by the authors to 
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Figure 4.  Candidemia-associated loci have a functional role in anti-Candida defense mechanism by influencing reactive oxygen species (ROS) production in response to 
Candida albicans. Scatterplots of significant correlations between ROS production and allelic scores constructed as the total number of risk alleles from (A) 24 susceptibility 
variants that influence cytokines and (B) 16 variants that only influence monocyte-derived cytokines (interleukin [IL]-6, IL-1β, tumor necrosis factor α) in response to either C 
albicans yeast or hyphae in either of the 3 cell systems (peripheral blood mononuclear cells, whole blood, and monocyte-derived cytokines). (C) Scatterplot of nonsignificant 
correlation between ROS production and allelic scores constructed as the total number of risk alleles from 12 susceptibility variants that only influence T-cell cytokines (IL-17, 
IL-22, and IFNγ) in response to either C albicans yeast or hyphae in either of the 3 cell systems. Allelic scores were weighted by odds ratio. Genotype and ROS production 
data were available for 122 individuals from the 200FG cohort. The (rank-based) Spearman correlation was calculated between ROS production and allelic scores. P < .05 
was considered as the threshold for significance.
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benefit the reader, the posted materials are not copyedited and are 
the sole responsibility of the authors, so questions or comments 
should be addressed to the corresponding author.
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