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Abstract

Candida albicans can cause candidemia in neutropenic and critically ill patients, and
oropharyngeal candidiasis in HIV-positive patients with low CD4* counts. However, not all
patients at risk develop Candida infections, and the genetic background of the patient might play a
role in the susceptibility to infection. Autophagy mediates pathogen clearance and modulation of
inflammation. The aim of this study was to assess the effect of genetic variation in the ATG16L1
and IRGM autophagy genes on the susceptibility to candidemia and oropharyngeal candidiasis.

We assessed whether genetic variation in the ATG16L1 and IRGM genes influences susceptibility
to candidemia in a cohort of candidemia patients of both African and European origin. In addition,
we assessed the effect of these polymorphisms for the susceptibility to oropharyngeal candidiasis
in an HIV-positive cohort from Tanzania. Functional studies have been performed to assess the
effect of the ATG16L1 and IRGM genetic variants on cytokine production both in vitro and in
vivo. The results indicate that ATG16L1 variants modulate production of TNFa, but not other
cytokines, while no effects were seen in the presence of IRGM polymorphisms. In addition, no
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significant associations between the SNPs in the ATG16L1 and IRGM genetic variants and the
incidence of candidemia or oropharyngeal candidiasis were identified.

In conclusion, despite moderate effects on the modulation of proinflammatory cytokine
production, genetic variation in the autophagy genes ATG16L1 and IRGM has a minor impact on
the susceptibility to both mucosal and systemic Candida infections.

Introduction

Candida albicans is a dimorphic fungus that is commensal in immunocompetent
individuals, colonizing the skin, gastrointestinal tract and oral and genital mucosa. However,
under certain host immune defense conditions, C. albicans can become pathogenic, being
the most common fungal pathogen in humans [1]. C. albicans can cause both mucosal and
disseminated infections. Candidemia is a systemic infection with Candida spp.,
predominantly but not limited to C. albicans, that occurs mostly in patients that are
immunocompromised due to neutropenia, in critically-ill patients with use of broad
spectrum antibiotics, invasive surgery, or in patients receiving total parenteral nutrition [2,
3]. Moreover, other risk factors such as ethnic background might also play a role based on
the genetic differences between individuals of European vs. African ancestry [4].
Oropharyngeal candidiasis (OPC) is a Candida mucosal infection that occurs very often as
an opportunistic infection in HIV positive patients with a low CD4* count (<200 cells/uL)
[5-7]. In the absence of proper treatment, the chance of spread of the infection to the
bloodstream increases [8].

However, not all patients at risk develop Candida infections, and part of the differential
susceptibility may be explained by the genetic makeup of the patients, as exemplified by
several reports published previously [9-12]. Autophagy is a highly conserved housekeeping
molecular process important for cellular development, maintenance, energy turnover and
antigen presentation. The autophagy machinery enables the formation of double membrane
vesicles leading to the sequestration of components of the cytoplasm into double membrane
vesicles that ultimately fuse with the lysosome for degradation of the autophagosomal
content [13]. Furthermore, autophagy is enabling the lysosomal digestion and antigen
presentation of phagocytosed materials such as fungal and bacterial pathogens, including
Candida spp. [14].

Previous studies have demonstrated that genetic variation in autophagy genes affect the
modulation of inflammation by autophagy [15]. A genetic variant in ATG16L1 (Thr300Ala,
rs2241880) has been associated with susceptibility to Crohn’s disease, with the
ATG16L1*300A conferring a higher risk [16-18]. Moreover, recent studies have shown that
this ATG16L1 polymorphism not only affects the capacity to execute autophagy [19], but
also to modulate proinflammatory cytokine responses, especially IL-1f [20], and influences
host defense against microorganisms such as mycobacteria [21].

Similarly, genetic polymorphisms in the IRGM (Immunity-related GTPase family M
protein) gene are associated with Crohn’s disease, including the SNPs rs13361189 and
rs4958847 [22]. Interestingly, it has been shown that one of these IRGM SNPs, rs13361189,
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is in perfect linkage disequilibrium with a 20 kb insertion/deletion polymorphism situated
upstream of the IRGM promoter region. Consequently, this genetic variant modulates the
expression of the IRGM gene [23]. Considering the data linking ATG16L1 and IRGM SNPs
with the modulation of immune responses by autophagy, it is compelling to assess whether
these genetic variants could influence the susceptibility to fungal infections, and in particular
oropharyngeal and/or disseminated candidiasis because of their functional effects on the
autophagy machinery. Although in a recent study we were not able to identify a crucial role
of autophagy in systemic Candida infections [24], no information is available on the role of
autophagy in mucosal infection with Candida. Interestingly, Candida albicansis also one of
the immunogens for developing anti-Saccharomyces cerevisiae antibodies (ASCA), which
are regularly observed in patients with mucosal lesions in Crohn’s disease [25, 26].

In order to determine the role of the genetic polymorphisms in two autophagy genes in the
susceptibility to both systemic and mucosal infections with Candida albicans, we evaluated
the frequency of the genotypes of three polymorphisms in the ATG16L1 and IRGM genes in
the predisposition to two different types of Candida albicans infections: oropharyngeal
candidiasis in HIV positive patients and disseminated candidiasis or candidemia in intensive
care unit patients. In order to support the genetic analysis, functional assays were performed
with peripheral blood mononuclear cells bearing different ATG16L1 and IRGM genotypes
and serum cytokine measurements were conducted by comparing the genotypes for their
ability to produce cytokines upon Candida albicans stimulation either in vitro or in vivo.
Finally, a bioinformatic analysis was performed with the aim to further explain the possible
functional consequences of the genetic variants in ATG16L1 and IRGM.

Patients and Methods

HIV positive patients

The effect of the polymorphisms associated with the autophagy process in the predisposition
to OPC was assessed in a group of 155 HIV-seropositive patients recruited at the Muhimbili
National Hospital HIV-clinic in Dar-es-Salaam, Tanzania. The recruitment period took place
between April 2007 and August 2008. The patients’ clinical examination was performed by
an independent physician according to the WHO clinical staging criteria [27]. The oral
examination was routinely performed at each visit according to WHO rules [28]. Variations
in color, size and shape of anatomical areas of the intraoral tissue were taken as clinical
sings for OPC. The clinical manifestations of OPC in these patients were diverse, presenting
a pseudomembranous candidiasis or a combination of pseudomembranous and
erythematous, hyperplastic, or angular cheilitis. This cohort has been previously reported in
genetic association studies by our group [29], and the study was approved by the Ethical
Committee of the Hospital. Sampling was performed by firmly swabbing the lesion site with
a sterile cotton wool swab. Immediate microbiological confirmation was performed, the
samples were sent immersed in 10% potassium hydroxide (KOH). Within this cohort, 82
patients developed OPC, and 73 patients did not present with OPC.
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Candidemia patients

Patients were enrolled after informed consent (or waiver as approved by the Institutional
Review Board) at the Duke University Hospital (DUMC, Durham, NC, USA) and Radboud
University Medical Center (RUMC, Nijmegen, The Netherlands). The study was approved
by the Institutional Review Boards at each study center, and enrollment occurred between
January 2003 and January 2009. To be included in the analysis of susceptibility to infection,
infected subjects must have had at least one positive blood culture for a Candida species
while hospitalized at the participating center. Non-infected controls must have been
hospitalized with no history or evidence of candidemia/invasive candidiasis, or any invasive
fungal infection. Non-infected controls were recruited from the same hospital wards as
infected patients in such a way that comorbidities and clinical risk factors for infection
would be similar between groups. The clinical characteristics of the patients have been
previously reported in genetic association studies [9, 24, 30].

Genetic analysis

Genomic DNA was isolated from whole blood using standard procedures. Genotyping for
the ATG16L1 T300A (rs2241880) and the IRGM SNPS (rs13361189 and rs4958847) single
nucleotide polymorphisms (SNPs) was performed by using the TagMan single-nucleotide
assay C_9095577_20, C_31986315_10 and C_1398968 10, respectively, on the 7300 ABI
Real-Time polymerase chain reaction system (all from Applied Biosystems, CA, USA).
Two of these polymorphisms (rs2241880 and rs4958847) were also part of the Sequenome
(Sequenom MassARRAY®, Sequenom, San Diego, CA) analysis of the study of Smeekens
at al (24). However, we chose to assess it in the present study through TagMan technology
in the candidemia cohort, due to the fact that the quality of DNA necessary for Sequenome
analysis was not sufficient for the entire cohort of patients. The assessment of all three
polymorphisms in the studies on mucosal forms of infections has not been presented
elsewhere.

Cytokine stimulation assays

Peripheral blood mononuclear cells (PBMC) were isolated from 73 healthy volunteers by
Ficoll-Paque gradient. Subsequently, stimulation with heat-killed Candida albicans
blastoconidia was performed for 24 hours, 48 hours or 7 days. The stimulation time varied
for each cytokine, being 24 hours for IL-10, IL-6, IL-8 and TNFa, 48 hours for IFNvy and
IL-10, and 7 days for IL-17. At the end of the incubation time, the above-mentioned
cytokines were measured in the supernatants by ELISA (purchased from R&D systems
Minneapolis, MN, or Sanquin Research, Amsterdam, The Netherlands). Comparisons of
cytokine production between patients bearing the different ATG16L1 or IRGM genotypes
were performed.

Serum cytokine measurements

Cytokine concentrations of IL-6, IL-8 and IFNy in plasma and serum samples obtained from
infected patients from day O up to day 5 after initial positive blood culture were measured by
Multiplex Fluorescent Bead Immunoassays (XMAP technology, Bio-Rad, Veenendaal, The
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Netherlands) and a Bio-plex microbead analyzer (Luminex, Austin, TX, USA) according to
the manufacturer’s protocol.

Bioinformatic analysis

In order to predict the effect on the conformation of the ATG16L1 protein given the T300A
amino acid change we used HOPE (http://www.cmbi.ru.nl/hope/), a next generation web
server that performs automatic mutant analysis. No homology model was produced because
no template with enough identity to the ATG16L1 sequence exists [31]. The HOPE server
assessment was only possible for the ATG16L1 SNP since it is the only SNP from this study
that alters the amino acid sequence and the HOPE servers works exclusively in case of non-
synonymous mutations and their effect on protein function.

Statistical analysis

Results

For the genetic analysis, statistical comparisons of frequencies were made between infected
and non-infected patients (with either OPC or candidemia) by performing the Chi-square
test with SPSS version 20 (IBM SPSS Statistics for Windows Version 20.0. Armonk, NY':
IBM Corp. For the analysis of the in vitro PBMC stimulation and in vivo serum cytokine
measurements, a Kruskal-Wallis one-way ANOVA was performed with the use of
GraphPad Prism version 4.00 (GraphPad Software, San Diego, CA, USA). Corrections for
multiple testing have not been performed due to the absence of significant differences, and
throughout the manuscript only uncorrected P-values are mentioned.

Functional analysis of cytokine profiles

The cytokines measured in the in vitro assays are chosen based on their role in the anti-
Candida immune response: TNFa, IL-1p, IL-6, IL-8 and I1L-10 to monitor the response of
monocytes, and IFNy and IL-17 as T-cell derived cytokines to monitor the activation of the
Th1 and Th17 responses, respectively. A significant difference in C. albicans-induced
cytokine production was observed between cells isolated from individuals with different
ATG16L 1 genotypes for production of TNFa (P = 0.0039) (Figure 1). However, no
differences were observed in the production of IL-1p, IL-6, IL-8, IL-10, IFNy and IL-17. In
addition, the effect of the genotype of the IRGM gene on the in vitro cytokine production
was evaluated. These analyses revealed that the only statistically significant effect of the
rs13361189 genotype was observed for production of IL-8. However, Candida induced IL-8
production was not affected by the other SNP in IRGM. Furthermore, TNFa, IL-1f, IL-6,
IL-10, IFNvy and IL-17 production were not affected by any of the two investigated SNPs in
IRGM.

Bioinformatic Analysis using the HOPE server

We also performed a bioinformatic analysis using the HOPE next-generation server [31].
The output indicates that the change from a threonine into an alanine at position 300 of the
ATG16L1 protein introduces changes in the amino acid size and hydrophaobicity. The
mutant residue is smaller and more hydrophobic than the wild-type residue. Moreover, the
server predicted that the polymorphism would cause an empty space in the core of the
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protein (or protein-complex). The change in the hydrophobicity between the wild-type and
mutant-type amino acids would cause a loss of hydrogen bonds in the core of the protein (or
protein-complex), and as a results it would disturb correct folding (Supplementary figure 1).

Oropharyngeal candidiasis

The distribution of the ATG16L1 and IRGM polymorphisms in the HIV-positive patient
groups with or without OPC is shown in Table 1. No statistically significant differences
were observed. Since the CD4" count is considered as a confounder, we stratified the study
subjects based on their CD4* counts. No significant association was observed in either
CD4" count group (Table 2).

Disseminated Candidiasis

The intergroup comparison between the Dutch RUNMC and North-American Caucasian
DUMC controls and patients revealed a similar genetic distribution of the genotyped SNPs,
which allowed the groups to be merged into one group of subjects of European descent (data
not shown). Genetic distribution of the ATG16L1 and IRGM polymorphisms in the studied
patient groups is shown in Table 3. No significant associations of polymorphisms in
ATG16L1 and IRGM with susceptibility to candidemia were revealed (P>0.05).

Serum samples collected from patients with bloodstream Candida spp. infections during the
first 5 days after initial positive blood culture were measured for concentrations of I1L-6,
IL-8 and IFNy. The results are shown in Figure 2: IL-6, IL-8, and IFNy circulating
concentrations were not affected by any of the SNPs in ATG16L1 and IRGM. Other
cytokines such as TNFa, IL-1p, IL-10 and IL-17 were not detectable in the serum samples
(data not shown).

Discussion

In the current study, we evaluated the effect of polymorphisms in the autophagy genes
ATG16L1 and IRGM [15, 23] on the susceptibility to OPC and candidemia, respectively.
Upon stimulation with Candida blastoconidia, the in-vitro cytokine production capacity of
primary immune cells with different ATG16L1 genotypes demonstrated a lower production
of TNFa by cells bearing the ATG16L1 300A allele. On the other hand, the variant allele of
IRGM rs13361189 moderately increased IL-8 production under similar conditions. Despite
these differences, the genotype of the ATG16L1 and IRGM SNPs did not affect the
susceptibility of patients to either OPC or systemic candidiasis.

Genetic variation in genes coding for the autophagy regulatory proteins are known to alter
the clearance of intracellular bacteria [23]. The SNP rs2241880 of ATG16L1 causes a partial
loss of function in the ATG16L1 protein, inhibiting the Salmonella-induced autophagy
process, which in turn results in reduced clearance of the microorganisms in human
epithelial cells [15]. In addition, a polymorphism in the promoter region of the IRGM gene
conferred an increased susceptibility to tuberculosis [32]. 21 different mouse IRG genes are
located on chromosomes 11 and 18, and have been demonstrated to have a very powerful
effect on the clearance of intracellular pathogens such as Listeria monocytogenes,
Toxoplasma gondii [33, 34], Mycobacterium tuberculosis [35], Salmonella typhimurium and
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Chlamydia trachomatis [34]. Furthermore, genetic variation in both ATG16L1 and IRGM
genes is associated with a higher susceptibility to Crohn’s disease [16-18, 22]. Conversely,
the role of these genetic polymorphisms on the susceptibility to fungal pathogen has yet to
be studied. Therefore, we have investigated whether SNPs in ATG16L1 and IRGM are
related to the propensity to develop oropharyngeal and/or systemic Candida infections.

The effect of the T300A polymorphism on ATG16L1 function is the best characterized
among the three SNPs evaluated in this study. The loss of function predicted with the HOPE
server was evident on TNFa production, with a decrease paralleling the allelic dosage. This
polymorphism is known to reduce autophagy [15], which is supported by a previous study
[36]. Nevertheless, genetic variation in the ATG16L1 gene did not influence the
susceptibility to either oropharyngeal or systemic candidiasis.

In contrast to the ATG16L1 SNP, the IRGM polymorphisms evaluated in this study do not
affect the IRGM protein sequence or structure, but modulate IRGM gene expression.
MccCarroll and colleagues demonstrated that IRGM haplotypes differentially affected gene
expression in different cell types, and that the gene expression levels affected the efficiency
of autophagy for eradicating intracellular bacteria [23]. Despite the possible consequences of
the variation in the two IRGM SNPs, the genotype of either polymorphism did not affect the
predisposition to oropharyngeal or systemic Candida infection.

The observation that the investigated SNPs in ATG16L1 and IRGM are not associated with
increased susceptibility to Candida infections, but are involved in the pathogenesis of
Crohn’s disease, may suggest that the link between Candida colonization and Crohn’s
disease, through the presence of ASCA antibodies, is not mediated by autophagy. However,
one has to realize that the mechanisms underlying Candida colonization vs. Candida
infection are largely different, as recently shown by our group [32]. Therefore, although
autophagy appears not to be involved in susceptibility to Candida infection as demonstrated
by the present study, it still could be associated with Candida colonization. Future studies
are warranted to assess this aspect.

Autophagy-mediated pathogen clearance is an important process mainly for host defense
against intracellular bacteria such as mycobacteria or Salmonella typhimurium. Whereas of
the role of autophagy in the clearance of extracellular bacteria has been demonstrated [37],
the role of autophagy for anti-Candida albicans host defense remains unclear. The lack of
association of the SNPs in ATG16L1 and IRGM with susceptibility to Candida infections
implies that host defense against Candida infections does not depend on these two genetic
variants in autophagy genes. The results of the present study are strengthened by an
additional report that showed that although Candida was able to induce autophagy in vitro,
this was not necessary for host defense against disseminated candidiasis in mice [24].
Moreover, a set of polymorphisms in autophagy genes did not modulate susceptibility to
candidemia [24]. The complementary results of these investigations strongly argue that
autophagy is a redundant mechanism for host defense against both systemic and mucosal
Candida infections.
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Functional analysis on the stimulation of peripheral blood mononuclear cells (PBMCs) with
heat-killed C. albicans blastoconidia. Cytokine production capacity of TNFa, IL-15, IL-6,
IL-8, and IFNy was compared between the cells obtained from healthy volunteers bearing
wild-type or variant ATG16L1 or IRGM SNPs. Data are presented as means = SEM, * p <
0.05. For the ATG16L1 rs2241880 polymorphism the antisense nucleotides are depicted.
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Figure 2.
Cytokine concentrations of IL-6, IL-8 and IFNy in plasma and serum samples from infected

patients from day 0 up to day 5 after initial positive blood culture correlated with the
ATG16L1 or IRGM genotype. WT: wild-type, HET: heterozygous. HOM: homozygous.
Data are presented as means + SEM, * p < 0.05.
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Table 2

Minor Allele Frequencies of the ATG16L1 SNP number rs2241880 and the IRGM SNPs number rs13361189
and rs4958847 stratified by CD4* count in a cohort of HIV positive patients from Tanzania.

1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

CD4* T cell count (minor allele frequency (%) OPC positive-OPC negative)

SNP <100 (N=40)  100-200 (N=81) 200-300 (N=26) >300 (N=5)
ATG16L1 16.67%-14.29%  33.33%-28.89%  20.00%-18.75%  0%-30%
rs2241880

IRGM 50%-51.22%

rs13361189

64.52%-50%

40%-53.33% 75%-80%

IRGM rs4958847 40.28%-46.67%

59.09%-50%

75%-87.5%
35%-63.33%

Oropharyngeal candidiasis= OPC
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