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Abstract

Monocytes are innate immune cells that play a pivotal role in antifungal immunity, but little is

known regarding the cellular metabolic events that regulate their function during infection.

Using complementary transcriptomic and immunological studies in human primary mono-

cytes, we show that activation of monocytes by Candida albicans yeast and hyphae was

accompanied by metabolic rewiring induced through C-type lectin-signaling pathways. We

describe that the innate immune responses against Candida yeast are energy-demanding

processes that lead to the mobilization of intracellular metabolite pools and require induction

of glucose metabolism, oxidative phosphorylation and glutaminolysis, while responses to

hyphae primarily rely on glycolysis. Experimental models of systemic candidiasis models

validated a central role for glucose metabolism in anti-Candida immunity, as the impairment

of glycolysis led to increased susceptibility in mice. Collectively, these data highlight the

importance of understanding the complex network of metabolic responses triggered during

infections, and unveil new potential targets for therapeutic approaches against fungal

diseases.

Author summary

Fungal infections are a major health concern for immunocompromised individuals due to

the lack of success of the currently available antifungal therapies. Unveiling the metabolic

processes involved in the immune function offers a promising opportunity for the devel-

opment of new therapeutic approaches against these infections. In this report, we describe

how changes in monocyte glucose metabolism are crucial for host defense against infec-

tions caused by the opportunistic pathogenic yeast Candida albicans. We report how the

participation of various metabolic routes, such as glycolysis, oxidative phosphorylation

and the pentose phosphate pathway, were differentially required after yeast or hyphal

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006632 September 18, 2017 1 / 23

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPENACCESS

Citation: Domı́nguez-Andrés J, Arts RJW, ter Horst

R, Gresnigt MS, Smeekens SP, Ratter JM, et al.

(2017) Rewiring monocyte glucose metabolism

via C-type lectin signaling protects against

disseminated candidiasis. PLoS Pathog 13(9):

e1006632. https://doi.org/10.1371/journal.

ppat.1006632

Editor: Robin Charles May, University of

Birmingham, UNITED KINGDOM

Received: February 17, 2017

Accepted: September 7, 2017

Published: September 18, 2017

Copyright: © 2017 Domı́nguez-Andrés et al. This is

an open access article distributed under the terms

of the Creative Commons Attribution License,

which permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: Relevant data are

within the paper and its Supporting Information

files. Transcriptomics data can be found in the

Gene Expression Omnibus (GEO) database under

accession code GSE42606.

Funding: MGN is supported by an ERC

Consolidator grant (ERC-310372) (https://erc.

europa.eu/), a Spinoza grant of the Netherlands

Organization for Scientific Research (http://www.

nwo.nl/en.), and a Competitiveness Operational

https://doi.org/10.1371/journal.ppat.1006632
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1006632&domain=pdf&date_stamp=2017-09-28
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1006632&domain=pdf&date_stamp=2017-09-28
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1006632&domain=pdf&date_stamp=2017-09-28
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1006632&domain=pdf&date_stamp=2017-09-28
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1006632&domain=pdf&date_stamp=2017-09-28
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1006632&domain=pdf&date_stamp=2017-09-28
https://doi.org/10.1371/journal.ppat.1006632
https://doi.org/10.1371/journal.ppat.1006632
http://creativecommons.org/licenses/by/4.0/
https://erc.europa.eu/
https://erc.europa.eu/
http://www.nwo.nl/en
http://www.nwo.nl/en


exposure, depending on the cellular energy requirements for each response. The proper

control of metabolic reprogramming of immune cells was crucial to afford protection

against fungal infections in vivo.

Introduction

The immune system is constantly challenged by pathogens, and this requires immune cells to

optimize the management of metabolic resources in order to exert their crucial role in host

defense. A number of studies have shown how different stimuli induce metabolic reprogram-

ming in immune cells, required for the response against microbial infections [1–3].

The recognition of pathogen-associated molecular patterns (PAMPs) triggers substantial

changes in cellular metabolism of immune cells, leading to modulation of the effector func-

tions of these cells. Recent studies led to the understanding that the differential use of carbon

and nitrogen sources can subsequently affect the immune response. In this sense, proinflam-

matory macrophages and neutrophils favor aerobic glycolysis over oxidative phosphorylation

[4], anti-inflammatory macrophages rely more on fatty acid oxidation and TCA cycle [5],

whereas full T cell activation also requires the induction of mitochondrial ROS [6].

Candida albicans is a dimorphic fungus that normally colonizes skin and mucosal surfaces in

the majority of the healthy population [7], but in immunocompromised hosts can cause severe

life threatening infections [8]. Although the cell wall of both Candida yeast and hyphae contains

a variety of glucans, mannans and glycoproteins that can be recognized by a wide range of PRRs,

the expression of these molecules greatly varies between yeast and hyphal forms, leading to sub-

stantial differences in cytokine induction [9]. Monocytes undergo metabolic and functional

reprogramming after exposure to β-glucans and C. albicans yeast, leading to a ‘trained immunity’

functional status characterized by an enhanced cytokine production after secondary stimulation

with related or non-related stimuli [10]. In addition, monocytes have been shown to play a cru-

cial role against C. albicans infection, as the deficiency in this immune cell subset has been related

with higher susceptibility to fungal infections both in mice and humans [11,12].

Few data are available regarding the role of cellular metabolism for the immune function of

monocytes, especially the impact on antifungal host defense. This prompted us to study the

metabolic pathways triggered by C. albicans in human monocytes after yeast or hyphal stimu-

lation, analyzing the different degree of engagement of the main PRRs involved in C. albicans
recognition with the cellular metabolic changes induced, and to study the influence of these

alterations on the cytokine response profiles. We report an association between C. albicans-
specific recognition by C-type lectin receptors (CLRs) and the enhancement of glucose metab-

olism and aerobic glycolysis in monocytes. These metabolic changes are connected with an

enhanced proinflammatory cytokine production in a differential way after yeast or hyphal

stimulation. The relevance of these immunometabolic changes was validated in vivo, showing

that inhibition of glucose metabolism led to impaired cytokine production, lower fungicidal

activity, and a higher susceptibility to systemic C. albicans infection.

Results

C. albicans upregulates glycolysis-related genes

Since the molecules expressed in the cell wall of C. albicans can be recognized by a great variety

of receptors that could be involved in the upregulation of different metabolic pathways, we mea-

sured genome-wide transcriptional profiles in peripheral blood mononuclear cells (PBMCs)

Monocyte glycolysis in experimental candidiasis
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from healthy volunteers upon stimulation with C. albicans for 4 h and 24 h. Transcriptomic

analysis of the genes involved in the main cellular metabolic pathways revealed that the only

pathway whose gene expression was consistently upregulated after stimulation was glycolysis,

and that this enhancement occurred at 24h, but not at 4h after stimulation (Figs 1A and S1). We

validated the upregulation observed in those genes by qPCR in monocytes isolated from healthy

volunteers stimulated with heat-killed yeast or hyphae for 24 h finding a significant upregula-

tion of some of the main enzymes involved in glycolysis such as hexokinase (HK) and phospho-

fructokinase (PFKP). We also found an upregulation of the expression of glutaminase (GLS), an

enzyme that allows the entrance of glutamine into tricarboxylic acid (TCA) cycle by converting

it into glutamate that is subsequently transformed into α-ketoglutarate (Fig 1B).

C. albicans recognition upregulated glycolysis and oxidative

phosphorylation in monocytes

The upregulation of the expression of genes involved in glycolysis has been related to a boost

of glucose consumption and lactate production [13]. In agreement with these data, we

Fig 1. Glycolysis upregulation upon Candida stimulation. (A) Schematic pathway map of the gene expression in the main metabolic pathways in

PBMCs stimulated with heat-killed C. albicans yeast 24 h after stimulation. The dots represent metabolites, and the arrows indicate reactions converting

these metabolites. For each reaction it is known which enzymes (and thus which genes) are involved in catalyzing the reaction. The arrows marked in red

indicate an overall upregulation of genes involved in those reactions in C. albicans versus RPMI, whereas the blue indicates a downregulation. A darker

color indicates a larger change in transcript levels. The complete map stimulation as created by Escher for 4 h and 24 h stimulation is shown in S1 Fig. (B)

Fold increase of mRNA expression for the indicated enzymes analyzed by RT-PCR in monocytes 24 h after stimulation with heat-killed C. albicans conidia

or heat-killed C. albicans hyphae (mean ± SEM, n = 6–9; pooled from 2–3 experiments). *p<0.05, **p<0.01 Wilcoxon signed-rank test. HK2: Hexokinase

2; PFKP: Phosphofructokinase, platelet; α-KGDH: alpha-ketoglutarate dehydrogenase; LDH: Lactate dehydrogenase; mTOR: Mammalian target of

rapamycin; GLS: Glutaminase; GLUD: Glutamine dehydrogenase.

https://doi.org/10.1371/journal.ppat.1006632.g001
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observed a significant increase in the lactate concentrations released in the supernatants of C.

albicans-stimulated monocytes, which was accompanied by an increase in glucose consump-

tion both after yeast and hyphal stimulation (Fig 2A), reflecting the induction of the glycolytic

pathway [14]. In line with these data, the increased basal and maximal extracellular acidifica-

tion rate (ECAR) values measured in these cultures reflected an enhancement of the glycolytic

activity of monocytes after C. albicans yeast stimulation (Fig 2B). Importantly, the oxygen con-

sumption rate (OCR), which is accepted to be an indicator of the oxidative phosphorylation

activity [15], was also higher in monocytes that had been stimulated with C. albicans both for 4

and 24 h (Fig 2C), also reflecting an enhancement of the oxidative mitochondrial activity in C.

albicans-stimulated monocytes. Of note, the OCR/ECAR ratio did not change within the time

points measured reflecting a proportional increase of glycolysis and OXPHOS (S2 Fig). In

Fig 2. Candida stimulation induced glycolysis in human monocytes. (A) Lactate production and glucose consumption by monocytes after overnight

stimulation with heat-killed C. albicans yeast or heat-killed C. albicans hyphae (mean ± SEM, n = 12 for lactate, n = 6 for glucose; pooled from 2–4

independent experiments). *p<0.05, ***p<0.001 Wilcoxon signed-rank test. (B-D) Basal and maximum extracellular acidification rates (ECAR; B), basal

and maximum oxygen consumption rates (OCR; C) or spare respiratory capacity (SRC; D) of monocytes were determined by Seahorse analysis at 4 and 24

h after stimulation with medium or heat-killed C. albicans yeast (mean ± SEM, n = 6–8; pooled from 2 independent experiments). *p<0.05, **p<0.01

Wilcoxon signed-rank test. (E) Intracellular metabolite levels of monocytes 4 and 24 h after heat-killed C. albicans yeast or heat-killed C. albicans hyphae

stimulation (mean ± SEM, n = 6–8; pooled from 2 independent experiments). *p<0.05, **p<0.01 Wilcoxon signed-rank test. (F) Lactate production by

monocytes after overnight stimulation with live hgc1 or Δhgc1 C. albicans. (mean ± SEM, n = 6; pooled from 2 independent experiments). *p<0.05, Wilcoxon

signed-rank test. (G) Intracellular metabolite levels of monocytes 4 and 24 h after hgc1 or Δhgc1 live C. albicans stimulation (mean ± SEM, n = 6; pooled from

2 independent experiments). *p<0.05, **p<0.01 Wilcoxon signed-rank test.

https://doi.org/10.1371/journal.ppat.1006632.g002
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addition to this, C. albicans-stimulated monocytes showed a slightly increased mitochondrial

spare respiratory capacity (SRC), especially 4 h after stimulation (Fig 2D).

Since the stimulation of monocytes with C. albicans led to an increase in glycolysis and oxi-

dative phosphorylation, we quantified the levels of different metabolites of the TCA cycle.

Interestingly, after 4 h stimulation with yeast a slight decrease was observed in the levels of glu-

tamate, fumarate and malate, metabolites than can be synthesized from glutamine [16]. On the

other hand, overnight stimulation induced a general increase in the intracellular metabolite

levels (Fig 2E), suggesting that within 24 h after stimulation, cells had time to induce an exten-

sive activation of the cellular metabolic machinery and fulfill the energy requirements needed

for the functional changes induced by cell activation. Of note, these data correspond to the

increases in ECR and OCAR observed 4 and 24 h after stimulation (Fig 2C and 2D), reflecting

an enhancement of the cellular metabolic activity after C. albicans recognition by monocytes.

We identified no overall changes in cell numbers after stimulation of cells with C. albicans, we

can thus conclude that cell growth or an enhanced survival of monocytes stimulated with C.

albicans is not the reason of the differences observed in ECAR or OCR.

Heat-killing alters the cell wall structure and exposes antigens and PAMPs on the surface of

C. albicans yeasts and hyphae [17], and we validated the results obtained with heat-killed forms

of the fungus by using live yeast and hyphae. In order to distinguish between the metabolic

changes induced either by yeast or hyphae, we cultured monocytes with a yeast-locked strain of

C. albicans (Δhgc1) or with the hyphae-forming wild-type corresponding strain (hgc1), as the in
vivo culture conditions used stimulate hyphal development from live yeast. As described for

heat-killed forms, stimulation with live C. albicans increased lactate production by human

monocytes (Fig 2F). Of note, the increase in lactate measured after stimulation with live fungal

forms was lower than with heat-killed forms, most likely due to the effective masking of β–glu-

can in the cell wall of live yeasts [18]. In line with this hypothesis, the levels of intracellular

metabolites 24 h after infection were significantly higher for hyphae-forming live Candida than

for yeast-locked Candida (Fig 2G).

Glucose metabolism modulates cytokine response after Candida

stimulation

Apart from phagocytosis and killing, one of the main effector functions of monocytes and

macrophages during C. albicans infection is the production of proinflammatory cytokines,

required for the development of a protective immune response [8]. Therefore, we tested how

the specific inhibition of various metabolic pathways affected the proinflammatory cytokine

production after stimulation with C. albicans-yeast and hyphae (Fig 3A). The inhibition of gly-

colysis with 2-deoxyglucose (2-DG), a competitive inhibitor of hexokinase (HK), or with

dichloroacetate (DCA), a compound that skews the glycolytic flux through TCA cycle by

reducing the transformation of pyruvate into lactate by enhancing the activity of pyruvate

dehydrogenase (PDH), strongly downregulated C. albicans-induced IL-1β, TNFα and IL-6

production in human monocytes (Fig 3B). Monocyte training with β-glucan, a ligand from C.

albicans cell wall, has been reported to cause a switch from oxidative phosphorylation to aero-

bic glycolysis via activation of the PI3K-Akt-mTOR axis in human monocytes [19]. We found

that inhibition of the mTOR pathway with Torin1 (a direct mTOR inhibitor) or with AICAR

(an indirect mTOR inhibitor via AMPK activation) caused a decrease in the cytokine produc-

tion by human monocytes after stimulation with yeast, but not with hyphae (Fig 3B).

In addition, inhibition of glutaminolysis by BPTES, a selective inhibitor of glutaminase

(GLS), also impaired the production of IL-1β and IL-6 in yeast-stimulated monocytes, although

to a lower extent (Fig 3B). The inhibition of β-oxidation with etomoxir or the interference of

Monocyte glycolysis in experimental candidiasis
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the pentose phosphate pathway with 6-aminonicotinamide (6-AN) did not produce any signifi-

cant differences in the production of the cytokines measured (Fig 3B). Importantly, impairment

of oxidative phosphorylation with oligomycin, an ATP synthase inhibitor, caused a significant

decrease in the proinflammatory cytokine production after stimulation with C. albicans yeast

(Fig 3B), and this effect is consistent with the increased OCR reported after C. albicans stimula-

tion (Fig 2B). We confirmed the importance of glycolysis in these processes as 2-DG treatment

of monocytes abolished the differences observed in ECAR and OCR after C. albicans recogni-

tion (Fig 3C and 3D). As a whole, these data suggest that C. albicans yeast-induced cytokine pro-

duction in monocytes relied on an mTOR-dependent enhanced glycolysis as well as on an

increased oxidative phosphorylation activity of the cells and, to a lesser extent, on glutamine

metabolism. In the case of hyphae-induced cytokine production, these data suggest that it

mostly relies on glycolysis.

Since Th1 and Th17 responses have been reported to play a protective role in C. albicans
infection [20,21] we also measured how the inhibition of the different metabolic pathways

affected the production of Th1/Th17-derived cytokines after C. albicans stimulation of human

PBMCs. We found that the inhibition of glucose metabolism notably impaired IL-17, IL-22,

IFNγ and IL-10 production, while glutamine metabolism also played a role in the production

of Th17-derived cytokines after yeast but not after hyphal stimulation (S3 Fig). In the case of

the anti-inflammatory cytokine IL-10, its production after hyphal stimulation was only signifi-

cantly affected by glycolysis inhibition, suggesting that the metabolic pathways leading to the

production of pro- or anti-inflammatory cytokines might be regulated by different metabolic

routes, as already described for macrophages [22].

C-type lectin-signaling pathways trigger glycolysis after stimulation with

C. albicans yeasts

C. albicans recognition by human cells is known to rely on a wide series of Pattern Recognition

Receptors (PRRs) such as Toll-Like Receptors (TLRs) and C-type lectin receptors (CLRs) [8].

Since C. albicans-induced cytokine production in human monocytes seemed to be under the

control of glycolysis, we wondered which receptors were responsible for triggering the meta-

bolic changes reported. To this aim, we blocked different PRRs involved in C. albicans recogni-

tion and assessed lactate production in cell supernatants after overnight culture. Interestingly,

neither the treatment of monocytes with a specific mAb against TLR2, nor the blockade of

TLR4 with Bartonella quintana LPS, a natural antagonist of this receptor [23] produced any

changes in the lactate production triggered by heat-killed Candida stimulation, indicating that

TLR-derived signaling did not play a role in the induction of glycolysis after Candida recogni-

tion (Fig 4A). Nevertheless, blockade of C-type lectin receptors with laminarin (a dectin-1 spe-

cific antagonist) or with a specific mAb against mannose receptor (MR), caused a significant

decrease in the lactate production measured upon stimulation with heat-killed Candida yeasts,

but not hyphal stimulation. Of note, blockade of CR3, a receptor that has a lectin domain

involved in C. albicans [24] and β-glucan [25] recognition, also led to a decrease in the extra-

cellular lactate levels determined after C. albicans yeast stimulation (Fig 4A). These results

Fig 3. Glycolysis, glutaminolysis and oxidative phosphorylation are involved in cytokine production after Candida stimulation. (A)

Scheme of the chemical inhibitors used, their target enzymes, and the main intracellular metabolic pathways studied. (B) IL-1β, IL-6 and TNFα
production by human monocytes treated with different metabolic inhibitors and stimulated with heat-killed C. albicans yeast or heat-killed C.

albicans hyphae for 24 h (mean ± SEM, n = 6; pooled from 2 independent experiments). *p<0.05, **p<0.01 Wilcoxon signed-rank test. (C-D)

Basal OCR (C) and ECAR (D) of monocytes were determined 24 h after stimulation with medium or heat-killed C. albicans yeast by extracellular

flux measurements in basal conditions of after injection of 2-DG (mean ± SEM, n = 6; pooled from 2 independent experiments). *p<0.05, **p<0.01

Wilcoxon signed-rank test.

https://doi.org/10.1371/journal.ppat.1006632.g003
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reflect that metabolic changes induced by recognition of C. albicans by monocytes were mainly

driven by CLR-mediated rather than TLR-mediated signaling, in contrast to the metabolic

rewiring induced by bacteria [26]. These data also confirmed the differences in the intracellu-

lar metabolic requirements triggered after yeast or hyphal recognition.

PRR blockade after monocyte stimulation with live yeast-locked C. albicans did not produce

any significant changes in lactate production except for the case of monocytes with an impaired

dectin-1 signaling, which showed a discrete reduction in this readout (Fig 4B). This can be

again attributed to the low degree of β-glucan exposure in the cell wall of the live wild-type C.

albicans [27]. The differences seen after live dectin-1 blockade in wild-type C. albicans-stimu-

lated cells can be explained by the fact that β-glucan, the dectin-1 ligand, is highly exposed in

the cell wall of newly-formed hyphae as described by Cheng et al. [18], and further confirmed

that yeast and hyphae triggered metabolic changes in human monocytes in a differential

fashion.

ROS production required the participation of glycolysis and the pentose

phosphate pathway

A number of studies have related the production of Reactive Oxygen Species (ROS) with the

resolution of C. albicans infection [8,28]. We hypothesized that ROS induction could be

affected by monocyte metabolism after C. albicans stimulation. Glycolysis inhibition with

Fig 4. C-type lectins triggered glycolysis after stimulation with Candida yeasts. (A-B) Lactate production by human

monocytes was measured after blockade of dectin-1, CR3, TLR2, TLR4 and MR and subsequent 24 h stimulation with

medium, heat-killed C. albicans yeast or heat-killed C. albicans hyphae (A) or hgc1 or Δhgc1 live C. albicans (B)

(mean ± SEM, n = 6; pooled from 2 independent experiments). *p< 0.05, **p<0.01 Wilcoxon signed-rank test. Results of

stimulation with isotype controls are displayed in S3 Fig.

https://doi.org/10.1371/journal.ppat.1006632.g004
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2-DG prior to stimulation with yeast or hyphae almost completely abolished ROS production

by monocytes (Fig 5B). In line with this, the impairment of the glycolytic routes with DCA

treatment also impaired ROS production strongly (Fig 5C). We did not find any other meta-

bolic pathways involved in ROS production after C. albicans stimulation (S5 Fig), except for

the case of the pentose phosphate pathway, for which the specific inhibition of its oxidative

branch with 6-AN led to a strong decrease in ROS production (Fig 5D). This can be related to

the drop in availability of NADPH, a key factor for the induction of ROS, as already described

for LPS-activated macrophages [29]. On the other hand, phagocytosis of C. albicans yeast was

not significantly affected by treatment of monocytes with 2-DG (S6 Fig).

Inhibition of glucose metabolism impaired in vivo responses to C.

albicans infection

Because the data presented above argue for a crucial role of monocyte glycolysis for antifungal

host defense, we wanted to validate these results in an in vivo model of systemic C. albicans
infection. In this model, C57BL/6 mice were intravenously injected with a single dose of 105

colony-forming units (CFU) of C. albicans yeast, causing a disseminated infection [30]. In

order to validate the role of glucose and glutamine metabolism in vivo, we treated these mice

with 2-DG or BPTES prior to systemic C. albicans intravenous challenge and evaluated the sys-

temic response to infection. Treatment with 2-DG led to a significant increase in the fungal

Fig 5. ROS production by monocytes involved glycolysis and the pentose phosphate pathway. (A-D) Human monocytes were treated with

medium (A), 2-DG (B), DCA (C) or 6-AN (D) and subsequently stimulated with medium, heat-killed C. albicans yeast or heat-killed C. albicans hyphae.

Luminescence generated from ROS production was measured every 145 seconds during 60 minutes (n = 4; pooled from 2 independent experiments).

Dashed lines show maximum ROS levels reached without inhibitor treatment to be used as a visual reference.

https://doi.org/10.1371/journal.ppat.1006632.g005
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burden measured in the kidneys of these mice 5 days after C. albicans infection, while

BPTES-treated animals had a fungal burden comparable to control individuals (Fig 6A).

Of note, one of the mice treated with 2-DG had to be euthanized during the experiment due

to the infectious process. We also assessed the candidacidal activity of blood neutrophils,

which have been described to be the main effector cells in this model of infection [8], find-

ing a strong impairment of their fungicidal potential in the case of 2-DG treated mice (Fig

6B). Mouse neutrophils treated in vitro with 2-DG also had a significantly lower candidaci-

dal activity than control cells (S7 Fig). We also measured cytokine production after C. albi-
cans restimulation of splenocytes obtained from 2-DG or BPTES-treated mice after the

infection, finding a significant reduction in the production capacity of IL-1β, IL-6, IL-10,

TNFα and IFNγ in mice treated with 2-DG. Thus, the impairment of glucose metabolism

alters the capacity of splenocytes to respond to a secondary C. albicans stimulation (Fig 6C).

In mice treated with BPTES, we found reduced levels of IL-6, which is in agreement with

the data obtained from human monocytes. Therefore, while the inhibition of glutamine

metabolism seems to have a relatively small effect in systemic antifungal response in vivo,

these data confirm that glycolysis plays a central role in the induction of an effective anti-

C. albicans host response both in vitro and in vivo (Fig 7).

Discussion

C. albicans is the most important fungal pathogen, and immunotherapeutic approaches to

boost antifungal host defense are urgently needed to decrease mortality in systemic candidiasis

which currently reaches up to 30–40% [31]. Here we aimed to investigate for the first time the

role of cellular metabolism of immune cells for the induction of an effective immune defense

against C. albicans. We observed that C. albicans yeast and hyphae induce differential rewiring

of cellular metabolism: while yeast-stimulated monocytes rely on glycolysis, oxidative phos-

phorylation and glutaminolysis to mount cytokine responses, monocytes stimulated with

hyphae rely mainly on glycolysis. These processes are mediated by fungal recognition by CLRs,

but not by TLRs, and glycolysis is crucial for an effective host defense in vivo against dissemi-

nated candidiasis.

The metabolic circuits triggered in immune cells following pathogen recognition are very

complex. Microbial stimuli such as LPS promote glucose conversion into lactate and decrease

oxidative phosphorylation in monocytes and macrophages, in a process known as the War-

burg effect [4]. However, a recent study demonstrated that induction of the Warburg effect

in monocytes is a specific feature of LPS engagement of TLR4, as the engagement of other

TLRs by their specific ligands or by complete microorganisms led to a much more complex

response, notably a strong increase in the oxidative phosphorylation activity of the cells after

stimulation [26]. While several studies investigated the immunometabolic circuits involved in

anti-bacterial responses, very few have addressed the role of these pathways in anti-fungal

immunity. In this report, we describe differential roles for glucose metabolism, glutamine

metabolism, oxidative phosphorylation, and the pentose phosphate pathway in the immune

response against C. albicans.
The increase of glycolysis following microbial stimulation of myeloid cells has been

reported in several studies, being usually linked to an enhanced function of mTOR-related

pathways [19,32]. Our data confirmed that after C. albicans recognition, human monocytes

underwent an increase not only in their glycolytic activity, as demonstrated by the higher glu-

cose consumption, lactate production and ECAR reported after stimulation, but also in their

oxidative phosphorylation capacity and OCR. This enhancement of both aerobic glycolysis

and oxidative phosphorylation is reminiscent of the metabolic stimulation induced by other
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whole microorganisms [16,26], in contrast to purified ligands such as LPS or β-glucan [19,33],

reflecting the complex nature of the cellular metabolic networks induced by the engagement of

different PRRs.

An important discovery is the difference in induction of cellular metabolism between C.

albicans yeasts and hyphae. The differences in the abundance and the degree of exposure of

cell wall components such as β-glucans, mannans or glycoproteins between yeasts and hyphae

have been described to induce distinct profiles of cytokine responses [9]. Along this line, we

showed that stimulation with yeast or hyphae led to different metabolic responses in mono-

cytes. Heat-killed C. albicans yeast induced production of proinflammatory cytokines, through

a process highly demanding for the cells, which makes use of glycolysis, oxidative phosphoryla-

tion and glutaminolysis in order to fulfill the expensive energy requirements. In the case of

heat-killed C. albicans hyphae, cytokine production was solely dependent on glycolysis. The

transition to hyphal growth creates the opportunity for improved recognition of inner cell wall

components such as β–glucan, which become more exposed, allowing their interaction with

PRRs and triggering the proinflammatory cytokine production [18]. The data presented here,

Fig 6. Inhibition of glucose metabolism impaired in vivo responses to systemic C. albicans infection. (A) Fungal burden measured in

the kidneys of C57BL/6 mice treated with PBS, 2-DG or BPTES during 5 days after i.v. C. albicans challenge (mean ± SEM, n = 6; similar results

were obtained in 2 independent experiments). *p<0.05, Student’s t test. Each dot represents one mouse. (B) Candidacidal activity of neutrophils

isolated from blood of C57BL/6 mice treated with PBS, 2-DG or BPTES during 5 days after i.v. C. albicans challenge (mean ± SEM, n = 6;

similar results were obtained in 2 independent experiments) *p < 0.05, Student’s t test. Each dot represents one mouse. (C) IL-1β, IL-6, IL-10,

IFNγ and TNFα production by mouse splenocytes obtained from PBS, 2-DG or BPTES-treated mice 5 days after C. albicans i.v. infection were

measured by ELISA 48 h after in vitro restimulation with medium, LPS, heat-killed C. albicans yeast or heat-killed C. albicans hyphae

(mean ± SEM, n = 6; similar results were obtained in 2 independent experiments) *p<0.05, Student’s t test.

https://doi.org/10.1371/journal.ppat.1006632.g006

Fig 7. Overview of the immune and metabolic processes taking place in monocytes after systemic C.

albicans recognition. C. albicans recognition by monocytes triggers a complex network of metabolic pathways

that lead to the production of proinflammatory cytokines and ROS, and also the release of lactate to the

extracellular space. Heat killing of C. albicans resulted in higher β-glucan exposure and subsequent dectin-1

recognition while shielding of β-glucans by mannans in hyphae prevents activation of the CTL signaling

pathways. While heat-killed hyphae-derived responses mainly rely on the participation of glycolysis and the

pentose phosphate pathway, the response to heat-killed yeast is a much more demanding process that requires

the participation of glycolysis, oxidative phosphorylation, glutaminolysis and the pentose phosphate pathway

through a process driven by an enhanced C-type lectin-derived signaling.

https://doi.org/10.1371/journal.ppat.1006632.g007
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correlates with previously published data showing a strong induction of glycolysis by β–glucan

[19] and argues for a model in which the poor β–glucan recognition in yeasts [18] requires dif-

ferent recognition systems for activation of multiple metabolic pathways, while the broad expo-

sure of β–glucan by hyphae induces a much stronger induction of glycolysis in the immune

cells which is sufficient to fulfill their energy requirements.

Glucose that enters the cell is not solely processed via glycolysis, but can be also transformed

into fatty acids, aldoses, glycogen, or enter the pentose phosphate pathway to generate

NADPH and pentoses [34]. ROS production has been historically linked to NADPH oxidase

and mitochondrial activity [35], and several studies have assigned an important role for ROS

production in host defense against microbial infections [29,36]. In our study, we found that

glucose metabolism is crucial for the generation of ROS in human monocytes after C. albicans
stimulation. Nonetheless, this could not be only attributed to glycolysis, as the impairment of

the pentose phosphate pathway also induced a severe impairment of ROS production, as simi-

larly described for LPS-activated macrophages, where ROS were generated through pentose

phosphate pathway-dependent NADPH-oxidase activity [29]. These data suggest a differential

role for the different metabolic pathways triggered after C. albicans stimulation in monocytes.

While glycolysis appeared to play a central role in cytokine and ROS production, other routes

such as oxidative phosphorylation or glutaminolysis seemed to play a preferential role in fuel-

ing cytokine induction. In contrast, the pentose phosphate pathway, which did not play a role

in cytokine production, seems fundamental for ROS generation. These results further empha-

size the variety and the specificity of the metabolic changes that cells undergo after making

contact with a pathogen, highlighting the necessity of studying the distinctive features of the

various stimuli.

The presence of suitable carbon sources in the environment is fundamental not only for the

host but also for Candida cells. Regarding this, some studies have shown that the exposure of

Candida to high concentrations of lactate is able to modulate its cell wall architecture, drug

resistance and virulence [37,38]. In our study, the concentrations of lactate reached after stim-

ulation are much lower than those demonstrated to alter cell wall structure of C. albicans,
being glucose the major carbon source in all the experimental conditions tested. Therefore, in

this case we find improbable that any of the experimental conditions might have been affected

by the minor presence of lactate in the medium, compared to glucose.

TLR-mediated immunometabolic reprogramming have been reviewed by a number of

authors [39–41]. C. albicans expresses a large variety of structures in its cell wall, which repre-

sent PAMPs that bind to different families of PRRs on the immune cells, among which CLRs

and TLRs are the most important [8]. Especially deficiencies in CLRs lead to an impaired cyto-

kine production and higher susceptibility to C. albicans infections [42,43]. In line with this,

blockade of recognition of fungal β-glucan and mannans by C-type lectins led to a decrease in

the glycolytic activity of monocytes triggered after stimulation with heat-killed yeast or with

live wild-type C. albicans. Of note, the different background of the strains used can contribute

to the complexity of the interpretation of the results obtained in this work. Besides this, our

results suggest that the impact of metabolism in the outcome of Candida infection is not

strain-specific, as experiments with heat-killed stimuli and with live fungi were carried out

with strains with different backgrounds (UC820 in case of heat-killed fungi and SC5314 in

case of live fungi).

We validated in vivo results on the role of cellular metabolism for antifungal host defense in

a mouse model of systemic C. albicans infection, in which glycolysis-mediated mechanisms

were demonstrated to be crucial for the defense against the pathogen. Inhibition of glycolysis

led to hosts that were significantly more susceptible to the infection, presenting lower fungi-

cidal activity and defective cytokine production capacity. Our data also suggest that glutamine
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metabolism could play a role in the production of IL-1β and its known downstream target IL-6

[44] after C. albicans recognition both in human and mouse. The relationship between IL-1β
and IL-6 could be also playing a role in the effects observed on Th1 and Th17-derived cyto-

kines in human PBMC cultures, whose decrease could be due to direct effects of the pharma-

cological inhibitors employed or to indirect effects of the dampening of IL-1β and IL-6

released from monocytes. Our results reflect the concept that the inhibition of glucose metabo-

lism during C. albicans infection has an impact on the immune system at different levels, as

the impairment of glycolysis decreased the ability to fight candidiasis both by direct and indi-

rect mechanisms, as previously described for NK cells in an in vitro study [45]. In this sense,

treatment with 2-DG induced a decrease in the production of monocyte-derived cytokines

proved crucial to boost Candida clearance by neutrophils such as IL-1β, IL-6 and TNFα
[8,46,47] and also reduced the fungicidal potential of neutrophils directly treated with this

metabolic inhibitor. These results suggest that the establishment of a functional response

against systemic C. albicans infections in vivo largely relies on the proper functioning of glu-

cose metabolism in different immune subsets, demonstrating the importance of glycolysis in

the development of an efficient antifungal response and highlighting the central role of metab-

olism as a cornerstone of the immune function.

The different pathways of the cellular metabolism are connected through a very complex

network of enzymes and mediators. Our findings suggest that the immune functions of mono-

cytes in C. albicans infection rely on the activation of glucose metabolism, but also required

the participation of other additional metabolic pathways such as glutaminolysis or the pentose

phosphate pathway. These results also delve into the distinctive features of CLR-mediated anti-

fungal responses and highlight the need of studying the particular characteristics of the meta-

bolic mechanisms underlying the immune responses against the wide variety of human

pathogens. As combining effective anti-fungal treatment with adjuvant immunotherapy is pro-

posed to improve the poor outcome in disseminated C. albicans infections, these data suggest

that cellular metabolism of immune cells may represent a novel potential therapeutic target.

Materials and methods

Peripheral blood mononuclear cell and monocyte isolation

Buffy coats from healthy donors were obtained after written informed consent (Sanquin Blood

Bank, Nijmegen, the Netherlands). Samples were anonymized to safeguard donor privacy. The

use of the samples received IRB approval. Peripheral blood mononuclear cell (PBMC) isolation

was performed by dilution of blood in pyrogen-free PBS and differential density centrifugation

over Ficoll-Paque (GE Healthcare). Cells were washed three times in PBS. Percoll isolation of

monocytes was performed as previously described (Repnik et al., 2003). Briefly, 150–200 x 106

PBMCs were layered on top of a hyper-osmotic Percoll solution (48.5% Percoll [Sigma-Aldrich],

41.5% sterile H2O, and 0.16 M filter-sterilized NaCl) and centrifuged for 15 min at 580g. The

interphase layer was isolated and cells were washed with cold PBS. Cells were re-suspended in

RPMI culture medium (RPMI medium Dutch modified, Invitrogen) supplemented with 50 μg/

mL gentamicin, 2 mM Glutamax, and 1 mM pyruvate, and counted. An extra purification step

was added by adhering Percoll-isolated monocytes to polystyrene flat bottom plates (Corning)

for 1 h at 37˚C; a washing step with warm PBS was then performed to yield maximal purity.

Candida strains and growth conditions

Candida albicans UC820 (ATCC MYA-3573) [48] was grown overnight to generate yeast cells

in Sabouraud dextrose broth at 29˚C, with shaking. Cells were harvested by centrifugation,

washed twice with PBS, and re-suspended in culture medium (RPMI 1640 Dutch modification).
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To generate hyphae, yeast cells were inoculated and grown overnight at 37˚C in culture medium

adjusted to pH 6.4 with hydrochloric acid. C. albicans yeast or hyphae were heat-killed for 30

min at 95˚C. The hyphae-specific G1 cyclin-null hgc1Δ mutant and hgc wild-type strains, kindly

provided by Dr. Yue Wang (Institute of Molecular and Cell Biology, Singapore [49]) were

grown under similar conditions.

Transcriptome analysis

PBMCs at 5 x 106 cells/mL were stimulated for 4 or 24 h with RPMI or 105 heat-killed C. albi-
cans yeast. Global gene expression was profiled using Illumina Human HT-12 Expression

BeadChip according to manufacturer’s instructions. Image analysis, bead-level processing and

quantile normalization of array data were performed using the Illumina LIMS platform, Bead-

Studio. Only samples that had cells for which paired fold-changes could be calculated were

used (i.e. for which cells from the same individual were used for both RPMI and Candida stim-

ulation). At 4 h there were 19 matched samples, and at 24 h there were 29 matched samples.

Log2 fold changes (gene expression after Candida divided by expression after RPMI stimula-

tion) were calculated for each individual separately. The average of these values was used in

the plot. Gene identifiers were mapped to entrez ids, and formatted to match the transcript

gene identifiers as defined in “RECON1”, the model that contains the enzymes associated with

each reaction. Gene expression values were always mapped to alternative transcript 1, i.e. all

entrez identifiers were appended with “_AT1”.

The tool “Escher” [50] was used to generate a pathway to visualize the expression data con-

taining the most interesting parts of it.

Inhibition experiments

100 μL monocytes at 1 x 106 cells/mL or PBMCs at 5 x 106 cells/mL were added to flat-bottom or

round-bottom 96-well plates (Greiner), respectively. Cells were incubated with culture medium

with 10% serum only as a negative control or incubated with 11 mM 2-deoxyglucose (Sigma),

100 nM Torin1 (Tocris), 1 mM AICAR (5-aminoimidazole-4-carboxamide-1-β-D-ribofurano-

side, Brunschwig Chemie, Amsterdam, The Netherlands), 50 nM BPTES (Sigma), 3 μM potas-

sium dichloroacetate (DCA, Sigma), 500 nM 6-aminonicotinamide (6-AN, Sigma), 10 μM

etomoxir (Sigma), 1 μM oligomycin (Sigma). After 1 h, cells were stimulated with 105 heat-killed

Candida yeast, 105 heat-killed Candida hyphae, 104 live hgc1 Candida yeast or 104 live Δhgc1
Candida yeast. The different concentrations of Candida used, were based on optimization exper-

iments and employed as seen in works from different groups [51–53]. Similar concentrations of

yeasts and hyphae were employed at similar concentrations in order to get a better approach to

in vivo situations. Supernatants from monocytes were collected 24 h after stimulation. Superna-

tants from PBMCs were collected 7 days after stimulation, except for IL-10 production, which

was measured after 48 h. Concentrations of inhibitors were selected as being the highest non-

cytotoxic concentrations (see S8 Fig). All supernatants were stored at -20˚C until analyzed.

For receptor blockade experiments, before stimulation with C. albicans, monocytes were

preincubated for 1 h with 100 μg/mL laminarin (Sigma), 10 μg/mL anti-CR3 antibody and

control IgG (R&D), 100 ng/mL B. quintana LPS, 10 μg/mL TLR2-blocking antibody (anti-

TLR2) and its control IgA1 (InvivoGen, San Diego, CA), 5 μg/mL MR-blocking antibody

(anti-MR, R&D) and IgG1 isotype control (BD Biosciences).

Cytokine measurements

Cytokine production from human cells was determined in supernatants using commercial

ELISA kits for IL-1β, TNFα, IL-17A, IL-22 (R&D Systems, Minneapolis, MN) IL-6, IFNγ, and
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IL-10 (Sanquin, Amsterdam, The Netherlands), following the instructions of the

manufacturer.

Metabolite measurements

Lactate was measured from cell culture supernatants using a coupled enzymatic assay in which

lactate was oxidized and the resulting H2O2 was coupled to the conversion of Amplex Red

reagent to fluorescent resorufin by HRP (horseradish peroxidase) [54]. Glucose consumption

was measured according to the manufacturer instructions using the Amplex Red Glucose/Glu-

cose Oxidase Assay Kit (Life Technologies). Glutamate, fumarate, malate, α-ketoglutarate and

succinate concentrations were determined by commercial assay kits (all Sigma) following the

instructions of the manufacturer from at least one million monocytes lysed in 1 mL 0.5% Tri-

ton-X in PBS at 4 and 24 h after stimulation.

Assessment of oxygen consumption and acidification rates

Real-time analysis of ECAR, OCR and SRC on monocytes was performed using an XF-96

Extracellular Flux Analyzer (Seahorse Bioscience) as described in Lachmandas et al., 2016.

CD14+ monocytes were purified from freshly isolated PBMCs using MACS microbeads for

positive selection, according to the manufacturer’s instructions (Miltenyi Biotec). These

monocytes were seeded in quintuplicate in XF-96 cell culture plates (2 × 105 monocytes/well)

in the presence of RPMI or C. albicans for 4h or 24 h in 10% human pooled serum. For the

measurements of oxygen consumption and acidification rates it is therefore important to have

a homogenous cell population, in this case monocytes. The CD14+ isolation is performed on

PBMCs, which contain usually less than 5% of neutrophils. With subsequent CD14+ selection

we obtain 95% of monocytes, so the amount of neutrophils and lymphocytes in the CD14+

selected cells is negligible. The metabolic rates of monocytes were analyzed in four consecutive

measurements in XF Base Medium (unbuffered DMEM with 5.5 mM glucose and 2 mM L-

glutamine, pH adjusted to 7.4). After three basal measurements, three consecutive measure-

ments were taken following the addition of 1.5 μM oligomycin, 1 μM carbonyl cyanide-4-(tri-

fluoromethoxy) phenylhydrazone (FCCP), 2 μM antimycin together with 1 μM rotenone,

glucose (20 mM), pyruvate (1 mM) and/or 50 mM 2-DG in order to determine basal and max-

imum OCR and ECAR. SRC was determined as the absolute increase in OCR after FCCP

injection compared with basal OCR. All compounds used during the Seahorse runs were

acquired from Sigma-Aldrich.

mRNA extraction and RT-PCR

Cells were cultured as described above. After 4 h and 24 h mRNA was extracted by TRIzol

(Life Technologies), according to the manufacturer’s instructions, and cDNA was synthesized

using iScript reverse transcriptase (Invitrogen). Relative mRNA levels were determined using

the Applied Biosciences StepOne PLUS and the SYBR Green method (Invitrogen). Values are

expressed as fold increases in mRNA levels, relative to those in non-stimulated cells, with

HPRT as housekeeping gene. Primers are listed in S1 Table.

Reactive oxygen species (ROS) assay

Oxygen radical production levels of isolated monocytes were evaluated using luminol-enhanced

chemiluminescence and determined in an automated LB96V Microlumat plus luminometer

(EG & G Berthold, Bald Wilberg, Germany) as previously described [55]. Briefly, monocytes

(1 × 105 per well) were seeded into 96-well plates and incubated in medium containing either
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RPMI, phorbol 12-myristate 13-acetate (PMA; 5 μg/ml), heat-killed C. albicans yeast or heat-

killed C. albicans hyphae (107 CFU/ml). Luminol was added to each well in order to start the

chemiluminescence reaction. Each measurement was carried out in at least duplicate repeti-

tions. Chemiluminescence was determined every 145 s at 37˚C for 1 h. Luminescence was

expressed as relative light units (RLU) per second.

Ethics statement

Monocytes and PBMCs were isolated from blood donated by healthy volunteers after written

informed consent. Ethical approval was obtained from the CMO Arnhem-Nijmegen (NL32

357.091.10). Buffy coats from healthy donors were obtained after written informed consent

(Sanquin Blood Bank, Nijmegen, the Netherlands). Samples were anonymized to safeguard

donor privacy. The use of the samples received IRB approval.

All animal work was approved by the Animal Care and Use Committee of the Centro

Nacional de Biotecnologı́a—CSIC (protocol number 312–2014) in accordance with Spanish

RD 1201/2005 and international EU guidelines 2010/63/UE about protection of animals used

for experimentation and other scientific purposes and Spanish national law 32/2007 about ani-

mal welfare in their exploitation, transport and sacrifice.

In vivo Candida infection assays

8–12 week-C57BL/6J mice were randomized and treated with a daily intraperitoneal dose of

100 mg/kg 2-deoxyglucose (n = 6) or 100 μg BPTES (n = 6) every morning for 5 days starting

at the same day with the C. albicans intravenous infection. PBS was injected as a control

(n = 6). C. albicans SC5314 yeast were grown on YPD plates (Sigma-Aldrich, St Louis, MO) at

30˚C for 48 h. Then, C. albicans cells were centrifuged, washed in PBS and counted using a

hematocytometer. Mice were infected by intravenous injection of 1 x 105 C. albicans yeast via

the lateral tail vein and daily monitored for health and survival following the institutional guid-

ance. After 5 days, mice were euthanized in a CO2 rodent euthanasia chamber and kidneys

were aseptically removed, weighed and homogenized in PBS using a T10 basic Ultra-Turrax

homogenizer (Ika, Staufen, Germany). Fungal burden was determined by plating organ

homogenates in serial dilutions on YPD plates. Colony forming units (CFUs) were counted

after growth for 48 h at 30˚C.

Analysis of cytokine production by mouse splenocytes

For ex vivo stimulation experiments splenocytes were obtained from mice at day 5 of i.v. infec-

tion with C. albicans and stimulated ex vivo with LPS (10 ng/mL) heat-killed Candida yeast

(1 × 107/mL) or heat-killed C. albicans hyphae (1 × 106/mL). Splenocytes were obtained by

gently squeezing spleens in a sterile 100 mm filter. After centrifugation and washing, spleno-

cytes were resuspended in complete RPMI 1640 medium supplemented with 10% FCS, 2 mM

L-glutamine, 100 U/mL penicillin, 100 μg/mL streptomycin and 50 μM 2-mercaptoethanol,

and counted using a hematocytometer. Splenocyte concentration was adjusted to 5 × 106/mL.

200 μL of the cell suspension were cultured in round-bottom 96-well plates (Corning, Dur-

ham, NC) and stimulated with RPMI or 1 × 106 heat-killed C. albicans yeast or hyphae/mL.

The measurement of cytokine concentrations was performed in supernatants collected after 48

h of incubation at 37˚C in 5% CO2. Cytokine production from mouse cells was determined in

supernatants using commercial ELISA kits for IL-1β, TNFα, IL-6, IFNγ and IL-10, all from BD

Pharmingen (San Diego, CA).
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Neutrophil killing assays

Circulating neutrophils were isolated from blood drawn by cardiac puncture, diluted in PBS

containing 5 mM EDTA and 3% FCS, overlaid over a density gradient of Histopaque 1119 and

Histopaque 1077 (Sigma) and centrifuged for 30 minutes at 400 g. Neutrophil preparations

had a purity>80%. To test neutrophil killing activity, 5 x 104 C. albicans yeast were exposed to

104 neutrophils for 2 h; neutrophils were then lysed with water and the number of surviving

yeast cells was assessed on YPD agar. Killing activity was expressed as the percentage of C. albi-
cans cells surviving in the presence of neutrophils compared to C. albicans cells surviving in

the absence of neutrophils.

Phagocytosis assays

Percoll monocytes were plated in 96 flat bottom plates at 1x105 cells / well. Cells were allowed to

phagocytose 1 x 106 (MOI 1:10) heat inactivated FITC-labeled C. albicans for 2h in the presence

or absence of α-antitrypsin 10 mg/mL or 100 mg/mL. Subsequently, the fluorescence signal of

extracellular non-phagocytosed Candida was quenched using trypan blue. The monocytes that

phagocytosed one or more C. albicans yeast were enumerated by their positivity for the FITC

signal, and could be divided into two populations: FITC- monocytes (those that did not engulf

C. albicans) and FITC+ monocytes (those that did).

Viability assays

Cell viability was assessed using Annexin-V (Biovision, San Francisco, CA) and propidium

iodide (Sigma) staining. Cells were stained for 15 minutes using Annexin-V-FITC using the

protocol supplied by the manufacturer to detect early apoptotic cells. Subsequently cells were

stained with for 5 minutes in 10 ug/mL propidium iodide. Cells were assessed for annexin-V

and PI positivity using a FC500 flow cytometer (Beckman Coulter). Annexin-V+ cells were

considered as early apoptotic cells and Annexin-V+ PI+ cells were considered as late apoptotic

cells.

Supporting information

S1 Fig. Transcriptome analysis after stimulation of PBMCs with C. albicans. (A and B)

Pathway map of the gene expression in the main metabolic pathways in PBMCs stimulated

with heat-killed C. albicans yeast 4 h (A) and 24 h (B) after the stimulation. The transcripts

marked in red were significantly upregulated in C. albicans versus RPMI.

(TIF)

S2 Fig. OCR/ECAR ratios. Basal and maximum OCR/ECAR ratios obtained after 4 h and 24

h stimulation of monocytes with medium or heat-killed C. albicans yeast (mean ± SEM,

n = 6–8; pooled from 2 independent experiments).

(TIF)

S3 Fig. Glycolysis, glutaminolysis and oxidative phosphorylation differentially affected

Th1/Th17-derived cytokine production in PBMCs. (A-B) IL-17, IL-22 and IFNγ production

by human PBMCs treated with different metabolic inhibitors and stimulated with heat-killed

C. albicans yeast (A) or heat-killed C. albicans hyphae (B) for 7 days. IL-10 production was

measured after 48 h of culture. (mean ± SEM, n = 6; pooled from 2 independent experiments).
�p<0.05, Wilcoxon signed-rank test.

(TIF)
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S4 Fig. C-type lectins triggered glycolysis after stimulation with Candida yeast. (A-B) Lac-

tate production by human monocytes was measured after adding the corresponding isotype

controls of the blockers used in Fig 4 and the subsequent 24 h-stimulation with medium, heat-

killed C. albicans yeast or heat-killed C. albicans hyphae (A) or hgc1 or Δhgc1 live C. albicans
(mean ± SEM, n = 6; pooled from 2 independent experiments). isoCR3: IgG; isoTLR2: anti-

IgA1; isoMR: IgG1. Wilcoxon signed-rank test.

(TIF)

S5 Fig. ROS production by monocytes involved glycolysis and the pentose phosphate path-

way. (A-D) Human monocytes were treated with DMSO (A), Torin1 (B), AICAR (C) or

BPTES (D) and subsequently stimulated with medium, heat-killed C. albicans yeast or heat-

killed C. albicans hyphae. Luminescence generated from ROS production was measured every

145 seconds during 60 minutes (n = 4; pooled from 2 independent experiments).

(TIF)

S6 Fig. Phagocytic capacity of monocytes after 2-DG treatment. (mean ± SEM, n = 12;

pooled from 4 independent experiments).

(TIF)

S7 Fig. Direct effects of 2-DG on mouse neutrophils. (A-B) Candidacidal activity of neutro-

phils isolated from blood of non-infected C57BL/6 mice following the protocol described in

(A) after in vitro treatment of cells with PBS or 11 mM 2-DG (mean ± SEM, n = 6). �p< 0.05,

Student’s t test. Each dot represents one mouse.

(TIF)

S8 Fig. Viability of human PBMCs treated with metabolic inhibitors. PBMCs were stained

for Annexin V and propidium iodide. Annexin V+ cells were considered as early apoptotic

cells and Annexin V+ / PI+ cells were considered as late apoptotic cells. (mean ± SEM, n = 3).

Similar results were obtained in 3 independent experiments.

(TIF)

S1 Table. Primers for real-time PCR.

(DOCX)

Author Contributions

Conceptualization: Jorge Domı́nguez-Andrés, Rob J. W. Arts, Rob ter Horst, Frank L. van de

Veerdonk, Leo A. B. Joosten, Richard A. Notebaart, Carlos Ardavı́n, Mihai G. Netea.

Formal analysis: Jorge Domı́nguez-Andrés, Rob J. W. Arts, Rob ter Horst, Mark S. Gresnigt,

Sanne P. Smeekens, Jacqueline M. Ratter, Ekta Lachmandas, Lily Boutens.

Funding acquisition: Carlos Ardavı́n, Mihai G. Netea.

Investigation: Jorge Domı́nguez-Andrés, Rob J. W. Arts, Rob ter Horst, Mark S. Gresnigt,

Sanne P. Smeekens, Jacqueline M. Ratter, Ekta Lachmandas, Lily Boutens.

Supervision: Frank L. van de Veerdonk, Leo A. B. Joosten, Richard A. Notebaart, Carlos Arda-

vı́n, Mihai G. Netea.

Writing – original draft: Jorge Domı́nguez-Andrés, Rob J. W. Arts, Rob ter Horst, Mihai G.

Netea.

Writing – review & editing: Jorge Domı́nguez-Andrés, Rob J. W. Arts, Rob ter Horst, Mark S.

Gresnigt, Sanne P. Smeekens, Jacqueline M. Ratter, Richard A. Notebaart, Mihai G. Netea.

Monocyte glycolysis in experimental candidiasis

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006632 September 18, 2017 19 / 23

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006632.s004
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006632.s005
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006632.s006
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006632.s007
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006632.s008
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006632.s009
https://doi.org/10.1371/journal.ppat.1006632


References
1. O’Neill LAJ, Pearce EJ. Immunometabolism governs dendritic cell and macrophage function. J Exp

Med [Internet]. 2015 Dec 22 [cited 2015 Dec 27]; 213(1):15–23. Available from: http://jem.rupress.org/

cgi/content/long/213/1/15 https://doi.org/10.1084/jem.20151570 PMID: 26694970

2. Arts RJW, Joosten LAB, Netea MG. Immunometabolic circuits in trained immunity. Semin Immunol.

2016;

3. Lachmandas E, Beigier-Bompadre M, Cheng S-C, Kumar V, van Laarhoven A, Wang X, et al. Rewiring

cellular metabolism via the AKT/mTOR pathway contributes to host defence against Mycobacterium

tuberculosis in human and murine cells. Eur J Immunol [Internet]. 2016 Nov [cited 2016 Nov 14]; 46

(11):2574–86. Available from: http://www.ncbi.nlm.nih.gov/pubmed/27624090 https://doi.org/10.1002/

eji.201546259 PMID: 27624090

4. Kelly B, O’Neill LAJ. Metabolic reprogramming in macrophages and dendritic cells in innate immunity.

Cell Res [Internet]. 2015 Jul [cited 2016 Dec 15]; 25(7):771–84. Available from: http://www.ncbi.nlm.

nih.gov/pubmed/26045163 https://doi.org/10.1038/cr.2015.68 PMID: 26045163

5. Tannahill GM, Curtis AM, Adamik J, Palsson-McDermott EM, McGettrick AF, Goel G, et al. Succinate is

an inflammatory signal that induces IL-1β through HIF-1α. Nature [Internet]. 2013 Mar 24 [cited 2016

Nov 30]; 496(7444):238–42. Available from: http://www.nature.com/doifinder/10.1038/nature11986

PMID: 23535595

6. Sena LA, Li S, Jairaman A, Prakriya M, Ezponda T, Hildeman DA, et al. Mitochondria Are Required for

Antigen-Specific T Cell Activation through Reactive Oxygen Species Signaling. Immunity. 2013; 38

(2):225–36. https://doi.org/10.1016/j.immuni.2012.10.020 PMID: 23415911

7. Mavor AL, Thewes S, Hube B. Systemic fungal infections caused by Candida species: epidemiology,

infection process and virulence attributes. Curr Drug Targets [Internet]. 2005 Dec [cited 2017 May 12];

6(8):863–74. Available from: http://www.ncbi.nlm.nih.gov/pubmed/16375670 PMID: 16375670

8. Netea MG, Joosten LAB, van der Meer JWM, Kullberg B-J, van de Veerdonk FL. Immune defence

against Candida fungal infections. Nat Rev Immunol [Internet]. 2015 Sep 21 [cited 2015 Sep 23]; 15

(10):630–42. Available from: http://www.ncbi.nlm.nih.gov/pubmed/26388329 https://doi.org/10.1038/

nri3897 PMID: 26388329

9. van der Graaf CAA, Netea MG, Verschueren I, van der Meer JWM, Kullberg BJ. Differential cytokine

production and Toll-like receptor signaling pathways by Candida albicans blastoconidia and hyphae.

Infect Immun [Internet]. 2005 Nov [cited 2016 Dec 9]; 73(11):7458–64. Available from: http://www.ncbi.

nlm.nih.gov/pubmed/16239547 https://doi.org/10.1128/IAI.73.11.7458-7464.2005 PMID: 16239547

10. Quintin J, Saeed S, Martens JHA, Giamarellos-Bourboulis EJ, Ifrim DC, Logie C, et al. Candida albicans

Infection Affords Protection against Reinfection via Functional Reprogramming of Monocytes. Cell Host

Microbe [Internet]. 2012 Aug [cited 2016 Nov 26]; 12(2):223–32. Available from: http://linkinghub.

elsevier.com/retrieve/pii/S1931312812002326 https://doi.org/10.1016/j.chom.2012.06.006 PMID:

22901542

11. Ceesay MM, Desai SR, Berry L, Cleverley J, Kibbler CC, Pomplun S, et al. A comprehensive diagnostic

approach using galactomannan, targeted β- d -glucan, baseline computerized tomography and biopsy

yields a significant burden of invasive fungal disease in at risk haematology patients. Br J Haematol

[Internet]. 2015 Jan [cited 2016 Dec 9]; 168(2):219–29. Available from: http://www.ncbi.nlm.nih.gov/

pubmed/25179933 https://doi.org/10.1111/bjh.13114 PMID: 25179933

12. Ngo LY, Kasahara S, Kumasaka DK, Knoblaugh SE, Jhingran A, Hohl TM. Inflammatory monocytes

mediate early and organ-specific innate defense during systemic candidiasis. J Infect Dis. 2014; 209

(2):109–19.

13. Rogatzki MJ, Ferguson BS, Goodwin ML, Gladden LB. Lactate is always the end product of glycolysis.

Front Neurosci [Internet]. 2015 [cited 2016 Dec 27]; 9:22. Available from: http://www.ncbi.nlm.nih.gov/

pubmed/25774123 https://doi.org/10.3389/fnins.2015.00022 PMID: 25774123

14. O’Neill LAJ, Pearce EJ. Immunometabolism governs dendritic cell and macrophage function. J Exp

Med. 2016; 213(1).

15. van der Windt GJW, Everts B, Chang C-H, Curtis JD, Freitas TC, Amiel E, et al. Mitochondrial respira-

tory capacity is a critical regulator of CD8+ T cell memory development. Immunity [Internet]. 2012 Jan

27 [cited 2016 Dec 15]; 36(1):68–78. Available from: http://www.ncbi.nlm.nih.gov/pubmed/22206904

https://doi.org/10.1016/j.immuni.2011.12.007 PMID: 22206904

16. Arts RJW, Carvalho A, La Rocca C, Palma C, Rodrigues F, Silvestre R, et al. Immunometabolic Path-

ways in BCG-Induced Trained Immunity. Cell Rep [Internet]. 2016 Dec [cited 2016 Dec 10]; 17

(10):2562–71. Available from: http://linkinghub.elsevier.com/retrieve/pii/S2211124716315522 https://

doi.org/10.1016/j.celrep.2016.11.011 PMID: 27926861

17. Gow NAR, Netea MG, Munro CA, Ferwerda G, Bates S, Mora-Montes HM, et al. Immune recognition of

Candida albicans beta-glucan by dectin-1. J Infect Dis [Internet]. 2007 Nov 15 [cited 2016 Dec 15]; 196

Monocyte glycolysis in experimental candidiasis

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006632 September 18, 2017 20 / 23

http://jem.rupress.org/cgi/content/long/213/1/15
http://jem.rupress.org/cgi/content/long/213/1/15
https://doi.org/10.1084/jem.20151570
http://www.ncbi.nlm.nih.gov/pubmed/26694970
http://www.ncbi.nlm.nih.gov/pubmed/27624090
https://doi.org/10.1002/eji.201546259
https://doi.org/10.1002/eji.201546259
http://www.ncbi.nlm.nih.gov/pubmed/27624090
http://www.ncbi.nlm.nih.gov/pubmed/26045163
http://www.ncbi.nlm.nih.gov/pubmed/26045163
https://doi.org/10.1038/cr.2015.68
http://www.ncbi.nlm.nih.gov/pubmed/26045163
http://www.nature.com/doifinder/10.1038/nature11986
http://www.ncbi.nlm.nih.gov/pubmed/23535595
https://doi.org/10.1016/j.immuni.2012.10.020
http://www.ncbi.nlm.nih.gov/pubmed/23415911
http://www.ncbi.nlm.nih.gov/pubmed/16375670
http://www.ncbi.nlm.nih.gov/pubmed/16375670
http://www.ncbi.nlm.nih.gov/pubmed/26388329
https://doi.org/10.1038/nri3897
https://doi.org/10.1038/nri3897
http://www.ncbi.nlm.nih.gov/pubmed/26388329
http://www.ncbi.nlm.nih.gov/pubmed/16239547
http://www.ncbi.nlm.nih.gov/pubmed/16239547
https://doi.org/10.1128/IAI.73.11.7458-7464.2005
http://www.ncbi.nlm.nih.gov/pubmed/16239547
http://linkinghub.elsevier.com/retrieve/pii/S1931312812002326
http://linkinghub.elsevier.com/retrieve/pii/S1931312812002326
https://doi.org/10.1016/j.chom.2012.06.006
http://www.ncbi.nlm.nih.gov/pubmed/22901542
http://www.ncbi.nlm.nih.gov/pubmed/25179933
http://www.ncbi.nlm.nih.gov/pubmed/25179933
https://doi.org/10.1111/bjh.13114
http://www.ncbi.nlm.nih.gov/pubmed/25179933
http://www.ncbi.nlm.nih.gov/pubmed/25774123
http://www.ncbi.nlm.nih.gov/pubmed/25774123
https://doi.org/10.3389/fnins.2015.00022
http://www.ncbi.nlm.nih.gov/pubmed/25774123
http://www.ncbi.nlm.nih.gov/pubmed/22206904
https://doi.org/10.1016/j.immuni.2011.12.007
http://www.ncbi.nlm.nih.gov/pubmed/22206904
http://linkinghub.elsevier.com/retrieve/pii/S2211124716315522
https://doi.org/10.1016/j.celrep.2016.11.011
https://doi.org/10.1016/j.celrep.2016.11.011
http://www.ncbi.nlm.nih.gov/pubmed/27926861
https://doi.org/10.1371/journal.ppat.1006632


(10):1565–71. Available from: http://www.ncbi.nlm.nih.gov/pubmed/18008237 https://doi.org/10.1086/

523110 PMID: 18008237

18. Cheng S-C, van de Veerdonk FL, Lenardon M, Stoffels M, Plantinga T, Smeekens S, et al. The dectin-

1/inflammasome pathway is responsible for the induction of protective T-helper 17 responses that dis-

criminate between yeasts and hyphae of Candida albicans. J Leukoc Biol [Internet]. 2011 Aug 1 [cited

2016 Dec 9]; 90(2):357–66. Available from: http://www.jleukbio.org/cgi/doi/10.1189/jlb.1210702 PMID:

21531876

19. Cheng S-C, Quintin J, Cramer R a., Shepardson KM, Saeed S, Kumar V, et al. mTOR- and HIF-1 -medi-

ated aerobic glycolysis as metabolic basis for trained immunity. Science (80-) [Internet]. 2014;

345:1250684–1250684. Available from: http://www.sciencemag.org/cgi/doi/10.1126/science.1250684

PMID: 25258083

20. Hernández-Santos N, Gaffen SL. Th17 Cells in Immunity to Candida albicans. Cell Host Microbe. 2012;

11(5):425–35. https://doi.org/10.1016/j.chom.2012.04.008 PMID: 22607796

21. Higgins E, Al Shehri T, McAleer MA, Conlon N, Feighery C, Lilic D, et al. Use of ruxolitinib to success-

fully treat chronic mucocutaneous candidiasis caused by gain-of-function signal transducer and activa-

tor of transcription 1 (STAT1) mutation. J Allergy Clin Immunol [Internet]. 2015 Feb [cited 2017 Apr 4];

135(2):551–3. Available from: http://linkinghub.elsevier.com/retrieve/pii/S0091674914036628 https://

doi.org/10.1016/j.jaci.2014.12.1867 PMID: 25662309

22. Izquierdo E, Cuevas VD, Fernández-Arroyo S, Riera-Borrull M, Orta-Zavalza E, Joven J, et al. Reshap-

ing of Human Macrophage Polarization through Modulation of Glucose Catabolic Pathways. J Immunol

[Internet]. 2015 Sep 1 [cited 2016 Dec 27]; 195(5):2442–51. Available from: http://www.ncbi.nlm.nih.

gov/pubmed/26209622 https://doi.org/10.4049/jimmunol.1403045 PMID: 26209622

23. Popa C, Abdollahi-Roodsaz S, Joosten LAB, Takahashi N, Sprong T, Matera G, et al. Bartonella quin-

tana lipopolysaccharide is a natural antagonist of Toll-like receptor 4. Infect Immun [Internet]. 2007 Oct

[cited 2016 Dec 8]; 75(10):4831–7. Available from: http://www.ncbi.nlm.nih.gov/pubmed/17606598

https://doi.org/10.1128/IAI.00237-07 PMID: 17606598

24. Forsyth CB, Plow EF, Zhang L. Interaction of the fungal pathogen Candida albicans with integrin

CD11b/CD18: recognition by the I domain is modulated by the lectin-like domain and the CD18 subunit.

J Immunol [Internet]. 1998 Dec 1 [cited 2016 Dec 15]; 161(11):6198–205. Available from: http://www.

ncbi.nlm.nih.gov/pubmed/9834106 PMID: 9834106

25. van Bruggen R, Drewniak A, Jansen M, van Houdt M, Roos D, Chapel H, et al. Complement receptor 3,

not Dectin-1, is the major receptor on human neutrophils for β-glucan-bearing particles. Mol Immunol

[Internet]. 2009 Dec [cited 2017 Jan 23]; 47(2–3):575–81. Available from: http://www.ncbi.nlm.nih.gov/

pubmed/19811837 https://doi.org/10.1016/j.molimm.2009.09.018 PMID: 19811837

26. Lachmandas E, Boutens L, Ratter JM, Hijmans A, Hooiveld GJ, Joosten LAB, et al. Microbial stimulation

of different Toll-like receptor signalling pathways induces diverse metabolic programmes in human

monocytes. Nat Microbiol [Internet]. 2016 Dec 19 [cited 2016 Dec 22]; 2:16246. Available from: http://

www.nature.com/articles/nmicrobiol2016246 https://doi.org/10.1038/nmicrobiol.2016.246 PMID:

27991883

27. van de Veerdonk FL, Marijnissen RJ, Kullberg BJ, Koenen HJPM, Cheng S-C, Joosten I, et al. The mac-

rophage mannose receptor induces IL-17 in response to Candida albicans. Cell Host Microbe [Internet].

2009 Apr 23 [cited 2016 Dec 10]; 5(4):329–40. Available from: http://www.ncbi.nlm.nih.gov/pubmed/

19380112 https://doi.org/10.1016/j.chom.2009.02.006 PMID: 19380112

28. Naglik JR. Candida Immunity. New J Sci [Internet]. 2014 [cited 2016 Nov 4]; 2014:1–27. Available from:

http://www.hindawi.com/journals/njos/2014/390241/

29. Jha AK, Huang SC-C, Sergushichev A, Lampropoulou V, Ivanova Y, Loginicheva E, et al. Network Inte-

gration of Parallel Metabolic and Transcriptional Data Reveals Metabolic Modules that Regulate Macro-

phage Polarization. Immunity [Internet]. 2015 Mar 17 [cited 2016 Dec 29]; 42(3):419–30. Available

from: http://www.ncbi.nlm.nih.gov/pubmed/25786174 https://doi.org/10.1016/j.immuni.2015.02.005

PMID: 25786174

30. MacCallum DM. Mouse model of invasive fungal infection. Methods Mol Biol [Internet]. 2013 [cited 2016

Oct 26]; 1031:145–53. Available from: http://www.ncbi.nlm.nih.gov/pubmed/23824897 https://doi.org/

10.1007/978-1-62703-481-4_17 PMID: 23824897

31. Pfaller MA, Diekema DJ. Epidemiology of invasive candidiasis: a persistent public health problem. Clin

Microbiol Rev [Internet]. 2007 Jan [cited 2015 May 11]; 20(1):133–63. Available from: http://www.

pubmedcentral.nih.gov/articlerender.fcgi?artid=1797637&tool=pmcentrez&rendertype=abstract

https://doi.org/10.1128/CMR.00029-06 PMID: 17223626

32. Arts RJW, Novakovic B, ter Horst R, Carvalho A, Bekkering S, Lachmandas E, et al. Glutaminolysis and

Fumarate Accumulation Integrate Immunometabolic and Epigenetic Programs in Trained Immunity.

Cell Metab. 2016;

Monocyte glycolysis in experimental candidiasis

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006632 September 18, 2017 21 / 23

http://www.ncbi.nlm.nih.gov/pubmed/18008237
https://doi.org/10.1086/523110
https://doi.org/10.1086/523110
http://www.ncbi.nlm.nih.gov/pubmed/18008237
http://www.jleukbio.org/cgi/doi/10.1189/jlb.1210702
http://www.ncbi.nlm.nih.gov/pubmed/21531876
http://www.sciencemag.org/cgi/doi/10.1126/science.1250684
http://www.ncbi.nlm.nih.gov/pubmed/25258083
https://doi.org/10.1016/j.chom.2012.04.008
http://www.ncbi.nlm.nih.gov/pubmed/22607796
http://linkinghub.elsevier.com/retrieve/pii/S0091674914036628
https://doi.org/10.1016/j.jaci.2014.12.1867
https://doi.org/10.1016/j.jaci.2014.12.1867
http://www.ncbi.nlm.nih.gov/pubmed/25662309
http://www.ncbi.nlm.nih.gov/pubmed/26209622
http://www.ncbi.nlm.nih.gov/pubmed/26209622
https://doi.org/10.4049/jimmunol.1403045
http://www.ncbi.nlm.nih.gov/pubmed/26209622
http://www.ncbi.nlm.nih.gov/pubmed/17606598
https://doi.org/10.1128/IAI.00237-07
http://www.ncbi.nlm.nih.gov/pubmed/17606598
http://www.ncbi.nlm.nih.gov/pubmed/9834106
http://www.ncbi.nlm.nih.gov/pubmed/9834106
http://www.ncbi.nlm.nih.gov/pubmed/9834106
http://www.ncbi.nlm.nih.gov/pubmed/19811837
http://www.ncbi.nlm.nih.gov/pubmed/19811837
https://doi.org/10.1016/j.molimm.2009.09.018
http://www.ncbi.nlm.nih.gov/pubmed/19811837
http://www.nature.com/articles/nmicrobiol2016246
http://www.nature.com/articles/nmicrobiol2016246
https://doi.org/10.1038/nmicrobiol.2016.246
http://www.ncbi.nlm.nih.gov/pubmed/27991883
http://www.ncbi.nlm.nih.gov/pubmed/19380112
http://www.ncbi.nlm.nih.gov/pubmed/19380112
https://doi.org/10.1016/j.chom.2009.02.006
http://www.ncbi.nlm.nih.gov/pubmed/19380112
http://www.hindawi.com/journals/njos/2014/390241/
http://www.ncbi.nlm.nih.gov/pubmed/25786174
https://doi.org/10.1016/j.immuni.2015.02.005
http://www.ncbi.nlm.nih.gov/pubmed/25786174
http://www.ncbi.nlm.nih.gov/pubmed/23824897
https://doi.org/10.1007/978-1-62703-481-4_17
https://doi.org/10.1007/978-1-62703-481-4_17
http://www.ncbi.nlm.nih.gov/pubmed/23824897
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1797637&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1797637&tool=pmcentrez&rendertype=abstract
https://doi.org/10.1128/CMR.00029-06
http://www.ncbi.nlm.nih.gov/pubmed/17223626
https://doi.org/10.1371/journal.ppat.1006632


33. Mills EL, Kelly B, Logan A, Costa ASH, Varma M, Bryant CE, et al. Succinate Dehydrogenase Supports

Metabolic Repurposing of Mitochondria to Drive Inflammatory Macrophages. Cell [Internet]. 2016 Oct

[cited 2016 Dec 15]; 167(2):457–470.e13. Available from: http://linkinghub.elsevier.com/retrieve/pii/

S009286741631162X https://doi.org/10.1016/j.cell.2016.08.064 PMID: 27667687

34. Hay N. Reprogramming glucose metabolism in cancer: can it be exploited for cancer therapy? Nat Rev

Cancer [Internet]. 2016 Sep 16 [cited 2016 Dec 29]; 16(10):635–49. Available from: http://www.nature.

com/doifinder/10.1038/nrc.2016.77 PMID: 27634447

35. Murphy MP. How mitochondria produce reactive oxygen species. Biochem J [Internet]. 2009 Jan 1

[cited 2016 Dec 29]; 417(1):1–13. Available from: http://www.ncbi.nlm.nih.gov/pubmed/19061483

https://doi.org/10.1042/BJ20081386 PMID: 19061483

36. Rosca MG, Vazquez EJ, Chen Q, Kerner J, Kern TS, Hoppel CL. Oxidation of fatty acids is the source

of increased mitochondrial reactive oxygen species production in kidney cortical tubules in early diabe-

tes. Diabetes [Internet]. 2012 Aug [cited 2016 Dec 29]; 61(8):2074–83. Available from: http://www.ncbi.

nlm.nih.gov/pubmed/22586586 https://doi.org/10.2337/db11-1437 PMID: 22586586

37. Ene I V, Adya AK, Wehmeier S, Brand AC, MacCallum DM, Gow NAR, et al. Host carbon sources mod-

ulate cell wall architecture, drug resistance and virulence in a fungal pathogen. Cell Microbiol [Internet].

2012 Sep [cited 2017 Mar 29]; 14(9):1319–35. Available from: http://doi.wiley.com/10.1111/j.1462-

5822.2012.01813.x PMID: 22587014

38. Ballou ER, Avelar GM, Childers DS, Mackie J, Bain JM, Wagener J, et al. Lactate signalling regulates

fungal β-glucan masking and immune evasion. Nat Microbiol [Internet]. 2016 Dec 12 [cited 2017 Jan

23]; 2:16238. Available from: http://www.nature.com/articles/nmicrobiol2016238 https://doi.org/10.

1038/nmicrobiol.2016.238 PMID: 27941860

39. Dietl K, Renner K, Dettmer K, Timischl B, Eberhart K, Dorn C, et al. Lactic acid and acidification inhibit

TNF secretion and glycolysis of human monocytes. J Immunol [Internet]. 2010 Feb 1 [cited 2016 Nov

30]; 184(3):1200–9. Available from: http://www.ncbi.nlm.nih.gov/pubmed/20026743 https://doi.org/10.

4049/jimmunol.0902584 PMID: 20026743

40. McGettrick AF, O’Neill LAJ. How metabolism generates signals during innate immunity and inflamma-

tion. Vol. 288, Journal of Biological Chemistry. 2013.

41. Cheng S-C, Scicluna BP, Arts RJW, Gresnigt MS, Lachmandas E, Giamarellos-Bourboulis EJ, et al.

Broad defects in the energy metabolism of leukocytes underlie immunoparalysis in sepsis. Nat Immunol

[Internet]. 2016 Mar 7 [cited 2017 Jun 1]; 17(4):406–13. Available from: http://www.nature.com/

doifinder/10.1038/ni.3398 PMID: 26950237

42. Ferwerda B, Ferwerda G, Plantinga TS, Willment JA, van Spriel AB, Venselaar H, et al. Human dectin-1

deficiency and mucocutaneous fungal infections. N Engl J Med [Internet]. 2009 Oct 29 [cited 2015 May

11]; 361(18):1760–7. Available from: http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=

2773015&tool=pmcentrez&rendertype=abstract https://doi.org/10.1056/NEJMoa0901053 PMID:

19864674

43. Kullberg BJ, Arendrup MC. Invasive Candidiasis. N Engl J Med [Internet]. 2015 Oct 8 [cited 2016 Nov

10]; 373(15):1445–56. Available from: http://www.nejm.org/doi/abs/10.1056/NEJMra1315399 PMID:

26444731

44. Brydges SD, Pociask DA, Broderick L, Hoffman HM, Mcgeough MD, Pena CA, et al. Inflammasome-

Mediated Mouse Models Inflammation with No Direct Role in Cutting Edge: IL-6 Is a Marker of Cutting

Edge: IL-6 Is a Marker of Inflammation with No Direct Role in Inflammasome-Mediated Mouse Models.

J Immunol [Internet]. 2012 [cited 2017 Jan 25]; Available from: http://www.jimmunol.org/content/early/

2012/08/17/jimmun
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