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Immune cells, including macrophages and monocytes,

remodel their metabolism and have specific nutritional needs

when dealing with microbial pathogens. While we are just

beginning to understand immunometabolism in fungal

infections, emerging themes include recognition of fungal cell

surface molecule driving metabolic remodelling to increase

glycolysis, the critical role of glycolysis in the production of

antifungal cytokines and fungicidal effector molecules, and the

need for maintaining host glucose homeostasis to defeat fungal

infections. A crosstalk between host and pathogen metabolic

pathways determines the fate of immune cells and fungi when

they interact. Thus, immunometabolic interactions offer

potential for innovation in antifungal treatments in the future.

For this to become a reality, we must decipher the mechanisms

by which diverse fungal pathogens activate and manipulate

immunometabolism.
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Understanding the metabolic interplay
between host and fungi
Encountering fungal pathogens poses metabolic chal-

lenges for immune cells, since immune–microbe interac-

tions occur in environments designed to eliminate invad-

ing species and where competition for nutrients is stiff.

Antifungal defences by macrophages and monocytes

require specific metabolic processes [1�,2�,3�]. This

reflects the fact that, in order to defend against infection

or cancer, immune cells rely on metabolic adaptations.

This area of study is termed ‘immunometabolism’, and

focuses on understanding how metabolism of immune

cells regulates their responses and fate [4,5]. Fungal

pathogens can colonise a broad range of ecosystems

and possess flexible metabolic programs [6–8], and the
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specialised metabolism of immune cells can present

opportunities for fungal immune evasion [9�,10�,11].
Therefore, the outcome of host-fungal pathogen interac-

tions is bound to be determined by metabolic adaptations

and nutrient availability in infection niches.

Here we discuss metabolic regulation of antifungal

immune responses, and the reciprocal pathogen

responses aimed at evasion. Only when we understand

the metabolic host-pathogen interface in diverse fungal

infections will we be able to propose how targeting

immunometabolism could lead to innovation in antifun-

gal therapy.

The role of metabolism in recognition: a game
of seek and hide
The fungal cell wall is the foremost interface of host–

pathogen interactions. The cell wall is rigid, yet flexible

and dynamic, with components that are not present in

mammalian hosts. These properties allow the cell wall to

be an advantageous tool for subterfuge, but conversely

provide antigenic potential. This dual nature of the fungal

cell wall is illustrated in the context of metabolic regula-

tion: immune cells sense fungal cell surface components

to trigger the metabolic shifts necessary for antifungal

responses, but in retaliation fungal pathogens sense the

metabolites produced by activated immune cells and

restructure their cell surface in order to hide from

immune attack (Figure 1).

Recognition of fungal cell surface components by innate

immune cells results in enhanced glycolysis and the

production of lactate [9�,12,13] (Figure 1). This metabolic

shift has been predominantly studied in response to

Candida albicans [9�,12,13,14] and has recently been

shown to also occur upon challenge of macrophages with

Aspergillus fumigatus [3�] and in lungs of rats infected with

Cryptococcus gattii [15], highlighting its importance for

fungal infection control in immune cells and animal

models. Increased glycolysis can occur in the background

of reduced oxidative phosphorylation, leading to the so-

called Warburg effect [9�]. While this is the majority

precedent, in some cases, oxidative phosphorylation

remains operational, such as in human monocytes chal-

lenged with C. albicans [16]. So far, C. albicans b -glucan

[2�,13] and A. fumigatus melanin [3�] are the two cell

surface molecules implicated in immune sensing that

leads to metabolic reprogramming.
www.sciencedirect.com
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Figure 1
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Recognition of fungal pathogens triggers a host-protective metabolic shift but provides opportunities for fungal immune evasion.

Pathogen recognition receptors (PRRs) on macrophages and monocytes recognize pathogen associated molecular patterns (PAMPs) on fungal

cell walls, prompting a shift to increased glycolysis and the production of lactate (orange arrows). Glycolytic metabolism enables immune cells to

deploy antimicrobial effectors. Predominantly, a Warburg effect is triggered, whereby not only glycolysis is enhanced, but mitochondrial oxidative

phosphorylation is repressed. For C. albicans this is triggered by the recognition of fungal cell wall b-glucan by the host receptor Dectin-1 [16,17].

In A. fumigatus, internalised conidia shed melanin, which signals to macrophages to onset Warburg metabolism [3�]. Melanin is able to sequester

calcium within the phagosome, which in turn triggers glycolysis-promoting signals through the direct recruitment of the intracellular sensor mTOR,

the master regulator of glucose metabolism. This then mediates the increased expression of the transcription factor HIF-1a and activation of the

downstream glycolytic genes [3�]. By hijacking some of these metabolic responses, fungi are able to attempt immune evasion. The sequestration

of calcium by A. fumigatus melanin prevents the assembly of lysosomal components that facilitate phagolysosomal maturation and killing of

pathogens [66,67]. C. albicans utilises lactate to signal for masking of the antigenic cell wall component b-glucan to evade detection [10�], and it

switches to glycolytic metabolism (yellow arrow), depleting glucose and ultimately killing macrophages [9�]. A. fumigatus does not employ this

glucose competition mechanism [3�].
Recognition of the major fungal cell wall polysaccharide

b-glucan by the receptor Dectin-1 triggers ‘trained

immunity’, whereby innate immune cells can retain

memory of previous infections for a rapid and robust

response to new infections [17,18]. Metabolically, trained
www.sciencedirect.com 
immunity includes reduction in oxidative phosphoryla-

tion, increased aerobic glycolysis, glucose consumption

and production of lactate (i.e. the Warburg effect), as well

an increase in activity of the pentose phosphate pathway

(PPP) and associated ATP production, collectively
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leading to the generation of proinflammatory cytokines

[12,13,19]. Signalling through the b-glucan receptor Dec-

tin-1 mediates these metabolic changes by acting on the

protein kinase B (Akt)-mammalian target of rapamycin

(mTOR)-hypoxia-inducible factor 1 alpha (HIF-

1a transcription factor) pathway, which is responsible

for increased aerobic glycolysis in monocytes during

b-glucan training [13]. Additionally, the b-glucan primed

dectin-1 receptor mediates cyclic adenosine monopho-

sphate (cAMP)/protein kinase A (PKA) signalling in

monocyte-derived macrophages needed for protective

trained immunity [20].

Metabolic reprogramming regulates an epigenetic mech-

anism that underpins the long-lasting effects of b-glu-
can-induced trained immunity. Accumulation of tricar-

boxylic acid (TCA) cycle intermediate fumarate

(generated by glutaminolysis) induces the accumulation

of the trimethylation mark on lysine 4 of histone H3

(H3K4me3) at proinflammatory cytokine gene promo-

ters by inhibiting the KDM5 demethylase, and to a

lesser extent also induces H3K27 acetylation [19].

The cholesterol biosynthesis intermediate mevalonate

causes similar trained immune responses in macrophages

including H3K4me3 enrichment, increased inflamma-

tion and mTOR-HIF-1a mediated lactate production

[21]. Dectin-1/b-glucan-mediated activation of the non-

canonical serine threonine kinase Raf-1 and the p38

signalling cascade also increases H3K4me3 trimethyla-

tion at immune genes heightening candidacidal effects

and proinflammatory cytokine responses in monocytes

both in vivo and in vitro [12,22]. Utilising metabolic

shifts to impart continuing epigenetic changes under-

scores the importance that host immune systems place

on pre-empting and obstructing the progression of fungal

infection.

Recently, A. fumigatus melanin has been shown to trigger

the Warburg effect in macrophages [3�] (Figure 1). Here,

it is proposed that melanin released from internalised

conidia in the phagosome retains calcium, thereby regu-

lating calcium-dependent signalling and in turn the

mTOR-HIF-1a pathway required for the Warburg effect

[3�]. This metabolic programming is not induced by the

recognition of melanin by the MelLec receptor (which

recognises A. fumigatus DHN-melanin), but rather by the

intracellular removal of A. fumigatus melanin during ger-

mination in the phagosome [3�].

In response, C. albicans appropriates the metabolic rewir-

ing of macrophages to counteract recognition by innate

immune cells (Figure 1). Since recognition of b-glucan
triggers immunogenic responses that are disadvantageous

many pathogenic fungi mask this layer of their cell wall to

prevent interactions [23,24]. In a metabolic mechanism,

C. albicans perceives lactate generated by macrophages as

a trigger for masking b-glucan at its cell surface [10�].
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Lactate-induced b-glucan masking protects C. albicans by

reducing proinflammatory cytokines Tumour Necrosis

Factor-alpha (TNFa) and Macrophage Inflammatory

Protein (MIP1a), and decreasing recruitment of neutro-

phils [10�]. Hypoxia encountered in the host also signals

for b-glucan masking by C. albicans, to alter phagocytic

uptake and immune responses of macrophages [25]. As

the Warburg metabolism regulator HIF-1a also responds

to hypoxia [26,27], hypoxia could become key to shaping

the host-pathogen battle by acting on both immune and

pathogen signalling.

Fungi and hosts sharing a common metabolic
space: a case of eat or be eaten
Glucose is critical for immune cells to stave off fungal

infections [1�,3�,16] (Figure 2a). Additionally, if activation

of glycolysis comes with repression of oxidative phos-

phorylation (the classic Warburg effect), then ATP cannot

be made via mitochondrial pathways [9�,28]. In this

situation, no glucose equates to no ATP.

Glucose can be limiting during infection (Figure 2a).

Glucose levels in the air surface liquid which covers

airway epithelium is 12.5 times lower than in blood [29],

and the ability of alveolar macrophages to respond to

Interleukin (IL) IL-4 driven type 2 inflammation in the

lung is dependent on uptake and metabolism of glucose

[30]. Glucose is around 3 mM in mouse kidney homo-

genates (about two times lower than in blood) [9�]. The

kidney is the target of C. albicans disease manifestation

following bloodstream infection in mouse and humans

[31], and infection induces the transcription of glycolytic

enzymes and the major glucose transporter Glut1 in

infected mice [9�]. Perturbing host glucose metabolism

by metformin leads to higher animal mortality and

increased kidney fungal burden driven by hypoglycae-

mia and lower cytokine levels in C. albicans-infected
mice [1�,9�] (Figure 2b). Similarly, glycolytic enzymes

and Glut1 show increased expression in A. fumigatus-
infected lungs, and administering the glucose analogue

2-deoxyglucose (2-DG) to mice leads to higher lung

fungal burden and reduced cytokine production [3�]
(Figure 2b). In an end-stage kidney disease model of

uremia, neutrophils treated with nephrotoxic aristolochic

acid I (to mimic uremia) showed impaired glycolysis

resulting in diminished fungicidal activity against C.
albicans [32�]. Here, uremia negatively regulates the

Glut1 receptor at the protein level, inhibiting the uptake

of glucose. Consistently, glycolytic inhibition by 2-DG

in neutrophils decreased C. albicans killing [16,32�]
Therefore, functional host glucose metabolism is critical

for antifungal defences, and the reason is likely to be

twofold.

Firstly, glucose homeostasis is important for tissue and

organ function and disease tolerance during bacterial

and viral infections [33–35]. This could also be true in
www.sciencedirect.com
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Figure 2
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Glucose metabolism promotes immune responses and animal survival of fungal infection.

The host needs glucose in the battle against fungal infection. (a) In a mouse model of infection, challenge with C. albicans [9�] or A. fumigatus [3�]
causes a hypoglycaemic state in animals, in line with fungal infection compromising host glucose homeostasis. Glycolysis has been shown to be

required for optimal production of proinflammatory cytokines such as TNFa, IL-1b and IL-6 for both C. albicans and A. fumigatus infection, as well

as candidaemia-specific cytokines such as Th1/Th17-derived IL-17, IL-22, IFNg and IL-10 [9�,3�]. In addition to this, glycolysis along with the

pentose phosphate pathway directs the production of metabolites that are used to generate anti-microbial ROS that neutralises pathogens and

promotes host survival. ROS is also generated by reverse electron transport at Complex 1 and the oxidation of succinate in the mitochondrion

[36,68,69]. Generated ROS stabilises HIF-1a, a key regulator of glycolytic and pro-inflammatory genes [13,39]. (b) Compromising host glucose

metabolism by administering the mitochondrial respiration-inhibiting antidiabetic drug metformin in C. albicans challenge [1�] or the glucose

analogue 2-deoxyglucose (2-DG) in A. fumigatus challenge [3�], reduces cytokine production. Metformin acts by inhibiting mitochondrial complex

1, reducing ROS production. It also inhibits the master regulator of glucose metabolism mTOR (in the mTORC1 complex) through a separate yet

undefined mechanism, which in turn downregulates the expression of HIF-1a [68,70]. These effect cause a hypoglycaemic response, resulting in

an exacerbation of infection with higher organ fungal burden and higher mortality rates in mice [1�,9�].
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fungal infections (but needs to be demonstrated). Sec-

ondly, glucose metabolism drives protective immune

responses by impacting on cytokines (as discussed

below) and other effectors via the metabolic manifesta-

tion of the Warburg effect. Increased glycolysis and the

pentose phosphate pathway (PPP) provide energy and

direct the production of NADPH utilised by NADPH

oxidase to produce reactive oxygen species (ROS)

[16,28]. In LPS-activated macrophages, ROS production

is also stimulated by oxidation of TCA cycle intermedi-

ate succinate mediated by increased glycolysis and

changes to mitochondrial activity [36]. ROS together

with nitric oxide (NO) (derived from the metabolism of

arginine by nitric oxide synthase) are routinely used to

neutralise pathogenic fungi [37,38]. Neutrophils treated

with uremic serum that have impaired glycolysis due to

inhibition of mTOR by inappropriate activation of gly-

cogen synthase kinase 3 beta (GSK3b) also show

reduced ROS-mediated fungicidal activity during C.
albicans infection [32�]. Inhibiting GSK3b activity with

lithium chloride increases glucose uptake, restores ROS

levels and reduces fungal load in infected mice [32�].
Targetting metabolism in this manner offers an effec-

tive strategy for improving the outcomes of systemic

candidaemia. Additionally, during LPS challenge,

increased glycolysis upregulates the metabolic enzyme

Irg1, which converts the TCA cycle intermediate citrate

into the antimicrobial metabolite itaconate [41]. Itaco-

nate multitasks during infection, firstly increasing cel-

lular levels of succinate (through succinate dehydroge-

nase (SDH) inhibition), which in turn stabilises HIF-1a
[39,40].

Secondly, itaconate inhibits bacterial growth by blocking

isocitrate lyase (ICL1), a key enzyme in the metabolic

bypass pathway called glyoxylate shunt used by numer-

ous microbes to circumvent nutrient deprivation during

infection [41]. Irg1 is upregulated in macrophages during

C. albicans challenge [9�], suggesting that similar mecha-

nisms could be at play during fungal infection given that

ICL1 is needed for full C. albicans virulence in mice

[42,43]. In the experimental set up of trained

immunity, b-glucan inhibits the activation of Irg1 expres-

sion by LPS in monocytes [2�]. It therefore remains to be

determined how macrophages sense live C. albicans to

activate Irg1 expression.

The trade-in for a heavy reliance on glucose is that

macrophages can obtain ATP only from glycolysis. NO

and itaconate were shown to cause this type of mitochon-

drial dysfunction in LPS and interferon gamma (IFNg)-
activated macrophages [28,40] so it is plausible that this

may occur during fungal infection. NO inactivates iron

sulphur containing complexes of the mitochondrial elec-

tron transport chain and itaconate inhibits SDH (complex

II) [40,44].
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In contrast, fungal pathogens are metabolically mallea-

ble, ably switching between metabolic pathways

depending on host environments. Most fungi will pref-

erentially utilize glucose as the carbon source. Interac-

tion with immune cells activate a signature shift in gene

expression towards alternative carbon utilisation, upre-

gulating pathways such as gluconeogenesis, glyoxylate

bypass and b-oxidation of fatty acids and repressing

glycolytic genes as shown in various models of infection

[9�,42,45–52]. The response is metabolically logical, as

the internal phagocyte environment is thought to be

glucose deprived. As quickly as this effect is activated

it can be reversed, as shown by C. albicans reverting back

to a default glycolytic metabolism coinciding with

escape from macrophages [9�,53]. By turning on glycol-

ysis, C. albicans consumes glucose and leaves macro-

phages glucose-deprived, which kills them [9�]. A. fumi-
gatus however, does not take advantage of the

macrophage Warburg effect in this way. Expression of

fungal genes encoding glycolytic enzymes does not

increase over time in macrophage challenge experi-

ments, and macrophages survive for at least 24 hours

after infection [3�]. It remains to be seen how other

fungal pathogens control glucose utilisation during mac-

rophage infections.

Metabolic cues in antifungal immune defence:
a call for mobilising the troops
While glucose influx into immune cells serves to fuel anti-

microbial activities, it also heightens inflammatory

responses to direct immune activation and recruitment.

In response to C. albicans, macrophages activate glucose

import and glycolytic gene expression as early as

2�3 hours post-challenge [9�]. Inhibition of glycolysis

either directly by 2-DG or indirectly by dichloroacetate

pyruvate dehydrogenase enhancer, as well as mTOR

pathway inhibition (but not b-oxidation or PPP inhibi-

tion), significantly downregulate C. albicans-induced pro-

duction of IL-1b, TNFa and IL-6 inflammatory cyto-

kines in human monocytes [16]. 2-DG treatment also

decreases IL-1b, TNFa and IL-6 in human monocytes

infected with A. fumigatus [3�]. Glycolytic inhibition also

blocked the production of Th1/Th17 derived cytokines

IL-17, IL-22, IFNg and IL-10 [16]; this is pertinent to

Candida infections as Th1 and Th17 responses play a

major host protective role during infection [54]. Inhibi-

tion of glutaminolysis (contributing metabolites such as

fumarate to the TCA cycle) induced a similar albeit lesser

cytokine response, and inhibiting ATP synthase by oli-

gomycin also led to lower cytokine levels but again the

effect was smaller than blocking glycolysis [16]. The

importance of glycolysis for cytokine production is further

shown in vivo, as 2-DG administration to mice dampened

cytokine responses upon C. albicans [16] or A. fumigatus
infection [3�].
www.sciencedirect.com
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The immune system is attuned to infectious morpholo-

gies that differ in cell wall structure. Challenging human

monocytes with C. albicans yeast or hyphae resulted in

broadly similar immunometabolic profiles, but with some

different aspects [16]. Thus, fungal pathogens with dis-

tinct cell wall structures [55,56] may be recognized by

varying host receptors that can trigger specific metabolic

programs. For example, activation of a number of differ-

ent receptors on dendritic cells stimulated by b-glucan in

the form of zymosan increases the production of proin-

flammatory cytokines IL-10 and IL-23 and inflammation

inducer platelet activating factor via metabolic modula-

tion of the pyruvate-citrate-acetyl-CoA axis [57]. Also,

blockade of the C-type lectin receptors caused a signifi-

cant decrease in lactate production in response to stimu-

lation by heat-killed C. albicans yeast, indicating an

involvement for these receptors in metabolic rewiring

and suggesting a heterogeneity in host receptors involved

in pathogen recognition [16].

Metabolism in fungal sepsis: how much is too
much?
Upregulation of inflammatory pathways while beneficial,

if not regulated can result in potentially fatal sepsis,

reviewed in Ref. [58]. Sepsis is characterised by excessive

inflammation due to the release of immune system com-

ponents including pro-inflammatory cytokines [59]. This

prolonged and exaggerated inflammation, the acute phase

of sepsis (also known as a ‘cytokine storm’), triggers a

state of immune tolerance or paralysis, where host mono-

cytes and macrophages become saturated to immune

stimulation [58].

While the role of immunometabolism during fungal sep-

sis is yet to be fully defined, there are indications that it is

crucial. In vitro models of sepsis (innate immunotoler-

ance) induced by over stimulation with C. albicans showed

a decrease in cytokine production and metabolites such as

lactate (suggesting defective glycolytic metabolism), as

well as a reduction in oxygen consumption rate indicative

of mitochondrial dysfunction [1]. The expression of genes

involved in glycolysis, oxidative phosphorylation and

mitochondrial dysfunction are increased in fungal sepsis

patients, concordant with a decrease in expression of

signalling pathways such as mTOR [1].

In an experimental human endotoxemia model b-glu-
can administration restores cytokine production in tol-

erized monocytes and causes extensive metabolic

rewiring by reversing the immunotolerant epigenetic

state [60]. SDH inhibition by itaconate leads to accu-

mulation of succinate and reduced mitochondrial res-

piration, and results in decreased cytokine production

[40,61]. Administering b-glucan to LPS-stimulated tol-

erant cells as well as monocytes derived from intensive

care sepsis patients increases transcription of SDH

subunits, signalling a reversal of the immunotolerant
www.sciencedirect.com 
state [2�]. These results suggest that b-glucan may

offer therapeutic strategies for combatting sepsis, a

promising avenue to pursue.

Conclusions and outlook
For fungi and hosts locked in a battle to establish or

abolish infection, immunometabolic interactions can

provide a platform to manipulate patient outcomes.

The concept of manipulating metabolic competition

for glucose is not limited to host–microbe interactions,

but has also been identified in tumour-T-cell interac-

tions and immune evasion [62,63] suggesting common

principles in infection and cancer control. The impor-

tance of glycolysis for antifungal defences against C.
albicans and A. fumigatus means that modulating metab-

olism holds promise for combatting various fungal patho-

gens. But there are some differences: while C. albicans
competes for glucose to eliminate macrophages [9�], A.
fumigatus does not [3�]. Furthermore, glucose adminis-

tration can have either positive or negative results in

mouse bacterial, fungal or viral infection [9�,64,65]. It is

further possible and likely that other metabolic pathways

are involved in host-fungal pathogen interactions.

Therefore, further studies of immunometabolism within

a range of infection contexts and fungal pathogen species

is warranted so that advantageous alternate strategies

(other than antifungal drug therapies) can be designed

for controlling fungal diseases.
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