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SUMMARY

To fight infections, macrophages undergo a meta-
bolic shift whereby increased glycolysis fuels antimi-
crobial inflammation and killing of pathogens. Here
we demonstrate that the pathogen Candida albicans
turns this metabolic reprogramming into an Achilles’
heel for macrophages. During Candida-macrophage
interactions intertwined metabolic shifts occur, with
concomitant upregulation of glycolysis in both
host and pathogen setting up glucose competition.
Candida thrives on multiple carbon sources, but
infected macrophages are metabolically trapped in
glycolysis and depend on glucose for viability:
Candida exploits this limitation by depleting glucose,
triggering rapid macrophage death. Using pharma-
cological or genetic means to modulate glucose
metabolism of host and/or pathogen, we show that
Candida infection perturbs host glucose homeosta-
sis in themurine candidemiamodel and demonstrate
that glucose supplementation improves host out-
comes. Our results support the importance of
maintaining glucose homeostasis for immune cell
survival during Candida challenge and for host sur-
vival in systemic infection.

INTRODUCTION

Metabolism is essential for mounting an effective immune

response against invading microbes. Sensing of microbial

ligands by macrophages triggers upregulation of glycolysis,

which delivers energy to support antimicrobial inflammation

and the production of cytokines (Freemerman et al., 2014; Van
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den Bossche et al., 2017). Upregulation of glycolytic enzymes

also supports antimicrobial activities by controlling the transcrip-

tion and translation of antimicrobial cytokines through secondary

or ‘‘moonlighting’’ functions of the enzymes themselves (Millet

et al., 2016; Palsson-McDermott et al., 2015). Paradoxically,

concomitant with upregulation of glycolysis, inflammatory

macrophages reduce mitochondrial carbon metabolism and

oxidative phosphorylation (Jha et al., 2015; Lampropoulou

et al., 2016; Mills et al., 2016; Van den Bossche et al., 2016).

This is thought to further enhance the generation of mitochon-

drial reactive oxygen species to fight infections (Mills et al.,

2016). In addition, the accumulation of mitochondrial metabo-

lites due to a disrupted tricarboxylic acid (TCA) cycle regulates

transcriptional programs that enhance the expression of glyco-

lytic enzymes and activate inflammatory responses (Tannahill

et al., 2013). This reprogramming of metabolism in activated

macrophages leads to the so-called Warburg effect, whereby

glucose is utilized to generate lactate without further oxidation

by mitochondria despite normoxic conditions. Strong upregula-

tion of glycolysis upon stimulation with microbial ligands is a

signature response of myeloid cells, although, in some cases,

mitochondrial oxidative phosphorylation can remain active

(Lachmandas et al., 2016b). Collectively, it is clear that, under

conditions of microbial challenge, glucose is the key metabolite

for immune cells; 2-deoxyglucose (which can be imported but

not metabolized) or compounds that reduce glucose availability

and/or inhibit the metabolic shift to high glycolysis (e.g., inhibi-

tors of the target of rapamycin pathway, or the antidiabetic

drugmetformin) dampen immune responses, leading to reduced

production of antimicrobial cytokines and worse host outcomes

in infection with bacterial or fungal pathogens (Cheng et al.,

2016; Gleeson et al., 2016; Lachmandas et al., 2016a; Tannahill

et al., 2013; Wickersham et al., 2017). While macrophages

regulate their metabolism during microbial attack, so do patho-

gens as they evade host immune responses. Specifically, micro-

bial glycolysis is key for virulence of multiple bacterial and fungal



pathogens (Alteri et al., 2015; Askew et al., 2009; Barelle et al.,

2006; Bowden et al., 2009; Price et al., 2011; Vitko et al., 2015,

2016; Wickersham et al., 2017). However, the field of immuno-

metabolism has so far focused predominantly on host responses

to infection, and little is known about the crosstalk between

glucose metabolism of immune cells and that of pathogens or

how these sorts of metabolic interactions might determine the

ability of the host to fight infection. It is crucial to understand

this because the processes at the interface of host and pathogen

biology are critical for determining the final outcome of infection

(Casadevall and Pirofski, 2014).

Here we used the clinically important pathogen, the fungus

Candida albicans, to understand how the interplay of host and

pathogen glucose metabolism controls infections. Candida

species (with C. albicans being the most frequent) are leading

causative agents of life-threatening hospital infections, with an

estimated 350,000–400,000 cases of life-threatening infections

worldwide per year and mortality rates of 40% (Brown et al.,

2012). Candidemia leads to sepsis-like symptoms and renal fail-

ure, as the fungus invades kidneys (Lionakis, 2014; Lionakis

et al., 2013; Spellberg et al., 2005).Macrophage-based defenses

are crucial for host survival in invasive candidiasis as demon-

strated by the fact that ablation of kidney macrophage numbers

leads to fatal C. albicans infection in the mouse model (Lionakis

et al., 2013). Moreover, mutation in the chemokine receptor

CX3CR1, which is needed for macrophage viability, predisposes

humans to life-threatening Candida infections (Lionakis et al.,

2013). As a successful pathogen, C. albicans has evolved mech-

anisms to evade macrophage-based immunity. When macro-

phages are challengedwithC. albicans, the fungus has the ability

to trigger massive macrophage cell death, eventually killing all of

themacrophages (Lo et al., 1997; Uwamahoro et al., 2014). In the

initial stages after phagocytosis, formation of hyphal filaments

triggers NLRP3/caspase-1 inflammasome-dependent lytic

pyroptotic death of macrophages (Uwamahoro et al., 2014;

Wellington et al., 2014). Using quantitative live-cell imaging of

macrophage populations, we have recently demonstrated that

pyroptosis accounts only for a minor fraction of macrophage

death early in their interaction with C. albicans; the majority of

macrophages die independently of caspase-1 activity, suggest-

ing the existence of an additional killing mechanism (Tucey et al.,

2016; Uwamahoro et al., 2014). The mechanism of this dominant

mode of macrophage killing has remained uncharacterized.

Here we sought to understand the mechanism by which

C. albicans triggers en masse killing of macrophages. We show

that glucose competition by C. albicans is responsible for trig-

gering death of infected macrophages and provide evidence for

a key role of host glucosehomeostasis in vivoduring animal infec-

tion. Collectively, our results define how the interplay between

host and pathogen glucose metabolism determines the out-

comes of immune interactions and disease in fungal infections.

RESULTS

Intertwined Metabolic Shifts in Host and Pathogen in
Infection
To determine the metabolic interactions between immune cells

and microbial pathogens, we performed dual RNA sequencing

(RNA-seq) of bone-marrow-derived mouse macrophages and
C. albicans during their encounter (Figures 1A and 1B). We chose

three time points corresponding to: (1) early events post

phagocytosis of C. albicans (approximately 1 hr post infection),

(2) initial fungal escape following caspase-1-dependent

pyroptosis (approximately 6 hr post infection), and (3) the transi-

tion to the massive macrophage death, which we have previ-

ously termed ‘‘phase II death’’ (approximately 9 hr post infection)

(Uwamahoro et al., 2014). The entire dataset can be viewed at

http://rnasystems.erc.monash.edu/2017/papers/glucose_comp/.

Differentially expressed host and pathogen genes are provided

in Table S1.

In macrophages challenged with C. albicans, 110, 928, and

1,152 genes were differentially expressed at the 1, 6, and 9 hr

time points, respectively, relative to macrophage-only controls

(Table S1 and http://rnasystems.erc.monash.edu/2017/papers/

glucose_comp/). Early post-phagocytosis responses included

the expression of several pro-inflammatory cytokines and che-

mokines including interleukin-1a (IL-1a), IL-1b, and TNFa, and

their transcription was largely sustained and further increased

over time (Figures 1C and S1A). The metabolic enzyme Irg1,

which generates itaconate, was also highly induced within 1 hr

post C. albicans challenge (Figures 1C and S1A). Starting at

6 hr post infection, the upregulation of several host glycolytic

enzymes was evident (Figures 1C and S1A). Moreover, glucose

uptake was activated, with the glucose transporter Glut1 being

the most significantly upregulated host gene with a false discov-

ery rate of 1.12 3 10�13. Concomitant with upregulation of

glycolysis and glucose import, mitochondrial biogenesis and

activity were turned down: the TCA cycle enzyme transcript

Mdh1, subunits of the mitochondrial respiratory chain, and

genes encoding mitochondrial ribosomal subunits were all

repressed (Figures 1C, S1A, and S1B). Interestingly, reduced

transcript levels were particularly obvious for the respiratory

complex subunits encoded in the mitochondrial genome (Fig-

ures 1C and S1B), showing that C. albicans infection not only

triggers changes in nuclear gene transcription, but also regulates

host mitochondrial gene expression. All of the observed changes

in gene expression in macrophages challenged byCandidawere

very specific to infection and were not observed in uninfected

macrophages over time (Figure S1A). qPCR using a more

detailed time course demonstrated that induction of glycolytic

genes initiates approximately 3 hr after challenge of macro-

phages with C. albicans and was most prominent at 6–9 hr (Fig-

ure 1D). Glut1 and several of the glycolytic enzymes were also

induced in kidneys upon systemic infection of mice with

C. albicans (Figure 1E; of note, the kidney is the primary target

organ in the mouse model of systemic C. albicans infection,

and this recapitulates human disease; Lionakis, 2014). Analysis

of metabolism using the Seahorse extracellular flux analyzer

was consistent with increased glycolysis inC. albicans-activated

macrophages, as indicated by an increase in the extracellular

acidification rate (ECAR) (Figures 1F and S1C). After accounting

forCandida-alone samples, the increase in ECAR fromCandida-

infected macrophages was almost doubled (87 mpH/min)

compared with macrophages alone (45 mpH/min). Addition of

the oxidative phosphorylation inhibitor oligomycin had no

effect in reducing the oxygen consumption rate in C. albicans-

infected macrophage samples, in line with loss of mito-

chondrial oxidative phosphorylation in activated macrophages
Cell Metabolism 27, 988–1006, May 1, 2018 989
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(Figure S1D). Collectively, these data show that C. albicans trig-

gers the Warburg effect in macrophages, starting approximately

3 hr post challenge. A number of other functional groups were

differentially expressed in C. albicans-infected macrophages.

For example, anti-inflammation response genes (such as Il1rn,

Rsad2, Ticam1, andTollip) were induced at 6 and 9 hr (Figure 1C),

as were interferon-regulated and antiviral genes (Figure S1B).

The interferon pathway has been implicated in inflammatory re-

sponses in C. albicans infection (Majer et al., 2012) and was

shown to be important for host glucose metabolism and protec-

tion during viral challenge (Burke et al., 2014). Consistent with

C. albicans inducing substantial killing of macrophages later in

infection (Figure 1B), we detected differential expression of

genes related to cell death at 6 and 9 hr (Figure S1B). These

include components of Nlrp3 and Aim2 inflammasomes, Bcl-2

family members Bnip3 and Bnip3l, which have functions in

mitochondria-related cell death (Chinnadurai et al., 2008), nec-

roptotic factor Mlkl, inflammatory cell death factor caspase-11,

transcription factors Atf4, Atf3, and CHOP, and the homeodo-

main interacting protein kinase 2 (Hipk2), which can promote

endoplasmic reticulum stress and unfolded protein response-

induced cell death (Han et al., 2013; Iurlaro et al., 2017; Som-

broek and Hofmann, 2009), as well as genes such as runt-related

transcription factor 3 (Runx3), Egr1, and Egr2 and death markers

such as Daxx and Dedd2, which have roles in apoptosis (Alcivar

et al., 2003; Boone et al., 2011; Chen et al., 2016; Khelifi

et al., 2005).

C. albicans also extensively regulated its transcriptome during

the interaction with macrophages, whereby 1,195, 1,063, and

449 genes were differentially expressed at the 1, 6, and 9 hr

time points post infection, respectively (Table S1 and http://

rnasystems.erc.monash.edu/2017/papers/glucose_comp/). Par-

alleling the metabolic changes in macrophages, C. albicans
Figure 1. Intertwined Metabolic Shifts and Distinct Degrees of Metabo

(A) Events in the C. albicans-macrophage interaction over time.

(B) Schematic of the dual RNA-seq experiment. Bone-marrow-derived mouse m

Candida cells to one macrophage. The two phases of macrophage killing byC. alb

and the later, rapid phase II death.

(C) Heatmap of changes in gene expression of selected genes in infected macro

ure S1. The entire list of differentially expressed genes is shown in Table S1, and th

2017/papers/glucose_comp/).

(D) qPCR of the indicated Warburg genes in C. albicans-infected macrophages, r

independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; Stu

(E) qPCR of the indicatedWarburg genes in kidneys sampled 24 hr post-intraveno

SEM (n = 9 from two independent experiments). *p < 0.05, ***p < 0.001, ****p < 0

(F) Extracellular acidification rate (ECAR) of uninfected macrophages, C. albicans

Shown are the mean values and SEM (n = 2) after addition of 10mM glucose. **p <

S1C and S1D.

(G) Heatmap of changes in the expression of selected C. albicans genes durin

differentially expressed genes is shown in Table S1, and the data can be furt

glucose_comp/).

(H) qPCR of indicated fungal glycolysis genes in wild-type C. albicans isolated fr

are the same as the control data shown in Figure 6E for the wild-type strain). Show

**p < 0.01, ****p < 0.0001; Student’s two-tailed t test.

(I) Gene set enrichment analysis of the C. albicans transcriptome from our dual

2016). The genes upregulated by lactate are shown as red lines in the barcode plo

as a ranked list (pink, upregulated genes; gray, genes with no change in expressio

lactate-upregulated genes relative to our dataset in a ranked list of limmamoderat

the bars shows the relative enrichment of the lactate-regulated genes across the

downregulated during macrophage interaction; in contrast, at 6 and 9 hr, genes

macrophage interaction.
majorly remodeled its metabolism during infection. Initially, at a

time when it would be entering the macrophage phagolysosome

(1 hr post infection), C. albicans induced utilization of alternative

carbon sources via gluconeogenesis and the glyoxylate cycle

rather than glycolysis (Figures 1G and S1E). In contrast,

C. albicans cultured in the absence of macrophages switch to

glyoxylate cycle and gluconeogenesis much later (Figure S1E),

presumably as glucose levels become limiting. After escaping

from macrophages (6 and 9 hr post infection), C. albicans

activated genes encoding glycolytic enzymes (Figures 1G and

S1E). These results are consistent with an early microarray study

using a mouse macrophage-like cell line, which showed similar

dynamic regulation of carbon metabolism in C. albicans (Lorenz

et al., 2004). Importantly, by analyzing pathogen and host tran-

scriptome simultaneously using dual RNA-seq, we uncovered

that induction of fungal glycolysis occurred concomitantly with

the upregulation of macrophage glycolysis (compare Figures

1C and 1G). qPCR analysis consolidated this conclusion: induc-

tion of fungal glycolysis initiated at 3 hr and was most prominent

at 6–9 hr post infection, as increasing numbers of C. albicans

cells escaped from macrophages into the extracellular environ-

ment (Figure 1H). Therefore, the timing of the upregulation of

pathogen and host glycolysis was strikingly temporally aligned

(compare Figures 1D and 1H). Another major metabolic change

inC. albicanswas seen late in infection.C. albicans responded to

the production of lactate that occurs duringWarburgmetabolism

in macrophages by triggering transcription of the lactate trans-

porter JEN1 (Figure S1E; we note that this transcript is not

expressed in C. albicans cells in glucose-containing medium,

and therefore, the overall number of reads was very low, but acti-

vation of gene expression was evident at the 9 hr time point).

Recently, Ballou et al. (2016) defined lactate-responsive genes

in C. albicans. Comparing our dataset with that of Ballou et al.
lic Flexibility in Host and Pathogen during Infection

acrophages (BMDMs) were challenged with C. albicans at the MOI of three

icans are depicted: the initial phase I death (caspase-1-dependent pyroptosis)

phages over non-infected macrophages. Further genes are displayed in Fig-

e data can be further viewed using Degust (http://rnasystems.erc.monash.edu/

elative to uninfected controls. Shown are the mean values and SEM from three

dent’s two-tailed t test.

us infections withC. albicans (1.53 106 CFUs). Shown are themean values and

.0001; Student’s two-tailed t test.

, and macrophages exposed to C. albicans (1:1 MOI) for 7 hr prior to analysis.

0.01; Student’s two-tailed t test. Entire Seahorse plots are displayed in Figures

g the interaction with macrophages over C. albicans alone. The entire list of

her analyzed using Degust (http://rnasystems.erc.monash.edu/2017/papers/

om macrophage infection experiment at the indicated time points (these data

n are the mean values and SEM from two independent experiments. *p < 0.05,

RNA-seq compared with the genes upregulated by lactate from (Ballou et al.,

t. Our dataset from macrophage interaction experiments is shown underneath

n; and blue, downregulated genes). The barcode plot shows the position of the

ed t statistic (i.e., the ratio of the log2 fold change to the SE). The red line above

plot: at 1 hr, genes upregulated by lactate are enriched in the group of genes

upregulated by lactate and enriched in the group of genes upregulated during

Cell Metabolism 27, 988–1006, May 1, 2018 991
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(2016) showed that genes upregulated in response to lactate dis-

played a very significant overlap with genes upregulated in

C. albicans at 6 and 9 hr during macrophage infection (Figure 1I).

Early in infection, when C. albicans was intracellular in macro-

phages, this relationship was not seen (Figure 1I).

Taken together, our dual RNA-seq showed an intertwined re-

programming of host and pathogen metabolism, with two key

features emerging. Firstly, there was a concomitant upregulation

of macrophage and fungal glycolysis after a few hours of interac-

tion. Secondly, multiple rounds of metabolic reprogramming

occurred in the pathogen, while macrophages changed their

metabolism only once.

C. albicans Triggers Macrophage Death Ex Vivo by
Competing for Glucose
Macrophages andC. albicans simultaneously induced glycolysis

during their encounter, suggesting that they were competing for

glucose as an essential nutrient. Thus, we next determined

whether this competition affected glucose concentration and

the viability of C. albicans and macrophages. A sharp decline

in the concentration of glucose in the medium of C. albicans-in-

fected macrophages was observed over time, with glucose

eventually becoming depleted (Figure 2A). In the same experi-

ments, we also measured macrophage cell death: strikingly,

the initiation of the rapid phase II death of macrophages was

highly correlated with the depletion of glucose to close to

0 mM (Figure 2A). In contrast, C. albicans not only survived after

depletion of glucose, but continued to grow (Video S1), possibly

by utilizing alternative carbon sources such as macrophage-

derived lactate as suggested in our RNA-seq data (Figures 1I

and S1E).C. albicans-induced killing ofmacrophages was accel-

erated in ‘‘no glucose’’ medium, whereas supplementation of

increasing amounts of glucose delayed the rapid phase II macro-

phage death in a dose-dependent manner, without affecting

uninfected macrophages (Figure 2B; we note that, in the no

glucose medium, we measured �0.65 mM of glucose).

Compared with the no glucose control, 20 mM glucose resulted

in a delay of 6 hr in triggering phase II death, 40 mM delayed it by

8 hr, and 100 mM by 10 hr. Glucose addition did not have a
Figure 2. Glucose Depletion Causes Cell Death of C. albicans-Activated

Stated

(A) Dual axis graph displaying the reduction in glucose levels over time and accum

was used to infect macrophages at 3:1 and 1:1MOI, and readings were also taken

and SEM from three independent experiments.

(B) Comparison of macrophage cell death in medium containing different co

independent experiments.

(C) Glucose was spiked to a concentration of 20 mM at 3 hr post infection. Show

(D) Glucose was spiked to a concentration of 20 mM at 10 hr post infection. Sho

(E) Caspofungin was spiked to a concentration of 125 ng/mL at 7 hr post infectio

three different MOIs indicated in the figure.

(F) Human THP-1 macrophages were infected withC. albicans at MOI of 3:1 (Cand

experiments. In each experiment, at least 7,000 macrophages were assayed in e

(G) Glucose levels in blood of mice 24 hr post infection with C. albicans (1.5 3 1

experiments. ****p < 0.0001; Student’s two-tailed t test.

(H) Representative flow cytometric plots of single-cell kidney suspensions from C

24 hr post infection. Plots depict the gating strategy used to distinguish renal macr

and then on live single cells (by propidium iodide exclusion). The pan-leukocytema

defined as CD11c�F4/80+CD11bint and monocytes as CD11c�Ly6Chi. Numbers

(I) Number of kidneymacrophages fromC. albicans-infected ormock-infected ani

experiments. **p < 0.005; Mann-Whitney test.
negative effect on the growth of C. albicans (Video S2). In fact,

C. albicans hyphae grew thicker when glucose concentration

was higher (Figure S2A), explaining the temporary nature of the

glucose-dependent rescue of macrophages and the faster

depletion of higher glucose concentrations. The temporary

rescue of macrophage cell death could similarly be seen when

glucose was exogenously added into medium during the initial

killing (Figure 2C). Also, when glucose was spiked in after the

rapid phase II death had initiated, this resulted in an immediate

and temporary (�3–4 hr) pause in killing, which then resumed

to completion (Figure 2D). Treating infected macrophages with

the anti-fungal drug caspofungin after 7 hr of interaction pre-

vented furtherC. albicans growth and effectively rescuedmacro-

phages from cell death (Figure 2E; of note, caspofungin had no

adverse effects on uninfected macrophages). These results

show that, although activated macrophages increase glucose

consumption, they are unable to deplete glucose to dangerous

levels on their own for at least 48 hr; instead metabolically active

C. albicans depletes glucose, effectively outcompeting macro-

phages for this essential nutrient. The results with mousemacro-

phages were recapitulated with human THP-1 macrophages:

two distinct phases of killing by C. albicans were evident, and

macrophage cell death in phase II was delayed by glucose

supplementation in a dose-dependent manner (Figure 2F).

We considered the possibility that, in addition to glucose,

C. albicans was depleting other important nutrients to trigger

macrophage death. However, unlike supplementation of

glucose, increasing the concentration of the amino acids gluta-

mine, arginine, serine (which can be converted to glucose by

gluconeogenesis), or leucine (a ketogenic amino acid) did not

delay macrophage cell death (Figure S2B; serine had a very

small effect, and the other amino acids had nomeasurable effect

on macrophage viability). Similarly, supplementation of alterna-

tive carbon sources acetate or glycerol did not delay the phase

II death of macrophages during co-incubation with C. albicans

(Figure S2B). Further showing that the principal trigger of death

in C. albicans-activated macrophages is glucose depletion,

when macrophages were switched to fresh medium after 4 hr

of interaction with C. albicans, omitting only glucose from the
Macrophages; Macrophages Are Mouse BMDMs Unless Otherwise

ulation of macrophage cell death quantified from live-cell imaging. C. albicans

from an equivalent number of macrophages alone. Shown are themean values

ncentrations of glucose. Shown are the mean values and SEM from three

n are the mean values and SEM from three independent experiments.

wn are the mean values and SEM from four independent experiments.

n. Shown are the mean values and SEM from two independent experiments at

ida:macrophage). Shown are the mean values and SEM from two independent

ach condition.

06 CFUs). Shown are the values and the mean (n = 13) from two independent

. albicans-infected (1.5 3 106 CFUs) and PBS (mock)-treated control mice at

ophages. Leukocytes were initially gated by size using forward and side scatter

rker CD45 identified leukocytes from tubular debris. Macrophageswere further

represent the mean proportion of the kidney macrophages.

mals. Shown are the values withmean and SEM (n = 8–9) from two independent
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Figure 3. Loss of Infection-Site Macrophages over Time

Tg(mpeg1GAL4/UAS:Kaede) larvae were infected with a yeast-locked C. albicans TET-NRG1-far-red strain and scored for recruitment of macrophages at 24 hr

post infection (hpi). Macrophages near the infection site were photoswitched at 24 hpi, and confocal images of each photoswitched larvae were taken at 24, 30,

and 40 hpi (0, 6, and 16 hr post switch [hps]) to track macrophages.

(A) Schematic indicating the region where macrophages were photoswitched.

(B) Timeline of photoswitching and macrophage imaging post switch.

(C) Representative z projections of photoswitched macrophages in representative single larvae with median number of photoswitched macrophages for each

category. Top row shows a mock-infected fish. Middle row shows an infected fish with no recruited macrophages. Bottom row shows an infected fish with

recruited macrophages. Schematics to the left show the photoswitched area for fish in each category: Mock infection (only bystander macrophages photo-

switched), No macrophages recruited (no macrophages interacting directly with fungi; only bystander macrophages photoswitched), Macrophages recruited

(macrophages interacting directly with fungi; interacting and bystander macrophages photoswitched). Scale bar, 100 mm.

(D) Images of a whole fish, same as in (C), bottom row, at 16 hps from maximum intensity projections of the fluorescent slices (25 slices) and a single bright-field

slice. White dotted lines outline the fish. Scale bar, 100 mm.

(legend continued on next page)
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medium was sufficient to prematurely trigger macrophage cell

death in the presence of normal levels of all other nutrients (Fig-

ure S2C). The viability of uninfected, naivemacrophages was not

compromised by switching them to no glucose medium (Fig-

ure S2C). Next, to exclude a major contribution of yeast-derived

factors that might be accumulating in the medium due to fungal

growth, instead of liveC. albicans, we activatedmacrophages by

the fungal ligand b-glucan (curdlan) in combination with IFN-g to

achieve full activation and then switched them tomediumwith or

without addition of glucose. Consistent with glucose being

an essential nutrient for activated macrophages, upon switching

to the no glucose medium, rapid macrophage death was

observed in activated, but not in naı̈ve, macrophages

(Figure S2D).

The depletion in glucose levels observed in our Candida-

macrophage interaction experiments parallels reduced blood

glucose that occurs during bacterial and fungal sepsis in mouse

models of infection (Spellberg et al., 2005; Weis et al., 2017).

Consistent with these reports, we detected a sharp drop in

serum glucose levels in mice 24 hr after intravenous challenge

with a high dose ofC. albicans (Figure 2G). Kidney glucose levels

in uninfected mice were lower than blood, between 2.5 and

3 mM, and infection with C. albicans caused a further, although

modest, reduction (Figure S2E; we note that total kidney glucose

levels were measured here). In medium in which we added low

glucose comparable with kidney levels (2 mM), C. albicans-

induced macrophage death was rapid and faster than upon

addition of 8 mM glucose (Figure S2F). These results indicate

that fungal growth within infection foci in target organs could

create a local microenvironment low in glucose. Indeed, evi-

dence of localized glucose depletion can be seen in movies

from our live-cell imaging experiments: foci of intense growth

byC. albicans are observed, andmacrophages in these infection

foci die first when the glucose depletion-dependent phase II

death initiates, while macrophages more distant from the infec-

tion foci die later (Video S3).

Hypoglycemia resulting from systemic C. albicans infection

was accompanied by �2-fold reduction in the number of

recovered kidney-resident macrophages compared with

mock-infected mice (Figures 2H and 2I). As identifying dead

macrophages within tissues remains technically difficult, it is

possible that the reduced number of macrophages reflects other

processes, such as cell migration out of infection sites. There-

fore, to further study the fate of macrophages in the context of

the infection microenvironment, we utilized zebrafish larvae, a

widely used vertebrate model for imaging host-pathogen inter-

actions during microbial infection (Tobin et al., 2012). Zebrafish

with Kaede-expressing macrophages were infected in the yolk

with far-red fluorescent protein-expressing C. albicans, allowing
(E) There is a significant loss in macrophages only in fish that recruited macroph

bystander macrophages photoswitched), No recruited macrophages (no m

photoswitched), Macrophages recruited (macrophages interacting directly with fu

median percentage of photoswitched macrophages that persisted in each gro

the number photoswitched at 24 hpi, equal to 0 hps. Pooled from five experiments

n = 18. Medians and interquartile range are shown and were compared using Krus

(F) Macrophages interaction with fungi promotes retention at the infection site. Im

yolk sac at 6 and 16 hr post switch and the median proportion of total photoswitch

quantified. Same fish and statistics as in (E). *p < 0.05; **p < 0.01; ***p < 0.001.
24 hr for immune cell recruitment to the infection site. We then

photoswitched Kaede in macrophages at the site of infection

and assessed three categories of fish within the same experi-

ment: (1) mock-infected fish (to examine normal macrophage

dynamics and control for photobleaching due to multiple imag-

ing sessions), (2) infected fish in which no macrophages were

interacting with C. albicans (to examine dynamics of macro-

phages that had not interacted with fungi and were not concen-

trated at the infection site), and (3) infected fish with macrophage

recruitment and interaction with fungi at the infection site (to

determine specifically how the infection microenvironment and

responding to a pathogen controls the fate of macrophages).

Note that in the mock-infected and no recruitment groups, only

bystander macrophages were photoswitched, whereas in the

macrophage interaction group, both bystander macrophages

and those directly interacting with fungi were photoswitched.

The infection site and area of photoswitching are shown sche-

matically (Figure 3A), and the timeline of photoswitching and

monitoring of photoswitched cells is also detailed (Figure 3B).

Those macrophages that were recruited to the infection site,

interacted with C. albicans, and were photoswitched (red) were

gradually dying over time, as indicated by loss of red fluorescent

cells (Figures 3C and 3D; the other categories of fish controlled

for any loss of fluorescence from photoswitching, photobleach-

ing, or normal turnover of photoswitched Kaede fluorescent

protein). Quantification of the percent of remaining switched

macrophages revealed a significant loss over time of recruited

macrophages, while in those larvae with no macrophage recruit-

ment to the site of infection, no reduction was seen over time

(Figure 3E). Larvae that were scored as having macrophages

recruited to the infection site also had a greater proportion of

red macrophages remaining in the yolk compared with mock-

infected and infected larvae with no recruitedmacrophages (Fig-

ure 3F). Therefore, once recruited to the infection site and

following their interaction with C. albicans, macrophages were

staying in the infection microenvironment and dying.

Glucose Homeostasis Is Critical for Host Outcomes
during Systemic C. albicans Infection
Next, we tested the effects of modulating glucose availability on

disease progression during mouse infections. For these experi-

ments, a lower infection dose of C. albicans was used (1 3 105

colony-forming units [CFUs]) to retard disease progression and

observe any effects of glucose supplementation on the animals.

In line with our observations ex vivo of more profuse hyphal

growth of C. albicans in higher glucose (Video S2; Figure S2A),

there was a trend toward slightly increased kidney fungal burden

in glucose-fedmice, although this was not statistically significant

(Figure 4A). Even with this lower infectious dose, we observed a
ages to the infection site. Fish were in three categories: Mock infection (only

acrophages interacting directly with fungi; only bystander macrophages

ngi; interacting and bystander macrophages photoswitched). Bars indicate the

up at 6 and 16 hps. Macrophage numbers for each fish were normalized to

, groups from left to right contain the following number of larvae: n = 6, n = 9, and

kal-Wallis statistics with Dunn’s correction for multiple comparisons. *p < 0.05.

ages were used to score photoswitched macrophages as inside or outside the

ed macrophages residing in the yolk (versus the rest of the fish) per group was
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Figure 4. Glucose Homeostasis Is Vital for Host Survival in C. albicans Infection

For all experiments in this figure, the infection dose of C. albicans was 1 3 105 CFUs.

(A) Kidney fungal burden of infected mice fed with or without 20% glucose in the drinking water. Shown are the values with mean and SEM (n = 5). NS, not

significant, Student’s two-tailed t test.

(B) Blood glucose levels over time in infected mice fed with or without 20% glucose in the drinking water. Shown are the values with mean and SEM

(n = 10 mice/group).

(C) Survival curve of infected mice fed with or without 20% glucose in the drinking water. The researcher was blind to the glucose treatment. n = 10 mice/group.

Statistical analysis of the entire time course did not show significant differences between the groups. However, statistical analysis of animal survival until day 5

showed a p value of 0.05 using the log rank Mantel-Cox test.

(D) Weight loss of infected mice at day 3 in the experiment shown in (B). Shown are the values with mean and SEM. **p < 0.01; Student’s two-tailed t test.

(E) Macrophages (BMDMs) were pre-treated with 5 mMmetformin for 24 hr, followed by switching to fresh medium with or without 5 mMmetformin and addition

of C. albicans (MOI three Candida to one macrophage). Shown are the mean values and SEM from two independent experiments, with at least 4,000

macrophages scored for each condition in each experiment.

(F) Blood glucose levels over time in uninfected animals. Metformin was administered daily by intraperitoneal injection at 250 mg/kg, starting 1 day before

infection. Control injections were PBS only.

(legend continued on next page)

996 Cell Metabolism 27, 988–1006, May 1, 2018



gradual decline in blood glucose levels in the infected animals

over time and overall higher blood glucose levels in glucose-

fed animals (Figure 4B). Remarkably, glucose supplementation

was clearly beneficial to the host in systemic candidiasis:

glucose-fed mice displayed slower progression of disease in

the first 5 days post infection (Figure 4C) and showed signifi-

cantly lower weight loss at day 3 post infection (Figure 4D). To

further probe how host glucose homeostasis impacts on

C. albicans-induced disease, we turned to the antidiabetic

drug metformin. Metformin affects glucose metabolism by inhib-

iting mitochondrial respiration and activating AMP kinase and is

used as a tool to test the effects of perturbed immunometabolic

reprogramming in animal infection (Cheng et al., 2014, 2016).

Ex vivo, addition of metformin accelerated the death of macro-

phages during their interaction with C. albicans (Figure 4E).

Phase I death was more rapid in the presence of metformin,

and the glucose deprivation-dependent phase II death initiated

1.5 hr earlier and progressed faster, as evident in the steeper

killing curve in the metformin samples (Figure 4E). When admin-

istered to uninfected animals (which were also non-diabetic),

metformin did not cause a change in blood glucose levels even

after prolonged administration (Figure 4F). In contrast, when

metformin-treated animals were infected with a low dose of

C. albicans (1 3 105 CFUs), rapid and severe hypoglycemia

developed as early as at day 1 post infection (Figure 4G, top

panel). This shows that C. albicans infection combined with

metformin can rapidly perturb host glucose homeostasis. Severe

hypoglycemia uponC. albicans infection was associated with fa-

tality and increased fungal burdens in kidneys of metformin-

treated animals (Figures 4H and 4I). Administration of glucose

rescued the hypoglycemia (Figure 4G, bottom panel) and

significantly delayed the rapid fatality of C. albicans infection in

metformin-treated animals (Figure 4H).

Glucose Starvation Triggers Mitochondrial Dysfunction
in C. albicans-Infected Macrophages
The death of C. albicans-activated macrophages in the absence

of glucose suggested that they were unable to activate mito-

chondrial oxidative phosphorylation to maintain viability. To

test this, we cultured C. albicans-infected macrophages in the

presence of galactose, a carbon source that requires and primes

mitochondrial respiration. In contrast to glucose supplementa-

tion, galactose failed to rescue macrophages from death after

C. albicans infections, and, moreover, it increased death rates

at high concentrations (100 mM) (Figure 5A). To directly visualize

mitochondrial activity over the time course of Candida-macro-

phage interactions, we stained macrophages with tetramethylr-

hodamine methyl ester (TMRM). The mitochondrial membrane

potential of uninfected macrophages (as indicated by TMRM

intensity) remained constant during the live-cell imaging (Fig-
(G) Blood glucose levels over time in C. albicans-infected mice. Metformin was ad

infection. In one group, glucose was co-administered with metformin. The two co

the same experiment, and therefore, the data for metformin-treated mice in the tw

Blood glucose levels were measured 2 hr after the daily injection of metformin. n

(H) Survival curve of infected mice following administration of metformin or m

Mantel-Cox test.

(I) Kidney fungal burden in the presence or absence of metformin treatment at day

mean and SEM (n = 5 mice/group). *p < 0.05; Student’s two-tailed t test.
ure 5B). In contrast, during C. albicans infection, a massive and

sudden hyperpolarization of mitochondria occurred�2 hr before

the start of glucose starvation-dependent phase II death,

followed by loss of mitochondrial membrane potential and

disappearance of TMRM staining as the phase II death

commenced (Figures 5B and 5C, see also Figure S3A; we note

that TMRM staining and macrophage cell death were measured

together, in the same experiment, to directly temporally correlate

these events). Consistent with faster initiation of the rapid phase

II death in medium lacking glucose or containing galactose in

place of glucose (Figure 5A), mitochondrial membrane hyperpo-

larization occurred much earlier under these conditions,

commencing as soon as 3 hr post infection (Figure 5D). Given

that glycolytic gene expression is significantly increased at 3 hr

post infection (Figure 1D), this suggests that macrophages begin

dying soon after induction of glycolysis in the absence of

glucose. Further confirming a link between mitochondrial hyper-

polarization and glucose starvation-dependent macrophage

death, both events were largely delayed by glucose supplemen-

tation in a dose-dependent manner (see Figure 5D for hyperpo-

larization and Figure 2B for cell death). Supplementation of

nutrients other than glucose (amino acids, glycerol, acetate)

did not change the timing of mitochondrial hyperpolarization

(Figure S4A), consistent with the inability of these nutrients to

rescuemacrophages from cell death (Figure S2B). Mitochondrial

hyperpolarization before the initiation of phase II death and the

delay of it by glucose supplementation were both recapitulated

inC. albicans-infected human THP-1macrophages (Figure S4B).

As glucose depletion progressed,C. albicans-infected macro-

phages displayed a rounded cell morphology resembling

apoptotic cells (Video S3). Furthermore, they showed activation

of the executioner apoptotic caspases (caspase-3 and/or -7) as

the rapid phase II killing initiated (Figure 5E; see also Figure S3A

and Video S4). The pan-caspase inhibitors Q-VD and Z-VAD-

FMK largely repressed apoptotic caspase activation in

C. albicans-infected macrophages (Figure 5E). However, they

failed to alter TMRM hyperpolarization (Figure 5F) or rescue

macrophages from glucose deprivation-dependent phase II

death (Figure 5G; Video S4), and this was true also when the

Q-VD inhibitor was exogenously spiked in just before phase II

death (Figures S3B and S3C). The pan-caspase inhibitors also

did not affect the initial killing of macrophages in the first 9 hr

or so following infection (Figure 5G). We and others have previ-

ously shown that C. albicans triggers caspase-1-dependent

death in the initial stages of infection (Uwamahoro et al., 2014;

Wellington et al., 2014), which is not inhibited by the pan-cas-

pase inhibitors at the concentrations used. Also, consistent

with inhibitor data shown here, genetic inactivation of the pyrop-

totic caspase-1 and caspase-11 did not affect the rapid phase II

killing of macrophages by C. albicans (Uwamahoro et al., 2014).
ministered daily by intraperitoneal injection at 250 mg/kg, starting 1 day before

nditions (presence or absence of co-administration of glucose) were tested in

o graphs are the same. The data are plotted in two separate graphs for clarity.

= 5 mice/group. ***p < 0.001, ****p < 0.0001; Student’s two-tailed t test.

etformin + glucose, done as in (G). n = 5 mice/group. **p < 0.01; log rank

1 post infection. The experiment was done as in (G). Shown are the values with
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(legend continued on next page)

Figure 5. Glucose Depletion Causes Mito-

chondrial Dysfunction in Candida-Activated

Macrophages

(A) Macrophage cell death following Candida

infection (strain SC5314, 3:1 MOI) in medium lack-

ing glucose and galactose, compared withmedium

containing galactose (20 and100mM) or containing

glucose (100mM). Shown are the mean values and

SEM from two independent experiments. Macro-

phages were from a different mouse in each

experiment, with at least 4,000 macrophages

analyzed for each condition in each experiment.

(B) Representative images of TMRM staining of

macrophages from live-cell imaging comparing

Candida-infected macrophages (SC5314, 1:1

MOI) with uninfected cells at 6 and 15 hr. Scale

bar, 50 mm. These images are from the experiment

displayed in (C).

(C) Thegraphdisplays percentagemacrophagecell

death quantified from live-cell imaging (black line)

and percentage of macrophages with hyper-

polarized mitochondria as determined by TMRM

staining (see the STAR Methods for detailed

description of approach). Cell death and TMRM

fluorescence were measured in the same experi-

ment over time. Of note, the signal intensity for

TMRM fluorescence within an individual macro-

phage varies over time and completely disappears

after cell death; therefore, the percentage of mac-

rophages with hyperpolarized mitochondria dis-

played in the graph reflects the number of cells with

high TMRM fluorescence at that given time point

rather than an accumulation of all hyperpolarized

mitochondria from prior time points. In contrast,

DRAQ7 fluorescence persists over time and effec-

tively tracks the accumulation of the entire popula-

tion of dead cells. Shown are the mean values and

SEM from two independent experiments. At least

4,000 macrophages were analyzed for each con-

dition in each experiment.

(D) Quantification of macrophages displaying

hyperpolarized mitochondria over time in live-cell

imaging from Candida infections in different me-

dium conditions as indicated. At least 4,000

macrophages were analyzed for each condition.

Shown are the mean values and SEM from two

independent experiments, which are the same

experiments displayed in (A).

(E) Live-cell imaging of activated caspases-3/7 in

Candida-infected macrophages in the presence or

absence of treatment with pan-caspase inhibitors

Q-VD(10mM)andZ-VAD-FMK(1mM).Shownare the

meanvaluesandSEM from four biological replicates

comprising four different colonies of SC5314 and

BMDMs from one mouse, all assayed in the same

live-cell experiment. At least 5,000 macrophages

were analyzed for each condition in each biological

replicate. Of note, the signal for activated caspases-

3/7 disappears once macrophages die; therefore,

the percentage of macrophages with activated

caspases-3/7 displayed in the graph reflects what

wasdetectedspecifically at the indicated timepoints

rather than an accumulation of all macrophages that

were caspases-3/7-positive from prior time points.

(F) Live-cell imaging of macrophages with hyperpolarized mitochondria in the presence or absence of treatment with pan-caspase inhibitors Q-VD and Z-VAD-

FMK, taken from the same experiment displayed in (E). Shown are the values with mean and SEM.
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Collectively, these data demonstrate that, preceding cell death,

macrophages show a wave of hyperpolarization of mitochondria

followed by activation of apoptotic caspases (Figure 5H).

However, inhibition of these caspases is not sufficient to prevent

macrophage death under these conditions, suggesting that mul-

tiple pathways are involved in triggering macrophage cell death

during Candida infection.

Macrophage Killing Is Independent of the Hyphae to
Yeast Reverse Transition
The rapid phase II death of macrophages coincided with the

reverse transition of C. albicans from the filamentous hyphal

form to the budding yeast form (Uwamahoro et al., 2014). We

next investigated whether the transition to the fast replicating

yeast form is involved in triggering macrophage cell death by

depletion of glucose levels and signaling to macrophages to

maintain Warburg metabolism. Purified yeast cells from

phase II (phase II yeast) differed from broth-cultured yeasts

(broth yeast) used standardly in our experiments to infect mac-

rophages in that they exhibited an elongated morphology

resembling the opaque and GUT cell types of C. albicans (No-

ble et al., 2017; Pande et al., 2013), and they also aggregated

more readily (Figure S5A). However, phase II yeast did not differ

from broth-cultured yeast in their ability to kill macrophages

(Figure S5B). We further explored the role of the hyphae-to-

yeast transition by overexpressing the fungal transcription fac-

tor UME6 (tetO-UME6 strain), which keeps C. albicans locked

in the hyphal form and thus blocks the hyphae-to-yeast transi-

tion from occurring (Carlisle et al., 2009) (Figure S5C). Hyphae-

only C. albicans killed macrophages with the same kinetics as

the wild-type control strain (Figure S5D). Collectively, these

data suggest that the switch from the hyphal to the yeast

morphology is not per se essential for causing macrophage

cell death. We noticed that the hyphae to yeast transition coin-

cided with glucose depletion, and addition of glucose to spent

medium (i.e., medium purified from C. albicans-macrophage in-

teractions cultures during phase II) potently promoted hyphal

growth and blocked yeast forms from appearing (Figure S5E;

Video S5). Therefore, by depleting glucose, C. albicans not

only controls immune cells, but also triggers its own transition

from hyphal to yeast morphology. This could be important in

infection, as the hyphae-to-yeast transition is necessary for

virulence of C. albicans and was suggested to be important

for dissemination of disease (Shen et al., 2008; Uppuluri

et al., 2010).

A Metabolic Program Regulated by the Fungal
Transcriptional Activators Tye7 and Gal4 Drives
Glucose Competition and Macrophage Killing Ex Vivo

and Contributes to Perturbation of Host Glucose
Homeostasis In Vivo

Our data suggest that the shift of C. albicans to glycolysis after

escaping from macrophages leads to glucose depletion and

macrophage death. To further test this proposition, we utilized
(G) Macrophage cell death following treatment with pan-caspase inhibitors Q-V

Shown are the values with mean and SEM.

(H) Direct time-course comparison of mitochondrial hyperpolarization (as assess

following Candida infection (3:1 MOI). Displayed are lines of best fit projections
C. albicans deficient in pyruvate kinase (PYK1/CDC19), which

catalyzes one of the essential steps of glycolysis not shared

with gluconeogenesis. The pyk1D/D mutant grows normally in

amino-acid-rich medium but can no longer utilize glucose as

the sole carbon source (Barelle et al., 2006). The pyk1D/Dmutant

was able to infect macrophages but failed to form hyphae intra-

cellularly and kill host cells (Figure S6A).

Since the pyk1D/D mutant grew poorly in the tissue culture

medium, we next turned to a mutant inactivated in the tran-

scription factors Tye7 and Gal4, which together fine-tune

glycolytic gene expression in C. albicans (Askew et al., 2009).

The tye7D/D gal4D/D double mutant made intracellular hyphae

and was able to trigger the initial phase I death of macrophages

as well as control strains (first 10 hr of the interaction in Fig-

ure 6A; also see Figure 6D for representative live-cell images).

However, the initiation of the glucose deprivation-dependent

phase II death was greatly delayed by approximately 8 hr (Fig-

ure 6A). The single tye7D/D mutant showed an equivalent, but

milder, phenotype (Figure S6B). The large delay of the tye7D/D

gal4D/D mutant in triggering the glucose deprivation-depen-

dent phase II death was recapitulated with human THP-1

macrophages (Figure 6B), along with a corresponding delay

in mitochondrial hyperpolarization (Figure S6E). The kinetics

of transcriptional activation of the Warburg genes Glut1, Hk2,

and Pfkfb3 by macrophages in response to the tye7D/D

gal4D/D mutant was not changed compared with wild-type

C. albicans (Figure 6C; also see Figure S6C for a similar anal-

ysis of the single tye7D/D mutant). This suggests that the

mutant was triggering the Warburg shift and upregulation of

macrophage glycolysis normally. In contrast, upregulation of

fungal glycolysis was inhibited: the tye7D/D gal4D/D mutant

failed to activate the expression of glycolytic enzymes immedi-

ately after escape from macrophages (Figure 6E). As a conse-

quence, it took approximately 8 hr longer for the mutant to fully

deplete glucose compared with control strains (Figure 6F; also

see Figure S6D for a similar analysis of the single tye7D/D

mutant). This timing is fully consistent with the 8 hr delay in

triggering phase II macrophage death (Figure 6A). In glucose-

depleted medium, the tye7D/D gal4D/D mutant killed

macrophages in a manner indistinguishable to control strains

(Figure 6G), consistent with impaired glucose consumption by

the mutant being the reason for the delayed killing of macro-

phages. Macrophages challenged with the tye7D/D gal4D/D

strain in the presence of glucose displayed an increased

inflammatory response, as indicated by more sustained gener-

ation of the active form of the antimicrobial cytokine IL-1b (Fig-

ures 6H, 6I, and S6F).

Regulation of microbial glycolysis is essential for growth in

hypoxic infection niches (Askew et al., 2009; Vitko et al.,

2015, 2016), and in C. albicans this is mediated by Tye7 and

Gal4 (Askew et al., 2009; Bonhomme et al., 2011; Sellam

et al., 2014). On the host side, hypoxia and metabolic reprog-

ramming of immune cells are interlinked through the transcrip-

tional activator hypoxia-inducible factor 1a (HIF1a), which
D and Z-VAD-FMK, taken from the same experiment displayed in (E) and (F).

ed by TMRM staining), caspases-3/7 activation, and macrophage cell death,

from the ‘‘no drug’’ measurements displayed in (E)–(G).
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controls the expression of hypoxia-induced metabolic genes

(Tannahill et al., 2013). Consistent with this, we detected

increased mRNA levels for HIF1a and its target gene Ddit4 in

C. albicans-infected kidneys (Figure S7A). We therefore tested

whether hypoxia might impact on the process of macrophage

cell death in response to C. albicans. Hypoxia (1% oxygen)

did not visibly change the kinetics of macrophage cell death

compared with normoxia (Figure S7B). Moreover, consistent

with normoxic conditions, glucose supplementation or infection

with the tye7D/D gal4D/D mutant delayed the start of the

glucose deprivation-dependent phase II death in hypoxia (Fig-

ure S7B and S7C). We next tested whether, in addition to

growth in hypoxic infection niches, microbial glycolysis might

contribute to the impairment of host glucose homeostasis dur-

ing animal infection. Indeed, the large reduction in blood

glucose levels and the fast progression of disease in

C. albicans-infected mice that received metformin were both

delayed by 3 days when the animals were infected with the

glycolysis-impaired tye7D/D gal4D/D mutant (Figures 7A–7C).

The pyk1D/D mutant, which is blocked for glycolysis, was un-

able to trigger hypoglycemia or cause disease even when met-

formin was administered to animals (Figures 7A–7C). In other

words, the ability of C. albicans infection to impair host glucose

homeostasis when combined with metformin correlated with

the levels of virulence of the tested strains. While in the

absence of metformin treatment the virulence of the tye7D/D

gal4D/D mutant was severely attenuated (Figure 7B; consistent

with Askew et al., 2009), the virulence of this strain was partially

rescued upon impairment of glucose homeostasis by metfor-

min (Figure 7B). When the infectious dose of C. albicans was

increased from 1 3 105 to 3 3 105 CFUs, the virulence of the

tye7D/D gal4D/D mutant was fully restored to wild-type levels

in metformin-treated animals (Figure 7D). This indicates that

the tye7D/D gal4D/D mutant can proliferate in host niches to

a considerable degree and suggests that the reduced ability

to perturb host glucose homeostasis contributes to hypoviru-

lence of this mutant.
Figure 6. The Fungal Transcriptional Activators Tye7 and Gal4 Control M

Glucose Competition

Macrophages are mouse BMDMs unless otherwise stated.

(A) Comparison of macrophage cell death after infection with wild-typeC. albicans

MOI. Shown are the mean values and SEM from three independent experiments

(B) Death of human THP-1 macrophages during their interaction with tye7D/D gal4

SEM from two independent experiments. In each experiment, at least 7,000 mac

(C) qPCR of the indicated Warburg genes in macrophages at the indicated time p

and SEM from three independent experiments.

(D) Representative live-cell microscopy images at 6 hpi from the same experiment

Scale bar, 30 mm.

(E) qPCR of C. albicans glycolysis genes at the indicated time points from the sam

data shown in Figure 1H. Shown are the mean values and SEM from two indepe

(F) Measurements of glucose levels at the indicated time points from the same e

dependent experiments.

(G) Comparison of macrophage cell death after infection (3:1 MOI) by the indicated

and SEM from two independent experiments.

(H) Anti-IL-1bwestern blot. BMDMswere primed with LPS (50 ng/mL) for 3 hr follo

each at 6:1 MOI, and cells were cultured for up to 24 hr. Supernatants were ass

included as a positive control. Shown is a representative image from one of th

Figure S6F).

(I) Quantification of mature (p17) IL-1b from western blots (see Figure S6F). Mea

plemented strain. Shown are the mean values and SEM from three independent
DISCUSSION

Our study established that, in response to C. albicans challenge,

there is a yin and a yang to the Warburg effect in macrophages.

On the one hand, increased glycolytic metabolism of innate im-

mune cells drives antimicrobial inflammation and host defenses

in response to bacterial and fungal pathogens (Cheng et al.,

2016; Dominguez-Andres et al., 2017; Gleeson et al., 2016; Tan-

nahill et al., 2013). On the other hand, we now show that, for

C. albicans-activated macrophages, this metabolic rewiring

comes with a cost––once they shift to Warburg metabolism,

macrophages become dependent on glucose for survival.

C. albicans can exploit this by depleting glucose levels, thereby

triggering massive death of macrophages. We show that the

ability of C. albicans to trigger host cell death by depleting

glucose is evolutionarily conserved between murine and human

macrophages and controlled by the transcriptional activators

Tye7 and Gal4. Tye7 and Gal4 are needed for the metabolic flex-

ibility of C. albicans to respond to the extracellular macrophage

environment and promptly turn on glycolytic gene expression.

Re-activation of fungal glycolysis occurs concomitantly with

macrophages turning on glucose uptake and expression of

glycolytic enzymes, as they switch to Warburg metabolism to

fight off infection. In fact, in order to effectively promote glucose

competition and immune cell death,C. albicans needs to tempo-

rally align its switch to glycolysis with that of macrophages: the

tye7D/D gal4D/Dmutant, which is slower in turning on glycolysis

and consuming glucose, displays a large delay in triggering en

masse macrophage cell death. The tye7D/D gal4D/D mutant

also has reduced ability to perturb host glucose homeostasis

in infection when combined with the antidiabetic drug metformin

(Figure 7).

Why does the pathogen win the metabolic war with macro-

phages? C. albicans is extremely metabolically flexible during

its interaction with macrophages. In contrast, C. albicans-

activated macrophages enter a metabolically terminal state,

whereby they cannot reactivate mitochondrial oxidative
etabolic Reprogramming ofC. albicans to Drive Immune Evasion by

(CAS8), tye7D/D gal4D/D, or the TYE7GAL4-complemented strain, each at 3:1

.

D/D or the TYE7 GAL4-complemented strain. Shown are the mean values and

rophages were assayed in each condition.

oints from the same experiments displayed in (A). Shown are the mean values

s displayed in (A). Arrows label macrophages; arrow bars labelCandida hyphae.

e experiments displayed in (A). The data for the wild-type strain are the same

ndent experiments. *p < 0.05, **p < 0.01; Student’s two-tailed t test.

xperiments shown in (A). Shown are the mean values and SEM from three in-

C. albicans strains but in medium lacking glucose. Shown are the mean values

wed by infectionwith tye7D/D gal4D/D or the TYE7 GAL4-complemented strain

ayed for IL-1b at the indicated time points. Nigericin (10 mM, 6 hr treatment) is

ree experiments (full western blots of all three experiments are displayed in

surements were normalized to the 3 hr time point from the TYE7 GAL4-com-

experiments. *p < 0.05, **p < 0.01; Student’s two-tailed t test.
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Figure 7. Impairment of Host Glucose

Homeostasis during Infection Necessitates

Fungal Glucose Consumption

(A) Blood glucose levels over time in mice infected

with 1 3 105 CFUs of tye7D/D gal4D/D, the TYE7

GAL4-complemented strain, or pyk1D/D, following

administration of metformin. Metformin was

administered daily by intraperitoneal injection at

250 mg/kg, starting 1 day before infection. Control

injections were PBS only. n = 5 mice/group. ****p <

0.0001; Student’s two-tailed t test.

(B) Survival curve of mice infected with 1 3 105

CFUs of tye7D/D gal4D/D, the TYE7 GAL4-com-

plemented strain, or pyk1D/D following adminis-

tration of metformin. n = 5 mice/group. **p < 0.01;

log rank Mantel-Cox test. NS, not significant.

(C) Kidney fungal burden of indicated strains in the

presence or absence of metformin treatment at

1 day post infection. Shown are the values with

mean and SEM (n = 5 mice/group). *p < 0.05;

Student’s two-tailed t test. NS, not significant.

(D) Survival of mice infected with 3 3 105 CFUs of

the tye7D/D gal4D/D mutant or the TYE7 GAL4-

complemented strain following metformin treat-

ment. PBS was used as mock injection control.

n = 5 mice/group. *p < 0.05, **p < 0.01; log rank

Mantel-Cox test. NS, not significant.
phosphorylation once glucose is depleted, which, as we demon-

strate, leads to cell death. The likely cause of this metabolic

inflexibility is inhibition of themitochondrial respiratory chain dur-

ing infection, which is consistent with our RNA-seq showing a

shutdown of the expression of multiple respiratory chain sub-

units. In experiments in which macrophages were activated

with purified ligands (bacterial LPS and interferon gamma), the

production of the antimicrobial compound nitric oxide (NO) and

the metabolite itaconate (an inhibitor of complex II), were shown

to repress mitochondrial respiration, effectively locking macro-

phages metabolically and preventing a return to oxidative phos-

phorylation (Lampropoulou et al., 2016; Van den Bossche et al.,

2016). WhileC. albicans inhibits NO production bymacrophages

(Collette et al., 2014; Schroppel et al., 2001; Wagener et al.,

2017), we detected strong and early induction of the itaconate-

producing enzyme Irg1 upon C. albicans challenge (Figure 1C).

Moreover, we observed mitochondrial hyperpolarization coin-

ciding with the initiation of the glucose deprivation-dependent

macrophage death and detected activation of the apoptotic

caspases-3/7. Collectively, these events are consistent with
1002 Cell Metabolism 27, 988–1006, May 1, 2018
mitochondria-related cell death (Perl

et al., 2004; Tait and Green, 2013). The

mechanism of cell death in this scenario

might be linked to the fact that, when

oxidative phosphorylation is disabled,

ATP produced by glycolysis may be

essential for ensuring that mitochondrial

membrane potential is maintained (O’Neill

and Hardie, 2013).

Increasing glucose availability by sup-

plementing additional glucose not only

delayed macrophage cell death during
C. albicans challenge, but it also slowed the progression of dis-

ease in infected mice (Figure 4C). That glucose supplementation

improved host outcomes in candidemia might come as a

surprise given that diabetes (i.e., elevated blood glucose) is a

known predisposing factor for C. albicans infection. However,

in the diabetic context, immune cells are chronically exposed

to high glucose, resulting in immune dysfunction (Schaible and

Kaufmann, 2007). Our experimental system is quite different,

asC. albicans-infected mice are exposed to glucose in an acute,

short-term fashion. Since fungal load in kidneys did not decrease

in glucose-fed animals (Figure 4A), our interpretation is that,

under these conditions, glucose supplementation predominantly

maintains macrophage function and ensures tissue homeostasis

during C. albicans infection, similarly to the effects of glucose on

tissue and organismal homeostasis that have been shown

recently for bacterial and viral infection (Wang et al., 2016;

Weis et al., 2017).

Building on these experiments and using the antidiabetic drug

metformin as a tool, we provided further evidence that host

glucose homeostasis is important for animal survival in the



murine systemic candidiasis model. Our results also shed light

on how metformin impairs host defenses and animal survival

during infection. Published work using both fungal and bacterial

activation of immune cells has shown that metformin causes a

decrease in the production of antimicrobial cytokines by macro-

phages and monocytes (Cheng et al., 2016; Kelly et al., 2015).

Moreover, accelerated disease progression upon metformin

treatment in the mouse model of systemic candidiasis has

been attributed to reduced cytokine production and repressed

immune defenses (Cheng et al., 2016). Our data now provide

two additional mechanisms by which metformin impairs

host outcomes. Firstly, metformin accelerates cell death of

C. albicans-infected macrophages (Figure 4E). This faster death

could be due to the repressive effects of metformin on the mito-

chondrial respiratory chain (Kelly et al., 2015), consistent with our

proposition that mitochondrial dysfunction promotes death of

C. albicans-infected macrophages. Secondly, when metformin-

treated animals were infected with C. albicans, a drastic drop

in blood glucose levels developed, and severe disease occurred.

Importantly, metformin alone was not sufficient to trigger

hypoglycemia; for hypoglycemia to occur, metformin-treated

animals needed to be infected with Candida, consistent with

infection being a glucose-consuming process. Rescuing

glucose homeostasis in metformin-treated animals, either by

co-administration of glucose or by impairing Candida’s ability

to consume glucose (in infections with the glycolytic mutants),

significantly rescued the animals from rapid worsening of dis-

ease (Figures 4 and 7). Therefore, impairment of host glucose

homeostasis duringC. albicans infection was the primary reason

for accelerated disease progression in metformin-treated

animals.

In addition to impairment of overall glucose homeostasis, a

further possible consequence of the glucose-consuming nature

of C. albicans infection is that local depletion of glucose could

occur within zones of high pathogen growth (e.g., in fungal

lesions in kidneys), resulting in immune cell dysfunction. Consis-

tent with this proposition, when glucose homeostasis is per-

turbed by C. albicans infection in combination with metformin,

higher fungal loads are seen in kidney (Figures 4I; a previous

report, Cheng et al., 2016, is in line with our data). In uninfected

animals, total kidney glucose levels were relatively low (2.5–

3mM), and this was further reduced byC. albicans infection (Fig-

ure S2E). Ex vivo, C. albicans rapidly triggered macrophage

death in low-glucose conditions such as those found in the kid-

ney (Figure S2F), and our in vivo data in zebrafish is consistent

with the death of macrophages that interact with C. albicans at

sites of infection. Moreover, our live-cell microscopy in Video

S3 shows that macrophages residing in regions of intense

C. albicans growth, akin to infection foci, are the first to succumb

to the rapid, glucose-dependent phase II death, consistent with

local glucose depletion in the infection microenvironment. A

similar mechanism of immune cell evasion to what we are pro-

posing here for C. albicans has recently been demonstrated

for tumors. Tumors evade T cell-based immunity by increasing

glucose utilization due to the Warburg effect, leading to compe-

tition between tumors and T cells for glucose and reduced

immune function (Chang et al., 2015; Ho et al., 2015). In tumors,

glucose levels in interstitial fluid were measured to be very low,

approximately 0.6 mM (Ho et al., 2015). This means that, while
tumors have access to glucose to maintain growth, they are

able to deplete glucose in the tumor microenvironment, leading

to immune dysfunction. Interestingly, glucose levels measured in

tumors are very close to the 0.65 mM glucose that we measured

in our no glucose condition that triggered rapid death of

C. albicans-infected macrophages ex vivo. Other immune cell

types could also be affected by glucose depletion in the infection

microenvironment, as recent data showed that neutrophils also

require glycolysis to kill C. albicans (Dominguez-Andres et al.,

2017). The nature of the effect of glucose levels on host cells

will depend on their metabolic status. While glycolytic meta-

bolism is always highly turned on upon stimulation of monocytes

with bacterial ligands, whether or not oxidative phosphorylation

is repressed depends on the nature of the ligand (Lachmandas

et al., 2016b). The prediction would be that, if mitochondrial

function is maintained, then glucose might not be essential for

survival of activated immune cells, although their antimicrobial

functions might be compromised, as has been shown for

T cells during their interaction with tumors (Chang et al., 2015;

Ho et al., 2015). It will therefore be interesting to determine

how the survival and antimicrobial activity of immune cells is

controlled by modulation of glucose availability in infections

with diverse microbial pathogens.

In conclusion, our study provides mechanistic insights into the

interplay between glucose metabolism of immune cells and

pathogens during their interaction, describing how pathogens

can hijack nutritional weaknesses of immune cells that are a

direct consequence of immunometabolic shifts. We additionally

provide evidence of the importance of maintaining host glucose

homeostasis during systemic fungal infection. Concerns over

antimicrobial drug resistance, and the ability of microbes to

effectively be a ‘‘moving target’’ by evolving resistance rapidly

to any new drug, make finding host-related therapeutic

strategies an important quest. With the renewed interest in

immunometabolism, manipulating nutrition is an attractive op-

tion for the treatment of infection and sepsis (Arts et al., 2017).

Study Limitations
Our data have raised the possibility that C. albicans depletes

glucose levels within infection loci to perturb macrophage func-

tion. Our ability to precisely ascertain local levels of nutrients,

such as glucose, in organ microenvironments during infections

and in other disease states is limited at the moment. Current

experimental approaches report on overall pathogen burdens

and immune cell numbers within organs, but developing imaging

methods to visualize the fate of pathogens, immune cells, and

metabolites will be critical to investigate infection microenviron-

ments. Following the fate of immune cells during infection at the

single-cell level will also be required to fully understand how

metabolic competition between pathogens and host cells

contributes to infectious diseases. As discussed above, our

ex vivo and in vivo data results support the notion that competi-

tion for glucose is an important virulence strategy forC. albicans.

This model will need to be further explored in the future. The

mouse systemic candidiasis model that we used here is the

gold standard in the field, but no animal model of infection

completely replicates human disease. Our study provides the

conceptual and knowledge framework to understand glucose

homeostasis during C. albicans infection, and it remains to be
Cell Metabolism 27, 988–1006, May 1, 2018 1003



seen how these conclusions translate to human disease. Our

results illustrating that humanmacrophages succumb to glucose

deprivation during their interaction with C. albicans, as well as

previous work showing that blood cells from patients suffering

from Candida-induced sepsis display transcriptional changes

consistent with altered metabolism (Cheng et al., 2016), provide

an impetus to explore these metabolic mechanisms in human

infections and the potential for targeting them as a therapeutic

strategy.
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Askew et al., 2009 CAS9
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ura3D::limm434/ura3D::limm434
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Cip20 (URA3, HIS1)

Barelle et al., 2006 CLM44-5
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Barelle et al., 2006 CLM45-9
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ura3D::limm434:: URA3-IRO1/ura3D::limm434

arg4::hisG::CdARG4/arg4::hisG

his1::hisG/his1::hisG leu2::hisG::CdHIS1/leu2::hisG::CmLEU2

Noble et al., 2010 SN425
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C. albicans: tye7D/D

ura3D::limm434::URA3-IRO1/ura3D::limm434

arg4::hisG::CdARG4/arg4::hisG

his1::hisG/his1::hisG leu2::hisG::CdHIS1/leu2::hisG::CmLEU2

tye7::LEU2/tye7::HIS1 SNARG

Noble et al., 2010 YCAT831

C. albicans: tye7D/D+TYE7

ura3D::limm434:: URA3-IRO1/ura3D::limm434

arg4::hisG::CdARG4/arg4::hisG

his1::hisG/his1::hisG leu2::hisG::CdHIS1/leu2::hisG::CmLEU2

tye7::LEU2/tye7::HIS1 SNARG-TYE7

Noble et al., 2010 YCAT832

Oligonucleotides

qPCR primers, see Table S2 This paper N/A

Software and Algorithms

ImageJ v.2.0.0 NIH https://imagej.nih.gov/ij/download.

html

Fiji Schindelin et al., 2012 https://fiji.sc/

MetaMorph v.7.7 Molecular Devices https://www.moleculardevices.com/

Tail Tools Harrison et al., 2015 N/A

Bowtie 2 Langmead and Salzberg, 2012 N/A

Xenomapper N/A http://joss.theoj.org/papers/10.21105/

joss.00018

R package limma N/A http://bioinf.wehi.edu.au/limma/

R package fitnoise N/A https://github.com/pfh/fitnoise

R package gplots N/A https://cran.r-project.org/web/

packages/gplots/index.html

LinReg software Ruijter et al., 2009 N/A

ImageQuant TL v7.0 GE Healthcare https://www.gelifesciences.com/

GraphPad Prism v6 GraphPad Software http://www.graphpad.com/scientific-

software/prism/

FlowJo Tree Star https://www.flowjo.com/

Camera Wu and Smyth, 2012 N/A

Other

10 mm nylon net filter Millipore Cat#NY1004700

ACCU-CHEK Performa glucometer Roche Cat#06987834014

BD Calibrate Beads BD Biosciences Cat#340486
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Ana

Traven (ana.traven@monash.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Candida Strains and Growth Conditions
The C. albicans strains used in the study are described in STAR Methods. The strains in the SN background are described in Noble

et al. (2010) and DAY185 is described in Davis et al. (2000). Unless otherwise stated, the clinical isolate SC5314 was used in the

experiments. For the majority of the macrophage interaction assays, single colonies of the C. albicans strains were patched on a

YPD (1% yeast extract, 2% peptone, 2% glucose, 2% agar, 80 mg/mL uridine) plate and grown overnight for 12 h at 30�C. Cells
were taken from the plates and resuspended in PBS, followed by counting of cells in a hemocytometer before addition to macro-

phages. The following Candida strains were grown under different conditions: the tetO-UME6 (MBY38) and tetO control strain

(PCY87) were grown on YPD+20 mg/ml doxycycline to obtain yeast cells, while the tissue culture media lacked doxycycline to pro-

mote hyphal formation and eliminate the hyphae-to-yeast transition in the tetO-UME6 strain. The UME6 overexpression and control

strain are described in Carlisle and Kadosh (2013). The base NRG1 overexpression strain NRG1-OEX-FarRed is described in Peters
Cell Metabolism 27, 988–1006.e1–e7, May 1, 2018 e3



et al. (2014) andwasmodified by transformation with the PENO1-iRFP-NATr plasmid using the procedure for creation and verification

described in Bergeron et al. (2017). The pyk1D/D yeast cells (along with control strains RM1000 and pyk1D/D+PYK1) are described in

Barelle et al. (2006), and were obtained from minimal medium (0.67% Yeast Nitrogen Base) plates with 2% casamino acids as the

sole carbon source, while the macrophage tissue culture medium contained normal amounts (�10 mM) of glucose. For purification

of Phase II yeast cells (i.e. yeast cells derived from hyphae during Phase II macrophage death), a 10 mm nylon net filter was used

(Millipore #NY1004700) to filter media at a rate of 1 mL/s. Cells that passed through the membrane were collected by centrifugation

and were found to be highly enriched for yeast cells and largely devoid of hyphae. The Phase II media was subsequently purified from

any remaining cells by using a 0.45 mm filter.

Murine Macrophages and THP-1 Human Macrophages
Murine bone marrow-derived macrophages (BMDMs) were obtained from femur and tibia bones of male or female 6-8 weeks-old

C57BL/6 mice, obtained from the Monash Animal Research Platform (MARP). Macrophages were cultured in RPMI 1640 medium

supplemented with 12.5 mM HEPES, 15% fetal bovine serum (FBS; Serana), 20% L-cell conditioned medium (containing

macrophage colony-stimulating factor), and 100 U/mL of penicillin-streptomycin (Sigma) in bacteriological dishes for 7 days, at

37�C + 5% CO2.

Human THP-1 monocytes (Dolezal et al., 2012), originally isolated from a male patient, were cultured in RPMI 1640 medium

supplemented with 12.5 mM HEPES, 10% FBS, and 100 U/mL penicillin-streptomycin. Cells were differentiated to macrophages

by supplementing 300 nM phorbol 12-myristate 13-acetate (PMA, Sigma, P8139) into the media for 24 h followed by recovery for

12 h in fresh media without PMA. Differentiation to macrophages was confirmed by evaluating cell adhesion and spreading under

a dissection microscope.

Mice
Female 6-8 weeks old C57BL/6 mice were used for all experiments, and were obtained from the Monash Animal Research Platform

(MARP). Following transport from MARP, mice were allowed to adjust to their new environment for a week prior to the start of the

experiment. They were maintained under standard 12 h light-dark cycle with ad libitum access to chow (Ridley, product code

#102119-1040) andwater unless otherwise stated. All animal experiments were approved by the Animal Ethics Committee atMonash

University (protocols MARP-2015-170-Traven and SOBS-2010-49-Peleg).

Zebrafish
Adult zebrafish used for breeding embryos were housed in recirculating systems (Aquatic Habitats, Apopka, FL) at the University of

Maine Zebrafish Facility, following a 14 hr light/10 hr dark cycle, at 28�C. Adults were fed twice daily with Hikari Micropellets and brine

shrimp. Zebrafish used in experiments were all larvae of the genotype:mpeg1::Gal4-UAS UAS::Kaede. At this developmental stage,

these fish have not gone through sexual differentiation. All zebrafish care protocols and experiments were performed in accordance

with NIH guidelines, under Institutional Animal Care and Use Committee (IACUC) protocol A2015-11-03.

METHOD DETAILS

Live Cell Imaging
For live cell imaging experiments, BMDMs were gently scraped from bacteriological dishes using a cell scraper (BD Falcon) and

seeded in tissue culture-treated plates at a density of 5 x 105 cells/well for 24-well format, or 1 x 105 cells/well for 96-well format,

and incubated overnight at 37�C+ 5%CO2. THP-1monocytes were seeded at 1.5 x 105 cells/well in 96-well format and after seeding,

cells were immediately differentiated into macrophages with PMA as described above. The detailed live cell imaging procedure is

described in Tucey et al. (2016). Briefly, macrophages were stained with 1 mM CellTracker Green CMFDA dye (Thermo Fisher

C7025) for 20 min in serum-free RPMI 1640. The C. albicans multiplicities of infection (MOI) for each experiment are indicated in

the figure legends (ranging from 6:1 to 0.2:1 Candida:macrophage). After 1 h of co-incubation, non-phagocytosed fungal cells

were removed by washing three times with PBS, followed by staining with 0.6 mMDRAQ7 (Abcam) for tracking membrane-compro-

mised cells. Live cell imaging was performed on a Leica AF6000 LX epifluorescence microscope containing a fully automated stage

with temperature and humidity controlled chamber (37�C + 5% CO2) and the data were analysed and quantified using ImageJ and

MetaMorph (Molecular Devices), respectively, as described in detail in Tucey et al. (2016).

For experiments involving varying concentrations of glucose or galactose, RPMI 1640 medium lacking glucose (Thermo Fisher

11879020) was used, and FBS was reduced to 10%. The resulting ‘‘no glucose’’ media was measured to contain 0.65 mM glucose.

Then, glucose or galactose was exogenously added to achieve final concentrations of 20 mM, 40mM, and 100mM. For experiments

involving supplementation of other nutrients, 10 mM or 40 mM concentrations of glucose, glutamine, arginine, serine, leucine,

acetate, or glycerol were exogenously added to the normal (�10 mM glucose) tissue culture media after Candida co-incubation

and washing of non-phagocytosed fungal cells. For experiments involving the spiking in of glucose in between live cell microscopy

time points (Figures 2C, 2D, and S2F), glucose was added exogenously to themedium to 2, 8, or 20mM concentrations after the time

points indicated in the figure legends.

For live cell microscopy experiments in hypoxia, C. albicans addition and BMDM phagocytosis were initiated under normoxic

conditions as described above. After removal of non-phagocytosedCandida, samples were placed in a Leica AF6000 LXmicroscope
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connected to a humidified hypoxic chamber at 5% CO2 and 1% O2 balanced with N2. Uninfected macrophages were collected in

both normoxic and hypoxic tissue culture conditions to test if hypoxia induced the expression of HIF1a and the HIF1a-regulated

gene, Ddit4 (Figure S7D).

In some experiments, 50 nM tetramethylrhodamine, methyl ester (TMRM; Thermo Fisher T668) was added to the tissue culture

media to follow mitochondrial membrane potential, and 0.75 drops/ml CellEvent Caspase-3/7 detection reagent (Invitrogen

C10723) were included formeasuring activated caspase-3/7. Quantification of TMRMand caspase-3/7 positive cells was done using

MetaMorph software, adjusting intensity threshold to selectively count cells with hyperpolarized mitochondrial membrane potential

and activated caspase-3/7. For experiments involving pan caspase inhibitors, 10 mM Q-VD-OPh (R&D Systems OPH001-01M) or

1 mM Z-VAD-FMK (R&D Systems FMK001) were applied at the start of imaging, as well as 10 hr after Candida addition to

macrophages at 3:1 MOI. Reduction of Caspase-3/7 activation was used to assess the degree of caspase inhibition.

For live cell experiments involving caspofungin, 125 ng/ml was added to Candida-infected macrophages after 7 hr. This concen-

tration eliminated Candida viability but did not affect macrophages. For experiments involving exogenous priming of macrophages,

10 mg/ml curdlan (Sigma C7821) and 10 ng/ml mouse IFN-g (R&D Systems 485-MI) were included in fresh macrophage media

for 24 hr.

Dual RNA-Seq and qPCR Analysis of Gene Expression
For dual RNA-seq experiment, BMDMs were infected with the C. albicans clinical isolate SC5314 at the multiplicity of infection

of 3 Candida cells to 1 macrophage, and samples collected over a time course (Figure 1B). Candida only and macrophage only

samples were also grown in parallel, as controls. To ensure that samples were collected at the correct stage of infection during

the time course, live cell imaging was performed in parallel tomonitor macrophage cell death.Candida infectedmacrophage cultures

were harvested by adding Trizol reagent to lyse macrophages. Two independent experiments were performed. These Trizol samples

were centrifuged to divide the Candida fraction as pellet, and macrophages as supernatant. To obtain a sufficient yield of both

Candida and macrophage RNA, total RNA isolation of the macrophage fraction was performed by the Trizol method, and Candida

RNA was extracted by the hot phenol method. After preparation of total RNA, Candida and macrophage samples were pooled. The

quality of total RNA was checked with the Bioanalyzer. One microgram of total RNA was used for library preparation by the PAT-seq

method (Harrison et al., 2015). To assign reads to a specific genome, reads were first clipped of poly(A) tail and low quality sequence

using Tail Tools (Harrison et al., 2015). Clipped reads shorter than 20 bases were discarded. The clipped reads were then aligned to

both theM.musculus andC. albicans genomes using Bowtie 2 (Langmead and Salzberg, 2012). These alignments were then used by

Xenomapper (http://joss.theoj.org/papers/10.21105/joss.00018) to divide reads between these two genomes. Reads discarded as

too short after clipping, unaligned reads, and reads mapping equally well to both genomes were discarded. In samples containing

both M. musculus and C. albicans, 44% of reads were assigned to M. musculus, ranging from 25% to 70% in individual samples.

Similarly, 38% of reads were assigned to C. albicans, ranging from 10% to 59% in individual samples. To detect differentially

expressed genes, the read count data were first log transformed and weighted using the voom function in the R package limma

(http://bioinf.wehi.edu.au/limma/), then significantly differentially expressed genes were found using empirical Bayes moderated

F tests, using the R package fitnoise (https://github.com/pfh/fitnoise). A term was included in the linear models used in these tests

to account for any batch effect between the two biological repeats. For significantly differentially expressed genes presented in the

Figures, a cut off ofR2 fold changewith <0.05 false discovery rate (FDR) was used. The data were analyzed in two different ways.We

compared gene expression in infected over non-infected samples at each of the time points (for host genes this means gene expres-

sion in C. albicans-infected macrophages relative to macrophages alone, and for pathogen genes this means gene expression in

C. albicans infecting the macrophages relative to C. albicans alone). We further separated the infected and non-infected conditions,

and analysed changes to gene expression over time relative to the first time point. These two approaches allowed us to discern

changes specific to infection, as well as to assess the dynamics of gene expression over time during infection. The analysis for

the entire dataset can be accessed at http://rnasystems.erc.monash.edu/2017/papers/glucose_comp/. Using the ‘‘Timepoint

app’’, changes in gene expression over time in infected and uninfected samples can be visualized separately. Heat maps were

created for most significantly represented genes of a specific functional class using the R package gplots (https://cran.r-project.

org/web/packages/gplots/index.html). For Gene Set Enrichment Analysis (Figure 1I), we utilized the list of genes activated by lactate,

presented in supplemental data for Ballou et al. (2016). Camera (Wu and Smyth, 2012) was used to determine whether these genes

were up-regulated or down-regulated at each time point in our dataset.

For qPCR analysis, isolation of Candida or macrophage RNA was performed as described above for the dual RNA-seq experi-

ments. RNA isolation from mouse kidneys was done following disruption of kidney tissue in Trizol reagent. Reverse transcription

was performed using Superscript III (Invitrogen) by using 1 mg of DNase I (Ambion) treated total RNA. Quantitative PCR was done

on LightCycler 480 (Roche) using the FastStart Universal SYBR Green Master Rox (Roche) master mix. Data were analyzed using

the LinReg software (Ruijter et al., 2009). The expression levels of theCandida transcripts were normalized by the RDN25 gene, while

macrophage and kidney transcripts were normalized by RPS3. The qPCR primers used for this study are listed in Table S2.

Mouse Infection Experiments
For analysis of host gene expression and analysis of immune cells in vivo, C57BL/6 mice were systemically infected by intravenous

injection with 1.5 x 106 CFU of the clinical C. albicans isolate SC5314, followed by harvesting kidneys after 24 h post infection for

qRT-PCR or FACS analysis.
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For determination of blood glucose levels (Figure 2G), mice were handled every day during one week of acclimatization period.

Also, three days before infection daily blood glucose measurements started by snipping the very end of the tail to collect a drop

of blood in a ACCU-CHEK strip, whichwere read using the ACCU-CHEKPerforma glucometer (Roche). On the day of the experiment,

mice were starved for 3-4 h in themorning before measurements of blood glucose levels at 0 h, for which the scab was removed from

the tail and a small drop of blood was drawn. Then, intravenous injection of 1.5 x 106 CFU of wild type SC5314 C. albicanswas done,

and mice were fed with standard chow. On the next day, mice were starved for 3-4 h before taking blood glucose measurements for

the 24 h time point. For glucosemeasurements in Figure 4 and Figure 7, mice were infected with 1 x 105 CFU of theC. albicans strains

and blood glucose levels were measured during the first 5-6 days post infection. For measurements of glucose in the kidney (Fig-

ure S2E), mice were infected with 1 x 105 CFU of the wild type C. albicans (controls were PBS-injected mice), and kidneys isolates

at day 5 post infection. Kidney weight was determined, after which the organs were homogenized in 2 mL of reaction buffer provided

in the assay kit, followed by removal of cellular debris by centrifugation. Glucosewas determined in the supernatant using the Amplex

Red Glucose/Glucose Oxidase Assay Kit (Thermo Fisher A22189) according to the manufacturer’s instructions. Total kidney glucose

concentration was calculated (mM), as well as determining mmole of glucose/g of kidney tissue.

For survival of mice after addition of 20%glucose to the drinking water (Figure 4C), mice were injected with 1 x 105 CFU of wild type

C. albicans (clinical strain SC5314). For experiments involving metformin treatment (Figures 4 and 7), mice were treated with

250 mg/kg of metformin or PBS control in 100 ml of daily intraperitoneal injection under mild anaesthesia, starting one day before

intravenous injection of the C. albicans strains at 1 or 3 x 105 CFU. For glucose administration of metformin treated mice, daily intra-

peritoneal injections of metformin were combined with 20 mg glucose/mice along with 20% glucose in the drinking water. Blood

glucose levels were measured using the glucometer as described above, at 2 h following the daily administration of metformin.

For survival experiments, animals were monitored daily for signs of illness, and humanly euthanized when they reached the exper-

imental end points as approved by the Animal Ethics Committee at Monash University, and which are defined by signs of illness

including weight loss (>15% of initial body weight), ruffled fur, hunching/inactivity, difficulty with eating/drinking and difficulty breath-

ing. No inclusion/exclusion criteria were used for any of the murine infection and survival studies.

Monitoring Immune Cells In Vivo during Murine Infection
Single cell preparations from Candida-infected and PBS control kidneys were made as described by us before (Snelgrove et al.,

2017). Briefly, kidneys were digested in Collagenase D (1mg/mL)/ DNase I (0.1mg/mL), tubular debris removed by sedimentation,

followed by red blood cell lysis and filtration through a 70 mm mesh. To prevent non-specific staining, cells were incubated with

anti-CD16/CD32 Fc receptor (2.4G2, BD Biosciences) for 10 min. Then, cells were stained with directly conjugated primary anti-

bodies: CD45 (30-F11, Biolegend, Pacific blue), CD11c (HL3, BD Biosciences, APC), F4/80 (BM8, eBioscience, PE), and CD11b

(M1/70, eBioscience, PE-Cy7) for 30 min and washed in MACS buffer. To determine the total number of cells per kidney, a known

number of BD Calibrate Beads (BD Biosciences) was spiked in each sample. Cells were acquired on a FACSCantoII flow cytometer

(BD Biosciences) and analyzed with FlowJo software (Tree Star). Data were expressed as the mean percentage of CD45+ cells and

absolute number of cells per kidney.

Zebrafish Infections and In Vivo Imaging
Zebrafish larvae were reared at 28�C at a density of 150/dish in 150 mm petri dishes containing 150 mL of E3 (5 mM sodium chloride,

0.174 mM potassium chloride, 0.33 mM calcium chloride, 0.332 mM magnesium sulfate, 2 mM HEPES in Nanopure water, pH = 7)

supplemented with 0.02 mg/mL of 1-phenyl-2-thiourea (PTU) (Sigma-Aldrich, St. Louis, MO) to prevent pigmentation, and 0.3 mg/L

methylene blue (VWR, Radnor, PA) for the first 6 hr to prevent microbial growth. Tg(mpeg1:GAL4/UAS:Kaede) adults were in-crossed

for larvae with green fluorescent macrophages that could be photo-converted to red fluorescence (Ellett et al., 2011). Larvae were

dechorionated at�32 hpf and infectedwith a yeast-locked TET-NRG1-Far-red fluorescent strain ofC. albicans (Peters et al., 2014), in

the yolk sac. C. albicanswere pre-grown at 30�C in YPD, washed twice in PBS, resuspended at 5 x 106 cells/ml in PBS, and injected in

a 5 nl bolus. Larvae were screened for a starting inoculum of 10-20 yeast cells using a Zeiss Axiobserver Z1 microscope and larvae

with the correct inoculum were pooled in 50 mL E3 media plus PTU for 24 hr. Individual larvae were plated in glass-bottom 24-well

imaging dishes in Tris buffered tricaine methane sulfonate (200 mg/ml) and immobilized in 0.5% low melting point agarose in E3 me-

dia. Larvae were imaged at room temperature on an Olympus IX-81 inverted microscope with an FV-1000 confocal system.

Macrophages in a square area at the infection site were photoswitched at 24 hpi as previously described (Brothers et al., 2013).

Briefly, using a 20X (0.75 NA) objective, the infection site was illuminated using a 405 nm laser at 10% power, and photoswitching

was done with the Fluoview XY repeat for 10 min. To confirm successful photoswitching, an image of the yolk sac was taken imme-

diately post-photoswitch. 2 mL of E3 media plus PTU was layered over each larva after photoswitching and imaging at 24 hpi. The

head, yolk, and tail were then longitudinally imaged at 6 and 16 h post-switch, with incubation at 28 �C between imaging sessions

(10X objective, 0.40 NA). Far-red fluorescent C. albicans, red fluorescent photoswitched macrophages, and green fluorescent un-

convertedmacrophages were detected by optical filters for 635 nm excitation/668 nm emission, 543 nm excitation/572 nm emission,

and 488 nm excitation/520 nm emission, respectively. Images were compiled in Fiji (Schindelin et al., 2012), and Z stack projections

(Maximum Intensity Projection) were used to count the number of red fluorescent macrophages in the yolk or body.
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Metabolic Experiments and Glucose Determinations
For Seahorse experiments, BMDMs were seeded at 2 x 105 cells/well in XF24 cell culture microplates. The MOI was 1:1 for Candida

infections, which progressed for 7 hr at 37�C + 5% CO2 prior to the Seahorse analysis. Measurements of extracellular acidification

rate (ECAR –mpH/min) and oxygen consumption rate (OCR – pmol/min) were performed using a Seahorse XF24 according to the XF

Glycolysis Stress Test Kit User Guide: wells were washed and equilibrated in XF Base Medium supplemented with 2 mM

glutamine, pH 7.4, incubating at 37�C without CO2 for 45 min., then placed in the Seahorse analyser. The analysis consisted of a

20 min observation period followed by the sequential addition of 10 mM glucose to stimulate glycolysis, 1.0 mM oligomycin to sup-

press oxidative phosphorylation, and 50 mM 2-DG to block glycolysis, each at 20 min intervals. The metabolic activity of Candida

alone was determined by adding the same amount of Candida to wells lacking BMDMs.

To determine glucose levels, tissue culture supernatants were measured using Amplex Red Glucose/Glucose Oxidase Assay Kit

(Thermo Fisher A22189) according to themanufacturer’s instructions.Measurements of absorbance at 560 nmwere done in triplicate

from a microplate reader (Tecan Spark 10M).

Measurement of Antimicrobial Cytokines
For sufficient detection of IL-1ß maturation and secretion, BMDMs were primed for 3 h with ultra-pure LPS (50 ng/ml, Sigma) prior to

infection withC. albicans at 6:1MOI, and themedia volumewas reduced from 750 ml to 250 ml (in 24-well tissue culture-treated plates)

to further concentrate the cytokines. The tissue culture media also contained high glucose levels (100 mM) to prolong macrophage

survival and this resulted in a macrophage death profile similar to Figure 6A. Supernatants were collected at select timepoints for

analysis of IL-1ß by both western blot and ELISA. Nigericin (10 mM, Thermo Fisher) was included as a positive control.

For western blot analysis, 20 ml volumes of supernatant were separated on 15% SDS-PAGE and protein transferred to 0.45 mm

pore size PVDFmembrane (Immobilon) for detection. Membranes were blocked with 5% skimmilk in TBS containing 0.1%Tween 20

(TBS-T) for 1 h at room temperature, and then probed overnight for pro and mature IL-1ß using mouse IL-1ß primary antibody (R&D

Systems; AF-401-NA) diluted 1:1000. Anti-goat HRP secondary antibody was applied at 1:7500 dilution for 1 hr. Membranes were

washed five times in TBS-T between antibody incubations and all antibodies were diluted in TBS-T + 5%skimmilk. Membranes were

developed using luminol-based enhanced chemiluminescence (SuperSignalWest Dura Extended Duration Substrate; Thermo Fisher

34075). Uncropped, full-size images of western blots are displayed in Figure S6F. Quantification of the 17 kDamature IL-1ßwas done

using ImageQuant 1D version 7.0 with background subtraction set to rolling ball.

Mouse IL-1ß ELISA kit (R&D Systems; DY401) was used to measure total IL-1ß levels in tissue culture supernatants (Figure S6G)

according to manufacturer’s instructions and with the supplied standard.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using the Prism 6 (GraphPad) software. The statistical tests used for the specific sets of data are

described in the Figure legends. In most cases, the unpaired, two-tailed Student’s t test was used to compare two groups. Statistical

analysis of Kaplan Meier mice survival curves was done using the Mantel-Cox test. A p value of <0.05 was considered to be statis-

tically significant. No statistical method was used to determine whether the data met assumptions of the statistical approach. For the

data shown in Figure 3 (zebrafish model), methods are described in the legend; analyses showed that the data were not normally

distributed, so non-parametric tests and post-tests were used. The number of biological replicates and the statistical values for

the individual experiments are stated in the Figure legends.

DATA AND SOFTWARE AVAILABILITY

The raw data files of the RNA-seq reported in this paper have been deposited in the GEO database (GEO: GSE99904), and the

analysis for the entire dataset can be accessed at http://rnasystems.erc.monash.edu/2017/papers/glucose_comp/.
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