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Abstract

Phagocytosis by hemocytes, Drosophila macrophages, is essential for resistance to Strep-

tococcus pneumoniae in adult flies. Activated macrophages require an increased supply of

energy and we show here that a systemic metabolic switch, involving the release of glucose

from glycogen, is required for effective resistance to S. pneumoniae. This metabolic switch

is mediated by extracellular adenosine, as evidenced by the fact that blocking adenosine

signaling in the adoR mutant suppresses the systemic metabolic switch and decreases

resistance to infection, while enhancing adenosine effects by lowering adenosine deami-

nase ADGF-A increases resistance to S. pneumoniae. Further, that ADGF-A is later

expressed by immune cells during infection to regulate these effects of adenosine on the

systemic metabolism and immune response. Such regulation proved to be important during

chronic infection caused by Listeria monocytogenes. Lowering ADGF-A specifically in

immune cells prolonged the systemic metabolic effects, leading to lower glycogen stores,

and increased the intracellular load of L. monocytogenes, possibly by feeding the bacteria.

An adenosine-mediated systemic metabolic switch is thus essential for effective resistance

but must be regulated by ADGF-A expression from immune cells to prevent the loss of

energy reserves and possibly to avoid the exploitation of energy by the pathogen.

Author summary

The immune response is an energy-demanding process and a sufficient energy supply is

important for resistance to pathogens. However, the systemic metabolism must be tightly

regulated during an immune response since nutrients may also be exploited by the patho-

gen and host energy reserves are limited. Here we present how host-pathogen interaction

can be influenced by extracellular adenosine. We show that adenosine regulates the alloca-

tion of energy during bacterial infections in flies and that its signal is crucial for host

immunity. Furthermore, enhancing its effect may even boost host immunity during the

acute phase. However, the removal of adenosine by adenosine deaminase and thus down-
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regulation of its effect on the energy metabolism might prevent unintended feeding of the

pathogen at the expense of host energy reserves. Therefore, our work demonstrates on the

one hand that immune cells usurp energy from the rest of the organism, which is crucial

for the effectivity of the immune response but, on the other hand, that immune cells also

regulate adenosine to prevent the negative consequences of the excessive release of energy.

Introduction

Pro-inflammatory state of various immune cells in mammals, as neutrophils, dendritic cells

and M1 macrophages and some adaptive-immunity cells (e.g. Th17), is associated with a

metabolic switch including increased glycolysis and glucose consumption [1]. Therefore, the

immune response is an energy-demanding process [2] and poor nutrition often leads to

reduced immune resistance [3]. However, the energy supply to the immune system must be

tightly regulated to protect it from exploitation by the pathogen [4] and also properly allocate

limited energy reserves, especially because the immune response is known to be associated

with anorexia [5,6]. For example, mycobacterial infection may lead to wasting due to the con-

sumption of energy reserves [7].

The mechanisms for the systemic regulation of the metabolism during an immune response

have only recently begun to be intensively studied. Systemic insulin resistance, caused by pro-

inflammatory cytokines (e.g. TNF-α or Il-6), is believed to be an important mechanism to

ensure the energy supply to the immune system [8]. Although this is likely to be beneficial dur-

ing an acute response, chronic inflammation may lead to various metabolic disturbances [9].

Experimental studies of the effects of metabolic regulations on host-pathogen interactions are

practically challenging, especially in higher experimental models such as mice [6,10]. Simpler

model organisms such as the fruit fly Drosophila melanogaster may provide a more streamlined

platform for such studies.

We have recently shown that extracellular adenosine (e-Ado) mediates a systemic metabolic

switch upon infection of Drosophila larva by a parasitoid wasp [11]. This switch redirected

energy normally devoted to developmental processes towards the immune system. Such a sys-

temic switch is crucial for an effective immune response because blocking adenosine signaling

drastically reduces resistance. We have also shown that immune cells produce this signal, thus

usurping energy from the rest of the organism. Such a privileged behavior of the immune sys-

tem was recently proposed to be important for an effective immune response [8].

Adenosine (Ado) is an important intracellular metabolite of purine metabolism. It can also

appear extracellularly under certain conditions, thus becoming an important signaling mole-

cule. For example, when tissue is damaged, adenosine triphosphate leaks out and is converted

by ecto-enzymes into e-Ado [12]. Alternatively, when intracellular adenosine triphosphate lev-

els decrease due to metabolic stress, increased adenosine monophosphate is converted to Ado,

which is subsequently released into the extracellular space where it binds to adenosine recep-

tors informing other tissues of this metabolic stress. During extensive exercise, muscles release

Ado to induce fatigue to allow the initiation of recovery to this type of stress [13]. In another

example, hypoxia induces adenosine to be released from the affected tissue to increase nutri-

ent-rich blood flow [14]. This putative stress signaling by adenosine is conserved in evolution

from primitive unicellular organisms all the way up to humans. For example, adenosine is

released upon starvation by the social bacteria Myxococcus xanthus to induce the formation of

fruiting bodies that produce spores for surviving harsh conditions [15]. Adenosine therefore

represents a very ancient and universal system for signaling metabolic stress.
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Here we investigate the regulatory role of e-Ado during the immune response and the

effects of this regulation on host-pathogen interactions. Taking two complementary

approaches, we block adenosine signaling by elimination of the adenosine receptor AdoR and

enhance adenosine signaling by down-regulation of adenosine deaminase ADGF-A. We ana-

lyze the effects of these manipulations on host response to two types of bacterial infections:

acute caused by Streptococcus pneumoniae, and chronic by Listeria monocytogenes. We show

that adenosine regulates energy supply during bacterial infections in adult flies and that adeno-

sine signaling is crucial for host defense, extending our previous results from research on para-

sitoid wasp infection [11]. In addition, we also demonstrate an important regulatory role of

adenosine deaminase ADGF-A during the immune response. Enhancing adenosine effects

may be beneficial for host resistance during the acute phase of the infection, but negative feed-

back regulation becomes important to prevent exhausting energy reserves and to prevent host

nutrients being exploited by the pathogen.

Results

Phagocytosis is crucial for clearance of S. pneumoniae
When our control w flies were injected with 20 000 CFUs of S. pneumoniae, bacteria grew to

200–300 thousands within 24 hours (Fig 1A and 1B). This load persisted in the majority of

flies for a few further days (acute phase) during which many flies died (Fig 1C). The surviving

flies cleared the infection by the 5th-6th day (Fig 1A), but some lethality still occurred after this,

probably because they either did not clear the infection or they did not recover (Fig 1C). It has

been previously demonstrated by injecting the flies with latex beads, which jams their hemo-

cytes, making them unable to phagocytose, that phagocytosis was crucial for the clearance of S.

pneumoniae [16]. We confirmed this result here when the injection of latex beads 24 hours

before infection drastically increased pathogen load (to a million bacteria per fly; Fig 1B) and

led to the rapid death of the flies within 2 days (Fig 1C). The effect of blocking phagocytosis on

resistance was independent of the used genotypes (Fig 1B and 1C; see further detailed descrip-

tion of genotypes). Fig 1D shows the survival of PBS-injected (i.e. non-infected) flies under

our experimental conditions.

Systemic metabolic switch is required for an effective immune response

during S. pneumoniae infection

We had previously shown that a systemic metabolic switch, which redirected energy devoted

to developmental processes to the immune system, was required for the resistance of Drosoph-
ila larvae to parasitoid wasp infection [11]. Therefore, we analyzed here the systemic metabo-

lism during S. pneumoniae infection and found a similar systemic metabolic switch, in which

circulating glucose in control flies rose upon infection, peaking at 12 hpi (Fig 2A), while glyco-

gen levels were reduced to half within the first 24 hpi (Fig 2B). In agreement with this glycogen

breakdown during infection, the expression of the glycogen phosphorylase rose during S.

pneumoniae infection (Fig 2C).

To test the importance of energy release from glycogen for the immune response, we tested

the effect of silencing glycogen phosphorylase (GlyP) during S. pneumoniae infection. We used

Gal4/UAS induced RNA interference (RNAi) with thermosensitive Gal80 to induce RNAi just

prior to infection to avoid any developmental effects of silencing GlyP; both control flies and

flies with RNAi showed similar levels of glycogen at the beginning of infection (Fig 2B).

Knocking down GlyP specifically in the fat body (ppl>GlyP[RNAi]; Fig 2C) significantly

reduced glycogen breakdown and suppressed hyperglycemia upon infection (Fig 2A and 2B).
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This led to increased pathogen load (Fig 2D) and decreased survival (Fig 2E). Similar effects

on pathogen load and survival were achieved by systemically induced RNAi (Act>GlyP
[RNAi]) (Fig 2D and 2F).

Adenosine signaling mediates the systemic metabolic switch

In our previous work, mentioned above [11], we showed that the systemic metabolic switch

was mediated by adenosine signaling. Therefore, we used here three different genetic manipu-

lations to investigate the role of adenosine on the immune response against the bacterial infec-

tion of adult flies. First, we blocked systemic adenosine signaling by the adoR null mutation of

the adenosine receptor AdoR. To enhance the effects of adenosine, we lowered an expression

of adenosine deaminase ADGF-A first by a heterozygous null mutation in the ADGF-A gene

(adgf-a[kar]/+), since the homozygous mutation causes larval lethality [17]. Second, we

Fig 1. Host survival and pathogen loads during Streptococcus pneumoniae infection. (A) Pathogen loads of S. pneumoniae in colony forming units

(CFU) per fly were determined over a span of 6 days in control w flies; each dot represents a load in one fly in linear scale (multiplied by thousand).

Zero levels represent flies that cleared infection (majority at day 6). (B) Comparison of pathogen loads of S. pneumoniae at 18 and 24 hpi in flies with

intact phagocytosis and in flies injected with latex beads (24 hours prior to infection) to block phagocytosis (labeled with “+ latex BEADS”). The adoR
mutation (red) significantly increases and adgf-a/+ (green) significantly decreases load compared to w control (black) in flies with intact phagocytosis

both at 18 and 24 hpi (marked by asterisks). Blocking phagocytosis significantly increases pathogen loads for all genotypes compared to intact

phagocytosis (significance not marked) with no significant differences between genotypes (marked as NS). Loads, shown in logarithmic scale (values

follow lognormal distribution), were compared with unpaired t-tests. (C) Flies with phagocytosis blocked by latex beads displayed significantly reduced

survival (dashed lines, marked by black asterisk) compared to flies with intact phagocytosis (solid lines) with equal reduction for all tested genotypes.

With intact phagocytosis, adoR significantly decreases (marked by red asterisk) and adgf-a/+ significantly increases (marked by green asterisk) survival

compared to w control. (D) Survival of w, adoR, and adgf-a/+genotypes are comparable when injected with mock (PBS) buffer (adoR P = 0.1059 and

adgf-a/+P = 0.5980 compared to w). Survivals were analyzed by both Log-rank and Gehan-Breslow-Wilcoxon tests.

https://doi.org/10.1371/journal.ppat.1007022.g001
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Fig 2. Systemic metabolic switch and glycogen breakdown are required for effective resistance to Streptococcus pneumoniae. (A) Free glucose levels

in PBS injected (dashed line) and S. pneumoniae (S.p.) infected flies (solid line) of control (ppl-Gal4 crossed to KK control line labeled as ppl x KK
control; black) and ppl>GlyP-RNAi flies with RNAi induced in fat body (purple). Infection induces hyperglycemia, peaking at 12 hpi, in control flies

(significant differences in all 3–24 hpi when compared to uninfected, PBS injected control; not marked). ppl>GlyP[RNAi] significantly suppresses this

infection-induced hyperglycemia when compared to infected ppl x KK control (comparing solid lines marked by asterisks; glucose level is not

significantly different in any time point when infected and uninfected ppl>GlyP RNAi are compared). (B) Glycogen levels corresponding to

measurements in panel A show the decrease of glycogen upon infection (significant differences in 6–24 hpi for ppl x KK control and 15–24 hpi for

ppl>GlyP[RNAi]; not marked). The glycogen decrease is significantly suppressed by ppl>GlyP[RNAi]) when compared to infected control (comparing

solid lines marked by asterisks). Lines connect mean values with SEM as error bars; significant differences were tested by unpaired t-test (corrected for

multiple comparisons using the Holm-Sidak method). (C) Expression of the glycogen phosphorylase increases at 24 hpi with S. pneumoniae infection in

ppl x KK control flies. ppl>GlyP RNAi (induced in fat body) reduces the whole-fly expression to less than half, thus demonstrating an efficient silencing

of glycogen phosphorylase both in uninfected and infected flies. Bars show mean fold change relative to expression of glycogen phosphorylase in

uninfected ppl x KK control flies obtained by qRT-PCR with SEM as error bars; values were compared with unpaired t-tests and significant differences

are marked by asterisks. (D) Comparison of pathogen loads of S. pneumoniae at 24 and 48 hpi shows that knocking-down glycogen phosphorylase both

specifically in the fat body (ppl>GlyP[RNAi]); purple) and in the whole flies (Act>GlyP[RNAi]; dark blue) significantly increases pathogen loads when

compared to appropriate controls (ppl x KK control in black and Act x KK control in light blue, resp.) Loads, shown in logarithmic scale (values follow
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lowered the expression of ADGF-A by targeted RNAi in hemocytes (Drosophila immune

cells), using Gal4/UAS system [18] when the expression of double stranded RNA for ADGF-A

was driven by the hemocyte-specific Hemolectin-Gal4 driver (Hml>ADGF-A[RNAi]).
The metabolic switch, induced by S. pneumoniae infection and expressed by hyperglycemia

associated with glycogen breakdown (Fig 2A and 2B), was clearly delayed in the adoR mutant,

in which the glucose and the glycogen profiles were delayed 6–9 hours compared to the control

(Fig 3A and 3B). In contrast, lowering ADGF-A in adgf-a/+ and Hml>ADGF-A[RNAi] flies

caused the continuation of hyperglycemia beyond the 9-hpi control peak (Fig 3C and 3E),

leading to a deeper depletion of glycogen stores (Fig 3D and 3F), thus causing an expected

opposite effect compared to the adoR mutation. The role of adenosine signaling in glycogen

breakdown is further supported by the expression of the glycogen phosphorylase and glycogen

synthase. There was a lower expression of the glycogen phosphorylase and a higher expression

of the glycogen synthase in the adoR mutant (Fig 3G and 3H). In contrast to the situation in

the control flies, where the glycogen phosphorylase rose and the glycogen synthase dropped

during infection, their expression did not change in adoR (Fig 3G and 3H), supporting the role

of adenosine signaling in the regulation of glycogen synthesis/breakdown.

Adenosine is required for resistance to S. pneumoniae
Since the immune response was dependent on the systemic metabolic switch and the results

above showed that the switch was mediated by adenosine, we tested the resistance of the flies

with manipulated adenosine signaling. Injecting a sublethal dose (15 000 CFUs or less) allowed

most of the control flies to survive the acute phase of infection (the first 7–8 days; Fig 4A)

while a lethal dose (20 000 CFUs or more) killed 50% of control flies by day 8 and led to less

than 25% survival overall (Fig 4B). The adoR mutation decreased survival compared to the w
control when injected with both sublethal and lethal doses (Fig 4A and 4B). While the lethal

dose killed most of the control flies, adgf-a/+ and Hml>ADGF-A[RNAi] flies improved sur-

vival during the acute phase (Fig 4B and 4C). The observed effects were not caused by a differ-

ence in vigor [19] among these genotypes since the injection of PBS buffer led to comparable

survival under the experimental conditions (Fig 1D).

Fig 4D shows that S. pneumoniae load increased mostly within the first 24 hpi, reaching up

to three hundred thousand CFUs per fly, and was eventually cleared within 5–6 days. We mon-

itored the pathogen load during this 6-day span and detected differences among the tested

genotypes, especially during the first 24–48 hpi (Fig 4D) when most flies were still alive (Fig

4A–4C). At later time points, differences in pathogen load in flies, which were still alive and

available for pathogen load measurements, virtually disappeared between genotypes (Fig 4D

and S1 Fig). Therefore, we monitored in detail the growth of S. pneumoniae during the first 24

hpi. In agreement with the relative survival rates, the number of CFUs was significantly higher

in adoR and lower in both adgf-a/+ and Hml>ADGF-A[RNAi] compared to the controls (Fig

4E and 4F and S2 Fig). Although the adgf-a/+ and Hml>ADGF-A[RNAi] flies had lower patho-

gen loads and better survived the acute phase of S. pneumoniae infection, many of them died

after the acute phase and thus their overall survival was eventually comparable to the control

(Fig 4B and 4C). These results suggest that adgf-a/+ and Hml>ADGF-A[RNAi] better con-

trolled the pathogen load, leading to their better survival of the acute infection phase, but

lognormal distribution), were compared with unpaired t-tests. (E) and (F) Knocking-down glycogen phosphorylase both specifically in the fat body

(ppl>GlyP[RNAi]); purple in panel E) and in the whole flies (Act>GlyP[RNAi]; dark blue in panel F) significantly reduces survival (P<0.0001) when

infected with S. pneumoniae (solid lines); no differences in survival were detected between genotypes when injected with PBS buffer only (wound

control; dashed lines). Survivals were analyzed by both Log-rank and Gehan-Breslow-Wilcoxon tests.

https://doi.org/10.1371/journal.ppat.1007022.g002
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Fig 3. Carbohydrate metabolism during Streptococcus pneumoniae infection of flies with manipulated adenosine levels. (A, C and E) Free

glucose levels in PBS injected (dashed line) and S. pneumoniae (S.p.) infected flies (solid line) of different genotypes: w control (black), adoR (red),

and adgf-a/+ (green) mutants, plus Hml>ADGF-A[RNAi] (orange) compared to ADGF-A[RNAi] (blue). The adoR mutant significantly lowers the

early hyperglycemia observed in the w control; both adgf-a/+and Hml>ADGF-A[RNAi] prolongs hyperglycemia from the 9-hpi peak. (B, D and F)

Glycogen levels corresponding to the measurements in panels A, C, and E. Although the results are not in all cases statistically significant due to a
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eventually have problems with recovery from infection; the reason for the recovery problem is

unknown.

It is important to stress that the use of the heterozygous adgf-a knock out mutant as a

model led to a similar result as that obtained by depleting ADGF-A in hemocytes by RNAi

(Hml>ADGF-A[RNAi]) and to an opposite result to that obtained with the adoR mutation,

thus connecting the phenotypes specifically to the genetic manipulations of extracellular aden-

osine. We were not able to detect clear and reproducible changes in the extracellular adenosine

levels, having problems rapidly collecting a reasonable amount of hemolymph from adult flies

and due to the short half-life of this molecule upon sample collection. Therefore, to determine

whether the observed effects of lowering ADGF-A expression are indeed due to adenosine sig-

naling, we tested resistance to S. pneumoniae in a double mutant, heterozygous for adgf-a and

homozygous for adoR (adgf-a adoR/adoR), lowering ADGF-A expression and at the same time

removing adenosine signaling. Fig 4B and S3 Fig demonstrate that the effect of adgf-a/+ is

completely suppressed by the adoR mutation in the adgf-a adoR/adoR double mutant when

both survival and pathogen loads are similar to the adoR single mutant. This demonstrates that

the observed effects in adgf-a/+ are dependent on adenosine signaling.

As shown above, resistance to S. pneumoniae is dependent on phagocytosis; blocking

phagocytosis with latex beads erased differences between genotypes (Fig 1B and 1C) demon-

strating that the differences are connected to phagocytosis. The effectivity of the phagocytic

response could be influenced by the number of hemocytes, which in turn is dependent on

genetic background [20]. A comparable number of active phagocytes, and even adult hemo-

cytes in general, among w, adoR and adgf-a/+genotypes (with unified genetic backgrounds)

showed that it was not the different number of phagocytes (Fig 5A and 5B) causing the

observed effects of these genotypes on resistance to S. pneumoniae. We detected a significantly

lower number of cells labeled by pHrodo, a marker of active phagocytosis, in the adoR mutant

challenged by S. pneumoniae 6 hours prior to a pHrodo injection when the total number of the

Hml>GFP-labeled hemocytes was the same as in the control (Fig 5C). This lower phagocytosis

in challenged adoR was significantly increased by a carbohydrate-rich, 10%-glucose diet (Fig

5C). So, although there are comparable numbers of phagocytes with comparable basal phago-

cytic capacity (without challenge), their activity (but not their numbers) is lower in the adoR
mutant when the immune response is activated by the challenge.

Role of adenosine signaling during Listeria monocytogenes infection

Next, we tested a different type of infection, triggered by Listeria monocytogenes, which causes

a chronic intracellular infection leading eventually to the death of the host [21]. Intracellular

infection is established by phagocytosis followed by the escape of L. monocytogenes from the

phagosome to the cytoplasm. Similarly to S. pneumoniae infection, the L. monocytogenes infec-

tion also led to a systemic metabolic switch, characterized by hyperglycemia (Fig 6A); glycogen

stores were accordingly reduced (Fig 6B). The adoR mutation reduced hyperglycemia (Fig 6A)

higher variability in measurement, a trend emerges in which the adoR mutant starts to break down glycogen later than the w control while glycogen

drops lower in both adgf-a/+and Hml>ADGF-A[RNAi] flies as compared to their respective controls. Lines connecting mean values with SEM as

error bars and significant differences (tested by unpaired t-test) marked by asterisks (black asterisks for comparison of S.p. solid lines and blue

asterisk for comparison of PBS dashed lines). (G and H) Expression of glycogen phosphorylase increases (panel G) and expression of glycogen

synthase decreases (panel H) in w control flies during infection (grey and black lines and black asterisks for significant differences). There is no such

infection-induced change in adoR (pink and red lines) but expression of glycogen phosphorylase is significantly lower and expression of glycogen

synthase significantly higher both in uninfected and infected adoR when compared to w controls (red asterisks). Lines connect mean fold change

values of expression relative to expression in uninfected w control at 6 hpi with SEM as error bars; asterisks indicate significant changes (tested by

unpaired t-test).

https://doi.org/10.1371/journal.ppat.1007022.g003
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Fig 4. Host survival and pathogen loads during Streptococcus pneumoniae infection of flies with manipulated adenosine levels. (A) The adoR
mutation (red) significantly reduces survival (P<0.0001) while adgf-a/+ (green) is comparable (P = 0.1647) to the w control (black) when infected with

a sub-lethal dose of S. pneumoniae. (B and C) Both the adgf-a/+heterozygous mutant (green) and Hml>ADGF-A[RNAi] (orange) flies increases

survival (both P<0.0001) compared to w and ADGF-A[RNAi] (blue) controls when infected with a lethal dose of S. pneumoniae. The effect of adgf-a/+ is

fully suppressed (P<0.0001; purple star) by the adoR mutation when double adgf-a adoR/adoRmutant (olive) shows similar decrease to adoR
(P = 0.9222 when adgf-a adoR/adoR compared to adoR). (D) Pathogen loads of S. pneumoniae in colony forming units (CFU) per fly were determined

over a span of 6 days and are shown as lines connecting the mean values in linear scale (multiplied by thousand; see S1 Fig for the corresponding dot

plots). (E) and (F) Pathogen loads within the first 24 hours post-infection in logarithmic scale (values follow lognormal distribution) with significant

differences marked by asterisks (color determines the compared genotype to control, i.e. either w or ADGF-A[RNAi]); adoR increases while both adgf-a/
+ and Hml>ADGF-A[RNAi] decreases the pathogen loads (lines connect the mean values with SEM as error bars; see also S2 Fig for appropriate dot

plots). Survival was analyzed by Log-rank and Gehan-Breslow-Wilcoxon tests and pathogen loads with unpaired t-tests (corrected for multiple

comparisons using the Holm-Sidak method).

https://doi.org/10.1371/journal.ppat.1007022.g004
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Fig 5. Adult hemocytes quantification and phagocytosis capability. (A) Confocal microscopy image of a fly with genetically labeled Hml>GFP

hemocytes (green) and injected with pHrodo, which fluoresces red after being phagocytosed; yellow coloration marks co-localization of green

Hml>GFP positive cells being able to phagocytose the red pHrodo. White line labels the area of side thorax were hemocytes were counted. (B) Number

of Hml>GFP positive cells and pHrodo phagocytosing cells (and their combinations) in w control (black) and the adoR (red) and adgf-a/+ (green)

mutant flies. Cells were counted in the area marked in (A). Neither mutant genotype affects the total number of hemocytes or the basal capacity of

phagocytosis. (C) Number of Hml>GFP and pHrodo-positive cells in flies infected by S. pneumoniae 6 hours prior to pHrodo injection. While there is

comparable number of Hml>GFP cells upon infection in all genotypes, the infected adoR mutant shows a lower number of phagocytic cells with a

carbohydrate-poor, 0%-glucose diet, which is improved by a carbohydrate-rich, 10%-glucose diet (purple). The number of cells was counted in the

same area as depicted in (A). Dots in graphs show individual counts, with lines marking the mean values; asterisks mark significantly different values

determined by t-tests.

https://doi.org/10.1371/journal.ppat.1007022.g005
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and increased glycogen storage compared to the control (Fig 6B), the two effects persisting

even during the chronic phase (Fig 6C). Since there was no peak of hyperglycemia during the

acute phase of L. monocytogenes infection, we did not detect a difference in glucose level in the

adgf-a/+ flies (S4 Fig), however both the adgf-a/+ and Hml>ADGF-A[RNAi] flies had signifi-

cantly lower glycogen stores during the chronic phase (Fig 6C).

The length of host survival depends on the injected dose [19] and the genetic background

that determines, for example, the number of phagocytes [20]. We injected 1000 bacteria (S5A

Fig) leading to a median time to death of 17 days in our control flies (Fig 7A). Both the adoR
mutation and lowering ADGF-A by adgf-a/+ and Hml>ADGF-A[RNAi] shortened survival

during L. monocytogenes infection to a median time to death of only 8 days (Fig 7A–7C). The

observed shorter survival durations were associated with increased pathogen load (Fig 7D–

7F), ostensibly suggesting a lower resistance to L. monocytogenes for all three genotypes. How-

ever, distinguishing the intracellular and extracellular L. monocytogenes populations revealed a

more complicated picture. We used gentamycin, an antibiotic that is unable to cross cellular

membranes, to determine the total number of bacteria (without gentamycin treatment) and

the number of intracellular bacteria (after gentamycin treatment). This gentamycin-chase

assay described in [5] showed that the increased pathogen load in the adoR mutant was mainly

due to an increased extracellular population (Fig 7D and S5 Fig). On the other hand, the

increased pathogen load in adgf-a/+ and Hml>ADGF-A[RNAi] flies was almost solely caused

by an increase in the intracellular L. monocytogenes population (Fig 7E and 7F and S5A Fig);

the extracellular population disappeared faster in adgf-a/+ and Hml>ADGF-A[RNAi] flies

compared to the control suggesting more effective phagocytosis upon lowering ADGF-A.

Fig 6. Carbohydrate metabolism during Listeria monocytogenes infection. (A) Free glucose levels in PBS injected (dashed line) and L. monocytogenes
(L.m.) infected flies (solid line) of w control (black) and the adoR mutant (red) on a carbohydrate-poor, 0%-glucose diet. adoR lowers hyperglycemia

observed in the w control. (B) Glycogen levels corresponding to measurements in (A); although the results are not statistically significant due to

variability in measurement, the adoR mutant does not break down as much glycogen as the w control, which corresponds to glucose measurements.

Lines connect mean values with SEM as error bars; significant differences (tested by unpaired t-test) marked by asterisks. (C, D) Glycogen levels in PBS-

injected flies (left) and during the chronic phase of L. monocytogenes infection (right) measured at day 7 and 10 post infection on flies reared on

carbohydrate-poor, 0%-glucose (C) and carbohydrate-rich, 10%-glucose (D) diets. Significantly lower glycogen levels in adgf-a/+and Hml>ADGF-A
[RNAi] flies during L. monocytogenes infection (C) are rescued by the carbohydrate-rich diet (D). Columns show mean values with SEM as error bars

and asterisks mark significant difference (tested by unpaired t-test) to control (w for adoR and adgf-a/+, respectively, and ADGF-A[RNAi] for

Hml>ADGF-A[RNAi]).

https://doi.org/10.1371/journal.ppat.1007022.g006
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Fig 7. Host survival and pathogen load during Listeria monocytogenes infection. (A-C) Survival upon L. monocytogenes infection was analyzed on

flies reared on carbohydrate-poor, 0%-glucose (marked as 0%; solid lines) and carbohydrate-rich, 10%-glucose (marked as 10%; dashed lines) diets and

were analyzed by both Log-rank and Gehan-Breslow-Wilcoxon tests. (A) The adoR mutation (red) significantly reduces the survival (P<0.0001) of flies

on the 0%-glucose diet compared to the w control. Survival of the adoR mutant is significantly improved by a 10%-glucose diet, which does not

influence the survival of control flies but shifts the median time to death of adoR from 9 to 13 days (P<0.0001). (B) The adgf-a/+mutation (green)

significantly reduces survival (P<0.0001) on both diets. (C) The Hml>ADGF-A[RNAi] (orange) flies also significantly reduce survival (P<0.0001)

compared to ADGF-A[RNAi] (blue) control on both diets. (D-F) Pathogen load of L. monocytogenes in CFU per fly in logarithmic scale (values follow

lognormal distribution) within the first 24 hpi. Lines connect mean values with SEM as error bars; solid lines show the total number of bacteria and

dashed lines show the number of intracellular bacteria after the gentamycin treatment killing the extracellular population (marked as GENT). Black

asterisks mark significant differences between intracellular bacteria (comparing dashed lines), colored asterisk mark significant differences between

total bacteria (comparing solid lines); results were compared by unpaired t-tests corrected for multiple comparisons using the Holm-Sidak method.

Statistics and detailed dot plot graphs can be found in S5 Fig. (D) The adoR mutant increases the total number of bacteria, mainly due to the

extracellular population. Both adgf-a/+ (E) and Hml>ADGF-A[RNAi] (F) also increase the total pathogen load, which is mostly due to the intracellular

bacteria because the numbers after gentamicin treatment (dashed lines) are markedly increased compared to controls.

https://doi.org/10.1371/journal.ppat.1007022.g007
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The increased intracellular pathogen load in adgf-a/+ and Hml>ADGF-A[RNAi] flies per-

sisted even during the chronic phase (day 7, Fig 8A), when the phagocytosis likely no longer

played a role because all bacteria were intracellular (i.e. no difference in total and intracellular

load in w control in Fig 8A). The adoR mutation also increased the total pathogen load at day

7, although this represented a surge in the extracellular population, as the intracellular popula-

tion was similar to the control (Fig 8A). Melanization was previously shown to be important in

controlling extracellular L. monocytogenes loads when lowering the melanization response led

to an increased extracellular bacteria population [22]. The increased presence of extracellular

bacteria in adoR flies most likely stimulated an increase in disseminated melanization [22] at

day 7 (S6 Fig), when only 37% of w showed melanization (with extensive melanization in 12%

Fig 8. Pathogen loads on carbohydrate-poor and carbohydrate-rich diets. (A) Pathogen load of L. monocytogenes in CFU per fly on a carbohydrate-

poor, 0%-glucose diet in logarithmic scale during the chronic phase (at day 7 post infection). Each color represents a different genotype according to the

legend (the same for panel C); total number of bacteria is on left and the number of intracellular bacteria after the gentamycin treatment is on right for

each genotype. The two numbers for w control are the same (labeled as n.s.) demonstrating that all bacteria are intracellular at this stage. adoR increases

the total number of bacteria due to the extracellular population while both adgf-a/+and Hml>ADGF-A[RNAi] exhibit increases in intracellular

numbers. Asterisks label statistically significant differences (tested by unpaired t-test) when comparing the load of total or intracellular bacteria in a

particular genotype to its counterpart in the control (adoR and adgf-a/+ to w and Hml>ADGF-A[RNAi] to ADGF-A[RNAi]). (B) Pathogen load of S.

pneumoniae increases in adoR compared to w control on a carbohydrate-poor diet, an effect that is compensated for by a carbohydrate-rich diet. (C)

Total and intracellular L. monocytogenes loads during the first two days of infection of flies on a carbohydrate-poor, 0%-glucose (left) and a

carbohydrate-rich, 10%-glucose (right) diets; labelled as in (A). Red squares highlight the effect of a sugar-enriched diet, which suppresses the increased

pathogen load in adoR on sugar-poor diet.

https://doi.org/10.1371/journal.ppat.1007022.g008
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of flies; n = 40) compared to 63% of adoR flies (with extensive melanization in 30% fies; n = 24;

S6 Fig).

Sugar-enriched diet rescues the adoR mutant resistance defect

In our previous work, we had been able to partially rescue the effect of adoR on the metabolic

switch and immune response by providing more glucose in the fly diet [11]. Here we show

that a sugar-enriched, 10%-glucose diet significantly increased the survival of adoR flies (Fig

7A and S7 Fig) and lowered the pathogen load to control levels during both S. pneumoniae and

L. monocytogenes infections (Fig 8B and 8C). The sugar-enriched diet did not influence the

survival or pathogen load of adgf-a/+or Hml>ADGF-A[RNAi] flies (Figs 7B, 7C and 8C).

Expression of antimicrobial peptides during S. pneumoniae and L.

monocytogenes infection

The results above demonstrated the effects of adenosine manipulation on immune defenses asso-

ciated with phagocytosis and metabolism. Host immunity may also be mediated by the produc-

tion of antimicrobial peptides (AMPs) and, therefore, we analyzed the expression of four selected

AMPs (S8 Fig). Both S. pneumoniae and L. monocytogenes induced the expression of Defensin,

Diptericin, Drosocin and Metchnikowin, albeit to different extents. As shown in S8 Fig, during

S. pneumoniae infection, the adoR mutant showed a lower expression of Defensin, Diptericin,

and Drosocin at 6 hpi but not at 18 hpi. In the case of L. monocytogenes infection, only the

Metchnikowin expression was strongly reduced at 6 hpi in the adoR mutant. The lower expres-

sion of three out of four AMPs in adgf-a/+or Hml>ADGF-A[RNAi] flies infected with both S.

pneumoniae and L. monocytogenes (S8 Fig) rather reflects the lower extracellular-bacteria load in

these flies than being the reason for more effective clearance of this extracellular population.

ADGF-A expression

Adenosine is regulated by the adenosine deaminase ADGF-A [17]. Gene expression analysis

showed that ADGF-A expression increased both upon L. monocytogenes and S. pneumoniae
challenges (Fig 9A and 9B). Fig 9A also demonstrates that there is lower ADGF-AmRNA

expressed in the adgf-a/+heterozygous mutant; some of this mRNA might possess a premature

stop codon (adgf-amutation) leading to aberrant protein production, which is not distinguish-

able by the used q-PCR (for a description of this mutation, see [23]). The Hml-induced RNA

interference of ADGF-A specifically in hemocytes effectively silenced the ADGF-A expression,

demonstrating the functionality of the Hml>ADGF-A[RNAi] knockdown (Fig 9A). It is

important to note that the expression was measured on the whole-organism level, suggesting

that the expression of ADGF-A in hemocytes, where Hml-Gal4 driver is expressed, represents

a majority of the whole organism expression of this gene. A hemocyte-specific expression anal-

ysis (Fig 9C) confirmed this speculation when hemocytes showed a one order of magnitude

higher expression of ADGF-A compared to the expression measured in whole flies and this

expression rose four times during infection demonstrating that hemocytes are the primary

producers of ADGF-A. The time-course expression during S. pneumoniae infection (Fig 9B

and 9C) also showed that the ADGF-A expression rose after 9 hpi, which coincided with the

down-regulation of hyperglycemia during S. pneumoniae infection (Fig 3A).

Discussion

In this work, we used two types of bacterial infection of adult D. melanogaster, one caused

by the facultative intracellular bacterium L. monocytogenes and the other triggered by the
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Fig 9. ADGF-A expression during infection. (A) Expression of ADGF-A in PBS-injected (grey bars) and flies

infected by L. monocytogenes (L.m., black bars) 6 and 18 hpi demonstrates a significant increase in expression caused

by infection in all w control, adoR and adgf-a/+genotypes. Hml>ADGF-A[RNAi]) shows an effective silencing of

ADGF-A expression to less than 20% under all circumstances. Bars show mean fold change values of expression

relative to expression in uninfected w control at 6 hpi with SEM as error bars; asterisks indicate significant changes
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extracellular pathogen S. pneumoniae, to test the effects of the genetic manipulation of adeno-

sine signaling on host-pathogen interactions. To block systemic adenosine signaling, we used

a null adoR mutation in the adenosine receptor and to enhance the effects of adenosine, we

either removed one copy of the adenosine deaminase ADGF-A gene or lowered its expression

by RNAi. We show that both infections are associated with a systemic metabolic switch mani-

fested by hyperglycemia at the expanse of the glycogen stores. Manipulating e-Ado signaling

influences this metabolic switch and, at the same time, affects host resistance. The activated

immune system requires an increased supply of energy/nutrients [24]. Therefore, we propose

that the observed e-Ado-mediated systemic metabolic switch supplies the immune system

with the required nutrition, and thus is important for the effectivity of the immune response.

Resistance to S. pneumoniae was shown to be dependent on effective phagocytosis by hemo-

cytes [16]. We confirm here the crucial role of phagocytosis by injecting latex beads which jam

hemocytes, making the hemocytes unable to phagocytose. Blocking the phagocytosis made

flies extremely sensitive to S. pneumoniae infection and eliminated the differences in responses

between the control and mutants used in this work. The observed effects of Ado manipulation

on immunity are not due to an altered phagocyte number [20] since all the strains used in this

work have comparable numbers of hemocytes, including active phagocytes.

We show here that S. pneumoniae infection is associated with systemic metabolic switch

manifested by hyperglycemia (peaking at 9–12 hpi) at the expanse of the glycogen stores, when

glycogen drops to less than one third within 24 hpi. This could merely be a pathological conse-

quence of the infection, however phagocytic cells are known to increase glycolysis and glucose

consumption [25] and thus the systemic metabolic switch may also be a reflection of an

increased need for energy by the hemocytes phagocytosing S. pneumoniae. The latter possibil-

ity is strongly supported by our experiment with knocking down GlyP, an enzyme responsible

for glycogen breakdown. Knocking down GlyP in the fat body immediately prior to infection

decreased resistance to S. pneumoniae, demonstrating that the glucose, liberated from the

glycogen stores, is required for effective phagocytosis. Therefore, the observed systemic meta-

bolic switch is most likely an active process ensuring adequate energy supply to the activated

immune system.

Our previous work [11] demonstrated that the immune cells of Drosophila larva release

Ado during parasitoid wasp infection to mediate a systemic metabolic switch and thus to sup-

ply the immune system with the required nutrients. Here we show that blocking adenosine

signaling by adoR mutation prevents the metabolic switch during L. monocytogenes infection

and postpones the hyperglycemic peak and glycogen use during S. pneumoniae infection.

This notion is further supported by transcriptional data showing that the glycogen synthesis/

breakdown is under the AdoR control. Furthermore, hyperglycemia during S. pneumoniae
infection peaks at 9 hpi, which coincides with a rise in ADGF-A expression. When ADGF-A

action is lowered by the heterozygous adgf-amutation or RNAi, hyperglycemia continues at

the increased expense of the glycogen stores. All these results together demonstrate that the

systemic carbohydrate metabolism is regulated by e-Ado in adult flies during infection. The

tested by unpaired t-test. (B) Time-course analysis of ADGF-A expression in whole flies upon infection with S.

pneumoniae (S.p.), showing a significant increase in its expression from 9 hpi and reaching two-fold increase. Lines

connect mean fold change values of expression relative to expression in uninfected w control at time 0 with SEM as

error bars. (C) Time-course analysis of ADGF-A expression in hemocytes showing one order of magnitude higher

expression compared to the expression at the whole fly level. Hemocytes also increase ADGF-A expression during

infection reaching 5-fold increase. Lines connect mean fold change values of expression relative to whole-fly

expression in uninfected w control at time 0 with SEM as error bars. Asterisks indicate significant changes (tested by

unpaired t-test and corrected for multiple comparisons using the Holm-Sidak method in B and C).

https://doi.org/10.1371/journal.ppat.1007022.g009
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AdoR signaling causes a release of energy, i.e. hyperglycemia associated with decreased glyco-

gen stores and the e-Ado-mediated release of energy is regulated by ADGF-A.

The lower resistance of the adoR mutant to S. pneumoniae is then in agreement with the

role of Ado signaling in the systemic metabolic switch and with the importance of this switch

for the effective immune response. Therefore, we propose that adenosine signaling mediates

the supply of energy to the activated immune system. This is supported by our experiments

with a carbohydrate-rich diet compensating for the missing switch in systemic metabolism in

the adoR mutant when this diet increases phagocytosis, normalizes the pathogen load and ulti-

mately increases survival in the adoR mutant when compared to the carbohydrate-poor diet.

These observations are similar to our previous work showing that a carbohydrate-rich diet res-

cued the effect of adoR on the production of immune cells during parasitoid wasp infection

[11]. The role of e-Ado in supplying the energy to immune cells is further supported by the

opposite effect achieved by removing one copy of ADGF-A or lowering its expression by

RNAi. These genetic manipulations have the opposite effect on carbohydrate metabolism com-

pared to adoR and at the same time lower the pathogen load during S. pneumoniae infection,

demonstrating more effective phagocytosis in these flies. The complete suppression of this

increased resistance by simultaneously mutating adoR demonstrates that the effect of lowering

ADGF-A is indeed due to adenosine signaling. We can then conclude that e-Ado mediates a

systemic metabolic switch which is important for supplying energy to immune cells, and e-

Ado is thus crucial for effective phagocytosis and host resistance to S. pneumoniae.
S. pneumoniae infection provides a simpler model of host-pathogen interaction in which

the clearance is crucially dependent on phagocytosis and the host either clears the bacteria or

the pathogen outgrows and kills the host. The other pathogen, L. monocytogenes, is a facultative

intracellular bacterium causing a chronic and ultimately lethal infection in flies. Phagocytosis

is actually a way for this pathogen to colonize the host [21]; the intracellular population is

eventually established following escape from the phagosome. Infection by this pathogen causes

a systemic metabolic switch similar to the one caused by S. pneumoniae, i.e. hyperglycemia

associated with the loss of glycogen stores. Here, as is the case in S. pneumoniae, adenosine

mediates this switch because adoR decreases the infection induced-hyperglycemia associated

with a lower loss of glycogen while lowering ADGF-A leads to a greater loss of glycogen.

The adoR mutation increases the extracellular load of L. monocytogenes suggesting that,

similarly to the case of S. pneumoniae infection, this mutation decreases the effectivity of

phagocytosis via the suppression of the adenosine-mediated metabolic switch. This is sup-

ported by evidence of rescue with an increase of glucose in the diet, which normalizes patho-

gen load and increases the survival of the adoR mutant. In agreement with this, lowering

ADGF-A leads to the opposite effect, in which this manipulation leads to a faster clearance of

the extracellular L. monocytogenes population associated with the increased intracellular popu-

lation, suggesting more effective phagocytosis. Thus far, the results obtained with L. monocyto-
genes, focused on the metabolism and early response associated with phagocytosis, are similar

to those obtained with S. pneumoniae. Phagocytosis is not, of course, the only defense mecha-

nism available to the flies, two other mechanisms, melanization and antimicrobial peptides,

are discussed further.

Unlike to S. pneumoniae infection, both blocked and enhanced Ado signaling decreased the

survival of flies upon L. monocytogenes infection. This decreased survival is associated with

increased total pathogen loads in all examined adoR, adgf-a/+, and Hml>ADGF-A[RNAi]
flies. In the adoR mutant, the larger pathogen load is mainly due to an increased extracellular

population, as mentioned above. In contrast, the increased pathogen load in adgf-a/+ and

Hml>ADGF-A[RNAi] flies is almost completely caused by an increase in the intracellular

L. monocytogenes population. The increased intracellular load can be due to less effective
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intracellular defense mechanisms, which remains mostly unexplored in flies [26], or due to an

increased carrying capacity for the pathogen at the expanse of the host energy reserves as sug-

gested by a greater loss of glycogen reserves in flies with lowered ADGF-A. An increased bacte-

ria population obviously requires more nutrients. Among the important virulence factors of L.

monocytogenes is the bacterial homolog of glucose- 6-phosphate translocase, which allows the

pathogen to exploit hexose phosphates from the host cell as a carbon source [27]. In addition,

L. monocytogenes hijacks host cell actin polymerization for its propagation [28]. Since this pro-

cess requires energy, an increased supply to an infected cell may potentially further promote

the propagation of this intracellular pathogen. The question is whether the nutrient supply to

infected cells is the limiting factor for pathogen proliferation and propagation, however, there

is evidence that the proliferation capacity of intracellular pathogens is strongly influenced by

host metabolism [4]. If so, as a reaction to the increased release of energy from the host stores

caused by lowering ADGF-A, the carrying capacity could increase, and thus could lead to the

observed increase in the intracellular pathogen load. However, we cannot exclude the possibil-

ity that lowering ADGF-A somehow decreases the host intracellular defense and the associated

wasting is just a consequence of increased pathogen load.

Carbohydrate-rich diet normalizes the pathogen load in the adoR mutant, decreasing the

extracellular population of L. monocytogenes, which is present in this mutant on a carbohy-

drate-poor diet. This in turn leads to the longer survival of this mutant, comparable to control

flies. A carbohydrate-rich diet can rescue the glycogen loss in flies with lowered ADGF-A but

the pathogen load, being intracellular, is still increased and survival is as short as on a carbohy-

drate-poor diet. It seems that increased dietary glucose can compensate for the glycogen loss

detected on a carbohydrate-poor diet, which is potentially associated with the nutrient exploi-

tation by the pathogen in these flies, as discussed above. However, the higher pathogen burden

still kills the flies faster, suggesting that the survival is primarily determined by the pathogen

number.

Although we focus on phagocytosis in this work, there are other immunity mechanisms

which may influence the host resistance and physiology. While melanization was not observed

with S. pneumoniae infection, it was shown to play an important role in controlling the extra-

cellular population of L. monocytogenes [22]. Therefore, the increased extracellular L. monocy-
togenes load detected in adoR could also be due to the lower induction of melanization

response. However, we detected a rather stronger disseminated melanization [22] in the adoR
mutant suggesting that the induction of melanization is not lowered by the lack of adenosine

signaling and may rather reflect the reaction provoked to a greater extent by the increased

extracellular population of L. monocytogenes in this mutant. Nevertheless, the role of adenosine

signaling in the melanization arm of immunity requires further work.

Host immunity is also mediated by the production of antimicrobial peptides (AMPs). We

did not detect clear and consistent differences in the expression of AMPs in the mutants that

would be in agreement with the observed effects on resistance, i.e. lower expression of AMPs

in adoR and higher expression in adgf-a/+. The expression of AMPs was shown to be depen-

dent on pathogen load, at least with L. monocytogenes [19]. We did not test the expression with

different loads and therefore we can directly compare the expressions between mutants and

control at only 6 hpi when the pathogen loads are similar among the genotypes both for S.

pneumoniae and L. monocytogenes. In the case of Defensin, Diptericin, and Drosocin, but not

Metchnikowin, the adoR mutant showed lower expression during S. pneumoniae infection,

which would be consistent with its lower resistance. However, such a difference was not

detected at 18 hpi and in the case of L. monocytogenes for neither time point. In case of adgf-
a/+, the expression of AMPs is mostly lower compared to control, including cases when the

pathogen loads are comparable, which is in contrast to the observed higher resistance. While
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we cannot exclude the role of AMPs in the observed effects on resistance, this arm of immunity

does not seem to play as important a role as phagocytosis.

Our work demonstrates the crucial role of e-Ado in mediating the systemic metabolic

switch, which is required for effective immune response. Although we did not directly measure

e-Ado levels, the opposite effects of the adoR mutation, which blocks adenosine signaling on

one hand, and lowering ADGF-A, which degrades adenosine, on the other, leave little doubt

that the observed effects are indeed associated with the e-Ado action. Being able to mount an

adequate immune response is vital for the organism (as demonstrated by the lower resistance

of adoR) but its regulation is as important as the response itself; reducing regulation by lower-

ing ADGF-A may prolong the switch associated with a greater loss of the host energy reserves

and may potentially lead to the exploitation of released nutrients by the pathogen. The regula-

tory role of ADGF-A is demonstrated by a hyperglycemic peak and consecutive decrease after

9–12 hpi during S. pneumoniae infection which coincides with a rise in ADGF-A expression;

when one copy of ADGF-A gene is removed or ADGF-A is knocked down by RNAi, the

hyperglycemia continues past this time point and glycogen continues to fall. It is important to

note that ADGF-A was knocked down specifically only in hemocytes by the Hml-Gal4 driver;

also, our hemocyte-specific expression analysis demonstrated that hemocytes are the primary

source of ADGF-A. Therefore, the immune cells are the regulators of e-Ado actions during the

immune response. This is in agreement with our previous results showing a specific expression

of ADGF-A in specialized larval immune cells, lamellocytes that encapsulate parasitoid wasp

eggs [29], which represent a later phase of immune response. Taken together with immune

cells first releasing adenosine to usurp energy from the rest of the organism during a parasitoid

wasp attack [11], and later producing ADGF-A to downregulate adenosine, we can say that the

immune system is able to regulate its privileged access to nutrients by producing a regulator of

the signal mediating the systemic metabolic switch.

In summary (Fig 10), we demonstrate here that bacterial infections of the adult Drosophila

flies are associated with a systemic metabolic switch, manifested by a hyperglycemia at the

expense of glycogen stores. This switch supplies the immune system with the energy required

for an effective response and is mediated by e-Ado signaling. Blocking e-Ado signaling dem-

onstrates its crucial role for an effective immune response, in this case phagocytosis. However,

the proper regulation of e-Ado by adenosine deaminase ADGF-A is also important. Although

lowering such regulation may increase host resistance to some infections, it may also lead to

an excessive loss of energy reserves during chronic infection. An increased release of energy

allocated for the immune system may also be exploited by the pathogen leading to decreased

host survival. Here we build on our previous work showing that the privileged behavior of the

immune system is crucial for host resistance by revealing a mechanism in which the same

immune system limits its own privilege to ultimately protect the whole organism.

Materials and methods

Fly stocks and culture

The fly strains used for manipulating adenosine were first backcrossed 10 times into the same

w1118 strain with a genetic background based on CantonS, which was used as a control (referred

to simply as w in text). To block adenosine signaling, we used a homozygous adoR1 null muta-

tion (FBal0191589) of the adenosine receptor AdoR (CG9753; FBgn0039747). To enhance

adenosine effects, we lowered the fly adenosine deaminase ADGF-A (CG5992; FBgn0036752)

by heterozygous null adgf-akar/+ mutation [23], referred to as adgf-a/+ in the text, and by RNA

interference for the ADGF-A gene P{GD17237} (VDRC-50426; FBtp0028959) using the HmlΔ-

Gal4 driver (FBti0128549) specific to hemocytes in combination with a thermosensitive GAL80
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construct P{tubP-GAL80ts}2 (FBti0027797). To induce RNAi, we crossed w1118; HmlΔ-Gal4;
P{tubP-GAL80ts} flies to w1118; ADGF-ARNAi-P{GD17237} flies and the resulting progeny

(referred to as Hml>ADGF-A[RNAi]) lowered ADGF-AmRNA to 20% or less of control levels

(Fig 9A). As a control for RNAi, we crossed w1118; ADGF-ARNAi-P{GD17237} to w1118, with the

resulting progeny referred to as ADGF-A[RNAi]/+. To induce RNAi for glycogen phosphory-

lase, we crossed y, w1118; P{KK100434}VIE-260B line (VDRC-109596; FBtp0066083) to either

P{ppl-GAL4.P} (FBti0163688) or Act-Gal4 in combination with a thermosensitive GAL80 con-

struct P{tubP-GAL80ts} to obtain P{KK100434}VIE-260B/P{ppl-GAL4.P}; P{tubP-GAL80ts}/+
(labeled as ppl>GlyP[RNAi]) or P{KK100434}VIE-260B/P{tubP-GAL80ts}; Act-Gal4/+ (labeled

as Act>GlyP[RNAi]) flies. KK control line y,w1118; P{attP,y[+],w[3`]} (VDRC-60100) was

crossed to the Gal4 lines to obtain control flies for the GlyP RNAi with the same genetic back-

ground (labeled as either ppl x KK control or Act x KK control). For hemocyte counting, we

Fig 10. Model of energy regulation by extracellular adenosine during immune response and its impact on host-pathogen interaction. Extracellular

adenosine (e-Ado) mediates a systemic metabolic switch via the adenosine receptor AdoR upon infection, leading to increased circulating glucose at the

expense of glycogen storage. Glucose is required for an effective immune response but energy resources are limited and the energy may also be

exploited by the pathogen. Therefore it is important to regulate e-Ado action, which is achieved by immune cells themselves expressing the e-Ado

regulator ADGF-A. Lowering such regulation leads to an increased resistance to S. pneumoniae on one hand but also to lower glycogen stores and to an

increased intracellular L. monocytogenes loads (possibly by feeding pathogen) on the other.

https://doi.org/10.1371/journal.ppat.1007022.g010
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used the HmlΔ-Gal4 UAS-EGFP marker on chromosome II in each of the w, adoR, and adgf-
a/+ backgrounds. Flies were grown on cornmeal medium (8% cornmeal, 5% glucose, 4% yeast,

1% agar) in 6-oz square bottom plastic bottles (20 females per bottle laid eggs for 24 h only to

prevent crowding). The w, adoR and adgf-a/+ flies were raised in bottles at 25˚C, 70% humidity

with 12/12 hours light/dark cycle; the Hml>ADGF-A[RNAi], ppl>GlyP[RNAi] and Act>GlyP
[RNAi] and ADGF[RNAi]/+ and KK control flies were raised at 18˚C to suppress RNAi during

development and transferred to 25˚C 24 h before infection to induce RNAi. Two-day-old male

progeny flies were anesthetized with carbon dioxide and collected in plastic vials (20 flies per

vial) with either carbohydrate-poor, 0%-glucose (8% cornmeal, 4% yeast, 1% agar, no addi-

tional sugar) or carbohydrate-rich, 10%-glucose (8% cornmeal, 4% yeast, 10% glucose, 1%

agar) diets and transferred every other day to a fresh meal.

Bacterial strains and culturing conditions

The Listeria monocytogenes strain 10403S was stored at -80˚C in brain and heart infusion

(BHI) broth containing 25% glycerol. For the experiments bacteria were streaked onto Luria

Bertani (LB) agar plates containing 100 μg/mL streptomycin and incubated at 37˚C overnight;

plates were stored at 4˚C and used for inoculation for a period of two weeks. Single colonies

were used to inoculate 3 mL of BHI and incubated overnight at 37˚C without shaking to obtain

a morning 600 nm optical density (OD600) of approx. 0.4. Further, L. monocytogenes cultures

were diluted to OD600 0.01 in phosphate buffered saline (PBS) and stored on ice prior to load-

ing into an injection needle. The Streptococcus pneumoniae strain EJ1 (D39 streptomycin-resis-

tant derivative; [30]) was stored at -80˚C in Tryptic Soy Broth (TSB) media containing 10%

glycerol. For the experiments, bacteria were streaked onto blood-containing TSB agar plates

containing 100 μg/mL streptomycin and incubated at 37˚C overnight; a fresh plate was pre-

pared for each experiment. Single colonies were used to inoculate 3 mL of TSB with 100 000

units of catalase (Sigma C40) and incubated overnight at 37˚C + 5% CO2 without shaking.

Morning cultures were 2x diluted in TSB with fresh catalase and were grown for an additional

4 hours, reaching an approximate 0.4 OD600. Final cultures were concentrated by centrifuga-

tion and re-suspended in phosphate buffered saline (PBS) so that the concentration corre-

sponded to OD600 2.4 and stored on ice prior to injection needle loading. For sublethal

doses, we used approximately 12000–15000 CFUs, for lethal doses 20 000 CFUs; the EC50 was

between 15000–20000 CFU.

Fly injection

Seven-day-old male flies were anaesthetized with carbon dioxide. The Eppendorf Femtojet

microinjector and a drawn glass needle was used to inject precisely 50 nl of bacteria or mock

buffer into the fly at the cuticle on the ventrolateral side of the abdomen. Infectious doses were

determined for each experiment by plating a subset of flies at time zero. 50 nl of 10% 0.5-μm

carboxylate-modified polystyrene (latex) beads (Sigma L5530) in PBS or pure PBS as control

were injected 24 hour before infection into the adult fly body cavity to block phagocytosis.

Pathogen load measurement

Single flies were homogenized in PBS using a motorized plastic pestle in 1.5 ml tubes. Bacteria

were plated in spots onto LB (L. monocytogenes) or TSB (S. pneumoniae) agar plates containing

streptomycin in serial dilutions and incubated overnight at 37˚C before manual counting. To

determine intracellular L. monocytogenes loads, flies were injected with 50 nl of gentamycin

solution (1 mg/ml in PBS) 3 h prior to fly homogenization. Pathogen loads of 16 flies were

determined for each genotype and treatment in each experiment; at least three independent
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infection experiments were conducted and the results were combined into one graph (in all

presented cases, individual experiments showed comparable results). Values were transformed

to logarithmic values, since they followed the lognormal distribution, and compared using

unpaired t-tests corrected for multiple comparisons using the Holm-Sidak method in the

Graphpad Prism software.

Survival analysis

A total of 200 to 300 flies were injected for each genotype and treatment in one experiment; at

least three independent infection experiments were repeated and combined into one survival

curve (in all presented cases, individual experiments showed comparable results). Injected

flies were placed into vials with 20 flies per vial, transferred to a fresh vial every other day and

checked daily to determine mortality. Flies infected by L. monocytogenes were kept at 25˚C and

flies infected with S. pneumoniae were kept at 29˚C. Survival curves were generated by Graph-

pad Prism software and analyzed by Log-rank and Gehan-Breslow-Wilcoxon (more weight to

deaths at early time points) tests, as specified in the appropriate figure legends.

Hemocyte counting and phagocytosis analysis

The number of hemocytes in adult flies were determined by counting Hml>GFP-positive cells

visualized by confocal microscopy. The number of phagocytic cells was determined by injec-

tion of the marker pHrodo Red S. aureus Bioparticles (ThermoFisher Scientific) 40 min prior

to fixing flies. Flies were fixed by 4% paraformaldehyde in PBS and imaged using confocal

microscopy with maximal projection from five different layers; the same setting of the Z- stack

range as well as the intensity of lasers were used for all animals. The cells were observed in

whole flies to detect possible gross changes but no obvious differences were observed. The

exact number of cells were counted within a selected thorax region as depicted in Fig 2A using

Fiji software and compared by student t-tests using the Graphpad Prism software.

Hemocyte isolation by fluorescent activated cell sorter

A fluorescent activated cell sorter was used for an isolation of HmlΔ-Gal4 UAS-EGFP-labeled

hemocytes from the adult flies. Approximately 12 000 living cells were seperated from the

homogenate of 100 fly males. The males used for this analysis were anesthetized with CO2,

washed several times with PBS and then homogenized by sterile pestle in 800 μl of PBS. Cell

homogenate was then filtered through a 70-μm cell strainer (Corning) and washed three times

with ice cold PBS followed each time by centrifugation at 5000 RPM for 3 min at 4˚C. Samples

were filtered once more through a 40-μm cell strainer immediately before sorting. S3E cell

sorter (BioRad) was used for sorting. GFP-specific cells constituted approximately 1% of the

total cell number. Sorted hemocytes were verified by fluorescent microscopy and with DIC.

Gene expression

Gene expression was analyzed by quantitative real-time PCR. Whole flies or sorted HmlΔ-Gal4
UAS-EGFP hemocytes were homogenized and total RNA was isolated by Trizol reagent

(Ambion) according to manufacturer’s protocol. DNA contamination was removed by using a

Turbo DNAse free kit (Ambion) according to the protocol (37˚C 30 min) with subsequent

inactivation of DNAse by DNAse inactivation reagent (5 min at RT, spin 13000 RPM at RT).

Reverse transcription was done by Superscript III reverse transcriptase (Invitrogen) and

amounts of mRNA of particular genes were quantified using the IQ Sybr Green Supermix

Mastermix (BioRAd) on a CFX 1000 Touch Real time cycler (BioRad). Expressions were

Adenosine effects on host-pathogen interactions via metabolic regulations

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007022 April 27, 2018 22 / 26

https://doi.org/10.1371/journal.ppat.1007022


analyzed using double delta Ct analysis, normalized to the expression of Ribosomal protein 49

(Rp49) in the same sample. Relative values (fold change) to control (specified in each graph)

were compared and shown in the graphs. Primer sequences can be found in S1 Table. Samples

were collected from three independent infection experiments with three technical replicates

for each experiment and compared by unpaired t-tests using Graphpad Prism software.

Metabolite measurement

Glucose and glycogen were measured by approaches published in [31]. 3 flies were homoge-

nized in 1x PBST (PBS with 0.3% Tween) and large tissue fragments were pelleted by centrifu-

gation (800xg, 5 min, 4˚C); half of the sample was used for protein quantification and the

remainder was denatured by heating at 75˚C for 10 min and stored at -80˚C. Glucose was

determined using a GAGO-20 kit (Sigma) according to the supplier’s protocol using spectro-

photometric measurement at 540 nm. Glucose measurements probably also contained treha-

lose since this carbohydrate is usually present in flies, but we were not able to distinguish

between glucose and trehalose in our measurements, most likely due to endogenous trehalase

activity in homogenized samples. Glycogen samples were first treated with amyloglucosidase

enzyme (Sigma) for 30 min. Protein concentration was analyzed by Bradford measurement.

Samples were homogenized and proteins were dissolved in 1x PBS. A 100-μl volume of protein

sample was mixed with 10 μl of Bradford solution (10 mg of Brilliant blue, 5 ml of 96% Etha-

nol, and 10 ml of 85% Phosphoric acid in 100 ml of solution). The concentration of proteins

was derived from absorbance of the reaction solution at 595 nm. Values were compared by

multiple unpaired t-tests using the Graphpad Prism software.

Supporting information

S1 Fig. Pathogen loads during 138 hours post-infection by Streptococcus pneumoniae. Dot-

plot graphs of pathogen loads on a sugar-poor, 0%-glucose diet at 29˚C. Values are shown by

linear scale in thousands of CFU per fly (one dot represents one fly). Control w (black) are

shown with the adoR mutant (red) and the adgf-a/+heterozygous mutant (green). Control

ADGF-A[RNAi] (blue) are shown with Hml>ADGF-A[RNAi] (orange).

(TIF)

S2 Fig. Pathogen loads during 24 hours post-infection by Streptococcus pneumoniae. Dot-

plot graphs of pathogen loads on a sugar-poor, 0%-glucose diet at 29˚C shown by logarith-

mic scale. Control w (black) are shown with the adoR mutant (red) and the adgf-a/+hetero-

zygous mutant (green). Control ADGF-A[RNAi] (blue) are shown with Hml>ADGF-A
[RNAi] (orange).

(TIF)

S3 Fig. Pathogen loads in adgf-a adoR double mutant 24 hours post-infection by Strepto-
coccus pneumoniae. Dot-plot graph of pathogen loads on a sugar-poor, 0%-glucose diet at

29˚C at 0 and 24 hpi shown by logarithmic scale. Control w (black) are shown with the single

adoR mutant (red) and the adgf-a adoR/adoR double mutant (olive).

(TIF)

S4 Fig. Carbohydrate metabolism during Listeria monocytogenes infection. Free glucose

levels (A) and glycogen levels (B) in PBS injected flies (dashed line) and in L. monocytogenes
(L.m.) infected flies (solid line) of w control (black) and adgf-a/+ (green) heterozygous mutant

within 72 hpi. Lines connect mean values with SEM as error bars; no significant changes were

detected (tested by unpaired t-test).

(TIF)
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S5 Fig. Pathogen load during 24 hours post-infection by Listeria monocytogenes. Dot-plot

graphs of pathogen loads of L. monocytogenes in CFU per fly shown in logarithmic scale (val-

ues follow lognormal distribution) within the first 24 hpi; each dot represents one fly. (A)

Total number of bacteria and (B) the number of intracellular bacteria after gentamicin treat-

ment eradication of the extracellular population (marked as GENT). (C) Table showing P-val-

ues when comparing pathogen loads of various genotypes as indicated by the heading line at

different time points (left-most column). These values were compared using unpaired t-tests

corrected for multiple comparisons using the Holm-Sidak method. Red coloring represents

significant values.

(TIF)

S6 Fig. Disseminated melanization upon Listeria monocytogenes infection. Melanization

was determined at day 7 post infection as black spots under the cuticle. Examples of small

localized melanization in control w flies (left) and extensive melanization in the adoR mutant

(right) were photographed on the dorsal side of the abdomen using a stereomicroscope

equipped with a digital camera.

(TIF)

S7 Fig. Survival of Streptococcus pneumoniae infection on carbohydrate-poor and carbohy-

drate-rich diets. Survival upon S. pneumoniae infection was investigated for flies on carbohy-

drate-poor, 0%-glucose (marked as 0%; solid lines) and carbohydrate-rich, 10%-glucose

(marked as 10%; dashed lines) diets and were analyzed by both Log-rank and Gehan-Breslow-

Wilcoxon tests. The adoR mutation (red) significantly reduces survival (P<0.0001) on a 0%-

glucose diet compared to the w control. The survival of adoR is significantly improved by a

10%-glucose diet (P<0.0001 when compared to adoR on 0% and 10%-diets; marked by aster-

isks).

(TIF)

S8 Fig. Gene expression analysis of antimicrobial peptides during infection. Expression

of antimicrobial peptides Defensin, Diptericin, Drosocin and Metchnikowin in PBS-injected

flies (PBS control, grey column) and those infected either by S. pneumoniae (S.p., black col-

umns) on left panels or L. monocytogenes (L.m., black columns) on right panels, 6 and 18 hpi

in four genotypes–w (as a control), adoR (blocking adenosine signaling), heterozygous adgf-
a/+ mutant and Hml-driven ADGF-A RNAi (Hml>ADGF-A[RNAi]), both for enhancing e-

Ado effects. Bars show mean fold change relative to the expression of uninfected w control

flies at 6 hpi obtained by qRT-PCR with SEM as error bars; stars mark significant changes in

infected samples when compared to infected w control at the given time tested by two-way

ANOVA.

(TIF)

S1 Table. Primer sequences for gene expression analysis.
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