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Summary

Granulomas are the hallmark of mycobacterial disease. Here, we demon-

strate that both the cell recruitment and the increased glucose consump-

tion in granulomatous infiltrates during Mycobacterium avium infection

are highly dependent on interferon-c (IFN-c). Mycobacterium avium-

infected mice lacking IFN-c signalling failed to developed significant

inflammatory infiltrations and lacked the characteristic uptake of the glu-

cose analogue fluorine-18-fluorodeoxyglucose (FDG). To assess the role of

macrophages in glucose uptake we infected mice with a selective impair-

ment of IFN-c signalling in the macrophage lineage (MIIG mice).

Although only a partial reduction of the granulomatous areas was

observed in infected MIIG mice, the insensitivity of macrophages to IFN-

c reduced the accumulation of FDG. In vivo, ex vivo and in vitro assays

showed that macrophage activated by IFN-c displayed increased rates of

glucose uptake and in vitro studies showed also that they had increased

lactate production and increased expression of key glycolytic enzymes.

Overall, our results show that the activation of macrophages by IFN-c is

responsible for the Warburg effect observed in organs infected with

M. avium.
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Abbreviations: 2-NBDG, 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-deoxy-D-glucose; 7-AAD, 7-aminoactinomycin D; ATCC,
American Type Culture Collection; FDG, fluorine-18-fluorodeoxyglucose; IFN-c, interferon-c; IL, interleukin; LDH, lactate dehydro-
genase; MFI, mean fluorescence intensity; MIIG, macrophages insensitive to interferon-c; PET, positron emission tomography
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Introduction

The Warburg effect was first observed in cancer cells as

an increase in the uptake of glucose and its transforma-

tion into lactate due to the enhanced use of glucose using

the aerobic glycolytic pathway.1,2 This same metabolic

adaptation is also observed in immune cells during

inflammation.2 The increase in glucose uptake by cells

performing glycolysis serves as the basis of positron emis-

sion tomography (PET) imaging using 2–[18F]fluoro-2-
deoxy-D-glucose (FDG).3–5 In addition to its application

in oncology, this technique is also being employed to

visualize tuberculous lesions and follow their fate during

chemotherapy.6–9 Hence, mycobacterial granulomas also

present increased utilization of glucose, most probably

because of the use of glycolysis as the main metabolic

pathway to produce ATP, so closely mimicking the meta-

bolic changes observed in neoplastic tumours.10,11

Inflammatory macrophages have been known to up-

regulate the glycolytic pathway to generate energy.12,13

This up-regulation can be mediated by Toll-like receptor

ligation but is not observed upon interleukin-4 (IL-4)/IL-

13- or IL-10-mediated activation of macrophages.14 Simi-

larly, in dendritic cells stimulated with Toll-like receptor

agonists and activated T cells, the ATP production and

cellular survival are dependent on engaging the glycolytic

pathway, with the majority of pyruvate being converted

to lactate.15–17

The inflammatory reaction during mycobacterial infec-

tions is characterized by the structuring of granulomas.18

Such lesions are characterized by a core predominantly

made up of sessile macrophages and an outer cuff of motile

lymphocytes.19–21 Fibroblasts may form a capsule and neu-

trophils are seen in variable numbers. The course of infec-

tion may vary with the species and even the strain of the

mycobacterial pathogen as well as the route of infection

and the inoculum dose. We have studied in detail the

response to an avian Mycobacterium avium strain that is

highly virulent in certain mouse strains such as the C57BL/

6 (B6) mouse.22–25 When administered intravenously in

low doses, M. avium ATCC 25291 produces focal lesions

that increase progressively in size and eventually undergo

central necrosis. In contrast, a high intravenous dose leads

to a disseminated infection, with the early formation of

granulomas but followed by the development of severe

lymphopenia. The lesions in high-dose infections do not

reach the same size observed with the low-dose infection

although they tend to coalesce. Mice infected for more than

8 weeks with a high-dose inoculum have an extensive infil-

tration of the infected tissues with granulomas composed

mostly of classically activated macrophages, so providing

exuberant lesions to study.

Granulomas are believed to be poorly vascularized and

should therefore represent a rather hypoxic environ-

ment.20,26 Glycolysis would therefore allow energy

generation in such low oxygen tension areas. However,

little is known about the adaptation of leucocytes during

granuloma formation and evolution. Here we show that

both the size of the granulomas, i.e. the number of mac-

rophages, and the activation of these phagocytes by inter-

feron-c (IFN-c) determines the consumption of glucose

via the glycolytic pathway.

Materials and methods

Mice

C57BL/6 (B6) mice were purchased from Charles River Lab-

oratories (Barcelona, Spain). B6.IFN-c�/� (IFN-c-deficient)
and B6.IFN-cR�/� (IFN-c-R-deficient) mice were purchased

from the Jackson Laboratories (Bar Harbor, ME) and bred

in our animal facilities. B6 mice with macrophages insensi-

tive to IFN-c (MIIG mice)27 were provided by Dr Michael

Jordan and bred in our facilities. Animals were infected

when 6–8 weeks old. Animal care and procedures were in

accordance with institutional guidelines. This study was pre-

viously approved by the Portuguese National Authority for

Animal Health – Direcc�~ao Geral de Veterin�aria.

Bacteria

Mycobacterium avium ATCC 25291 (from the American

Type Culture Collection, Manassas, VA) forming smooth

transparent colonies, was grown in supplemented Middle-

brook 7H9 medium (Difco, Detroit, MI) containing

0�04% Tween-80 (Sigma Chemical Co., St Louis, MO) at

37° until the mid-log phase of growth. Bacteria were har-

vested by centrifugation and resuspended in a small vol-

ume of saline containing 0�04% Tween-80. The bacterial

suspension was sonicated briefly with a Branson sonifier

(Danbury, CT) to disrupt bacterial clumps, diluted and

stored in aliquots at �70° until used. One aliquot was

thawed at 37° and used to determine the concentration of

mycobacteria in the inocula after plating serial dilutions of

the suspension in a Middlebrook 7H10 agar medium (Dif-

co) supplemented with oleic acid–albumin–dextrose–cata-
lase. Before inoculation, bacterial aliquots were thawed at

37° and diluted in saline to the desired concentration.

In vivo infection

Mice were intravenously infected with 106 colony-forming

units of M. avium ATCC 25291 through a lateral tail

vein. Infected mice were killed at different time-points

after infection.

In vivo glucose uptake

[18F]FDG was synthesized according to previously

described methods28,29 on an IBA Synthera module (IBA,
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Louvain-la-Neuve, Belgium). Animals were anaesthetized

with ketamine plus medetomidine (50 + 0�5 mg/ml)

intraperitoneally and injected with 2�5–5 MBq of [18F]

FDG in the tail vein. Images were acquired after an

uptake period of 45 min using a high-resolution Clear-

PEM system (PETsys; Medical PET Imaging Systems, Oe-

iras, Portugal) with long LYSO crystals and depth-of-

interaction information.30 Image reconstruction was per-

formed with interactive reconstruction (five iterations)

with Gaussian smoothing at 1�2-mm spatial resolution.

After the PET imaging, animals were killed and liver and

spleen samples were collected and counted on a Capintec

CRC-55tW well counter (Ramsey, NJ). Activity in these

areas was quantified as percentage of injected activity per

unit mass of tissue. For the flow cytometric evaluation of

glucose uptake by single cells, M. avium-infected mice

were injected intravenously with 500 lg of 2-[N-(7-nitro-

benz-2-oxa-1,3-diazol-4-yl)amino]-2-deoxy-D-glucose

(2-NBDG; Cayman Chemical, Ann Arbor, MI). Two hours

later, spleen and liver tissues were removed and single-cell

suspensions from each of those tissues were tested by flow

cytometry for the presence of 2-NBDG. Splenic cell suspen-

sions were obtained by gentle mechanical dissociation in

PBS containing 10% fetal calf serum. Perfused livers were

mashed on a 70-lm cell strainer to obtain a liver cell sus-

pension, which was then resuspended in a 40% isotonic

Percoll solution (GE Healthcare, Chalfont St Giles, UK)

underlaid with an 80% isotonic Percoll solution. Hepatic

mononuclear cells were isolated at the interface and washed

twice in RPMI-1640 supplemented with 10% fetal calf

serum. In both cell suspensions, erythrocytes were lysed

using a haemolytic solution (155 mM NH4Cl, 10 mM

KHCO3, pH 7�2). The number of viable cells was counted

by trypan blue exclusion using the CountessTM automater

cell counter (Invitrogen, Barcelona, Spain). After exclusion

of debris and doublets the quantification of each popula-

tion and their 2-NBDG uptake were analysed using a com-

bination of markers in a FACSCanto II cytometer and

analysed with FlowJo software; neutrophils

(CD11b+ Ly6Ghi NKp46� CD11c�), monocytes/macro-

phages (CD11b+ Ly6G� NKp46� CD11c� Ly6Cint/+ F4/

80+), conventional dendritic cells (CD11chi Ly6C�

Ly6G� MHCIIhigh), CD4 T cells (CD3+ CD4+), CD8 T

cells (CD3+ CD8+) and B cells (CD3� CD19+).

In vitro bone marrow macrophage differentiation and
infection

Bone marrow was recovered from the femurs of C57BL/6

mice and bone marrow-derived macrophages were

obtained by cultivating cells for 7 days with 5% L-929

cell-derived culture medium in Dulbecco’s modified

Eagle’s medium (Lonza, Basel, Switzerland) with 10%

fetal bovine serum (Gibco, Grand Island, NY). Differenti-

ated bone marrow-derived macrophages were infected

with M. avium ATCC 25291 at a multiplicity of infection

of 2 and/or treated with recombinant IFN-c.

In vitro glucose uptake assay

Uninfected or M. avium-infected cells treated or not with

recombinant IFN-c (100 units/ml; Genzyme, Cambridge,

MA) were incubated with 90 lM of 2-NBDG (Cayman

Chemical), a fluorescent analogue of glucose, in Dul-

becco’s modified Eagle’s medium supplemented medium

without glucose for 1 hr at 37°. Cells were washed twice

with cold PBS, harvested and stained with 1 lg/ml of

7-aminoactinomycin D (7-AAD) (Sigma, St Louis, MO).

The 2-NBDG uptake was quantified on live (7-AAD�)
bone marrow-derived macrophages in a FACSCanto II

cytometer and analysed with FLOWJO software. Peritoneal

macrophages isolated by peritoneal lavage from infected

mice were processed in vitro as indicated above in one

experiment.

Quantitative PCR analysis

Total RNA was isolated from cells with TRIzol reagent

(Invitrogen) according to the manufacturer’s instructions.

Total RNA was reverse-transcribed using the iScript Select

cDNA Synthesis Kit (Bio-Rad, Hercules, CA) and real-

time quantitative PCR were run in triplicate for each

sample on a Bio-Rad My Cycler iQ5 (Bio-Rad). Primer

sequences were obtained from Stabvida (Costa da Capari-

ca, Portugal) and thoroughly tested. The resulting RT

product was expanded using the Syber Green Supermix

(Bio-Rad). The results were then normalized to the

expression of a housekeeping gene Srp72. After amplifica-

tion, a threshold was set for each gene and cycle thresh-

old-values (Ct-values) were calculated for all samples.

Gene expression changes were analysed using the built-in

iQ5 Optical system software v2.1 (Bio-Rad). The com-

plete list of primers used is given in Table 1.

Quantification of LDH activity and secreted lactate

The reagents for lactate dehydrogenase (LDH) and lactate

were obtained from PZ Cormay S.A. LDH (from cell ly-

sates) and lactate (from culture supernatants) were mea-

sured on an AutoAnalyzer (PRESTIGE 24i, PZ Cormay

S.A.). Briefly, lactate dehydrogenase (LDH) catalyses the

reduction of pyruvate by NADH, according to the follow-

ing reaction: Pyruvate + NADH + H+ ? L-lactate +
NAD+. The rate of decrease in concentration of NADPH,

was measured photometrically at 340 nm, and it is pro-

portional to the catalytic concentration of LDH present

in the sample. Lactate is oxidized by lactate oxidase to

pyruvate and hydrogen peroxide which, in the presence

of peroxidase, reacts with N-ethyl-N-(2-hydroxy-3-sulfo-

propyl)-3-methylaniline forming a red compound, the
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colour intensity of which, measured at 546 and 700 nm,

is proportional to the concentration of lactate in the

examined sample.

Statistical analysis

For comparing multiple groups (Tables 2 and 3) a Krus-

kal–Wallis test was performed to assess differences

between the measures taken for the different groups.

When differences were indeed detected, post hoc tests

(Dunn’s tests) were performed to assess which pairs of

groups differed. Analysis of data from Figures 2–4 was

performed using the one-way analysis of variance test

with a Bonferroni multiple-comparison post-test for mul-

tiple group comparisons. Statistically significant values are

as follows: *P < 0�05, **P < 0�01, ***P < 0�001.

Results

We used a PET scanning device typically applied to

human patients for the imaging of the mammary gland

following administration of positron-emitting substrates

and their uptake by a possible neoplastic lesion. The size

of the device lends itself to the analysis of small rodents

and other small animals. B6 mice and IFN-c-deficient
mice were infected intravenously with the virulent M. avi-

um strain ATCC 25291. After 75 days of infection, the

mice were anaesthetized and given an intravenous bolus

of FDG. A group of uninfected mice was similarly treated.

After a 45-min period to allow virtually complete uptake

of FDG (or its elimination by glomerular filtration), mice

were submitted to PET scanning and the images were

subsequently processed as described above. As shown in

Fig. 1, non-infected mice showed most of the labelled

FDG accumulating in the bladder and in the brain

whereas infected B6 animals showed intense labelling of

the liver and spleen. In contrast, IFN-c-deficient mice had

no labelling of that area and instead had most of the

FDG accumulating in the bladder and some in the brain.

To quantify the accumulation of FDG in the liver and

spleen of these mice, the organs were collected and the

amount of gamma radiation emitted was quantified. As

shown in Table 2, uninfected mice exhibited minimal

accumulation of FDG in either the spleen or the liver.

Infected B6 mice presented higher labelling by FDG in

Table 1. List of primers used for quantitative PCR

Genes Forward sequence Reverse sequence

Pdk1 GGACTTCGGGTCAGTGAATGC TCCTGAGAAGATTGTCGGGGA

Pkm2 TTGCAGCTATTCGAGGAACTCCG CACGATAATGGCCCCACTGC

Ldha TGTCTCCAGCAAAGACTACTGT GACTGTACTTGACAATGTTGGGA

Slc2a1 CCAGCTGGGAATCGTCGTT AAGTCTGCATTGCCCATGAT

HkI CGGAATGGGGAGCCTTTGG GCCTTCCTTATCCGTTTCAATGG

HkII TGATCGCCTGCTTATTCACGG AACCGCCTAGAAATCTCCAGA

Srp72 CACCCAGCAGACAGACAAACTG GCACTCATCGTAGCGTTCCA

Table 2. Accumulation of 18-fluorodeoxyglucose in the livers and

spleens of Mycobacterium avium-infected mice (percentage of

injected activity per unit mass of tissue)

Liver Spleen

Uninfected mice (n = 6) 1�3 � 0�5 2�1 � 0�6
Infected B6 (n = 11) 15�2 � 4�6 1 13�8 � 5�63
Infected IFN-c-deficient
(n = 13)

2�8 � 0�7 8�1 � 1�84

Infected MIIG (n = 5) 7�8 � 2�5 2 8�4 � 2�4

The values are expressed as percentage of injected activity per tissue

mass unit. The mean and standard deviation are shown and the

number of animals used is given in parenthesis. For the liver, statis-

tically significant differences were 1P < 0�001 between infected B6

and uninfected mice and between infected IFN-c-deficient and

infected B6 mice. 2P < 0�05 between uninfected mice and infected

mice with macrophages insensitive to interferon-c (MIIG). For the

spleen, statistical differences were 3P < 0�01 between infected B6 and

uninfected mice and 4P < 0�05 between infected IFN-c-deficient and
uninfected mice.

Table 3. Analysis of the degree of inflammatory infiltration in livers

of Mycobacterium avium-infected mice

Mouse strain B6 IFN-cR-deficient MIIG

Experiment 1

(90 dpi)

49�4 � 6�6 6�9 � 1�6* –

Experiment 2

(74 dpi)

44�1 � 7�6 – 31�5 � 15�6

Experiment 3

(80 dpi)

64�5 � 7�6 – 23�5 � 3�1

Haematoxylin & eosin stained sections were photographed and the

area of inflammatory infiltration was quantified as percentage of the

total section area.

The values are expressed as percentage of infiltrated area in the total

area of the liver. The mean and standard deviation are shown. Four

mice per group were studied. Statistically significant differences were

*P < 0�01 between infected B6 and infected IFN-c-deficient mice. –,

not done; MIIG, macrophages insensitive to interferon-c; IFN-c,
interferon-c.
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both organs as compared with uninfected animals

(P < 0�001 in both organs). In contrast, the labelling in

the liver of IFN-c-deficient mice was close to that in non-

infected mice (not statistically different) and so was much

lower than in infected wild-type animals (P < 0�001). The
labelling of the spleen in infected IFN-c-deficient mice

was intermediate between that in non-infected mice and

infected B6 mice (P < 0�05 when compared with the for-

mer).

To address the role played by macrophage activation

mediated by IFN-c, we studied FDG accumulation in

mice with macrophages insensitive to IFN-c activation

(MIIG, see ref. 27). PET scans revealed low labelling of

the liver and spleen (Fig. 1) but quantification of FDG

uptake showed that it was significantly increased in the

liver when compared with uninfected animals but

reduced in both organs relative to that seen in infected

B6 animals although the differences were not statistically

significant (Table 2). FDG accumulation in the spleen of

MIIG mice was not statistically different from that

observed in the other mice. These data show that

increased glucose consumption may occur in the absence

of macrophage activation.

Macrophages are the predominant cell type in granu-

lomas and their number may affect the total amount of

FDG captured by the infected organs. We therefore

compared the size of granulomas in infected mice in

which no cell responds to IFN-c (IFN-c-receptor-defi-
cient mice), mice in which macrophages do not respond

to the cytokine (MIIG mice) and wild-type controls.

Histological analysis of the liver showed that granuloma-

tous areas remain drastically reduced in the total

absence of IFN-c signalling when compared with wild-

type hosts, even at long periods of infection such as the

one shown in Table 3. In contrast to IFN-c-R-deficient
animals, MIIG mice showed a much smaller reduction

in inflammatory infiltration when compared with B6

mice (Table 3). Representative images of liver sections

are provided in the Supplementary material (Figure S1).

Granulomas in MIIG mice presented a higher number

of lymphocytes than granulomas in B6 control mice,

suggesting that T and B cells could contribute to the

enhanced accumulation of FDG in MIIG organs (Fig-

ure S1). Histological and microbiological data in IFN-c-
deficient mice were the same as in IFN-c-R-deficient
mice (data not shown).

Given that mice whose macrophages fail to respond to

and be activated by IFN-c also have different cellular

compositions of the granulomas, we quantified the number

of leucocytes in infected organs (spleen and liver) of mice

and we assessed whether macrophage activation played a

role in the increased uptake of glucose seen in vivo. For the

latter we used in vivo, ex vivo and in vitro assays.

At day 70 of infection, the number of CD4+ T cells,

macrophages and neutrophils were increased in B6 and

MIIG mice compared with non-infected controls and the

numbers of B cells and dendritic cells were significantly

increased in B6 mice (Fig. 2). In the liver, T cells were in

Not-infected Infected B6 Infected IFNg – KO Infected MIIG

Figure 1. Mycobacterium avium infected mice

show an interferon-c (IFN-c)-dependent War-

burg effect in the liver and spleen. 18-Fluoro-

deoxyglucose (FDG) positron emission

tomography stack of coronal and sagittal sec-

tion images (nose in the top, tail in the bot-

tom) of non-infected mice (left) or B6 (second

from the left), IFNc-deficient (third from the

left), and macrophages insensitive to inter-

feron-c (MIIG) (right) mice infected for

75 days with 106 CFU of M. avium ATCC

25291.
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significantly greater numbers in infected MIIG mice com-

pared with non-infected or infected B6 animals (Fig. 2).

Increased uptake of 2-NBDG relative to non-infected

mice was only observed in macrophages from infected B6

mice (Fig. 3). This increase was not observed in

macrophages from MIIG mice. All other cell types

showed similar uptake independent of being isolated from

infected or non-infected mice and regardless of the strain

(Fig. 3). In one experiment, peritoneal macrophages from

infected mice were cultured in vitro with 2-NBDG and

the uptake of the compound was analysed by flow cytom-

etry. Macrophages from non-infected animals showed a

mean fluorescence intensity (MFI) of 2446�7 � 431�1
whereas a significant increase of 2-NBDG uptake was
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Figure 2. Quantification of immune cell infil-

trates in Mycobacterium avium-infected mice.

Seventy days after M. avium infection, spleen

and liver cells from non-infected mice (white

bars) or B6 (solid black bars) and macrophages

insensitive to interferon-c (MIIG) (solid square

bars) infected mice were stained with specific

antibodies and analysed by flow cytometry.

Each bar represents the mean � SD from four

to five animals per group. *P < 0�05,
**P < 0�01.
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observed in macrophages from infected B6 mice (MFI of

5035�4 � 1202�5). Macrophages from infected MIIG mice

showed reduced accumulation of 2-NBDG relative to the

latter (MFI of 2780�7 � 726�5).
To further test the role of macrophage activation in the

increase in the uptake of glucose, we cultured macro-

phages and exposed them to infection, IFN-c or both and

analysed several parameters to characterize their meta-

bolic activity. As shown in Fig. 4(a), IFN-c activation of

macrophages led to the increased expression of the genes

encoding key glycolytic enzymes and transporters, namely

hexokinases 1 (Hk1) and 2 (Hk2), pyruvate kinase isoen-

zyme 2 (Pkm2), pyruvate dehydrogenase lipoamide kinase

isozyme 1 (Pdk1), SLC2A1 glucose transporter 1 (Slc2a1)

and lactate dehydrogenase A (Ldha). Infection alone, in

the conditions used, did not up-regulate the expression of

these genes nor affect the effects of IFN-c. The IFN-c-
induced increase in expression of Ldha was accompanied

by an increase in the enzymatic activity of LDH (Fig. 4b)

as well as an increase in the accumulation of lactate in

the culture medium (Fig. 4c). Interferon-c-treated macro-

phages also exhibited an increase in the accumulation of

the fluorescent deoxyglucose analogue 2-NBDG, mimick-

ing the in vivo observations (Fig. 4d).

Discussion

The phenomenon of increased glucose utilization through

aerobic glycolysis described by Warburg in neoplastic cells

has been later found to occur in immune cells.2 Macro-

phages were known for a long time to resort to this type

of metabolism and recent research has been uncovering a

complex network of metabolic adaptations in lympho-

cytes, namely the switch from aerobic respiration to

aerobic glycolysis.17 The imaging of granulomas in tuber-

culosis through PET scanning of hosts (human or ani-

mal) treated with FDG has been used to stage the severity

of the disease and assess the efficacy of antimicrobial

therapy.6,8 Here we show that the accumulation of the

glucose analogue in infected tissues depends on the action

of IFN-c. This cytokine is pivotal in the recruitment of

cells into granulomas, namely macrophages, and a major

activator of the latter cells. We observed that both activi-

ties of IFN-c are important for the induction of the War-
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Figure 3. Enhanced glycolytic activity in liver

and splenic macrophages of Mycobacterium

avium-infected mice. In vivo glucose uptake of

spleen and liver immune cell populations of

non-infected mice (white bars) or B6 (solid

black bars) and macrophages insensitive to

interferon-c (MIIG) (solid square bars)

infected mice was measured using a fluorescent

D-glucose analogue (2-NBDG). As a control

sample for in vivo experiments, mice that did

not receive 2-NBDG were analysed (dashed

line). Mean fluorescence intensity (MFI) of 2-

NBDG in each cell population is indicated.

Mean � SD were obtained from four to five

mice in each condition. *P < 0�05, **P < 0�01.
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burg effect. In the total absence of IFN-c signalling, the

hepatic accumulation of macrophages in granulomas is

drastically reduced and the accumulation of FDG is mini-

mal. In the case of partial interference with IFN-c signal-

ling, i.e. when only macrophages fail to respond to the

cytokine, PET scans revealed a marked reduction in FDG

accumulation. Isotope quantification showed that the

organs of MIIG mice still presented an increase in the

uptake of FDG. The histological analysis of the hepatic

lesions in these mice showed the presence of a large gran-

ulomatous infiltration of the tissues and an increase in

the number of lymphocytes around the granulomas. By

performing a flow cytometric analysis of the uptake of a

fluorescent deoxy-glucose analogue we showed that only

macrophages respond to IFN-c with an increase in this

uptake whereas the contribution of lymphocytes is related

to their total number, which is increased in the infected

mice and particularly so in the livers of infected MIIG

mice. Hence, in the absence of macrophage activation we

still observe proper formation of granulomas while lym-

phocyte survival or expansion is higher, as already pub-

lished24 and so the FDG or 2-NDBG uptake in the organs

of MIIG mice is still relevant because of the activity of

the more numerous lymphocytes.

10 6 6

4

2

0

4

2

0

Pdk1 Slc2a1 Ldha

Hk2Hk1

*

* *

** ** **

** **
** ** *

*
* *

*
*

*

* *
* ** *

* *

* *
* * *

*

*
* *

**
*
*

*
**

*

***

*
**

Pkm2

IFN-γ

IFN-γ + M. avium 

F
ol

d 
m

od
ifi

ca
tio

n 
in

 r
el

at
io

n
to

 n
on

-t
re

at
ed

 c
el

ls
F

ol
d 

m
od

ifi
ca

tio
n 

in
 r

el
at

io
n

to
 n

on
-t

re
at

ed
 c

el
ls

F
ol

d 
m

od
ifi

ca
tio

n 
in

 r
el

at
io

n
to

 n
on

-t
re

at
ed

 c
el

ls

F
ol

d 
m

od
ifi

ca
tio

n 
in

 r
el

at
io

n
to

 n
on

-t
re

at
ed

 c
el

ls

F
ol

d 
m

od
ifi

ca
tio

n 
in

 r
el

at
io

n
to

 n
on

-t
re

at
ed

 c
el

ls

F
ol

d 
m

od
ifi

ca
tio

n 
in

 r
el

at
io

n
to

 n
on

-t
re

at
ed

 c
el

ls

8

6

4

2

0

8

6

4

2

0

5

4

3

2

1

0

8

6

4

2

0

15

5

10

0

7000

6000

5000

4000

3000

2-
N

B
D

G
 (

M
F

I)

Day 1 Day 2 Day 3 Day 1

250

200

150

100

50

0
Day 2 Day 3

Day 1 Day 2 Day 3

LD
H

 (
IU

/m
l)

La
ct

at
e 

(m
g/

dl
)

M. avium 

IFN-γ
None

IFN-γ + M. avium 
M. avium 

IFN-γ
None

IFN-γ + M. avium 
M. avium 

(a)

(b)

(d)

(c)

Figure 4. Mycobacterium avium-infected macrophages exposed to interferon-c (IFN-c) display increased rate of glucose uptake and aerobic gly-

colysis. Bone marrow-derived macrophages were infected with M. avium ATCC 25291 and/or treated with IFN-c (100 U/ml). The transcription
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In vitro assays confirmed that IFN-c is able to increase

the activity of the aerobic glycolytic pathway by increas-

ing the expression of key enzymes and ultimately of

LDH, leading to the reduction of pyruvate to lactate and

consequently of secretion of the latter.14,31 Hence, both

increased recruitment of macrophages and increased gly-

colytic activity of these phagocytes are regulated by IFN-

c, leading to the observed Warburg effect.

One pertinent issue concerning the metabolic adapta-

tions of granuloma macrophages is the effect they may

have on lymphocytes that circulate through these

lesions. Indeed, lymphocytes are not only important for

the proper structuring of a mature granuloma but they

remain associated, at least transiently, throughout the

life of this structure. It has been shown that the accu-

mulation of lymphocytes in M. avium-induced granulo-

mas is higher in hosts that are deficient in the

inducible form of nitric oxide synthase than in control

animals.32 Hence, the corollary of lymphocyte functions,

namely the activation of macrophages in the granuloma,

has a negative effect on the activity of these cells. Noth-

ing is known about the consequences of the activation

of aerobic glycolysis in granuloma macrophages on lym-

phocyte activity. Lactate itself may depress T-cell func-

tion and induce cell death in terminally differentiated T

cells,33 which, in association with poor presentation of

mycobacterial antigens by granuloma macrophages,34

may limit the efficacy of lymphocytes in the granuloma

milieu. In addition, as actively proliferating cells, both

CD4+ and CD8+ effector T cells engage in aerobic gly-

colysis irrespective of the oxygen availability.35 Inside

the granuloma microenvironment, T cells should com-

pete with macrophages, which are avid glucose consum-

ers, for its availability. This competitive model of

glucose restriction may selectively impact T effector cells

contributing to pathogen persistence. In conclusion, the

current work demonstrates the crucial role of IFN-c act-

ing on macrophages for the Warburg effect observed in

the mycobacterial granuloma.
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