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Abstract Plasticity is a well-known property of macro-

phages that is controlled by different changes in

environmental signals. Macrophage polarization is regar-

ded as a spectrum of activation phenotypes adjusted from

one activation extreme, the classic (M1), to the other, the

alternative (M2) activation. Here we show, in vitro and in

vivo, that both M1 and M2 macrophage phenotypes are

tightly coupled to specific patterns of gene expression.

Novel M2-associated markers were characterized and

identified as genes controlling the extracellular metabolism

of ATP to generate pyrophosphates (PPi). Stimulation of

M1 macrophages with PPi dampens both NLR and TLR

signaling and thus mediates cytokine production. In this

context extracellular PPi enhanced the resolution phase of a

murine peritonitis model via a decrease in pro-inflamma-

tory cytokine production. Therefore, our study reveals an

additional level of plasticity modulating the resolution of

inflammation.
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Abbreviations

ANK Progressive ankylosis disease susceptibility

gene product

ASC Apoptotic speck-like protein

with a caspase-activating recruiting domain

ENPP Ectonucleotide pyrophosphatase/

phosphodiesterase

LDH Lactate dehydrogenase

M1 Classically activated macrophages

M2 Alternatively activated macrophages

NLR Nucleotide-binding domain and leucin-rich

repeat receptors

NTPDase-1 Ecto-diphosphohydrolase

PPi Pyrophosphates

ROS Reactive oxygen species

TLR Toll-like receptors

Introduction

Macrophage-derived cytokines are crucial for the coordi-

nation of appropriate inflammatory responses [1].

Macrophage priming may be rapidly affected by signals

from the surrounding microenvironment. These signals

polarize the macrophage phenotype to produce a plethora

of pro- or anti-inflammatory mediators [1]. Macrophages

display a spectrum of phenotypes which allows them to be

equally critical in both the initiation and the resolution of
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inflammation [1, 2]. The two major macrophage pheno-

types reported are the classic pro-inflammatory M1 and the

alternative anti-inflammatory M2 phenotypes [3, 4]. Mac-

rophages activated with Th1 cytokines (IFNc) and bacterial

endotoxins polarize to M1. In contrast, macrophages acti-

vated with Th2 cytokines (IL-4, IL-13), IL-10, or

glucocorticoid hormones polarize to M2 [3, 4]. Activation

of macrophages to the M1 phenotype leads to (1) upregu-

lation of several pro-inflammatory cytokines and

chemokines (such as TNFa, IL-12, IL-6, CCL2, IL-1b) and

(2) increase in the production of reactive oxygen species

(ROS) and nitrogen intermediates [3, 4]. Activation of

macrophages to the M2 phenotype leads to upregulation of

scavenger, mannose and galactose receptors, arginase-1,

Fizz1, and Ym1 [3, 4]. It is becoming accepted that mac-

rophages are able to reversibly and dynamically switch

from one activation state to the other [5–8]. This plasticity

allows macrophages to adapt to different environmental

signals and to present dual activity at the inflammatory

loci.

Inflammation is characterized by an initial influx of

polymorphonuclear leukocytes followed by monocyte-

derived macrophages, finishing with the resolution phase

after normal tissue homeostasis has been restored [9–11].

Despite a vast literature describing the mechanisms that

drive inflammation, we do not yet fully understand the

mechanisms that mediate the resolution of inflammation

and the restoration of tissue homeostasis.

One potential mechanism to increase the resolution of

inflammation would be to downregulate important pro-

inflammatory signaling pathways. The nucleotide-binding

domain and leucine-rich repeat receptors (NLRs), a type of

pattern recognition receptor (PRR), are emerging as key

regulators of innate immunity, since their activation is key

to inflammasome formation and control of caspase-1 acti-

vation and the release of cytokines of the IL-1 family [12].

NLRs are activated by pathogen-derived and endogenous

danger molecules [12]. One of the best-studied signaling

pathways leading to NLR activation and inflammasome

formation is the activation of P2X7 receptors by extracel-

lular ATP [13, 14]. We have previously reported that, in

macrophages undergoing alternative activation, extracel-

lular metabolism of ATP to pyrophosphates (PPi) potently

inhibits inflammasome formation and IL-1 release [8].

In this paper, we examined in detail the gene expression

profile of murine macrophages during a dynamic macro-

phage activation protocol in vitro and in vivo. We

discovered that not only NLR genes were downregulated

towards M2 macrophage phenotypes, but also that the

expression of genes involved in extracellular PPi produc-

tion was increased. In addition, we report that extracellular

PPis were able to further block toll-like receptor (TLR)

signaling in M1 macrophages, ultimately leading to a

similar phenotype to the M2-activated macrophages. In

vivo, PPis were effective in decreasing inflammatory

mediators produced during a zymosan-induced peritonitis

model. These data suggest that PPis are a family of com-

pounds capable of blocking the two main types of PRR

signaling, TLR and NLR, and we suggest that this

discovery opens an exciting avenue for novel anti-inflam-

matory drug design.

Materials and methods

Mice, cells, and reagents

Key reagents and their sources were as follows: E. coli LPS

O55:B5, IFNc and PPi (Sigma); clodronate (Calbiochem);

murine recombinant IL-4 (BD Biosciences). Antibodies

(Abs) for ELISAs were from R&D, for IjBa and b-actin

from Santa Cruz Biotechnology, and for IL-1b mAb from

the Biological Resources Branch, National Cancer Insti-

tute. All HRP-conjugated secondary Abs were from DAKO

Cytomation.

Male C57BL/6 mice (6–8 weeks old, 24–27 g body

weight) were obtained from Harlan and maintained in SPF

conditions at a room temperature of 20 ± 2�C, and a

12 h:12 h light/dark cycle. The mice were fed a sterile

commercial pellet diet and sterile tap water ad libitum. All

experiments were approved by the local ethics committee.

Peritoneal macrophages were obtained as previously

described [15]. Briefly, the peritoneal cavity was gently

lavaged with 5 ml phosphate-buffered saline (PBS, Invit-

rogen). The recovered buffer from two to three mice was

pooled, and cells were collected by centrifugation (2509g,

5 min) and plated in 12-well plates at a density of 106 cells/

well in RPMI 1640 medium (Lonza) supplemented with

10% fetal calf serum (Invitrogen), 100 units/ml penicillin,

and 100 lg/ml streptomycin (Invitrogen). The macro-

phages were allowed to adhere overnight (37�C, 5% CO2)

and washed with fresh medium to remove unattached cells

before use.

Cell culture and stimulation

Macrophages were primed with fresh medium supple-

mented with different stimuli to obtain a gradient of

polarity phenotypes as already reported [8]. The different

polarity phenotypes from M1 to M2 are represented in the

figures below with a gradient ranging from black (M1) to

light gray (M2). LPS (1 lg/ml) and IFNc (20 ng/ml) were

used for 4 h to differentiate to M1 phenotype (black,

state 1). IL-4 (20 ng/ml) was used for 4 h to differentiate to

M2 phenotype (light gray, state 5). A combination of

LPS/IFNc/IL-4 for 4 h was used to differentiate to an
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M1/M2 intermediate macrophage polarization phenotype

(state 3). To study the polarity changes and to achieve

intermediate polarity states, cells were stimulated first for

4 h with IL-4, washed, and then stimulated for a further 4 h

with LPS/IFNc (M2 ? M1, state 4); or stimulated first for

4 h with LPS/IFNc, washed, and then stimulated for a

further 4 h with IL-4 (M1 ? M2, state 2). Alternatively, to

examine the blocking of TLR signaling, macrophages were

incubated with 5 mM of PPi or 1 mM of clodronate

together with 1 lg/ml of LPS for 4 h.

Western blot and ELISA

Detailed methods used for Western blot analysis have been

described previously [15], and ELISAs were performed

following manufacturer’s instructions (R&D). Blots from

three independent experiments were analyzed by densi-

tometry measurements using NIH ImageJ software (http://

rsb.info.nih.gov/ij/) normalizing data to b-actin.

Quantitative reverse transcriptase-PCR analysis

and gene expression clustering

Detailed methods used for qRT-PCR have been described

previously [8]. Specific primers were purchased from Qia-

gen (QuantiTech Primer Assays). For each primer set the

efficiency was[95%, and a single product was seen on melt

curve analysis. The expression of four housekeeping genes

was evaluated (GAPDH, YWHAZ, HPRT1, and SDHA)

across in vitro M1/M2 macrophage polarization protocol

[see Fig. 1 in the Electronic Supplementary Material

(ESM)]. No significant differences were observed in the

normalized data to each of the four different housekeeping

genes. Therefore the presented relative gene expression

levels were calculated using the 2-DDCt method normalizing

to GAPDH expression levels for each treatment and the fold

increase in expression was relative to the smallest expres-

sion level or to control basal levels [16]. To calculate the

hierarchical (k-means) clustering algorithm, Cluster 3.0

software was used [17], and the output was visualized using

Java TreeView software [18]. Quantitative RT-PCR data

from the different macrophage polarity states calculated as

fold increase or fold decrease relative to untreated macro-

phages were used as input for the gene clustering. Results

were colored to indicate their relative expression: increas-

ingly positive log ratios were colored with red of increasing

intensity and increasingly negative log ratios were colored

with greens of increasing intensity [19].

Zymosan A-induced peritonitis

Peritonitis was induced as described previously [20, 21].

Briefly 40 mg/kg of type A zymosan (Sigma) freshly

prepared in 0.5 ml sterile 0.9% w/v saline was injected i.p.

Some animals were co-injected with 5 mM PPi in the 18 h

peritonitis group or were injected with 5 mM PPi in 0.2 ml

sterile saline 18 h before killing in the 72 h peritonitis

group. Control animals were treated with 0.5 ml sterile

saline. Inflammatory cells were retrieved at selected time

points by injecting 3 ml of PBS into the peritoneal cavity.

Cells were centrifuged, and IL-1b in the supernatants was

measured by ELISA following manufacturer’s instructions

(R&D Systems). Cells were counted by hemocytometer,

and CD11b? cells were isolated using a MACS isolation

kit according to the manufacturer’s instructions (Miltenyi

Biotec) and subsequently used for RNA extraction. Data

were obtained from four animals per group.

In vivo macrophage polarization

LPS-induced peritonitis was evoked by i.p. injection of

0.2 ml of PBS containing 1 lg of LPS and 100 ng of IFNc
for 2 h. In some animals 100 ng of IL-4 was used together

with LPS/IFNc to achieve the intermediate macrophage

polarization phenotype (M1/M2). Injection of 100 ng of

IL-4 alone was used as an extreme in vivo M2 polarization

model to compare with the classical M1 LPS/IFNc-induced

peritonitis group. After 2 h, the animals were killed and the

peritoneal cavity was lavaged with 5 ml of medium con-

taining RPMI with 10% FBS. This peritoneal exudate

containing cells was retrieved and seeded in a 6-well plate,

incubated at 37�C for 30 min, washed twice with PBS, and

the adherent macrophages were used for RNA extraction.

Statistical analysis

Results are expressed as the mean ± SEM from the num-

ber of assays indicated (from at least three separate

experiments). Data were analyzed using an unpaired two-

tailed Student’s t test to determine differences between

groups using Prism software (GraphPad).

Results

We previously developed a novel polarization gradient for

macrophages to switch from classical M1 to alternative M2

extremes [8]. In vitro treatment of peritoneal macrophages

with LPS and IFNc or IL-4 induces a gene expression

pattern associated with classical M1 macrophage whilst

IL-4 treatment induces an alternative macrophage polari-

zation, which is dynamic and changes during the

stimulation time (Fig. 1a). As expected, pro-inflammatory

gene expression (IL-1b, TNFa, IL-12a, IL-12b, IL-6, and

iNOS) dramatically increased with time during M1 polar-

ization, whereas the same set of genes decreased during M2
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polarization (Figs. 1a, 2a). The inverse gene expression

pattern was found for M2-related genes, since alternative

activation increased the expression of arginase-1, Fizz1,

Ym1, and MRC1, whereas classical M1 activation induced

downregulation of these genes (Figs. 1a, 2a).

It is now being appreciated that macrophages are able to

reversibly and dynamically switch from one activation

state to the other [7, 8], and we have recently reported an in

vitro polarization gradient of stimulation to rapidly gen-

erate a five-stage model of macrophage polarization from

extreme M1 to extreme M2 [8]. We used this gradient after

4 h of stimulation, when M1 or M2 polarization presented

the maximum differences in gene expression (Figs. 1a, 2a)

and confirmed that, in fact, the gradient protocol estab-

lished a real molecular polarization gradient, where IL-4

was able to modulate classic activation of macrophages by

altering pro-inflammatory gene expression (Fig. 2b). M1-

related genes gradually decreased to near zero in extreme

M2 macrophages (Figs. 1b, 2b), whereas typical M2 gene

expression patterns gradually increased over the gradient

Fig. 1a–c Expression of

representative M1 and M2

genes during macrophage

polarization gradient.

a Quantitative real-time

(qRT)-PCR for representative

M1 (IL-1b, IL-12b, and IL-6)

and M2 (Fizz1 and arginase-1)

genes during a kinetic of

LPS/IFNc (M1, black squares)

or IL-4 (M2, white squares)

macrophage polarization. Data

are relative to basal expression

levels and normalized to

GAPDH. b, c qRT-PCR for

classical M1 (b) and M2

(c) genes during the in vitro

polarization gradient protocol

detailed in the ‘‘Materials and

methods’’ section. Extreme M1

is represented by a black bar
and extreme M2 by a light gray
bar; the gradient of intermediate

phenotypes is represented by

different gray tones. Data are

normalized to GAPDH and

relative to M2 (b) or to M1

(c) expression levels. Basal

control expression level is

represented with a dashed line.

Data are average of triplicate

reactions and representative of

three independent experiments
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towards M2 phenotypes (Figs. 1c, 2b). No significant

changes were observed among four different housekeeping

genes during the polarization gradient (see Fig. 1a in the

ESM). Interestingly, intermediate polarized macrophages

presented a unique gene expression pattern (Figs. 1b, c; 2b)

with a trend to upregulate diverse M1 and M2 genes at the

same time. Hierarchical clustering of log2-transformed

gene expression values of the 35 key genes analyzed in this

study revealed three major clusters with a similar pattern of

regulation (Fig. 2b). Cluster 1 principally contained pro-

inflammatory genes, whereas cluster 2A contained a mix of

genes, including pro-inflammatory and M2 macrophage

genes. Cluster 2B mainly contained alternative M2 genes

(Fig. 2b). Notably, these clusters grouped genes differen-

tially regulated in M1 or M2 polarities (see Figs. 2, 3 in the

ESM).

An important family of genes regulated during macro-

phage polarization is the NLR family of receptors (Fig. 3).

We previously found that in intermediate activated mac-

rophages, inflammasome activation was altered and

activating molecules, such as extracellular ATP, became

inflammasome inhibitors [8]. We studied the expression of

inflammasome components and other NLRs during the

macrophage polarization gradient and found that caspase-1,

NLRP3, Nod2, and Caspase-12 followed a classic pro-

inflammatory M1 profile, with a high expression in M1

polarity that gradually decreased towards M2 (Fig. 3a).

Also, this expression gradually increased during the M1

stimulus over time and was accompanied by a decrease

during the M2 stimulus (Fig. 3b). Surprisingly, the

expression of the inflammasome key adaptor ASC (apop-

tosis-associated speck-like protein containing a C-terminal

CARD) was significantly reduced after M1 stimulation and

its expression increased during the dynamic stimulation

gradient towards M2 states. The unexpected ‘‘M2 behav-

ior’’ of ASC expression was also patent during M1 or M2

stimulation kinetics, and while M1 stimulation decreased

its expression, M2 stimulation upregulated ASC expression

over time (Fig. 3b). This pattern was similar to the one

expected for the inflammasome repressor molecule

Fig. 2a, b Gene expression clusters during macrophage polarization.

a Hierarchical clustering of the median-centered quantitative RT-PCR

gene expression values from LPS/IFNc (M1) or IL-4 (M2) polarized

macrophages over time. b Hierarchical clustering of the differential

transcription induced among a polarity gradient from LPS/IFNc

(extreme M1) to IL-4 (extreme M2). Three major clusters were

observed, with a similar pattern of regulation. Cluster 1 principally

contained pro-inflammatory genes, cluster 2A was a mix of genes,

and cluster 2B contained alternative M2 marker genes. Expression is

indicated by a color scale from low (green) to high (red)
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NLRP10 (Fig. 3a, b), which clearly presents an M2

expression profile.

The identification of M2 macrophages in vivo is a

controversial and unresolved issue. In order to clarify if M2

phenotype switching could be obtained in vivo, we

designed a model of LPS-induced peritonitis where IL-4

was used to alter macrophage polarity in a similar way to

our in vitro polarization model. IL-4 dramatically altered

the LPS-induced gene expression pattern in vivo and sur-

prisingly upregulated pro-inflammatory gene expression,

especially for IL-1b, IL-6, IL-12a, NLRP3, caspase-1, and

caspase-12 (Fig. 4a, c). This pattern matched the observed

in vitro trend of intermediate M1/M2 polarized macro-

phages to increase IL-1b, IL-6, and IL-12a gene expression

compared with the previous M1 ? M2 polarization state

(Fig. 1b). This result could not be explained by a macro-

phage-protective effect of IL-4, since the extracellular

presence of lactate dehydrogenase (LDH) was similar

among treatments (6.3 ± 0.4% in M1, 7.1 ± 0.9% in

intermediate M1/M2, 7.1 ± 0.3% in M2 macrophages, and

7.9 ± 0.1% in resting macrophages, n = 3). IL-4 alone

was also able to induce an increase in the gene expression

of M2 markers (Fig. 4b), but in combination with LPS, this

increase was almost abolished.

Activation of an alternative M2 macrophage phenotype

by IL-4 had previously revealed an inflammasome-block-

ing action of PPi with the consequent inhibition of mature

IL-1b release [8]. Thus, we decided to explore the

Fig. 3a, b Expression of NLR and inflammasome-related genes

during macrophage polarization gradient. a Quantitative real-time

(qRT)-PCR for the indicated genes during the polarization gradient

protocol. A black bar represents extreme M1 and a light gray bar
extreme M2; the gradient of intermediate phenotypes is represented

by different gray tones. Data are normalized to GAPDH and relative

to the lowest expression level. Basal control expression level is

represented with a dashed line. b qRT-PCR for NLR and inflamma-

some-related genes during a kinetic of LPS/IFNc (M1, black squares)

or IL-4 (M2, white squares) macrophage polarization. Data are

relative to basal expression levels and normalized to GAPDH. Data

are average of triplicate reactions and representative of three

independent experiments
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Fig. 4a–c Expression of M1 and M2 genes during LPS-induced

peritonitis is altered by IL-4. Real-time quantitative RT-PCR for M1

(a), M2 (b), and NLR-related genes (c) as indicated during in vivo

macrophage polarization gradient. Data are normalized to GAPDH

and relative to the lowest expression level to clearly represent relative

gene expression increase towards M1 or M2 phenotypes. Data are

average of four mice per group and representative of two independent

experiments

Anti-inflammatory actions of pyrophosphates 3101
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expression of macrophage ATP-sensing P2X receptors,

among them the P2X7 receptors that are involved in the

activation of the inflammasome [13, 14], and ectonucleo-

tidases involved in the generation of PPi [22]. P2X1, P2X4,

and P2X7, the three P2X receptors expressed by macro-

phages [23], exhibited an M2-like expression profile, being

markedly downregulated by LPS, but having an enhanced

expression profile through M2 phenotypes (Fig. 5a). This

expression profile is similar to ASC and other alternative

M2 genes, which probably limits the action of these mol-

ecules in pro-inflammatory conditions to attenuate their

amplification function. Interestingly, our in vitro polariza-

tion gradient revealed an increase towards M2 phenotypes

in the gene expression of ectonucleotide pyrophosphatase/

phosphodiesterase 1 (ENPP1) and progressive ankylosis

disease susceptibility gene product (ANK) molecules that

are related to the production and accumulation of extra-

cellular PPi [22, 24] (Fig. 5b, c). However, NTPDase-1

(ENTPD1, ecto-diphosphohydrolase or CD39) and alkaline

phosphatase (ALP1), enzymes that degrade extracellular

PPi and nucleotides by removing one inorganic phosphate

group (Pi) in each reaction step [22], presented an increase

in M1 phenotypes and decreased towards M2 polarization

(Fig. 5b, c), suggesting that the degradation of extracellular

PPi would be induced in pro-inflammatory M1 macro-

phages whilst its accumulation would be promoted in

alternatively activated macrophages. NT5E (ecto-5’-

nucleotidase or CD73) expression was strongly downreg-

ulated in M1 macrophages with the expression levels

recovering through M2 polarities (Fig. 5b), suggesting a

possible enhancement of extracellular adenosine accumu-

lation in M2 polarities. This expression profile was also

found in vivo when macrophages were obtained from our

model of LPS-induced peritonitis co-stimulated with IL-4

(Fig. 5d). However, we were not able to detect any ENPP

activity in macrophages (data not shown) and therefore

confirm that macrophages were the source of PPi as our

data suggested.

Due to the gene expression data obtained and because it

was recently shown that extracellular PPi could be anti-

inflammatory in macrophages [8], we decided to further

investigate the effect of extracellular PPi in the macro-

phage polarization gradient.

We investigated whether extracellular PPi could alter

the M1 gene expression profile in a similar way to the

polarization action of IL-4. Interestingly, PPi was able to

dampen LPS-induced pro-inflammatory gene expression

(Fig. 6a), with a decrease ranging from 75 to 30%

depending on the analyzed gene. Surprisingly, extracellular

PPi was able to upregulate ENPP1 expression in M1

macrophages, suggesting a positive feedback loop for

extracellular PPi accumulation and the initiation of pro-

resolving phenotypes. However, extracellular PPi alone

was not able to modulate the expression of any analyzed

gene in macrophages and was not able to polarize macro-

phages to M2 states or to alter M2 gene expression profile

(not shown). Interestingly, extracellular PPi did not affect

LPS-induced IjBa degradation (Fig. 6b) or NF-jB p65

nuclear translocation (data not shown), suggesting that PPi

was not affecting cytosolic TLR signaling pathway. PPi

inhibitory actions were also observed at the protein level,

being able to significantly inhibit LPS-induced production

of proIL-1b, IL-6, and TNF-a (Fig. 6b, c) and preventing

the recovery of IjBa protein levels, which is also con-

trolled by NF-jB (Fig. 6b). The inhibitory effects of PPi on

TNF-a protein levels were only apparent in intermediate

M1/M2 polarized macrophages, being ineffective in

extreme M1 phenotypes (Fig. 6c). Similar inhibitory

effects were obtained using clodronate (Fig. 6c), a syn-

thetic nonhydrolyzable bisphosphonate analogue of PPi.

Next, we studied the effects of extracellular PPi in vivo

during a pro-inflammatory model of resolving peritonitis

induced by zymosan [20, 21]. As expected, zymosan

increased the number of total leukocytes in the peritoneal

cavity after 18 h with a subsequent decrease after 72 h,

indicating the beginning of the resolution phase (Fig. 7a).

Extracellular PPi supplementation together with zymosan

did not significantly alter leukocyte infiltration during this

resolving peritonitis model (Fig. 7a), however, PPi did

significantly decrease the expression of TNF-a, caspase-1,

and NLRP3 genes induced by zymosan (Fig. 7b). Also, in

agreement with our in vitro results, extracellular PPi was

able to increase the expression of ENPP1 (Fig. 7b). Inter-

estingly, while IL-1b gene expression was not decreased by

extracellular PPi, the total amount of released IL-1b
detected by ELISA was lower in the animals treated with

PPi (Fig. 7c). This result matches with the fact that PPis are

potent blockers of inflammasome formation [8] and are

able to downregulate caspase-1 and NLRP3 expression in

our in vivo model (Figs. 6a and 7b). All gene expression

returned to almost basal levels 72 h after zymosan injection

(Fig. 7b, c).

Discussion

Macrophages are dynamic cells that are involved in both

the initiation and the resolution of inflammation, and this

plasticity is important to tailor immune responses to dif-

ferent situations [1, 25]. However, little is known about the

gene expression or signaling molecules that govern this

plasticity, especially those controlling the different mac-

rophage activation states between classic M1 and

alternative M2 activated phenotypes. Here, we have iden-

tified a specific gene expression pattern that controls both

M1 and M2 phenotypes with opposite regulation through a
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macrophage polarity gradient. In contrast to classic studies

of genes upregulated through M2 phenotypes [26, 27], our

study reveals that the specific gene cluster upregulated in

M1 is in fact downregulated in M2 macrophages, showing

that alternative activation triggers an anti-inflammatory or

pro-resolving response, where the inflammatory mediators

are not only not induced but are downregulated. The

inverse gene expression pattern was found in M1 macro-

phages, where all M2 related genes were downregulated.

This finding is in line with recent publications where a

close phenotype was found among alternative and pro-

resolving macrophages [21], suggesting similar gene

expression patterns between these two types of macro-

phages and presenting M2 macrophages as a good in vitro

model to study pro-resolving macrophages. Our novel in

vitro polarization gradient that rapidly switches from one

activation state to the other [8] revealed that IL-4 was able

to modulate classic activation of macrophages by altering

pro-inflammatory gene expression. In this model,

intermediate polarized macrophages presented a distinctive

gene expression pattern grouped in a defined cluster, with a

trend to upregulate diverse M1 and M2 genes. This specific

expression pattern explains the mixed functional phenotype

of this population when responding to diverse pathogen and

danger molecular patterns [8, 21].

Notably, typical pro-inflammatory genes, such as puri-

nergic P2X7 receptor and ASC [28, 29], were found to be

downregulated towards M1 polarities. This expression

pattern could be associated with a tight control of excessive

inflammation and macrophage cell death through pyropto-

sis/apoptosis [30, 31]. This might be species dependent

since, in the human monocytic cell line THP-1, a

pro-inflammatory stimulus such as LPS increases P2X7

receptor expression [28, 32], while in murine bone marrow–

derived macrophages LPS does not seem to alter the

response of this receptor to ATP [8, 33]. These data suggest

that the high pro-inflammatory potency of these molecules

needs to be tightly controlled in M1 macrophages.

Fig. 5a–d Expression of purine P2X receptors and ectonucleotidases

during in vitro and in vivo macrophage polarization gradient. a–c
Quantitative real-time (qRT)-PCR for purine P2X1, P2X4, and P2X7

receptor (a), ectonucleotidases (b), and alkaline phosphatase (ALP1)

and ANK (c) gene expression during the polarization gradient

protocol. A black bar represents extreme M1, and extreme M2 is

represented by light gray bar; the gradient of intermediate phenotypes

is represented by different gray tones. Data are normalized to

GAPDH and relative to the lowest expression level; basal control

expression level is represented with a dashed line. Data are average of

triplicate reactions and representative of three independent experi-

ments. d qRT-PCR for ENPP1, ANK, and NTPDase1 (ENTPD1)

gene expression during in vivo macrophage polarization gradient.

Data are normalized to GAPDH and relative to the lowest expression

level. Data are average of four mice per group and representative of

two independent experiments
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Recently, different groups have been trying to charac-

terize alternatively activated macrophages in vivo by

administering exogenous IL-4 [34–36]. Similar to a recent

publication [36], our data demonstrate that, in vivo, the

intermediate macrophage phenotype between M1 and M2

appears unbalanced towards M1. This could be due to LPS

attenuating M2 gene expression and IL-4 synergizing with

LPS to promote pro-inflammatory gene expression. These

data suggest that, in vivo, alternative pathways other than

IL-4/IL-13 stimulation could be present to turn macro-

phages into M2 phenotypes, such as the actions of

glucocorticoid hormones or phagocytosis of apoptotic cells

[3, 25].

Our work has also revealed that genes involved in the

extracellular generation of PPi behave as M2-associated

markers. M2 polarities upregulate the transcript accumu-

lation of ecto-nucleotidase ENPP1, which degrades ATP to

produce AMP and PPi [22] as well as ANK, a plasma

Fig. 6a–c Extracellular PPi dampens NF-jB response after TLR

signaling. a Real-time quantitative RT-PCR for the indicated genes

after 4 h of incubation with LPS (1 lg/ml) or LPS with PPi (5 mM).

Data are normalized to GAPDH and relative to basal unprimed cells.

Data are average of triplicate reactions and representative of three

independent experiments. b IjBa degradation in response to LPS

or LPS/PPi after 30 min or 4 h stimulation. Immunoblots for

intracellular IjBa (top panel), pro-IL-1b (middle panel), or b-actin

(bottom panel). Relative IjBa expression normalized to b-actin of

n = 3 independent experiments (right panel). c ELISA for released

IL-6 (left panel) or TNF-a (right panel) in resting, M1, M2, or

intermediate M1/M2 polarized macrophages in the presence or

absence of PPi (5 mM) or clodronate (Cld, 1 mM); n = 3 indepen-

dent experiments. *p \ 0.05 and **p \ 0.001

Fig. 7a–c Extracellular PPi protects during in vivo zymosan-induced

peritonitis. a Number of total infiltrated leukocytes into the perito-

neum after 18 or 72 h of a peritonitis induced by zymosan A in the

presence or absence of PPi. b Real-time quantitative RT-PCR for

indicated gene expression in peritoneal CD11b positive cells after 18

or 72 h of a peritonitis induced by zymosan A in the presence or

absence of PPi. Data are normalized to GAPDH expression. c ELISA

for the detection of IL-1b in peritoneal fluid after 18 or 72 h of a

peritonitis induced by zymosan A in the presence or absence of PPi.

No IL-1b was detected after 72 h (ND). The mean (heavy dotted line)

and 25th and 75th percentile (light dotted lines) values for animals

injected with the basal vehicle are shown. Data are the average of four

animals and representative of two independent experiments.

*p \ 0.05 and **p \ 0.005
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membrane protein that directly or indirectly mediates

efflux of cytosolic PPi [24]. These data, together with a

previous study showing that PPi dampens inflammasome

activity [8], point to a crucial role of extracellular PPi in the

physiology of M2 polarization. We could not, however,

detect any ENPP activity or extracellular PPi accumulation

in macrophages, and although experimental problems

cannot be excluded, this could suggest that macrophages

are not the main cell type producing PPi during the course

of an inflammatory response. It has been previously

reported that endothelia or vascular smooth muscle cells

show a high ability to produce extracellular PPi [37], and

so it is tempting to speculate that extracellular PPi pro-

duced by other cell types during resolution of the

inflammation and tissue repair phase generates a micro-

environment that dampens macrophage pro-inflammatory

pathways to enhance resolution.

We found that extracellular PPi were not able to

polarize macrophages to M2 states but were able to alter

LPS-induced M1 gene expression profile in a similar way

to IL-4 action. Interestingly, PPi were also able to

upregulate ENPP1 expression after LPS stimulation,

suggesting that during the time course of an infection,

production of extracellular PPi could promote the initia-

tion of the resolving state. Surprisingly, PPi and its

analogue clodronate did not directly interfere with the

cytosolic TLR signaling to activate NF-jB-dependent

transcription. However, both molecules significantly

inhibited LPS-induced production of pro-inflammatory

cytokines, IL-1b, IL-6, and TNF-a, and the recovery of

IjBa protein levels, all of which are controlled by NF-jB

[38]. Clodronate and other bisphosphonates have been in

clinical use for decades, primarily for the treatment of

osteoarthritis and other inflammatory or metastatic bone

diseases [39, 40]. However, several studies have provided

evidence that they also exert an anti-inflammatory action

in bone and immune cells [39, 41]. The PPi actions to

inhibit the inflammasome [8] and NF-jB gene transcrip-

tion identified in the present study may well underlie

these anti-inflammatory actions of bisphosphonates. Both

PPi and clodronate have been shown to directly or indi-

rectly act as oxygen radical scavengers [42–44], and they

also inhibit ROS production in macrophages [8]. Redox

balance has been extensively implicated in NF-jB acti-

vation [45], as ROSs contribute to the cytoplasmic

signaling pathways leading to NF-jB nuclear transloca-

tion. It can also control several key steps in the nuclear

phase of the NF-jB program, including chromatin

remodeling, recruitment of co-activators, and DNA bind-

ing [45, 46]. Our results suggest that PPi chelating actions

of ROS do not affect NF-jB cytoplasmic signaling, as

normal IjBa degradation was found to, but could spe-

cifically affect nuclear actions of translocated NF-jB to

dampen pro-inflammatory gene expression and enhance

ENPP gene expression.

The role of extracellular PPi interfering with both TLR

and NLR signaling was also apparent in vivo during a pro-

inflammatory model of resolving peritonitis induced by

zymosan [20, 21]. In this context PPi was able to enhance

the peritonitis resolution phase through the decrease in pro-

inflammatory cytokine production without affecting leu-

kocyte infiltration. Interestingly, the expression of IL-1b
transcript was not decreased by PPi treatment. However,

the total amount of released cytokine was decreased in the

peritoneal cavity of these animals, suggesting that PPi was

able to block the inflammasome formation in vivo.

The present study has direct and immediate clinical and

physiological relevance since it shows, for the first time,

the actions of alternative macrophages in vivo and the

successful use of PPi dampening inflammatory mediators

in a peritonitis model. PPi has already been proven to block

the inflammasome and the release of IL-1b [8], and here

we show that it can also dampen TLR-induced signaling

similarly to M2 macrophage polarization. Altogether, our

results suggest that extracellular PPi and its metabolism are

key triggers in the switch from a pro-inflammatory mac-

rophage towards its alternative functions in the resolution

of inflammation and open an exciting research horizon for

the development of PPi analogue drugs to use as novel anti-

inflammatory compounds.
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reuddre-Bosquet N, Dormont D, Gras G (2005) Macrophage

activation switching: an asset for the resolution of inflammation.

Clin Exp Immunol 142:481–489

7. Gratchev A, Kzhyshkowska J, Köthe K, Muller-Molinet I, Kan-
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