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Cells of the monocyte–macrophage lineage play a central role in the
orchestration and resolution of inflammation. Plasticity is a hallmark
of mononuclear phagocytes, and in response to environmental sig-
nals these cells undergo different forms of polarized activation, the
extremes of which are called classic or M1 and alternative or M2.
NF-�B is a key regulator of inflammation and resolution, and its
activation is subject to multiple levels of regulation, including inhib-
itory, which finely tune macrophage functions. Here we identify the
p50 subunit of NF-�B as a key regulator of M2-driven inflammatory
reactions in vitro and in vivo. p50 NF-�B inhibits NF-�B–driven,
M1-polarizing, IFN-� production. Accordingly, p50-deficient mice
show exacerbated M1-driven inflammation and defective capacity to
mount allergy and helminth-driven M2-polarized inflammatory reac-
tions. Thus, NF-�B p50 is a key component in the orchestration of
M2-driven inflammatory reactions.

Macrophages play an essential role in homeostasis and defense
and are characterized by high functional heterogeneity (1–5).

Analogous to the Th1 and Th2 dichotomy of T cell polarization,
macrophages can be polarized by the microenvironment to mount
specific M1 or M2 functional programs (1, 2, 6). Classic or M1
macrophage activation in response to microbial products or IFN-�
is characterized by high capacity to present antigen; high IL-12 and
IL-23 production and consequent activation of a polarized type I
response; and high production of nitric oxide (NO) and reactive
oxygen intermediates. Thus, M1 macrophages are generally con-
sidered potent effector cells that kill intracellular micro-organisms
and tumor cells and produce copious amounts of proinflammatory
cytokines. In contrast, alternative activation of macrophages is
promoted by various signals [e.g., IL-4, IL-13, glucocorticoids,
IL-10, Ig complexes/Toll-like receptor (TLR) ligands] that elicit
different M2 forms, able to tune inflammatory responses and
adaptive Th2 immunity, scavenge debris, and promote angiogene-
sis, tissue remodeling, and repair (2).

The molecular basis of macrophage polarization has not been
fully elucidated. Members of the NF-�B/Rel family regulate many
genes involved in immunity and inflammation (7). Two major
signaling pathways control the activation of the NF-�B (7). The
classic pathway is stimulated by proinflammatory cytokines, such as
TNF-� and IL-1, as well as by recognition of pathogen-associated
molecular patterns, and is mostly involved in innate immunity (7).
In addition, an alternative pathway of NF-�B activation, mainly
involved in adaptive immunity, is activated by certain members of
the TNF cytokine family but not by TNF-� itself (7). The NF-�B
family consists of 5 members: NF-�B1 (p105/p50), NF-�B2 (p100/
p52), RelA (p65), RelB, and c-Rel (7, 8), which may form different
homo- and heterodimers associated with differential regulation of
target genes. Because of its central role in inflammation and
immunity, the NF-�B system is equipped with several negative

regulators (9). For instance, p50 and p52 homodimers act as
repressors because these proteins lack a transcription activation
domain, present in RelA, RelB, v-Rel, and c-Rel (7). Accumulation
of p50 homodimers has been observed in endotoxin-tolerant mac-
rophages (10), as well as in tumor-associated macrophages (11, 12),
suggesting an important role in the modulation of immune and
inflammatory functions in infection and cancer. Other negative
regulators of NF-�B activation have been identified in disease and
include the LPS-inducible splice variant of myeloid differentiation
88 (MyD88), termed MyD88s, the single Ig IL-1 receptor-related
molecule (SIGIRR)/TIR8, ST2, IRAK-M, SOCS1 (9, 13), and the
Src homology 2-containing inositol-5�-phosphatase, SHIP (14).
Exposure to microbial components, such as bacterial LPS, has long
been known to induce tolerance to the same agonist in terms of in
vivo toxicity and macrophage production of inflammatory media-
tors, such as TNF (15). This phenomenon has been sometimes
referred to as immunoparalysis (16), which might play a role in sepsis
mortality (17), and it was recently pointed out that in septic patients
a reprogramming of the macrophage, rather than an ‘‘immunopa-
ralysis,’’ might occur (16, 18). Here we report that LPS-tolerant
macrophages indeed have the phenotype of M2-polarized cells. Our
findings indicate that p50 NF-�B plays an essential role in the
orientation of macrophage polarization both in vitro and in vivo,
suggesting a crucial role of this regulatory subunit in the control of
M1- vs. M2-driven inflammation.

Results
Endotoxin Tolerance Promotes M2 Skewed Inflammation. We char-
acterized the gene expression profile expressed by LPS-tolerant
monocytes/macrophages (Fig. 1). To induce LPS tolerance (L/
L), monocytes were incubated in the presence of LPS (L) (100
ng/mL) for 20 h (step 1). Cells were then washed and maintained
in standard medium (M) for 2 h (step 2) and subsequently
rechallenged with LPS for an additional 4 h (step 3). This time
schedule was also adopted for the other experimental groups. In
particular, untreated monocytes (M/M) were maintained in
standard medium throughout the entire experimental period,
whereas LPS-activated monocytes (M/L) were maintained in
standard medium during steps 1 and 2 and activated with LPS in
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step 3. A group of ‘‘tolerized’’ monocytes (L/M), which did not
receive a second challenge with LPS in step 3, was included to
be compared with LPS-rechallenged monocytes (L/L) and to
ascertain their effective status of unresponsiveness to LPS. Total
RNA was then extracted, and the expression of representative
M1 and M2 genes (2) was evaluated by RT-PCR (Fig. 1). In
agreement with previous reports (18), expression of the proto-
typic M1 gene TNF-� was highly induced in LPS-activated
monocytes (M/L), whereas its expression was drastically reduced
in tolerance (L/L). Similarly, M1-associated genes (IL-12p40,
CXCL9, CXCL10, and CXCL11) (6) were highly expressed in
LPS-activated monocytes (M/L) and remained extremely low in
tolerant cells (L/L). In contrast, mRNA level of the M2 cytokine
IL-10 and the Th2-recruiting chemokines CCL2, CCL17, and
CCL22 (19) was consistently higher in tolerant (L/L) as com-
pared with LPS-activated monocytes (M/L). These results sug-
gested that tolerant monocytes acquire an alternative-activation
program, with high expression of M2 immunomodulatory genes.
Accordingly, we found high levels of the M2 chemokines CCL2,
CCL17, and CCL22 in the supernatants of tolerant monocytes,
collected 24 h after step 3 (supporting information Fig. S1),
whereas IL-10 was secreted at similar levels in M/L and L/L
monocytes. In addition, as reported in both IL-4– and IL-13–
treated monocytes (20), Arginase I gene expression was im-
paired in both activated (M/L) and tolerant (L/L) monocytes
(Fig. 1 and Fig. S1). We also evaluated whether the M2 profile
in tolerant monocytes was stable, by extending the interval
before the LPS rechallenge (step 2) up to 48 h. As a result,
tolerant monocytes stably displayed defective expression of
M1-associated genes (TNF�, IL-12p40, CXCL9, CXCL10, and
CXCL11), along with high expression of M2-associated genes
(IL-10, CCL2, CCL17, and CCL22) (Fig. S1). Because mono-
cytes are macrophage precursors, a similar analysis was per-
formed on both human monocyte-derived macrophages (M-
DM) and mouse peritoneal macrophages (peritoneal exudate
cells, PEC). Similarly to monocytes, LPS-tolerant M-DM (Fig.
S2 A) and PEC (Fig. S2B) displayed defective expression of
M1-associated genes (TNF�, IL-12p40, CXCL9, CXCL10, and
CXCL11) and enhanced expression of M2-associated genes
(CCL2 and CCL17). Surprisingly, as compared with their LPS-
activated counterparts (M/L), whereas tolerant PEC (L/L) dis-
played increased expression of IL-10 mRNA, LPS-tolerant
M-DM expressed lower levels of IL-10 mRNA. This unexpected
dissociation in IL-10 expression between mouse and human
macrophages was also confirmed for CCL22 and Msr1 and
indicates selective interspecies differences. In addition, this
discrepancy is also likely due to the M-CSF–dependent ‘‘in vitro

generation’’ of M-DM, which does not faithfully recapitulate the
in vivo conditions of macrophage differentiation. In support of
this, it was reported that M-CSF– driven monocyte-to-
macrophage differentiation strongly affects their transcriptional
profile (21). However, high expression of the prototypic murine
M2 genes Ym1, Fizz1, and Arginase I (22) further confirmed the
M2-skewing of tolerant PEC (Fig. S2B). Cross-tolerance be-
tween TLRs and cytokine receptors (e.g., IL-1 and TNF recep-
tors) has been previously reported (18). On the basis of this, we
investigated the responsiveness of LPS-tolerant monocytes to
both the M1-polarizing signal IFN-� and the M2-polarizing
signal IL-4 (21). As shown, LPS-tolerant monocytes expressed
lower levels of M1 genes (TNF�, CXCL9, CXCL10, and
CXCL11) in response to IFN-� (Fig. S3A). In contrast, LPS-
tolerant monocytes retained full responsiveness to IL-4, in terms
of M2-associated chemokines expression (CCL17 and CCL22)
(Fig. S3B). These data suggest that LPS-tolerant monocytes
maintain full capacity to respond selectively to prototypic alter-
native or M2 activation signals.

NF-�B p50 Drives the M2 Polarization of ‘‘Tolerant’’ Macrophages. We
analyzed in LPS-tolerant monocyte/macrophages the activation of
both the TLR4/MyD88/Mal- and TLR4/TRIF/TRAM-dependent
activation of NF-�B (7, 13) and STAT1 (13), respectively. NF-�B
activation is mainly associated with nuclear translocation of the
p50/p65 heterodimer (7, 8). In addition, the p50 NF-�B protein may
form inhibitory homodimers that are able to repress transcription
of NF-�B target genes (7, 8, 18). As expected (10), Western blot
analysis of the NF-�B subunits showed an increase of p50 NF-�B
nuclear localization in LPS-tolerant monocytes (L/L) (Fig. S4A),
whereas a partial inhibition of p65 nuclear translocation was
observed. We also evaluated the activation of STAT1. Whereas a
significant level of phospho-STAT1 was present in both M/L and
IFN-�–stimulated monocytes, used as positive control (12), L/L
monocytes displayed impaired STAT1 phosphorylation. Consistent
with the gene expression profile, these results suggest that LPS
tolerance in monocytes inhibits both the MyD88- and TRIF-
dependent pathways. Peritoneal macrophages from p50�/� mice
have been shown to be unable to undergo endotoxin tolerance-
mediated suppression of TNF-� production (23). To explore the
role of p50 in the expression of an M2 phenotype by tolerant
macrophages, representative M1 and M2 cytokine and chemokine
genes were analyzed by RT-PCR in WT and p50�/� macrophages.
L/L p50�/� macrophages failed to develop LPS tolerance (Fig.
2A), assessed by the inducible expression of TNF-� and inducible
NO synthase (iNOS). In addition, the absence of p50 significantly
restored LPS induction of CXCL9 in L/L macrophages. Most

Fig. 1. LPS-tolerant monocytes express an M2 cytokine/chemokine profile. Total RNA from control (M/M), activated (M/L), tolerant (L/M), and tolerant
monocytes rechallenged with LPS (L/L) were analyzed by RT-PCR for the expression of representative M1 genes (filled bars) and M2 genes (open bars). Results
are given as fold increase over the mRNA level expressed by untreated cells (M/M) and are representative of at least 3 different experiments; shown are mean �
SD from triplicate values. For ELISA, results are the average of 3 independent experiments � SD. ***P � 0.001, t test.
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strikingly, in all conditions p50�/� macrophages displayed im-
paired expression of M2-related genes IL-10, TGF-�, CCL2,
CCL17, CCL22, and Arginase I. Protein levels and enzymatic
activities of iNOS (nitrite) and Arginase (arginase activity) fully
confirmed these results (Fig. S4B). We next asked whether p50
NF-�B could play a differential role in the transcription of M1 and
M2 genes. To address this point, we performed ChIP assay for the
RNA polymerase II (Pol II). We observed that, in the absence of
p50 NF-�B, Pol II recruitment by M1 gene promoters (TNF-�,
iNOS, and IFN-�) was increased, whereas its recruitment on M2
gene promoters (CCL17 and Arginase I) was inhibited (Fig. 2B).
This scenario was even more evident in LPS tolerance, supporting
the idea that p50 NF-�B is an essential orchestrator of M2-type
gene transcription. In agreement, the recruitment of p50 NF-�B by
the M2 gene promoter IL-10 was increased in LPS tolerance (Fig.
2C). Thus, p50 is a negative regulator of M1-associated gene
expression, whereas it plays a nonredundant positive role in induc-
tion of M2-associated genes.

p50 NF-�B Inhibits IFN-� Production and STAT1 Activity. TLR4 acti-
vation promotes the IRF-3–dependent IFN-�/� gene transcrip-
tion that, in autocrine manner, sustains activation of STAT1,
leading to the transcription of M1-inflammatory and IFN-
dependent genes, such as CXCL10 and CXCL9 (24). To inves-
tigate whether p50 NF-�B could play a role in the modulation of
IFN-�/�–dependent M1 gene transcription, we analyzed its
expression in both WT and p50�/� peritoneal macrophages.
Lack of p50 NF-�B resulted in enhanced mRNA expression and
secretion of IFN-� (Fig. 3A), paralleled by enhanced expression

of CXCL9 and CXCL10 (Fig. 3B). To ascertain the actual role
of IFN-� in the increased expression of CXCL9 and CXCL10, we
used IRF-3–deficient macrophages, because this factor was
shown to play an essential role in the transcription of the IFN-�
gene (25). In addition to the impaired expression of IFN-�,
LPS-activated IRF-3–deficient macrophages displayed defective
expression of both CXCL10 and CXCL9, as well as lower TNF-�
and iNOS mRNAs (Fig. 3B). Similar results were obtained when
the biologic activity of IFN-� was blocked by using a specific
anti–IFN-� antibody (Fig. S5). These results suggest that p50
NF-�B inhibits the NF-�B–driven and M1-polarizing IFN-�
production. To test this hypothesis, the murine macrophage cell
line RAW 267.4 was transfected with a luciferase reporter
plasmid containing the murine IFN-� promoter region �125 to
�55 (26), along with increasing amounts of a murine p50
expression plasmid (11). Luciferase activity was measured after
6 h of LPS stimulation. In agreement with previous studies (27),
increasing amounts of p50 correlates with dose-dependent in-
hibition of LPS-induced IFN-� promoter activity (Fig. 3C). To
ascertain that inhibition of IFN-� gene transcription correlates
with increased DNA binding of the p50 NF-�B subunit, super-
shift analysis was performed by using PEC nuclear extracts in the
presence of an 32P-dCTP-labeled IFN-� NF-11B double-strand
oligonucleotide, spanning the IFN-� promoter region �64 to
�55 (28). As shown, in tolerant PEC (L/L) the anti-p50 NF-�B
antiserum supershifted a significant portion of the DNA/protein
complex, whereas the p65 antiserum poorly affected DNA/
protein complex formation (Fig. 3D). These result are in agree-
ment with the nuclear levels of both p50 and p65 NF-�B

Fig. 2. Role of p50 NF-�B in macrophage polarization. (A) peritoneal macrophages from WT (filled bars) and p50�/� (open bars) mice were either untreated
(M/M), activated 4 h with LPS (M/L), or tolerized without (L/M) or with LPS rechallenge (L/L). Representative M1 and M2 cytokine and chemokine genes were
analyzed by RT-PCR (A) and chromatin immunoprecipitation (ChIP) of RNA Pol II (B) on representative M1 (TNF�, iNOS, and IFN�) and M2 (CCL17 and Arginase
I) genes, as well as of the NF-�B subunits p50 (open bars) and p65 (filled bars) on the IL-10 gene promoter (C). Results were normalized to �-actin level and
expressed as fold induction with respect to the control cell population. Data are representative of 3 independent experiments; shown are mean � SD from
triplicate values. **P � 0.01; ***P � 0.001, t test.
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observed by Western blot (Fig. S4A). Finally, because the
expression of TNF-� and iNOS mRNAs was partially restored in
the double p50/IRF-3–deficient macrophages as compared with
IRF3�/�, we hypothesized that p50 NF-�B could act as a
negative regulator of STAT1 activity, which is a recognized
activator of CXCL9, CXCL10 (24), iNOS (29), and TNF-� gene
transcription (30). We confirmed this hypothesis in Western blot
analysis (Fig. 3E), whereby lack of p50 resulted in higher STAT1
phosphorylation in response to LPS. Collectively these results
suggest that in the absence of the p50 regulatory subunit,
increased production of IFN-� occurs, which favors M1 polar-
ization. IFN� gene expression was not measured because it was
shown to be poorly induced in both WT and p50�/� peritoneal
macrophages (31).

In Vivo Role of p50 in M1 vs. M2 Polarized Inflammation. The role of
p50 was then investigated in pathologic conditions associated with
polarized immune responses. First, we evaluated the role of p50 in
diseases associated with M1 polarized inflammation, such as the
Shwartzman reaction (32). The Schwartzman reaction is a type I
and IFN-�–dependent inflammatory response that leads to a lethal
shock syndrome that can be induced by 2 consecutive injections of
LPS (32). WT and p50�/� mice were primed with a low i.p. dose
of LPS (30 �g), and after 16 h mice were i.v. rechallenged with a
high dose of LPS (200 �g). We observed a dramatic difference in
the survival rate (Fig. S6). In particular, 24 h after LPS rechallenge

only WT mice were still alive, indicating that in response to
bacterially derived LPS, p50 NF-�B controls the extent of M1
polarized inflammation in vivo. M2 macrophages and their prod-
ucts play a central role in both allergic inflammation and response
to parasites. We therefore investigated the role of p50 NF-�B in
models representative of polarized type II inflammation. To inves-
tigate the role of p50 in macrophage polarization during allergy,
mice were sensitized with ovalbumin (OVA) plus alum at day 0 and
day 10; then from day 19 to day 24 mice were aerosol challenged
each day for 20 min with OVA and killed 24 h after the last
treatment. Control mice were sham-sensitized with alum only and
next OVA-challenged as for the other groups. As expected, circu-
lating IgE levels increased in OVA-sensitized WT mice. In contrast,
no IgE increase was observed in OVA-sensitized p50�/� mice
(Fig. S7A). Furthermore, we observed a drastic decrease of CCL17
and CCL22 in the bronchoalveolar lavage (BAL) fluid recovered
from p50�/� OVA-sensitized mice, as compared with their WT
counterparts (Fig. S7A). Chitin and Arginase-dependent pathways
contribute to airway hyperresponsiveness (33–35), as well as to the
pathogenesis of asthma. On the basis of this, we performed confocal
microscopy on F4/80� BAL cells from both WT add p50�/� mice
and observed defective expression of Arginase I in p50�/� F4/80�

BAL cells, in contrast to its strong expression by the WT counter-
part (Fig. S7B). Finally, the lungs were examined histologically. In
agreement with a previous report (36) and with the defective
expression of M2 chemokines observed in p50�/� mice, poor or

Fig. 3. p50 NF-�B acts as negative regulator of IFN-� production and STAT1 activity. PEC were isolated from WT (black bars), p50�/� (white bars), IRF-3�/�
(dark gray bars) and double p50/IRF-3�/� (light gray bars) mice, as indicated. Next, cells were activated with LPS (100 ng/mL) and analyzed for IFN-� expression
(A) and cytokine expression (A and B). Total RNA was extracted 4 h after LPS treatment (100 ng/mL) and analyzed by RT-PCR. Supernatants were collected 24 h
after LPS and tested by ELISA for IFN-�. (C) RAW 267.4 cells were cotransfected with 0.5 �g of the luciferase reporter plasmid containing the murine IFN-�
promoter region �125 to �55 and increasing amounts of a CMV-driven p50 NF-�B expression vector, as indicated. Luciferase activity is expressed as fold induction
with respect to untreated cells. Results shown are the average � SD of 3 independent experiments. **P � 0.01, t test. ***, P � 0.001. (D) EMSA analysis of the
NF-�B complexes binding the IFN-� promoter region �64 to �55 (28) in PEC untreated (M/M), M1-activated (M/L), and LPS-tolerant (L/L). Antisera against the
p50 and p65 NF-�B subunits were used for supershift analysis, as indicated. (E) Peritoneal macrophages were isolated from WT, p50�/�, IRF-3�/�, and double
p50/IRF-3�/� mice and stimulated with LPS for 90 min. Next STAT1 phosphorylation was analyzed by Western blot. Equal loading is visualized by actin expression.
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absent eosinophil and neutrophil inflammation was observed in
p50�/� mice upon antigen challenge, as compared with WT mice
(Fig. S7C).

Alternatively activated macrophages play a central role in hel-
minth infections (37). We then infected WT and p50�/� mice by
i.p. inoculation of Taenia crassiceps metacestode and analyzed
peritoneal cell recruitment and phenotype at early (�4 weeks) and
late (�6 weeks) stages of infection. In accordance with previous
data (38), in the course of infection the percentage of mature
macrophages (CD11bhigh F4/80high) and T and B cells gradually
decreased in both WT and p50�/� animals, whereas neutrophils
(CD11b� Ly6G�) and eosinophils (CD11b� CCR3�) increased
(Fig. S8A). Strikingly, a higher recruitment of neutrophils and a
lower percentage of eosinophils, along with lower levels of circu-
lating IgE, were observed in p50�/� than in WT infected mice (Fig.
S8A). In the absence of p50, either untreated or LPS-activated
peritoneal cells secreted higher levels of NO and expressed lower
arginase activity at all stages of infection (Fig. S8B), consistent with
an M1-skewing of the inflammatory response. In accordance, gene
expression analysis confirmed a consistent inhibition of the M2-
associated genes Arginase I, Ym1, Fizz1, and CCL17 in p50�/� vs.
WT macrophages (Fig. 4). Finally, in agreement with the protective
role of type 2 immune response during helminth infection reported
in C57BL/6J mice (39), we observed a drastic increase of parasite
load in p50�/� mice (Fig. 4).

Discussion
Polarized inflammation is a hallmark of several pathologic condi-
tions, including infection and cancer (2, 38), and plays a central role
in disease progression and/or resolution. In this study we report that
‘‘tolerant’’ macrophages are indeed a skewed population of M2
macrophages and that the p50 subunit of NF-�B is a key orches-
trator of M2-driven inflammatory reactions. Accumulation of p50
NF-�B homodimer in monocyte/macrophages was described as
mediating tolerance to LPS and was found in peripheral blood
monocytes of septic patients (10). Likewise, massive accumulation
of p50 NF-�B homodimer was also observed in the nuclei of
tumor-associated macrophages from a murine fibrosarcoma (40),
and analysis of their transcriptional profile characterized these cells
as a unique M2-polarized macrophage population (40). Here we
show that endotoxin-tolerant macrophages express a long-lasting
M2 phenotype with impaired expression of M1 functions. Ablation
of the p50 NF-�B subunit prevented development of tolerance,
assessed by the selective restoration of M1 mediators (e.g., TNF-�
and iNOS) and inhibition of M2 cytokines and chemokines, in
response to LPS rechallenge. Foster et al. (41) have shown that

differential TLR-induced chromatin modifications play a role in 2
distinct classes of LPS-tolerizeable and -nontolerizeable genes. We
report now that tolerizeable cytokine and chemokine genes belong
to a large extent to the M1 inflammation program, whereas
nontolerizeable genes include prototypical M2 cytokines and che-
mokines. Accordingly, we demonstrated that p50 NF-�B plays a
divergent transcriptional role, by promoting Pol II recruitment on
M2 promoter genes (e.g., CCL17 and Arginase I) and limiting its
recruitment by M1 promoter genes (iNOS, IFN-�, and TNF-�).
Thus, tolerance not only spares selected effector functions of
macrophages (41) but actually represents an alternative form of
macrophage polarization. We also demonstrated that the NF-�B
p50 subunit, which in the form of homodimers has regulatory
activity, is essential for an M2 ‘‘tolerant’’ phenotype in vitro and in
vivo. Our results also suggest that p50 NF-�B acts by suppressing
NF-�B–driven, M1-polarizing, IFN-�/� production. Accordingly,
p50-deficient mice show exacerbated M1-driven inflammation dur-
ing the Shwartzman reaction and defective capacity to mount
allergy and helminth-driven M2-polarized inflammatory reactions.
Recent evidence from Hagemann et al. (42) suggested that NF-�B
induction suppresses STAT1 activity. Although we recognize the
validity of this mechanism in LPS-activated macrophages, our data
suggest that this is an unlikely event in LPS tolerance, during which
macrophages are characterized by low NF-�B activity (43) and
impaired expression of NF-�B–dependent genes (e.g., TNF, IL-12,
and IFN-�). Although additional studies are required to fully
characterize the molecular events driving polarized inflammation,
previous studies suggest that NF-�B is a potential player (42). In this
work we demonstrate that NF-�B p50 is a key component in the
orchestration of M2-driven inflammatory reactions.

Materials and Methods
Cell Culture. Human monocytes and M-DM were obtained as previously de-
scribed (44, 45).

Real-Time PCR. Total RNA was reverse-transcribed by the cDNA Archive kit
(Applied Biosystems), amplified using Power Syber Green PCR Master Mix (Ap-
plied Biosystems), and detected by the 7900HT Fast Real-Time System (Applied
Biosystems).

ELISA. Supernatants and sera were tested in sandwich ELISA (R&D Systems).

Enzyme Activity. NO was measured by Griess reaction as the amount of NO3
� and

NO2
� produced, using a nitrate/nitrite assay kit (Cayman Chemicals). Arginase

activity was measured in cell lysates as previously described (46).

Fig. 4. Essential role of p50 NF-�B in the development of M2-polarized inflammation associated with chronic T. crassiceps infection. WT and p50�/� mice were
i.p. inoculated with 25 nonbudding T. crassiceps metacestodes. Expression of M1 and M2 genes by WT (filled bars) and p50�/� (open bars) peritoneal
macrophages was analyzed in naïve, early-stage infected (�4 weeks), and late-stage infected (�6 weeks) mice. Data are normalized to actin gene expression
and shown as fold increase in mRNA expression with respect to WT naïve macrophages. At each time point, the results shown are the mean � SEM of 4 naïve
and infected mice. Parasite loads were evaluated at 8 weeks after infection. **P � 0.01; ***P � 0.001, t test, mean � SEM, n � 4.
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Western Blot Analysis. For the NF-�B subunits, nuclear and cytosolic extracts
were analyzed by SDS-PAGE (11). For phospho-STAT1 analysis, protein extracts
were processed as described previously (40).

EMSA. EMSA was performed as previously described (11) by using a double-
strand oligonucleotide containing the IFN-� promoter NF-�B binding site (28).
Antisera against p50 (no. 1263) and p65 (no. 1207) NF-�B were used for
supershift analysis (11).

ChIP. ChIP was performed with a polyclonal anti-RNA Pol II, p65 NF-�B (C-20)
sc-372, and p50 NF-�B (C-19) sc-1190 antibody (Santa Cruz Biotechnology) (44).

Transfection and Luciferase Assay. The RAW 267.4 macrophage cell line was
transfected using lipofectamine LTX reagent (Invitrogen). Plasmid containing
the region of IFN-� promoter from �125 to �25 linked to the luciferase
reporter gene was obtained from Dr. Tadatsugu Taniguchi (26). The cytomeg-
alovirus (CMV) construct expressing the murine p50 NF-�B subunit was a kind
gift of Dr. Howard Young (National Cancer Institute). CMV-�Gal reporter
plasmid (Invitrogen) was used as control of transfection efficiency. The total

amount of DNA transfected in the different groups was normalized with the
empty CMV construct. Luciferase activity was tested by using the luciferase
assay system (Promega) according to the manufacturer’s instructions and
measured by a Synergy 2 luminometer (Biotek).

Animals. The study was designed in compliance with the National Institutes of
Health Guidelines for the Care and Use of Laboratory Animals and European
Union directives and guidelines. p50 NF-�B–deficient mice (11) were kindly
donated by Drs. Michael Karin and Giuseppina Bonizzi (University of California at
San Diego Medical School). IRF-3–deficient mice (26) were kindly donated by Dr.
Kate Fitzgerald (University of Massachusetts Medical School). p50�/� and
IRF-3�/� mice were crossed to obtained double p50/IRF-3–deficient mice.

For additional information see SI Materials and Methods.
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and by Ministero Università Ricerca, Italy, Ministero della Salute.

1. Gordon S, Taylor PR (2005) Monocyte and macrophage heterogeneity. Nat Rev Immu-
nol 5:953–964.

2. Mantovani A, Sozzani S, Locati M, Allavena P, Sica A (2002) Macrophage polarization:
tumor-associated macrophages as a paradigm for polarized M2 mononuclear phago-
cytes. Trends Immunol 23:549–555.

3. Brys L, Beschin A, Raes G, Ghassabeh GH, Noel, et al. (2005) Reactive oxygen species and
12/15-lipoxygenase contribute to the antiproliferative capacity of alternatively acti-
vated myeloid cells elicited during helminth infection. J Immunol 174:6095–6104.

4. Goerdt S, Orfanos CE (1999) Other functions, other genes: Alternative activation of
antigen-presenting cells. Immunity 10:137–142.

5. Sunderkotter C, Nikolic T, Dillon MJ, Van Rooijen N, Stehling M, et al. (2004) Subpopu-
lations of mouse blood monocytes differ in maturation stage and inflammatory
response. J Immunol 172:4410–4417.

6. Mantovani A, Sica A, Locati M (2005) Macrophage polarization comes of age. Immunity
23:344–346.

7. Bonizzi G, Karin M (2004) The two NF-kappaB activation pathways and their role in
innate and adaptive immunity. Trends Immunol 25:280–288.

8. Li Q, Verma IM (2002) NF-kappaB regulation in the immune system. Nat Rev Immunol
2:725–734.

9. Liew FY, Xu D, Brint EK, O’Neill LA (2005) Negative regulation of toll-like receptor-
mediated immune responses. Nat Rev Immunol 5:446–458.

10. Ziegler-Heitbrock L (2001) The p50-homodimer mechanism in tolerance to LPS. J
Endotoxin Res 7:219–222.

11. Saccani A, Schioppa T, Porta C, Biswas SK, Nebuloni M, et al. (2006) p50 nuclear
factor-kappaB overexpression in tumor-associated macrophages inhibits M1 inflam-
matory responses and antitumor resistance. Cancer Res 66:11432–11440.

12. Sica A, Bronte V (2007) Altered macrophage differentiation and immune dysfunction
in tumor development. J Clin Invest 117:1155–1166.

13. O’Neill LA, Bowie AG (2007) The family of five: TIR-domain-containing adaptors in
Toll-like receptor signalling. Nat Rev Immunol 7:353–364.

14. Sly LM, Rauh MJ, Kalesnikoff J, Song CH, Krystal G (2004) LPS-induced upregulation of
SHIP is essential for endotoxin tolerance. Immunity 21:227–239.

15. Ziegler-Heitbrock HW (1995) Molecular mechanism in tolerance to lipopolysaccharide.
J Inflamm 45:13–26.

16. Cavaillon JM, Adrie C, Fitting C, Adib-Conquy M (2005) Reprogramming of circulatory
cells in sepsis and SIRS. J Endotoxin Res 11:311–320.

17. Hotchkiss RS, Karl IE (2003) The pathophysiology and treatment of sepsis. N Engl J Med
348:138–150.

18. Cavaillon JM, Adib-Conquy M (2006) Bench-to-bedside review: Endotoxin tolerance as
a model of leukocyte reprogramming in sepsis. Crit Care 10:233.

19. Mantovani A, Sica A, Sozzani S, Allavena P, Vecchi A, et al. (2004) The chemokine system
in diverse forms of macrophage activation and polarization. Trends Immunol 25:677–
686.

20. Raes G, Van den Bergh R, De Baetselier P, Ghassabeh GH, Scotton C, et al. (2005)
Arginase-1 and Ym1 are markers for murine, but not human, alternatively activated
myeloid cells. J Immunol 174:6561; author reply 6561–6562.

21. Martinez FO, Gordon S, Locati M, Mantovani A (2006) Transcriptional profiling of the
human monocyte-to-macrophage differentiation and polarization: New molecules
and patterns of gene expression. J Immunol 177:7303–7311.

22. Raes G, Noel W, Beschin A, Brys L, de Baetselier P, et al. (2002) FIZZ1 and Ym as tools to
discriminate between differentially activated macrophages. Dev Immunol 9:151–159.

23. Bohuslav J, Kravchenko VV, Parry GC, Erlich JH, Gerondakis S, et al. (1998) Regulation
of an essential innate immune response by the p50 subunit of NF-kappaB. J Clin Invest
102:1645–1652.

24. Akira S, Sato S (2003) Toll-like receptors and their signaling mechanisms. Scand J Infect
Dis 35:555–562.

25. Stockinger S, Reutterer B, Schaljo B, Schellack C, Brunner S, et al. (2004) IFN regulatory
factor 3-dependent induction of type I IFNs by intracellular bacteria is mediated by a
TLR- and Nod2-independent mechanism. J Immunol 173:7416–7425.

26. Sato M, Suemori H, Hata N, Asagiri M, Ogasawara K, et al. (2000) Distinct and essential
roles of transcription factors IRF-3 and IRF-7 in response to viruses for IFN-alpha/beta
gene induction. Immunity 13:539–548.

27. Thanos D, Maniatis T (1995) NF-kappa B: A lesson in family values. Cell 80:529–532.
28. Garoufalis E, Kwan I, Lin R, Mustafa A, Pepin N, et al. (1994) Viral induction of the

human beta interferon promoter: Modulation of transcription by NF-kappa B/rel
proteins and interferon regulatory factors. J Virol 68:4707–4715.

29. Gao J, Morrison DC, Parmely TJ, Russell SW, Murphy WJ (1997) An interferon-gamma-
activated site (GAS) is necessary for full expression of the mouse iNOS gene in response
to interferon-gamma and lipopolysaccharide. J Biol Chem 272:1226–1230.

30. Takagi K, Takagi M, Kanangat S, Warrington KJ, Shigemitsu H, et al. (2005) Modulation
of TNF-alpha gene expression by IFN-gamma and pamidronate in murine macro-
phages: Regulation by STAT1-dependent pathways. J Immunol 174:1801–1810.

31. Puddu P, Carollo MG, Belardelli F, Valenti P, Gessani S (2007) Role of endogenous
interferon and LPS in the immunomodulatory effects of bovine lactoferrin in murine
peritoneal macrophages. J Leukoc Biol 82:347–353.

32. Heremans H, Van Damme J, Dillen C, Dijkmans R, Billiau A (1990) Interferon gamma, a
mediator of lethal lipopolysaccharide-induced Shwartzman-like shock reactions in
mice. J Exp Med 171:1853–1869.

33. Zhu Z, Zheng T, Homer RJ, Kim YK, Chen NY, et al. (2004) Acidic mammalian chitinase
in asthmatic Th2 inflammation and IL-13 pathway activation. Science 304:1678–1682.

34. Reese TA, Liang HE, Tager AM, Luster AD, Van Rooijen N, et al. (2007) Chitin induces
accumulation in tissue of innate immune cells associated with allergy. Nature 447:92–
96.

35. Greene AL, Rutherford MS, Regal RR, Flickinger GH, et al. (2005) Arginase activity
differs with allergen in the effector phase of ovalbumin- versus trimellitic anhydride-
induced asthma. Toxicol Sci 88:420–433.

36. Yang L, Cohn L, Zhang DH, Homer R, Ray A, et al. (1998) Essential role of nuclear factor
kappaB in the induction of eosinophilia in allergic airway inflammation. J Exp Med
188:1739–1750.

37. Rodriguez-Sosa M, Satoskar AR, Calderon R, Gomez-Garcia L, Saavedra R, et al. (2002)
Chronic helminth infection induces alternatively activated macrophages expressing
high levels of CCR5 with low interleukin-12 production and Th2-biasing ability. Infect
Immun 70:3656–3664.

38. Stijlemans B, Guilliams M, Raes G, Beschin A, Magez S, et al. (2007) African trypano-
somosis: From immune escape and immunopathology to immune intervention. Vet
Parasitol 148:3–13.

39. Lopez-Briones S, Soloski MJ, Bojalil R, Fragoso G, Sciutto E (2001) CD4� TCRalphabeta
T cells are critically involved in the control of experimental murine cysticercosis in
C57BL/6J mice. Parasitol Res 87:826–832.

40. Biswas SK, Gangi L, Paul S, Schioppa T, Saccani A, et al. (2006) A distinct and unique
transcriptional program expressed by tumor-associated macrophages (defective NF-
kappaB and enhanced IRF-3/STAT1 activation). Blood 107:2112–2122.

41. Foster SL, Hargreaves DC, Medzhitov R (2007) Gene-specific control of inflammation by
TLR-induced chromatin modifications. Nature 447:972–978.

42. Hagemann T, Biswas SK, Lawrence T, Sica A, Lewis CE (2009) Regulation of macrophage
function in tumors: The multifaceted role of NF-kappaB. Blood 113:3139–3146.

43. Dobrovolskaia MA, Medvedev AE, Thomas KE, Cuesta N, Toshchakov V, et al. (2003)
Induction of in vitro reprogramming by Toll-like receptor (TLR)2 and TLR4 agonists in
murine macrophages: Effects of TLR ‘‘homotolerance’’ versus ‘‘heterotolerance’’ on
NF-kappa B signaling pathway components. J Immunol 170:508–519.

44. Schioppa T, Uranchimeg B, Saccani A, Biswas SK, Doni A, et al. (2003) Regulation of the
chemokine receptor CXCR4 by hypoxia. J Exp Med 198:1391–1402.

45. Sica A, Saccani A, Bottazzi B, Polentarutti N, Vecchi A, et al. (2000) Autocrine produc-
tion of IL-10 mediates defective IL-12 production and NF-kappa B activation in tumor-
associated macrophages. J Immunol 164:762–767.

46. Bronte V, Serafini P, De Santo C, Marigo I, Tosello V, et al. (2003) IL-4-induced arginase
1 suppresses alloreactive T cells in tumor-bearing mice. J Immunol 170:270–278.

Porta et al. PNAS � September 1, 2009 � vol. 106 � no. 35 � 14983

IM
M

U
N

O
LO

G
Y

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 "
U

N
IV

E
R

SI
T

A
 D

E
G

L
I 

ST
U

D
I 

D
I 

M
IL

A
N

O
, B

IB
L

 P
O

L
O

 S
A

N
 P

A
O

L
O

" 
on

 M
ar

ch
 1

2,
 2

02
4 

fr
om

 I
P 

ad
dr

es
s 

15
9.

14
9.

16
8.

15
6.

http://www.pnas.org/cgi/data/0809784106/DCSupplemental/Supplemental_PDF#nameddest=STXT

