
bone involvement, but it is uncertain
whether this is a primary or secondary phe-
nomenon.4 Adipocytes are significant play-
ers in bone metabolism, but little is known
about the interactions between Gaucher
cells and fat cells and how they might influ-
ence bone mineralization. Altered glucose
metabolism, insulin resistance, and abnor-
mal adiponectin levels that may affect bone
mineralization have been reported in un-
treated GD1 patients, but their clinical im-
portance is unclear. Increased blood levels of
macrophage-derived osteoclastogenic cyto-
kines MIP-� and MIP-� may also contrib-
ute to both general and focal GD1 skeletal
manifestations.5

As to myeloma and lymphoma, hypotheses
have focused on the sphingolipid storage process
itself as contributory to chronic antigenic stimu-
lation or as an autocrine and/or paracrine stimu-
lus to the production of cytokines and cellular
growth factors.1 Abnormal T-cell lectin re-
sponses and decreased numbers of CD4, NK,
and dendritic cells have been reported.6 Gaucher
cells, characterized as alternatively activated
macrophages, may secrete IL-10, a cytokine
linked to development of osteopenia and my-
eloma. Other proinflammatory cytokines that
influence bone homeostasis, B-cell differentia-
tion, and plasma cell growth are variably abnor-
mal in GD1 patients.5 Proinflammatory macro-
phages that are recruited by and cluster with
Gaucher cells are a likely source, but involve-
ment by other cells is theoretically possible.

Mesenchymal stromal cells (MSCs) are
nonhematopoietic stem cells with the capacity
for self-renewal as well as differentiation into
various connective tissue cells including osteo-
blasts and fat cells. Age-related MSC dysfunc-
tion has been related to osteoporosis, and an
infusion of MSCs causes T-cell, NK-cell, and
dendritic cell depletion.7 The report of Campeau
et al offers preliminary evidence that MSCs con-
tribute to GD1 pathology. The authors studied
cultured bone marrow MSCs from a GD1 pa-
tient who relapsed after an 18-month treatment
interruption. Although GD1 MSCs were in
many ways indistinguishable from normal cells,
there was a 3-fold increase in cellular glucosyl
ceramide and a marked increase in COX-2, pros-
taglandin E2, IL-8, and CCL2. A similar alter-
ation in the cytokine and prostaglandin pattern
was observed when normal MSCs were treated
with conduritol-B-epoxide (a potent, noncom-
petitive glucocerebrosidase inhibitor).

The authors speculate that the
glucocerebrosidase-deficient MSC secretome
may be relevant to the skeletal and neoplastic
anomalies associated with GD1. MSC may
home to sites of bone microinjury and, via a
strong multicytokine signal, recruit monocytes
and stimulate osteoclastogenesis resulting in
osteolytic lesions and generalized bone min-
eral loss. CCL2 is also a chemoattractant for
normal and malignant plasma cells that may be
recruited to a marrow environment where
exposure to Gaucher cell– derived IL-10 (an-
other cytokine related to myeloma and possi-
bly up-regulated by MSC-secreted PGE2)
creates a milieu conducive to malignant prolif-
eration. Parenthetically, IL-17, a cytokine
known to be increased in GD1 patients and
that is associated with inflammation, bone
resorption, and myeloma, stimulates the pro-
liferation of human MSCs.8

Hughes1 recently noted the limits in our
current knowledge of the pathogenesis of
GD1, and posited that “only hypothesis gen-
eration beyond current paradigms will allow
more complete understanding and ultimately
rational intervention for the diverse aspects of
this disorder.” The work presented by Cam-
peau et al fits this prescription, but it is based
on material from a single patient. GD1 pheno-

types are notoriously heterogeneous. Many
more patients will need to be studied before
“the skies are not cloudy all day.”
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Orchestration of macrophage
polarization
----------------------------------------------------------------------------------------------------------------

Alberto Mantovani and Massimo Locati UNIVERSITY OF MILAN; ISTITUTO CLINICO HUMANITAS IRCCS

In this issue of Blood, Ishii and colleagues shed new, fresh light on molecular
mechanisms underlying one form of macrophage activation.

M acrophages are a key element in the
orchestration of tissue remodeling

and repair and in resistance against patho-
gens. Macrophages undergo diverse forms
of activation in response to cytokines and
microbial signals. In particular, IFN� and
IL-4 activate distinct functional programs in
mononuclear phagocytes, inducing an M1
(or classic) and M2 (or alternative) form of
activation, which mirror the Th1/Th2 di-
chotomy.1-3 Indeed, polarized M1 and M2
macrophages are extremes of a spectrum in a
galaxy of functional state.1,3,4 M1-polarized

macrophages mediate resistance to intracel-
lular pathogens, tissue destruction, and anti-
tumor resistance. In contrast, M2-polarized
cells come in different flavors and are gener-
ally oriented to tissue remodeling and re-
pair, resistance to parasites, immunoregula-
tion, and tumor promotion.

Molecular mechanisms underlying mac-
rophage polarization remain largely unde-
fined. Tuning of NF-�B activation by p50
homodimers has been associated with M2
differentiation.5 PPAR� agonists have been
shown to induce M2-like differentiation,6
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and the phosphatase SHIP was shown to
play a key role in balancing macrophage po-
larization, although recent evidence sug-
gests that it may act indirectly through the
regulation of IL-4 production by basophils.7

In this issue of Blood, Ishii and colleagues
identify a molecular pathway responsible for
epigenetic regulation of key M2-associated
genes in the mouse (see figure).8 IL-4 up-regu-
lates the histone demethylase Jmjd3 via the
transcription factor STAT6. Jmjd3 contrib-
utes to demethylation of histone H3 at lysine
27, thus unleashing promoters of M2 marker
genes (arginase 1, Ym1, FIZZ1, mannose re-
ceptor). As discussed by Ishii and colleagues,
these results nicely parallel recent evidence,
indicating that chromatin remodeling also
plays a role in the control of expression pattern
of specific genes in polarized Th lymphocytes.

This report opens new perspectives and
raises new questions. Macrophages undergo
diverse M2-like activation states in response to
different signals,1,2,4 and the role of regulation
by Jmjd3, and more in general histone methyl-
ation, in these processes remains to be eluci-
dated. Even for the IL-4 –induced “alterna-
tive” M2 form of activation it is still not known
whether the pathway described here accounts
for the whole transcription regulation associ-

ated to it. Furthermore, FIZZ1 and arginase 1
are not induced by IL-4 in human macro-
phages.9 It will therefore be important to in-
vestigate the importance of regulation of his-
tone methylation in cells of human origin.
Finally, Jmjd3 had previously been shown to
be induced in a macrophage cell line by lipo-
polysaccharide,10 indicating that chromatin
remodeling might play a role in macrophage
biology beyond alternative activation. With

these open questions in mind, the new data
offer a novel mechanistic insight into macro-
phage polarization and may pave the way to its
targeting and tailoring.

Conflict-of-interest disclosure: The authors
declare no competing financial interests. ■

REFERENCES
1. Mosser DM, Edwards JP. Exploring the full spectrum
of macrophage activation. Nat Rev Immunol. 2008;8(12):
958-969.

2. Martinez FO, Helming L, Gordon S. Alternative acti-
vation of macrophages: an immunologic functional perspec-
tive. Annu Rev Immunol. 2009;27:451-483.

3. Mantovani A, Sozzani S, Locati M, Allavena P, Sica A.
Macrophage polarization: tumor-associated macrophages as
a paradigm for polarized M2 mononuclear phagocytes.
Trends Immunol. 2002;23(11):549-555.

4. Mantovani A. From phagocyte diversity and activation
to probiotics: back to Metchnikoff. Eur J Immunol. 2008;
38(12):3269-3273.

5. Biswas SK, Gangi L, Paul S, et al. A distinct and unique
transcriptional program expressed by tumor-associated
macrophages (defective NF-kappaB and enhanced IRF-3/
STAT1 activation). Blood. 2006;107(5):2112-2122.

6. Bouhlel MA, Derudas B, Rigamonti E, et al. PPAR-
gamma activation primes human monocytes into alternative
M2 macrophages with anti-inflammatory properties. Cell
Metab. 2007;6(2):137-143.

7. Kuroda E, Ho V, Ruschmann J, et al. SHIP represses
the generation of IL-3-induced M2 macrophages by inhib-
iting IL-4 production from basophils. J Immunol. 2009;
183(6):3652-3660.

8. Ishii M, Wen H, Corsa CAS, et al. Epigenetic regulation
of the alternatively activated macrophage phenotype. Blood.
2009;114(15):3244-3254.

9. Martinez FO, Gordon S, Locati M, Mantovani A.
Transcriptional profiling of the human monocyte-to-mac-
rophage differentiation and polarization: new molecules and
patterns of gene expression. J Immunol. 2006;177(10):7303-
7311.

10. De Santa F, Totaro MG, Prosperini E, Notarbartolo S,
Testa G, Natoli G. The histone H3 lysine-27 demethylase
Jmjd3 links inflammation to inhibition of polycomb-medi-
ated gene silencing. Cell. 2007;130(6):1083-1094.

● ● ● VASCULAR BIOLOGY

Comment on Suzuki et al, page 3352

Can RAP save your brain?
----------------------------------------------------------------------------------------------------------------

Anton J. G. Horrevoets VU UNIVERSITY MEDICAL CENTER

In this issue of Blood, Suzuki and colleagues report that the bleeding complications
associated with thrombolytic therapy after ischemic stroke might be counteracted
by RAP, the receptor-associated protein that inhibits ischemia-induced LRP, a
signaling receptor for t-PA.

S troke is still one of the major causes of
death and disability worldwide. Despite

decades of clinical research, the therapeutic
value of neuroprotective agents that can limit
damage to the postinfarct neuronal tissue is

limited.1 The only highly effective treatment
is a fast reperfusion of the ischemic brain tis-
sue through dissolution of the culprit blood
clot using thrombolytic agents. Based on a
landmark study from the National Institute of

Schematic representation of the role of the histone demethylase Jumonji domain containing 3 (Jmjd3) proteins
in macrophage alternative polarization.
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