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normoxia hypoxia
erythropoietin 1.0 23.3 1.0 > 14
(a.u.) injected; 2™ week endogenous; day 8
hemoglobin
(a.u.) 1,00 > 1.07 1.00 > 1.16
ferroportin
(a.u.) 1.0 > 1.7 12>7.0
myoglobin 1.0 >~0.9 1.0 >~0.6

(major iso-forms; a.u.)

Changes in selected molecular components directly or indirectly involved in iron metabolism upon exposure of
human subjects to either normoxic or hypoxic conditions. Data are shown in arbitrary units to facilitate
comparison between factors of response and are average values deduced from the authors’ original figures and

tables.

and then once per week. Besides measuring
classical blood parameters as well as urinary
hepcidin levels, the authors performed small
muscle biopsies, a commendable effort by both
patients and investigators. As expected, eryth-
ropoiesis was enhanced while hepcidin levels
decreased. In muscle, there was a concomitant
increase in ferroportin expression by about
70%, which, however, was accompanied by
only a very minor reduction in myoglobin lev-
els and thus more or less futile in terms of iron
mobilization. T'o make the results even baf-
fling, expression of the iron uptake protein
transferrin receptor (TfR) went up in muscle,
together with an elevated abundance of the
iron storage protein ferritin (see figure). This
indicated that there was an increased iron in-
flux into muscle cells upon Epo administra-
tion, but this iron was not ending up in myo-
globin. Measuring total cellular iron levels
further corroborated this interpretation. At
this stage, the overall picture might have been
interpreted as expected hematologic results
and a “complicated” situation in muscle.

The story, however, becomes really interest-
ing when seen in conjunction with an earlier
paper from the same group.* There, similar pa-
rameters were quantitated, again with human
volunteers but at high altitude, to be precise in
the Monte Rosa region at 4559m. In this really
hypoxic environment (101 kPa — 59 kPa), the
ensuing rise in hematocrit was accompanied by a
significant loss of muscle-iron and myoglobin
(see figure), lowered TfR and ferritin levels, and
amassively elevated level of ferroportin. In this
case, muscle cells indeed appeared to become a
source of mobilizable iron.

How can these seemingly disparate data be
reconciled? One could always argue that ex-
perimental protocols were not identical. While
probands tested under normoxic conditions
received Epo injections boosting their total

6508

levels by 350% throughout the second week,
the mountain volunteers had to rely on an ob-
served 40% increase of endogenous Epo
(day 8). This does not offer an adequate expla-
nation since the lower Epo concentrations had
amuch larger impact on ferroportin levels.
The equation, more Epo/less hepcidin/more
ferroportin activity/more iron release that
beautifully explains the role of macrophages in
iron homeostasis, appears to fail for muscle.

In their present paper, Robach et al discuss
a variety of possible scenarios these differential
responses could take on. One physiologically
meaningful hypothesis sticks out, despite in-
volving a notorious “factor X.” Such a factor
might sense an emergency need for enhanced
erythropoiesis, especially under hypoxia or
eventually also upon blood loss. Thereby it
would open a route to utilize the otherwise

protected source of iron in muscle. In contrast,
elevated Epo under normoxia might be sensed
as amore “normal” situation, leading to the
conventional route of increasing red blood

cell production by involving the reticulo-
endothelial system. It will be interesting to see
whether and under which specific conditions
myoglobin iron might also become mobilized
under normal oxygen supply.

Biologic systems persist to be more com-
plex than any possible preconception. Despite
the decades that have passed since the first
applications of Epo’® for example, to treat ane-
mia in kidney diseases, cancer or—less benefi-
cially—for blood doping, it looks as if there are
still facets of this molecule and its role in iron
homeostasis that need further study.
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Myeloid cell-induced angiogenesis:

a sticky business

Anna M. Randi and Benedetta Bussolati IMPERIAL COLLEGE LONDON; UNIVERSITY OF TURIN

In this issue of Blood, Horst and colleagues demonstrate that myeloid cells express-
ing the adhesion molecule CEACAM1 play a role in promoting angiogenesis and

resolving inflammation.

n the adult, angiogenesis is essential to
I wound repair and inflammation and for
highly specialized functions, such as the re-
generation of the endometrium. Angiogenesis
is also involved in tumor growth, chronic in-
flammatory diseases and atherosclerosis. Vast
literature has emerged that investigates the

cellular and molecular mechanisms underlying
the formation of new vessels. One of the im-
portant findings over the past few years has
been the identification of the role of different
cell types in angiogenesis.

As with endothelial cells (ECs) and their
bone marrow (BM) precursors, heterogeneous
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Mechanisms of Angiogenesis-Lymphangiogenesis
by BM-Derived Myeloid Cells
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CD11b* myeloid progenitor cells, originating from the bone marrow, migrate to the site of inflammation to
promote angiogenesis and lymphangiogenesis. Several possible mechanisms are listed here. (1) Release of
cytokines and growth factors with proangiogenic activity, including VEGF. (2) Production of proteases such as
the cysteine protease cathepsin and matrix metalloprotease-9 (MMP-9), which mediate degradation of the
extracellular matrix and release of VEGF from its membrane-bound form. (3) Myeloid cell differentiation into
endothelial cells, a mechanism that is still debated. (4) Direct interaction between myeloid cells and blood or
lymphatic endothelial cells through CEACAM1 in an homophilic manner, as described by Horst et al in the
article that begins on page 6726. Professional illustration by Debra T. Dartez.

populations of BM-derived cells of the my-
cloid lineage contribute to the angiogenic pro-
cess. Among the phenotypes described are
Tie2-expressing immature monocytes, tumor-
associated macrophages, CXCR4" VEGFR1+
hemangiocytes, and Gr1*CD11b* myeloid
cells.! These cell populations, originating from
a common BM-derived precursor, circulate in
peripheral blood until recruited to tissues by
specific chemoattractants. Once there, their
phenotype may change in response to local
signals. The proangiogenic role of BM-
derived myeloid cells has been demonstrated
in several animal models and human clinical
trials. However, the underlying mechanism
remains controversial. Several distinct modes
of action for the role of myeloid cells in pro-
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moting angiogenesis have been proposed,' in-
cluding the release of cytokines and growth fac-
tors with proangiogenic activity (see figure).

In this issue of Blood, Horst et al contribute
to the debate around angiogenesis and lym-
phangiogenesis by describing a novel path-
way.? In this study, Horst et al identify a novel
mechanism of adhesion-mediated stimulation
of angiogenesis and lymphangiogenesis, which
involves the adhesion molecule CEACAM1
(CEA-related cell-adhesion molecule). Using
the CEACAM I-deficient mouse and a model
of cutaneous inflammation, they find that BM-
derived CD11b* CEACAM1* monocyte pro-
genitor cells are involved in the resolution of
inflammation by promoting the formation of
blood and lymphatic vessels. The authors ob-

serve that in the CEACAM1~/~ mice, the
inflammatory response is more intense and pro-
longed. Both angiogenesis and lymphangiogen-
esis are reduced with consequent edema, prob-
ably due to impaired vascular drainage. They
then proceed to demonstrate that this effect is
due to the absence of CEACAM1* BM-derived
monocytes, since the phenotype can be corrected
by BM transplants from B6 mice.

CEACAMI1, a member of the immuno-
globulin (Ig) superfamily of cell adhesion mol-
ecules, is expressed in microvessels of prolifer-
ating tissues, in tissues after wounding, and in
solid human tumors.’ Endothelial CEACAM1
has been previously shown by this group and
others to play a role in angiogenesis through
various possible mechanisms, which include
regulation of EC proliferation and migration
via the integrin av33 and angiogenic growth
factors including VEGF.* Other members of
the Ig superfamily of endothelial adhesion
molecules that support homophilic adhesion,
such as CD31/PECAM and ICAM-2, have
been shown to be required for effective angio-
genesis in the adult while being dispensable for
vasculogenesis and embryonic development.>0
The novelty of the article by Horst et al is the
description of a new mechanism that appears
to rely on adhesion between CEACAM1™*
myeloid progenitors and CEACAM1+ ECs.
Thus, CEACAM1 might engage in a ho-
mophilic manner between leukocytes and the
endothelium, mediating extravasation and/or
signaling, or even incorporation into the vas-
cular structure.

The same mechanism could be involved in
the generation of lymphatic vessels:
CEACAMI1* isalso expressed in lymphatic
neovessels, and Horst et al show that
CEACAMI1* monocytes are required for lym-
phangiogenesis. The involvement of mono-
cytes/macrophages and dendritic cells of
monocytic lineage in the development of novel
lymphatic vessels is known.” The authors sug-
gest that CEACAM1 may be a regulator of
lymphatic-specific signaling pathways.

The reported expression of CEACAM1 by
immature myeloid, lymphatic, and blood ECs
might be a consequence of their common ori-
gin from the hemangioblast, as suggested for
other molecules such as CD31/PECAM.3
However, another possibility is that ECs in the
inflamed vessels originate by direct differen-
tiation of myeloid progenitor cells. Myeloid
cells have features that are similar to endothe-
lial progenitor cells, they can acquire
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endothelial-specific markers, and their pos-
sible endothelial differentiation has been sug-
gested.’ This intriguing mechanism deserves
further study to define the precise relationship
between myeloid and ECs. Another open
question is the relative role of endothelial and
myeloid CEACAMI in regulating
angiogenesis.

Finally, these results raise the possibility
that other Ig superfamily members may be
mediating angiogenesis through a similar
mechanism, involving homophilic interaction
between BM-derived myeloid cells and ECs.
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