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Recent evidence has demonstrated that endothelial-specific growth factors 
affect the development of apparently unrelated organs and cells. Expand-
ing this evidence further, new findings in this issue of the JCI show that 
neurotrophic factors can affect neovascularization (see the related arti-
cle beginning on page 653). Neurotrophic factors achieve proangiogenic 
effects not only by directly affecting endothelial cells, but also by recruit-
ing hematopoietic precursors. Further understanding of the biology of 
angiogenic factors, as well as of the function of hematopoietic cells in tis-
sue neovascularization, will lead to improved therapeutic strategies for the 
treatment of diseases ranging from ischemia to cancer.

Growth factors that were once consid-
ered tissue specific can have unexpectedly 
broad effects. For example, signals from 
endothelial growth factors govern not only 
tissue neovascularization, but also the devel-
opment and function of different organs 
such as the pancreas (1), liver (2), fat (3), and 
hematopoietic tissues (4). Similarly complex 
relationships have been found in the nervous 
system (5). VEGF (also known as VEGF-A) is 
a critical factor in angiogenesis during devel-
opment and disease (6); nonetheless, it has 
recently been shown to be neuroprotective 
in a rat model of amyotrophic lateral scle-
rosis (a neurodegenerative disease causing 
a progressive loss of motor neurons). This 
finding provides an unexpected new thera-
peutic platform for the treatment of this 
debilitating disease (7). Some elegant work 
in mutant mouse models has also demon-
strated that factors such as brain-derived 
neurotrophic factor (BDNF; ref. 8) and 
receptors involved in axon guidance (9) play 
a crucial role in neovascularization during 
embryonic development.

Neurotrophic factors promote  
adult neovascularization
In this issue of the JCI, Kermani et al. (10) 
describe, we believe for the first time, the 

effects of BDNF and neurotrophin-4  
(NT-4) on neovascularization in adult 
mice. The proangiogenic effects of these 
hypoxia-responsive neurotrophic factors 
are comparable to those of VEGF but 
are independent of the VEGF receptor 2 
pathway. In part, these effects are exerted 
directly through the cognate receptor for 
the neurotrophic factors, BDNF receptor 
tyrosine kinase (TrkB) that is expressed 
on subsets of endothelial cells. More strik-
ingly, the authors show that BDNF is 
similar to other angiogenic factors — such 
as VEGF, angiopoietin 1 (Ang1), and pla-
centa-derived growth factor (PlGF) (4, 11) 
— in its ability to affect the hematopoietic 
system by mobilizing precursor cells (Fig-
ure 1). Recruitment of these precursor cells 
promoted neovascularization (Figure 2) 
and alleviated limb ischemia.

This work establishes that neurotrophins 
are novel proangiogenic factors. The authors 
report (10) that BDNF does not induce the 
recruitment of pericytes to blood vessels 
(an important step in the stabilization and 
maturation of new vasculature), but rather 
promotes the recruitment of myeloid pro-
genitor cells of unknown function. These 
findings warrant further investigation of 
the role and therapeutic potential of these 
factors in the treatment of diseases ranging 
from cancer to cardiac ischemia. Moreover, 
they describe yet another facet of the intri-
cate relationship between hematopoietic 
cells and tissue neovascularization. Under-
standing the molecular and cellular under-
pinnings of this interaction may prove to be 
crucial for both regenerative medicine and 
cancer therapy.

Bone marrow–derived cell–mediated 
neovascularization
The recruitment of hematopoietic bone 
marrow–derived cells (BMDCs) and the 
infiltration of these cells into diseased tis-
sue is often massive in scale, particularly 
in tumors. But whether the presence of 
these cells is indicative of a response of the 
immune system directed against the can-
cer cells or of a nonspecific inflammatory 
response that favors tumor growth remains 
to be determined (12). Alternatively, if the 
immune cell infiltrate in tumors is the result 
of the exponential expansion of precursors 
(i.e., stem and/or progenitor cells), the func-
tion of BMDCs in the tumor might be sig-
nificantly different. Previous reports have 
demonstrated the ability of hematopoietic 
cell precursors to secrete factors that modu-
late tissue vascularization, including factors 
such as Ang2 (13) and MMPs (14), which 
affect vessel wall stability. Others have shown 
that myeloid cells incorporate directly into 
the vasculature and acquire an endothelial 
or mural cell phenotype (15–17) (Figure 2). 
Some of these findings have led to clinical 
trials for bone marrow–mononuclear cell 
infusion to induce therapeutic angiogenesis, 
with encouraging results (18). Increasing 
evidence suggests that the contribution 
of hematopoietic stem cells and myeloid 
progenitor cells is, in fact, critical for new 
vessel formation in tumors (19). However, 
the mechanism of action and the degree of 
plasticity of these cells are not sufficiently 
understood. Once they have homed to the 
tumor, multipotent BMDCs have the poten-
tial to modulate neovascularization and to 
become part of all 3 nonmalignant tumor 
compartments: hematopoietic, endothelial, 
and mesenchymal (20). Both the relative 
contribution of different BMDCs to solid 
tumors and the timing of their incorpora-
tion remain unclear. The difficulty of assess-
ing the relative contribution of each lineage 
of BMDCs to tumor neovascularization has 
led to debate and hampered the identifica-
tion of new clinical targets, inhibiting clini-
cal translation of the progress made in pre-
clinical models.

Nonstandard abbreviations used: Ang1, angiopoietin 
1; BDNF, brain-derived neurotrophic factor; BMDC, 
bone marrow–derived cell; NT-4, neurotrophin-4; PlGF, 
placenta-derived growth factor; TrkB, BDNF receptor 
tyrosine kinase.
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Future directions
These exciting findings have broad impli-
cations and raise a number of critical 
questions. BDNF may affect multiple cell 
types, similar to VEGF, PlGF, and Ang1 
(Figure 2). It may therefore be possible 
to take advantage of the pleiotropy of all 
of these factors in order to establish sur-
rogate markers for the determination of 
the biological effects of their blockade or 
overexpression both in preclinical mod-
els and in patients. Whether the effects 
of BDNF on adult vasculature are organ 
specific, and what effect BDNF has on 

myocardial revascularization or tumor 
growth, also needs to be investigated. Fur-
thermore, what is the safest and most effi-
cient combination of growth factors that 
generates collateral vessels and mature, 
long-lasting new vessels? In general, the 
mobilization of cells from the bone mar-
row requires a transient overexpression 
of factors such as BDNF. How well does 
this temporal and spatial overexpression 
of growth factors mimic tissue ischemia 
and/or tumor growth? Are myeloid pre-
cursors recruited to the wrong site by 
tumor-expressed chemoattractants and 

local activation of the endothelium? What 
are the functions of VEGF and angiopoi-
etin receptors in myeloid precursor cells? 
It has recently been suggested that bone 
marrow precursors for nonhematopoietic 
cells, such as endothelial and mesen-
chymal cells, participate in or even ini-
tiate tumor growth (21–23). It will be 
interesting to investigate whether their 
contribution is the result of a high degree 
of plasticity that arises in the context of 
sustained injury, or if the bone marrow 
contains multiple, distinct precursors. In 
addition, determining the relative contri-

Figure 1
The functional pleiotropy of BDNF extends 
beyond the nervous system. BDNF, similar to 
NT-4, exerts its complex signaling effects via 
TrkB that is present on neurons. These effects 
include the modulation of neuronal differentia-
tion, survival, and function. In this issue of the 
JCI, Kermani et al. (10) report a more complex 
role for this neurotrophic factor: BDNF can 
mobilize TrkB+ hematopoietic precursor cells 
(HPCs) for both hematopoiesis and tissue 
neovascularization. In addition, BDNF can 
promote angiogenesis by directly interacting 
with TrkB expressed on ECs.

Figure 2
Cellular and molecular mechanisms of BDNF-induced neovascularization. BDNF was recently implicated in new vessel formation, in both mouse 
embryos (8) and adult mice (10). In adults, the formation of new vessels in response to BDNF overexpression is the result of both direct effects 
on TrkB expressed by tissue-resident ECs and the recruitment of TrkB+VEGFR2+CD11b+Sca1+ myeloid HPCs. The latter cells may indirectly pro-
mote neovascularization by releasing various factors, including Ang2 and MMPs. Nevertheless, a direct involvement of myeloid HPCs in vessel 
formation cannot be excluded, as they also have the potential to acquire an EC or mural cell (MC) phenotype.
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bution of these cell populations in cancer 
and whether these cells use similar mobi-
lization and homing mechanisms will be 
of great value. Also, how can we target 
BMDC-dependent angiogenesis while 
maintaining the defense mechanisms 
provided by hematopoietic cells? This 
question is of critical importance since 
many cancer patients receive treatments 
that promote recovery of hematopoiesis 
(such as infusion of GM-CSF or, more 
recently, mesenchymal stem cells) during 
cytotoxic treatments. Finally, while it is 
important to understand the roles played 
by BMDCs in tumor progression, a major 
challenge in the clinic is to abrogate the 
relapse of tumors that have previously 
been treated. If BMDCs play a significant 
role in the progression of cancer (24), 
then it is crucial to explore their role in 
tumor relapse.

The last decade has seen unprecedented 
breakthroughs in our understanding of 
the biology of angiogenic growth factors, 
culminating recently in the first success-
ful clinical trial for an agent that targets 
one such growth factor in cancer patients 
(25). These advances have coincided with 
these new discoveries about the biology 
of BMDCs and their role in cancer, rais-
ing the hope that new antiangiogenic and 
proangiogenic strategies, with novel targets, 
can be discovered and deployed against a 
wide spectrum of human pathologies.
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