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associated with a distinct phenotypic spec-
trum: a cystogenic cilium-dependent path-
way, dependent on defective cleavage of 
ciliary proteins by cytosolic XPNPEP3, and 
a mitochondriopathy, dependent on defec-
tive cleavage of mitochondrial substrates 
by mitochondrial XPNPEP3. Wow! Future 
work is needed to define the mitochondrial 
versus ciliary substrates and roles for hith-
erto rather obscure, spatially defined metal-
lo-exopeptidases, encoded by a single novel 
human disease gene, XPNPEP3. Investiga-
tors concerned with ciliopathies and mito-
chondriopathies should stay tuned.
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The cellular and molecular events that initiate and promote malignant 
glioma development are not completely understood. The treatment modali-
ties designed to promote its demise are all ultimately ineffective, leading to 
disease progression. In this issue of the JCI, Kioi et al. demonstrate that vas-
culogenesis and angiogenesis potentially play distinct roles in the etiology 
of primary and recurrent malignant gliomas, suggesting that patient therapy 
should perhaps be tailored specifically against the predominant vasculature 
pathway at a given specific stage of gliomagenesis.

Formation of new blood vessels is an essen-
tial component of malignant glioma devel-
opment and progression. As the mecha-
nisms underlying this crucial element of 
tumor growth are gradually elucidated, 
it has become increasingly evident that 
this vascularity arises through multiple 
mechanisms, depending on the stage of the 

tumor and possibly the therapies utilized to 
combat tumor growth. With unregulated 
cell proliferation and growing tumor size, 
there is a need for greater oxygen supply to 
sustain this growth. As mounting cellular 
metabolism outstrips the oxygen supply 
made available via the existing vasculature, 
hypoxia ensues, triggering the process that 
has been dubbed the “angiogenic switch.” 
While the additional blood supply initially 
may be obtained simply by co-option of 
preexisting vessels, the increasing hypoxia 
eventually necessitates angiogenesis — the 

sprouting of local vessels via proliferation 
of existing endothelial cells. Alternatively, 
vasculogenesis may occur as factors released 
from tumor cells increase recruitment of 
circulating endothelial precursor cells or 
bone marrow–derived hematopoietic cells, 
also resulting in the formation of new ves-
sels to supply the tumor. Understanding 
the balance between angiogenesis and vas-
culogenesis lies at the very core of elucidat-
ing how tumors grow, and is crucial to the 
development of anti-angiogenic therapies. 
A better comprehension of this process may 
also allow for the design of new, more effec-
tive therapies to target the pathways tumors 
employ to sustain their growth. In the cur-
rent issue of the JCI, Kioi et al. (1) suggest 
that vasculogenesis — but not angiogenesis 
— is at the center of the revascularization 
that occurs during glioma recurrence. In 
clinical terms, their findings suggest that 
when gliomas recur after irradiation, as they 
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invariably do, oncologists may be targeting 
the irrelevant pathway of re-vascularization 
by focusing on anti-angiogenic therapies 
instead of arresting vasculogenesis. In this 
commentary, we discuss four related areas 
within the context of this debate: presently 
available data on blood vessel formation 
in glioblastoma, differences in the biology 
of primary and recurrent gliomas, known 
information about the role of CD11b+ 
cells in vasculogenesis, and how current 
and future therapies take advantage of this 
growing knowledge base.

Blood vessel formation in 
glioblastoma multiforme
To understand the mechanisms of glio-
blastoma multiforme (GBM) resistance 

to anti-angiogenesis therapies, one must 
appreciate how these malignant tumors 
initially develop their vascular supply. The 
majority of data suggest angiogenesis, as 
opposed to vasculogenesis, as the primary 
etiology of neovascularization in gliomas 
(2–4). Murine models addressing the role 
of bone marrow–derived cells (BMDCs) 
in other cancers have shown minimal, 
but varied, contributions of non–locally 
derived cells to the developing vascula-
ture (5). This is in contrast to studies by 
our group and others that have shown 
that early vessel formation occurs by the 
recruitment of BMDCs and that vasculo-
genesis dominates new vessel formation 
(6). It is likely that the relative contribu-
tion of angiogenic and vasculogenic path-

ways is tumor type–specific and reflects 
differences in species, models, and even 
antibody selection and techniques utilized 
to detect BMDCs. Kioi et al. point out that 
CD11b+ myeloid cells, Tie-2+ monocytes, 
VEGFR1+ hemangiocytes, and tumor-asso-
ciated macrophages have all been observed 
to be incorporated within tumors, partic-
ularly in the perivascular regions (1). The 
unknown factors in the human disease 
that remain preclude a full understanding 
of the cues and timing of this recruitment, 
and of the relative contribution of these 
different BMDCs.

In the Kioi et al. study (1), the thesis 
of the article rests on what the authors 
describe as the paradox of exquisite sen-
sitivity of brain tumor vasculature to irra-
diation, with resistance to the very therapy 
used to treat it inevitably emerging. To 
grasp this idea, one must first appreciate 
how difficult a GBM is to destroy. The 
current standard therapeutic regimen for 
patients with GBM entails a combined 
approach of maximal surgical resection, 
temozolomide (an orally administered 
alkylating chemotherapeutic agent), and 
simultaneous cranial irradiation. Howev-
er, most patients experience tumor recur-
rence, at which point treatment regimens 
vary dramatically. The combined out-
come is a median length of survival of 15 
months and a 2-year survival of approxi-
mately 25% (7). Irradiation is unques-
tionably effective at defeating the most 
rapidly dividing tumor cells. Nonetheless, 
its effect on the tumor local microenvi-
ronment has received less attention. In 
the brain, irradiation has been shown to 
cause gliosis through the disruption of 
the blood brain barrier and the release of 
inflammatory factors by microglia (8, 9). 
In breast cancer patients who have received 
focal irradiation, fibrosis and tissue stiff-
ening have been shown to promote tumor 
cell growth and invasiveness (10). Thus, it 
is conceivable that irradiation directed at 
GBM, while destabilizing existing vessels 
and destroying tumor cells, could theo-
retically induce unintended changes in 
the local microarchitecture, promoting 
the growth of surviving tumor cells and 
actually initiating the recruitment of cells 
that will revascularize the recurrent and 
ultimately fatal tumor burden. This para-
digm of radiation potentiating recurrence 
could have similar theoretical applicabil-
ity to metastatic disease in adults and in 
diseases prone to dissemination, such as 
medulloblastoma in children.

Figure 1
Angiogenesis and vasculogenesis in primary occurrence versus recurrence of malignant 
glioma. GBM is hypothesized to result from malignant transformation of astrocytes, astrocytic 
precursors, or neuronal stem cells, and these cells are capable of inducing their own blood 
supply (25). At initial presentation, it is hypothesized that angiogenesis is largely responsible 
for neovascularization of GBM. Release of factors such as VEGF, EGF, and FGF from tumor 
cells stimulates local sprouting of vessels, while recruitment of BMDCs likely plays a minor role. 
During tumor recurrence after radiation therapy, local sprouting of vessels is largely abrogated, 
allowing the recruitment of BMDCs to predominate as the main source of neovasculogenesis. In 
the current issue of the JCI, Kioi et al. (1) identify a potential vasculogenesis pathway whereby 
hypoxia within the tumor after radiation therapy stimulates HIF-1 release and subsequently 
elevates SDF-1. Activation of the CXCR4 receptor by SDF-1 promotes mobilization of bone 
marrow cells, which are then recruited to form new vessels.
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GBM at recurrence:  
not the same old story
Kioi et al. (1) investigated their hypoth-
esis by utilizing a murine GBM xenograft 
model. In this previously described model 
(11), radiation causes endothelial cell 
death and a defined loss of local blood ves-
sels within the tumor bed. The resultant 
increased hypoxia in the postirradiation 
state initiates a cascade of events whereby 
HIF-1 is elevated, increasing the levels of 
stromal cell–derived factor–1 (SDF-1). 
Activation of the SDF-1 receptor CXCR4 
subsequently promotes the recruitment 
of bone marrow–derived CD11b+ cells to 
the tumor site and formation of new blood 
vessels. The authors theorize that radia-
tion-induced loss of endothelial cells sup-
presses angiogenesis. The resultant effect is 
a state of increased hypoxia that activates 
the HIF-1 pathway, making vasculogenesis 
the dominant mechanism of neovascular-
ization after radiation therapy (Figure 1). 
While the current study demonstrates the 
importance of HIF-1 in GBM revascular-
ization and recurrence after radiation ther-
apy for GBM, there are other factors that 

must be considered, particularly the role 
of endothelial cells in this process. Kioi et 
al. show that although the majority of the 
CD31+ endothelial cells are destroyed by 
irradiation, a not insignificant 25% of the 
population remains. Previous data from 
murine models of fibrosarcoma and mela-
noma suggest that endothelial cells are 
eminently capable of surviving irradiation, 
and, in fact, it is this surviving subpopula-
tion that determines clinical response to 
radiation therapy via angiogenesis (12). 
In addition, endothelial cells nesting with 
GBM cells within the tumor microenvi-
ronment release factors important for 
tumor cell proliferation (13). Therefore, it 
is a distinct possibility that the surviving 
population of endothelial cells may be a 
central factor in driving tumor progres-
sion in recurrent GBM. The current study 
also demonstrates that the blockade of 
the VEGF signaling pathway after irradia-
tion significantly delays tumor regrowth. 
Although this effect was not as impres-
sive as the effect of inhibiting the HIF-1 
pathway, it is likely that VEGF does in 
fact contribute to revascularization. This 

raises several questions concerning the role 
of these remaining endothelial cells after 
irradiation. Is resistance a result of cells 
being in different parts of the cell cycle, or 
is this surviving population intrinsically 
more resistant to irradiation than those 
cells that are killed? Are the resistant cells 
a different cell population altogether? Do 
the surviving cells already exist within the 
tumor niche or within different regions of 
the tumor? Do they arise from the bone 
marrow? Does this resistant population 
further recruit circulating cells? While 
these questions remain unanswered, they 
certainly represent an important and excit-
ing area of research that warrants further 
investigation.

Contribution of CD11b+ cells  
to glioma vascularization
Depending on one’s viewpoint, BMDCs 
play an important role in tumor vascu-
lature development either initially or at 
recurrence. These cells can be found within 
tumors and circulating in the blood of 
patients with tumors and are mobilized as 
a result of factors secreted by tumors. What 
remains to be elucidated are the respective 
roles of select subpopulations of BMDCs, 
and how their integration into develop-
ing or recurrent tumors is mediated. The 
host contribution to tumor progression is 
reflected in the roles of these tumor-infil-
trating cells that contribute to the tumor 
microenvironment and participate in the 
neoplastic process by fostering prolifera-
tion, survival, and metastasis. The myeloid 
immune suppressor Gr+CD11b+ cells of 
myeloid lineage are significantly increased 
in the bone marrow of animals bearing 
large tumors and are found in the blood 
of patients with cancer, including lung 
(14), head, and neck cancers (15) and brain 
tumors (16, 17). These cells express CD11b, 
a marker of myeloid cells of macrophage 
lineage, and Gr-1, a granulocyte marker. 
Presumably due to their very low expres-
sion levels of MHC class II, these cells can-
not present antigens and therefore do not 
induce antitumor responses. What func-
tion do CD11b+Gr-1+ cells serve in patients 
with cancer? Gene expression profiling 
of the cells from the bone marrow and 
tumors derived from refractory and sensi-
tive models suggests that these cells express 
a distinct set of genes when primed by 
refractory tumors (18). Specifically, there 
is enrichment of inflammatory cytokines 
and downregulation of TGF-β superfamily 
members including Smad4. There is also a 

Table 1
The potential targets and related anti-angiogenesis and anti-vasculogenesis therapies 
in the treatment of glioblastoma and other cancers

Target	 Therapeutic agent

AngiogenesisA	
VEGF-A	 Bevacizumab, aflibercept
VEGFR	 Cediranib, pazopanib, sorafenib, sunitinib, vatalanib, vandetanib
PDGFR	 Dasatinib, imatinib, tandutinib
EGFR	 Cetuximab, erlotinib, gefitinib, nimotuzumab
FGFR	 Brivanib
PlGF	 Anti-PlGF Ab
HIF-1	 EZN-2968, NSC-134754
HGF-SF/cMet	 AMG102

Vasculogenesis
SDF-1/CXCR4	 AMD3100
Ang-1/Tie-2	 ANG797
Gr-1+ cells	 RB6-8C5
CD11b/CD14/CD146+ cells	 Anti-CD marker Ab
VE-cadherin	 Antibody E4B9
CCR6	 Anti-CCR6 Ab
Integrins (α4-β1/VLA-4, 	 Cilengitide, Nischarin, Vitaxin 
  αv-β3, αv-β3, a5-β1)
NG2	 Anti-NG2 Ab
MMP9	 MMP9 inhibitor I, compound 5a
Bv8	 Anti-Bv8 Ab
G-CSF	 Anti–G-CSF Ab

Many agents have affinity for multiple targets. Ang-1, angiopoietin-1; Bv8, Bombina variegata 
peptide 8; FGFR, FGF receptor; Gr-1, granulocyte differentiation antigen 1; HGF-SF, hepatocyte 
growth factor/scatter factor; NG2, neuronal/glial 2 protein; PlGF, placental growth factor; Tie-2, tyro-
sine kinase with immunoglobulin and EGF homology domains angiopoietin-2 receptor; VLA-4, very 
late antigen–4. AMany factors involved in angiogenesis also play a role in vasculogenesis.
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large reduction in the number of CD11b+ 
cells in bone marrow and tumors in mice 
harboring refractory tumors. In addition, 
we know that these cells actively contribute 
to tumor angiogenesis by producing MMP9 
and can differentiate into endothelial cells 
(19). One other subset of monocytes shown 
to play an important role, at least in tumor 
angiogenesis, is that of cells expressing  
Tie-2, an angiopoietin receptor. These cells 
have been found circulating in human 
blood and tumors, and experiments target-
ing them showed impaired tumor angio-
genesis (20). Due to the ubiquitous expres-
sion of certain cell-surface markers across 
myeloid cell populations, it is sometimes 
difficult to determine whether these pro-
angiogenic cells are distinct or overlapping 
populations. For example, CD11b+ cells can 
be VEGFR1+ hematopoietic progenitors or 
Gr-1+ myeloid suppressor cells. In the study 
by Kioi et al. (1), the major influx of cells in 
the irradiated tumors consisted of CD11b+ 
myelomonocytes. However, their data sug-
gest that the majority of these cells had 
no VEGFR1 or VEGFR2 expression, and a 
distinct minority were Gr-1+. It is surpris-
ing that VEGFR1 expression is so low, and 
one wonders whether flow cytometry as 
opposed to immunohistochemistry would 
have been a more sensitive technique to 
reveal a population of cells not appreci-
ated here. A further complication for the 
identity of BMDCs involves the back-and-
forth trafficking of cell surface proteins 
to other intracellular locations, such as 
observed with VEGFR1 (21). In addition, 
direct measurement of this circulating cell 
population in the peripheral blood would 
have been a convincing argument in sup-
port of their tumor immunostaining, as 
we and others have previously documented 
an increase in BMDCs at the time of recur-
rence in human patients with GBMs (16, 
17). It is worth redirecting attention once 
again to the radiation-resistant population 
of endothelial progenitor cells in the Kioi 
et al. study: 25% of cells staining positive 
for CD31 survived 15 Gy of irradiation. 
The authors suggest that “severe vascular 
damage” and “decreased vessel perfusion” 
after irradiation could be the stimulus 
leading to BMDC recruitment. We suggest, 
based on observations by others (13), that 
this resistant population of cells should 
not be dismissed so quickly and that they 
need better characterization, visualization, 
and tracking, since they too may play a role 
in explaining the BMDCs seen in the recur-
rent tumors. Are these cells circulating dur-

ing radiation and being induced by dam-
age, or are they mobilized from the bone 
marrow? Are they locally dividing or quies-
cent, and if they are active, are they derived 
from a preexisting parent population of 
CD11b+ cells? The data presented are sub-
stantial and compelling evidence that the 
HIF-1/SDF-1 pathway plays an important 
role in postradiation GBM recurrence, but 
further characterization of this popula-
tion of cells is likely to provide substantial 
insights into this process.

Implications of current and future 
treatment paradigms
Dozens of current experimental treatment 
protocols for recurrent malignant gliomas 
utilize inhibitors of the VEGF signaling 
pathway in combination with other thera-
peutic modalities (Table 1). Bevacizumab 
in combination with chemotherapy for 
recurrent glioma produces a radiographic 
response rate of 66%, and 6-month pro-
gression-free survival (PFS) rates of 40% 
are routinely reported (22). These num-
bers may appear dismal, except when con-
trasted with the current standard therapy 
of temozolomide, which has a PFS rate of 
21% (23). Direct inhibition of VEGFR via 
the oral, nonspecific tyrosine kinase inhib-
itor cediranib and the specific VEGFR 
inhibitor sunitinib has been utilized with 
similar effect. The major benefit of these 
therapies may not be in their tumoricidal 
effects, but rather normalization of the 
tumor vasculature to a degree that allows 
increased delivery and exposure of the 
tumor to chemotherapy and a reduction 
in tumor hypoxia, which might improve 
efficacy of tumor irradiation.

Resistance to continuing anti-angiogen-
ic therapy may also affect molecules such 
as SDF-1 and Tie-2; however, it is hard to 
ignore the central role that the recruitment 
of CD11b+Gr-1+ cells to the tumors plays 
in explaining the underlying refractori-
ness to anti-VEGF therapy. Some tumors 
may have an inherent ability to recruit 
myeloid cells independent of treatment, 
but in GBM models, anti-VEGF resistance 
may be due specifically to their ability to 
recruit myeloid cells. Resistance to anti-
angiogenic therapy implies that the tumor 
utilizes alternative pathways and factors 
discussed above, but also might directly 
or indirectly involve mobilization of cir-
culating endothelial cells to the tumor. 
Other therapeutic targets could include 
less traditional molecules such as Ang-2 
(24), because of its destabilizing effect on 

vasculature through its receptor tyrosine 
kinase Tie-2, or Delta-like ligand–4, which 
is important in angiogenesis and signals 
through the Notch signaling pathway. 
Chemokines and their receptors are also 
attractive theoretical targets, and their 
manipulation might disrupt myeloid cell 
recruitment via chemotactic signals toward 
tumor cells. The first generation of anti-
angiogenic therapies has demonstrated an 
initial response and limited long-time effi-
cacy against malignant glioma, but what 
the Kioi et al. (1) and other similar studies 
suggest is that we need to become more 
sophisticated in understanding when 
in the treatment paradigm to use these 
therapies; how best to monitor their effec-
tiveness; and, most pointedly, how to pre-
dict treatment failures before they occur, 
potentially via simultaneous or staggered 
blockade of both angiogenic and vasculo-
genic pathways.
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