
Tumor microvasculature and microenvironment: Targets for anti-
angiogenesis and normalization

Dai Fukumura* and Rakesh K. Jain.*
Edwin L. Steele Laboratory, Department of Radiation Oncology, Massachusetts General Hospital
and Harvard Medical School, Boston, Massachusetts, 02114, USA.

Abstract
A solid tumor forms an organ-like entity comprised of neoplastic cells and non-transformed host
stromal cells embedded in an extracellular matrix. Similar to normal tissues, blood vessels nourish
cells residing in tumors. However, unlike normal blood vessels, tumor vasculature has abnormal
organization, structure, and function. Tumor vessels are leaky and blood flow is heterogeneous and
often compromised. Vascular hyperpermeability and the lack of functional lymphatic vessels inside
tumors cause elevation of interstitial fluid pressure in solid tumors. Each of these abnormalities forms
a physiological barrier to the delivery of therapeutic agents to tumors. Furthermore, elevated tumor
interstitial fluid pressure increases fluid flow from the tumor margin into the peri-tumor area and
may facilitate peri-tumor lymphatic hyperplasia and metastasis. Abnormal microcirculation in
tumors also leads to a hostile microenvironment characterized by hypoxia and acidosis, which hinder
the effectiveness of anti-tumor treatments such as radiation therapy and chemotherapy. In addition,
host-tumor interactions regulate expression of pro- and anti-angiogenic factors and hence contribute
to their imbalance and resulting pathophysiological characteristics of the tumor. Restoration of pro-
and anti-angiogenic balance in tumors may “normalize” tumor vasculature and thus improve its
function. Indeed, anti-angiogenic treatments directly targeting angiogenic signaling pathways as well
as indirectly modulating angiogenesis show normalization of tumor vasculature and
microenvironment at least transiently in both preclinical and clinical settings. Combination of
cytotoxic therapy and anti-angiogenic treatment during the vascular normalization exhibits
synergistic effect.
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Since solid tumors require angiogenesis for their growth and metastasis, anti-angiogenic
therapy has been extensively studied in both preclinical and clinical settings (Folkman,
2000). While these anti-angiogenic drugs have been approved for cancer treatment, it appears
that clinical application of anti-angiogenic therapy is more complex than originally thought
(Jain et al., 2006). The mechanisms of action of anti-angiogenic therapy are yet to be sorted
out. Therefore, it is important to understand the biology of the tumor vasculature – the target
of anti-angiogenic therapy. Tumor vasculature is not a simple supply line of nutrients to tumors.
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It governs pathophysiology of solid tumors and thus, tumor growth, invasion, metastasis and
response to various therapies. In this review, we will discuss structure and function of tumor
vasculature, the resulting abnormal microenvironment, causes and consequences of these
abnormalities, regulation of angiogenic factor expression by host-tumor interactions, and
potential normalization of these abnormalities by anti-angiogenic therapy.

PATHOPHYSIOLOGICAL CHARACTERISTICS OF SOLID TUMORS
Abnormal Blood Vessel Architecture and Function in Tumors

The normal microvessels consist of arterioles, capillaries and venules, and form a well-
organized, regulated and functional architecture (Figure 1A) (Jain, 2003). In contrast, tumor
vessels are dilated, saccular, tortuous, and heterogeneous in their spatial distribution (Figure
1A) (Jain, 1988). Normal vasculature is characterized by dichotomous branching, but tumor
vasculature is unorganized and has trifurcations and branches with uneven diameters. Vessel
wall structure is also abnormal in tumors (Chang et al., 2000; di Tomaso et al., 2005; McDonald
and Choyke, 2003). Large inter-endothelial junctions, increased numbers of fenestrations,
vesicles and vesico-vacuolar channels, and a lack of normal basement membrane are often
found in tumor vessels (Dvorak et al., 2002; Winkler et al., 2004). Perivascular cells have
abnormal morphology and heterogeneous association with tumor vessels. The molecular
mechanisms causing these abnormal vascular architectures are not well understood, but the
imbalance of pro- and anti-angiogenic factors is considered to be a key contributor (Jain,
2005). Solid (mechanical) stress generated by proliferating tumor cells also compresses vessels
in tumors (Padera et al., 2004; Roose et al., 2003). The combination of both molecular and
mechanical factors may render the tumor vasculature abnormal.

Extravasation of molecules from the bloodstream occurs by diffusion, convection, and, to some
extent, by transcytosis in an exchange vessel. Diffusion is considered to be the major form of
transvascular transport in tumors (Jain, 1987). The diffusive permeability of a molecule
depends on its size, shape, charge, and flexibility as well as the transvascular transport pathway.
In agreement with the above-mentioned ultrastructural alterations in the tumor vessel wall,
vascular permeability in solid tumors is generally higher than that in various normal tissues
(Figure 1B).

Arterio-venous pressure difference and flow resistance govern blood flow in a vascular
network. Flow resistance is a function of geometric (vascular architecture) and viscous (blood
viscosity, rheology) resistances. Abnormalities in both vasculature and viscosity increase the
resistance to blood flow in tumors (Jain, 1988). Focal leaks, which often exist in some of the
tumor vessels, may also compromise the downstream blood flow. As a result, overall perfusion
rates (blood flow rate per unit volume) in tumors are lower than in many normal tissues and
the average RBC velocity in tumor vessels can be an order of magnitude lower than in normal
vessels (Figure 1C). Unlike normal vessels, RBC velocity is independent of the diameter of
tumor vessels. Furthermore, tumor blood flow is unevenly distributed, fluctuates with time and
can even reverse its direction in some vessels – therefore regions with poor perfusion, or none
at all, are commonly seen. The heterogeneity of tumor blood flow causes abnormal
microenvironment in tumors and hinders the delivery and efficacy of therapeutic agents to
tumors.

Interstitial Hypertension and Abnormal Lymphatics in Tumors
Both animal and human tumors exhibit interstitial hypertension while the interstitial fluid
pressure (IFP) in normal tissues is around zero mmHg (Fukumura and Jain, 2007; Jain et al.,
2007). The abnormal structure and function of blood and lymphatic vessels in tumors cause
the IFP elevation. Tumor vessels lack perm selectivity due to the high vascular permeability.
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As a result, the hydrostatic and oncotic (colloid osmotic) pressures become almost equal
between the intravascular and extravascular spaces (Boucher and Jain, 1992; Tong et al.,
2004). In fact, tumor IFP equivalently increases or decreases in ~ 10 s after the modification
of microvascular pressure (Netti et al., 1995). Reduced transmural pressure gradients decrease
convection across tumor vessel walls. Furthermore, IFP is uniformly high throughout a tumor
and drops precipitously in the tumor margin (Boucher et al., 1990). Fluid convection or bulk
flow is negligible inside tumors due to the lack of interstitial pressure gradients. Thus, the
uniformly elevated IFP compromises the delivery of therapeutic agents both across the blood
vessel wall and interstitum in tumors. Furthermore, transmural coupling between IFP and
microvascular pressure due to the high permeability of tumor vessels can abolish pressure
difference between up and down stream of tumor blood vessels and leads to blood flow stasis
in tumors without physically occluding the vessels. On the other hand, the interstitial fluid
oozes out from the tumor periphery into the surrounding normal tissue, carrying angiogenic,
lymphangiogenic growth factors and/or metastasizing tumor cells with it (Jain et al., 2007).
This may facilitate tumor invasion and metastasis.

The normal lymphatic network maintains tissue interstitial fluid balance by draining excess
fluid out the tissue. Proliferating tumor cells in a confined space create mechanical stress (solid
stress) which compresses intra-tumor lymphatic vessels (Padera et al., 2004). Consequently,
there are no functional lymphatic vessels inside solid tumors (Figure 1D) (Leu et al., 2000;
Padera et al., 2002). Even if the structures with lymphatic endothelial marker are present in
tumors, they do not transport fluid or macromolecules. The absence of functional lymphatics
is another key contributor of elevated tumor IFP. Indeed, the placement of an “artificial
lymphatics” could lower the IFP in tumors (DiResta et al., 2000). In contrast to the lack of
functional intra-tumor lymphatics, functional lymphatic vessels are present in the tumor margin
and the peri-tumoral tissue. These peripheral lymphatic vessels are hyperplastic, collect fluid,
growth factors and cells exiting from tumors, and mediate metastases via the lymphatic system
(Figure 2) (Hoshida et al., 2006; Padera et al., 2002).

Interstitial hypertension is a reflection of the global pathophysiology of solid tumors and may
be used for diagnosis, prognosis and/or monitoring of treatment responses. In hyperplastic/
dysplastic stages of a mouse model of spontaneous skin carcinogenesis, IFP is already elevated,
accompanied by angiogenic vasculature that exhibits increased permeability and decreased
perivascular cell coverage as well as partly compressed lymphatic vessels (Hagendoorn et al.,
2006). Abnormal blood and lymphatic vascular functions with resultant interstitial
hypertension in pre-malignant lesions can be used for early detection and may form a barrier
to treatment similar to an established tumor. In the established tumors, the steep rise of IFP at
the tumor periphery may be used to locate tumors during needle biopsy and improve diagnosis
of patients (Jain et al., 1995). Furthermore, a study of cervical cancer has shown that elevated
tumor IFP can predict poor outcome of radiation therapy (Jain, 2004). Thus, studies are
warranted to monitor IFP in human tumors during various treatments (Willett et al., 2004).

METABOLIC ENVIRONMENT IN SOLID TUMORS
Causes and Consequences of Abnormal Metabolic Environment in Tumors

Hypoxia and acidosis are hallmarks of the abnormal metabolic environment in solid tumors
(Figure 1E) (Harris, 2002; Helmlinger et al., 1997; Tatum et al., 2006). A key function of the
vasculature is to provide adequate levels of nutrients and oxygen to the parenchymal cells and
to remove waste products. Tumor vessels fail to do so adequately due to their abnormal
structure and function. The imbalance of vascular network development and tumor cell
proliferation results in the formation of hypovascular regions in tumors. Since tissue diffusion
limit of oxygen is 100–200 μm (Krogh, 1922), the regions far from blood vessels become
chronically hypoxic (Figure 1E). Furthermore, the existence of blood vessels does not
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guarantee tissue oxygenation in tumors. Blood flow in tumor vessels is often intermittent, and,
thus, some regions of a tumor are starved for oxygen periodically, a phenomenon called “acute
hypoxia” or “perfusion-limited hypoxia” (Brown and Giaccia, 1998; Dewhirst, 1998). In
addition, high-resolution intravital microscopy and phosphorescence quenching microscopy
revealed that there is no clear relationship between blood flow rate and oxygen tension (pO2)
of individual tumor vessels (Helmlinger et al., 1997). Surprisingly, some perfused tumor
vessels carry almost no oxygen. Prolonged transit time of the blood in tumors due to the
heterogeneous, disorganized, dysfunctional vessel network in tumors and the imbalance of
oxygen supply and consumption may cause tumor tissue hypoxia despite the presence of blood
flow.

Low extracellular pH is another consequence of the abnormal microcirculation in the tumor.
Lactic acid and carbonic acid are the known sources of H+ ions in tumors (Helmlinger et al.,
2002; Pouyssegur et al., 2006). The former is the product of anaerobic glycolysis and the latter
is formed from CO2 and H2O by carbonic anhydrase. Increased production of H+ ions and
their reduced removal lower extracellular pH in tumors. The mean pH profiles also decreased
in tumors with increasing distance from nearest blood vessels (Figure 1E). Interestingly, the
mean pH profile exhibits a plateau phase between 100 μm and 170 μm away from blood vessel
wall despite constant decrease in pO2 presumably because of lack of glucose availability and
limited glycolysis. One would expect low extracellular pH and hypoxia to track each other and
to co-localize with regions of poor blood flow. Surprisingly, optical microscope techniques
that permit the simultaneous high-resolution mapping of multiple physiological parameters
revealed that there is a lack of spatial correlation among these parameters (Helmlinger et al.,
1997). As discussed above, some perfused tumor vessels may not be able to deliver adequate
oxygen to the surrounding cells, although they may be able to carry away the waste products
(e.g., lactic acid). Such discrepancy may cause the lack of concordance of the metabolic
environment parameters in tumors (Helmlinger et al., 1997).

Both pO2 and pH are important determinants of tumor growth, metabolism, and response to a
variety of therapies. Oxygen is an important component of radiation therapy (Brown, 1999).
Hypoxia in solid tumors significantly reduces their radiation sensitivity. Tumor hypoxia is also
associated with resistance to some chemotherapeutics such as bleomycin and neocarzinostatin
(Brown, 1999). Likewise acidic extracellular pH hinders the cellular uptake of weak base drugs
such as adriamycin, doxorubicin and mitoxantrone and thus, their efficacy (Vukovic and
Tannock, 1997). Immune cells targeting tumor cells are not fully functional under hypoxic and/
or acidic conditions and thus, allow tumors to evade the host immune response and cell based
therapies. Furthermore, exposure to hypoxia and/or acidic pH renders tumor cells to be highly
invasive and metastatic (Erler et al., 2006; Pennacchietti et al., 2003; Rofstad et al., 2006). The
hostile metabolic environment in tumors selects tumor cells that are more malignant, aggressive
and genetically unstable, and less susceptible to apoptosis, thus rendering them resistant to
various therapies. Finally, both hypoxia and acidic pH can induce expression of angiogenic
factors and thus, contribute to growth and metastasis of tumors (Fukumura, 2005).

Regulation of angiogenic gene expression by metabolic microenvironment
Hypoxia upregulates various angiogenic growth factors, including vascular endothelial growth
factor (VEGF), angiopoietin (Ang) 2, platelet derived growth factor (PDGF), Placenta growth
factor (PlGF), transforming growth factor α (TGFα), interleukin (IL)-8, and hepatocyte growth
factor (HGF) (Harris, 2002). Of the various molecules involved in sensing and responding to
hypoxia, hypoxia inducible factor 1α (HIF1α) is considered to be the master regulator of oxygen
homeostasis (Semenza, 2003). This transcription factor is upregulated in a number of human
tumors (Harris, 2002). HIF1α binds to the hypoxia responsive element (HRE) in the promoter
hypoxia-responsive genes such as VEGF, PDGF and TGFα and induces their expression
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(Harris, 2002; Semenza, 2003). A few other factors, such as IL-8 and PlGF, are activated by
HIF-independent mechanisms (Harris, 2002; Xu et al., 2004). Hypoxia may also play an
important role in the angiogenic switch that is required for tumor growth and expansion.

Low extracellular pH causes stress-induced alteration of gene expression, including the
upregulation of VEGF and IL-8 in tumor cells in vitro (Xu et al., 2002). Despite its importance,
the effect of the low and heterogeneous interstitial pH on VEGF expression in vivo, especially
in relationship with hypoxia remained unknown for many years due to the lack of appropriate
techniques and animal models. The combination of fluorescence ratio imaging microscopy for
pH measurements (Martin and Jain, 1993), phosphorescence quenching microscopy for pO2
measurements (Torres-Filho et al., 1994) and the transgenic technology for visualization of
VEGF promoter activity (Fukumura et al., 1998) have allowed the coordinated study of pH,
pO2, and VEGF expression in vivo (Figure 1F) (Fukumura et al., 2001). Detailed analysis
indicated that in low pH or oxygenated regions, tissue pH, but not pO2, regulates VEGF
promoter activity. Conversely, in hypoxic or neutral pH regions, tissue pO2 and not pH
regulates VEGF expression (Fukumura et al., 2001). Tissue pO2 and pH appeared to regulate
VEGF transcription in tumors independently. In fact, the analysis of the VEGF promoter region
revealed that acidic pH induces VEGF expression via Ras-ERK1/2-AP1 pathway but not the
HIF-HRE mediated pathway (Xu et al., 2002). Taken together these data suggest that two key
microenvironmental parameters in solid tumors regulate angiogenic factors in a
complementary manner.

ROLE OF HOST-TUMOR INTERACTION IN TUMOR ANGIOGENESIS
Involvement of host stromal cells in tumor angiogenesis

It is becoming increasingly apparent that the development and pathophysiology of a tumor
cannot be explained simply by the genes in the tumor cells (Weinberg, 2006). We are beginning
to understand that host stromal cells profoundly influence many steps of tumor progression,
such as tumor cell proliferation, invasion, angiogenesis, metastasis, and even malignant
transformation (Elenbaas and Weinberg, 2001; Fukumura et al., 1998; Li et al., 2003; Liotta
and Kohn, 2001; Pollard, 2004; Ruiter et al., 2001; Tlsty, 2001). Interactions between the
diverse cell types within a tumor, via both soluble factors and direct cell-to-cell contact, play
an important role in the induction, selection, and expansion of the neoplastic cells. Successful
tumor cells are those that have acquired the ability to co-opt their normal neighbors by inducing
them to release abundant fluxes of growth-stimulating signals (Li et al., 2003; Tlsty, 2001;
Weinberg, 2006).

Intravital observation of tumors grown in a GFP reporter mouse revealed that stromal
fibroblasts express VEGF in tumors especially abundantly at the host-tumor interface
(Fukumura et al., 1998) (Figure 3A). Furthermore, VEGF-expressing stromal cells co-localize
with the vasculature and even surround tumor blood vessels deep inside the tumor (Brown et
al., 2001b) (Figure 3A). These findings suggest that activated fibroblasts are involved in
angiogenesis, fortification of blood vessels, and function of these vessels. In fact, co-
implantation of fibroblasts enhanced the tumorigenicity of breast cancer cells in vivo (Noel et
al., 1993). Carcinoma associated fibroblasts promote tumor growth and angiogenesis through
secretion of SDF-1/CXCL12 (Orimo et al., 2005). In addition to fibroblasts, inflammatory cells
recruited to tumors may also promote (rather than eliminate) angiogenesis and tumor cell
growth (de Visser et al., 2006; Pollard, 2004). Some studies show the relative contribution of
stromal cells and tumor cells in the expression of VEGF in tumors. For an example, teratomas
derived from VEGF deficient embryonic stem cells (ES cells) show VEGF levels and
angiogenic activity about one-half of those in the tumors derived from wild-type ES cells
suggesting that host stromal cells can produce approximately half of the total VEGF in this
tumor type (Tsuzuki et al., 2000). On the other hand, late stage orthotopic pancreatic tumors

Fukumura and Jain. Page 5

Microvasc Res. Author manuscript; available in PMC 2008 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



expressed significantly higher tumor cell-derived VEGF compared to early stage or
ectopically-grown tumors (Tsuzuki et al., 2001). The ratio of tumor/host-derived VEGF and
other growth factors may vary depending on tumor type, stage, and organ site.

Regulation of angiogenesis and vessel functions by organ microenvironment
Angiogenesis and functions of resultant vessels differ significantly between the same tumors
grown in different host organs (Fidler, 2001; Jain et al., 2002). For example, murine melanomas
grown in a cranial window have higher vessel density and branching, and relatively smaller
vessel size as compare to those in the same tumors grown in a dorsal skin chamber (Figure 3B,
2C) (Kashiwagi et al., 2005). A human glioma (HGL21) has fairly leaky vessels when grown
subcutaneously in immunodeficient mice, but it exhibits blood-brain barrier properties in the
cranial window (Jain, 1997). Furthermore, the vascular pore cut-off size (the maximum
functional pore size for trans-vascular transport of macromolecules through the vessel wall) in
various tumors decreased when the tumors were grown in the cranial window as compared to
the dorsal skin chamber (Figure 3D) (Hobbs et al., 1998). Organ specific upregulation of
angiogenic factors is one of the mechanisms causing differential angiogenic activity. In
agreement with the higher angiogenic activity (Figure 3B, 3C), the murine melanomas exhibit
higher tissue nitric oxide levels when grown in the cranium compared to those in the same
tumors grown subcutaneously (Kashiwagi et al., 2005). Human renal cell carcinoma xenografts
grown orthotopically in the kidneys of immunodeficient mice were highly vascularized and
metastatic, and expressed 10- to 20-fold higher levels of bFGF mRNA than those from the
same tumor grown subcutaneously (Singh et al., 1994). Human colon cancer and melanoma
grown in the liver expressed lower levels of VEGF and IL-8 mRNA, respectively and had a
lower vessel density than those in subcutaneous tissue (Fukumura et al., 1997; Gutman et al.,
1995). The expression of endogenous anti-angiogenic factors is also regulated by organ specific
host-tumor interaction. Human gall bladder primary tumors inhibit angiogenesis and growth
of secondary tumors at a distant site in a TGFβ1–dependent mechanism. This result was
observed when the primary tumors were grown in the gall bladder (orthotopic) but not in the
subcutaneous space (ectopic) (Gohongi et al., 1999).

Furthermore, the response of the blood vessels to a given stimuli may also vary depending on
the host organ site and host-tumor interaction. With the presence of a blood-brain-barrier, a
significantly higher amount of VEGF was required to induce vascular hyperpermeability in
normal vessels in the cranial window than in the dorsal skin chamber (Figure 3E) (Monsky et
al., 1999). On the other hand, the cranial environment is more angiogenic and forms new vessels
faster than the subcutaneous tissue in response to a given angiogenic factor such as VEGF and
bFGF (Dellian et al., 1996). These differences are presumably due to differences in the
phenotype of vascular endothelial cells, which is defined by their origin, by cell-cell and cell-
matrix interactions, and by the local microenvironment. These findings indicate that VEGF
level alone may not be a sufficient predictor of angiogenesis or vascular permeability in the
tumors growing in different organs. Indeed, the vascular permeability of LS174T human colon
cancer grown in the liver versus subcutaneous space was inversely correlated with the
expression levels of VEGF at these sites, while angiogenesis paralleled the VEGF levels
(Fukumura et al., 1997). Conversely, higher VEGF expression and permeability but lower
angiogenesis were observed in ZR75 human breast cancers grown in the mammary fat pad
(primary site) compared to those grown in the cranial window (metastatic site) (Monsky et al.,
2002). Knowledge of organ-dependent profiles of gene expression and protein level as well as
responsiveness to these factors, in stromal cells and tumor cells from different organ
microenvironments, will provide new insight into tumor biology and should allow us to
understand why a given tumor behaves differently in different organs.
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NORMALIZATION OF TUMOR VASCULATURE AND MICROENVIRONMENT
BY ANTI-ANGIOGENIC THERAPIES
Normalization by targeting VEGF signaling

As discussed earlier excess production of pro-angiogenic molecules and/or diminished
production of anti-angiogenic molecules may cause the abnormalities in vessels and
microenvironment in tumors resulting in insufficient drug delivery and therapeutic efficacy
(Jain, 2005). If one can restore the balance of pro- and anti-angiogenic factors, the vasculature
might revert back to a more “normal” state (Jain, 2001; Jain, 2005). Targeting angiogenic
signaling such as provided by VEGF, which is overexpressed in the majority of solid tumors,
can be a potential strategy to reverse some of the abnormalities. Indeed, neutralizing antibodies
against VEGF and its receptor 2 as well as VEGF receptor tyrosine kinase inhibitors have been
shown to improve tumor vasculature and microenvironment in various tumor models.
Bevacizumab (anti-VEGF antibody) and DC101 (anti-VEGFR2 antibody) prune some tumor
vessels and remodel the remaining vasculature in human colon cancer and glioma xenografts
as well as murine breast cancers so that it more closely resembles the normal vasculature
(Figure 4A) (Tong et al., 2004; Winkler et al., 2004; Yuan et al., 1996). The anti-VEGF
treatments reduce the size and length as well as permeability of these abnormally dilated and
tortuous vessels (Figure 4B) (Tong et al., 2004; Winkler et al., 2004; Yuan et al., 1996). The
“normalized” vasculature during the anti-VEGFR2 treatment has greater coverage of
perivascular cells (Figure 4C) and a more normal thickness of basement membrane in breast
cancers, squamous cell carcinomas and gliomas (Tong et al., 2004; Vosseler et al., 2005;
Winkler et al., 2004). These changes in tumor vasculature are accompanied by normalization
of the tumor microenvironment. Bevacizumab, DC101 and SU11657 (small molecule inhibitor
of VEGFRs and PDGFR) decrease tumor IFP in breast, colon cancers and gliomas (Huber et
al., 2005; Lee et al., 2000; Tong et al., 2004). Decreased IFP restores pressure gradient across
blood vessel wall as well as tumor interstitum and thus, increases drug penetration in tumors
(Jain et al., 2007; Tong et al., 2004; Wildiers et al., 2003). Both Bevacizumab and DC101
improve tumor tissue oxygenation in human glioma xenografts (Figure 4D) (Lee et al., 2000;
Winkler et al., 2004). As a result, the efficacy of radiation treatments is significantly improved
when combined with anti-VEGF treatments (Figure 4E) (Kozin et al., 2001; Lee et al., 2000;
Winkler et al., 2004). However, anti-VEGF treatment-induced vascular normalization may be
transient. Eight days after the start of anti-VEGFR2 treatment, excess reduction of vessel
density and reappearance of abnormal feature of tumor vasculature such as lack of perivascular
cell coverage and hypoxia are observed in a glioma model, although vessel diameter and
permeability remained low (Figure 4B, C, D) (Winkler et al., 2004). The combination of anti-
VEGFR2 treatment and radiation therapy delayed tumor growth synergistically only when
ionizing radiation was given during this “normalization window” (Figure 4E) (Winkler et al.,
2004).

Normalization by indirect anti-angiogenic therapy
Similar normalization has been observed following indirect anti-angiogenic treatments, which
target upstream signaling of angiogenic factors or modulate response to angiogenic factors and
are readily available in clinic. The blockade of human epidermal growth factor receptor
(HER)-2 signaling by a neutralizing antibody trastuzumab (Herceptin) downregulates
angiogenic factors such as VEGF, TGFα, Ang1, and PAI-1, and also induces anti-angiogenic
factor thrombospondin-1, thus, Herceptin acts as an anti-angiogenic cocktail against HER2
expressing tumors (Izumi et al., 2002b). Indeed, Herceptin normalizes the vasculature of HER2
overexpressing human breast cancer xenografats (Figure 5A) (Izumi et al., 2002b). Whereas
vessels in the control antibody-treated tumors are dilated and leaky, those in the Herceptin-
treated tumors have diameters and vascular permeability closer to those of normal vessels
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(Figure 5B) (Izumi et al., 2002b). It is noteworthy that although Herceptin significantly inhibits
VEGF expression in tumor cells, the overall VEGF expression in the tumor tissue does not
change, due to compensation by the host stromal cells. Thus, a combination of anti-VEGF and
Herceptin treatments may have superior anti-angiogenic effects. These findings also suggest
that host stromal cells may compensate for the loss of critical growth factors during anti-tumor
treatment, and will thus provide a survival advantage that allows repopulation of treatment-
resistant tumor cells.

Several conventional therapies also have indirect anti-angiogenic effects. For example, sex
steroid hormone upregulates expression of angiogenic factors such as VEGF in hormone-
sensitive tumor cells and induces angiogenesis and tumor growth (Jain et al., 1998). In addition,
a recent report showed that non-neoplastic stromal cells directly mediate hormone-dependent
angiogenesis via recruitment of bone marrow-derived cells (Gupta et al., 2007). Thus, anti-
hormone therapy acts as an anti-angiogenic therapy and potentially normalizes tumor
vasculature. Indeed, hormone depletion downregulates VEGF expression in an androgen-
dependent tumor, and decreases vessel diameter, density and permeability (Figure 5C) (Jain
et al., 1998). Furthermore, tissue pO2 level increases after the hormone ablation in this tumor
suggesting normalization of tumor vasculature (Hansen-Algenstaedt et al., 2000). However,
anti-angiogenic/normalization effect of anti-hormone therapy is not permanent. A second wave
of angiogenesis is fueled by hormone-independent cells that repopulate the tumor and express
VEGF in the absence of androgen causing tumor relapse (Figure 5C).

Likewise, thalidomide, which inhibits VEGF- and bFGF-induced angiogenesis, lowers IFP
and increases tumor perfusion, oxygenation and radiation sensitivity of murine fibrosarcomas
(Ansiaux et al., 2005). Thalidomide-induced tumor reoxygenation and radiosensitization also
occurs in a relatively narrow time window (2–3 days after the start of thalidomide treatment).
In addition to these indirect anti-angiogenic therapies, certain doses and schedules of cytotoxic
therapies such as chemotherapy and radiation therapy have been shown to exhibit anti-
angiogenic activity via the direct cytotoxic effect on proliferating vascular endothelial cells
(Garcia-Barros et al., 2003; Kerbel and Kamen, 2004). These treatments might also normalize
the tumor vasculature via upregulating TSP-1 and thus improve their own uptake and efficacy
in tumors.

Clinical evidence of vascular normalization
Data obtained in recent clinical trials with anti-VEGF agents also support vascular
normalization mirroring the preclinical findings discussed above. IFP measured by a wick-in-
needle technique showed a 70% drop in rectal carcinomas 12 days after infusion of
bevacizumab in patients (Willett et al., 2004; Willett et al., 2005). At the same time, tumor
blood perfusion determined by functional CT as well as microvessel density in the biopsy
specimen decreased by 30% and 50%, respectively while PET scans showed no change in the
tumor FDG uptake (Willett et al., 2004; Willett et al., 2005). These data suggest that these
tumor vessels are normalized by bevacizumab treatment and the resulting network is more
efficient. In recurrent glioblastoma patients, tumor and vascular response to AZD2171 (a
tyrosine kinase inhibitor for VEGF receptors) treatment was monitored using various MRI
techniques (Batchelor et al., 2007). Relative tumor vessel size significantly decreased at 1 and
28 days after the start of AZD2171 treatment, while it returned to the abnormally large size at
day 56. Tumor volume was also decreased up to 28 days but regrowth was observed after that.
On the other hand, vascular permeability to gadolium remained decreased from day 1 through
112. As a result, parameters reflecting vasogenic edema were also decreased. This allowed
reduction of steroid usage in these patients. It should be noted that most glioma cells express
PDGFR, which is also a target of AZD2171. Furthermore, a subset of tumor cells express
VEGF receptors. Potential direct cytotoxic effects against tumor cells should also be taken into
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account to evaluate the effect of anti-angiogenic therapy for tumor treatment. However, in this
trial, there was no correlation between the tumor response and receptor levels.

Collectively, these data indicate that anti-angiogenic therapies can normalize tumor vasculature
and microenvironment at least transiently in both preclinical and clinical settings. Timing,
duration and extent of the normalization may depend on the agents used, type of tumors and
the site of their growth. Therefore, it is critical to determine the timing and extent of vascular
normalization using clinically available anti-angiogenic agents in various orthotopic tumors in
conjunction with clinical trials with the same agents and tumor types. Finding and validating
reliable surrogate markers is also urgently needed not only for clinical translation of the
vascular normalization strategy but also for anti-angiogenic treatment in general. Kinetics of
the number of viable circulating endothelial cells may be used to monitor response to anti-
angiogenic treatments and disease progression (Batchelor et al., 2007; Duda et al., 2007; Willett
et al., 2004; Willett et al., 2005). While plasma VEGF and PlGF levels are elevated and soluble
VEGFR2 (sVEGFR2) level is low during the anti-VEGF treatments, the increase in plasma
bFGF, stromal derived factor 1α and sVEGFR2 correlate with the escape form anti-VEGF
therapy (Batchelor et al., 2007; Willett et al., 2005). Finally, understanding of cellular and
molecular mechanisms of vascular normalization process is an important step for the
application and improvement of this strategy. Perivascular cell recruitment was improved via
Tie2 signaling and basement membrane was normalized by balancing its synthesis and
degradation during the vascular normalization induced by anti-VEGFR2 treatment (Winkler
et al., 2004). Modification of these pathways may extend the duration and magnitude of
normalization window and make the normalization strategy more useful (Figure 5D).
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Figure 1. Abnormal vasculature and microenvironment in tumors
(A) Multiphoton laser-scanning microscopy image of normal blood vessels (left) and tumor
vessels in LS174T human colon cancer xenografts (right) in mouse dorsal skin chambers. Blood
vessels are contrast enhanced by FITC-dextran. Images are 550 μm across. (B) Microvascular
permeability determined by intravital microscopy. Left, vascular permeability to dextran of
150,000 molecular weight in non-maligant (mature granulation) and neoplastic (VX2
carcinoma) tissues grown in the rabbit ear chamber. Right, vascular permeability to liposome
with diameter between 86 and 90 nm in normal subcutaneous tissues (not detectable) and
LS174T tumor tissues in the dorsal skin chambers. (C) Blood flow determined by intravital
microscopy in normal pial vessels (maximum bead velocities, left) and tumor vessels in MCaIV
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murine breast cancer and U87 human glioma (RBC velocities, right) in mouse cranial windows.
(D) Fluorescence microlymphangiography with FITC-dextran in mouse tail 28 days after the
implantation of FSaII murine fobrosarcoma (left part of the image). The bar indicates 400 μm.
(E) Mean interstitial pH and pO2 profiles in LS174T tumors in the dorsal skin chambers as
one moves away from the nearest blood vessels. Tissue pO2 and pH were determined by
phosphorescence quenching microscopy with a porphyrin probe and fluorescence ratio-
imaging microscopy with BCECF, respectively. Open symbols, pH; closed symbols, pO2.
Scale corresponds to distance from the vessel wall. (F) VEGF promoter activity (green), tissue
pO2 (blue) and pH (red) in U87 tumors. Left, intravital microscopy image of GFP driven by
VEGF promoter. The three parameters are determined along the yellow line. Center, this tumor
is well oxygenated and there is no correlation between tissue pO2 and VEGF promoter activity.
Right, on the other hand, the peak of VEGF promoter activity is observed in acidic pH region.
A, courtesy of Dr. Edward Brown; B, data from (Gerlowski and Jain, 1986; Yuan et al.,
1994a); C, adapted from (Yuan et al., 1994b); D, adapted from (Leu et al., 2000); E, adapted
from (Helmlinger et al., 1997); F, adapted from (Fukumura et al., 2001).

Fukumura and Jain. Page 15

Microvasc Res. Author manuscript; available in PMC 2008 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Steps of lymphatic metastasis and the effect of anti-lymphangiogenic treatment
Elevated tumor IFP increases interstitial fluid flow at the tumor margin (Jain et al., 2007). The
exudates, which contain fluid, protein, and cells from tumors, are collected in the peritumoral
lymphatic vessels. Although the mechanical signals that could trigger the lymphangiogenic
switch are not known, hydrostatic pressure is likely to be such trigger (Boardman and Swartz,
2003). Furthermore, many tumors express lymphangiogenic factors such as VEGF-C (Alitalo
et al., 2005). (A) FITC-dextran microlymphangiography of peritumor and normal lymphatics
in mouse ears. Bar, 850 μm. MT, mock transduced. VEGF-C, VEGF-C overexpressing.
Lymphatic vessels are hyperplastic in the peritumor region and ear base (further down stream)
of the T241 fibrosarcomas. VEGF-C expression further increases lymphatic vessel diameter.
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Number of lymphatic vessels is also increased in the tumor periphery especially in the presence
of excess VEGF-C (Isaka et al., 2004). Malformed lymphatic valves allow retrograde flow in
these lymphatic vessels and facilitate transfer of metastasizing tumor cells, which can be
visualized by intravital microscopy after the transfection of GFP expression vector (Hoshida
et al., 2006). (B) Then GFP-positive tumor cells (green) are observed entering the cervical
lymph node from afferent lymphatic (red, arrow) by MPLSM. Bar, 100 μm. VEGF-C
overexpression significantly increases arrival of tumor cells to the lymph node. Macroscopic
lymph node metastasis increases with the increase of tumor cell arrival to the lymph node
(Hoshida et al., 2006). (C) The treatment with anti-VEGF receptor 3 antibody (mF4-31C1)
significantly reduces peritumor and ear base lymphatic vessel size. (D) Tumor cells cannot
reach to the cervical lymph node under the anti-VEGFR3 treatment. As a result, macroscopic
lymph node is significantly reduced by anti-VEGFR3 treatment if it is given before the arrival
of tumor cells to the lymph node (Hoshida et al., 2006). A–C, adapted or reproduced from
(Hoshida et al., 2006).
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Figure 3. Role of host-tumor interaction in angiogenesis and vessel function
(A) Imaging of VEGF promoter activity in host stromal cells. MCaIV murine breast tumor is
grown in the dorsal skin chamber of a transgenic mouse expressing GFP under the control of
VEGF promoter. Left, activated fibroblasts exhibit strong VEGF promoter activity (green) at
the host-tumor interface. Right, VEGF expressing host cells associate with blood vessels (red)
inside tumors. Images are 733 μm across. (B) Microangiography of B16F10 murine melanoma
grown in the cranial window (left) and dorsal skin chamber (right). Images are 3.75 mm across.
(C) Vessel morphology in B16 melanomas grown in the dorsal skin chamber (DSC) and cranial
window (CW) determined by intravital microscopy. (D) Pore cut-off size of tumor vessels in
MCaIV tumors and murine hepatoma HCaI grown in the dorsal skin chamber (S.C.) and cranial
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window (Cranial) are determined by intravital microscopy after the injection of different size
fluorescent nanoparticles. Filled and open circles indicate negative and positive extravasation,
respectively. (E) Vascular permeability to BSA in normal blood vessels before (Pre) and after
(Post) superfusion with VEGF. A, adapted from (Brown et al., 2001a); C adapted from
(Kashiwagi et al., 2005); D, adapted from (Hobbs et al., 1998); E, adapted from (Monsky et
al., 1999).
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Figure 4. Normalization of tumor vasculature and microenvironment by anti-VEGFR2 treatment
(A) Normal microvessels (left) and U87 tumor vessels pre (center) and 2 days after anti-
VEGFR2 antibody (DC101) treatment (right) in the mouse brain visualized by MPLSM
through cranial window. (B) U87 tumor vessel morphology and function during anti-VEGFR2
treatment determined by intravital microscopy. (C) Immunohistochemical analysis of NG2-
positive perivascular cell (red) coverage of U87 tumor vessels (green) during anti-VEGFR2
treatment. (D) Hypoxic fraction of U87 tumor tissues determined by a redox marker
(pimonidazole) staining. (E) U87 tumor growth delay by anti-VEGFR2 (DC101), radiation
(RT), and the combination (RT1-RT5) treatments compared to control tumor growth (C). Inset
shows schedules of the combined treatments. Fractionate radiation (8Gy × 3 days) is given
starting at 9 days before (RT1), 2 days before (RT2), 1 day after (RT3), 4 days after (RT4), or
7 days after (RT5) the start of DC101 treatment. A–E, adapted or reproduced from (Winkler
et al., 2004).
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Figure 5. Tumor vascular normalization by indirect anti-angiogenesis
(A) Microangiography in control and Herceptin treated MDA-MB-361HK tumors grown in
the mouse cranial window. The bar represents 100 μm. (B) MDA-MB-361HK tumor vessel
morphology and function during Herceptin treatment determined by intravital microscopy.
(C) Macroscopic images of androgen-dependent Shionogi tumors grown in the mouse dorsal
skin chamber. Castration or sham operation is performed 15 days after the tumor implantation.
(D) Changes in tumor vasculature during the course of anti-angiogenic therapy. Compared to
the well-organized structure of normal vessels (Normal, far left), tumor vasculature is
structurally and functionally abnormal (Abnormal, middle left). Anti-angiogenic therapies
initially alleviate these abnormalities (Normalized, middle right). However, sustained or
excessive anti-angiogenic treatments result in significant vessel reduction and thus, inadequate
delivery of drugs or oxygen (Inadequate, far right). A, B adapted from (Izumi et al., 2002a);
C, reproduced from (Jain et al., 1998); D, adapted from (Jain, 2001).
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