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ABSTRACT. Based on their location and central role in solid tumor growth, tumor vascular endothelial cells
may present an attractive target for the delivery of therapeutic drugs or cells. The potency of blocking the tumor
blood supply in eradicating solid tumors was demonstrated recently in a mouse model of tumor vasculature
targeting (Huang et al., Science 275: 547-550, 1997). For clinical application of such strategies, tumor
endothelium specific target epitopes need to be identified. Recent studies on angiogenesis have identified
angiogenesis-related molecules as potential target epitopes. Among these are vascular endothelial growth factor
(VEGF)/VEGF-receptor complex, av integrins, and Tie receptor tyrosine kinases. Besides blockade of their
signalling cascades leading to inhibition of angiogenesis, these epitopes may also be instrumental in tumor vessel
specific delivery of therapeutics. Data on the efficacy of therapeutic modalities aimed at these, mostly
heterogeneously distributed tumor endothelial epitopes are scarce, and sophisticated experimentation is required
to rationalize the development of new therapeutic strategies. Importantly, only detailed evaluations in cancer
patients will provide the blueprint for the development of clinically effective tumor vascular targeted therapies.
BIOCHEM PHARMACOL 55;12:1939-1945, 1998. © 1998 Elsevier Science Inc.
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The treatment of solid tumors using chemotherapeutic conjugates in solid tumor masses [6]. It is widely accepted,
agents is a difficult task due to a number of factors: limited therefore, that treatment with immunotoxins should con-
accessibility of tumor tissue, occurrence of multidrug resis- centrate on patients with minimal residual disease. Yet, the
tance, major/intolerable toxicity of the anti-cancer drugs quest for effective procedures for the treatment of solid
and heterogeneity of tumor tissue. To circumvent toxicity tumor masses continues.

and/or to increase the effectiveness of anti-neoplastic ther-
apy, approaches have been developed that aim at selec-
tively delivering the pharmacologically active compound to TUMOR VASCULAR ENDOTHELIUM
the tumor or attempt to target enzymes that can activate AS A TARGET

prodrugs at the tumor site (for reviews see Refs. 1-5). The
success of these so called “drug-targeting” strategies lies in
the selectivity of the interaction between the carrier mol-
ecule and its target epitope. Furthermore, as with any other
therapy, accessibility of the target tissue for the carrier-drug
conjugates or prodrug-activating modality is of fundamental

The vasculature in solid tumor tissue is highly disordered,
with numerous vascular shunts, irregular vascular diame-
ters, wide interendothelial junctions, large numbers of
fenestrae and transendothelial channels, and discontinuous
or absent basement membranes [7, 8]. Although overall
vascular permeability of tumor blood vessels is increased as

importance.
gy now, it has become increasingly clear that this last compared with normal tissue vessels, not all tumor blood
feature in particular impedes the effectiveness of drug- vessels are leaky. In addition, the tumor blood vessel walls
targeting strategies in vivo. Using immunotoxins (conju- and high interstitial fluid pressure within the tumor tissue
gates of antibodies/antibody fragments and plant or bacte- form a major barrier for the transport of tumor cell-directed
rial toxins) for example, encouraging responses have been therapeutic modalities [1, 9]. Based on their location, the
observed in patients with hematological malignancies. cells lining the tumor blood vessel wall present a much
Treatment of solid tumors, however, has not been success- more attractive site for specific delivery of therapeutics
ful due to (among other factors) poor penetration of the than tumor cells, as they are more easily accessible from the
blood. Furthermore, tumor endothelial cells themselves
may be a lucrative target for therapeutic intervention since
¥ Corresponding guthgr: Grietje Molf:ma.y Ph.D., Department of Clinical most tumor cells rely for their growth and survival on an
Immunology, University Hospital Groningen, Hanzeplein 1, 9713 GZ . . .
Groningen, The Netherlands. Tel. 31-50-3613733/3633287; FAX 31-50- intact blood supply. While tumor cells are genetically

3121576; E-mail: g.molema@med.rug.nl. unstable, rapidly mutating, and able to develop multidrug
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resistance, vascular endothelial cells are genetically stable
and rarely become drug resistant [10].

COAGULIGAND-INDUCED TUMOR BLOOD
FLOW BLOCKADE

In the 1970s and early 1980s, Dr. ]. Folkman and Dr. .
Denekamp pointed to the importance of the tumor blood
supply for solid tumor growth and the potential for attack-
ing it as a means of anti-tumor therapy [11, 12]. Recently,
one of us (G. M.) showed that blockade of the blood supply
of a solid tumor indeed caused a dramatic reduction in
tumor mass [13]. Through local delivery of a coagulation
factor to the tumor blood vessel wall, a rapid induction of
blood coagulation was created, leading to extensive tumor
cell death.

Imperative for the success of the approach was the
selectivity of the delivery of the coagulation factor at the
site of the tumor vascular endothelium. To achieve such
selectivity, we utilized a mouse model for tumor vasculature
targeting developed by Burrows et al. [14]. In this model,
subcutaneously inoculated neuroblastoma tumor cells trans-
fected to produce IFNv* induced a local up-regulation of
MHC Class II on the tumor vascular endothelial cells.
Antibodies directed against these MHC Class II molecules
homed selectively to the tumor vasculature after intrave-
nous administration. Although immunotoxins derived from
MHC Class 1I directed antibodies effectively killed the
tumor endothelial cells [15], toxicities related to the im-
munotoxins led the research team to investigate a more
refined method for interfering with the tumor blood supply.
For this purpose, the extraordinary capacity of TF to initiate
the blood coagulation cascade through sequential activa-
tion of a series of coagulation factors was employed [16].
The use of a truncated form of TF (tTF; [17]) was essential
in this approach. In contrast to full-length TF, which is
highly toxic when administered systemically due to the
rapid induction of disseminated intravascular coagulation,
tTF is devoid of coagulation induction activity. Only if it is
brought into close contact with a membranous structure
containing factor X will it regain its activity to induce
blood coagulation. Systemic administration of microgram
amounts of tTF was not toxic for mice. However, bringing
together tTF and factor X via targeted cross-linking of tTF
to the membranes of target cells restored coagulation
induction activity. tTF and target cell cross-linking was
done by a bispecific antibody combining MHC Class 11
specificity with TF specificity (Fig. 1). In vivo, this site-
specific blood coagulation induction in the tumor blood
vessels resulted in blockade of the tumor blood flow and

* Abbreviations: bFGF, basic fibroblast growth factor; BsMAb, bispecific
antibody; CTL, cytotoxic T lymphocyte; FAA, flavone acetic acid; [FNvy,
v-interferon; MoAb, monoclonal antibody; PD-ECGF, platelet derived-
endothelial cell growth factor; RTK, receptor tyrosine kinase; TcR, T cell
receptor; TF, tissue factor; TNFa, tumor necrosis factor-a; tTF, truncated
tissue factor; VEGF (—R), vascular endothelial growth factor (— recep-
tor).
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FIG. 1. Top panel: Schematic representation of the putative
mechanism of coaguligand-induced blood coagulation. The co-
aguligand (MHC Class II X TF directed bispecific antibody
complexed with tTF) selectively binds to the target epitope on
the tumor endothelial cells. Bringing the tTF/factor VIla com-
plex close to the target cell membrane allows an interaction
between tTF/VIla and factor X, thereby initiating the coagula-
tion cascade. Bottom panel: Hematoxylin/eosin staining of
mouse tumor tissue 24 hr after a single dose of bispecific
antibody - tTF complex. Erythrocytes (dark pink) are trapped in
the blood vessels (arrows) by fibrin clots (pink). The blockade
of tumor blood flow resulted in advanced tumor cell necrosis
alongside the coagulated vessels. Those tumor cells not deprived
of blood supply are still viable (asterisks). The blood vessels in
the latter areas lacked expression of the target antigen.

massive tumor cell death. Nearly 40% of mice bearing large
s.c. tumors could be cured after two i.v. injections of
bispecific antibody * tTF coaguligand complex. In mice that
did not show complete regressions, immunohistochemical
analysis revealed that the vascular endothelium lacked
MHC Class Il target antigens, explaining the lack of
thrombosis induction in these vessels [13].

CLINICALLY RELEVANT TUMOR
VASCULATURE SPECIFIC EPITOPES

In the coaguligand approach in the mouse model, the
selectivity of coagulation induction at the tumor vascula-
ture was created by the (artificially induced) specific ex-
pression of MHC Class II molecules in the tumor vascula-
ture. MHC class II is not likely to be a target epitope of
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TABLE 1. Potential target epitopes on tumor vascular
endothelial cells, basement membrane, or stromal components

Target epitope Location of the target epitope Ref.

30.5 kDa antigen Endothelial cells in proliferating [18]
tissue, acute inflammatory reactions,
tumor

CD34 Tips of vascular sprouts [19]

Endosialin Endothelial cells of malignant tumors ~ [20]

Endoglin Endothelial cells in miscellaneous [21]
human tumors

CD44 Activated/angiogenic human [22]
endothelial cells

F19 cell surface  Stromal fibroblasts in >90% of [23]

glycoprotein epithelial cancers
Fibronectin Basement membrane component [24]
Fibrin Stromal component [25]

choice in the clinic. In the search for tumor vascular
specific markers for diagnostic use as well as for future
tumor vasculature targeted therapies, a number of epitopes
have been proposed in the last decade as being tumor blood
vessel specific (Table 1). In addition to markers specific for
the endothelial cells, stromal components have also been
put forward for use in tumor targeting. The reason for this
is that they may be accessible from the blood due to
increased permeability of the tumor vasculature. Most of
the putative target epitopes in Table 1 have been reviewed
recently in greater detail by us and will not be discussed
further [1].

At the moment, a number of exciting developments are
in progress aiming at more recently discovered tumor
vasculature specific epitopes. As these epitopes are, in one
way or another, involved in angiogenesis-related processes,
we will briefly discuss some events that are of importance
during angiogenesis. For more detailed information on
angiogenesis and the regulation of angiogenesis, see Ref. 26.

ANGIOGENESIS AND TUMOR GROWTH

Angiogenesis, the formation of capillaries from pre-existing
blood vessels, is of fundamental importance in physiological
processes (e.g. embryogenesis, wound healing), and in
pathological conditions such as diabetic retinopathy and
tumor growth. Tumor nodules of 1-2 mm in diameter can
grow by deriving nutrients via diffusion. For additional
growth, neovascularization is obligatory to provide an
adequate blood supply and is an important step in the
progression of a tumor [27]. One of the most striking
observations in tumor blood vessel research is that tumor
endothelium proliferates 20-2000 times faster than any
normal (except placental) tissue endothelium in the adult
[12]. Hypoxia, and probably also a variety of other still
uncharacterized stimuli, induces various cells (monocytes/
macrophages, infiltrating lymphocytes, connective tissue
cells, endothelial cells, tumor cells) to produce angiogenic
peptides. At the same time, anti-angiogenic peptides can be
generated. The net balance of pro- and anti-angiogenic
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FIG. 2. Immunohistochemical analysis of rat tumor tissue grown
subcutaneously using MoAb 3H12 directed against VEGF/
VEGF-R complex. The majority of tumor blood vessels stained
in a granular staining pattern formerly described for VEGF-R
distribution [35]. Blood vessels in the liver and kidney did not
react with the antibody, whereas in the lungs staining was
observed in restricted vascular sites (data not shown).

factors will determine whether new blood vessels are
formed or not [28].

The initiation phase of angiogenesis is marked by acti-
vation of endothelial cells through mediators such as bFGF,
VEGF, PD-ECGF, TNFa and ligands for the receptor
tyrosine kinases Tiel and Tie2 [29, 30]. Activated endo-
thelial cells proliferate and exhibit an elevated expression
of cell adhesion molecules and proteolytic enzymes. Coop-
eration between adhesion molecules such as integrins and
proteolytic enzymes is an important prerequisite for sprout-
ing blood vessels to invade [31, 32]. In addition to integrins
being involved in blood vessel maturation [29], the endo-
thelial specific receptor tyrosine kinase Tiel is functionally
important for endothelial cell differentiation and establish-
ment of blood vessel integrity [30].

VEGF/VEGF-RECEPTOR COMPLEX
AS A TARGET

VEGF (also known as vascular permeability factor) is an
angiogenic growth factor produced at high levels by a large
number of solid tumors. Neutralizing MoAbs directed
against VEGF were shown to block the angiogenic activity
of VEGF, resulting in significant permeability changes,
tumor vascular regression [33], and anti-tumor effects [34].

For tumor vascular targeting purposes, we recently devel-
oped MoAbs directed against the complex of VEGF and its
receptors (Fig. 2). In addition to an increased expression of
VEGF by tumor cells, VEGF-R expression is up-regulated
significantly in tumor endothelial cells (for reviews on the
physiology and pathophysiology of VEGF and its receptors,
see Ferrara and Keyt [36] and Brown et al. [37]). We
hypothesized that an antibody directed against the VEGF/
VEGE-R complex might provide an opportunity to develop
so-called “dual-targeting” strategies [2]. In these “dual-
targeting” strategies, the therapeutic entity consists of a
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carrier molecule, exerting a pharmacologic activity itself,
combined with an active drug, protein or cell. It is antici-
pated that the binding of an antibody to VEGF/VEGF-R
complex on tumor vascular endothelium may block the
signalling cascade as well as provide a tool for the selective
delivery of, for example, TNFa, tTF, or immunocompetent
cells. Experiments to study the potential of anti-VEGF/
VEGF-R complex antibodies for selective tumor blood
vessel targeting and use in “dual-targeting” strategies are in
progress.

aVB3 INTEGRIN AS A TARGET

avB3 Integrin is a marker in angiogenic endothelium [32],
being expressed on the apical surface of the blood vessels
[38]. Preventing the avB3 integrin from binding to its
ligand results in apoptosis of endothelial cells of newly
formed blood vessels [39]. Peptides mimicking ligands of
the avB3 integrins and antibodies capable of inhibiting
ligand—integrin binding exhibit anti-angiogenic and anti-
tumor effects [39, 40].

By intravenous injection of phages displaying RGD-
containing peptides with high affinity for the avB3 inte-
grins into tumor-bearing mice, Pasqualini et al. [41] recently
showed that avB3 integrins are a potential target for use in
tumor vasculature targeting. The nonapeptide expressed by
the phages contained an RGD sequence in a cyclic confor-
mation with two disulfide bonds, which is highly selective
for the av integrins. Whereas the RGD peptide itself
distributed and bound equally well to tumor cells as to
tumor endothelium, the phages expressing the RGD-pep-
tide only targeted the endothelium. This difference is due
most likely to the size of the phage, which is unlikely to
penetrate into tissues.

The RGD-containing cyclic peptides may themselves
exhibit anti-angiogenic properties through induction of
endothelial cell apoptosis [39]. Linking these peptides to,
for example, tTF, angiostatin [42], or other pharmacologi-
cally active molecules may concentrate these molecules at
the tumor vessels and, hence, increase their therapeutic
efficacy [10]. As with antibodies against VEGF/VEGF-R
complex, dual activities of such conjugates may be envi-
sioned.

TIE RECEPTORS AS A TARGET

Tiel and Tie2 define a class of RTKs that are primarily
expressed in developing vascular endothelial cells. While
the function of Tiel is related to endothelial cell differen-
tiation and the establishment of blood vessel integrity, Tie2
is involved in angiogenic processes [30].

A naturally occurring ligand that signals through Tie2
RTK is angiopoietin-1 [43]. Recently, a factor closely
related to angiopoietin-1, termed angiopoietin-2, was iden-
tified. This latter factor is a naturally occurring antagonist
for angiopoietin-1 and its Tie2 receptor [44]. The roles of
the angiopoietins and the RTKs in physiological and
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pathological angiogenesis need to be further established. It
may, however, be clear that those protein sequences of
angiopoietin-2 responsible for blockade of Tie2 RTK may
be exploited for tumor vasculature targeting purposes in the
future.

TARGETED THERAPEUTIC STRATEGIES

Besides the selective delivery of a blood coagulation-
inducing factor like TF, other strategies can be exploited for
interfering with the blood supply of solid tumors. As already
mentioned, intervention at the level of angiogenesis may
lead to significant tumor mass reduction. This has been
shown for antibodies neutralizing VEGF activity and inter-
fering with avB3 integrin-ligand binding. Thus far, no drug
resistance has been observed in animal experiments and
clinical trials during long-term anti-angiogenic therapy
directed against the endothelial cell population of a tumor
[10].

Direct cytotoxicity against tumor vascular endothelial
cells may be induced using hybrid molecules able to
functionally cross-link immune effector cells and tumor
endothelial cells [3]. For this purpose, BsMAbs recognizing
both tumor vascular specific epitopes and CTLs as effector
cells are under development in our laboratories. CTLs were
shown to be highly effective in killing target cells when
cross-linked by CD3 X tumor-associated antigen-directed
BsMAbs in witro and in wivo [45, 46]. One potential
advantage of such an approach may be the possibility to
create an inflammatory response at the site of the tumor
upon CTL activation and endothelial cell killing. Blockade
of the tumor blood supply and induction of inflammatory
reactions may act synergistically in reducing the tumor
load.

Growth-inhibiting substances may be delivered at the
tumor vascular endothelial cells as well. From prior expe-
rience in drug delivery research, one would expect an
optimal effect (i.e. highest activity and least toxicity else-
where in the body) of these compounds when delivered
intracellularly. No data are available yet to answer the
question whether antibodies directed against the tumor
endothelial epitopes discussed above are capable of induc-
ing endocytosis, e.g. via receptor clustering. On the other
hand, tumor endothelial cells may be quite sensitive to
toxic compounds due to their high proliferation rate.
Possibly, local gradual release of therapeutic agents at the
tumor endothelium may be sufficient as well to induce
significant endothelial cell killing without exhibiting sys-
temic toxicity.

TARGET EPITOPE CONSIDERATIONS

With respect to the choice of the target epitope to which
therapy is directed, a number of important issues should be
considered.
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Target Epitope Distribution within the Tumor

One important issue is the distribution of the selected
target epitope on the tumor vascular endothelial cells. In
mice not responding or partially responding to coaguligand
therapy, the target epitope was shown to be absent from the
vessels [13]. Although growing solid tumors do exhibit an
angiogenic phenotype, not all parts of the tumor blood
vessels will be actively participating in angiogenesis at the
same time. Immunohistochemical analysis of human lung
carcinoma biopsies indeed revealed a heterogeneous VEGF
distribution (unpublished observations). A similar hetero-
geneity in expression was seen with the angiogenic factor
bFGF [47]. Likely, the complex network of cytokines and
angiogenic factors produced in a tumor (Fig. 3) results in
different levels of expression of target epitopes within one
tumor, and between tumor types [48].

Selectivity of the Target Epitope for Tumor Vasculature

VEGF, avB3 integrins, and Tie RTKs have a role in normal
vascular modelling. It is therefore conceivable that inter-
ference at this level may also have an effect on physiolog-
ical homeostasis, leading to unwanted side-effects. The lack
of toxicity in combination with effective tumor growth
inhibition after treatment of animals with VEGF neutral-
izing antibodies [34] or angiostatin [49] are, however, quite
encouraging.

Density of the Target Epitope

A minimum of tTF molecules per target cell is required for
initiating blood coagulation after cross-linking at a target cell.

In witro, we observed a significant induction of blood coagula-
tion when 300,000 tTF molecules were cross-linked per target
cell [13]. Even 20,000 tTF molecules per target cell accelerated
blood coagulation in vitro. No data are available, however, on
the number of tTF molecules delivered in the in vivo situation
to the vasculature of the coaguligand-treated mice responding
with rapid blood coagulation.

The threshold for activating CTLs through triggering of
the TcR was estimated to be ~8000 TcR per cell, irrespec-
tive of the nature of the triggering ligand. Costimulatory
signals lowered this activation threshold to ~1500 TcR
[50]. For subsequent engagement of cytotoxic T lympho-
cytes in, for example, BsMAb-directed target cell killing,
the actual number of required attachment sites is unknown.
From in witro data on the relation of BsMAb concentration
and killing activity, it was calculated that cytolytic activity
can be observed when CD3/TcR occupancy is as low as 200
per CTL.

In various cultured endothelial cells, VEGF-Rs flt-1 and
KDR/flk-1 are present at frequencies of ~3000 and 40,000
copies per cell, respectively (see Ref. 37 for original papers).
On the other hand, bovine retinal endothelial cells had a
single class of high-affinity receptors present at a density of
100,000 per cell [51]. Based on the in vitro coagulation data
discussed above, VEGF/VEGEF-R targeted tTF may accom-
modate blood coagulation in vivo. The same holds true for
VEGF/VEGE-R directed cross-linking of CTLs and tumor
endothelium. Nevertheless, only in vivo evaluation of the
delivery of pharmacologically active agents or cells at the
site of tumor endothelial cells in tumor-bearing animals and
cancer patients will provide insight in the potentials of
these approaches for future clinical use.
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Extrapolation of studies performed in experimental animals
to clinical situations is complex. One important aspect that
should be considered here is the existence of significant
intra- and inter-species variations in the tumor cell and
tumor blood vessel microenvironment. It has been observed
that monoclonal antibodies distribute to a much greater
extent into animal tumors than into tumor tissue of
patients. This difference may be explained by differences in
vascular permeability and intratumoral pressure between
human and animal tumors. Moreover, differences between
different types of human tumor xenografts in mice have
been observed with respect to vascular resistance and
interstitial pressure [9, 52].

Experience with the synthetic flavonoid FAA in anti-
tumor therapy presented evidence that human tumor vas-
culature may respond differently to vasculature-directed
stimuli than mouse tumor vasculature. FAA exerts its
anti-tumor activity via TNFa-mediated induction of hem-
orrhagic necrosis [53]. In addition, tumor endothelium may
be a critical target for FAA activity via stimulation of the
nitric oxide pathway [54]. In mice bearing solid tumors,
FAA exhibited impressive anti-tumor activity. This is in
sharp contrast with the effects seen in the clinic, where
administration to patients with progressing metastatic mel-
anoma had no effect whatsoever [55].

[t is especially important in the development of therapies
based on new concepts that great care be taken in the
extrapolation of animal data to the human situation. More
information on, for example, target epitope density and
distribution, and coagulation status in experimental ani-
mals and cancer patients is required. Until this information
is available, proper interpretations regarding potentials and
limitations of tumor vasculature targeted therapies will be
difficult to make.

CONCLUSIONS

Tumor vasculature targeted therapies hold great promise for
the treatment of solid tumors in the future. New molecules,
most of which are angiogenesis related, are regarded as
potential target epitopes. Important characteristics of target
epitope expression (heterogeneity, normal physiology, and
frequency of expression in animal and human tumors)
should be taken into account for the development of
effective therapeutic strategies. Probably no single strategy
on its own will be successful in eradicating solid tumors in
cancer patients. Through collaborative efforts, the different
strategies should therefore be combined into a winning
team. Although some of the players have now been
identified, their position and function within the team
need to be established.

The authors wish to acknowledge the “Digitaal Centrum” of the Faculty
of Medicine and the University Center for Pharmacy, University of
Groningen, and “Foto Jos Lange, Groningen” for processing of
photographic material.
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