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Clinical use of TNF revisited: improving 
penetration of anti-cancer agents 
by increasing vascular permeability
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A rapid survey of the literature shows
that little fundamental progress in can-
cer chemotherapy has been achieved
over the last 20 years. This unfortunate
state of affairs may reflect the com-
plexity of the tumor environment and
our failure to target both cancer cells
and their associated stroma. Although
the idea of the cancer cell as a “seed”
that can only develop if it is supported
by a good “soil” (the stroma with con-
nective tissue and angiogenic vessels) is
an old one (see recent retrospective by
Fidler [1]), traditional therapies failed
to consider that the stroma produces
various growth factors that differ from
tissue to tissue. Even some of the newer
anticancer strategies, which do indeed
target the mediators of tumor angio-
genesis, still fail to account for the fact
that anticancer agents must pass
through the soil before they can
destroy the seed. Thus, for a long time,
clinical oncologists have not been pay-
ing enough attention to the fact that
poor tumor penetration represents a
major impediment to the efficiency of
cancer chemotherapeutics. Meanwhile,
work in animal models has shown that

low permeability of the tumor vascula-
ture and high interstitial fluid pressure
(IFP) represent substantial barriers to
drug delivery (2).

The dual effects of VEGF
VEGF, now widely recognized as a
major mediator of tumor angiogene-
sis, was first identified as vascular per-
meability factor (VPF) (3). Current
approaches to blocking angioge-
nesis include strategies that target
VEGF, but little attention has been
paid to possible drawbacks, which
may include reduced penetration by
chemotherapeutic agents adminis-
tered simultaneously or subsequently.
In several animal models, anti-VEGF
antibodies or antisense VEGF therapy
reduce tumor growth but also consis-
tently reduce intratumoral capillary
permeability by as much as 6-fold, as
demonstrated by window chamber or
contrast enhanced magnetic reso-
nance imaging (4–6). Vascular perme-
ability changes in response to VEGF
result from accumulation of NO,
which is produced mainly by endothe-
lial NO synthase (eNOS) (7). Under
pathological conditions, including
those that prevail in tumors, NO is
converted to peroxynitrite (ONOO–),
which is responsible for the enhanced
vascular permeability and retention
(EPR) of drugs in solid tumors. This
effect is mediated partly through acti-
vation of matrix metalloproteinases
(MMPs), which, in turn, generate
potent vasoactive mediators such as
bradykinin (8). Because inhibition of
MMPs has been found to block the
induction of EPR in tumors (9), anti-
VEGF treatment might well restrict
the intratumoral penetration of
chemotherapy.

Several groups have searched for
anti-angiogenic agents free of this
inconvenience. For example, neutral-
izing antibodies to the vascular
endothelial cell cadherin (VE-cad-
herin) may offer an alternative to
VEGF that can inhibit tumor angio-
genesis without altering vascular per-
meability (10). In addition, several
attempts have been made to selective-
ly augment intratumoral microvascu-
lar permeability. Bradykinin selective-
ly increases microvascular permea-
bility in a rat glioma model (8), per-
haps by activating the bradykinin 
B2-receptor, which is upregulated in
tumors as compared to normal brain
tissue (11).

In spite of the apparent promise of
these approaches, the cytokine TNF is
the only treatment known that can
effect tumor vessel destruction and
improve vascular permeability to drugs
in a clinical setting (12). TNF occurs as
a transmembrane molecule that is
made soluble upon activation of a pro-
tease. Membrane TNF can induce
angiogenesis and, perhaps surprisingly,
it can synergize with VEGF to augment
vascular permeability. Thus, neutraliz-
ing antibodies to TNF abolish the
increase of permeability following dual
treatment with VEGF and TNF (13).
On the other hand, membrane TNF
and soluble TNF have proapoptotic
properties, especially on endothelium.
The cytokine was named after its prop-
erty to produce hemorrhagic necrosis
in experimental tumors, but the clinical
application of TNF as systemic treat-
ment was rapidly abandoned because it
exerts only a relatively weak antitumor
effect and because, as a mediator of sep-
tic shock, it is poorly tolerated
(reviewed in ref. 12).
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TNF in the cancer clinic
In 1988, we had the idea of using
high-dose TNF in isolated limb per-
fusion (ILP) in combination to
chemotherapy for locally advanced
melanomas and sarcomas of the
limbs. This treatment, we found,
yields a very high complete response
rate (14). Angiographic and histolog-
ic studies revealed that its effect was
due to selective destruction of the
tumor associated vessels and that
vessels in normal tissues were spared.
These early clinical results inspired
experimental studies, in a bedside-to-
bench transfer, and it emerged that
either systemic or intratumoral
application of TNF can increase
tumor microvasculature flow and
permeability, and hence penetration
of antibodies in a mouse colon can-
cer xenograph model (15). TNF also
reduces IFP, as evidenced by an
increase in capillary filtration with
no effect on capillary tone (16).
Taken together, these results indicate
a selective effect of TNF on angio-
genic endothelial cells.

An explanation for this remarkable
selectivity for growing but not quies-
cent vascular tissues came from in
vitro and in vivo studies on endothe-
lial biology. TNF, in combination
with IFN-γ, deactivates the integrin
αVβ3, which is only expressed by
angiogenic endothelial cells. Since
this integrin is essential for prolifera-
tion and survival, treated angiogenic
ECs fail to adhere to ECM proteins in
the microvessels, and they undergo
massive apoptosis (17). In a rat limb
soft tissue sarcoma model, it was
found that perfusion with TNF selec-
tively enhances melphalan penetra-
tion into tumors but not in muscle
tissue (18). Doxorubicin penetration

of soft tissue sarcomas and osteosar-
comas is also improved by this treat-
ment (19). We, as well as others (15,
20), have proposed that TNF exerts
two distinct effects that are selective
for angiogenic vessels, namely an
early increase of tumor vessels perme-
ability, which can be induced with a
low dose of TNF, and a later increase
in vascular apoptosis, which appears
to require high doses.

Prospects for targeted 
delivery of TNF
In this issue of the JCI, Curnis et al.
(21) demonstrate that extremely low
doses of TNF are sufficient to
increase the penetration of doxoru-
bicin and melphalan into melanoma
and lymphoma models when the
cytokine is coupled with a peptide
that targets it specifically to the
endothelial cell. The GNGRC peptide
is a ligand of aminopeptidase N
(CD13) and readily binds to endothe-
lial cells. The authors show that dual
treatment with chemotherapeutic
agents and a TNF-GNGRC peptide
fusion can be curative in established
lymphoma transplants. Importantly,
they confirm that the latter agent is
not toxic, and they also determine
that its effects on vascular perme-
ability are mediated by TNF-R1 (p55)
— a receptor that has been shown to
be required for intracellular signaling
leading to either NFκB activation 
or apoptosis. Interestingly, a low dose 
of the compound is more effective 
than a medium dose because it 
does not induce the production of 
soluble TNF receptors, which would 
neutralize TNF. Thus, as shown in 
Table 1, picogram level beneficial ef-
fects of this modified TNF must be 
considered alongside the previously 

established nanogram level effects of
native TNF on vascular permeability
and the milligram level effects on vas-
cular cell survival.

Our earlier ILP results in
melanoma and sarcoma showed that
TNF can increase the therapeu-
tic efficiency of chemotherapeutic
agents, even those of marginal activ-
ity. For example, melphalan, a drug
with no activity in soft tissue sarco-
ma, can produce 30% complete
responses in large sarcomas of the
limbs when administered with TNF
(22). Likewise, in a rat sarcoma
model, systemic administration of
low-dose TNF augments the antitu-
mor activity of a liposomal formula-
tion of doxorubicin (20). Thus,
although it was abandoned ten years
ago by medical oncologists because
of its systemic toxicity, TNF may be
due for a comeback in the clinic as a
systemic treatment that can prepare
the soil so that chemotherapy can
work at optimal efficiency on the
seed of tumor survival and growth.
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Table 1
Use of TNF in combination to chemotherapy: clinical and preclinical data

Dose Effect Result Free TNF Targeted TNF

High mg Deactivation of αVβ3 integrin Destruction of Administered in isolated 
(clinical in endothelial cells (17) angiogenic vessels limb perfusion
[12, 14, 22])
Low ng Increased intratumoral Increased drug penetration Systemic administration
(preclinical only vessel permeability in tumor (15, 20, 21)
[15, 20])
Very low pg Increased drug penetration Systemic 
(preclinical in tumor administration
only [21])
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