
In 1975 a paper entitled “An endotoxin-
induced serum factor that causes necrosis of 
tumours” was published in Proceedings of the 
National Academy of Sciences of the USA1. In 
this paper Carswell, Old and colleagues gave 
an explanation for “one of the best-known 
enigmas of cancer biology”: the haemor-
rhagic necrosis of tumours. Although the 
fascinating history of the tumour necrosis 
factor (TNF) could be traced back more 
than 80 years2,3, its isolation in 1975 and 
subsequent gene cloning in 1984 marked the 
beginning of an even more surprising story. 
Over the next 15 years came papers identify-
ing a whole family of related molecules with 
contradictory roles in cell death, cell sur-
vival and organogenesis4. The early promise 
that TNF would be a powerful anticancer 
cytokine soon faded with the realization that 
the recombinant cytokine could induce signs 
and symptoms of endotoxic shock: the thera-
peutic index was alarmingly small. Moreover, 
when chronically produced in the tumour 
microenvironment, TNF was a major  
mediator of cancer-related inflammation5–8.

Outside the cancer field, TNF was identi-
fied as a master regulator of inflammation 
and a key player in the cytokine network. 
This led to the development of antagonists of 
its action that revolutionized the treatment 
of rheumatoid arthritis and other inflamma-
tory diseases9–11. These TNF antagonists are 
also in Phase I and II clinical trials in patients 
with advanced cancer12–15. Efforts still 
persist, however, to refine the undisputed 
tumour-destructive activities that TNF has 
under certain circumstances16.

Whether pro- or anti-tumour, there is 
no doubt that TNF is important to cancer 
biology and treatment in the 21st cen-
tury. However, for this Timeline we need 
to go back 100 years — or more — to a 
time when there were no systemic cancer 
treatments.

A history of tumour necrosis factor
The inspiration for the 1975 Carswell paper 
was the controversial but fascinating work of 
New York surgeon William Coley2,17.

Coley’s mixed toxins. In 1890, at the start of 
his career, Coley was called in to treat a 17 
year-old woman with a nagging pain in her 
right hand. In spite of Coley’s undoubted 
surgical skills, Elizabeth Dashiell died a few 
months later of an aggressive round cell  
sarcoma that disseminated at alarming 
speed throughout her body. (Elizabeth 
Dashiell was a close friend of John D. 
Rockefeller Jr. Her death was an inspira-
tion for the philanthropic work of his 
family, leading to the Rockefeller Institute 
of Medical Research, now Rockefeller 
University18.) Dashiell’s death had an 
equally profound influence on Coley. He 
immersed himself in hospital records to 
learn more about these rare but devastating 
malignancies. Amongst all the sarcoma-
induced death and destruction Coley 
found an intriguing anecdote: the case of a 
German immigrant who 6 years previously 
had been dying of a large facial tumour. 
Fred Stein’s fate seemed to be sealed when 
a post-operative bacterial infection took 

hold but, as the fever subsided, the sarcoma 
disappeared. With dogged determination, 
Coley searched the tenements of the Lower 
East Side for a man with a scar, and found 
Stein alive and well 6 years later18.

 This led Coley to a line of clinical 
research19 that dominated his entire career. 
First he infected cancer patients with 
bacterial isolates2 (Timeline), and then 
he made “Coley’s mixed toxins”, slightly 
less dangerous filtrates from cultures of 
Streptoccocus pyogenes (the bacteria that 
causes erysipelas) and Gram-negative 
endotoxin-producing Serratia marcasens20 
(FiG. 1). The work was controversial and few 
were able to reproduce the beneficial effects 
that Coley obtained but, if the published 
case histories are to be believed3,21, Coley 
was able to obtain rapid and sustained 
responses in patients who would present a 
major challenge to medical oncologists in 
the 21st century.

Endotoxins and TNF. With the advent of 
radiotherapy and chemotherapy, interest 
in Coley’s mixed toxins waned, but some 
scientists were still intrigued by his results 
and attempted to reproduce them in animal 
models of cancer. For instance, in 1931, 
Gratia and Linz showed that bacterial 
extracts caused tumour necrosis in a guinea 
pig model of sarcoma22. In 1944 Shear et al. 
isolated lipopolysaccharide from bacterial 
extracts and showed this was responsible 
for tumour regression in a mouse model of 
cancer23. In an attempt to reduce the often 
lethal effects of endotoxin or other bacte-
rial products in their models, O’Malley 
et al. then took serum from endotoxin-
treated animals and gave this to animals 
with experimental cancers; the serum also 
caused tumours to necrose, leading to the 
conclusion it contained a “tumour necro-
tizing factor”24. A major advance came in 
1975 when Carswell et al. reported that it 
was a factor made by host cells in response 
to endotoxin and not bacterial endo-
toxin itself that destroyed the tumours1 
(Timeline). They coined the term “tumour 
necrosis factor” to describe this activity, 
reportedly produced by macrophages, 
which led to necrosis of both mouse and 
human tumours.
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Abstract | Tumour necrosis factor (TNF) is a major inflammatory cytokine that was 
first identified for its ability to induce rapid haemorrhagic necrosis of experimental 
cancers. When efforts to harness this anti-tumour activity in cancer treatments 
were underway, a paradoxical tumour-promoting role of TNF became apparent. 
Now that links between inflammation and cancer are appreciated, is TNF a target 
or a therapeutic in malignant disease — or both?
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The tumour necrosis factor family
Around the same time, Granger and co-
workers described a protein produced 
by lymphocytes that was toxic to tumour 
cells25, but it took another 18 years for two 
different proteins with related sequences 
to be isolated from human HL-60 and 
RPMI-1788 cells. These were named 
tumour necrosis factor and lymphotoxin 
respectively26–28. The first indication that 
there might be a family of related cytotoxic 

proteins came when TNF and lymphotoxin 
were found to bind to the same cell surface 
receptor29. The availability of the protein 
sequences soon led to gene cloning of 
human TNF and lymphotoxin at Genentech 
in the United States30,31, and human and 
mouse TNF in Walter Fier’s laboratory in 
Belgium32,33 (Timeline). In the same year, 
the first monoclonal antibody to TNF was 
made by David Wallach’s laboratory at the 
Weizmann Institute in Israel34.

The relationship between TNF and 
lympho toxin was the first indication of the 
existence of a whole superfamily of 19 lig-
ands related to TNF and 29 receptors with 
a wide range of roles beyond cytotoxicity, 
being involved in the development and func-
tion of the immune system as well as in tis-
sue homeostasis4,11,35–37 (see Supplementary 
information S1 (box)). However, within this 
gene family, TNF (also known as TNFα) was 
recognized as a uniquely powerful intercel-
lular communicating molecule with crucial 
and non-redundant roles in innate and 
adaptive immunity. Lymphotoxin (or TNFβ, 
as it is now commonly known) has not been 
studied so extensively in terms of malignant 
disease and, for reasons of space, will not be 
considered further in this article.

The next frontier was the identification 
of cell surface receptors for TNF. In 1985, 
Aggarwal et al. reported that radiolabelled 
recombinant TNF and lymphotoxin bound 
to a single class of receptor on carcinoma 
cells29. Proteins that bound TNF were abun-
dant in urine and David Wallach’s group 
correctly surmised that these could be shed 
surface receptors. Purification was pos-
sible because the pharmaceutical company 
Serono had amassed large quantities of con-
centrated urine proteins from menopausal 
women (specifically, from Italian nuns) for 
their hormone research. Chromatographic 
purification of a binding protein, now 
known to be TNFR1 (also known as 
TNFRSF1A), was achieved in 1989 (ReF. 38), 
and a soluble form of the TNFR2 (also 
known as TNFRSF1B) was affinity purified 

Timeline | Tumour necrosis factor and cancer
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coley’s mixed 
toxins used 
clinically for 
the first time20  

William coley 
treats his first 
sarcoma patient 
with erysipelas2

Transfer of tumour 
necrotic activity in 
serum of endotoxin- 
treated animals24

Bacterial extracts 
shown to cause tumour 
necrosis in a guinea pig 
model of sarcoma22

(1984–1985)  
Human and 
mouse TNF 
genes cloned30,32

(1989–1990) TNF detected 
in human cancer biopsies; 
made by macrophages or 
tumour cells80,81

First clinical 
trials of TNF 
in advanced 
cancer71–74

TNF-knockout 
mice are 
resistant to skin 
carcinogenesis5

TNF, interferon-γ and mild 
hyperthermia treatment 
using isolated limb 
perfusion causes tumour 
necrosis in patients with 
sarcoma and melanoma55

TNF: a therapeutic 
target in advanced 
renal cancer14

TNF 
discovered1

endotoxin is the 
active principle 
of tumour 
necrosis serum23

TNF and 
cachectin are 
identical161

cloning of 
TNFr1  
(ReFS 41,169)

First TNF-knockout 
mouse96

cloning of 
TNFr2 
(ReFS 40,170)

resurgence of 
interest in links 
between cancer and 
inflammation98,171

First report of 
clinical activity of 
TNF antagonists 
in rheumatoid 
arthritis46

Nuclear factor-κB signalling pathway is a 
link between TNF and tumour promotion6,127

First clinical trial of TNF 
antagonists in cancer12

(1984–1988)  
Local treatment with 
recombinant TNF causes 
tumour necrosis in a range 
of mouse models30,47–49

(1984–present) 
identification and 
characterization of other 
members of the TNF and 
TNF receptor families4,31,168

(1989–1993) TNF may increase 
experimental cancer growth 
and spread92–94 The tumour suppressor 

vHL is a translational 
repressor of TNF110

(2003–2008) Anti-TNF 
antibodies inhibit 
murine cancer 
growth6,103,113,131,132

TNF produced by 
cancer cell lines79

Angiogenic activity 
of TNF reported90,91

TNF, tumour necrosis factor; TNFr, tumour necrosis factor receptor

Figure 1 | Treatment with Coley’s toxins. A patient with round cell sarcoma of the jaw and abdominal 
metastases seen by coley in 1899. a | Photograph after 63 injections with coley’s toxins; tumour had 
diminished to about half its original size. b | Photograph after further treatment with coley’s toxins. in 
his 1910 lecture at the royal society of Medicine coley reported that the patient was still alive and 
well. images reproduced, with permission, from ReF. 17  (1910) royal society of Medicine. 
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in 1990 (ReF. 39). These receptors also have 
CD numbers now — TNFR1 is CD120a and 
TNFR2 is CD120b — reflecting the fact that 
they are both found on haematopoietic cells. 
TNFR1 has a much wider distribution than 
TNFR2, being expressed by virtually every 
cell in the body.

In 1990 the genes for both TNF recep-
tors were cloned: TNFR1 at Hoffmann–La 
Roche40 and Genentech41 and TNFR2 at 
Immunex42 and Syntex43 (Timeline). BOXeS 

1,2 show more detail of TNF receptors and 
their downstream signalling pathways. The 
cloning of genes encoding TNF and TNF 
receptors enabled development of a number 
of research tools, including gene-deleted 
mice. Experiments, especially in the early 
1990s, revealed that TNF initiates host 
defence to local injury but that it can also 
cause acute or chronic tissue damage44,45. By 
the mid 1990s it was becoming clear that 
neutralizing antibodies and soluble recep-
tor fusion proteins targeting TNF would be 
successful treatments for a range of human 
chronic inflammatory diseases46 (BOX 3; 

Timeline). In parallel with this preclinical 
and clinical work with TNF antagonists 
in inflammatory disease, the cytokine 
itself was under investigation as a cancer 
therapeutic.

TnF as a cancer treatment
Was the research of the previous 40 years 
correct? Did recombinant TNF cause 
tumour necrosis in mouse cancer models 
and, if so, how did it work?

TNF treatment of experimental rodent 
cancers. Reassuringly, high doses of human 
recombinant TNF induced necrosis of both 
syngeneic and xenografted tumours30,47–49 
(FiG. 2a,b; Timeline). For optimal activity, 
however, TNF had to be injected locally and 
repeatedly, and there was a risk of regrowth 
at the periphery of the lesion. An excep-
tion was the transplantable murine tumour 
Meth A sarcoma (which was also used in 
experiments carried out before recombinant 
material was available), in which systemic 
administration of TNF consistently caused 
haemorrhagic necrosis of vascular subcu-
taneous, but not avascular intraperitoneal, 
tumours30,50,51. The tumour necrosis caused 
by TNF was haemorrhagic in nature with 
major destruction of the vascular bed. 
Alberto Mantovani’s group reported that 
TNF, and in parallel the cytokine inter-
leukin 1 (IL-1), activated endothelial cells 
in a gene expression-dependent way, thus 
changing the perception of the tumour 
vasculature52.

However, when recombinant mouse TNF 
was given to mice, it caused similar symp-
toms to high doses of endotoxin47,53,54. This 
was because of the partial species specificity 
of human and mouse TNFs. Human TNF 
binds to murine TNFR1 but not murine 
TNFR2, whereas murine TNF binds to both 
murine receptors and this generates a greater 
in vivo response.

To mitigate this toxicity, a local approach 
to TNF therapy was devised for experimental 
cancers growing in the extremities: isolated 
limb perfusion (ILP). As described in the 
next section, this was actually developed in 

clinical experiments55 (Timeline), but studies  
into mechanisms of action and further 
refinements were carried out in animal 
models56. TNF alone was ineffective in 
this setting but synergized with melphalan 
chemotherapy in a rat osteosarcoma ILP 
model, with mild hyperthermia optimiz-
ing the anti-tumour effect57. A combination 
of TNF and doxorubicin had comparable 
effects in rat sarcoma models58. It appears 
that low doses of TNF increase tumour 
blood vessel permeability, thus augmenting 
tissue concentrations of chemotherapy59 and 
destroying the tumour vasculature.

 Box 1 | Tumour necrosis factor receptors

Tumour necrosis factor (TNF; also named TNFα) is a type II transmembrane protein with an 
intracellular amino terminus. It has signalling potential both as a membrane-integrated protein 
and as a soluble cytokine released after proteolytic cleavage; its soluble form is a non-covalently 
bound trimer of 17 kDa components4,35. There are two TNF receptors: TNFR1, which is found on 
most cells in the body, and TNFR2, which is primarily expressed on haematopoietic cells. TNFR1 
is activated by soluble ligand, and TNFR2 primarily binds transmembrane TNF. TNF receptors are 
also shed and act as soluble TNF-binding proteins, inhibiting TNF bioactivity by competing with 
cell surface receptors for free ligand. In contrast to TNFR1, TNFR2 lacks a death domain. It is 
often inducible by cytokines such as TNF and interleukin 1 . The biological role of TNFR2 is still 
not fully understood, although recent evidence suggests that it can modulate the actions of 
TNFR1 on immune and endothelial cells. Transmembrane TNF can function as both ligand and 
receptor: soluble TNF receptors can bind to the cytokine on the cell surface and generate 
reverse signalling.

 Box 2 | intracellular tumour necrosis factor signalling

Tumour necrosis factor (TNF) receptor (TNFR) 
activation leads to recruitment of intracellular 
adaptor proteins that activate multiple signal 
transduction pathways11,35,153. TNFR1 activation 
can have two different end results that are 
dependent on the cellular context. The default 
pathway is induction of genes involved in 
inflammation and cell survival. Ligand binding 
to TNFR1 induces a range of inflammatory 
mediators and growth factors through 
activation of the AP1 transcription factors or 
IκB kinases (IKKs) that, in turn, activate nuclear 
factor-κB (NF-κB). NF-κB activation also 
importantly induces negative regulators of 
apoptosis such as FLIPL (also known as CFLAR), 
BCL-2 and superoxide dismutase. If NF-κB 
activation is inadequate, apoptosis is mediated 
through caspase 8 and, through accumulation 
of intracellular reactive oxygen, sustained Jun 
amino-terminal kinase (JNK) activation and 
mitochondrial pathways. Apoptosis is a late 
response to TNF, unlike the rapid apoptosis that 
is induced by other members of the TNF 
superfamily such as FAS ligand (FASL) and 
TRAIL (also known as TNFRSF10C) (see Supplementary information S1 (box)). The signalling 
pathways downstream of TNFR activation are shown in the figure. FADD, FAS-associated via 
death domain; MKK, MAPK kinase; RIP, receptor (TNFRSF)-interacting protein; TRADD, 
TNFR-associated via death domain; TRAF2, TNF receptor-associated factor 2. Figure is modified, 
with permission, from Nature Reviews Immunology ReF. 154  (2003) Macmillan Publishers Ltd. 
All rights reserved.
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TNF as a cytotoxic protein. At first it was 
thought that TNF was also directly killing 
the malignant cells in the animal models 
of cancer. In tissue culture studies, puri-
fied or recombinant TNF was reported to 
be selectively toxic for malignant cells, as 
were TNF-containing supernatants from 
activated macrophages60. However, many of 
these data were generated in the presence  
of metabolic inhibitors such as actinomycin D,  
cyclohexamide or mitomycin C60–62 or in 
combination with interferon-γ (IFNγ)63,64. 
Alone, TNF could actually induce resistance 
to these cytotoxic conditions, as first shown 
by David Wallach65. It now seems that, 
unlike some other members of the TNF fam-
ily such as TRAIL (also known as TNFSF10; 
see Supplementary information S1 (box)), 
TNF is at most weakly cytotoxic or cytostatic 
to malignant cells. It is only in combination 
with metabolic inhibitors that its cytotoxic 
potential is unmasked; the default cell sur-
vival and inflammatory pathways down-
stream of TNF signalling are inactivated by 
the metabolic inhibitors allowing apoptosis 
to proceed (BOX 2).

TNF and immune cell killing. The mouse 
experiments, however, did reveal a role for 
T cells in the anti-tumour actions of TNF. 
There was a diminished anti-tumour effect 
of TNF in T cell-deficient mice54, and T cell-
mediated immunity developed in animals 
cured of the Meth A sarcoma by TNF66. TNF 
is an important effector molecule in CD8+ 
T cell and natural killer (NK) cell killing 
of immunogenic tumour cells67,68. NK and 
IL-2-activated killer cells from Tnf–/– mice 

showed impaired cytotoxic activity69, and 
both TNF receptors were recently implicated 
in tumour surveillance in a genetic model of 
pancreatic β cell cancer70.

In conclusion, these preclinical studies 
showed that anti-tumour effects of TNF 
were due to destruction of the tumour vas-
culature with some evidence of a role for 
TNF in anti-tumour responses16. Before 
these mechanisms were fully appreciated, 
clinical trials had begun.

Clinical trial of recombinant TNF. The 
expectation was that recombinant human 
TNF would be an important new treatment 
for cancer patients. Unfortunately systemic 
TNF administration was associated with 
severe toxicity — induction of a ‘cytokine 
storm’ resembling many signs and symptoms 
of endotoxic shock (not unlike those seen 
by Coley) — but unlike Coley’s toxins there 
were few tumour responses (for examples 
see ReFS 71–74). For instance, in a review of 
219 cancer patients receiving an intravenous 
infusion of TNF, only two partial responses 
(greater than 50% tumour shrinkage) were 
recorded. At lower doses (75–100 mg per m2 
per day) TNF treatment was well toler-
ated with reversible flu-like symptoms, but 
at higher doses fever, headache and rigors 
occurred with hypotension and pulmonary 
oedema being dose limiting75. The side 
effects seen in the first clinical trials were not 
surprising, as many of the encouraging pre-
clinical results were obtained using human 
TNF, which has a lower toxicity in mice. The 
clinical trials showed that human TNF was as 
toxic to humans as mouse TNF was to mice.

At this time, the prevailing view was that 
local administration of TNF would have 
more chance of success than systemic treat-
ment. In view of this, surgeons Ferdy Lejeune, 
Alexander Eggermont and their colleagues 
used ILP to deliver high doses of TNF loco-
regionally, in combination with IFNγ and 
melphalan, to patients with cancers of the 
extremities. This caused specific destruction 
of tumour vasculature, haemorrhagic necro-
sis and complete tumour disappearance in 
patients with advanced soft tissue sarcomas or 
melanoma55 (reviewed in ReF. 76) (Timeline). 
For instance, in a series of 217 sarcoma cases, 
the overall response rate was 75% and limb 
salvage was achieved in 87% of patients77. 
However, this treatment was palliative, pre-
venting the amputation of the affected limb 
but not affecting distant metastasis. The 
general understanding of the mechanisms 
of action in these patients was that TNF 
increased tumour-selective uptake of the mel-
phalan chemotherapy during the perfusion 
and that the combination of TNF and IFNγ 
had a direct and destructive effect on the 
tumour vasculature. On the strength of these 
data, in 1999 TNF (tasonermin) was licensed 
in Europe with a specific indication: “for the 
treatment of irresectable soft tissue sarcoma 
of the limbs used in combination melphalan 
via mild hyperthermic ILP”.

The toxicity of systemically administered 
TNF remained a major impediment to 
widespread clinical application. The failure 
of TNF treatment prompted Charlie Starnes 
to revisit Coley’s work in a 1992 Nature 
review78. His conclusion, based on re-evalu-
ating the clinical histories of Coley’s patients, 
was that TNF-based therapies should be 
reserved for patients with soft tissue sar-
comas, lymphomas and other tumours of 
mesodermal origin, but this recommenda-
tion was never taken up. Moreover, while 
the first trials were underway, evidence was 
accumulating that TNF was not only made 
by cancer cells in tissue culture but was also 
present in the tumour microenvironment of 
many cancers, raising the possibility that it 
might actually be enhancing cancer growth.

Tumour-promoting factor?
It was at first quite puzzling when, in 1987, 
Spriggs et al.79 reported that TNF could 
induce a breast cancer cell line to produce 
more TNF. This was followed by reports that 
TNF mRNA and protein could be detected 
in malignant and stromal cells in human 
cancer biopsies80–82 (Timeline) and that levels 
of plasma TNF were increased in some can-
cer patients, especially those with poor prog-
nosis83–86 (reviewed in ReFS 7,87). To take 

 Box 3 | Tumour necrosis factor, cachexia and inflammation

Bacterial pathogens and many other noxious stimuli induce tumour necrosis factor (TNF) through 
Toll-like receptors (TLRs) and nuclear factor-κB (NF-κB) signalling4,11,155. This TNF is then in the 
vanguard of a complex biological cascade involving chemokines, cytokines and endothelial 
adhesions, that recruits and activates neutrophils, macrophages and lymphocytes at sites of 
damage and infection4,8. TNFR1 signalling is essential for defence against infectious agents such as 
Listeria monocytogenes, Mycobacterium tuberculosis, Toxoplasma gondii, Leishmania spp., 
trypanosomes and Salmonella spp.156,157.

In terms of adaptive immunity, TNF and TNF receptor 1 (TNFR1) coordinate the social context of 
cells, enabling maximal response to pathogens4,158,159. TNFR1 is also a co-stimulator of T cell 
activation and expressed by activated T cells.

It is crucial that TNF is produced in the right place, at the right time and in the appropriate 
context. Restriction of TNF production to specific cell types may be one of the mechanisms by 
which its beneficial functions are controlled160. Left unregulated, TNF can cause chronic 
inflammation, generalized wasting and, when high amounts are generated acutely, septic shock. 
The first indication of this was in 1985 when TNF was found to be identical to cachectin, a circulating 
factor associated with wasting in parasite-infected animals161 (Timeline). It soon became clear that 
sustained production of TNF was involved many inflammatory and autoimmune diseases162,163 and, 
by the middle of the 1990s, the pioneering work of Marc Feldmann and Ravinder Maini provided 
clinical proof of this: TNF antagonists were effective treatments for rheumatoid arthritis9,46. This 
was followed by positive results in patients with Crohn’s disease164, psoriasis165,166, severe chronic 
asthma167, psoriatic arthritis, anklosing spondylitis and sarcoidosis (reviewed in ReF. 11).
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the example of prostate cancer, blood TNF 
concentrations are higher in those patients 
with advanced, cachectic disease88, and TNF 
levels correlate positively with extent of 
disease89. Also, in 1987, when the interest in 
the tumour-destructive activity of TNF was 
at its height, came the apparently paradoxi-
cal observation that low doses of TNF could 
have angiogenic activity in both the rabbit 
cornea and chick chorioallantoic membrane 
models90,91. This led Leibovich et al., in a 
paper in Nature, to suggest that TNF might 
actually stimulate tumour growth91. In 1989, 
while studying intraperitoneal xenografts 
of ovarian cancer, we found that TNF treat-
ment could transform ascitic free-floating 
tumour cells into solid peritoneal deposits 
with extensive stroma and blood vessels92. 
Moreover we, and others, found that treat-
ment of tumour cells or mice with TNF 
increased the metastatic activity of trans-
planted tumour cells93,94. Michael Karin’s 
laboratory recently published a molecular 
explanation for this95. They found that Lewis 
lung carcinoma lines secrete versican, an 
extracellular matrix proteoglycan, which 
activates macrophages through Toll-like 
receptor 2 (TLR2) and TLR6 to produce 
IL-6 and TNF. Both of these cytokines then 
act in a paracrine manner to increase lung 
metastases.

In 1996, the group of George Kollias 
generated the first TNF-knockout mouse96 
and 2 years later we published a paper 
that surprised those who were working 
with TNF as a cancer therapeutic. The 
paper showed that when Tnf–/– mice were 
treated with a skin carcinogen, they devel-
oped fewer, not more, tumours5 (FiG. 2c,d; 

Timeline).
An explanation for the presence of TNF 

in the cancer microenvironment came 
when researchers returned to another 
historical observation, from virchow in 
1863, that inflammatory cells are found 
in cancers97. We now know that many of 
the cells and mediators of inflammation 
are detected in human and experimental 
cancers and inflammatory conditions 
increase the risk of cancer (reviewed in 
ReFS 8,98–100). There is strong evidence 
that this cancer-related inflammation aids 
the proliferation and survival of malignant 
cells, stimulates angiogenesis and metasta-
sis, subverts adaptive immunity, and alters 
response to hormones and chemotherapy. 
When produced by malignant or host cells 
in the tumour microenvironment, TNF is 
a major mediator of cancer-related inflam-
mation7,8, and research in the past 20 years 
has begun to reveal some of its mechanisms 
of action.

Pro-tumour actions of TnF
Unlike their normal counterparts, many 
malignant cells constitutively produce small 
amounts of TNF. There is evidence from ani-
mal models that this malignant cell-derived 
TNF enhances the growth and spread of syn-
geneic, xenogeneic and carcinogen-induced 
tumours of the skin, ovary, pancreas, pleural 
cavity and bowel5,101–105.

Actions of tumour cell-produced TNF. The 
mechanisms by which tumour cell-produced 
TNF increases tumour growth are not fully 
defined. In an ovarian cancer model we 
found that TNF was an important compo-
nent of a malignant cell-autonomous net-
work of inflammatory cytokines, including 
the chemokines stromal cell-derived factor 
(SDF1, also known as CXCL12) and CCL2 
(C-C chemokine ligand 2), the cytokines 
IL-6 and macrophage inhibitory factor 
(MIF) as well as vascular endothelial growth 
factor (vEGF)102. This network then acted 
on the ovarian cancer microenvironment, 
particularly affecting the leukocyte infil-
trate and development of blood vessels in 
peritoneal tumour deposits. The angiogenic 
actions of TNF may be due, at least in part, 
to its ability to cause the differentiation of 
myeloid progenitor cells into endothelial 
cells in the tumour microenvironment106. 
TNF produced by malignant cells also 
caused hyperpermeability of existing blood 
vessels, stimulating pleural effusion in a 
lung cancer model104. Apart from endothe-
lial cells, other host cells targeted by the 
paracrine actions of malignant cell-derived 
TNF are not well characterized. However, in 
ovarian cancer TNF is important in inter-
actions between tumour cells and macro-
phages that lead to increased tumour cell 
invasion and the generation of a tumour-
associated macrophage phenotype that has 
been associated with tumour promotion 
and poor prognosis107,108.

Why do malignant cells make TNF? One 
explanation for constitutive production 
of TNF by malignant cells is increased 
TNF mRNA stability109 and this could 
have a genetic cause. Although evidence 
that inflammation causes cancer has been 
accepted for many years, more recently 
the data show that mediators and signal-
ling pathways of inflammation are down-
stream of oncogenic mutations; that is, that 
cancer causes inflammation (reviewed in 
ReF. 100). The first example of this relating 
to TNF was published in 2003: the tumour 
suppressor vHL represses translation of 
TNF110 (Timeline). In renal cancer, cells with 

Figure 2 | The pro- and anti-tumour actions of tumour necrosis factor (TnF) in mouse models of 
cancer. a | Mouse bearing subcutaneous human tumour xenograft before treatment. b | Haemorrhagic 
necrosis of tumour after intratumoural injection of TNF. c | Wild-type mouse treated with the carcino-
gen DMBA and the tumour promoter TPA develops skin tumours after 16 weeks. d | Tnf–/– mouse is 
highly resistant to 16 weeks of DMBA–TPA treatment. All images are previously unpublished from work 
of F.B., r. Moore and T. schioppa to illustrate concepts previously published in ReFS 5,48. 
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mutated VHL produce increased levels of 
TNF along with other pro-tumour factors 
such as vEGF. The carcinogenic activity 
of the bacterium Helicobacter pylori is also 
genetically linked with TNF: members of 
the Tipα gene family in H. pylori are potent 
TNF inducers and, in combination with 
activated Ras, can render gastric epithelial 
cells malignant111.

Host cell production of TNF in the tumour 
microenvironment. It is not only malignant 
cells that can make TNF in the tumour 
microenvironment. In a genetic model of 
liver cancer, TNF produced by myeloid 
cells promoted inflammation-associated 
tumours6; in a model in which chemical 
damage led to liver cancer, Kupffer cell-
derived TNF was one of the mitogens driving 
the proliferation of hepatocytes in which 
DNA damage had already been caused by 
the carcinogenic agent diethylnitrosamine112. 
In both a chemically induced model of 
colorectal cancer and a genetic model of 
gastric cancer, macrophage-derived TNF 
was implicated in inflammation and  
subsequent tumour development113,114.

TNF in the tumour microenvironment can 
cause genetic damage. Whether made by 
malignant cells or host cells — or both — 
TNF may directly contribute to oncogene 
activation and DNA damage. This was 
first suggested in 1993 when Komori et al. 
reported that long-term TNF treatment of 
immortalized mouse 3T3 cells rendered 
them capable of forming tumours in mice115. 
Much later came evidence that TNF stimu-
lated clonal evolution in haematopoietic stem 
cells with the Fanconi anaemia mutation116, 
again increasing the tumorigenicity of these 
cells. High doses of TNF induced direct DNA 
damage in Trp53–/– malignant cells117 and 
even in genetically normal lung epithelial 
cells118, suggesting that, when there is chronic 
inflammation, deregulated and sustained 
production of TNF could contribute to car-
cinogenesis and even in some cases be an 
initiating event.

In terms of the molecular mechanisms of 
DNA damage, in human cholangiosarcoma 
cells TNF induced the DNA and RNA edit-
ing enzyme, activation-induced cytidine 
deaminase (AID), that is also increased in 
human cholangiosarcoma biopsies119. The 
induction of AID by TNF led to mutations 
of genes such as TP53 and MYC. Through 
nuclear factor-κB (NF-κB), TNF can also 
modulate telomerase activity, inducing 
translocation to the nucleus of the human 
telomerase catalytic subunit (TERT) bound 

to p65 (also known as RELA)120. Hence 
TNF may contribute to the immortalization 
of cells.

Apart from genetic changes, TNF in  
the tumour microenvironment may also 
have other direct effects on malignant  
cells, for instance, inducing the epithelial–
mesenchymal transition of malignant cells 
in an in vitro model of colorectal cancer121. 
This may partly explain the ability of TNF to 
increase the metastastic activity of tumour 
cells as first reported in the 1990s93,94,103 and 
further elucidated by Michael Karin and 
colleagues in 2009 (ReF. 95).

TNF receptor signalling and cancer-related 
inflammation. Most of these pro-tumour 
actions of TNF appear to be mediated by 
TNFR1. This TNF receptor is found on 
tumour and stromal cells in human can-
cer biopsies, whereas TNFR2 is generally 
present on the leukocyte infiltrate, although 
it is also present on malignant cells in renal 
cell carcinoma14. As might be expected, mice 
deficient in TNFR1 show attenuated devel-
opment of primary cancers and metastases. 
For instance, we found that Tnfr1–/– mice  
are as resistant to DMBA–TPA carcinogenesis 
as Tnf–/– mice122, and other groups showed 
that experimental lung and liver metastases 
were attenuated in Tnfr1–/– mice compared 
with their normal counterparts123,124. In 
wild-type mice whose bone marrow was 
repopulated with cells from Tnfr1–/– mice, 
the development of colitis and colon can-
cer was reduced113, suggesting that TNF in 
the tumour microenvironment enhanced 
tumour development through its action on 
TNFR1-positive myeloid cells. T regulatory 
(TReg) cells can suppress specific immune 
responses against tumours125, and recently 
Jo Oppenheim’s group reported that TNFR2 
is highly expressed on these cells in the 
tumour microenvironment of murine Lewis 
lung carcinomas126. We previously found 
some evidence for a role for TNFR2 in 
tumour development in the skin carcinogen-
esis model: Tnfr2–/– mice were resistant to 
skin carcinogenesis but the effects were not 
as strong as in Tnfr1–/– mice122 and we did 
not study the role of TReg cells in this model.

Downstream of TNF–TNFR1 and other 
inflammatory cytokines produced in the 
tumour microenvironment, NF-κB signalling 
is a major mediator of the tumour-promoting 
activity of inflammatory cytokines, as 
was first demonstrated in seminal papers 
published in 2004 from Michael Karin’s 
and Yinon Ben-Nerayah’s laboratories6,127 
(Timeline). NF-κB is a transcription factor the 
activity of which is triggered by infectious 

agents and inflammatory cytokines such as 
TNF through the inhibitor of NF-κB kinase 
(IKK) complex128,129 (BOX 2). In resting cells 
NF-κB dimers are found in the cytoplasm 
but translocate to the nucleus after activation. 
NF-κB target genes were already known to 
be major mediators of inflammation and cell 
survival but the papers published in 2004 
showed that selective inhibition of NF-κB 
activation in either myeloid cells or epithelial 
cells attenuated intestinal and liver cancer 
development6,127. These papers firmly estab-
lished a role for NF-κB in tumour promotion. 
A more recent paper linked NF-κB, TNF and 
the tumour suppressor TSC1. IKKβ, a major 
downstream kinase in the NF-κB signalling 
pathway, phosphorylates and inhibits the 
activity of TSC1. This suppression of TSC1 
activates the mTOR pathway, enhancing 
vEGF production and stimulating tumour 
development130.

As this Timeline has shown, shortly after 
TNF was cloned it became clear that this 
cytokine could enhance many processes 
of carcinogenesis in ways that were associ-
ated with its central role in inflammation. 
FiGURe 3 summarizes our current knowledge 
of the tumour-promoting actions of TNF.

If endogenous TNF signalling in the 
tumour microenvironment is more likely 
to stimulate than inhibit tumour growth, is 
TNF a target instead of a treatment?

TnF as a target for cancer treatment
If TNF were involved in growth of experi-
mental tumours, then anti-TNF antibodies  
or other TNF antagonists would have thera-
peutic activity in similar mouse models. 
This is indeed the case, as reported in 
experiments involving carcinogen-induced, 
transplantable xenograft and genetic models 
of common epithelial cancers6,103,113,131,132. 
Anti-TNF antibodies also inhibited experi-
mental metastasis, as was first shown in 
1993 (ReF. 94).

This raised the possibility that it might 
be beneficial to neutralize TNF activity in 
cancer patients. This was tested in Phase I 
and II clinical cancer trials with TNF antago-
nists as single agents, with some evidence of 
clinical activity12–15 (Timeline). For instance, 
in a Phase I study using the anti-TNF anti-
body infliximab, stabilization of disease was 
observed in 7 of 41 patients with previously 
progressing advanced cancer15; in a Phase II 
study in ovarian cancer, 6 of 30 progressing 
patients also showed stable disease after treat-
ment with the TNF antagonist etanercept (a 
soluble TNFR2 fusion protein that binds and 
neutralizes TNF)13; and in renal cell cancer 
14 of 39 patients achieved stable disease 
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with 3 of 39 obtaining partial responses after 
infliximab treatment14 (Timeline). Clinical 
benefit of TNF antagonists has also been seen 
in the premalignant condition of myelodys-
plasia133. There is as yet no clear idea of the 
mechanisms of action of anti-TNF in cancer 
patients, but nearly 20 years of experience  
in patients with chronic inflammatory 
disease show that TNF antagonists inhibit 
cytokine and chemokine production, recruit-
ment of inflammatory cells, angiogenesis and 
extracellular matrix degradation11: all actions 
that could be useful in a cancer treatment. 
In addition, binding of TNF antagonists 
to transmembrane TNF may have direct 
effects on TNF-producing cells, stimulating a 
number of cytotoxic pathways. Two specific 

actions of TNF antagonists on the immune 
system in patients with inflammatory disease 
are of particular interest in terms of cancer 
treatment: modulation of the function of TReg 
cells134 and a reduction in IL-17-producing 
T helper cell inflammatory responses135, 
both of which are implicated in tumour 
promotion125,136.

Is there a role for TNF antagonists in can-
cer prevention? Certainly some of the mouse 
model experiments described above suggest 
a role for TNF in the promotion of early 
cancers (for example ReFS 5,6). Both herbal 
medicines and the polyphenols present in 
tea inhibit TNF release137 but, given the 
role of TNF in regulating innate immunity, 
increased risk of infection would preclude 

wider use of current TNF antagonists.  
However, tens of thousands of people with 
rheumatoid arthritis or other chronic inflam-
matory diseases are being monitored for 
cancer incidence during TNF antagonist 
treatment. Analyses are complicated by 
underlying immune system dysfunction 
in these patients, prior treatment with 
immunosuppressive and mutagenic drugs, 
and the small number of malignancies so 
far recorded. In one meta-analysis of nine 
double-blinded placebo-controlled trials of 
anti-TNF antibodies in patients with rheu-
matoid arthritis, an increased risk of cancer 
was recorded138. However, in a later review 
the same authors concluded that, with over 
50 trials of anti-TNF in inflammatory disease 
now published, there was no clear evidence 
for an overall increase in cancer risk. The 
current view is that caution may be necessary 
when considering treatment of patients with 
past or concurrent cancer or premalignant 
lesions and that there seems to be an increase 
in rare γδ T cell lymphomas in patients with 
juvenile Crohn’s disease138,139. There is no 
evidence of an increase in overall cancer inci-
dence in patients receiving anti-TNF thera-
pies over a matched cohort of the general 
public138,139.

TnF in cancer: target or treatment?
As the TNF timeline moves into the future 
there are a number of important ques-
tions. Can we explain the apparent efficacy 
of Coley’s mixed toxins and the long but 
anecdotal history of cancer regression associ-
ated with acute bacterial infection? Can we 
harness the tumour-destructive capacity of 
TNF without promoting cancer or induc-
ing a cytokine storm? Or will TNF antago-
nists have a more important role in cancer 
therapy and, if so, at what stage, in which 
patients and in combination with what 
other drugs?

Back to Coley: a 21st century perspec-
tive. We now realize that Coley’s mixed 
toxins must have been powerful stimulants 
of TLRs140, inducing a range of inflammatory 
mediators, not just TNF. The closest recent 
approximation to Coley’s work is probably 
the successful local treatment of bladder 
cancer with bacillus Calmette–Guerin141. 
Current thinking is that both bacillus 
Calmette–Guerin and Coley’s toxins trigger 
a desirable inflammatory response, through 
TLRs, that not only stimulates macrophages 
to kill tumour cells but also promotes the 
development of sustained and effective adap-
tive immunity to the tumour142. This type of 
response may also contribute to successful 

Figure 3 | Pro-tumour actions of tumour necrosis factor (TnF) in the tumour microenviron-
ment. TNF, made by malignant cells, myeloid cells and probably other cells in the tumour microenvi-
ronment, acts primarily through TNF receptor 1 (TNFr1) in an autocrine and paracrine manner. 
Documented autocrine actions from the published literature include causing further genetic damage 
to malignant cells or cells with malignant potential, enhancing malignant cell survival and inducing 
epithelial–mesenchymal transition (eMT). TNF also induces further TNF expression as well as increasing 
production of other cytokines, chemokines and c-X-c chemokine receptor 4 by the malignant cells. 
This combination of cytokines and chemokines also acts on, and is produced by, myeloid cells in the 
tumour microenvironment and may contribute to maintenance of the phenotype and actions  
of tumour-associated (M2) macrophages may stimulate remodelling of the extracellular matrix (ecM) 
and cause differentiation of myeloid–endothelial progenitor cells, contributing to angiogenesis. These 
actions of TNF, and TNF-related cytokines and chemokines, may also act on lymphocytes contributing 
to local immunosuppression, although these data are more preliminary. The end result is to enhance 
primary tumour growth, help facilitate metastatic spread, and to regulate the extent and phenotype 
of the leukocyte infiltration and angiogenesis. TNF has also been implicated in production of pleural 
effusion and resistance to chemotherapy. These mechanisms of action have been shown in xenograft, 
syngeneic, chemically induced and genetic models of a variety of different cancers, and TNF can be 
detected in human cancer biopsies and in the plasma of patients with some advanced cancers. The 
pro-tumour actions of TNF may be tumour and tissue specific.
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mutations of each tumour might determine 
levels of TNF and response to TNF antago-
nists, and patients at an earlier stage of disease 
are more likely to benefit than those with 
advanced disease.

Information from clinical trials in other 
diseases will probably help us to under-
stand the mechanisms of TNF action and 
contribute to patient selection. It is striking 
that many of the mechanisms by which TNF 
enhances cancer development — angiogen-
esis, leukocyte infiltration, and stimulation 
of other cytokines and chemokines — are 
inhibited by TNF antagonist treatment 
in patients with chronic inflammatory 
diseases150.

In patients with advanced cancer, TNF 
antagonists are more likely to be active in 
combination with other treatments. As TNF 
induces resistance to BRAF inhibitors151 
and TNF-producing cells have increased 
resistance to cisplatin chemotherapy152, TNF 
antagonists may enhance the action of these 
approaches. Anti-angiogenic agents such as 
bevacizumab could also be good candidates 
to combine with anti-TNF treatments and if, 
by neutralizing TNF, we can re-educate the 
host cells in the tumour microenvironment 
from a pro- to an anti-tumour phenotype142, 
then TNF antagonists may contribute to 
immunotherapy approaches.

Summary
The history of TNF shows us how inflam-
mation can have both positive and negative 
effects on cancer. Our challenge is to har-
ness the helpful aspects of the inflammatory 
response in cancer while neutralizing its 
pro-tumour actions. Is TNF the key to this 
endeavour?
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How are signals received by a cell translated 
into decisions such as growth, death and 
movement? In the past several decades 
there has been a great deal of success in 
identifying the proteins and genes that are 
activated or repressed in response to spe-
cific inputs and in assembling them into 
signal transduction pathways. However, 
even though we now have maps of many 
signalling pathways, new questions have 
arisen owing to the complexity of the path-
ways they represent. How can we move 
beyond describing the structure of biologi-
cal networks to developing a detailed, quan-
titative understanding of their function and 
behaviour? One promising approach is to 
investigate the dynamics of key proteins 
within the network (FiG. 1). In this context, 
dynamics is defined as the change of any 
variable that can be quantitatively measured 
over time, such as protein concentration, 
activity, modification state or localiza-
tion. These data are complementary to the 
information originally used to describe 
the network, and have great potential to 
provide new insight into the relationship 
between network structure and function. 
For example, if the activity of a signalling 
molecule is measured at only a single point 
in time, the signal could be interpreted as 
binary: being either on or off. If, however, 
the signalling activity is quantitatively meas-
ured with high temporal resolution over a 
long period it could show a large number 
of distinct behaviours. Detailed analysis of 
dynamic behaviours in diverse systems and 
under various conditions has the potential 
to provide new levels of understanding of 
how cells detect inputs and translate them 
into outputs.

The analysis of cellular dynamics often 
requires measurements in single cells, as 
measurements of averaged dynamics in a 
population of cells can be misleading. For 
example, in response to certain doses of anti-
biotics, some cells live but others die1. These 
different outcomes might reflect differences 
in the initial state of the cell (such as its cell 
cycle state, basal level of network components 
or local environment), which in turn lead 
to differences in the quantitative behaviour 
of the information processing network. 
By visualizing the dynamic behaviour and 
identifying how it varies among cells (or cell 
types), we might be able to explain varying 
behaviours both within cell populations and 
in different cell types.

Single cell analyses of signalling systems 
have already revealed important informa-
tion about the role of dynamics in regulat-
ing various cellular responses. For example, 
in mammalian cells the transcription factor 
nuclear factor-κB (NF-κB) shows pulses 
of nuclear localization on stimulation2,3. 
Single-cell analysis of luciferase expression 
from a synthetic NF-κB-responsive pro-
moter suggested that the pulses are involved 
in maintaining target gene expression3,4. In 
Saccharomyces cerevisiae, the mitogen- 
activated protein kinase Fus3 shows oscil-
lations in activity in response to mating 
pheromone5. The Fus3 oscillations correlate 
with oscillations in mating gene expres-
sion and the formation of new mating 
projections, as determined by fluorescence 
microscopy and flow cytometry using cells 
expressing fluorescent fusion proteins5.

In this Perspective, we focus on the p53 
network as a model for studying the dynam-
ics of a signal transduction pathway in single 
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Abstract | cells living in a complex environment must constantly detect, process 
and appropriately respond to changing signals. Therefore, all cellular information 
processing is dynamic in nature. As a consequence, understanding the process of 
signal transduction often requires detailed quantitative analysis of dynamic 
behaviours. Here, we focus on the oscillatory dynamics of the tumour suppressor 
protein p53 as a model for studying protein dynamics in single cells to better 
understand its regulation and function.
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