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Abstract
This review summarizes the origins of the insight that excess production of pro-inflammatory cytokines caused a constellation of changes

that contribute to pathophysiology of disease. This connection was made following the original 1975 TNF (tumor necrosis factor) publication

from New York describing how activated macrophages kill tumors. The study caught the eye of a group in London who were trying to

understand how the same in vivo macrophage activation would protect mice against the erythrocytic protozoan parasites that cause malaria

and babesiosis. Based on collaborative research between these two groups, it was argued in 1981 that TNF and related cytokines initiated

events that caused pathology, as well as parasite death within red cells in these infectious diseases. This proved to be a key conceptual advance.

It was also argued that the pathology of bacterial sepsis logically had TNF origins. Once TNF was cloned in 1985, allowing its specific

analysis in serum and neutralization in vivo, the involvement of this cytokine in infectious disease pathology was pursued by a number of

groups. Some researchers found that once ‘‘their’’ cytokine was cloned and sequenced, they had been unwittingly expanding knowledge on

TNF for several years. By the late 1980s excess TNF production was proposed to be central to acute systemic viral diseases. This family of

cytokines is now at the centre of investigations to understand the mechanisms of acute systemic viral diseases, including influenza and the

hemorrhagic viral diseases. With its implication as the master regulator of other inflammatory cytokines in the synovial membrane, TNF has

also become the major cytokine in the pathogenesis of chronic inflammatory disease. Its neutralization has proven to be a potent treatment for

rheumatoid arthritis and Crohn’s disease.

# 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Tumor necrosis factor (TNF) – currently with over 60,000

entries in Pubmed – was first described in 1975 by a group at

the Sloan-Kettering Institute who were seeking to under-

stand how in vivo macrophage activation controlled

established tumors in mice [1]. They identified tumor

necrosis factor, or TNF, as a promising soluble activity in

serum. Unexpectedly, this observation opened the door to

the unconventional idea that mechanisms of innate

immunity and infectious disease pathogenesis function

through the same pro-inflammatory cytokine cascades. This

account recalls this development from the perspective of a

recently completed PhD student who read the original 1975
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TNF paper, and within a year called on the Sloan-Kettering

group with an idea for cross-field collaboration.
2. The primary Sloan-Kettering contribution

The concept of TNF arose in Lloyd Old’s laboratory at

the Sloan-Kettering Institute in the years preceding 1975,

when, as noted above, the story first appeared in print. The

challenge was to understand how both BCG (the Bacillus

Calmette-Guérin strain of Mycobacterium tuberculosis) [2]

and bacterial lipopolysaccharide (LPS, also known as

endotoxin) [3] possessed anti-tumor activity when adminis-

tered in vivo, but not when exposed directly to tumor cells in

vitro. They concluded that the serum of mice experiencing

maximal stimulation of the reticulo-endothelial system

through administering BCG 2 weeks before receiving a
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small dose of endotoxin (to which such mice are very

sensitive) contained a previously unsuspected anti-tumor

agent. This material, which they termed TNF could be

transferred to kill subcutaneous sarcoma transplants in other

mice, and in serum dilutions up to 1:104 killed fibrosarcoma

cells (NCTN Clone L929) – but not mouse embyro

fibroblasts – in vitro. The activity however was not caused

by residual endotoxin [4].
3. Malaria: the original link between TNF and acute

systemic disease

To set the scene to explain how our group and the Sloan-

Kettering group broadened the scope of TNF studies in 1981

by proposing that it was a fundamental cause of acute

systemic illness [5], it is necessary to delve a little into

aspects of malarial immunity. The first prerequisite was the

resurrection – through electron microscopy during a PhD in

1975 (Fig. 1) – of the 40-year old, unexploited observation

that the host response against hemoprotozoan parasites

could lead to their death inside circulating red cells [6]. This

clearly required a soluble mediator, although antibody

production was not implicated. Jean-Louis Virelizier, a

virologist colleague, suggested we see if Type II interferon, a

newly described soluble mediator [7] (later termed immune

interferon, and then interferon-gamma) was involved.

Accordingly [7], mice were infected with live BCG several
Fig. 1. Aberrant forms of Plasmodium chabaudi immediately post-peak

parasitemia in (a) light microscopy of smear of circulating blood that

proved, by electron microscopy (b), to be degenerated parasites in ery-

throcytes. Healthy (i) and degenerate (ii) parasite shown. Prior BCG

prematurely caused this same degeneration in Babesia and Plasmodium

spp. in mice.
weeks before infecting them with hemoprotozoa. This was

dramatically protective [8], causing death inside circulating

red cells, as in primary infections. These mice proved to

possess immunity as strong and durable as that seen in

previously infected mice [6].

When Corynebacterium parvum proved to have the same

effects [9], it became evident that the host response to

hemoprotozoan infections had fundamental similarities to

that induced by tumors [2,10], macrophage-dwelling

bacteria [11–13] and tissue-dwelling protozoa [14,15].

Historically this type of protection was assumed to act

through enhancing phagocytosis of the infectious agents, but

since our organisms were dying inside circulating erythro-

cytes some unidentified circulating soluble factor –

demonstrably not antibody – was the culprit in our

experiments. This raised the idea that the same novel

soluble agent(s) was also involved in the immunity against

these other organisms.

We next asked what was common to mice treated with

BCG, C. parvum and other agents (reviewed in [16]) that

have this novel protective activity against hemoprotozoa.

One shared characteristic was the capacity to make mice

highly susceptible to the harmful effects of parenteral

bacterial lipopolysaccharide (LPS). This could be derived

from the literature [17–19] as well as our own experiments

[20]. Indeed, we could reliably predict which previously

untested agents would sensitize mice to LPS by whether they

protected them against these blood parasites. Since

Plasmodium and Babesia spp. also protected against

themselves and each other [21], it was logical that they

too should sensitize mice to LPS, and this proved to be so

(Table 1). In the process of establishing this we injected LPS

into mice during the early stages of malarial infection, while

they were apparently normal but very sensitive to this

molecule, and found that within a few hours we had

inadvertently caused the rapid onset of pathology [22]. The

more advanced were the infections with fatal strains of
Table 1

Summary of experiments and reasoning from 1975

Protects

against

parasite

Protects

against

tumors

Increases

susceptibility

to endotoxin

BCG + + +

Cord factor + + +

C. parvum + + +

Salmonella + + +

Brucella + + +

Coxiella + + +

Zymosan + + +

Babesia + +

Malaria + +

BCG and other macrophage activators, as well as babesia and malaria

parasites themselves, protected against these two hemoprotozoa in a manner

causing intraerythrocytic death (where antibody could not reach), and all

these protective agents sensitized to endotoxin. Thus, a novel endotoxin-

induced factor of host origin, present in BCG-primed mice, was a plausible

culprit. TNF was considered because it fitted these specifications.
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hemoprotozoa, the more minute was the dose of LPS

required to rapidly mimic the range of biochemical and

pathological changes observed in terminal infections. If we

waited longer the same changes occurred without LPS

administration [22].

This result implied that malaria infection could duplicate

the consequences of LPS injection, and occurred at a time of

increasing awareness that LPS might not cause its in vivo

toxic effects directly, but through inducing mammalian cells

to release harmful soluble mediators. Therefore, these

mediators logically were major contributors to these

pathological changes in malaria disease as well as those

observed in diseases caused by the bacteria that produce

LPS. After considering several possibilities, including

immune interferon, we became interested in a mediator

termed tumor necrosis factor (TNF) in a new paper by

Carswell and co-workers from Lloyd Old’s group at the

Sloan-Kettering Institute in New York. As described above,

they were seeking an explanation for the protective effect of

BCG and C. parvum against experimental tumors [1,23,24].

Like our unknown mediator, theirs was triggered by LPS in

mice primed several weeks earlier with BCG or C. parvum,

and, like ours, it killed rapidly dividing cells, theirs tumors,

ours hemoprotozoa. Therefore, in 1978, we hypothesized the

involvement of TNF in the host response against malaria and

babesia [22]. The first collaborative experiments with the

Sloan-Kettering group showed that malaria infection could

take the place of BCG or C. parvum as a primer for TNF and

IL-1 generation [5]. Next, serum containing TNF proved to

inhibit in vivo multiplication of P. vinckei [5]. While we

predicted that malaria would provide its own trigger for TNF

release based on the LPS experiments [22], we could not

detect TNF in terminal malaria serum using the L cell assay

of the time. Once this assay had been made more sensitive by

adding actinomycin D we had no difficulty in detecting TNF

in such serum [25].

We therefore proposed that, in addition to protecting the

host by causing parasites to die inside circulating red cells,

TNF and associated mediators, including interleukin-1

(which we referred to by one of its old names, LAF) could

harm the host when excessively produced. This, we argued,

would explain the fever, hypoglycemia, bone marrow

depression, coagulopathy, hypergammaglobulinemia, hypo-

tension and rise in serum levels of acute phase reactants seen

in malaria and bacterial sepsis [5,26]. Some 40 key papers

demonstrating the development of the idea that TNF was

much more than a tumor killer are shown in Table 1 of a

2003 review [16]. In broad terms, this approach led us to the

novel concept that the same soluble mediator(s), including

and perhaps led by TNF, had a previously unsuspected dual

set of functions in disease—governing a new type of

protective response against infectious agents, and also

causing disease pathology when generated excessively.

Some of infectious diseases in which this duality was

investigated over the subsequent decade are discussed in

Section 4, below.
In these papers [5,26] we predicted that the long-elusive

malarial toxin, much written about in the first decade of the

20th century [27] as the probable cause of malarial illness,

would prove to be functionally similar to LPS, the only

trigger for TNF then known. We argued that the ‘‘toxin’’,

like LPS, would not be directly harmful, but act through

releasing TNF, and therefore could be defined by its ability

to do this in vitro. This led, through development in

several laboratories [28,29], to the eventual identification

of malarial glycosylphosphatidylinositol (GPI) as a major

candidate for the malarial toxin that is released at

schizogony (when newly-divided erythrocytic forms of

the parasite are released on red cell rupture) and acts by

triggering the harmful pro-inflammatory cytokine cascade

[30]. Unfortunately, in 2002 those investigating GPI as the

malarial toxin went one step further and promoted

vaccinating against it to block malarial disease [31], a

suggestion that did not take into account that this would also

prevent malaria-induced TNF from contributing to the

protective response against the pathogen. This duality of the

TNF response, the gist of our research 21 years earlier [5],

had already (in 2001) become self-evident in patients

receiving anti-TNF treatment for rheumatoid arthritis or

Crohn’s disease. The concept is discussed further in

Section 6.2.

The Sloan-Kettering group had included Salmonella sp.

in their priming agents and used LPS from this bacterial

genus, as well as from Escherichia coli, for their trigger for

TNF release. Accordingly, our joint 1981 paper [5] proposed

that production of TNF would be enhanced during

Salmonella infections, explaining why typhoid can be

clinically indistinguishable from severe malaria. This paper

also proposed that the Jarisch-Herxheimer reaction arises

because antibiotic treatment, on killing the infectious agent,

causes it to release a burst of endotoxin-like material that

induces the host’s cells to generate excessive TNF. Both the

typhoid and Jarisch-Herxheimer predictions were subse-

quently verified by others [32,33].
4. In vivo effects of rTNF and neutralization of TNF

Once recombinant TNF had been generated [34] it

became possible to test the predictions of TNF mediating

both an anti-pathogen response and pathology in malaria and

gram-negative bacterial infections [5,26]. The next obvious

tools to be developed were specific neutralizing antibodies

[35,36], allowing biological questions previously unap-

proachable to be rapidly addressed by groups with access to

the required, but as yet non-commercial, reagents. Many

such passive immunisation experiments were performed in

vivo, including during experimental LPS toxicity, a common

model for sepsis [35], and in vitro (e.g. [37]). Given the

unexpected pleotropic activity of TNF, already realised in

1987 [38], the neutralizing antibody against this one

cytokine had the potential to nullify a range of known
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activities, bringing them all under the one umbrella. In terms

of defining roles of TNF, the outcome was tempered by the

large number of functions TNF proved to share with the

equally pleotropic interleukin-1 (IL-1) [38,39]. Parentheti-

cally, this broad spectrum of functional overlap of TNF and

IL-1 was quite unexpected, given their lack of sequence

homology and receptor recognition, and shows how little we

still know of cytokine biology. On a related matter, recent

work in gene-deleted mice [40] implies that earlier anti-TNF

antibodies used in a mouse malaria model [41] may have

also neutralized lymphotoxin, a related cytokine that has

30% homology with TNF, and shares one of its receptors.

4.1. Examining activity of rTNF against pathogens

While rTNF proved not to harm malaria parasites in vitro

[42], it did so in vivo [42,43], implying it is an initiator,

rather than an effector, of the host response, inducing the

release of a mediator further down the inflammatory chain.

Other infectious agents that TNF was shown to inhibit,

implying a role in immunity against them, include

Mycobacterium spp. [44], Salmonella typhimurium [45],

Leishmania spp. [46], Toxoplasma gondii [47], Coxiella

brunetii [48], and Listeria monocytogenes [49].

4.2. Examining role of TNF in host pathology in

infectious diseases

When rTNF first became available to us (a generous gift

from Bruce Beutler), we were able to show that, when

administered in small quantities to mice carrying low

parasitemias of Plasmodium vinckei, it would reproduce the

hypoglycemia, mid-zonal liver damage and pulmonary

accumulation of neutrophils seen in the terminal stages of

this malarial infection [50]. Much less TNF was required to

cause this pathology in mice carrying a non-symptomatic

low load of malaria parasites, in hindsight because their IFN-

gamma levels were increased and the two cytokines were

synergizing. When injected into mice carrying a non-

symptomatic, low parasitemia, small doses of rTNF also

caused fetal loss [51] as well as erythrophagocytosis and

dyserythropoiesis [25], all of which are associated with

human malaria infection. In principle, these data fulfilled the

predictions of 6 or 7 years earlier [26]. Evidence has since

been collected, either through administering or neutralising

TNF, that implies a role for this cytokine in the pathology of

many infectious diseases. To stress the dual role of TNF,

involved in both immunity and pathology, the diseases

caused by the pathogens referred to in Section 4.1, above,

have been selected for inclusion. Accordingly, work on the

diseases caused by Mycobacterium spp. [52], Salmonella

typhi [53], Leishmania spp. [54], Toxoplasma gondii [55],

Coxiella brunetii [56], and Listeria monocytogenes [57] are

noted.

The term cachectin warrants discussion here. Inevitably,

the sequencing technology applied to TNF was also being
used at the same time to define the molecular nature of other

chemically purified cytokines. Inevitably, given what is now

known about the pleotropic properties of TNF, a number of

researchers found that a serum fraction they had named and

functionally defined proved to be identical to TNF. One

example is cachectin, an LPS-induced macrophage product

that came to light in 1982, as yet in an unnamed form [58],

through trying to understand weight loss in trypanosomiasis.

Its defining characteristic was an ability to inhibit the

enzyme lipoprotein lipase, and three years later (a decade

after TNF) it was named and purified [59]. Like many other

soluble mediators it proved, on sequencing [60], to be

identical to a previously sequenced [34] molecule that had

been termed TNF ten years earlier [1]. Unfortunately, for

some years this group elected to retain the term cachectin as

a synonym for TNF, often using it alone. This tended to

obscure the literature during their experiments using rTNF

and antibody that neutralizes it [61–63] to investigate the

role of this cytokine in bacterial sepsis, a role proposed four

and five years earlier using the earlier terminology, TNF

[5,26]. The term cachectin is still occasionally seen in new

literature, introducing an unnecessary complexity when

reconstructing the true sequence of events that led to the

elucidation of sepsis. In contrast, the other researchers who

had this experience of realizing that ‘‘their’’ cytokine had

already been sequenced under another name gave the term

TNF precedence, by virtue of its prior publication and

sequencing, and 10 years usage. Those studying differentia-

tion inducing factor (DIF) provide an example of following

this convention [64].

4.3. Inadvertent experiments on the harmful effects of

rTNF in man

The obvious next step once rTNF was available in

quantities was to test it therapeutically against tumors in

patients, but its harmful side effects limited how much could

be administered. Although a grave disappointment in

practical terms, the nature of these side effects was a

windfall for anyone trying to understand infectious disease

pathophysiology. In summary, the headache, nausea,

vomiting, fever, rigors, anorexia, hypotension, thrombocy-

topenia (for example [65]), hypertriglyceridemia [66], low

serum iron [65], diarrhea [65,67], coagulopathy [68] (also

seen in normal volunteers given TNF [69]), neurotoxicity

[67,70] and prostration [67] of malaria were all reported.

Anyone familiar with the in vivo effects of LPS would, on

becoming aware of the above, immediately suspect that

these trials essentially showed that TNF is what transmits

the broad spectrum of harmful effects caused by LPS. This

was formally shown when the effects of TNF in tumor

patients were compared to those of LPS in normal

volunteers [71]. The outcome was consistent with what

had been proposed, for malaria toxin as well as LPS, in

conjunction with the Sloan-Kettering group, some years

earlier [5,26].
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Another equally unintentional scientific consequence of

the failure of these trials was that it made much rTNF,

generated in anticipation of a market that did not eventuate,

available for basic research into its functions and properties.

A number of companies found themselves with large stocks

of what they evidently regarded as valueless material, and

for a short while it was made freely available for basic

research purposes. For example, 60 mg, a massive amount in

laboratory terms, was donated to the author’s laboratory in

1987. Basic research into no other inflammatory cytokine

received this competitive advantage, which allowed, as well

as much in vitro work, the extensive in vivo experimentation

lacking in the lymphotoxin (LT) or interleukin-1 (IL-1)

literatures.
5. Investigating disease by assaying for TNF in

serum and cell supernatants

5.1. Malaria and sepsis

Once the cloning of TNF had been achieved in 1985 [34],

the earlier functional assays for TNF were inevitably soon

superseded by ELISA methods. Apart from their molecular

specificity, these assays allowed many more samples to be

tested. A preliminary report on a number of infections

appeared in 1986 [72]. This was followed by more detailed

accounts of levels of circulating TNF from both sepsis

[73,74] and malaria [75,76] directly correlating with degree

of illness.

5.2. Viral diseases

Although it had been proposed earlier, from outside the

field [77], that severe viral disease, including influenza,

arose from excessive production of TNF and similar

cytokines, as late as 1993 mainstream virologists still

generally considered that invasion and destruction of

functionally important cells by the pathogen was a more

likely mechanism [78]. Yet the widely acknowledged

clinical confusion between malaria and influenza was

difficult to deny. Moreover, the harmful effects of TNF,

then gathering strength as the major argument for malarial

disease pathogenesis, had been reported to generate what

were termed influenza-like side effects when administered to

tumor patients [67]. It was also noted that there was

precedent for a virus inducing human peripheral blood

mononuclear cells to release TNF [79]. Within a few years

influenza A virus had also been shown to induce TNF

[80,81] and TNF was incriminated in the pathogenesis of the

human disease caused by Dengue [82] Marburg [83] and

Ebola [84] viruses.

In recent years the threat of H5N1 influenza infection has

generated increased interest in the origins of the disease that

it causes, and a number of papers have argued for an

important role for TNF and related pro-inflammatory
cytokines. Evidence includes (1) H5N1/97 viruses inducing

much higher gene transcription of TNF than does H3N2 or

H1N1 viruses [85]; (2) significant up-regulation of TNF-

related apoptosis-inducing ligand (TRAIL) and TNF mRNA

in human monocyte-derived macrophages infected with

H5N1/97 virus [86], and (3) high levels of inflammatory

cytokines and chemokines being associated with fatal

outcome [87]. Moreover, a reconstructed version of the

strain of influenza virus responsible for massive human

mortality in 1918–1919 has recently been reported to induce

a strong pro-inflammatory cytokine response, including

TNF, during the fatal infections it causes in mice [88].

5.3. Other systemic infectious diseases

Increased levels of circulating TNF have now been

measured soon after onset of illness in almost every severe

systemic infectious state in which it has been sought. This

includes those caused by non-erythrocytic protozoa, rick-

ettsias, and bacteria (see Section 4.1, above). Some groups

reported being unable to detect TNF directly (it rises and

falls relatively quickly, and may have gone before serum

samples are taken), but indirectly through the presence of

cytokines it induces, such as IL-1 and interleukin-6 (IL-6).

Though as equally informative as data from malaria, sepsis

and influenza, references to TNF in these less common

conditions are excluded from this review for space

considerations.
6. Attempts at TNF neutralization in a disease

setting

6.1. Sepsis

An obvious practical test of these concepts was to see

whether giving patients a dose of an antibody that

neutralizes TNF would cure sepsis or malaria, but as with

using rTNF to treat tumors, it did not live up to expectations.

It became apparent that neutralizing antibody to TNF was

protective only when it was administered in animal sepsis

models during a window beginning before, and ending very

soon after, injection of endotoxin [35] or E. coli [63]. This

was consistent with TNF being released early (serum peak

90 min after endotoxin injection) and having a short

circulating half life (14–18 min) being rapidly taken into

cells bearing its specific receptors [89]. A report that TNF

release occurred very early in severe meningococcal sepsis,

but was absent in the middle and end phases of fatal

infections [73], indicated a similar pattern in patients.

Not surprisingly, therefore, little or no effect was

achieved by administering a TNF-neutralizing molecule

to patients with sepsis [90] or falciparum malaria [91] when

their illness was well underway. These outcomes fitted the

argument that it is too late to counter the inflammatory

effects of TNF when patients are severely ill. In short, if they



I.A. Clark / Cytokine & Growth Factor Reviews 18 (2007) 335–343340
are ill today it is because of the TNF that was circulating

yesterday, which by today has set the next stage of the

cascade in motion. Hence, the focus of anti-cytokine therapy

in sepsis has shifted to neutralising cytokines downstream

from TNF, and often induced considerably later, such as

migration inhibitory factor (MIF) and high-mobility group

box 1 (HMGB1). Nevertheless, trials on preventing the

Jarisch-Herxheimer reaction, in which neutralizing anti-

TNF antibody was given 30 min before penicillin (the

trigger for LPS release following antibiotic-induced disin-

tegration of the pathogen) to patients with louse-borne

relapsing fever infection, prevented the post-penicillin

cytokine release syndrome [92]. This establishes the

involvement of TNF in essential preliminary stages of the

acute cytokine release syndrome in humans.

6.2. Rheumatoid arthritis and Crohn’s disease

Contemporary with the above research directed at under-

standing sepsis in TNF terms, a group that grew from the

collaboration in London of Marc Feldman and Ravinda Maini

documented their growing awareness that TNF was central to

upregulating the cytokine cascade responsible for the chronic

inflammatory response causing rheumatoid arthritis [93–96].

Parallel work established the same outcome for Crohn’s

disease [97]. It was inevitable, if the proposed dual activity of

TNF on both host and pathogen [5] were an accurate

prediction, that long-term use of TNF neutralization in these

diseases would also increase growth of certain pathogens.

This occurred, but has not appreciably dented the clinical

success achieved in chronic inflammatory conditions by using

this treatment. Clearly, the kinetics of TNF are quite different

here than in sepsis, and treating these chronic inflammatory

conditions by neutralising the presence or action of TNF has

been the major practical success story of the cytokine field. A

number of different approaches, marketed through an equal

number of pharmaceutical companies, had, by early 2004,

been estimated to have been used to treat close to a million

patients [98]. From a scientific perspective, this important

outcome, as well as the unwanted concomitant encourage-

ment of pathogens, is clear evidence that TNF, originally

isolated as a tumor killer, has a fundamental influence on both

the host and pathogen in human disease.
7. Summary

As noted, Pubmed currently lists some 60,000 references

to TNF, a molecule that rose to its present prominence

through trusting and open collaboration between researchers

in a number of apparently unrelated fields. TNF is now

accepted to have roles in most aspects of biology. Now that a

TNF superfamily of at least 19 members signalling through

29 receptors has been described [99], the challenge, actively

being addressed by many groups, is to find more of practical

worth within this unforeseen complexity.
8. Postscript: TNF or TNFa

The cytokine lymphotoxin (LT), a relative of TNF that

shares one of its receptors, was described [100] and cloned

[101] earlier than was TNF. These two acronyms were

universally used without confusion until 1985, when TNF

began to be referred to as TNFa and LT as TNFb. While

widely adopted, this terminology was questionable, since LT

was the prior molecule.

Subsequently two LT forms referred to as LTa and LTb

were identified, superceding TNFb and making TNFa an

orphan term. Thus, although often currently used, TNFa

now has no meaning other than the original term, TNF, and

warrants abandoning.
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