
Tumour necrosis factor (TNF) is a key signalling protein 
in the immune system. As a regulatory cytokine, TNF 
orchestrates communication between immune cells and 
controls many of their functions1. TNF is best known for 
its role in leading immune defences to protect a localized 
area from invasion or injury but it is also involved in 
controlling whether target cells live or die.

In autoimmunity, defective immune cells provoke 
destruction of the body’s own proteins, cells and tissues. 
This can lead to the development of autoimmune dis-
eases including rheumatoid arthritis, Crohn’s disease, 
multiple sclerosis, lupus, type 1 diabetes and Sjogren’s 
syndrome. Rheumatoid arthritis and Crohn’s disease, 
among others, have benefited from regulatory approved 
anti-TNF therapies when administered with other 
immunosuppressive therapies2,3. This is because rheuma-
toid arthritis, as well as other diseases, may be associ-
ated with excessive levels of TNF. However, although 
anti-TNF therapies can reduce the disease-associated 
inflammation, they do not reverse the underlying 
mechanisms of autoimmunity and sometimes lead to 
adverse effects. These can include the development of 
additional autoimmune diseases such as lupus, type 1 
diabetes, uveitis, multiple sclerosis, psoriasis, as well 
as lymphomas (see FDA’s MedWatch Safety Alerts — 
September 2009: Stronger Warnings for TNF Blockers; 
see Further information)4–20. Moreover, current autoim-
mune therapies cannot reverse the course of illness, are 
associated with adverse effects and cannot successfully 
control morbidity and mortality associated with the 
disease21. Increased understanding of the complex roles 
of TNF, its receptor activity and signalling pathways is 

therefore crucial for the identification of new molecular 
targets and the development of safer and more effective 
medications.

The diversity of TNF’s regulatory functions is becom-
ing better understood. TNF can bind to two structurally 
distinct membrane receptors on target cells — TNFR1 
(also known as p55 and TNFRSF1A) or TNFR2 (also 
known as p75 and TNFRSF1B)22,23 — to activate two 
separate intracellular signalling pathways to gene tran-
scription24. TNFR1 is expressed on nearly all cells of the 
body, including the entire lymphoid system, whereas 
TNFR2 exhibits more restricted expression, being found 
on certain subpopulations of immune cells and a few 
other cell types. In general, TNF largely relies on TNFR1 
for apoptosis and on TNFR2 for any function related to 
T-cell survival. However, there is some degree of recep-
tor crosstalk and overlapping function, depending on 
the activation state of the cell, among a host of other 
factors25. TNF binding to TNFR1 activates apoptosis 
through two pathways, involving the adaptor proteins 
TNFR1-associated death domain (TRADD) and Fas-
associated death domain (FADD). By contrast, TNFR2 
signalling involves the mobilization and nuclear entry 
of the transcription factor nuclear factor-κB (NF-κB) to 
promote transcription of pro-survival genes (FIG. 1).

The precise aetiologies of autoimmune diseases 
are heterogeneous, yet overlap to some degree in their 
genetic, post-translational and environmental origin. 
The specific causes of some autoimmune diseases are 
now emerging and are facilitating the identification of 
potential new therapeutic approaches. Various defects in 
the TNF signalling pathway that act through TNFR2 and 
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Cytokine
A small protein that is 
responsible for signalling 
between immune cells or cells 
of other types. Once the 
cytokine is released from an 
immune cell, it migrates to a 
target cell with a matching 
receptor. On activation by the 
cytokine, the receptor triggers 
a signal through an internal 
signal induction pathway that, 
on reaching the nucleus, 
causes specific genes to be 
transcribed.
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Abstract | Although drug development has advanced for autoimmune diseases, many  
current therapies are hampered by adverse effects and the frequent destruction or 
inactivation of healthy cells in addition to pathological cells. Targeted autoimmune therapies 
capable of eradicating the rare autoreactive immune cells that are responsible for the attack 
on the body’s own cells are yet to be identified. This Review presents a new emerging 
approach aimed at selectively destroying autoreactive immune cells by specific activation  
of tumour necrosis factor receptor 2 (TNFR2), which is found on autoreactive and normal 
T lymphocytes, with the potential of avoiding or reducing the toxicity observed with  
existing therapies.
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Tumour necrosis factor
(TNF). A ubiquitous cytokine,  
it is a first responder to fight 
disease or infection. TNF acts 
on its target cell to regulate 
expression of up to 500 genes. 
Although its actions are 
simplified as being either 
pro-inflammatory or 
anti-inflammatory, TNF carries 
out far more complex actions, 
including cell death, survival, 
proliferation, differentiation 
and expression of other 
cytokines. TNF is described as 
a ‘regulatory’ cytokine because 
it controls the release of other 
cytokines necessary to wage 
the fight against disease or 
infection.

Type 1 diabetes
The autoimmune form of 
diabetes, as opposed to  
the more common type 2 
diabetes. With type 1, the 
immune system attacks and 
kills insulin-producing islet  
cells of the pancreas. Type 1 
diabetes is a chronic disease 
beginning most commonly in 
childhood (hence the synonym, 
juvenile diabetes).

NF-κB, in autoreactive T cells, have been found in both 
human and in mouse models of autoimmune disorders, 
including Crohn’s disease, Sjogren’s syndrome, multiple 
sclerosis, systemic lupus erythematosus (Sle), ankylosing 
spondylitis and type 1 diabetes26–44. Such defects include 
polymorphisms and depletion of proteins that disrupt 
the intracellular efficacy of the TNF signalling pathway. 
Defects in TNF signalling, of whatever type, alter the 
delicate balance between TNF’s pro-survival and apop-
totic effects26, and emerging evidence indicates that these 
defects may potentially be exploited in the treatment of 
autoimmune diseases. For example, type 1 diabetes can 
be caused largely by protein processing defects40 that 
result in a failure to kill autoreactive T lymphocytes, spe-
cifically CD8+ cytotoxic T cells45, during the process of nor-
mal development. The rogue autoreactive T cells enter 
the circulation and reach the pancreas where they kill the 
body’s insulin-producing cells26,46–50. When naive T cells, 
destined to mature into autoreactive T cells, leave their 

immune cell sanctuaries they, like their normal counter-
parts, depend on TNF for survival. However, when they 
are activated by their cognate antigens in the pancreas, 
they mature into autoreactive T cells. These cells have 
been found to be sensitive to death, induced by exog-
enous, low-dose TNF exposure. This is due to a defect in 
the activation of NF-κB26, which means that pro-survival 
genes are not transcribed in response to TNF and apop-
tosis of these cells is instead favoured. Indeed, in animal 
models, exogenous TNF effectively kills autoreactive 
T cells to treat and reverse type 1 diabetes51–57, restoring 
insulin production even in end-stage diabetes58.

The administration of TNF is seen as a new strategy to 
treat certain autoimmune diseases26, although it is not 
approved for human use. It has been given as a treat-
ment to patients with cancer59–61, but has proved to be 
systemically toxic. This is probably due to the wide-
spread expression of TNFR1 and the use of high-dose 
TNF when levels of this cytokine are already elevated. 

Figure 1 | TNF signalling though TNFR1 and TNFR2 in normal T cells compared to abnormal (autoimmune) 
T cells. a | Tumour necrosis factor (TNF) binds TNF receptor 1 (TNFR1) and TNFR2 for stimulation of two opposing 
signalling events. In general, exclusive TNFR1 signalling results in the trigger of a cascade that can result in apoptosis. 
This is dependent upon the cell type, the state of activation of the cell and the cell cycle. In contrast, an exclusive  
TNFR2 signal, especially in highly activated T cells, induces cell survival pathways that can result in cell proliferation.  
b | Autoreactive T cells in human and murine disease have been found to have protein defects in the TNFR2 signalling 
pathway at different levels. These signalling defects at various locations along the TNFR2 pathway result in blocks  
to inefficacies in the TNFR2 pathway for cell survival or cell proliferation. This then biases autoreactive T cells to 
preferentially use the TNFR1 pathway and selective apoptosis ensues. AP1, activator protein 1; cFLIP, cellular FLICE-like 
inhibitory protein (also known as CFLAR); cIAP, cellular inhibitor of apoptosis protein; FADD, Fas-associated death 
domain; IKK, inhibitor of κB kinase; JNK, Jun N-terminal kinase; MAPK, mitogen-activated protein kinase; MEKK, 
mitogen-activated protein kinase kinase kinase; MKK3, dual specificity mitogen-activated protein kinase kinase 3;  
NEMO, nuclear factor-κB (NF-κB) essential modulator; RIP, receptor interacting protein; TRADD, TNFR1-associated 
death domain; TRAF, TNF receptor-associated factor.
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Nuclear factor-κB
(NF-κB). One of the most 
prevalent and important 
transcription factors. It is an 
intracellular protein that, when 
activated, directly stimulates 
genes to induce expression.  
T cells rely on NF-κB for their 
survival.

Autoreactive T cell
A defective subset of T 
lymphocytes, or T cells, that 
attacks and kills the body’s 
own regular T-cell target 
proteins, for example, insulin, 
instead of attacking the same 
external targets. Although 
autoreactive T cells are 
supposed to be destroyed 
early in life, this rare type  
of T cell survives to mount 
autoimmune diseases.

CD8+ cytotoxic T cell
A subset of T cells that directly 
kills its target proteins on cells. 
CD8 refers to a particular type 
of protein on the surface of 
these killer cells. When CD8  
T cells are autoreactive, they 
kill the T cell’s natural target 
proteins on cells.

T-cell education
Describes the removal of newly 
formed autoreactive T cells and 
is the process by which antigen 
presenting cells properly 
present self peptides in  
the exterior facing human 
leukocyte antigen class I 
grooves. For autoreactive  
T cells this binding to self 
peptides results in death of 
these potentially bad cells 
prior to their release into  
the circulation.

CD4+ T cell
A subset of T cells not directly 
responsible for killing target 
cells. Instead this type recruits 
other types of immune cells to 
assist in the battle. These cells 
bear CD4 proteins on their 
cellular surface. Some 
subpopulations of CD4 T cells 
can assist CD8+ cytotoxic  
T cells. Other subsets of CD4+ 
cells, called regulatory T cells 
function to turn off CD8+ 
cytotoxic T cells.

However, given the limited distribution of TNFR2 in 
contrast to TNFR1, the possibility of specifically targeting 
the TNFR2 protein has emerged as a safer therapeutic 
strategy. Several studies have now demonstrated the 
efficacy and safety of TNFR2-specific agonists in pro-
moting apoptosis of autoreactive T cells in primates and 
in mouse models39,54,62–65.

TNF in development and autoimmunity
TNF has several pre-eminent roles during normal devel-
opment: it shapes the efficacy of the immune system 
and guards against infectious diseases, cancer and auto-
immune diseases24. Released primarily by macrophages 
in the early stages of normal growth and development, 
TNF continues throughout life to exert regulatory roles 
over immune cells by activating genes responsible for 
inflammation, proliferation, differentiation and apop-
tosis. These functions facilitate the proliferation of 
immune cell clones, especially of T cells, to counter a 
pathological infection or invasion. They also allow the 
differentiation and recruitment of naive immune cells 
to continue waging the battle, as well as the destruc-
tion of superfluous immune cell clones to limit internal 
inflammation and tissue damage once the infection or 
invasion has resolved. To carry out the complex array of 
functions, TNF acts on the two receptors TNFR1 and 
TNFR2; generally relying on TNFR2 for any function 
related to T-cell survival and on TNFR1 for apoptosis. 
However, research in the past decade has surprisingly 
shown some degree of overlap in function of the two 
receptors (see below).

During the development of autoimmunity, patho-
logical progenitors to T cells and other immune cell 
types proliferate and mature in the thymus, along with 
their normal counterparts. Most of these immature 
immune cells die by apoptosis, an orderly demise that is 
essential to remove defective immune-cell progenitors, 
but some will subsequently differentiate into autoreac-
tive T cells. Determining which cells live or die is the 
purpose of T-cell education. Failures in T-cell education 
can generate autoreactive but still naive T cells. They 
escape from apoptosis during T-cell education and enter 
the circulation. once there, removed from immunologi-
cally privileged sites, they differentiate into autoreactive 
T cells on encountering specific self-antigens46. Failed 
T-cell education can lead to various autoimmune dis-
eases, including type 1 diabetes, Crohn’s disease, multiple 
sclerosis and Sjogren’s syndrome. Produced by thymic 
stromal cells and associated with immune-cell differen-
tiation, TNF may even contribute to the pathogenesis of 
autoimmunity by playing a role in lineage commitment 
of T cells66,67. Although TNF exposure in the circulation 
could potentially reach sufficient levels to kill these cells 
once they are activated and before they reach their 
targets, why this generally does not happen is unknown. 
That said, low TNF gene versions are found in some 
animal models of spontaneous autoimmunity. one 
hypothesis is that TNF-induced death is concentration 
dependent and that intrinsic defects exist in the signalling 
pathway of the naive cells at the time of TNF selection, 
prior to release into the circulation68.

TNFR expression, structure and signalling
TNFR2 and TNFR1 have marked differences in expres-
sion patterns, structure, signalling and function (TABLE 1). 
TNFR2 exhibits far more limited expression than TNFR1, 
with the latter being expressed on almost every cell type 
in the body. TNFR2 expression is restricted to certain 
T-cell subpopulations, including lymphocytes (CD4 and 
CD8 cells)69, endothelial cells, microglia and specific 
neuron subtypes70,71, oligodendrocytes72,73, cardiac myo-
cytes74, thymocytes75,76 and human mesenchymal stem 
cells77. Human mesenchymal stem cells can differentiate 
into various cell types that are needed for tissue regener-
ation or repair, including the insulin-secreting islets of 
the pancreas78,79. Neither TNF receptor type is expressed 
on erythrocytes.

TNFR2’s more restricted expression does not neces-
sarily reflect the role, level of expression, circumstance 
or importance of its signalling function, as will be seen in 
the following section. For example, each of the cell types 
bearing TNFR2 also has TNFR1. The ratio of expression 
of TNFR1 to TNFR2 and the signalling behind these 
receptors typically fluctuates in relation to the cell type 
and its functional roles. For immune cells, the state of 
prior activation of the cell is also a key variable25,68.

Structural differences between TNFR2 and TNFR1 
have been reported22,23 and distinctions in TNFR1-specific 
versus TNFR2-specific binding to TNF or variants of 
TNF, often referred to as muteins, have been identified. 
The TNFR1-selective candidates were highly mutated 
near residue 30, whereas TNFR2-selective candidates 
were highly mutated near residue 140. As in past studies 
of designer muteins with receptor specificity to TNFR1 
or to TNFR2, it is possible to modify the endogenous 
TNF structure to obtain receptor-specific binding. Such 
structure–function analysis makes the development of 
new and more specific TNFR ligands possible.

TNFR1 and TNFR2 are proteins with extracellular, 
transmembrane and cytoplasmic components. The two 
receptors have similar extracellular sequences that are 
rich in cysteine, the hallmark of the TNF superfamily. 
However, TNFR1 alone possesses a cytoplasmic death 
domain, an 80 amino-acid sequence that rapidly engages 
the apoptotic signalling pathway of the cells. The cyto-
plasmic domain of TNFR2 bears no structural or  
functional resemblance to that of TNFR1 (REFS 80,81).

of TNF’s two receptors, most is known about TNFR1 
because of its pervasive expression. In general, TNF 
binding to TNFR1 mediates apoptosis by two major 
signalling pathways. It can recruit and cluster the adaptor 
protein TRADD, which in turn activates one apoptotic 
pathway. The second pathway relies on TNFR1’s recruit-
ment of the intracellular adaptor proteins, receptor inter-
acting protein (RIP; also known as RIPK1) and FADD, 
to coordinate downstream signalling by the caspase 
cascade82 (FIG. 1a).

TNFR2 also uses distinct signalling pathways (FIG. 1a). 
Signalling begins with recruitment of the adaptor 
proteins TNF receptor-associated factor 1 (TRAF1) 
and TRAF2 (REFS 83,84) and ends with mobilization of 
the pro-survival transcription factor NF-κB so that it 
can enter the nucleus to promote gene transcription. 
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There are several pathways by which NF-κB can be 
mobilized. For NF-κB to be activated in the cytoplasm 
and translocated to the nucleus to promote expres-
sion of pro-survival genes, it must be cleaved from its 
inhibitor molecule, IκBα, in a process that is both pro-
teasome dependent and requires intact ubiquitylation 
pathways.

TNFR2: function and crosstalk with TNFR1
Normally, TNFR2 activation triggers proliferation of 
cytotoxic T cells, thymocytes75,76, B cells85 and oligo-
dendrocyte progenitors72. It also contributes to neuron 
protection or survival70,86,87. Although TNFR2 was 
thought to be exclusively responsible for pro-survival 
functions, whereas TNFR1 signalled apoptosis, newer 
research has uncovered some degree of overlap in 
TNFR2 and TNFR1 pathway-induced functions, thereby 
blurring some of the differences between the two recep-
tors (TABLE 1). It turns out that both receptors are capable 
of mediating a similar array of functions under certain 
circumstances such as cell death, proliferation, differen-
tiation and cytokine production88. The occurrence and 
degree of functional overlap seems to depend on many 
factors, including cell type, cell activation state, intra-
cellular or extracellular environment, age, response to 
injury and whether NF-κB is constitutively expressed. 

TNF is expressed in macrophages or antigen-pre-
senting cells and some subsets of T cells, although to 
varying degrees79. Together, these factors account for 
shifts in signalling pathways underlying observations 
of puzzling phenotypical differences. In one cell type, 
for example, TNF administration in vitro sequentially 
induces pro-apoptotic then pro-survival effects89. 
TNFR1 activates the caspase family, which induce cell 
death. After TNFR2 binding, the nature of the func-
tional effects can depend on which of the genes NF-κB 
transcribes. Although the effect is most frequently pro-
liferation, it could also include differentiation, cytokine 
production and even apoptosis. NF-κB contributes to 

multiple components of the immune system through its 
role in both development and differentiation of immune 
cells and lymphoid organs. NF-κB’s strongest inducers 
are the cytokines TNF and interleukin-1, as well as path-
ogen-derived lipopolysaccharide. There are at least 500 
genes that are transcriptionally regulated by NF-κB90.

The most perplexing question is: how can TNFR2 
mediate apoptosis if it does not bear a cytoplasmic death 
domain, as TNFR1 does. Several lines of evidence sup-
port this paradoxical effect, but there is no consensus 
over which mechanism is predominant. As TNFR1 
and TNFR2 are co-expressed on the same cells, some 
evidence points to intracellular crosstalk between the 
receptors. That is, under certain conditions activation 
of TNFR2 can induce a shift to the TNFR1 apoptotic 
pathway and vice versa91. Several mechanisms can 
account for crosstalk, which is a means of modulating 
signalling.

one mechanism focuses on the recruitment of and 
binding to RIP, which is a central component of the 
TNFR1 signalling pathway for apoptosis and functions 
as a detector of cellular stress92,93 (FIG. 1). When the cell 
is under stress, TNF binding to TNFR2 can result in 
apoptosis via RIP’s recruitment of FADD. other studies 
indicate that TNFR2 induces production of endogenous 
intracellular TNF, which in turn initiates cell death by 
the TNFR1 pathway76,94.

Stimulation of TNFR2 with a TNFR2 agonist has 
been shown to trigger the TNFR1 apoptosis pathway 
in several cell lines under various experimental condi-
tions91,95. Pre-stimulation of TNFR2 over a period of 
several hours induces a shift towards the TNFR1 path-
way91, an effect that is correlated with the depletion of 
endogenous TRAF2 within 1 to 6 hours. This depletion 
of TRAF2, along with other signalling molecules, which 
are pivotal to the pro-survival pathway, is suggested to be 
responsible for a shift of TNFR2 signalling to TRADD 
and FADD, which in turn facilitates a switch to the 
apoptosis pathway.

Table 1 | TNFR1 versus TNFR2: expression, signalling and function

structure expression signalling Function

TNFR1

• Extracellular domain: 
cysteine-rich and 
similar to TNFR2

• Intracellular domain: 
death domain; no 
resemblance to TNFR2

• Nearly all cells of the body • Adapter protein FADD 
and TRADD, which 
engage caspase

• Pro-apoptosis
• Some pro-survival functions, depending on crosstalk  

with TNFR2, cell type, activation state, age and other 
factors25,79,91

TNFR2

• Extracellular domain: 
cysteine-rich and 
similar to TNFR1

• Intracellular domain: 
no death domain;  
no resemblance to 
TNFR1

• Limited expression: CD4 
and CD8 T lymphocytes, 
endothelial cells, microglia, 
oligodendrocytes, 
neuron subtypes, cardiac 
myocytes, thymocytes  
and human mesenchymal 
stem cells

• One pathway involves 
adapter proteins TRAF1 
and TRAF2 and the 
eventual cleavage of 
transcription factor 
NF-κB from its inhibitor 
molecule in the cytoplasm 
IκBα

• Pro-survival functions in immunity to infection, injury, 
cancer and autoimmune disease via proliferation of  
T cell differentiation and recruitment of naive immune 
cells 

• Some pro-apoptotic functions to limit immune response 
after injury or inflammation resolves24

• Other pro-apoptotic functions depend on crosstalk with 
TNFR1, cell type, activation state, age and other factors 

FADD, Fas-associated death domain; IκBα, nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha; NF-κB, nuclear factor-κB; TNFR, 
tumour necrosis factor receptor; TRADD, TNFR1-associated death domain; TRAF, TNF receptor-associated factor.
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The prior stimulation of TNFR2 with a TNFR2 ago-
nist, may also result in depletion of the cellular inhibitor 
of apoptosis protein (cIAP) in the cytoplasmic domain 
of TRAF2. under normal conditions cIAP is recruited 
by TRAF2 and becomes part of the signalling complex 
that steers TNFR2 activation towards the pro-survival 
pathway. With prior stimulation of TNFR2, less cIAP is 
available and TRAF2 is less capable of forming the pro-
survival signalling complex. There is then a shift towards 
reliance upon the TNFR1 pathway leading to apop-
tosis, an event some think could even be independent  
of TNF91,99–101.

The binding kinetics of TNF to TNFR2 is another 
factor known to govern the frequency or type of TNF 
signalling. First synthesized by the body as a membrane-
bound protein, TNF can remain membrane-bound yet 
still act as a TNFR2 ligand, or it can be cleaved from the 
membrane to become soluble. Membrane-bound TNF 
(mTNF) binds to the T-cell receptor through cell-to-cell 
contact. In fact, mTNF binds more strongly to TNFR2 
than soluble TNF does76,96. It may be that TNFR2 only 
becomes fully activated with mTNF because it is a tight 
trimer that cannot dissociate once it binds96–98.

Finally, TNFR2 does not strongly activate its own 
signalling pathway. TNFR2 carries an unusual carboxy-
terminal TRAF2-binding site, T2bs-C, which negatively 
regulates TNFR2’s binding to TRAF2, the first step  
in the TNFR2 intracellular signalling pathway102. 
Consequently, normal TNF binding to TNFR2 can 
downregulate, rather than promote, activation of 
NF-κB. This paradoxical structure–function relation-
ship between ligand and receptor is thought to allow 
another type of modulation and crosstalk with TNFR1  
(REF. 102).

In summary, research has discovered several mecha-
nisms that affect the functional consequences of TNF 
signalling through TNFR2. They are determined by a 
host of factors, including conformation of TNFR1 and 
TNFR2, recruitment of adaptor molecules, cell type, 
cIAP concentration, activation state and intracellular 
versus extracellular concentration of TNF103,104.

TNFR2 pathways benefit health
Signalling through the TNFR2 pathway may offer pro-
tective roles in several disorders, including autoimmune 
diseases, heart disease, demyelinating and neurodegen-
erative disorders and infectious disease (TABLE 2). Several 
in vitro and in vivo studies suggest that TNFR2 agonism 
is associated with pancreatic regeneration, cardioprotec-
tion, remyelination, survival of some neuron subtypes 
and stem cell proliferation65,71,72,86,105–108.

In a mouse model, targeted deletion of the Tnfr2 gene 
is associated with higher rates of heart failure and reduced 
survival after infarction108. In female mice, the TNFR2 sig-
nalling pathway is the one by which TNF protects heart 
cells after ischaemia in an isolated heart preparation105, 
which may help explain why females recover better from 
heart attacks than males do. In addition, in blood speci-
mens taken from patients with type 1 diabetes, an agonist 
for the TNFR2 signalling pathway selectively kills auto-
reactive T cells but not healthy T cells65. In animal models 

of diabetic autoimmunity, the elimination of autoreac-
tive T cells with low-dose TNF was also associated with 
massive regeneration in the pancreas54,58. Furthermore, 
the combination of TNF with a TNFR2 agonist neither 
potentiated nor inhibited the effect, suggesting that it is 
mediated through the TNFR2 pathway65. Another study 
found that TNFR2 is essential for TNF-induced regenera-
tion of oligodendrocyte precursor cells that form myelin72, 
which may be of importance in the treatment of multiple  
sclerosis and other demyelinating disorders, whether 
or not they are of autoimmune origin. In addition, after 
viral encephalitis in knockout mice, the TNFR2 pathway 
is used by TNF to specifically repair the brain’s stria-
tum, whereas the TNFR1 pathway is used to repair the 
hippo campus106. Finally, in a model of retinal ischaemia 
in knockout mice, TNFR2 promotes neuroprotection, 
whereas TNFR1 promotes neurodegeneration86.

TNFR2 signalling in autoimmune diseases
Disruption of TNF and the downstream NF-κB signal-
ling pathway occurs across several human autoimmune 
disorders, including Crohn’s disease, Sjogren’s syndrome, 
multiple sclerosis, Sle, ankylosing spondylitis and type 1 
diabetes26–44, and is seen in several murine models of 
autoimmune diseases. Various defects in the TNFR2 
pathway, due to polymorphisms in the TNFR2 gene, 
upregulated expression of TNFR2 and TNFR2 shedding, 
have been implicated in the pathology of several auto-
immune disorders (FIG. 1b; TABLE 2).

In controlled studies, polymorphisms in TNFR2 have 
been found in some patients with familial rheumatoid 
arthritis109–111, Crohn’s disease112, Sle113, ankylosing 
spondylitis44, ulcerative colitis114 and autoimmune-related 
conditions such as graft-versus-host disease that is asso-
ciated with scleroderma risk115. Common to several 
autoimmune disorders, but not to type 1 diabetes, is a 
polymorphism on chromosome 1p36, involving a substi-
tution of the amino acid methionine to arginine at posi-
tion 196 (196M/R) in exon 6 (REF. 79). The consequence 
of this polymorphism may be to alter binding kinetics 
between TNF and TNFR2, which in turn reduces signal 
activation through NF-κB116. In a large genome-wide 
study, the TRAF1 and complement component-5 (C5) 
region, which is essential to TNFR2 signalling, was 
found to be a risk locus for rheumatoid arthritis, with 
the highest risk-conferring region outside the human 
leukocyte antigen region117.

TNFR2 expression may also be upregulated in 
autoimmune disease79. Administration of TNF to patients 
produces higher systemic levels of soluble TNFR1 and 
TNFR2 (sTNFR1 and sTNFR2), presumably through 
receptor shedding into the extracellular space118,119. The 
degree of the increase in healthy humans and in primates 
correlates with greater TNF stimulation120. Patients with 
familial rheumatoid arthritis121 and Sle who have poly-
morphisms in TNFR2 (REF. 122), exhibit higher levels of 
sTNFR2 but not sTNFR1 in serum or other bodily fluids. 
unlike TNFR1, TNFR2 is upregulated in the lamina pro-
pria of mice with Crohn’s disease and it causes in vivo 
experimental colitis123. The concentration of TNFR2 in 
bodily fluids plays a pivotal role. Too high a concentration 
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may trigger widespread cell death. low concentrations of 
TNFR2, through receptor shedding or other means, is a 
possible compensatory mechanism to decrease inflam-
mation and proper T-cell selection. Indeed, sTNFR2 is 
shed by T cells through the proteolytic cleavage of the 
extracellular component of TNFR2. It binds to TNF in  
the extracellular fluid, thereby lowering the concentration 
of TNF available for binding to functional T cells124,125. The 
concept of increasing sTNFR levels as a means to reduce 
TNF-mediated inflammation was the basis of developing 
one of the first anti-TNF medications for autoimmune 
disorders. However, toxicity can be associated with over-
expression of TNFR2 and was observed in a transgenic 
mouse model. The key is to identify an agonist of TNFR2 
with an appropriate efficacy and safety profile.

To ensure cell survival, the final steps in the TNF 
pathway normally hinge on the complex NF-κB sig-
nalling system, which relies on an intact proteasome. 
Proteasomal defects may therefore inactivate NF-κB 
and may also occur in some autoimmune diseases. The 
type 1 diabetic-prone and Sjogren’s syndrome-prone 
nonobese diabetic (NoD) mouse carries a defect that 
blocks proteasomal-driven cleavage of NF-κB39. The 
same low molecular mass protein subunit 2 (lMP2) of 
the proteasome is depleted in all patients with Sjogren’s 

syndrome42,126,127. This lMP2 subunit is obligatory for 
intracellular activation of NF-κB in highly activated 
T cells, especially at a signalling step that enables acti-
vated cytosolic NF-κB to be transported into the nucleus 
for the transcription of pro-survival genes39.

Targeting TNFR2 in autoimmune disease 
The past two decades of experimental and clinical 
research have shown that the TNFR signalling pathways 
play diverse roles in the pathogenesis of several auto-
immune diseases, and the administration of TNF has 
emerged as a new therapeutic strategy26. For example, 
in blood samples taken from patients with type 1 diabe-
tes, low-dose TNF exposure, acting through cell-surface 
receptors, selectively kills autoreactive, but not healthy, 
CD8 T cells65. In an animal model of Sjogren’s syndrome, 
the total lack of lMP2, which precludes activation of 
NF-κB, confers selective apoptosis of highly activated, 
autoreactive T cells in response to low-dose TNF64. The 
same effect occurs after brief exposures followed by 
periods without TNF agonism until disease-causing 
T cells reappear128. Similarly, in blood samples taken 
from patients with the systemic autoimmune disease 
scleroderma, a subpopulation of pathogenic CD8 T cells 
are susceptible to TNF-activated death129. These findings 

Table 2 | TNFR2 pathway in health and autoimmune disease

Disease Role/defect in TNFR2 pathway Refs

TNFR2 pathway in health 

Type 1 diabetes Selective destruction of autoreactive, pathogenic T cells by exploitation  
of defects in TNF signalling; pancreas regeneration 

54,58,65

Multiple sclerosis and 
demyelinating disorders

Proliferation of oligodendrocyte precursors to repair demyelination 71,72

Neuroprotection with 
potential applications to 
neurodegeneration 

Protection from excitoxicity of glutamate-dependent pathways in  
cerebral cortex 

107

Viral encephalitis Repair of striatum but not hippocampus of brain 106

Retinal ischaemia Neuroprotection 86

Heart disease Protection of heart cells from death after infarction; greater role in protecting 
females from ischaemia

108

TNFR2 pathway in autoimmune disease

Familial rheumatoid 
arthritis

Polymorphism in TNFR2 gene on chromosome 1p36, altered sequence of 
TNFR2 with an amino acid methionine to arginine at position 196M/R in exon 
6; TRAF1–C5 region is a risk locus; higher levels of soluble TNFR2 in serum and 
other bodily fluids

109–111, 
117,121

Crohn’s disease Polymorphism in TNFR2 gene on chromosome 1p36, altered sequence of 
TNFR2 with an amino acid methionine to arginine at position 196M/R in exon 
6; upregulation of TNFR2 in the lamina propria

112,123

Systemic lupus 
erythematosus

Polymorphism in TNFR2 gene on chromosome 1p36; higher levels of soluble 
TNFR2 in serum and other bodily fluids

113,122

Ankylosing spondylitis Polymorphism for higher frequency of the wild-type TNFR2 676T allele 44

Ulcerative colitis Polymorphism in TNFR2 gene on chromosome 1p36, altered sequence of TNFR2 
receptor with an amino acid methionine to arginine at position 196M/R in exon 6

114

Scleroderma Polymorphism in TNFR2 gene on chromosome 1p36, altered sequence 
of TNFR2 receptor with an amino acid methionine to arginine at position 
196M/R 

115

NF-κB, nuclear factor-κB; TNF, tumour necrosis factor; TNFR, TNF receptor; TRAF1–C5, TNF receptor 1-associated factor–complement 
component-5.
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are relevant to other autoimmune diseases that share 
similar pathogenic defects that impede the function of 
NF-κB, the key pro-survival transcription factor26–43. The 
approach of directly killing autoreactive T cells is highly 
different to the use of anti-cytokine or immunosuppres-
sive drug therapies in which continuous drug levels are 
necessary for a sustained therapeutic effect.

However, the administration of TNF itself is not an 
immediately feasible approach. It has proved to be sys-
temically toxic when given in very high doses in clinical 
trials of patients with cancer, who already have high TNF 
levels due to an intrinsic defence system59–61. This toxicity 
is probably due to the widespread expression of TNFR1. 
The limited expression of TNFR2 relative to TNFR1, in 
combination with the functional overlap and crosstalk 
between these receptors, suggests that TNFR2 agonism 
may represent a safer therapeutic approach.

Rationale, efficacy and safety
The rationale for the use of a TNFR2 agonist in the treat-
ment of certain autoimmune diseases has been clearly 
defined and successfully tested in type 1 diabetes. It seems 
that low-dose TNF exposure or agonism of TNFR2 is a 
selective means of destroying pathogenic, autoreactive CD8 
T cells in animal models, in human cells in vitro39,54,62–64 
and in blood samples taken from patients with type 1 
diabetes65. examination of blood samples from diabetic 
and control subjects found a subpopulation of CD8, but 
not CD4 T cells, that were vulnerable to TNF or TNF 
agonist-induced death65 in the diabetic subjects. The 
pattern of CD8 T-cell toxicity exhibited a dose–response 
relationship and was traced to CD8 T cells that were 
autoreactive to insulin, a well-established autoantigen 
in type 1 diabetes. Insulin autoreactive T cells in both 
mice and humans with type 1 diabetes selectively die in 
this dose–response manner to TNF. Interestingly, TNFR1 
agonists, as opposed to TNFR2 agonists, were ineffective 
at targeted killing of autoreactive T cells induced in both 
diabetic and control CD4 T cells. Mild proliferation and,  
at very high dose, uniform killing of all CD4 T cells65 
was seen. Although the safety profile of the TNFR2 ago-
nist was not determined, as it was not studied in vivo, it  
neither destroyed CD4 T cells nor activated cytotoxic 
T cells to non-autoimmune viral proteins such as epstein–
Barr virus or cytomegalovirus65.

owing to the restricted cellular distribution of its 
receptor, a TNFR2 agonist may demonstrate less systemic 
toxicity than TNF130. Additionally, because the agonist 
is given at low doses and intermittently, adverse health 
effects are minimized. However, in a study conducted in 
baboons, some adverse effects of a specific TNFR2 ago-
nist were observed. These included enhanced thymocyte 
proliferation in vitro and in vivo, a febrile reaction and a 
small, transient inflammation produced by infiltration  
of mononuclear cells upon intradermal administration of  
the agonist130.

In animal models of non-autoimmune and autoim-
mune disorders, TNFR2 stimulation has been shown to 
result in the generation and expansion of a subpopula-
tion of protective CD4 regulatory T (TReg) cells that may 
suppress autoimmunity54,131–133. TReg cells act in diverse 

ways to control CD8-induced autoimmunity. The most 
common is the destruction of excess CD8 T cells at 
inflammation sites by inhibition of pro-inflammatory 
cytokines and release of immunomodulatory cytokines 
that restore the inflammatory site to normality133.

However, like any new class of therapeutics, there are 
risks associated with the development of TNFR2 agonists. 
Indeed, there is evidence of systemic toxicity with over-
expression of TNFR2 in a transgenic mouse model134 and 
higher production of TNFR2 is associated with expe-
dited development of inflammatory pathologies, regard-
less of TNF levels. upregulated expression of TNFR2 is 
also associated with several autoimmune disorders, as 
noted previously109–113,117,121–123. Inflammation should be 
carefully monitored in drug development, especially 
if it is sustained or systemic. The finding suggests that 
it may be necessary to develop tissue-specific or cell-
specific therapies or modes of selective administration 
of TNFR2 agonists. All TNFR2 agonists, especially the 
antibodies created so far, are not the same in terms of how 
they mechanistically signal through the receptor. Some 
TNFR2 antibodies can be agonists, some can be antago-
nists and others may bind without eliciting an immune 
response. For example, a TNFR2 agonist antibody that 
promotes crosstalk between TNFR1 and TNFR2 and  
that is independent of defects in the TNFR2 pathway, 
might carry the risk of widespread toxicity, as it may trig-
ger the death of normal as well as abnormal T cells.

It is clear that many factors have profound effects on 
the nature of TNFR1 versus TNFR2 signalling. Changes 
in concentration of ligand, receptor, adaptor proteins or 
other members of the pathway, therefore have the poten-
tial to affect drug safety and efficacy. once the receptor is 
activated, subtle differences in TNF stimulation can alter 
intracellular signalling, as well as induce post-translational 
modifications of the signalling proteins, such as the adap-
tor protein TRAF2 or others that require ubiquitylation 
and phosphorylation for a full cycle of activation fol-
lowed by degradation135. experimental findings can vary 
dramatically according to whether the cells are freshly 
cultured, whether they are of a particular origin and 
activation state or whether the signalling events through 
TNF are based on cultured tumour cell lines. Studies of 
new drugs must examine any changes in members of the 
TNF pathway and their physiological consequences.

Short-term strategies for targeting TNFR2
Short-term strategies for targeting TNFR2 are summa-
rized in TABLE 3 and discussed below.

Small-molecule agonists. Medicinal chemists are familiar 
with the challenges of generating receptor-specific ago-
nists for the entire TNF superfamily. Indeed, finding a 
blocking antagonist is usually an easier feat than finding 
a receptor-specific agonist. Nevertheless, peptides, anti-
bodies and small molecules that engage the TNF super-
family have been generated to TNFR2 (REFS 136–138). of 
the three types of agents, antibody agonists have dem-
onstrated the most success at modulating a specific sig-
nalling pathway. efforts primarily aimed at finding TNF 
agonists and antagonists, have included the simultaneous 
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discovery of TNFR2 agonists. TNFR2 agonists were 
generated by point mutations in the TNF protein by 
site-directed mutagenesis138. This is a labour-intensive 
process, therefore other approaches have been sought. 
Still, it would be highly useful if the repertoire of TNFR2 
agonists could be expanded to screen for new therapies.

It may also be possible to work with existing ligands 
to confer greater specificity. Indeed, this approach has 
been met with success in the cancer field of research 
and in some areas of immunology139. It may be possible 
to design an agonist to alter TNF’s carboxyl residue so 
that upon binding with TNFR2, it downregulates NF-κB 
instead of activating it and possibly modulates the signal 
via crosstalk with TNFR1 (REF. 102). This may tilt the 
balance to greater reliance on NF-κB activation, which in 
the case of autoreactive T cells is defective and thus would 
be more liable to kill the cell. This approach, however, 
may be limited as it may decrease receptor specificity.

Several issues in the development of TNFR2 agonists 
need to be addressed, especially relating to their structure, 
function, toxicity and efficacy. Normal TNF binding to 

TNFR2 can downregulate, rather than promote, acti-
vation of NF-κB. This paradoxical structure–function 
relationship between ligand and receptor is thought to 
enable modulation and crosstalk with TNFR1 (REF. 102).

As noted earlier, the membrane-bound form of TNF 
binds more strongly to TNFR2 than sTNF itself, due to 
the formation of a tight trimer that is unable to dissociate 
from the receptor76,98. Trimers may therefore be the best 
type of agonists for TNFR2. A single trimer binds three 
TNF monomers22,23. A separate study of another ligand 
for the TNF superfamily suggests that it may be possible 
to develop small-molecule agonists that act as trimers140. 
CD40l, which is expressed on the surface of activated 
T cells, is a ligand for the CD40 receptor on dendritic 
cells, macrophages and B cells. This ligand normally forms 
non-covalent homotrimers that bind to the three recep-
tor molecules. The investigators succeeded in developing 
small synthetic molecules that acted as ligands because 
they had symmetry with TNFR2. Again, specificity of 
these agonists or ligands is largely due to the restricted 
distribution of the receptor.

Table 3 | Short-term strategies for targeting the TNFR2 pathway in autoimmune diseases

Therapies Benefits challenges

TNFR2 
agonists: 
antibodies  
or muteins

• Evidence of selective destruction of 
autoreactive cytotoxic CD8 T cells to 
self-peptides in a dose–response relationship, 
but protection of CD4 T cells in human 
blood samples of type 1 diabetes and other 
autoimmune diseases65

• Less systemic toxicity than TNFR1 agonists61, 130

• Probably increase CD4 regulatory T cells that 
suppress autoimmunity54, 133

• Possibility of mild toxicity in specific 
TNFR2-expressing tissues other than the tissues 
of interest, including specific cell types within 
the central nervous system79

Small-molecule 
TNFR2 agonists

• Same as above*
• Although generally difficult to synthesize 

small-molecule agonists, can capitalize on 
successes in cancer field of research by 
working with existing ligands139

• Same as above*
• Soluble TNFR2 is not a strong activator of its 

own signalling pathway but membrane-bound 
TNFR2 is better76

• Possible use of agonists acting as trimers140

• Receptor-specific agonists are difficult to 
generate because of the ubiquity of TNF 
superfamily receptors

• Greatest success with point mutations in the 
TNF protein by site-directed mutagenesis138

• Attempt to block passage across blood–brain 
barrier if central nervous system toxicity occurs

TNF inducers 
(e.g., BCG)

• Same as above *
• BCG already on market and has large safety 

window61

• Local concentrations of TNF may be too low to 
produce an effect

• Lacks specificity for TNFR1 and TNFR2 so dose 
escalations could be limited, although used at 
high doses in patients with bladder cancer 

NF-κB pathway 
modulation

• Potentially greater specificity of effect aimed at 
blocking NF-κB entry into the nucleus to ensure 
cell survival

• Lacks specificity for TNFR1 and TNFR2 
depending on the site of the NF-κB pathway 
inhibitor, so could be systemically toxic for 
more cells than just T cells 

CD3-specific 
antibodies

• Anti-CD3 medication already in clinical trials 
as immunosuppressant141, 142 

• Two possible benefits: helps to induce 
endogenous TNF and TNFR2 expression and it 
induces expression of regulatory CD8 T cells 
that control cytotoxic T cells through TNFR2 
(REF. 145)

• Immunosuppressive drugs affect all T cells with 
no specificity for the autoreactive T cells

BCG, bacilli Calmette-Guérin; NF-κB, nuclear factor-κB; TNF, tumour necrosis factor; TNFR, TNF receptor. *Same as points listed in 
the first row and immediate column above.
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TNF inducers. There are some TNF inducers available for 
study. one is the mycobacterium bovis bacille Calmette-
Guérin (BCG) vaccine. Another is the BCG equivalent, 
a non-formulated version that is commonly called com-
plete Freund’s adjuvant (CFA). Although CFA is made 
with the same bacilli as BCG it does not meet the uS 
Food and Drug Administration standards of purity and 
manufacturing for human use. BCG is produced using 
good manufacturing practices and used as a vaccine 
for tuberculosis or at very high doses as a treatment for  
bladder cancer. As a cancer therapeutic, BCG has a 
wide dose-window of at least 100–1,000 times greater 
than that of a single vaccination to prevent tuberculosis  
infections61. Although BCG induction of TNF is not 
receptor-specific for TNFR1 or TNFR2, it may still be 
of benefit in treating autoimmune disease as it induces 
TNF at low levels, thereby possibly avoiding systemic 
toxicity. Newly synthesized TNF inducers, designed to be 
more specific to the TNFR2 receptor, may hold promise  
as another targeted treatment for type 1 diabetes.

NF-κB pathway modulation. In autoimmune diseases, 
defects in the TNF signalling pathway prevent the pro-
survival transcription factor NF-κB from entering the 
nucleus following TNF therapy39,40. The final stage of typi-
cal TNF signalling depends on NF-κB’s cleavage from the 
inhibitory molecule IκBα to which it is bound in the cyto-
plasm, enabling nuclear entry and gene transcription39–41. 
In the type 1 diabetic-prone and Sjogren’s syndrome-
prone NoD mouse, a genetic defect blocks proteasomal-
driven cleavage of NF-κB40. This same defect has similarly 
been identified in all patients suffering from Sjogren’s 
syndrome127. Therefore, blocking NF-κB’s translocation 
to the nucleus may provide another potential therapeutic 
approach to autoimmune disease. However, the challenge 
with NF-κB pathway modulation is that it would not be 
specific for TNFR2-expressing cell receptors and thus it is 
likely to have a less favourable toxicity profile.

CD3-specific antibodies. CD3-specific antibodies offer 
another approach to modulating TNFR2 activity. T cells 
of all types possess the distinctive cell-surface marker 
CD3. CD3-specific antibodies are routinely used as 
immunosuppressive agents to prevent organ trans-
plant rejection. A humanized form of a CD3-specific 
antibody is being tested in clinical trials for its capacity  
to slow the onset of complete insulin dependence 
in new-onset type 1 diabetes141,142. For children with 
new-onset diabetes, results using two slightly different 
humanized forms of CD3-specific antibodies141,143 have 
thus far been promising. A recently published study 
reported insulin production to be preserved for up to  
5 years in patients with type 1 diabetes receiving a single  
course of the CD3-specific antibody teplizumab144. 
While a CD3-specific antibody is a general immuno-
suppressant, studies of its mechanism of action suggest 
additional effects to control type 1 diabetes and possibly 
other autoimmune diseases. Indeed, CD3-specific anti-
bodies may help to induce endogenous TNF secretion and 
TNFR2 expression145, and could therefore be anticipated to 
exert the same beneficial effects as TNFR2 agonism. The 

upregulation of TNF and TNFR1 or TNFR2 is thought 
to be a consequence of the release of another cytokine, 
transforming growth factor-β, as a result of the interaction 
between CD8 T cells and natural killer cells145.

Long-term strategies for targeting TNFR2
There are several possible long-term strategies for tar-
geting the TNFR2 pathway and selectively destroying 
autoreactive T cells, although these are at present only 
speculative. one set of strategies focuses on developing 
better TNFR2 agonists by improving their specificity, 
binding duration and affinity to TNFR2. The rationale 
is that autoreactive T cells are rare and that any means 
to prolong or to facilitate the actions of TNFR2 ago-
nists are more likely to be effective, considering the 
dose–response relationship between TNFR2 agonists 
and death of autoreactive target cells65. The likelihood 
of systemic toxicity with improvements of this kind is 
still expected to be low, given the large dose-window  
of tolerability to a TNFR2 agonist130. The cancer field of 
research has been at the forefront of studying TNFR2 
agonists for their utility as adjuncts to anticancer thera-
pies. TNF has been found to kill mammalian tumour 
cells in vitro and in vivo, since its first discovery as an 
antitumour agent in 1975 (REF. 146). The cancer field of 
research may offer clues to achieving greater TNFR2 
specificity and/or duration of binding.

A related approach would be to inject TNFR2 agonists 
directly into sites in the body where autoreactive CD8 
T cells are generated or sequestered. Sequestered sites 
could be lymphoid organs such as the thymus or bone 
marrow. However, injections into the pancreas would be 
potentially dangerous owing to the possible stimulation of 
pancreatitis. In other cases, the use of the salivary glands 
for autoimmune Sjogren’s syndrome would be attractive 
as direct salivary gland access is possible through the 
draining of the salivary duct in the oral cavity. The efficacy 
of direct target delivery into a lymphoid organ would have 
to be countenanced by the possibility that autoreactive 
T cells might still be naive at local sites of production or 
sequestration. They typically mature once they encounter 
their self-antigen (insulin for example), an encounter that 
induces them to become activated. It is likely that only 
activated, autoreactive T cells are vulnerable to TNF expo-
sure or to TNFR2 agonists65. TNFR2 agonists can also be 
of use as topical treatments for skin disease, which may 
allow the local delivery of high concentrations without 
causing systemic toxicity. However, the potential toxic-
ity of local therapy must be considered when adminis-
tering prolonged or continuous TNF. Depending on  
the binding traits of the TNFR2 agonist, high levels of the  
agonist may overwhelm TNFR2 signalling, thereby  
possibly shifting it through crosstalk to the TNFR1 pro-
apoptotic pathway. This shift, being independent of 
underlying defects in TNFR2 signalling, would lead to 
death of both autoreactive and healthy cells. Although 
traditionally most autoimmune intervention trials have 
been centred on newly diagnosed autoimmune patients 
like type 1 diabetics or even pre-diabetics, accumulating 
evidence suggests that even in cases in which the auto-
immune organ appears to be long destroyed, autoreactive 
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T cells are present decades after disease onset. This does 
not mean that the autoreactive T cells are long-lived but 
instead means the autoreactive T cells are continuously 
being produced due to attempted but failed regeneration 
in the organ. This hypothesis is supported by the brisk 
rejection of transplanted pancreatic islets after years of 
long-standing disease, and by the continuous production 
of an autoantibody54,58. Therefore, this treatment approach 
would not be like immunosuppressive drugs, which must 
be administered continuously to achieve steady blood 
levels, but instead involves a bolus therapy to rid the host 
of autoreactive T cells followed by drug-free intervals, 
which may eliminate or minimize side effects.

Inactivation or destruction of the pivotal signalling 
protein TRAF2 offers another approach to enhance the 
likelihood of apoptosis of autoreactive CD8 T cells. TRAF2 
is the adaptor protein that is recruited upon agonist bind-
ing to TNFR2. TRAF2 inhibitors have been identified147. 
As TRAF2 is the locus of crosstalk between the two TNF 
receptors, its inactivation should shift TNFR2 signalling 
to the TNFR1 pro-apoptotic pathway. The question of 
whether TNFR2 inactivation is toxic to normal T cells 
or even non-immune cells, which would also be shunted 
to the pro-apoptotic pathway, remains to be answered. 
As noted earlier, much remains to be understood about 
crosstalk between the two TNF receptors, the functional 
overlap between these receptors and the array of condi-
tions under which crosstalk occurs, in order to support 
the rationale for this approach. Targeting any signalling 
proteins in the TNFR2 pathway that are downstream of 
TRAF2 also presents limitations as most of them are used 
for other signalling purposes throughout the body.

An alternative approach is to use antisense therapy 
as a means to alter TNF signalling, by inhibiting specific 
mRNAs from being translated into proteins. As poly-
morphisms and defects in the NF-κB pathway associated 

with various autoimmune diseases33 allow the use of TNF 
or TNFR2 agonists to selectively kill autoreactive T cells, 
perhaps NF-κB-targeted antisense therapy, which could 
block NF-κB function by inhibiting specific mRNAs for 
NF-κB, could be used to achieve or potentiate this effect. 
However, there are limitations to the therapeutic use of 
antisense oligonucleotides, including poor efficacy, off-
target effects and achieving targeted delivery to cells 
and tissues.

Concluding remarks
This Review has identified the untapped potential of 
the TNFR2 pathway as a therapeutic target for several 
autoimmune diseases, which share the same or similar 
defects that render their autoreactive, but not normal, 
T cells selectively vulnerable to TNF-induced death. 
Although TNF as a therapy is successful at killing those 
pathogenic cells, it is likely to be too toxic or to have 
a narrow range for dosing as one type of TNF receptor 
(TNFR1) is expressed ubiquitously throughout the body. 
However, TNFR2, the only other TNF receptor, has a 
more limited bodily expression and agonists specifically 
targeting the TNFR2 pathway hold promise as a safer and 
more effective treatment than TNF or current therapies 
for several autoimmune diseases.

Research has already demonstrated that TNFR2 ago-
nism successfully destroys autoreactive T cells in human 
blood specimens from hundreds of patients with type 1 
diabetes and several other autoimmune diseases. This 
Review identifies several short-term and long-term 
therapeutic strategies for developing new treatments 
aimed at the TNFR2 pathway, with the hope of gal-
vanizing the development of safer and more effective 
treatments for several autoimmune diseases, including 
type 1 diabetes, Sjogren’s syndrome, multiple sclerosis 
and scleroderma.
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DATABASES
OMIM: http://www.ncbi.nlm.nih.gov/entrez/query.
fcgi?db=OMIM
Sjogren’s syndrome | systemic lupus erythematosus
UniProtKB: http://ca.expasy.org/sprot
FADD | RIP | TNF | TNFR1 | TNFR2 | TRADD | TRAF1 | TRAF2

FURTHER INFORMATION
Author’s homepage: http://www.faustmanlab.org
FDA’s MedWatch Safety Alerts — September 2009: 
Stronger Warnings for TNF Blockers: http://www.fda.gov/
ForConsumers/ConsumerUpdates/ucm184092.htm#Stronge
rWarningsforTNFBlockers
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