
The immune system is regulated by a highly complex 
balance of signals transmitted by stimulatory and 
inhibitory receptors. More than any other discovery, 
monoclonal antibodies (mAbs)1 have enabled us to both 
identify and manipulate these molecules, providing an 
important new class of immunostimulatory therapeu-
tics that can complement small-molecule therapeutics 
under active development2. Specific recognition by 
mAbs has permitted the identification of cytokines and 
cell-surface molecules involved in humoral (antibody-
mediated) and cellular immune responses. Moreover, 
mAbs have specificity for their target molecules and the 
ability to either activate (agonistic mAbs) or suppress 
(antagonistic mAbs) the molecular function of the tar-
get. Immunostimulatory mAbs can be defined as agents 
that enhance ongoing immune responses. As such they 
have the potential to increase the immune response to 
tumours, which is suppressed in many cancer patients 
through various mechanisms3,4.

Stimulating immunity in cancer patients
The rejection of tumour cells requires an orchestrated 
set of events mediated by several types of leukocytes 
including CD4+ and CD8+ T lymphocytes, dendritic cells 
(DCs) and natural killer (NK) cells (FIG. 1). At tumour-
draining lymph nodes, each T lymphocyte with its 
exclusive T-cell receptor (TCR) has the opportunity to 
scan DC surfaces for a specific antigenic peptide com-
plexed with either major histocompatibility complex 
(MHC) class I or class II molecules. Signalling from 

the TCR is the primary trigger of antigen-driven 
lymphocyte division, survival and differentiation into 
effector or memory T lymphocytes (FIG. 2), but paradoxi-
cally it can also lead to tolerance. Tolerance is mediated 
by either the elimination of the antigen-specific T cells 
through the induction of apoptosis (clonal deletion) 
or by functional paralysis of the antigen-specific 
T cells (anergy)5. The hazardous decision to initiate 
or abort a cellular immune response mainly relies on 
the innate detection by antigen-presenting DCs of bio-
molecules that signify danger6 in the form of the pres-
ence of microbes, stressful cell death or inflammation7. 
Intercellular communication to initiate, repress or 
fine tune the cellular immune response is mediated 
by soluble cytokines and many receptor–ligand pairs 
on the surface of juxtaposed leukocytes (FIG. 2).

Once fully activated, T lymphocytes reach periph-
eral tissues with a preference for regions with inflam-
matory vascular endothelium. Activated CD8+ T cells, 
once loaded with cytolytic machinery, kill target cells 
that express the target antigen complexed with a small 
number of MHC class I molecules. Activated CD4+ 
T cells can also mediate tumour cell destruction, 
promote inflammation, cooperate in the induction of 
CD8+ cytotoxic T lymphocytes (CTLs) and help B cells 
to produce cell-destructive anti-tumour antibodies.

A wide array of regulatory mechanisms of the 
immune system are exploited by tumours to avoid 
or suppress the immune response3,4. These include 
specialized T-cell subsets that repress cellular immunity 
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Monoclonal antibody
A unique immunoglobulin of 
known specificity that is 
produced by a B-lymphocyte 
clone usually immortalized by 
cell fusion with a non-secreting 
myeloma cell line.
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Abstract | Increasing immune responses with immunostimulatory monoclonal antibodies 
(mAbs) directed to immune-receptor molecules is a new and exciting strategy in cancer 
therapy. This expanding class of agents functions on crucial receptors, either antagonizing 
those that suppress immune responses or activating others that amplify immune responses. 
Complications such as autoimmunity and systemic inflammation are problematic side effects 
associated with these agents. However, promising synergy has been observed in preclinical 
models using combinations of immunostimulatory antibodies and other immunotherapy 
strategies or conventional cancer therapies. Importantly, mAbs of this type have now entered 
clinical trials with encouraging initial results.
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Cellular immune response
An immune response that is 
predominantly mediated by 
activated lymphocytes and 
macrophages, resulting in 
inflammatory infiltrates such 
as those seen in granulomas.

Dendritic cells
A network of leukocyte 
populations that present 
antigen captured at peripheral 
tissues to T cells in lymphoid 
organs through both MHC class 
II and I antigen-presentation 
pathways. The MHC class II 
presentation pathway mainly 
presents endocytosed antigens 
to CD4+ T cells, whereas MHC 
class I molecules generally 
present peptides from the 
endogenously synthesized 
proteome to CD8+ T cells.

Natural killer cells 
A lymphocyte type involved in 
cytolytic functions that is also 
exploitable in immunotherapy. 
These cells share many 
features with CTLs, but lack a 
TCR. NK cells are also 
decorated with receptors that 
activate cytotoxicity on contact 
with stressed, virally infected, 
transformed or antibody-
coated cells. In addition, they 
are equipped with receptors 
that inhibit cytotoxicity if 
detecting normal MHC class I 
molecules on the target cell.

(regulatory T cells; TReg cells) and a plethora of soluble 
factors such as interleukin 10 (IL10), vascular endothe-
lial growth factor (VEGF) and transforming growth 
factor-α (TGFα) (FIG. 1). In fact, successful escape from 
immune surveillance is considered one of the necessary 
hallmarks of cancer8.

A range of strategies are being considered to use 
the immune system in the fight against cancer (cancer 
immunotherapy), including immunostimulatory and 
inhibitory mAbs, cancer vaccines9, immunostimulants 
to increase the immunogenicity of tumour cells and 
adoptive transfer of cultured activated T lymphocytes 
(adoptive T-cell therapy)10.

Advantages of immunostimulatory mAbs
IgG mAbs are large, complex proteins that are resistant 
to degradation in serum and have molecular features that 
ensure they remain in the circulation for an extended 
period11. However, the advantage of a long half-life is 
accompanied by the problem of slow reversal of toxicity 
following treatment; removing mAbs from the circula-
tion is difficult and requires complicated procedures 
such as repeated plasmapheresis.

To avoid the intrinsic immunogenicity of rodent 
mAbs, these biomolecules are currently genetically 
engineered to replace immunogenic mouse sequences 
with human ones (leading to an antibody that is ~95% 
human)11,12, made from human mAb phage libraries 
or produced in mice that are transgenic for the human 
immunoglobulin loci13,14. Such therapeutic antibodies 
are distinguishable from endogenous immunoglobulin 
only in their antigen-binding site (idiotope) so quantita-
tive assays to assess their pharmacokinetics must rely 

on immunoassays using recombinant antigen adsorbed 
to plastic dishes or specific anti-idiotype monoclonal 
antibodies when available. The advent of technology 
for humanizing or producing fully human antibodies has 
revolutionized mAb therapeutics, enabling repeat dos-
ing without inducing anti-antibody immune responses 
in the patient in a way that was not possible with the 
original rodent antibodies.

Doses in humans are typically about 2–20 mg per kg 
(body weight), and most regimens involve repetitions 
at 2–8 week intervals. Therefore, expensive 100–200 g 
Good Manufacturing Practice (GMP) compliant batches 
are required for quality control, toxicology and clinical 
trials.

The bivalency of the antigen-binding sites of mAbs, 
together with the potential for hypercrosslinking by 
Fc receptors on neighbouring leukocytes, provides the 
capacity to crosslink proteins such as cell-surface recep-
tors (frequently associated with agonist antibodies), 
obstruct protein–protein recognition or induce confor-
mational changes in the bound target protein. MAbs 
frequently bind to their antigens with several-fold higher 
affinity than the natural ligands. These molecular mech-
anisms bestow mAbs with diverse functional capacities 
as agonists or antagonists of immune system signalling 
mediated by their target proteins15.

Although new mAbs can sometimes have dramatic 
immunostimulatory activity, and have produced potent 
anti-tumour responses, such potency can come at a 
cost: toxicity. Two types of target-related toxicity have 
been described; the generalized systemic induction of 
pro-inflammatory mediators (induction of a cytokine 
storm) that can cause life-threatening systemic inflam-
matory syndrome or cytokine release syndrome (BOX 1), 
and organ-specific autoimmunity that has so far been 
transient and reversible on antibody clearance.

MAbs that increase co-stimulation
T cells are activated when they bind antigen presented 
by antigen-presenting cells (APCs) through their TCR–
CD3 complex. T cells also express several co-signalling 
molecules, typically cell-surface glycoproteins, that 
direct, modulate and fine tune TCR signals16 (FIGS 1, 2). 
As a consequence, these membrane molecules posi-
tively and negatively control the priming, growth, 
differentiation and functional maturation of a T-cell 
response. The functional effects on T-cell activation 
classify co-signalling molecules as co-stimulators or co-
inhibitors. Co-signalling molecules engage their ligands 
in organized patches of cell–cell interaction between 
T cells and APCs, termed immunological synapses17. 
Most of the defined co-signalling molecules belong to 
either the immunoglobulin16,18 or the tumour-necrosis 
factor receptor (TNFR) superfamilies19,20 (FIG. 2).

CD28. The two-signal model of T-cell activation 
postulates the existence of two types of signals: antigen-
dependent TCR-mediated signals are termed signal 
1 and antigen-independent co-stimulatory signals 
are termed signal 2. The classic signal 2 is delivered 
by the CD28 molecule (expressed by the T cell) on 

At a glance

• Monoclonal antibodies (mAbs) have had a significant effect on current practice in 
oncology. Mechanisms of action include direct tumour cell destruction and indirect 
targeting of growth and pro-angiogenic mediators.

• Using mAbs to stimulate the immune response against cancer cells is a new indirect 
mode of action, achieved by either blocking inhibitory ‘immune checkpoint’ 
receptors such as cytotoxic T-lymphocyte-associated protein 4 (CTLA-4, also known 
as CD152) or triggering activating receptors such as 4-1BB or CD40.

• The list of mAbs that have clearly shown these kinds of effects in mouse tumour 
models is expanding, and can be grouped as mAbs that interfere with lymphocyte 
inhibitory receptors; mAbs that function as agonist or super-agonist ligands for co-
stimulatory receptors; mAbs that enhance the activation and/or maturation of 
antigen-presenting cells (APCs); and mAbs that delete or inhibit immunosuppressive 
mechanisms such as regulatory T cells.

• An obstacle to the application of immunostimulatory mAbs is their associated 
adverse toxicity, most commonly reversible autoimmunity and/or systemic 
inflammatory reactions.

• Anti-CTLA-4, anti-4-1BB and anti-CD40 are the first immunostimulatory mAbs to 
reach the clinic. Anti-CTLA-4 is in phase III clinical trials for patients with malignant 
melanoma following successful phase II testing. Importantly, organ-specific 
autoimmunity was reported in about one third of patients and correlated with 
clinical response.

• Synergistic combinations of immunostimulatory mAbs have been identified at the 
preclinical level, and combinatorial strategies with cancer vaccines, adoptive T-cell 
therapy, radiotherapy and chemotherapy will probably have important roles in 
future clinical development.
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T-cell receptor
Surface receptors expressed on 
T cells that recognize specific 
peptides complexed with MHC 
molecules that convey 
intracellular signals through 
associated CD3 molecules. As a 
result of rearrangement of its 
genes during T-cell ontogeny, a 
clonally distributed array 
(repertoire) of receptors is 
generated.

Memory T lymphocytes
Some of the activated T cells in 
the CD4+ and CD8+ 
compartments become long 
lived, whereas most effector T 
lymphocytes die off. Surviving 
cells are termed memory T 
lymphocytes. Lower stimulation 
thresholds help to re-activate 
these cells after antigen 
re-exposure.

Regulatory T cells 
TReg cells are defined by their 
expression of the FOXP-3 
transcription factor, and are 
important inhibitors of 
immunity. TReg cells express 
CD25, CTLA-4, GITR and LAG3 
in a constitutive fashion. 
Contact with TReg lymphocytes 
can directly inhibit T and NK 
cell activation, or indirect 
inhibition can take place 
through APCs.

Plasmapheresis
The procedure of circulating 
the blood of a patient in an 
extracorporeal closed system 
that eliminates autologous 
plasma at the same time as 
returning the cellular 
components and transfusing 
donated plasma.

Fully human mAbs
Antibodies rearranged in 
immunized mice that are 
transgenic for the human heavy 
and light immunoglobulin 
regions and therefore produce 
human immunoglobulins.

Good manufacturing 
practice
A set of regulations, codes and 
guidelines for the fabrication of 
drugs. GMP involves 
normalized production in a 
contaminant-free ambient 
environment, quality control, 
and labelling and toxicology 
studies to ensure the purity, 
identity, traceability, stability 
and activity of the 
administered drug formulation. 
The philosophy is to avoid 
contaminations, mistakes or 
variations, thereby achieving 
more safety for patients.

binding to the ligands CD80 (also known as B7-1) or 
CD86 (also known as B7-2) on the APC. The combina-
tion of signal 1 and 2 is thought to be crucial for effec-
tive T-cell activation21,22. CD28 is an immunoglobulin 
superfamily member constitutively expressed on the 
membrane of most resting CD4+ T lymphocytes and 

on about half of the CD8+ T cells21. After engaging 
with its ligand, CD28 induces signalling cascades that 
increase proliferation, intensify cytokine secretion, 
upregulate the expression of anti-apoptotic genes and 
increase energy metabolism to support lymphoblast 
activation21,22.

Figure 1 | Schematic representation of points of intervention with immunostimulatory mAbs. The rejection of 
tumour cells is an orchestrated set of events mediated by several types of leukocytes. The molecular and cellular 
networks that define the intensity of the response can be artificially altered with mAbs that act on the indicated surface 
glycoproteins. An optimal immune response is thought to be initiated by an activated and/or mature dendritic cell (DC) 
presenting optimal levels of antigen in lymphoid tissue. Anti-tumour effector CD4+ and CD8+ lymphoblasts are 
generated in a highly regulated fashion that sets the threshold of activation, prevents overactivation of the system and 
limits the size of clonal expansion. Natural killer (NK) cells can contribute to the anti-tumour response by promoting 
inflammation, activating DCs and tumour lysis that can provide malignant cell debris for cross-presentation by DCs. 
The immune response towards tumour antigens is orchestrated in lymphoid tissue (typically lymph nodes) that drain 
the tissue in which the tumour is situated and then activated lymphocytes can potentially infiltrate tumour tissue to 
mediate tumour cell destruction. This is limited by several suppressive mechanisms that are mediated by regulatory T 
cells (TReg cells), myeloid cells present at the tumour site and soluble factors such as transforming growth factor-β 
(TGFβ), interleukin 10 (IL10) and vascular endothelial growth factor (VEGF). Molecular targets for immunostimulatory 
mAbs are indicated by an antibody pointing to the name of each molecule. From a pharmacodynamic point of view, 
immunostimulating mAbs can be classified in the following categories indicated by colours: (red) mAbs that promote 
the function of a lymphocyte receptor (agonists) involved in immune activation; (blue) mAbs that interfere with the 
function of a lymphocyte receptor involved in inhibiting or regulating the immune response; (green) mAbs that 
promote the function of the professional antigen-presenting cells (APCs) such as DCs that present antigen to 
T-lymphocytes; (purple) mAbs that interfere with inhibitory molecules expressed by the tumour or cells in the tumour 
microenvironment that contribute to immune evasion.

R E V I E W S

NATURE REVIEWS | CANCER  VOLUME 7 | FEBRUARY 2007 | 97

© 2007 Nature Publishing Group 



MHC-I/II

CTLA-4
CD28

?

PD-1
?

TCR

HVEM

OX40

?

4-1BB

Signal 1

CD40L

CD27

BTLA

APC

TNFR family TNF family B7 family

CD28 family Postulated receptor

T cell

GITR/AITR

+

+

+

-

B7-2 (CD86)
B7-1 (CD80)

B7-H4

B7-DC/PD-L2
B7-H1/PD-L1

LIGHT

B7H3

CD40

CD70

HVEM

GITRL/AITRL

4-1BBL

OX40L

Bivalency 
As a result of having two 
antigen-binding sites in each 
immunoglobulin molecule, 
antibodies can engage two 
antigens simultaneously.

Tumour antigens
Mutated, altered, viral or 
hyperexpressed protein 
sequences in cancer cells that 
can be recognized by 
T lymphocytes.

Tumour cells that have been transfected with either 
CD80 or CD86 expression cassettes show increased 
immunogenicity, leading to regression and vaccination 
against the original tumour cells that are not transfected 
with either ligand23,24. Antibodies against CD28 are 
known to potentiate anti-tumour immunity in combina-
tion with bi-specific antibodies that bind both a surface 
tumour antigen and the TCR–CD3 complex25. In general, 
ligation of CD28 without engagement of the TCR has 
no effect on T cells, defining it as a co-stimulatory 
receptor. However, some anti-CD28 antibodies, termed 
superagonist antibodies, bind to a particular epitope in 

CD28 and can activate T cells without concomitant TCR 
engagement. The mechanism of T-cell activation by these 
superagonists is unclear, but involves CD28 crosslink-
ing and might include nonspecific engagement of TCR 
components together with CD28 engagement through 
the antigen-binding site. The use of superagonist anti-
CD28 antibodies in vivo results in the rapid expansion 
of TReg cells26, and rodent experimental data suggest they 
have potential for the treatment of autoimmune condi-
tions27 and graft versus host disease28. Multiple myeloma 
cells also express CD28, indicating that these antibodies 
might prove useful for the treatment of this disease29. 
However, an initial clinical trial with superagonist 
antibodies against CD28 resulted in dramatic clinical 
toxicity (BOX 1).

An ex vivo application of agonist clinical-grade anti-
human CD28 mAbs is the sustained expansion in culture 
of T cells for adoptive therapy30. This approach can be 
used for the large-scale expansion of T-cell cultures once 
specificity has been established by initial antigen-driven 
culture techniques31.

4-1BB. The TNF receptor superfamily includes sev-
eral members that deliver co-stimulatory signals to 
T cells19,20,32 (FIG. 2). 4-1BB, also known as CD137, is 
expressed on activated T cells (CD8+, CD4+ including 
TReg cells, and NKT cells)33, cytokine-activated NK cells34, 
activated DCs35, eosinophils, mast cells and, intrigu-
ingly, endothelial cells in some metastatic tumours19. 
There is a single characterized ligand (4-1BBL, also 
known as CD137L)36 expressed on activated DCs, 
B cells and macrophages. After binding to its ligand, 
4-1BB delivers a co-stimulatory signal that can function 
independently of CD28 (REF.37). 4-1BB signalling 
induces the upregulation of the anti-apoptotic genes 
BCL2, BCL-XL and BFL1, which provide protec-
tion against activation-induced T-cell death (AICD)19,38. 
Consistent with its function as a co-stimulator of 
T-cell activation, 4-1BB null mice and 4-1BBL null mice 
have a less robust CTL response against viruses such 
as lymphocytic choriomeningitis and influenza39,40. 
Recent evidence indicates that 4-1BB is required for the 
stable differentiation of CTLs and the establishment of 
long-lived memory CTLs 41.

Syngeneic sarcomas, mastocytomas and lymphomas 
that express transfected 4-1BBL are rarely able to engraft 
in syngeneic mice. Co-expression of 4-1BBL and CD80 
or CD86 in these tumours is synergistic in preventing 
engrafment42,43. 4-1BBL-expressing tumour cells are 
mitogenic for pre-activated CD8+ and CD4+ T cells. 
In vitro transfection of 4-1BBL into K562 cells, which are 
used as artificial APCs, together with anti-CD28 mAbs 
improved the expansion of human T-cell cultures44. In 
contrast to tumour cells that expressed CD80, P815 
mastocytoma and B-cell lymphoma cells that expressed 
4-1BBL inefficiently inhibited the growth of the corre-
sponding untransfected tumour cells. However, a single-
chain anti-4-1BB antibody anchored to the cell surface 
of melanoma cells functioned as a potent vaccine against 
untransfected mouse melanoma cells. The therapeutic 
efficacy of this vaccine relied mainly on the ability of NK 

Figure 2 | Co-stimulatory and co-inhibitory molecules targeted by 
immunostimulatory mAbs. A schematic representation of surface co-signalling 
molecules on T cells relevant in cancer immunotherapy interacting with their ligands on 
an antigen-presenting cell (APC). These surface molecules belong to the tumour 
necrosis factor (TNF) receptor and immunoglobulin families, and their stimulation or 
inhibition can be exploited to increase the cellular immune response against cancer. 
The overactivation of co-stimulatory signals and inactivation of co-inhibitory functions 
can be artificially achieved by agonist and antagonist monoclonal antibodies (mAbs). 
Some of these lymphocyte surface molecules are constitutive (such as CD28), some are 
constitutively expressed on some cells and are inducible on others (such as CD27 and 
CD40), whereas others are induced only after antigen priming (such as cytotoxic T-
lymphocyte-associated protein 4 (CTLA-4), 4-1BB, OX40, CD40L, BTLA and GITR), and 
are therefore selectively expressed on responding lymphocytes. Inducible expression 
targets are conceivably more selective and less likely to cause systemic inflammatory 
syndromes.
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Immunological synapses
A supramolecular structure 
formed by the contacting 
membranes of APCs and 
lymphocytes that encompasses 
the interaction of ligand–
receptor pairs, paracrine 
actions of cytokines, 
redistribution of surface 
molecules, intracellular 
signalling, reorientation of both 
cell cytoskeletons and the 
redistribution of lipid rafts.

Super-agonist mAb
A stimulatory mAb for 
lymphocytes with effects 
superior to those elicited by 
the natural ligands (in the case 
of TGN1412 this meant the 
induction of T-lymphocyte 
proliferation in the absence of 
antigen recognition).

Activation-induced T-cell 
death
Lymphocyte apoptosis to 
maintain lymphocyte 
homeostasis following T-cell 
activation, involving TRAIL and 
FASL interaction, as well as 
IL2, IFNγ and the intracellular 
pro-apoptotic molecule BIM. 
It is important to contract 
lymphocyte numbers after the 
initial phase of exponential 
clonal expansions.

Cross presentation and 
cross priming
There are DCs that are able to 
redirect exogenous antigens to 
the MHC class I pathway, a 
phenomenon that can result 
either in priming (crosspriming) 
of a specific CTL or their 
tolerization depending on the 
maturation status of the DC. 
Non-migrating DCs that reside 
in lymphoid organs have a key 
role in the cross presentation of 
foreign antigens, suggesting an 
exchange of antigenic material 
between immigrating and 
resident DC subpopulations in 
lymph nodes.

T helper cells
A differentiated class of CD4+ 
T cells chiefly characterized by 
their ability to produce IFNγ 
and their cooperative and 
effector roles in the cellular 
immune response.

cells and CD4+ T cells, as their 4-1BB molecules conceiv-
ably interact with the higher affinity artificial ligand on 
the membrane of the melanoma cells45.

Activating (agonist) mAbs that bind 4-1BB (REF. 46) 
induce the complete regression of many types of estab-
lished tumours derived from syngeneic mouse tumour 
cell lines47. This anti-tumour effect is thought to involve 
the activation of naive T cells that are specific for tumour 
antigens cross-presented by DCs. Therefore, circulating 
anti-4-1BB antibodies would co-stimulate primed 4-1BB+ 
T cells wherever they migrate throughout the body 
(FIG. 2). Tumour regression requires the activity of CD8+ 

T lymphocytes47 and NK cells34, whereas CD4+ T cells are 
required in some but not all transplanted tumour models 
(FIG. 1). Tumour rejection is accompanied by strong CTL 
responses with specific cytolytic activity and interferon-γ 
(IFNγ) secretion. Poorly immunogenic tumours that 
were resistant to anti-4-1BB mAbs were eradicated when 
combined with peptide vaccines for experimental tumour 
antigens such as human papillomavirus-16 E7 or tyro-
sinase-related protein 2, as a result of an increased CTL 
response to these previously ignored antigens48. In this 
respect, vaccination with DCs pulsed with tumour lysates 
also resulted in the synergistic and successful treatment of 
two 4-1BB-mAb-resistant tumours49.

In the context of adoptive T-cell therapy, T cells that 
express 4-1BB, and that are infused at the same time 
as anti-4-1BB mAbs, have a powerful synergistic effect 
in mice, reportedly owing to the inhibition of AICD in 
the adoptively transferred lymphocytes50. Treatment 
with anti-4-1BB also has potential in prophylactic 
vaccination against viral antigens from influenza and 
hepatitis C virus51,52. Tumour antigens and viral antigens 
in chronic infections both induce hyporesponsiveness 
as a result of anergy or depletion of high-avidity-spe-
cific T cells. 4-1BB mAb treatment has been shown to 
reverse tolerance of CD8+ T cells in tumour models53. 
Interestingly, it seems that 4-1BB ligation results in 
CD8+ T cells that have a tendency to persist as a more 
numerous memory-T-cell population.

Humanized anti-4-1BB mAbs have been developed 
(BMS-663513), and a phase I dose-escalation clinical 
trial in 60 patients with metastatic or locally advanced 
solid tumours has been initiated (National Institutes of 
Health Clinical trials database NCT00309023).

Paradoxically, anti-4-1BB mAbs characterized for 
their anti-tumour activity have been shown to prevent 
or ameliorate various autoimmune conditions in mice54. 
Furthermore, experimental evidence shows that they can 
suppress humoral immunity, possibly owing to interfer-
ence with CD4+ T helper 1 cells55. Several mechanisms 
might account for these opposing effects, including 
increased activity of TReg cells, interference with CD4+ 
T-cell activation and IFNγ-dependent induction of the 
immunosuppressive enzyme 2,3 indoleamine dioxyge-
nase (IDO)54. As a possible exception to the beneficial 
effects of anti-4-1BB mAb on autoimmunity, studies in 
mice have shown that anti-4-1BB mAbs can induce mild 
multifocal liver inflammatory infiltrates, although the 
clinical significance of this observaton is unclear56.

OX40. OX40, also known as CD134 and TNR4, is a mem-
ber of the TNFR family that is expressed on activated 
but not resting CD4+ and CD8+ T cells19,20. Its primary 
role is to function as a late co-stimulatory receptor for 
CD4+ and CD8+ T lymphocytes32 (FIGS 1, 2). Its ligand, 
OX40L, is expressed on activated APCs (DC, B cells and 
macrophages), and might also be expressed on activated 
T cells and endothelial cells19. Ligation of OX40 co-stimu-
lates T-cell proliferation and survival32, and although 
OX40 and 4-1BB seem to overlap in their intracellular 
signals there are differences57, possibly related to the fact 
that these molecules can heterodimerize on the plasma 
membrane58. Artificial co-stimulation of CD4+ and CD8+ 
T cells through the activation of OX40 augments prolif-
eration, survival and cytokine secretion. Accordingly, 
OX40 or OX40L deficiency in mice leads to a weaker 
CD4+ T-helper immune response59,60.

Agonist anti-OX40 mAbs have been reported to 
reverse CD4+ T-cell tolerance by overturning the 

Box 1 | The TGN1412 phase I clinical trial

On 13 March 2006 the field of immunotherapy was shaken by a report of severe toxicity in a cohort of normal volunteers 
in a phase I dose-escalation trial testing an anti-CD28 monoclonal antibody (mAb; TGN1412) with strong ‘super-agonist’ 
effects on T lymphocytes126. Each of the first six volunteers that received the first dose (about 7 mg) required 
hospitalization for cytokine-release syndrome, including four severe cases of multiorgan failure in the context of 
massive angioedema and disseminated intravascular coagulation127. No fatalities occurred thanks to the instigation, 
albeit with several hours delay, of intensive care, steroids, plasma and a course of anti-interleukin-2 (anti-IL2) receptor 
antagonist mAbs. Substantial increases in the concentration of several inflammatory cytokines (tumour necrosis factor-α ,  
IL1β, IL12 and IL6) were found127. Preclinical data in non-human primates given 500-fold higher doses did not forecast 
this adverse event, in spite of the apparent reactivity of primate CD28 with TGN1412. A thorough investigation seems to 
exclude misconduct, as well as production and/or quality-control pitfalls that might have explained the near fatal result 
(according to a report for the UK Department of Health). The outcome of the TGN1412 trial will clearly affect regulations 
on the clinical development of other immunostimulatory mAbs, demanding a more careful first administration to 
humans to minimize the risks128. In particular it will eliminate the practice of bolus administration of new mAbs to several 
normal volunteers with no opportunity to stop infusion when symptoms first appear129. Although immunostimulatory 
mAbs are potentially very useful agents, they require very careful preclinical and clinical testing to avoid further 
mishaps. It is particularly important that we do not disregard what could be a useful immune stimulant simply through 
lack of care or understanding in their initial testing. An important recommendation from the British investigation of the 
Tegenero trial is that stimulatory mAbs be first tried at very low doses. The ‘low’ dose in the trial is based on dilution from 
the highest tolerated dose in monkeys.
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Chimeric mAbs
MAbs in which the constant 
domains of the heavy and light 
chain are replaced by human 
counterparts.

Humanized mAbs
MAbs in which variable 
domain sequences 
dispensable for antigen 
binding have also been 
replaced.

anergic state induced by the exposure of CD4+ T cells 
to antigen (in the form of a soluble protein) under 
non-inflammatory conditions61. Ligation of OX40 with 
agonist antibodies or with an OX40L–Ig chimeric protein 
increases tumour immunity against various transplant-
able syngeneic tumours62,63. Moreover, the expression 
of exogenous OX40L by tumour cells increases their 
immunogenicity, and they are rejected through CD4+ 
T helper 1 cells (Th1) and CTL responses64.

Autoimmunity as a side effect induced by OX40 stimu-
lation has not yet been reported, although it cannot be 
ruled out because OX40 has been found on CD4+ lym-
phocytes infiltrating multiple sclerosis and inflammatory 
bowel disease lesions. Phase I clinical trials using a murine 
anti-human OX40 mAb have been initiated in patients 
with advanced cancer of multiple tissue origins (W. Urba, 
personal communication), although the ability to admin-
ister repeated doses of this xenogeneic antibody in patients 
will be limited owing to the immune response that will 
occur against the murine sequences of the antibody.

MAbs that interfere with co-inhibition
Co-inhibition can be defined as an activity mediated 
by cell-surface receptors that downregulate lymphocyte 
activation and/or effector function18,23. Intriguingly, co-
inhibitory receptor–ligand pairs outnumber co-stimula-
tory pairs in the immunoglobulin superfamily (FIG. 2), 
suggesting that autoimmunity and systemic inflamma-
tion were strong selective pressures during evolution. An 
alternative possibility, suggested by J.P. Allison, is that 
co-inhibitory molecules dynamically regulate the activa-
tion threshold of T cells to restrain T cells with the most 
avid TCRs and permit the activation of lower affinity 
T cells65. The resulting polyclonal (multi-specific) 
immune response would be less susceptible to failure 
owing to epitope loss or mutation.

CTLA-4. Cytotoxic T-lymphocyte-associated protein 4 
(CTLA-4, also known as CD152) is homologous with 
the co-stimulatory receptor CD28, and they are able to 
bind the same ligands. However, the avidity of CTLA-4 
for CD80 and CD86 is 100–1,000 times stronger than 
that of CD28 (REFS 18,66). CTLA-4 protein expression is 
induced when the TCR complex interacts with antigen 
and, although retained in internal vesicular T-cell com-
partments, emerges into the immune synapse in sub-
sequent antigen encounters66. CTLA-4 decreases T-cell 
activation, both by outcompeting CD28 for ligand bind-
ing and through the recruitment of tyrosine and serine or 
threonine phosphatases66. The most important molecular 
function of CTLA-4 seems to be the inhibition of CD28 
co-stimulation, as evidenced by the CD28-dependent18 
uncontrolled lymphoproliferative and autoimmune 
syndrome observed in CTLA-4 null mice67,68.

Importantly, CTLA-4 is constitutively expressed on 
CD4+ CD25high forkhead box P3+ (FOXP3+) TReg cells4, 
and it seems to function as a co-stimulator of their sup-
pressive function in vitro. It is possible that CTLA-4 
expressed by TReg cells is involved in inducing tolerance 
in CD80-expressing DCs owing to reverse signalling69. 
Indeed, the adoptive transfer of CTLA-4 null T cells 

into normal mice does not recapitulate the autoimmune 
syndrome seen in the donor mice69, which suggests that 
CTLA-4 functions not only to regulate the activation 
of effector T cells, but also involves activity exerted in 
a dominant manner by suppressor cells18,70. However, 
the role of CTLA-4 in TReg cell function remains to be 
definitively proven, as patients treated with anti-CTLA-
4 mAbs do not show significant changes in the number 
or function of circulating TReg cells71, although effects on 
TReg cells in tumours or tissues of treated patients have 
not been assessed.

Monoclonal antibodies that inhibit the function 
of CTLA-4 (FIG. 1) are able to increase the CD8+ and 
CD4+ therapeutic immune response towards many 
transplantable syngeneic murine tumours with a strong 
therapeutic effect, although anti-tumour effects of sin-
gle-agent anti-CTLA-4 mAbs are typically restricted to 
immunogenic tumours able to prime T cells72,70. The 
fact that CTLA-4 is expressed only after pre-activation 
on effector lymphocytes explains why the in vivo effects 
of anti-CTLA-4 and anti-CD28 mAbs are different, 
although the main function of CTLA-4 seems to be 
the control of CD28-mediated activation18. In addi-
tion, as CTLA-4 is induced on primed cells, potential 
synergy with tumour vaccination seemed plausible, and 
although anti-CTLA-4 treatment alone had little effect 
on the poorly immunogenic B16 melanoma, it syner-
gized potently with tumour cells that expressed granu-
locyte macrophage colony stimulating factor (GMCSF) 
to deplete established lesions of B16 melanoma, with 
concomitant autoimmune vitiligo73. Similarly, treatment 
with anti-CTLA-4 mAbs synergized with vaccination 
against a prostate-specific antigen to induce anti-tumour 
effects in a transgenic model of spontaneous prostate 
cancer (TRAMP mice), with evidence of destructive 
inflammation in non-malignant prostate tissue74. 
Synergy with synthetic peptide and DC vaccines has 
also been shown70,75–79.

The anti-tumour effects of these antibodies are proba-
bly not mediated by their effects on TReg cells because anti-
CTLA-4 mAb treatment synergizes with the depletion of 
TReg cells80, and the in vivo function of TReg cells does not 
seem to be downregulated by anti-CTLA-4 treatment71. 
Therefore, the primary mechanism of action seems to be 
the prevention of CTLA-4 binding with CD80 or CD86. 
Murine transplantable tumour cells seem to express low 
levels of CD80, indicating that blocking this interaction 
might prevent the CD80-mediated activation of CTLA-4 
on the cytotoxic T cell that has infiltrated the tumour81.

The clinical development of anti-CTLA-4 mAbs. 
Clinically, two different humanized monoclonal 
antibodies directed to human CTLA-4 are currently 
being independently tested in phase III clinical trials 
for patients with metastatic melanoma70. Both agents 
have shown clinical therapeutic responses, according 
to Response Evaluation Criteria In Solid Tumours 
(RECIST) criteria, some of long duration, which are 
uncommon in patients with advanced disease that are 
recruited in phase III trials. Adverse autoimmune effects 
have been transient and reversible.
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4-1BB

α-OX40 α-CTLA-4

α-CD40

Radiotherapy

Chemotherapy

Vaccination

TReg depletion/
inactivation

Adoptive T-cell 
immunotherapy

α-PD-1

Clinical standard
Clinical trials
Preclinical studies

Hypopituitarism
The failure of the anterior lobe 
of the pituitary gland to sustain 
normal levels of the hormones 
that it produces.

Comensal flora
Non-pathogenic 
microrganisms that normally 
colonize the epithelial barriers 
of the organism such as the 
skin or the intestinal mucosa.

Effector phase of CTL-
mediated cell killing
The killing of a target cell by an 
activated CD8+ T cell that, 
after antigen recognition (in 
close cell–cell interactions), 
degranulates to release 
perforin and granzymes, 
and expresses ligands and 
cytokines for death-inducing 
receptors on the target cell. 
These events have been 
described as the kiss of death.

Clonal exhaustion
Chronic exposure to high levels 
of antigen drives T 
lymphocytes into a functional 
state of non-responsiveness 
termed ‘exhaustion’. This 
phenomenon might have a role 
in impaired CD8+ T-cell 
response to persistent 
antigens. There is evidence 
that PD-1 and B7-H1 have 
crucial roles in the induction 
and maintenance of this 
status.

Adverse events in the form of autoimmunity most 
commonly comprise pruriginous (itchy) skin eczema 
with generalized rashes, and inflammatory bowel 
syndromes with moderate to severe diarrhoea82. 
Pathological examination of skin and gastrointestinal 
lesions shows infiltrates of CD4+ and CD8+ T cells. There 
have been less frequent cases of inflammation of the 
pituitary gland (hypophysitis) causing hypopituitarism, 
inflammation of the uveal layer of the eye (uveitis) and 
hepatitis82–86. It should be noted that although these side-
effects are attributed to the induction of autoimmunity, 
no responses to defined auto-antigens have yet been 
ascertained. Therefore it is possible that some of these, 
particularly inflammatory bowel syndromes, could 
represent inappropriate responses to commensal flora. 
Treatment of these adverse events has required steroid 
therapy that conceivably counteracts the anti-tumour 
effects of anti-CTLA-4, albeit that there are cases of 
ongoing objective tumour responses during steroid ther-
apy87. Mitigation of autoimmune and/or hyperimmune 
toxicity induced by anti-CTLA-4 mAbs has also been 
seen in patients treated with an inhibitory anti-TNFα 
antibody (S. Rosenberg, personal communication).

The first published clinical trial of anti-CTLA-
4 mAbs involved a single dose of 3 mg per kg (body 
weight) given to patients with melanoma or ovarian can-
cer. Although these were not objective responses, there 
were several signs of increased inflammatory responses, 
one of them in a cerebellar metastasis of malignant 
melanoma. However, this lesion became so inflamed 
that the patient died from intracraneal hypertension88. 
It was noted that the patients in this trial who had pre-
viously been treated with a DC vaccine or autologous 
tumour cells that express exogenous GMCSF (GVAX) 
had stronger pathological signs of inflammation and 

necrosis in their tumours78,88. A clinical trial involving 
36 patients with malignant melanoma combined a bolus 
injection of IL2 with escalating doses of anti-CTLA-4 
mAb. 22% of the treated patients showed an overall 
response, with 3 complete responses, and there was 
no evidence of additive toxicity89. At present there is 
an extensive series of exploratory phase II clinical trials 
in which anti-CTLA-4 mAbs are being combined with 
accepted chemotherapy protocols.

The data being generated in the clinic at present 
involve patients with mainly malignant melanoma or 
renal-cell carcinoma, although there are patients with 
various solid tumours who have been included in vari-
ous clinical trials. The results of more comprehensive 
trials in patients with malignant melanoma have indi-
cated several things. First, that dosing and schedule for 
maximum efficacy are not established, although clinical 
response is rarely observed at doses less than 3 mg per 
kg (body weight). Improved responses and increased 
immune toxicity are observed more frequently with 
multiple doses. Second, clinical responses take weeks, if 
not months, to occur, requiring an unusually long time 
window to evaluate efficacy85. Third, autoimmune reac-
tions clearly correlate with clinical efficacy86,87. Fourth, 
persistent immune infiltrates in lesions can last months, 
and therefore response criteria based only on imaging 
techniques might fail to fully define efficacy. Fifth, in 
a trial combining a previously described gp100 peptide 
vaccine90, anti-CTLA-4 mAb did not increase the fre-
quency of T cells responding to this antigen even in cases 
with objective responses, contrary to the expectations 
from mouse studies83,87. Sixth, the number and function 
of TReg cells in peripheral blood are not significantly 
affected in treated patients71. Seventh, there is not yet 
any useful immune parameter to correlate with efficacy 
other than tumour infiltration by immune system cells91. 
And last, it is still unclear whether the anti-CTLA-4 anti-
bodies amplify a latent, weak pre-existing T-lymphocyte 
response or facilitate the activation of naive T cells. 
Indeed, there are no reports of the antigen specificity of 
T cells infiltrating the tumours of patients that respond 
to this treatment.

PD-1 and B7-H1. PD-1 (REF. 92) is another co-inhibitory 
receptor that shows homology with CD28 and whose 
expression is induced after activation on CD4+ and 
CD8+ T cells, B cells and monocytes16,18. This surface 
receptor has two known ligands, B7-H1 (also known as 
PD-L1) and B7-DC (also known as PD-L2)16,18. PD-1 
ligation causes the inhibition of T-cell activation and 
proliferation causing cell-cycle arrest without apoptosis. 
The phenotype of PD-1-null mice is characterized by 
cell-mediated organ-specific autoimmunity93, consist-
ent with the inhibitory function of PD-1 in regulating 
TCR–CD28-dependent T-cell activation. In contrast 
to CTLA-4-null mice, which develop lethal multiorgan 
autoimmunity or hyperimmunity within 3 weeks, PD-1-
null mice generally develop more restricted autoimmune 
syndromes that are strain dependent and do not occur 
until beyond 6 months of age. Therefore, PD-1 seems to 
be a more subtle immune checkpoint than CTLA-4.

Figure 3 | Efficacious combination strategies involving immunostimulatory mAbs. 
A scheme of combinatorial therapeutic strategies with immunostimulatory 
monoclonal antibodies (mAbs) for cancer, in clinical and preclinical development. 
The status of each treatment or each combination (two-headed arrows) is referred to 
by the colour code. α, anti.
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Waldenström 
macroglobulinaemia
A haematological malignancy 
resulting from the 
transformation of plasma cells 
that produce a multimeric IgM.

DC maturation
The phenotypic changes 
experienced by DCs that 
increase the expression of 
T cell co-stimulatory 
molecules, levels of antigen 
presentation and the 
production of T-cell stimulatory 
cytokines (IL12, IL2, IL23, 
IL15 and IFNγ).

Plasmacytoid DCs
A subpopulation of leukocytes 
that produce high amounts of 
type I IFN when detecting viral 
substances. Recently its 
expression of CD40 ligand 
seems to be important for 
activating conventional myeloid 
DCs. Their in vivo role in antigen 
presentation is not known.

B7-H1 expression has been described on various 
human tumour cells94, and expression of this molecule 
decreases the immunogenicity of mouse tumours 
in vivo94. In addition, the expression of B7-H1 in human 
malignancies correlates with a poor prognosis95.

B7-DC can deliver co-stimulatory or co-inhibi-
tory signals to primed lymphocytes, depending on the 
culture conditions96,97. Its expression is restricted to 
activated DCs, and it is thought to induce T-cell 
co-stimulation through an as-yet unidentified counter 
receptor expressed on activated T cells.

The administration of mAbs against PD-1 and B7-
H1 has produced CTL-mediated anti-tumour effects 
in mice98. B7-H1 interferes with the effector phase of 
CTL-mediated cell killing98 (FIG. 1). Interest in this target 
is fuelled by the finding that mice chronically infected 
with lymphocytic choriomeningitis show clonal exhaus-
tion in CD8+ CTLs that recognize the viral antigens. 
The exhausted clones expressed high levels of PD-1, 
and the blockade of both PD-1 and B7-H1 with mAbs 
reversed this phenotype in vivo, and the mice regained 
T-cell mediated anti-viral activity99. No data have been 
reported so far on the reversion of clonal exhaustion in 
T cells in tumour-bearing mice. Phase I clinical trials 
have been initiated in cancer patients with a fully human 
anti-PD-1 mAb, although there is not yet evidence for 
clonal exhaustion accounting for weak T-cell responses 
towards human malignancies.

A divergent line of research has found that a multiva-
lent human IgM mAb directed against B7-DC from the 
serum of a patient with Waldenström macroglobulinaemia 
delivers a strong DC maturation signal after B7-DC 
crosslinking (FIG. 1), inducing the secretion of IL12 from 
DCs100. Giving this mAb to mice induces T-cell-dependent 
rejection of transplantable tumours, and so indicates 
clinical potential101.

MAbs that improve the performance of APCs
Mature or activated DCs are capable of inducing potent 
T-cell clonal expansion and effector differentiation7. DC 
maturation102 causes the upregulation of co-stimula-
tory molecules such as CD80 and CD86 and cytokines 
(such as IL2, IL12, IL15, IL23, IFNα, IFNβ and IFNγ) 
that drive full effector differentiation of T and NK cells. 
However, under steady-state conditions antigen pres-
entation by incompletely activated DCs causes T-cell 
anergy or depletion after an abortive transient activa-
tion. Incompletely activated DCs are evident in patients 
with cancer7.

CD40. The constitutive expression of CD40 is crucial 
for the function of B cells and DCs103. This molecule 
belongs to the TNFR superfamily. CD40 expression is 
not restricted to B cells and DCs, but is also expressed 
on macrophages, T cells and in non-haemopoietic 
tissue such as vascular endothelium and multiple epi-
thelia. In fact, CD40 is often expressed on the surface of 
carcinoma and lymphoma cells. There is a single ligand, 
CD40L, which is chiefly expressed on activated T helper 
cells103,104, although it can also be expressed on activated 
NK cells, platelets and plasmacytoid DCs. In the immune 
system CD40 ligation is crucial for a competent cellular 
immune response, as well as for affinity maturation and 
heavy chain class switching in the humoral immune 
response. These functions of the CD40L–CD40 system 
are supported by the humoral and cellular immunode-
ficiency observed in humans with mutations in CD40L 
or CD40, and mice in which the genes that encode these 
proteins are knocked out. CD40 seems crucial to the 
licensing of DCs, and enables them to drive effector 
CTL responses, in part through the induction of IL12 
secretion by DCs105,106.

MAbs specific for CD40 can exert two types of anti-
tumour effects. Some of them are conceivably exerted 
on CD40-expressing tumour cells by mediating antibody-
dependent cellular cytotoxicity (ADCC) or complement-
dependent cytotoxicity104. In addition, CD40 signalling 
in some carcinomas and lymphomas can promote 
tumour cell apoptosis104.

However, it has been observed in many preclinical 
models that the anti-tumour effects of CD40 ligation by 
mAbs require a functional immune system107. Proposed 
mechanisms involve the activation of DCs and possibly, 
in the case of lymphoma, the conversion of malignant 
B cells into efficient APCs for CTL induction. It is clear 
that triggering CD40 can at least partially overcome the 
need for T-cell help and enable efficient, long lasting 
anti-tumour immunity as experimentally observed 
following CD4+ T-cell depletion108,109. Both anti-CD40 

Box 2 | Limitations in the development of immunostimulatory mAbs

Hurdles for new target identification
• Almost all experiments are conducted in mice, and therefore those elements of the 

immune system that differ between mice and humans are not easy to evaluate in 
experimental tumour systems.

• Transplantable rodent tumours are imperfect predictors of true potential 
effectiveness against human disease (not even in mice with spontaneous or 
chemically-induced tumours).

• Mice are imperfect predictors of toxicity for antibodies against a particular 
immune target.

• Monoclonal antibodies (mAbs) against mouse molecules are made in rats and 
hamsters, and therefore highly homologous proteins among rodent species are 
unlikely to be immunogenic for mAb production. Therefore, high-affinity antibodies 
against some murine targets cannot be produced. Non-biased antibody screenings 
with phage libraries and immunization of the corresponding knockout mice have the 
potential to circumvent this problem.

Obstacles for clinical development
• Costs: the nascent field of humanized antibody technology is expensive, as it 

requires the bio-processing and quality control of batches of a complex tetrameric 
protein.

• Risks: new types of adverse effects, including autoimmune reactions and cytokine 
storm syndromes, might be associated with the use of these mAbs.

• Combination regimens will probably be needed to achieve clinically meaningful 
efficacy.

• Difficulties in the development of reliable immunoassays as surrogate endpoints for 
biological activity.

• Complex intellectual property issues involving different owners, that ultimately 
require complex business arrangements and possibly initiatives from national or 
supranational funding agencies130.
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Target prediction

Classical mAb production against 
the mouse/rat target molecule

Proof of concept 
in animal models

Mechanism
finding/confirming
studies

Preclinical combination
strategies

Appraisal of value for 
translational research

Production of mAb for the 
human homologous molecules

Classical mAb production

Production in transgenic mice
that express human immunoglobulins

mAb humanization by 
genetic engineering

In vitro selection
(Such as T-cell co-stimulation)

In vivo selection
1. Human PBL-reconstituted SCID mice
2. Knock-in mice for human molecule

GMP-bioprocessing

Clinical-grade batches

Dose-finding phase I clinical trials Industrial production scale-up

Evaluation of results:
1. Pharmacokinetics
2. Safety
3. Optimal dosing
4. Assessment of immunity

Combination with
• Immunization procedures
• Radiotherapy/chemotherapy
• Other immunostimulatory mAbs

More advanced clinical trials (phase II)

mAb and CD40L have also been used to mature cul-
tured DCs in vitro before use in DC vaccines108, and 
some DCs have been transfected with CD40L before 
use110. In fact, early clinical work adopted a modified 
version of this strategy with the direct expression of 
CD40L in chronic lymphocytic leukaemia cells using 
a recombinant adenovirus vector. An increase in 
the number of anti-tumour T cells, and a decrease in the 
number of circulating malignant lymphocytes and 
in the size of the involved lymph nodes were seen in 
patients who were infused with chronic lymphocytic 
leukaemia cells expressing CD40L111.

The first clinical trial to investigate the use of a soluble 
CD40 trigger used a recombinant human CD40L trimer, 
rhuCD40L, which has potent agonistic activity112. Thirty-
two patients with either solid tumours or non-Hodgkin 
lymphoma were given a 5-day course of between 0.05 and 
0.15 mg per kg (body weight) in a dose-escalation study. 
The maximum tolerated dose (MTD) was 0.1 mg per kg 
(body weight) a day based on transient increases of liver 
transaminases in the serum. Despite this relatively small 
dose, two responses were recorded, one complete and one 
partial, and 12 patients achieved benefit in terms of some 
degree of stable disease. The complete response was par-
ticularly interesting because it occured a long time after 
the treatment was given. More recently, Seattle Genetics 
has investigated the use of a humanized anti-CD40 
mAb (SGN-40) in a phase I dose-escalation study113. 
Thirty-five patients, 23 with multiple myeloma and 12 
with non-Hodgkin lymphoma, were treated with weekly 
doses of between 2 and 4 mg per kg (body weight). SGN-
40 was surprisingly well tolerated compared with other 
studies that have used CD40L or anti-CD40 mAbs, 
with no serious adverse events reported. Two patients, 
both with non-Hodgkin lymphoma, achieved a par-
tial response, one of which was sustained for several 
months. In addition, although the criteria for an objec-
tive response were not met, a decrease in the level of 
the monoclonal (M)-protein produced by the malignant 
myeloma cells was recorded in four patients, indicating 
a decrease in tumour burden.

Finally, Vonderheide and colleagues have recently 
reported a phase I clinical trial using a different anti-CD40 
mAb in various types of tumour. This is a fully human 
IgG2 agonistic mAb, CP-870,893 (REF. 114). Interestingly, 
there were four partial responses observed in patients with 
malignant melanoma, but dose-limiting toxicity was seen 
at low doses such as 0.3 mg per kg (body weight) owing 
to systemic inflammatory syndromes115. At present there 
are ongoing phase I trials with two unrelated human anti-
CD40 mAbs in patients with non-Hodgkin lymphoma, 
chronic lymphocytic leukaemia or multiple myeloma.

Therapeutic combinations to increase efficacy
Stepwise clinical development requires early clinical 
trials to test new agents as monotherapies. However, it 
is thought that combination therapies have the poten-
tial to establish synergistic anti-tumour activity (FIG. 3). 
Anti-CTLA-4 mAbs have shown preclinical synergistic 
effects with several forms of cancer vaccines, as well 
as with radiotherapy116 and chemotherapy117. There 

Figure 4 | Route from preclinical to clinical development of immunostimulatory 
monoclonal antibodies. A flow chart of the discovery and development paths, 
depicting the progression of an immunostimulatory monoclonal antibody (mAb) 
towards the clinic: from target identification to clinical trials (Supplementary 
information S2 (box)). It should be kept in mind that immunostimulatory mAbs, at least 
in some instances, challenge commonly accepted paradigms for small-molecule 
development in cancer because they often have no clear dose–response effects, the late 
onset of beneficial effects in some cases, inconsistency in the evaluation of response by 
standard imaging techniques, immunological tests that measure anti-tumour immunity 
as a surrogate endpoint and, above all, new types of adverse effects.

R E V I E W S

NATURE REVIEWS | CANCER  VOLUME 7 | FEBRUARY 2007 | 103

© 2007 Nature Publishing Group 



is a conspicuous lack of experimental information on 
whether anti-CTLA-4 mAbs also safely increase the 
efficacy of adoptive T-cell transfer in mouse models.

Interestingly, it has recently been reported that there 
is a synergistic effect of co-administration of anti-4-1BB 
and anti-CTLA-4 mAbs56. Experiments in human 
CTLA-4 knock-in mice permitted these observations 
to be made with the human anti-CTLA-4 mAb56, but 
only in the MC38 colon carcinoma model, and not with 
other less immunogenic tumours such as B16 melanoma. 
Importantly, co-administration with anti-4-1BB mAbs 
seemed to ameliorate the autoimmune infiltrates that are 
elicited by anti-CTLA-4 mAb treatment56.

Anti-CTLA-4 mAbs can synergize with anti-CD40 
mAbs and the depletion of TReg cells in a preclinical 
model80. When thinking about combining treatments 
with anti-CTLA-4 mAbs one has to be mindful that 
the simultaneous or sequential manipulation of vari-
ous check points of immune regulation could trigger 
untreatable autoimmunity, as a result of simultaneously 
loosening too many immunological ‘brakes’.

4-1BB mAbs have also shown increased efficacy 
in preclinical models when combined with chemo-
therapy118. A clinical trial has recently been approved 
to test chemotherapy plus anti-4-1BB mAbs in ovar-
ian cancer (NCT00351325). Tumour antigen vaccines 
are synergistic with anti-4-1BB mAbs and as adoptive 
T-cell therapy50. Synergy with DC-vaccination seems 
highly effective and has been observed with tumour 
lysate-loaded DCs49 and intratumoral injection of DCs 
genetically engineered to produce IL12 (REF. 119).

A very encouraging recent study documented unprec-
edented efficacy in mice treated with a combination of 
anti-CD40 and anti-4-1BB mAbs120. Interestingly, the 
activity was increased with mAbs raised against death 
receptor 5 (DR5), a member of the TNFR superfamily 
that induces the apoptosis of tumour cells120. Efficacy 
was remarkable even against autochthonous sarcomas 
induced by a chemical carcinogen. The induction of 
tumour cell death by anti-DR5 antibodies concomitant 
with immunostimulatory mAbs suggested that tumour 

apoptosis mediates the release of tumour antigens for 
cross-presentation by DCs, and might favour T-cell 
infiltration in tumour lesions. Other approaches that 
adopt similar combinations to cause local tumour cell 
destruction should be explored. Treatment with 4-1BB 
agonist mAbs (and to a lesser extent with cells expressing 
4-IBBL) synergizes with IL12 gene transfer in tumour 
cells to mediate tumour clearence in mice121,122.

Another interesting area still largely unexplored is 
the combination of an immunostimulatory mAb with 
allogeneic or autologous bone-marrow transplantation. 
It has been reported that anti-4-1BB mAbs increase both 
acute graft versus host disease and its linked graft versus 
leukaemia effect in mice123, whereas anti-4-1BB mAb 
ameliorates chronic graft versus host disease124.

Anti-OX40 mAbs potently synergize with anti-
4-1BB mAbs in murine-tumour and viral-infection 
models, without apparent side effects63. Further benefit 
was apparent when the tumour cells expressed exog-
enous IL12 (REF. 63). If given alongside vaccination this 
combination can successfully treat breast carcinoma 
developing in mouse-mammary tumour (MMTV)-neu 
transgenic mice125.

Anti-PD-1 and anti-B7-H1 mAbs show synergistic 
therapeutic effects with agonist anti-4-1BB mAbs against 
tumour cells that express B7-H1 as an immune-escape 
mechanism98. Identification of primary immune-escape 
mechanisms for particular classes of tumour could be 
important in the future to tailor the most suitable com-
binations on an individual basis.

Developing new immunostimulatory mAbs that 
target recently identified co-stimulatory and co-inhibi-
tory molecules (Supplementary information S1 (box)) 
is an exciting but challenging area of translational and 
reverse-translational research (BOX 2). It is important that 
any new immunostimulatory compound is tested thor-
oughly and systematically in a stepwise manner (FIG. 4 
and Supplementary information S2 (box)). Perhaps the 
most promising observations are those that indicate that 
therapies that include immunostimulatory mAbs seem 
to have a synergistic effect (FIG. 3).
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