
Nature Reviews Drug Discovery

nature reviews drug discovery https://doi.org/10.1038/s41573-026-01442-2

Review article  Check for updates

Realizing the potential of agonistic 
antibody immunotherapy
Mark S. Cragg    1,2,9  , Xiaojie Yu3,4,5,9, Christopher Paluch    6,9 & Simon J. Davis    7,8,9 

Abstract

Agonistic antibodies mimic the activities of native ligands by initiating 
signalling by the receptors they target. As stimulators of immune-cell 
surface receptors, they offer the prospect of resetting immune 
responses in autoimmune conditions or initiating new or stronger 
reactions in contexts such as cancer immunotherapy. Despite these 
theoretical advantages and preclinical promise, the use of agonistic 
antibodies has so far delivered only limited benefit to patients. Recently, 
however, considerable progress has been made in understanding 
their mechanisms of action, which holds the key to engineering new 
antibodies more likely to realize the clinical potential of this class of 
biologics. Agonistic antibodies that target tumour necrosis factor 
receptor (TNFR) superfamily proteins in the context of anti-cancer 
therapy have been a major focus of these studies, but substantial 
progress has also been made in understanding how antibodies and 
antibody-like molecules trigger signalling by immune receptors and 
cytokine receptors, creating opportunities to treat autoimmune 
disorders. Here, we summarize recent progress in understanding 
how antibodies initiate receptor signalling. We also review the clinical 
landscape for agonistic antibody-based immunotherapy and discuss 
how newly gained mechanistic insights should broaden the clinical 
scope and improve the safety and efficacy of the approach.
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with receptor blockade14,22. The first agonistic antibody, reactive with 
the CD3 subunit of the TCR, was identified in 1979, followed more than 
10 years later by agonists of TNFRs and cytokine receptors (Fig. 1). 
Considerable progress has recently been made in understanding the 
different mechanisms underpinning signalling induced by agonistic 
antibodies (Fig. 2): anti-TNFR antibodies rely on the local accumulation 
of receptors, favouring recruitment of trimeric signalling effectors 
from the cytosol; immune receptors are triggered by antibodies that 
induce the local exclusion of large receptor-type protein tyrosine phos-
phatases (RPTPs) from sites of cell–cell contact; and cytokine recep-
tor agonists depend on receptor dimerization, leading to receptor 
auto-activation. These mechanistic insights should broaden the clinical 
scope and improve the safety and efficacy of agonistic antibodies.

In this Review, we focus on agonists of the TNFRs, immune recep-
tors and cytokine receptors, first giving an overview of the principles 
of antibody-initiated receptor signalling. We then discuss the clinical 
successes and failures marking attempts to agonize these three classes 
of receptors with antibodies, and offer a perspective on how the new 
mechanistic insights might allow the potential of this approach to be 
better realized. To limit the scope of the article, we focus on antibod-
ies rather than other types of agonists, such as those based on native 
and modified receptor ligands14,17, aptamers23,24 or de novo-designed 
proteins25,26. Nor do we discuss other families of receptors active in 
the immune system, some of which, including G protein-coupled 
receptors27,28 and single-transmembrane catalytic receptors27,28, have 
been targeted with agonistic antibodies.

TNFR agonism by ligands and antibodies
TNFR signalling pathways
TNFRs are critical for a variety of biological processes, including tissue 
development, homeostasis and, most notably, immune responses29–31. 
They are type I transmembrane proteins with ligand-binding extra-
cellular domains consisting of 1–6 cysteine-rich domains (CRDs)31,32 
and short cytosolic regions that lack intrinsic enzymatic activity but 
trigger signalling by recruiting adaptor proteins33,34 (Fig. 2a). Based 
on the adaptors they recruit, TNFRs can be assigned to three groups. 
The first group comprises immune costimulatory receptors such 
as CD40, 4-1BB and OX40, which recruit trivalent adaptors termed 
TNFR-associated factors (TRAFs) to activate NFκB and MAP kinase 
signalling pathways, resulting in immune activation35. These receptors 
have important roles in immune responses. For example, the CD40 
receptor regulates the activation status of antigen-presenting cells 
(dendritic cells and B cells), thus controlling elements of both 
humoral and cellular adaptive immunity36. Other immune costimu-
latory TNFRs, such as CD27, 4-1BB and OX40, modulate T cell effector 
functions37–39. Activation of these receptors with agonistic antibodies 
can stimulate professional antigen-presenting cells, macrophages 
and antigen-specific T cells to initiate or enhance immune responses 
to cancers11–13. A second group of TNFRs, including Fas (CD95) and 
TNFR1, consists of receptors with cytosolic death-domain motifs that 
recruit the adaptors Fas-associated death domain protein (FADD) 
and TNFR1-associated death domain protein (TRADD). FADD recruit-
ment is the primary driver of cell death, whereas TRADD can also 
be cytotoxic40. As tumours can express receptors from this group, 
such as Fas, DR5 (TRAIL-R2) and TNFR1, receptor agonists stimulat-
ing these receptors can elicit direct antitumour activity41,42. Recep-
tors in the third group of TNFRs do not signal and are either soluble 
(such as DcR3 and OPG), glycosylphosphatidylinositol-anchored 
surface proteins (such as DcR1), or have truncated non-functional 

Introduction
Antibodies and antibody-like molecules are among the most excit-
ing classes of therapeutics, with more than 200 already approved for 
clinical use and many more in preclinical development or undergoing 
clinical assessment1,2. The latest therapies take advantage of multiple 
facets of antibody biology that can be tailored to required modes of 
action, underpinned by the favourable intrinsic features of antibodies, 
which include exquisite specificity for their targets, inherent stability 
and long half-lives. Accordingly, antibody technology has allowed the 
long-term blockade of disease-associated targets, including inflamma-
tory mediators such as tumour necrosis factor (TNF), and the immune 
checkpoints CTLA-4 and PD-1 (ref. 3). The activities of the Fc domains 
of antibodies can be silenced, thereby preventing interactions with Fc 
receptors and/or complement components that would compromise 
their clinical efficacy4. Alternatively, amino acid or glycan modifica-
tions can be used to enhance Fc domain activity, as exemplified by 
the increased target-cell killing of next-generation anti-CD20 and 
anti-CD19 antibodies5. Antibodies, however, can also be used in other 
therapeutic modalities: for example, their remarkable, high-affinity 
reactivity makes them useful embodiments of Ehrlich’s magic bul-
let for the targeted delivery of therapeutic cargoes, from toxins and 
radioisotopes to immune modulators and nucleic acids3. The modular 
properties of antibodies have also been utilized for the development 
of multispecifics that bind more than one epitope, and antibody frag-
ments that bind monovalently6,7. Bispecific T cell engagers, typically 
with one arm binding the CD3 subunit of the T cell receptor (TCR) and 
the other binding an antigen associated with a target cell, represent an 
expanding area of development in both oncology and autoimmune 
indications8,9.

Antibodies can also be used to leverage the signalling potential 
of receptors to which they are directed10–14. These ‘agonistic’ antibod-
ies invoke signals that modify cellular behaviour and, as such, create 
exciting opportunities for immune modulation. In general, these anti-
bodies are thought to, in some way, mimic the activities of the native 
ligands of the receptors they are targeting12,14. However, there is also 
the possibility that they could be used to trigger downstream signal-
ling by receptors that don’t have a ligand. This mechanistic distinc-
tion is important because it implies that antibodies could be used to 
produce cellular responses that don’t occur naturally, and therefore 
to obtain entirely novel therapeutic effects. Thus far, however, the use 
of agonistic antibodies has had limited clinical benefit.

Developing receptor-blocking antibodies is relatively straightfor-
ward, requiring only a high-affinity antibody whose three-dimensional 
volume, when bound, overlaps with that of the bound ligand(s). 
However, the rational design of agonistic antibodies is complicated 
by the need to engage specific and often rather complex mechanisms 
of receptor signalling. The largest group of agonistic antibodies stud-
ied in detail have targeted TNF receptor (TNFR) superfamily proteins, 
whose ligands are well known15,16. These receptors, expressed on a 
variety of immune-cell types, either directly initiate or co-stimulate 
immune responses and have therefore been actively targeted in the 
setting of cancer immunotherapy. However, there is also considerable 
interest in creating agonistic antibodies for other receptor classes, 
including cytokine receptors17–19, and the cell surface ‘immune recep-
tors’, such as antigen receptors and immune checkpoint receptors, 
which are phosphorylated by Src-family tyrosine kinases14,20,21. Inter-
est in immune receptors as therapeutic targets has been driven by a 
developing appreciation of their central role in modulating human 
immune responses, sometimes revealed by adverse events associated 
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cytosolic domains (such as DcR2)43. These receptors have not been 
targeted therapeutically, to our knowledge.

The TNFR ligands are type II transmembrane proteins that are con-
stitutively homo-trimerized or hetero-trimerized via their C-terminal 
TNF homology domains. However, most TNFR ligands exist as sol-
uble trimers, as they are proteolytically cleaved and released from 
the membrane by disintegrin-family and metalloproteinase-family 
proteases44–46. The presence of both transmembrane and soluble 
forms of TNFR ligands suggests the possibility that the two forms 
of ligand produce different types of TNFR signals. Indeed, soluble 
TNFR ligands typically have significantly less signalling activity than 
their membrane-bound counterparts (although differences occur 
at the level of individual receptors), allowing for different signalling 
outcomes45.

TNFR cell-surface distribution
Oligomerization of TNFRs, driven by their native ligands and likely 
also by antibodies, underpins TNFR signalling. Unlike their trimeric 
ligands, unliganded TNFRs do not exist as stable, homogeneous oli-
gomers, and their default stoichiometries are imprecisely understood. 
Chemical crosslinking, fluorescence resonance energy transfer and 
super-resolution-imaging-based studies suggest that several TNFRs 
form pre-assembled, covalent and non-covalent dimers and trim-
ers at the cell surface, albeit to different degrees47–52. Most of them, 
including TRAIL-R1, TRAIL-R2, TRAIL-R4, TNFR1 and TNFR2, are 
induced to self-associate by pre-ligand assembly domains (PLADs) 
located in the membrane-distal CRD of each receptor, adjacent to the 

ligand-binding site45,46. PLAD–PLAD interactions have affinities in the 
micromolar range, making them challenging to detect in solution53, 
and suggesting that an equilibrium forms in which receptor mono-
mers and dimers rapidly interconvert. In its ligand-free state, TNFR1 
exists in an equilibrium of ~66% monomers and ~34% dimers accord-
ing to single-molecule imaging measurements of fixed cells, which 
shifts to ~64% trimers and larger oligomers following ligand binding54. 
Mutation of the PLAD traps receptors in a monomeric state54. Although 
super-resolution microscopy showed that CD95 is predominantly 
monomeric (4% dimers)55, the physiological significance of receptor 
pre-assembly is demonstrated — in this case — by the existence of inher-
ited mutations associated with autoimmune lymphoproliferative syn-
drome that impair ligand binding and have dominant negative effects 
on signalling48. Other regions outside the PLAD might also contribute 
to non-covalent multimer formation of TNFRs. For example, RANK can 
self-assemble using motifs within its transmembrane domain, and Fn14 
is proposed to weakly self-associate via its cytosolic region56,57.

Ligand-induced TNFR activation
The classical explanation for TNFR triggering holds that, in the first 
instance, monomeric receptors are assembled into trimeric complexes 
by their trimeric ligands45,46. This model is supported by crystallo-
graphic studies showing that most receptor–ligand complexes com-
prise three TNFR monomers bound to a single, ‘bell-shaped’ trimeric 
ligand58–64. The formation of trimeric complexes favours the recruit-
ment of trivalent TRAFs, but it is not always sufficient, because some 
TNFRs (such as CD40, CD95 and 4-1BB) are not optimally triggered 
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Fig. 1 | Timeline of landmarks in understanding and developing agonistic 
antibodies. The first agonists to be discovered bound the CD3ε subunit of the 
TCR, triggering signalling, and CD28. This was followed by the development of 
antibodies that target tumour necrosis factor receptors (TNFRs). More recently, 

stimulating cytokine receptor signalling with antibodies has been a focus of 
attention. FDA, US Food and Drug Administration; PLAD, pre-ligand assembly 
domain; RA, rheumatoid arthritis; T1D, type-1 diabetes.
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by soluble forms of their ligands46. The discovery of PLADs led to a 
revised two-step activation model involving initial ligand-induced 
trimerization followed by PLAD-driven aggregation of the receptors 
into higher-order assemblies45,46. This model proposes that PLAD-driven 
multimerization of trimeric complexes is essential for optimal recep-
tor activation, a mechanism compatible with TRAF-mediated and 
FADD-mediated signalling. However, structural work suggests that 
extended TNF–TNFR1 chains created in this way would tend to form 
three-dimensional spirals, an outcome that is incompatible with the 
receptors remaining embedded within the membrane65.

A variety of observations involving different TNFRs nevertheless 
indicate that close physical associations of trimeric receptor–ligand 

complexes are required for signalling. First, TRAFs interact with and 
activate the ubiquitin ligases cIAP1 or cIAP2 in the course of downstream 
signalling, and although at least two cIAP1 or cIAP2 proteins are required 
for effective cIAP auto-activation, each TRAF trimer recruits only one 
cIAP protein46,66–72. Similarly, single CD95 trimers are unable to recruit 
the two procaspase-8 molecules needed for their auto-activation73–77. 
Second, structural work has revealed that the signalosome assembles 
around seven cytosolic receptor death domains78, indicating that sig-
nalling by receptors bearing death-domain modules requires at least 
two adjacent trimeric TNFR–ligand complexes. Third, soluble forms of 
TNFR1 spontaneously precipitate in the presence of TNF in a manner 
dependent on CRD4 (ref. 65), potentially mimicking ligand-induced 
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Fig. 2 | Mechanisms of native versus antibody-induced 
receptor signalling. a, For native signalling (left), TNFRs 
such as CD40 are triggered by their binding of native 
trivalent cell-bound or soluble ligands, which results in 
trimerization of the receptors and allows the recruitment 
of trimeric cytosolic adaptors (only cell-bound ligands 
are shown). The transient or stable oligomerization of the 
trimeric ligand–receptor complexes initiates downstream 
signalling. Antibodies (Abs, right) likely mimic the effects 
of native ligands by bivalently engaging the receptors, 
leading to their local accumulation, which will favour the 
recruitment of trimeric cytosolic signalling complexes 
from the cytosol and the initiation of downstream 
signalling. These effects will be enhanced by the binding of 
the antibody to Fc receptors for IgG (FcγRs). For both native 
ligands and antibodies, signalling may also be augmented 
by the interactions of the pre-ligand assembly domains 
(PLADs) of certain TNFRs. b, Immune receptors such as 
PD-1 are proposed to be triggered at cell–cell contacts 
by their ligands, for example, PD-L1, following the local 
steric exclusion of large receptor-type protein tyrosine 
phosphatases (RPTPs), including CD45. Exclusion of RPTPs 
increases the local kinase:phosphatase activity ratio in the 
contacts, favouring net receptor phosphorylation (P) and 
signalling107. By forming complexes with FcγRs, antibodies 
(right) form pseudo ligands that, upon co-engagement of 
the target receptors and bridging of the ‘gap’ between FcγR-
expressing and receptor-expressing cells, effect the local 
exclusion of RPTPs and promote signalling107. The position 
of the epitope determines the size of the ‘gap’ between the 
two cells, the efficiency of phosphatase exclusion and the 
potency of signalling. c, Cytokine receptors, such as the 
erythropoietin receptor (EpoR), are triggered by cytokine-
induced dimerization of their signalling subunits (left), 
which allows JAK activation and the recruitment of STATs, 
which are then phosphorylated. The phosphorylated 
STATs (pSTATs) move to the nucleus, where they initiate 
transcriptional reprogramming. The dimerization of 
receptors by antibodies triggers the same chain of events.
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physical aggregation of the receptors at the cell surface. Fourth, ligand 
binding induces the ordered physical clustering of TNFR1 extracellular 
domains on supported lipid monolayers, and a TNFR1 nanobody that 
blocks signalling also disrupts cluster formation without preventing 
ligand binding or receptor trimerization79. Last, it is proposed that 
pre-assembled TNFR1 (and TNFR2) dimers form hexagonal lattices that 
position groups of three receptors in arrangements favouring their 
binding to trimeric ligands, based on anti-parallel receptor interactions 
observed in crystals of TNFR1 (ref. 32). However, dimer formation in this 
way is thermodynamically unfavourable, and structural work on other 
receptors, such as 4-1BB, RANK, DcR3 and DR6, suggests that it is not 
a universal phenomenon61,80,81. Nevertheless, a large body of data sug-
gests that TNFR signalling relies on local accumulation of the receptors, 
with, at the very least, trimer formation involved, creating a setting in 
which artificial bivalent ligands — antibodies — would be active (Fig. 2a).

Agonistic antibody-induced TNFR signalling
Although native TNFR ligands only ever activate signalling, as soluble 
and/or membrane-anchored proteins, with the latter typically elicit-
ing stronger signals, antibodies have a broad range of activities, from 
potent agonism through to antagonism82. Understanding how bivalent 
antibodies — which lack the innate trimerization capacity of ligands — 
induce local TNFR accumulation whilst producing graded agonistic 
effects is relevant for both the basic biology of TNFR-family signalling 
and therapeutic design. Importantly, as potential therapeutics, ago-
nistic antibodies have considerable advantages over native, soluble 
ligands, including extended in vivo half-lives and ‘tuneable’ activity. 
Their agonistic activity is tuneable because signalling is influenced 
by the location and affinity of the antibody epitope, the possibility 
for co-engagement of the Fc receptors (predominantly Fc receptors 
for IgG; FcγRs), and Fc region isotype. Nevertheless, it is important 
to recognize that bivalent antibodies will never precisely mimic the 
activities of trivalent ligands, with antibody engineering often being 
required to elicit levels of signalling activity comparable with those of 
the native ligand. Agonistic antibodies appear to trigger signalling by 
locally accumulating receptors, favouring the recruitment of trimeric 
signalling effectors from the cytosol. In the following sections, we 
consider the roles of the Fab and Fc regions of agonistic antibodies in 
eliciting TNFR signalling.

Impact of Fab structure and affinity. The agonistic potential of 
anti-TNFR-family antibodies is affected by the location of their epitopes 
on the receptors (Fig. 3a), indicating that it relies on spatial or con-
formational effects of antibody binding. Whereas the native ligands 
of TNFRs typically bind a composite interface formed by CRD2 and 
CRD3, leading to receptor trimerization, not all anti-TNFR antibodies 
that bind the ligand-binding site are strong agonists. An analysis of nine 
anti-CD40 antibodies revealed that those targeting membrane-distal 
CRD1 produced stronger signalling than those that bind CRD2 or CRD3 
and block CD40 ligand (CD40L) binding82. Similarly, for six antibod-
ies binding CD27, those binding CRD1 were stronger agonists83. Fur-
thermore, urelumab, which targets CRD1 of 4-1BB, is a much more 
potent agonist than utomilumab, which binds CRD2/3 of the same 
receptor58,84,85. By marked contrast, among seven antibodies that bind 
OX40, the membrane-proximal CRD4-binding antibodies had the high-
est signalling activity86. Given these findings, it is plausible that the 
geometries of certain antibody–receptor complexes are more permis-
sive for the assembly of cytosolic signalling structures than others. For 
example, on average, antibodies that bind membrane-distally might 

allow closer receptor packing. These types of effects would explain 
the improvements in signalling obtained with new antibody formats 
developed by researchers at Genentech87,88. Leonard et al. initially found 
that transient, intermolecular Fab–Fab interactions of TNFR-targeted 
agonistic antibodies were dependent on self-association sequence 
determinants encoded within the CDRL2 region. These interactions 
proved to be responsible for the enhanced FcγR-independent signal-
ling by urelumab, and transfer of the determinants to other anti-TNFR 
antibodies increased signalling by the antibodies87. Subsequently, 
building on studies by others of an antibody, 2G12, that reacts with the 
HIV-1 envelope protein gp120, Romei et al. created a compact “i-shaped” 
antibody reliant on homotypic intramolecular Fab–Fab interactions 
(Fig. 3b). In this format, the potency of TNFR agonists was increased, 
as was that of bispecific antibodies targeting the β and γ subunits of 
the structurally unrelated IL-2 receptor88.

Although the established approach for antibody screening and 
selection focuses on high-affinity, low off-rate reagents best able to 
block target and/or ligand binding or to produce effective target-cell 
killing, the affinity requirements of agonistic antibodies are less clear. 
Affinity maturation of antibodies targeting CD95 was observed to 
reduce receptor agonism and cell-killing efficacy89. It was subsequently 
shown that the receptor binding requirements of OX40 agonists dif-
fered from those of cytotoxic or blocking antibodies because only 
20–50% receptor occupancy was required for OX40 agonists to elicit 
maximal enhancement of T cell effector function in vitro and in vivo90. 
Similarly, an affinity-reduced variant of a 4-1BB antibody was more 
active in tumour control than the higher-affinity form91. Building on 
the CD95-based findings89, Yu et al. used structural data to system-
atically reduce the affinities of a variety of agonistic antibodies92. For 
anti-CD40 and anti-4-1BB antibodies, increasing the off-rate increased 
signalling, leading the investigators to propose a model in which recep-
tors are bound and brought into proximity, and then each antibody 
arm is released to iteratively recruit additional receptors, enhancing 
their local accumulation and increasing the likelihood of signalling92 
(Fig. 3c).

Interactions of the Fc region. It is well-established that the 
interactions of antibody Fc regions with Fc receptors critically  
underpin many of the functions of antibodies93. For example, effector  
functions such as antibody-dependent cellular cytotoxicity and 
antibody-dependent cellular phagocytosis rely on IgG engaging 
activating FcγRs expressed on immune cells, with the net outcome 
modulated by interactions with a single inhibitory FcγR — FcγRIIB 
in humans and FcγRII in the mouse. In the case of agonistic antibod-
ies, it has been known for more than a decade that the differential 
engagement of FcγRs can affect the agonistic activity of anti-TNFR 
antibodies with different isotypes. Overall, FcγR-dependent 
antibody-induced signalling is now considered the rule and not the 
exception46,94 (Fig. 3d). In the murine setting, anti-CD40 antibodies 
of the mouse IgG1 (mIgG1) isotype produce very strong signalling, 
whereas mIgG2a antibodies are typically inactive, with rat IgG2a 
having intermediate activity95,96. The strength of signalling correlates 
with the relative levels of binding of the antibodies to mFcγRII in trans 
(on a neighbouring cell)97, with the intact mIgG1 isotype producing 
signalling, and mIgG2a and Fab′2 fragments being inactive98. Several 
studies indicate that this activity of mFcγRII relies on its ability to 
locally accumulate the receptors98,99. To demonstrate the require-
ment for in trans interactions, wild-type B cells were transferred to 
mFcγRII-deficient mice, in which agonistic anti-CD40 antibodies had 
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no activity despite in cis expression of mFcγRII by the B cells100,101. 
Because FcγR–antibody interactions are monovalent, they cannot 
generate clusters of receptors larger than those created by the anti-
bodies per se (that is, monomer pairs), and so it seems highly likely 
that FcγRII augments signalling by driving the local accumulation or 
‘trapping’ of receptors, at cell–cell contacts. Therefore, the antibod-
ies mimic, to an extent, the effects of trimeric ligands, because they 
increase the probability that transient oligomers form, nucleating 
the assembly of the cytosolic signalosome. Consistent with this 
notion, the level of expression of mFcγRII is key, with a 50% reduction 
eliminating the activity of some agonists101, and higher expression 
enhancing their activity, to the extent that any effect of epitope 
position or antibody affinity is negated82. Similarly, it has been found  
in vitro that, if sufficiently well-expressed, FcγRs other than FcγRII (such  
as FcγRI and FcγRIII) can mediate robust TNFR signalling in response 

to agonistic antibodies98,99. PLADs might facilitate the formation of 
higher-order oligomers by native ligands, but whether the local, 
FcγR-driven accumulation of receptors by antibodies also depends 
on PLAD-based dimerization has not been examined.

As well as differentially engaging FcγRs, other isotype-specific dif-
ferences affect the activity of agonistic antibodies. This was discovered 
by White et al., who compared several anti-TNFR antibodies expressed 
with multiple Fc regions, in the course of trying to identify an isotype 
with mIgG1-like activity102. Almost universally, like mIgG1, the hIgG2 
isotype was the most agonistic, but it also exhibited the property of 
being FcγR-independent102. The four human isotypes, hIgG1–4, have 
hinges with considerable variation in length and numbers of disulfide 
bonds103, and the agonistic effect was subsequently linked to the capac-
ity of the hIgG2 hinge region to undergo disulfide shuffling. Natural 
shuffling or engineering of the disulfide bonds in this region, resulting 
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to the amount of signalling triggered by antibodies (Abs)58,82,83,86. Antibodies 
that bind epitopes towards the ‘top’ of CD40 produced stronger signalling 
(left) than those that bind epitopes near the ‘bottom’ of the receptor (right). 
However, multiple other factors also influence signalling. For example, spatial 
or conformational effects of bivalent antibody binding and interactions of the 
pre-ligand assembly domains (PLADs) might also alter the relative positions of 
the antibody-bound receptors to affect the recruitment of trimeric cytosolic 
signalling adaptors. b, Intramolecular Fab–Fab interactions alter the quaternary 
structure of an antibody, changing the geometry of its interactions with 
receptors in a way that favours signalling87,88. c, The fast off-rate of low-affinity 
antibodies is proposed to favour the local accumulation of receptors, whereas 

high-affinity antibodies can only recruit pairs of receptors locally92. d, Cell–cell 
contact formation and the engagement of FcγRs by antibodies is expected to 
increase the local density of TNFRs, increasing the probability that transient 
signalling-competent oligomers form95,96,99,254. e, As in the case of intramolecular 
Fab–Fab interactions, disulfide (SS) bond shuffling in the antibody hinge 
regions, which produces more rigid hinges and less mobile Fab arms, imposes 
geometry that favours receptor accumulation or signalling effector recruitment, 
without a requirement for FcγR engagement102,105,106. f–h, The aggregating 
effects of secondary (2o) antibodies (part f )255, tumour-associated antigen (TAA) 
engagement by bispecific antibodies (part g)256 or antibody hexamerization 
(as viewed from above the cell surface) (part h)257 are all expected to promote 
signalling via the local accumulation of receptors.
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in a disulfide ‘crossover’ between the heavy chains (creating the hIgG2-B 
isoform), produced more rigid hinges and less mobile Fab arms as 
well as higher levels of agonistic signalling104,105 (Fig. 3e). Introducing 
additional non-natural disulfides that further restrict hinge flexibil-
ity elicited even greater levels of receptor signalling106. Exactly why 
constraining the Fab arms in this way enhances signalling is yet to be 
determined. One possibility is that the distinct geometries of the result-
ing antibody–receptor complexes position pairs of receptors in ways 
that favour chance associations with a third receptor and/or enhance 
the assembly of cytosolic signalling complexes105,106. The notion that 
local accumulation of receptors drives signalling by these antibodies is 
also supported by experiments showing that the binding of secondary 
antibodies, or tumour-associated antigen co-engagement, or antibody 
hexamerization, all promote increased TNFR signalling (Fig. 3f–h).

Immune receptor agonism by ligands  
and antibodies
There is now considerable interest in targeting immune receptors with 
agonistic antibodies. Receptors in this group, which could number as 
many as 100 (ref. 21) and include most immune checkpoints, have a 
remarkable capacity for modulating lymphocyte activity. Targeting 
these receptors, therefore, offers considerable scope for modulating 
immunity in the settings of cancer and inflammatory disease. These 
receptors generally have small extracellular domains (<20 nm in length), 
ligands that are anchored to the surfaces of other cells, and unstruc-
tured cytosolic regions with multiple tyrosine residues and no intrinsic 
catalytic activity. They are phosphorylated by membrane-associated 
Src-family tyrosine kinases, for example, Lck, and dephosphorylated 
by RPTPs, such as CD45 (ref. 21). These characteristics, shared with 
the TCR, imply that the immune receptors are all triggered in the same 
way and, at present, only the ‘kinetic-segregation’ mechanism explains 
how this might occur21,107. According to this proposal, signalling relies 
on the local, steric exclusion of the RPTPs when the receptors bind 
their cell-bound ligands, ‘taking the brakes off’ constitutive receptor 
phosphorylation by the kinases21,107 (Fig. 2b). Antibodies that block 
ligand binding by the immune checkpoints PD-1 and CTLA-4 and pre-
vent T cell inhibition have transformed cancer treatment, producing 
durable responses in otherwise untreatable disease108,109. The opposite 
approach of activating immune checkpoints with agonistic antibodies 
in order to suppress unwanted immune responses has only recently 
started to be applied in earnest in clinical settings.

The first antibody found to trigger immune receptor signalling110, 
and the first to be clinically approved by the US Food and Drug 
Administration (FDA), was the mIgG2a-based antibody, OKT3 
(muromonab-CD3)111,112. OKT3 was initially shown to react with a sub-
unit, now known as CD3ε, of a larger complex later identified as the 
TCR113,114. In vitro data showing that OKT3 suppresses T cell cytotoxic-
ity led to its clinical use to prevent rejection in patients with kidney 
transplants115 and, later, to suppress liver116,117 and heart transplant118 
rejection. OKT3 has also been used to suppress graft versus host 
disease (GvHD) following bone marrow transplantation119. However, 
the wider clinical use of OKT3 to treat, for example, autoimmunity, 
was prevented by its mitogenicity, immunogenicity and unaccep-
table toxicity manifesting as a cytokine-release syndrome (CRS)111. 
In 2010, muromonab-CD3 was withdrawn from the market111. Once 
an anti-mouse-CD3ε-binding antibody, 145-2C11, became available 
for study, the CRS was linked to the in trans engagement of FcγRs and 
CD3 (ref. 120). A second generation of humanized anti-CD3ε antibod-
ies, which did not bind FcγRs and exhibited reduced mitogenicity and 

much lower toxicity, had promising activity for early-onset type-1 
diabetes121,122. One of these, teplizumab, has since been approved by 
the FDA for use in delaying the onset of symptomatic type-1 diabetes111. 
Anti-CD3 antibody toxicity was also found to depend on bivalent, in cis 
TCR binding, because a ‘one-armed’ anti-CD3 antibody produced lit-
tle or no CRS whilst still reversing renal transplant rejection123. From 
these studies, it was clear that the intensity of the TCR signal delivered 
by an agonistic antibody can be tuned and that a reduced signal could 
maintain immunosuppressive efficacy without inducing CRS, perhaps 
via the induction of T cell anergy124 and/or the sparing of regulatory 
T cells125. However, how agonistic antibodies initiate immune receptor 
signalling was incompletely understood.

Mechanism of antibody-induced immune receptor signalling
There has been substantial progress in understanding how antibodies 
trigger signalling by immune receptors. It now seems clear that, in a 
manner analogous to that proposed for signalling initiated by their 
native ligands, the binding of Fc receptor-immobilized agonistic 
antibodies to immune receptors results in the local, steric exclusion 
of RPTPs, preventing the phosphatases from reversing the effects of 
Src-family kinases, leading to net receptor phosphorylation (Fig. 2b).

Structure of a CD28–superagonist antibody complex. Efforts to 
fully understand antibody-induced immune receptor signalling began 
with work on anti-CD28 antibodies. In 2002, an anti-human CD28 
antibody, 5.11A1 (ref. 126), was found to have the unusual property of 
inducing T cell activation, that is, it was ‘superagonistic’, building upon 
previous work on an anti-rat CD28 superagonist, JJ316 (ref. 127). These 
superagonists contrasted with more typical ‘costimulatory’ anti-CD28 
antibodies that are weak agonists and rely on coincident signalling by 
the TCR126,127. Strikingly, the stimulatory effects of the antibodies proved 
to be highly epitope-dependent, with superagonists always binding to 
the C″D loop of the folded part of the extracellular domain of CD28, 
and weak agonists to the ligand-binding FG loop126. Importantly, the 
superagonists also needed to be immobilized, for example, by FcγRs 
on target cells, to produce any signalling127.

In the crystal structure of a complex of CD28 monomers with 
Fab fragments of the 5.11A1 superagonist, the positioning of the Fabs 
implied that they would form a relatively ‘flat’ complex parallel to the 
plane of the membrane, at the cell surface128. By contrast, cryo-electron 
microscopy showed that a weak agonist would form a ‘V-shaped’ com-
plex ~6 Å ‘taller’ than the superagonist–receptor complex. To explore 
how these complexes produce distinct signalling outcomes, solution 
experiments were performed, and they showed that both antibodies 
could, in principle, form extended linear arrays of CD28 homodimers, 
indicating that local aggregation of CD28 was not the key mechanism 
underpinning superagonist activity128. Mechanisms based on confor-
mational changes to the receptor induced by superagonists could also 
be excluded. This is because antibodies tend not to induce large-scale 
structural rearrangements in protein antigens129 and bind in different 
ways even to shared epitopes130. It seemed unlikely, therefore, that 
CD28 superagonists, each binding to the C″D loop of the receptor, 
would each trigger a unique structural transformation in CD28 that 
was essential for signalling128. Instead, the epitope dependence of 
CD28 superagonism suggested that antibody-induced signalling 
might have a topological basis107,128 (Fig. 2b). It had been proposed that 
TCR signalling is triggered by the local, steric exclusion of RPTPs from 
sites of cell–cell contact where the TCR engages ligands, favouring 
receptor phosphorylation131,132. Supporting this model, truncating 
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either CD45 (ref. 133) or CD148 (ref. 134) phosphatases reduced 
T cell signalling triggered by immobilized anti-TCR antibodies or 
superantigen-loaded antigen-presenting cells by 80–95%. Accord-
ingly, it was proposed that antibody superagonists might induce 
signalling by sterically excluding large phosphatases from sites of 
receptor engagement107,128. This explained the correlation between 
epitope location and antibody signalling potential126, as well as the 
requirement that antibodies are immobilized127. It also implied that 
superagonists trigger stronger signalling than weak agonists, simply 
because they are better at locally excluding RPTPs, and that all immune 
receptors can be agonized107.

Tests of the phosphatase exclusion-based signalling mechanism. 
The notion that agonistic antibodies initiate immune receptor signal-
ling by locally excluding phosphatases was tested by Lippert et al., using the  
CD28 superagonist JJ316 and weak agonist JJ319 (ref. 135). Bivalent Fab′2 
fragments of JJ316 were inactive in solution, ruling out in cis receptor 
aggregation as the main driver of signalling (Fig. 4a), but they did trigger 
signalling when they were immobilized on a surface, implicating steric 
effects. An extended form of CD28 was not agonized by JJ316 (Fig. 4b), 
and signalling was reduced by truncating the RPTPs (Fig. 4c), results that 

could be explained by the RPTPs gaining access to the antibody-bound 
receptor. Similarly, inserting a mucin-like protein sequence into the hinge 
region of JJ316, increasing its size, prevented agonistic signalling (Fig. 4d). 
Finally, fluorescence imaging showed that JJ316 was ~twofold better at 
locally excluding the RPTP CD45 from sites of antibody accumulation 
than JJ319 (Fig. 4e).

Further work using a strong anti-PD-1 agonistic antibody con-
firmed and extended the mechanism beyond CD28. PD-1 is known 
to suppress TCR and CD28 signalling by recruiting cytosolic phos-
phatases to the plasma membrane136–138. Its upregulation on activated 
T cells139,140 makes PD-1 an especially interesting target for treating 
autoimmunity, because PD-1-targeting immunotherapies would, in 
principle, act directly on pathogenic, self-reactive T cells. Several 
anti-PD-1 agonistic antibodies have been described141–143, although 
most studies have utilized PD-1 ligand–Fc fusion proteins14,144.  
To confirm the proposed triggering mechanism, Lippert et al. showed 
that a strong PD-1 agonist (clone 19) bound membrane-proximally 
to PD-1 and locally excluded the RPTP CD45 more efficiently than a 
weaker agonist (clone 2) that bound closer to the ‘top’ of the protein135. 
Clone 19 also blocked TCR signalling in vitro and suppressed dis-
ease in models of systemic lupus erythematosus and delayed-type 
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Fig. 4 | Experiments supporting the immune receptor–RPTP exclusion-based 
antibody signalling mechanism. a, In contrast to an intact form of the CD28 
superagonist JJ316, which can bind to immobilized donkey anti-mouse (DAM) 
antibody, the Fab′2 form of the JJ316 antibody failed to bind DAM and exclude 
CD45, and it was therefore inactive135. b, An engineered CD28 receptor, CD28Fc, 
lengthened by the insertion of the Fc region of mouse IgG1, created a larger ‘gap’ 
between the cell and a glass surface when the JJ316 antibody was immobilized 
by surface-bound DAM. Because CD45 was not excluded, JJ316 failed to initiate 
signalling by CD28Fc (ref. 135). c, A truncated form of CD45 (tCD45) was not 
excluded and could gain access to the immobilized, JJ316-bound receptor and 
block signalling135. d, Lengthening the hinge region of JJ316 by inserting 50 
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exclusion and stopped the immobilized antibody initiating signalling135.  
e, Total internal reflection fluorescence (TIRF) imaging showed that JJ316 was 
~twofold better than a non-superagonistic antibody at locally excluding CD45 
from regions of antibody immobilization with DAM135. f, Because it binds a 
small receptor, the PD-1-blocking antibody nivolumab creates small gaps 
between T cells and FcγR-expressing cells, leading to the local exclusion of 
CD45 and measurable agonistic activity in certain in vitro and in vivo settings135.  
g, A systematic analysis of 81 anti-PD-1 antibodies (Abs) showed that those 
binding membrane proximally (top) produce stronger signalling than those that 
bind further away from the membrane (bottom)145. h, A monovalent anti-PD-1 
antibody could induce agonistic signalling, indicating that immune receptor 
signalling induced by antibodies is not dependent on receptor clustering146.
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hypersensitivity in vivo135. Strikingly, the first PD-1-blocking antibod-
ies used to boost antitumour responses in the clinic (pembrolizumab 
and nivolumab) also behaved as agonists in certain in vitro and in vivo 
settings135 (Fig. 4f). Consistent with the independent findings of Yu 
et al.92, Lippert et al. proposed that all FcγR-engaging antibodies that 
bind small immune receptors would have some signalling activity 
because they will locally exclude RPTPs135. Such effects ought to be 
considered when designing blockers of immune checkpoint recep-
tors, since these receptors tend to have relatively ‘short’ extracellular 
regions (≤7 nm)21.

In a systematic study of 81 anti-PD-1 antibodies, Suzuki et al. 
also showed that the strongest agonists bind membrane-proximal 
rather than membrane-distal epitopes and depend on FcγR engage-
ment (Fig. 4g), but the reasons for the epitope dependence were not 
explored145. The strongest agonist suppressed T cell responses in GvHD 
and in a T cell transfer model of colitis, and blocked humoral responses 
following immunization145. By contrast, Feng et al. showed that four 
anti-PD-1 antibodies (including pembrolizumab), which bound a vari-
ety of PD-1 epitopes, all suppressed T cell activation comparably when 
presented on polystyrene beads alongside a stimulating anti-CD3 
antibody146. It is possible that, in this case, high levels of anti-PD-1 
antibody on the beads allowed even weak agonists to suppress signal-
ling. The PD-1 agonists suppressed GvHD, underscoring the potential 
clinical utility of this class of therapeutic antibodies146. A ‘one-armed’ 
PD-1 agonist (Fig. 4h) was not inferior to bivalent antibody in vitro, 
indicating, once again, that direct physical aggregation of immune 
receptors is not the main driver of antibody-induced signalling146, 
although differences in antibody-induced PD-1 downregulation might 
affect overall signalling activity.

Lessons from the TGN1412 anti-CD28 superagonistic antibody. 
Despite the therapeutic promise of agonizing immune receptors 
with antibodies, the clinical development of such antibodies has 
not been straightforward. In 2006, the first-in-human trial of an 
anti-human CD28 superagonist, TGN1412 (TeGenero AG), resulted in 
life-threatening side effects for the trial volunteers. Promising preclini-
cal work had suggested that anti-CD28 superagonists would preferen-
tially expand regulatory T cells in vivo147 and prevent autoimmunity148, 
without being toxic. However, 90 minutes after receiving a dose of 
the antibody, six healthy young volunteers each suffered a systemic 
inflammatory response leading to CRS and multi-organ failure149,150.  
It has been debated whether these effects could have been foreseen151,152, 
but the reasons why preclinical testing of TGN1412 failed to anticipate 
CRS in humans are now clear. The CD4+ effector memory cells of the 
non-human primates (cynomolgus monkeys) in which the safety of the 
antibody was tested150 do not express CD28, so a CRS-like illness could 
not be initiated153. In addition, in low-density cultures of human periph-
eral blood mononuclear cells, T cells were unresponsive to TGN1412 
because the FcγRs needed to immobilize it were not upregulated, 
preventing the induction of cytokine production154–157.

The TGN1412 incident led rapidly to major changes in regulatory 
guidelines for conducting first-in-human clinical trials of agonistic anti-
bodies. In Europe, these guidelines included a new emphasis on identi-
fying and mitigating risks rather than on hazard identification, greater 
consideration of the mode of action of the antibodies, and changes to 
dose calculations and dosing regimens158. TGN1412, renamed TAB08, 
was subsequently found to be safe at greatly reduced doses and in the 
presence of corticosteroids159, but its development now seems finally 
to have been discontinued. Overall, the TGN1412 incident serves as an 

important reminder of the need to fully understand the biology of new 
classes of potentially potent immunomodulators.

Cytokine receptor agonism
Cytokines are small, soluble proteins produced by immune and 
non-immune cells that broadly support normal immune functions 
and homeostasis, whilst also controlling the activities of immune cells 
at sites of disease160–163. As such, cytokines have long been compel-
ling targets for immunotherapy164–166. For the most part, the focus has 
been on suppressing cytokine activity with blocking antibodies, but 
there is now considerable interest in targeting their receptors with 
agonists. Especially important in the pathogenesis of inflammatory 
disorders167, the type I and type II cytokine receptors constitute a major 
class of cell-surface receptors with a signalling mechanism distinct from 
those of TNFRs and immune receptors168 (Fig. 2c). These receptors com-
prise signalling subunits that are brought together by ligand binding, 
leading to the dimerization and activation of Janus kinase ( JAK)-family 
tyrosine kinases associated with the cytosolic tails of the receptor 
subunits169. The JAKs activate one another by cross-phosphorylating 
tyrosine residues on the kinases themselves; they then phosphorylate 
tyrosine residues on the receptor tails, which enables recruitment of 
the signal transducers and activators of transcription (STAT) family of 
transcription factors to the receptors. The STATs are in turn phosphoryl-
ated by the activated JAKs, leading to their dimerization, dissociation 
from the receptor and trafficking to the nucleus, where they regulate 
gene expression.

The cytokine receptor family includes receptors that homodimer-
ize (such as those for erythropoietin, thrombopoetin and G-CSF), as 
well as a large number of receptors that form heterodimeric or more 
complex subunit assemblies, such as the receptors for the common 
γ-chain cytokines (such as IL-2, IL-4 and IL-15), the common β-chain 
cytokines (such as IL-3 and GM-CSF), the gp130-family cytokines (such 
as IL-6, OSM and IL-11), the interferons (IFNs) and the IL-10-family 
cytokines160,161,170–172. For some of these receptors, it has been proposed 
that ligands bind to preformed dimers and that this leads to conforma-
tional changes that position the receptor tails appropriately for their 
cross-phosphorylation173. However, Wilmes et al. used dual-colour 
single-molecule fluorescence imaging to show that although weak 
intrinsic dimerization affinities could explain previous observations, 
only a few pre-formed dimers exist at physiological densities, and the 
key step in ligand-induced signalling is receptor dimerization169.

Agonistic antibody-induced cytokine receptor signalling
The central requirement for the dimerization of cytokine receptor sig-
nalling subunits raises the possibility that they are well-suited to being 
triggered by bivalent or bispecific antibodies (Fig. 2c). For the erythro-
poietin receptor (EpoR), a broad range of antibody epitopes supported 
antibody-induced signalling174. Furthermore, agonistic antibodies that 
bind the thrombopoietin receptor were identified that also induced 
signalling by an artificial chimeric receptor comprised of the extracel-
lular domain of the thrombopoietin receptor and the transmembrane 
region and cytosolic tail of the gp130 cytokine receptor175. These stud-
ies, as well as others describing similar chimeric receptors176, implied 
that receptor triggering permits a variety of dimerization geometries. 
However, it is also clear that the orientation and inter-dimer distance 
created by artificial agonists affect the quantity and quality of signal-
ling. Moraga et al.177 reformatted the EpoR agonists originally described 
by Lim et al.174 into rigid diabodies and showed that whereas four dia-
bodies bound and multimerized EpoR with comparable efficiencies, 
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the magnitude and profile of downstream signalling events initiated by 
each diabody were different. Similarly, an analysis of artificial agonists 
called DARPins, based on designed ankyrin repeat proteins, indicated 
that different orientations of receptor binding and inter-dimer distance 
affected the efficiency of signal induction178. Finally, as discussed above, 
a series of bispecific antibodies targeting the IL-2 receptor β-subunit 
and γ-subunit did not induce signalling in a standard format but could 
when reformatted into an i-shaped antibody conformation or into a 
second constrained format, both of which were proposed to induce 
closer proximity of the two subunits88.

The requirement for receptor subunits to be brought into prox-
imity with each other for efficient signalling suggests that conven-
tional antibodies, which have relatively large distances between their 
antigen-binding sites, might not be the ideal format for cytokine recep-
tor agonists, compared with, for example, engineered antibody-like mol-
ecules with small, single-domain binding units (nanobodies) arranged in 
tandem. Accordingly, potent agonism of the IL-18 receptor was obtained 
with bivalent, bispecific molecules comprising a tandem pair of nano-
bodies against the IL-18 α-subunit and β-subunit on each heavy chain179. 
More broadly, Yen et al. used tandem nanobodies or scFvs to create 
artificial agonists of various cytokine receptors. These agonists induced 
unnatural biased signalling, uncoupling the multiple downstream effects 
of natural cytokines and creating new signalling outcomes from pairings 
of cytokine receptor subunits that would not normally act together18.

Studies with engineered variants of natural cytokines have also 
highlighted that altering receptor subunit affinity changes the signal-
ling profile. For example, reducing the affinity of IL-10 for the IL-10RB 
subunit skews signalling to be more efficient on myeloid populations 
possessing high levels of IL-10RB, versus T cell populations, which have 
lower IL-10RB expression, with potential benefits for the treatment 
of inflammatory disease180. For the IL-2 receptor, a bispecific heavy 
chain-only antibody targeting the β-subunit and γ-subunit induced 
signalling in T cells and natural killer cells, without preferentially 
activating T regulatory (Treg) cells, which express the high-affinity 
α-subunit, in this way avoiding unwanted effects of native IL-2 (ref. 181). 
It is also possible to stabilize the binding of natural cytokines to their 
receptors. An antibody selected against a ternary complex of IFNα2a 
bound to IFNAR1 and IFNAR2 potentiated IFN-α signalling by binding 
an epitope induced by a conformational change in the IFNAR2 recep-
tor following ligand binding, thereby stabilizing the ligand–receptor 
complex182. Additionally, Spangler et al. identified scFvs that stabilized 
complexes of IL-4 or IL-2 bound to their respective receptor subunits by 
binding to epitopes that span protein interfaces within the respective 
signalling complexes183.

Finally, it is notable that RPTPs such as CD45 can dephosphoryl-
ate JAKs and STATs184, and, like immune receptors, the local, steric 
exclusion of CD45 from artificial cytokine receptors leads to enhanced 
signalling185. This raises the possibility that the effects of antibody-based 
agonists of cytokine receptors could be further enhanced by FcγR 
interactions in the manner of immune receptor agonists.

The clinical landscape
Over the past three decades, large numbers of agonistic antibodies have 
entered the clinic, targeting both TNFRs (Table 1) and immune recep-
tors (Table 2). The majority of TNFR agonists have targeted immune 
costimulatory receptors with the aim of promoting antitumour immune 
responses, and the main challenge has been to deliver sufficient recep-
tor agonism for clinical efficacy without causing immune-mediated 
toxicity. However, recent proof-of-concept data for intratumoural 

CD40 agonism with the FcγRIIB-directed antibody 2141-V11 show that 
appropriately engineered agonists and delivery strategies can be well 
tolerated and achieve clinically meaningful activity, setting the scene 
for the next generation of TNFR agonists. In parallel, amongst a mul-
titude of agonist programmes targeting costimulatory or inhibitory 
immune receptors, PD-1 agonists have shown the most promise, deliver-
ing encouraging efficacy signals in rheumatoid arthritis, in which the 
goal is to suppress immune responses. Despite the numerous examples 
of antibody-based cytokine receptor agonists studied preclinically, 
none of these agonists has reached the clinic. However, a large number 
of engineered cytokines are in clinical trials across oncology186 and 
autoimmune indications187.

TNFR agonist antibodies
More than 80 different anti-TNFR agonistic antibodies have been 
investigated clinically (not including bi-specific or multi-specific 
antibodies188), and yet none have been approved for use in humans. The 
large fraction of programmes that have ceased development highlights 
the difficulty in using canonical bivalent antibody formats to deliver 
useful agonistic effects in humans.

Targeting immune costimulatory TNFRs, such as CD40, OX40, CD27 
and 4-1BB, to elicit or enhance antitumour immunity is an immunothera-
peutic strategy that has been widely explored. Clinical work began with 
the anti-CD40 antibody CP870,893 in advanced solid malignancies12,189, 
with results that highlighted both the promise and the challenges of 
agonizing this class of receptors — there were clear signs of immune acti-
vation but also dose-limiting toxicity, including CRS and hepatotoxicity. 
In subsequent studies, other anti-CD40 antibodies, including ChiLob 7/4  
and dacetuzumab, proved to be non-toxic but were not able to elicit 
useful levels of agonistic activity, despite all binding the same receptor 
domain (CRD1) as CP870,893 (refs. 190,191). Attempts to boost signalling 
and avoid toxicity with anti-CD40 antibodies have involved several strat-
egies: increasing the affinity of antibodies for the inhibitory Fc receptor 
FcγRIIB (ref. 192), intra-tumoural injections192,193 and, in bladder cancer, 
intravesical administration194. Various anti-CD40 clinical programmes 
have tested different routes to achieving receptor agonism: sotigalimab, 
cifurtilimab, mitazalimab and giloralimab are human IgG1-isotype 
antibodies requiring FcγR engagement for activity, whereas YH003 
and CDX-1140 are human IgG2-isotype agonists. Several trials of these 
agents are ongoing in advanced cancers and pancreatic ductal adeno-
carcinoma (NCT03397155; NCT04888312 and NCT04635995). The most 
promising CD40 agonist trial involves the intratumoural injection of the 
antibody 2141-V11, which has been engineered for high-affinity binding 
to FcγRIIB (ref. 195). The antibody was shown to be well tolerated and to 
elicit sufficient CD40 signalling to trigger tertiary lymphoid structure 
formation and CD8+ T cell activation, leading to tumour reduction in 
six out of 12 patients with metastatic cancer treated in a phase I study, 
including complete responses in a patient with melanoma and in a 
patient with breast cancer (NCT04059588)196. Further trials of intratu-
moural 2141-V11 are ongoing in invasive bladder cancer (NCT05126472), 
malignant gliomas (NCT06455605, NCT05734560 and NCT04547777) 
and prostate cancer (NCT06347705).

For antibodies targeting other costimulatory receptors of the 
TNFR class, such as CD27 and OX40, the main difficulty has been to 
induce sufficient immune activation to deliver meaningful clinical 
activity. Only one of three anti-CD27 agonist antibodies is still in active 
development, MK-5890, which is being explored in unresectable or 
metastatic triple-negative breast cancer in combination with chemo-
therapy and pembrolizumab (NCT03396445), emphasizing the limited 
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Table 1 | Clinical development of TNFR agonists

Target Agonist name Isotype Fc modification; 
consequences

Sponsor Status; highest phase 
reached

CD27 (TNFRSF7) Boserolimab (MK-5890) IgG1 Merck & Co. Active; phase II

GEN-1053 (BNT-313) IgG1 Hexamerization; 
target clustering

BioNTech/Genmab Discontinued; phase II

Varlilumab (CDX1127) IgG1 Celldex/Cancer Research 
Horizons

Discontinued; phase II

CD40 (TNFRSF5) Giloralimab (ABBV-927) IgG1 V273E; decreased 
FcγR interaction

Abbvie Discontinued; phase II

BSI-038 N/D Biosion/Sino Biopharmaceutical Active; phase I

CDX-1140 IgG2 Celldex Therapeutics Discontinued; phase I

Cifurtilimab (SEA-CD40) IgG1 Pfizer Discontinued; phase II

Dacetuzumab (SGN-40) IgG1 Pfizer Discontinued; phase II

Dalnicastobart (LVGN-7409) N/D Lyvgen Biopharma Active; phase I

MEDI-5083 (CD40L-Fc) 3xCD40L fusion 
to IgG4 Fc

S228P; decreased 
Fab arm exchange

AstraZeneca Discontinued; phase I

MIL-97 N/D Beijing Mabworks Biotech Active; phase I

Mitazalimab (ADC-1013) IgG1 Alligator Bioscience Active; phase II

Selicrelumab (CP-870,893, 
RG-7876)

IgG2 Roche Discontinued; phase I

Sotigalimab (APX-005M) IgG1 S267E; increased 
FcγRIIa/b binding

Apexigen (Pyxis Oncology) Active; phase II

YH-003 IgG2 Biocytogen BioPharma Active; phase II

Chi Lob 7/4 IgG1 Southampton Experimental 
Cancer Medicine Centre/CRUK

Discontinued; phase I

2141-V11 IgG1 ‘V11’; increased 
FcγRIIB binding

Rockefeller University Active; phase II

Fas (TNFRSF6) DE-098 (ARG-098) IgM Santen Pharmaceutical/ 
Argenes

Discontinued; phase II

Lymphotoxin-β receptor 
(TNFRSF3)

CBE-11 IgG1 Biogen Idec Discontinued; phase I

PF-07329640 N/D Pfizer Discontinued; phase I

DR4 (TNFRSF10A, TRAIL-R1) Mapatumumab (HGS-ETR1) N/D GSK Discontinued; phase II

DR5 (TNFRSF10B, TRAIL-R2) Aplitabart (IGM-8444) IgM IGM Biosciences Discontinued; phase I

Conatumumab IgG1 Amgen Discontinued; phase II

Drozitumab (Apomab; 
RG-7425)

IgG1 Roche Discontinued; phase II

DS-8273a N/D Daiichi Sankyo Discontinued; phase I

HGS-TR2J (KMTR-2) N/D Human Genome Sciences/GSK Discontinued; phase I

LBY-135 IgG1 Novartis Discontinued; phase I

Ozekibart (INBRX-109) N/D Fc effector disabled Sanofi/Inhibrx Biosciences Active; phase II

Tigatuzumab (CS-1008) IgG1 Daiichi Sankyo Discontinued; phase II

GITR (TNFRSF18) AMG-228 IgG1 Amgen Discontinued; phase I

BMS-986156 IgG1 Bristol-Myers Squibb Discontinued; phase II

GWN-323 IgG1 Novartis Discontinued; phase I
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Target Agonist name Isotype Fc modification; 
consequences

Sponsor Status; highest phase 
reached

GITR (TNFRSF18) 
(Continued))

MK-1248 IgG4 S228P; decreased 
Fab arm exchange

Merck & Co. Discontinued; phase I

MK-4166 IgG1 Merck & Co. Discontinued; phase I

PTZ-522 (ASP-1951) N/D Astellas Pharma/Potenza Discontinued; phase I

Ragifilimab (INCAGN-1876) IgG1 Agenus/Incyte Discontinued; phase II

REGN-6569 IgG1 Regeneron/Sanofi Discontinued; phase I

TNFR2 (TNFRSF1B) BI-1910 IgG2 BioInvent Active; phase II

Emunkitug (HFB-200301) IgG1 HiFiBiO Therapeutics Active; phase I

TRB-061 N/D TRexBio Active; phase I

DR3 (TNFRSF25) PTX-35 N/D NightHawk Biosciences Discontinued; phase I

OX40 (TNFRSF4) ABBV-368 IgG1 Abbvie Discontinued; phase I

BAT-6026 IgG1 Afucosylated; 
increased ADCC

Bio-Thera Solutions Active; phase II

BGB-A445 IgG1 BeiGene Active; phase II

BMS-986178 IgG1 Bristol-Myers Squibb Discontinued; phase II

BNT-315 (GEN-1055) IgG1 Hexamerization; 
target clustering

BioNTech/Genmab Active; phase II

GSK-3174998 IgG1 GSK Discontinued; phase II

IBI-101 N/D Innovent Biologics Discontinued; phase I

INBRX-106 (ES-102) IgG Hexamerization; 
target clustering

Sanofi/Inhibrx Biosciences Active; phase III

INCAGN-1949 IgG1 Agenus Discontinued; phase II

MEDI-0562 IgG1 AstraZeneca Discontinued; phase I

MEDI-6383 OX40L fusion 
to IgG4 Fc

S228P; decreased 
Fab arm exchange

AstraZeneca Discontinued; phase I

MEDI-6469 N/D AgonOx/AstraZeneca Discontinued; phase II

MOXR-0916 IgG1 Roche Discontinued; phase II

Nuvustotug (HFB-301001) IgG1 HiFiBiO Therapeutics Active; phase I

PF-04518600 IgG2 Pfizer Discontinued; phase II

YH-002 IgG1 Biocytogen BioPharma Active; phase I

OX40 and 4-1BB FS-120 IgG1 Decreased FcγR 
interaction

invoX Pharma/Sino Biopharm Active; phase I

4-1BB (TNFRSF9) ADG-106 IgG4 S228P; decreased 
Fab arm exchange

Adagene Active; phase II

ADG-206 Masked, IgG1 Fc enhanced Adagene Active; phase I

AGEN-2373 IgG1 Agenus Active; phase I

BC-3425 N/D Wuxi BioCity Biopharma Discontinued; phase I

CTX-471 IgG4 S228P; decreased 
Fab arm exchange

Compass Therapeutics Active; phase I

EU-101 (NOV-1801) IgG1 L234A, L235A, 
K322A; decreased 
FcγR interaction

Eutilex Active; phase II

Table 1 (continued) | Clinical development of TNFR agonists
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utility of current antibodies targeting this receptor (Table 1). For OX40, 
16 different antibodies have been tested in clinical trials across vari-
ous cancer types, but they all had limited activity. Examples include 
BMS-986178 (NCT02737475) and GSK-3174998 (NCT02528357), which 
engaged their target but had limited clinical activity even in combina-
tion with PD-1 blockade197,198. Engineering of the anti-OX40 antibodies to 
alter their hinge regions, promote Fab–Fab interactions and/or to more 
strongly engage FcγRs may be required so that they have useful activity 
in humans. It is, however, also possible that the antibodies induce strong 
signalling and that the coordinated and TCR-dependent expression of 
OX40 (along with many other TNFRs) on both effector and regulatory 
T cells results in the Treg cells suppressing the activity of the effector 
T cells following agonist treatment. Additional complexity in stimulat-
ing OX40 results from co-engagement of the antibody with FcγRs. In 
addition to supporting agonist function, FcγR engagement can lead 
to depletion of OX40-expressing cells, and preclinical studies suggest 
that the depletion of OX40-expressing Treg cells in this way can contrib-
ute to efficacy86,199. However, if engagement of activating FcγRs is too 
strong, both effector T cells and Treg cells could be depleted, with the 
thresholds mediating these effects being extremely difficult to predict 
preclinically199. There is, however, some encouragement from a phase I/II 
clinical trial of the hexavalent OX40 agonist INBRX-106 (NCT04198766), 
for which enhanced T cell activation and proliferation were observed 
in peripheral blood200. The hexavalent design likely produces strong 
local receptor accumulation, eliciting potent signalling activity without 
engaging FcγRs that might otherwise produce T cell depletion.

For other TNFRs, sufficiently strong agonism seems to be achiev-
able — for example with antibodies targeting 4-1BB — but the key obsta-
cle of toxicity remains. In the first two clinical trials of anti-4-1BB agonist 
antibodies, urelumab was shown to be active but toxic201, whereas 
utomilumab was safe but insufficiently agonistic202. Nevertheless, multi-
ple anti-4-1BB antibody programmes are still active203 (Table 1), owing to 
the strong rationale for targeting this TNFR, which has deep validation 

as a human T cell costimulatory receptor in the chimeric antigen recep-
tor field204. Several canonical antibodies are being assessed clinically, 
such as ADG106, a human IgG4-isotype agonist that blocks ligand 
binding to 4-1BB by targeting an epitope conserved across mouse, 
monkey and human205. ADG106 is non-agonistic without FcγR engage-
ment and is reasonably well tolerated. Efficacy data in advanced solid 
tumours and non-Hodgkin lymphoma are expected to be reported 
soon. Exlinkibart (LVGN-6051), a human IgG1 antibody with an engi-
neered FcγRIIB-selective Fc, is only weakly agonistic in the absence of 
FcγRIIB (ref. 206), but it has acceptable safety and is producing dura-
ble objective responses in several solid tumours (NCT04130542 and 
NCT05301764). Thirteen other antibodies are being pursued, emphasiz-
ing the continuing enthusiasm for 4-1BB as a target (Table 1). However, 
multispecific modalities will likely be needed to enable tumour-specific 
targeting and fully overcome the problem of toxicity. For example, 
bi-specific antibodies that target a tumour-associated antigen (CD19) 
or a tumour-associated stromal protein (fibroblast activation pro-
tein (FAP)), as well as 4-1BB, were shown to have reduced toxicity in 
preclinical models203 and offer a promising route of development.

Immune receptor agonistic antibodies
Like TNFR agonists, the clinical development of agonistic antibodies 
targeting immune receptors has also been challenging (Table 2). The 
antibody elotuzumab, which targets the immune cell receptor SLAMF7, 
is approved for multiple myeloma but has a dual mechanism of action, 
with the killing of SLAMF7-expressing tumour cells via Fc-mediated 
effector functions of the antibody likely being of greater importance 
than activating SLAMF7 signalling in natural killer cells and T cells207. 
Four agonists targeting the costimulatory receptor ICOS have entered 
oncology clinical trials (Table 2), but these trials have now ceased owing 
to insufficient efficacy. It is unclear whether this lack of efficacy is due 
to inadequate receptor agonism or the biology of the target, which has 
conflicting roles on effector and regulatory T cells208. It appears that 

Target Agonist name Isotype Fc modification; 
consequences

Sponsor Status; highest phase 
reached

4-1BB (TNFRSF9) 
(continued)

Evunzekibart (ATOR-1017) IgG4 S228P; decreased 
Fab arm exchange

Alligator Bioscience Active; phase I

Exlinkibart (LVGN-6051) N/D Selective FcγRIIB 
binding

Lyvgen Biopharma Active; phase II

FTL-001 N/D Sound (Chengdu) Biopharma Active; phase I

HOT-1030 IgG1 Shanghai Huaota Biopharma Active; phase I

PE-0116 (HY-000101, HY-01) N/D Shanghai HyaMab Biotech Active; phase II

STA-551 IgG1 Increased FcγRIIB 
and FcRn binding

Roche Discontinued; phase I

Sytalizumab (TWP-101) IgG4 S228P; decreased 
Fab arm exchange

Beijing Immunoah Pharmatech Active; phase I

Urelumab (BMS-663513) IgG4 S228P; decreased 
Fab arm exchange

Bristol-Myers Squibb/Ono Discontinued; phase I

Utomilumab (PF-05082566) IgG2 Novartis/MorphoSys Discontinued; phase II

YH-004 IgG1 Biocytogen Active; phase I

HK-003 (ZG-033) IgG4 S228P; decreased 
Fab arm exchange

Anhui Anke Biotechnology Active; phase I

ADCC, antibody-dependent cellular toxicity; CRUK, Cancer Research UK; N/D, not disclosed.

Table 1 (continued) | Clinical development of TNFR agonists
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antibodies with cross-species reactivity were prioritized instead of 
those that bind membrane-proximally209,210, and isotype selection was 
driven by the goal of depleting Treg cells209,210 or avoiding the depletion 
of effector T cells211, rather than enhancing agonist activity. Another 
costimulatory immune receptor attracting attention has been TREM-2,  
which has the potential to promote beneficial microglial activity in 
neurodegenerative diseases such as Alzheimer’s disease212. However, 
clinical trials have so far revealed disappointing efficacy213,214.

Agonist programmes targeting PD-1 have shown mixed results 
in diseases in which immune suppression is the goal. In a proof-of-
concept phase IIa study in rheumatoid arthritis, Eli Lilly’s peresolimab 
met its primary efficacy endpoint and was well tolerated215, but it was 
subsequently discontinued following a phase IIb study (NCT05516758) 
demonstrating more modest efficacy216. Adverse events in the form of 
malignancies were also reported in several patients, which must be con-
sidered a potential risk for PD-1 agonists. However, the small number 

Table 2 | Clinical development of immune receptor agonists

Target Agonist name Isotype Fc modification; consequences Sponsor Status; highest status 
reached

CD3 OKT3 (muromonab-CD3) mIgG2a Janssen-Cilag Withdrawn; approval

Otelixizumab IgG1 N297A; decreased FcγR interaction Tolerx Discontinued; phase II

Teplizumab IgG1 L234A, V235A; decreased FcγR interaction Sanofi Active; approved

Visilizumab IgG2 V234A, V237A; decreased FcγR interaction PDL BioPharma Discontinued; phase II

Foralumab IgG1 L234A, V235E; decreased FcγR interaction Tiziana Life Sciences Active; phase II

CD28 TAB08 (theralizumab) IgG4 TheraMAB Discontinued; phase II

ICOS Vopratelimab IgG1 Jounce Therapeutics Discontinued; phase II

Feladilimab IgG4 S228P, L235E; decreased Fab arm 
exchange and FcγR interaction

GSK Discontinued; phase III

KY1044 (alomfilimab) IgG1 Sanofi Discontinued; phase II

BMS-986226 N/D BMS Discontinued; phase II

TREM-2 VHB937 N/D Novartis Active; phase II

AL-002 IgG1 Abbvie/Alector Discontinued; phase II

DNL919 IgG1 ATV with TfR binding site in Fc domain; 
enhanced transport across BBB

Denali/Takeda Discontinued; phase I

Iluzanebart (VGL101) IgG1 R292C, N297G, V302C; decreased FcγR 
interaction, increased stability

Vigil Neuroscience, Inc. Discontinued; phase II

PD1 Peresolimab IgG1 Eli Lilly Discontinued; phase II

Rosnilimab IgG1 AnaptysBio Active; phase II

GS0151 N/D Gilead Sciences Active; phase I

GenSci120 N/D GeneScience 
Pharmaceuticals

Active; phase I

BTLA Venanprubart 
(22B3, LY3361237)

IgG4 S228P, F234A, L235A; decreased Fab arm 
exchange and FcγR interaction

Eli Lilly Discontinued; phase II

GS0272 N/D Gilead Sciences Active; phase I

ANB032 IgG4 S228P; decreased Fab arm exchange AnaptysBio Discontinued; phase II

CD200R Ucenprubart IgG4 S228P; decreased Fab arm exchange Eli Lilly Discontinued; phase II

SLAMF7 Elotuzumab IgG1 Bristol Myers Squibb/AbbVie Active; approved

Siglec-6 AK006 IgG1 Allakos Discontinued; phase II

Siglec-8 Lirentelimab IgG1 Afucosylation; increased ADCC Allakos Discontinued; phase II

Siglec-10 Efprezimod alfa IgG1 Oncoimmune/Merck Discontinued; phase III

PSGL-1 Neihulizumab (ALT-168) IgG4 S228P; decreased Fab arm exchange AltruBio Discontinued; phase II

LAIR1 NC525 IgG1 NextCure Discontinued; phase I

LAG3 IMP761 IgG4 S228P; decreased Fab arm exchange Immutep Active; phase I

ADCC, antibody-dependent cellular toxicity; ATV, antibody transport vehicle; BBB, blood–brain barrier; N/D, not disclosed; TfR, transferrin receptor.
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of adverse events in this phase IIb study is insufficient to draw conclu-
sions in the context of a patient population with a high background 
incidence of malignancy217. The PD-1 agonist rosnilimab (AnaptysBio) 
was reported by the company to have met the primary endpoint on 
improvement in a disease activity score in a phase IIb study in rheuma-
toid arthritis (NCT06041269)218, having previously failed a phase IIa  
study in alopecia areata (NCT05205070). No malignancies were 
reported in either study. Janssen’s PD-1 agonist JNJ-67484703 was well 
tolerated and showed a trend towards clinical improvement in a phase Ib  
proof-of-mechanism study in rheumatoid arthritis, although the effect 
size was not statistically significant in this small study219. Peresolimab, 
rosnilimab and JNJ-67484703 are of the human IgG1 isotype, allow-
ing FcγR interactions that would support agonistic activity, whilst 
also having the potential for cell depletion, as this isotype can bind to 
the complement component C1q, and to activating FcγRs to induce 
complement-mediated lysis, antibody-dependent cellular cytotoxic-
ity and antibody-dependent cellular phagocytosis220. Therefore, it 
remains unclear to what extent the inhibition of T cells via PD-1 trig-
gering is driving clinical efficacy, versus the depletion of PD-1-positive 
T cells, which has been shown to ameliorate disease in preclinical 
models of autoimmunity221. Although the loss of cells expressing high 
levels of PD-1 has been reported with each of these antibodies219,222,223, 
the cell population was identified using PD-1 as a marker, which may 
reflect downregulation of the receptor upon antibody binding rather 
than cell depletion per se. A PD-1 agonist, GS0151 (Gilead Sciences), is 
in an ongoing phase Ib study in rheumatoid arthritis (NCT06902519), 
and the isotype has not been publicly disclosed. The design of future 
PD-1-targeting agonists could involve antibody engineering to enhance 
FcγR interactions, which increases both agonist activity and cell killing 
in vitro146. However, consideration must also be given to the potential 
safety concern of depleting protective memory T cells and to the phar-
macokinetic challenges associated with high-affinity antibody binding 
to FcγRIIB, which results in the rapid clearance of antibodies from 
the circulation owing to the expression of FcγRIIB on liver sinusoidal 
endothelial cells224,225.

Alongside PD-1, other inhibitory immune receptors have also 
been targeted with agonists in early clinical trials for autoimmune or 
inflammatory diseases. A BTLA agonist, GS0272 (Gilead Sciences), is in 
a phase Ib trial in rheumatoid arthritis (NCT06031415). Other clinical 
BTLA agonist programmes have been terminated. Development of 
two BTLA agonists, venanprubart (Eli Lilly) and ANB032 (AnaptysBio), 
was terminated following their failure to meet efficacy endpoints in 
systemic lupus erythematosus (NCT05123586) and atopic dermatitis 
(NCT05935085), respectively. Venanprubart has a ligand-competitive 
epitope and an engineered Fc region that is a variant of IgG4  
(IgG4-PAA)226, which substantially reduces FcγR interactions227; 
both of these properties could impair its efficacy. Conversely, the 
anti-BTLA antibody ANB032 (AnaptysBio) is a human IgG4 with 
native FcγR-binding capability and a membrane-proximal epitope —  
properties that are expected to support agonist activity228. However, the  
failure of ANB032 in clinical trials for atopic dermatitis might reflect a 
lack of sufficient relevance of BTLA signalling to disease pathogenesis.

Ucenprubart (Eli Lilly) is an agonist of the immune receptor 
CD200R that showed encouraging results in a phase Ib study for atopic 
dermatitis229 but was discontinued following an unpublished phase IIb 
study (NCT05911841). Preclinical studies demonstrated that the IgG4 
isotype of ucenprubart supported agonist activity without inducing 
the cytokine release seen with the antibody in the IgG1 format, whereas 
an IgG4-PAA derivative was functionally inferior229.

Siglecs (sialic acid-binding immunoglobulin-like lectins) com-
prise a family of differentially expressed immune receptors that bind 
sialylated glycans and are mostly inhibitory, making them promising 
immunotherapeutic targets230,231. Lirentelimab (AK002; developed 
by Allakos) is an agonist targeting Siglec-8, which is expressed on 
eosinophils and mast cells, both cell types thought to be involved in 
the pathogenesis of allergic and atopic disease. Lirentelimab is an afu-
cosylated IgG1 antibody designed to have enhanced binding to FcγRIII 
and increased cell-depleting function compared with native IgG1  
(ref. 232). In preclinical studies, it depleted eosinophils whilst inhibit-
ing mast cells233. Although substantial depletion of eosinophils and 
encouraging signs of efficacy were seen in early clinical studies234,235, 
the drug failed to meet efficacy endpoints across several later-stage 
clinical studies, suggesting an insufficient role for eosinophils in the 
pathogenesis of eosinophilic oesophagitis, eosinophilic gastritis, 
eosinophilic duodenitis, atopic dermatitis and chronic spontaneous 
urticaria, and a lack of translation of the mast cell inhibitory effect from 
preclinical models. A Siglec-6 agonist (AK006; Allakos) was then shown 
preclinically to have a greater inhibitory effect on mast cells than liren-
telimab and modest mast cell-depleting activity236, but it had no effect 
on clinical outcomes in chronic spontaneous urticaria (NCT06072157), 
despite the well-established, critical role of mast cells in this disease237. 
These results once again implied a lack of clinical translation of the 
potent mast cell-inhibitory effect observed in preclinical models. Also 
targeting the Siglec family, a CD24-Fc fusion protein (efprezimod alfa; 
developed by OncoImmune) dampened innate inflammation and was 
proposed to agonize Siglec-10 (ref. 238). Following encouraging results 
in GvHD239 and COVID-19 (ref. 240) clinical studies, the programme was 
acquired by Merck, but subsequent development was stopped owing 
to manufacturing and regulatory challenges241. However, CD24-Fc 
might be back in development for the treatment of immune-related 
adverse events242.

Beyond PD-1, BTLA, CD200 and the Siglecs, several other inhibi-
tory receptors are being explored clinically using agonistic antibod-
ies to suppress pathogenic immune activation. IMP761 is a LAG3 
agonist without depleting activity that suppresses T cell responses 
in non-human primates243 and is being tested in a phase Ia study in 
healthy volunteers (NCT06637865). Neihulizumab (ALT-168) is a PSGL-1 
agonist244 that has been in early-phase clinical trials across a range of 
indications, but its development appears to have been deprioritized in 
favour of a tetravalent version with greater potency245. Finally, NC525 
is a LAIR1 agonist and cell-depleting antibody246 that was tested in 
advanced myeloid leukaemias, but its testing was terminated early 
due to limited clinical activity (NCT05787496).

Conclusions and future prospects
Across the three receptor classes discussed here, there are both simi-
larities and differences in how signalling is triggered by agonistic anti-
bodies. TNFRs are triggered by local receptor accumulation, which 
is seemingly aided in some settings by PLAD-dependent dimeriza-
tion leading to higher-order oligomerization. The efficacy of TNFR 
agonists varies between different antibody formats and also among 
the receptors, likely reflecting differences in the resting organization 
and propensity for dimerization of the receptors, as well as mechanis-
tic or topological constraints on the initiation of signalling. Immune 
receptors such as CD3, CD28 and PD-1 are triggered by antibodies via 
the local exclusion of RPTPs at sites of cell contact. The locations of the 
antibody epitopes and, accordingly, the physical dimensions of the 
antibody–receptor complexes determine the potency of signalling. 
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Finally, cytokine receptors are triggered by dimerization, with agonistic 
antibody efficacy being affected by epitope location and the distance 
between the receptor-binding antibody arms, and perhaps also by local 
phosphatase exclusion for antibodies that bind FcγRs.

The field is now at an interesting juncture. Realizing the full thera-
peutic potential of agonistic antibodies depends — as for other biologi-
cal agents — on fully understanding their mechanism of action. Until 
recently, the design of agonistic antibodies could not be undertaken 
systematically. However, considerable mechanistic insight has now 
been obtained that can be incorporated into the design of the next 
generation of antibody therapeutics capable of activating many of the 
receptors that control immune responses. The challenge is to exploit 
these molecular mechanisms with refined and better-informed anti-
body formats and reactivities, favouring the delivery of optimal levels of 
agonistic signalling for a given receptor class, whilst avoiding toxicity.

For agonists targeting TNFRs, it has become clear that antibody 
epitope position, affinity, isotype and FcγR engagement are all impor-
tant determinants of antibody potency, which is enabling the design 
of bespoke antibodies with optimal activity. For example, CDX-1140, a 
human IgG2 anti-CD40 antibody247, was produced following the discov-
ery that this isotype can confer FcγR-independent activity102. Conversely, 
sotigalimab (APX005M) is an anti-CD40 antibody with enhanced FcγR 
binding248,249. Antibodies engineered to have weak, medium or strong 
agonistic activity have entered clinical trials for cancer, and weakly 
signalling antibodies have been found to lack antitumour activity190, 
presumably owing to insufficient immune stimulation, whereas strong 
agonists are constrained by dose-limiting toxicity201,250,251. The use of 
multi-specific antibody formats, allowing, for example, the targeting 
of potent CD40 agonists to FAP in the tumour microenvironment203, 
or to CD11c on antigen-presenting cells, offers a promising route to 
overcoming antibody toxicity252. Alternatively, potent antibodies might 
have to be used as adjuvant therapy at suboptimal doses to complement 
checkpoint blockade and other antibody-based immunotherapies. 
Early-phase clinical trials have shown that an anti-CD40 antibody in 
combination with anti-PD-1 therapy produces partial responses in 
patients unresponsive to the PD-1 antibody248.

The path forward is perhaps most straightforward for antibodies 
that target immune receptors, for which the ‘rules’ seem to be rela-
tively simple. The degree of signalling can be titrated by choosing 
antibody-binding epitopes nearer to, or further from, the membrane, 
in this way altering the amount of RPTP exclusion. This approach might 
allow renewed development of agonists for previously risky targets such 
as CD28. Moreover, the bidirectionality of the signalling effects initiated 
by agonistic antibodies (that is, by both the targeted immune receptor 
and the co-engaged FcγR) could be used to enhance activating or inhibi-
tory signalling in pairs of interacting cells. FcγR-dependent agonists 
have activity that is restricted to locations with FcγR-expressing cells, 
such as lymphoid structures and inflammatory lesions, which will be 
an advantage or disadvantage depending on the context. The rapidly 
expanding field of bispecific immune cell engagers253 offers proof 
of concept that the benefits of FcγR binding to promote agonism of 
immune receptors (as well as TNFRs) can be replicated by in trans 
interactions with other membrane receptors. In this way, receptor 
triggering in a cell-specific and/or tissue-specific manner will become 
possible without the requirement for local FcγR expression. It will also 
be important to consider the extent to which receptor downregula-
tion, which reduces the efficacy of agonists, can be ameliorated by 
changing the affinity92 or the valency122,146 of the antibodies. Impor-
tantly, the signalling mechanism should also be considered during the 

design of checkpoint antagonists targeting small receptors, now that 
the PD-1 blockers pembrolizumab and nivolumab have been found to 
exhibit non-trivial agonistic activity135. Most importantly for immune 
receptors, the signalling mechanism implies that at least 100 receptors 
could in principle be targeted, and therefore a great deal of ‘therapeutic 
space’ is still to be explored. Finally, for cytokine receptors, we expect 
that agonistic antibodies will enter the clinic, given the potential to 
modulate cytokine receptor signalling pathways in therapeutically 
advantageous ways.

Overall, the long journey of developing therapeutically useful 
agonistic antibodies is just beginning, but we have the conceptual 
framework and molecular tools required to realize the full potential 
of the approach. Carefully designed antibodies need to be paired 
with receptor targets that have a robust therapeutic rationale, whilst 
ensuring that patient safety remains paramount.

Published online: xx xx xxxx
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