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ABSTRACT
The clinical development of 4–1BB agonists for cancer immunotherapy has raised substantial interest 
during the past decade. The first generation of 4–1BB agonistic antibodies entering the clinic, urelumab 
(BMS-663513) and utomilumab (PF-05082566), failed due to (liver) toxicity or lack of efficacy, respectively. 
The two antibodies display differences in the affinity and the 4–1BB receptor epitope recognition, as well 
as the isotype, which determines the Fc-gamma-receptor (FcγR) crosslinking activity. Based on this 
experience a very diverse landscape of second-generation 4–1BB agonists addressing the liabilities of 
first-generation agonists has recently been developed, with many entering clinical Phase 1 and 2 studies. 
This review provides an overview focusing on differences and their scientific rationale, as well as 
challenges foreseen during the clinical development of these molecules.
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Introduction

The T cell immune response has been shown to be essential in 
tumor control. To induce a robust and long-term T cell immune 
response, a T cell receptor (TCR) activation (signal 1) as well as 
sufficient co-stimulation (signal 2) is needed. Therefore, several 
costimulatory TCRs including 4–1BB have been evaluated for 
their possible implementation in cancer immunotherapy.1 The 
TNF receptor superfamily member 4–1BB (CD137, TNFRSF9) 
was first identified in 19892 and subsequently described as an 
important costimulatory receptor on T cells3,4 as well as on other 
immune cells.5 Melero and colleagues showed in 1997 that 
monoclonal 4–1BB antibodies were able to induce improved 
anti-tumoral T cell activation that led to the eradication of 
established tumors in mice.6 4–1BB activation on T cells has 
been shown to improve proliferation via the beta-catenin/TCF1 
pathway (CD8 T cells),7 cytokine secretion,8 cytotoxicity,8,9 

polarization by EOMES upregulation (ThEO/TcEO),9,10 long- 
lived memory formation,11 survival via up-regulation of Bcl-xL 
and ERK-dependent Bim down-modulation (CD8 T cells),12 

resistance to exhaustion,13,14 and mitochondrial biogenesis and 
function and metabolic fitness.15,16 Most of the activations seem 
to preferentially occur in CD8 T cells.

The implementation of intracellular costimulatory 4–1BB 
domains in the second generation of chimeric antigen receptor 
(CAR) T cells enabled U.S. Food and Drug Administration 
(FDA) approval of tisgenlecleucel17 and ciltacabtagene 
autoleucel18 and ongoing development of various new CAR 
T cell therapies.19 Other second-generation CAR T cells imple
ment CD28 as a costimulatory domain instead of 4–1BB. 
Although both costimulatory domains lead to similar tumor 
control rates in patients mediated by CAR T cells, CD28 seems 
to induce slightly higher cytokine release, T cell expansion rates, 

but also higher neurotoxicity risk. 4–1BB seems to lead to better 
long-term T cell persistence, but other differences in clinical 
study and CAR T cell design may contribute to these observed 
variations.19 In endogenous T cells, CD28 and 4–1BB differ in 
both intracellular signaling and expression pattern. CD28 is 
constitutively expressed on CD4 and CD8 T cells, whereas 4– 
1BB expression is signal 1 mediated, timewise limited and higher 
on CD8 T cells.20 Therefore, data from CD28 and 4–1BB ago
nists in clinical studies have the potential to give a more diverse 
picture between CD28 and 4–1BB costimulation than CAR 
T cells and the rising number of new 4–1BB agonists, as well 
as new CD28 agonists, entering the clinic21 will increase our 
understanding of costimulation in cancer immunotherapy. In 
this review, we discuss preclinical and clinical results for new 4– 
1BB agonists that have entered clinical studies.

The first generation of 4-1BB agonists

The clinical development of agonistic 4–1BB antibodies started 
in 2005 with urelumab (BMS-663513), a humanized anti- 
human 4–1BB human IgG4 antibody evaluated as a cancer 
immunotherapy agent (NCT00309023). Although initial results 
were promising, two fatal adverse events due to hepatotoxicity 
occurred. Subsequent studies revealed that, when urelumab was 
administered at a safe dose (0.1 mg/kg), it only mediated very 
limited efficacy.22,23 A second monoclonal 4–1BB agonistic anti
body, utomilumab (PF-05082566), a fully human anti-human 
4–1BB human IgG2, entered the clinic in 2011 (NCT01307267). 
Unlike urelumab, utomilumab did not induce major toxicities, 
but it also mediated very limited efficacy, both as a monotherapy 
and in combination with rituximab23 so that ultimately clinical 
development was discontinued.
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Urelumab and utomilumab display quite different charac
teristics that are thought to affect toxicity and efficacy 
(Figure 1). The affinity for urelumab (22 or 16.6 nM)24,25 was 
described to be higher than for utomilumab (69 or 71.2 nM); 
24,25 however, the affinity of 4–1BB agonistic antibodies seems 
not to be critical for agonistic activity and liver toxicity induc
tion, but is rather driven by Fc-mediated crosslinking and 
epitope binding.26

Human IgG2 (used in utomilumab) displays a lower hinge 
flexibility as human IgG4 (used in urelumab), which was 
correlated with a higher agonistic activity for CD40 agonistic 
antibodies.27–29 Therefore, the hinge flexibility may not 
explain the higher agonistic activity of urelumab. Fc- 
mediated cross-linking, especially binding to Fc gamma recep
tor IIB (FcγRIIB) has been reported to promote the activity of 
agonistic antibodies.27,30,31 As an IgG4, urelumab has higher 
affinity to FcγRIIB, and therefore may mediate stronger 
FcγRIIB-dependent agonistic activity, but this may not be the 
only factor related to the agonistic differences between urelu
mab and utomilumab. Nevertheless, FcγRIIB crosslinking in 
the liver has been associated with hepatitis induction by anti- 
Fas or anti-4-1BB agonistic antibodies.26,32,33

The different epitopes recognized by urelumab and utomi
lumab have been investigated extensively to understand their 
influence on the observed differences. While urelumab binds 
to an epitope in the membrane-distal cysteine-rich pseudo 
repeats domain (CRD1) of 4–1BB, without interfering with 

the ligand, utomilumab binds to the 4–1BB domains CRD2 
and CRD3 and competes with the natural ligand.24,34 

Therefore, high levels of endogenous 4–1BBL compete with 
utomilumab for 4–1BB receptor binding and limit its 4–1BB 
receptor clustering activity,34 whereas urelumab activity is 
potentiated by high levels of endogenous 4–1BBL, leading to 
a super-agonistic property (Figure 1).24,35

The second generation of 4-1BB agonists

During January 2017 to December 2022, at least 41 4–1BB 
agonistic drugs entered Phase 1 clinical trials according to 
published reports and data found in the U.S. National 
Library of Medicine’s clinicaltrials.gov registry, the Chinese 
Clinical Trial Registry and the European Union Trial 
Register (Table 1, Supplementary Figure S1). The number of 
molecules entering the clinic experienced a drop in 2020, 
presumably due to the SARS-CoV2 pandemic, but then 
rebounded. Additional 4–1BB agonists can be expected to 
enter the clinic in the future, as more than 40 new 4–1BB 
agonists are in active preclinical development (Clarivate 
CortellisTM; www.cortellis.com/intelligence/home.do).

In this review all molecules entering the clinic after urelu
mab and utomilumab are classified as second-generation 4– 
1BB agonists. This second generation of 4–1BB agonists can be 
split into two major groups (Figure 2), IgG-based molecules 

Figure 1. Differences between urelumab and utomilumab. (a) Urelumab binds to CRD1 of the 4–1BB receptor in a non-4-1BBL competing way. If three 4–1BB receptors 
are trimerized by 4–1BBL, additional binding of urelumab can lead to increased clustering of 4–1BB receptors in a super-agonistic way. This activation will be systemic 
but can further be potentiated by hyper-crosslinking via FcγRIIB binding. However, urelumab will compete with endogenous IgGs for FcγRIIB binding during this 
process. (b) Utomilumab binds to CRD2 and CRD3 and therefore competes with 4–1BBL. Only if utomilumab is hyper-crosslinking via FcγRIIb, it will lead to sufficient 
hyper-crosslinking and activation of 4–1BB receptors. Therefore, utomilumab will compete with soluble and membrane-bound 4–1BBL for binding to 4–1BB receptors 
as well as with endogenous IgGs for FcγRIIB binding.
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Figure 2. Different molecule designs of second-generation 4–1BB agonistic drugs. (a) Second generation agonistic human 4–1BB IgGs featuring isotypes as indicated. 
Sometimes an improved or attenuated binding to FcγRIIB is integrated. Some molecules show controlled 4–1BB binding depending on ATP concentration or de- 
masking of the binding sites. All IgG-like molecules display bivalent agonistic binding to 4–1BB (yellow). EU101 is not included as the isotype is not disclosed. (b) Most 
of the 4–1BB agonistic drugs display bi-, tri- or tetra-specificity, e.g., in addition to the specificity to 4–1BB (in yellow) they also recognize at least another binding site 
(blue, green, and dark gray), whereby the main crosslinking target site is highlighted in blue. If molecules implement an antibody-like format, typically mutations are 
introduced to abolish Fcγ-receptor and complement binding. Other molecules without a Fc-fragment binding to FcRn display binding to human serum albumin (HSA) 
to improve in vivo half-life. Molecules are sorted by their ratio of the 4–1BB agonistic binding sites (yellow) and the crosslinking target sites (blue). The format of HLX35/ 
BNA035 and BI 765179 are assumptions based on pictures of the companies’ webpages. BGB-B16 is not implemented as the structure of the bispecific antibody is not 
disclosed. Abbreviation: 4–1BBL = trimeric 4–1BB Ligand ectodomain, DARPins = Designed ankyrin repeat proteins, Fcab = Fc-region with antigen binding, 
FcγRIIB = Fc-gamma-receptor IIB, VHH = antigen-binding domain of camelid dimeric heavy chain antibodies, scFv = single-chain variable antibody fragment, 
sdAb = single monomeric variable antibody domain, SIRPα = Signal regulatory protein alpha ectodomain, VH = variable domain of heavy antibody chain, 
VHH = antigen-binding domain of camelid dimeric heavy chain antibodies, VH/VL = variable domain of heavy and light antibody chain.
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(Figure 2a) and the bi- tri- or tetraspecific molecules 
(Figure 2b).

IgG-based 4-1BB agonists

The first group of second-generation 4–1BB agonists is based 
on a human IgG1 or IgG4 following partially the mode of 
action (MoA) of first-generation 4–1BB agonistic antibodies, 
i.e., most of them depend on functional Fcγ-receptor cross
linking, but bind epitopes that are different from urelumab 
and utomilumab. The antibodies ADG106, ATOR-1070, 
PE0116 and CTX471 are human IgG4s (Figure 2A) similar to 
urelumab, but do not recognize urelumab’s CRD1 epitope 
(Figure 3). ADG106, PE0116 and ATOR-1070 are 4–1BBL- 
blocking and CTX-471 is non-4-1BBL blocking binding CRD3 
and CRD4.35,40,53,55,79 The change of epitope aims at 
a functionality that is different to urelumab and utomilumab, 
i.e., being functional but safe (“sweet point” of 
functionality).53,79

The two IgG4 antibodies LVGN6051 and STA551 
(Figure 2a) display mutations in the Fc to improve binding 
and subsequent crosslinking via Fcγ-receptor RIIB (FcγRIIB), 
therefore promoting the FcγRIIB hyper-clustering and med
iating less competition with endogenous IgGs.27 At the same 
time they avoid systemic activity by choosing a weaker ago
nistic 4–1BB binder (LVGN6051)53 or a modified 4–1BB bin
der (STA551), which only binds at high adenosine 
triphosphate (ATP) concentration, as observed in the tumor 
microenvironment.25

The antibodies AGEN2373 and ADG206 are human IgG1, 
and therefore will display increased flexibility of the hinge. At 
least for CD40 agonistic antibodies, this has been associated 
to decreased agonistic activity compared to IgG2 or IgG4.27 

IgG1 displays a similar affinity to the inhibitory human 
FcγRIIB as IgG4, but higher affinities to activating Type 
I FcγRs like FcγRI and FcγRIII.31 The human IgG1 isotype 
is normally used for antibody-dependent cellular cytotoxicity 
(ADCC)- and phagocytosis (ADCP)-inducing antibodies like 
rituximab or trastuzumab.80 In the case of ADG206, this is 
compensated by mutations increasing FcγRIIB binding. For 
AGEN2373, it will be interesting to see if the main clinical 
MoA is driven by the activation of 4–1BB+ effector T cells via 
FcγRIIB crosslinking or by the depletion of 4–1BB+ Treg cells 
via ADCC and ADCP.

HOT-1030 is also a human IgG1, but contains mutations 
that impede FcγR-binding. Similar to urelumab, it binds to 
CRD1, and therefore it can cluster 4–1BBL-bound 4–1BB 
receptors in a super-agonistic way (Figure 1). This allows 
HOT-1030 to activate 4–1BB systemically in 
a FcγR-independent manner depending on the presence of 
endogenous 4–1BBL. This approach is based on the hypothesis 
that the FcγRIIB-crosslinking and not the epitope is the main 
driver of hepatitis induction observed for urelumab, although 
both have been described to determine functionality and liver 
toxicity.26

Bi- Tri- or Tetraspecific 4-1BB agonists

The other group of second generation 4–1BB agonistic drugs are 
the bi, tri- or tetraspecific 4–1BB agonists (Figure 2B). In addi
tion to an agonistic 4–1BB binding site, they implement at least 
one other binding site to a second target, thereby making these 
agents bi-, tri- or tetra-specific. These second targets are either 
tumor cells surface-expressed targets (Her2, PSMA, EGFRvIII, 
Claudin18.2, ROR1, Nectin-4, CD47, CD19), tumor stroma and 
tumor infiltrated lymph nodes surface-expressed targets (fibro
blast activating protein alpha (FAP), targets expressed both on 
tumor cells and antigen presenting cells (PD-L1) or targets 
expressed on immune cells only (CD40, OX40, CD3). These 
additional targets lead to specific-targeting and hyper- 
crosslinking, but can also display agonistic or inhibitory activity 
leading to further anti-tumoral properties. Here, we refer to 
these as “crosslinking target sites” as they are intended to med
iate 4–1BB hyper-clustering in a targeted manner.

Bi-, tri- or tetra-specific IgG-based drugs typically display 
modifications of the Fc to abrogate binding and subsequently 
crosslinking via Fcγ-receptors while maintaining binding to 
natal Fc receptor (FcRn) to provide antibody-like pharmacoki
netics (PK).32,36,45,46,61,63,64,66,69,70 The abolishment of Fcγ- 
receptor-binding aims to prevent systemic activity and to inhibit 
the hepatotoxicity as observed with urelumab.26,32 Consequently, 
the rationale for these types of agonists is that crosslinking is 
strictly provided by binding to the crosslinking target sites, assu
mingly leading to a better safety profile. Some trispecific mole
cules lack an Fc (CB307, ND021/NM21-1480, MP0310), instead 
relying on binding to human serum albumin (HSA) to achieve 
antibody-like PK.20,81 Other molecules (DSP107, BT7480) do not 
display such PK-improving properties, and, at least for BT7480, 
a reduced half-life has been reported.82

Most molecules still display an antibody framework or include 
antibody-derived binding domains, such as scFv (ABL503/TJ- 
L14B, ABL111/Tj-CD4B, ABL105/YH32367, ATG-101/YN051, 
LBL-024),64,65,71,77,78 VH (CB307),67 VH/VL (ND021/NM21- 
1480),58 sdAb (INBRIX-105/ES101)43 or VHH (PM1003, 
PM1032).49 In contrast, FAP-4-1BBL (RG7827) and CD19- 
4-1BBL (RG6076) are antibody fusion proteins based on human 
4–1BBL ectodomains fused to an IgG1 framework32 and DSP107 
is a trimeric fusion protein without the implementation of anti
body components.60 PRS-343 and PRS-344/S095012 have two 
anticalins (based on human lipocalins) fused at the C-terminus 
of the heavy chains of an IgG4 backbone.36,37,70 FS120 and FS222 
contain a bivalent binding Fcab (Fc-region with antigen binding) 
domain, which is C-terminally integrated in the Fc region.61–63 

Novel molecule classes include MP0310, using “Designed ankyrin 
repeat proteins” (DARPins) as an alternative to antibody 
framework,83 and BT7480, which is based on the Bicyclic peptides 
platform that produces molecules with antibody-like affinity and 
specificity.84 The broad variety of approaches might reflect the 
need to generate new intellectual property rather than a new 
MoA. Nevertheless, some design features have an impact on 
functional behavior, such as ratio of binding sites, affinity for 
targets or molecule weight.
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Epitope binding

4–1BB is not constitutively expressed on T cells, but induced 
after T cell activation via TCR or CD3 (signal 1).1,20 For 
optimal co-stimulation (signal 2), 4–1BB has to be clustered 
on the cell surface, inducing the assembly of an intracellular 
signalosome.85 A simple trimerization of 4–1BB receptors is 
not sufficient because soluble 4–1BBL, being a homotrimer, 
cannot enable efficient 4–1BB downstream signaling.32,86 This 
leads to the conclusion that the assembly of a functional sig
nalosome needs at least 4 or more 4–1BB receptors in close 
proximity clustered in a synapse (hyper-clustering). This can 
be provided naturally by membrane-bound trimeric 4–1BBL 
or artificially by a non-4-1BBL competing antibody crosslink
ing soluble 4–1BBL-trimerized 4–1BB receptors (as described 
for HOT-1030 or urelumab, Figure 1), or by a 4–1BB agonistic 
molecule that is crosslinked by another cell expressing FcγRIIB 
or a crosslinking target. It has been predicted that the size as 
well as the epitope of the 4–1BB agonist may play a role for 
optimal synapse formation. For example, for ND021/NM21- 
1480, targeting the N-terminal (membrane distal) 4–1BB- 
epitope lead to improved functionality compared to mem
brane-proximal epitopes.58 An optimal synapse space of 
140 Å has also been predicted, potentially giving smaller mole
cules an advantage.72

Hinner and colleagues have tested different 4–1BB anticalin 
fusion sites and the C-terminal heavy chain fusion featuring 
the biggest distance between Her2 binding and 4–1BB binding 
(see PRS-343 Figure 2B) elicited the best T cell activation 
measured as IL-2 and interferon (IFN)γ secretion in vitro.36 

The optimal epitope and synapse space may thus depend on 
the molecule design. The diversity of 4–1BB-epitopes 
(Figure 3) and the variations in molecule sizes (7.2 to ~296 
kDa, Figure 5) suggest a flexibility of optimal 4–1BB synapse 
and signalosome formation.

An important feature is the 4–1BBL non-blocking or blocking 
property of the different agonists (Figures 1 and 3). 4–1BB ago
nists implementing a 4–1BBL blocking binder (e.g., BT7480,73 

ATOR-1070,55,56 MCLA-145,46 IBI319,66 ADG10637) or a 4– 
1BBL fusion (e.g., DSP107,60 RG7827, RG607632) will have to 
compete with soluble or membrane-expressed endogenous 4– 
1BBL, and high levels of soluble 4–1BBL can hamper their func
tion. On the other side, preclinical data show that inhibition of 4– 
1BBL reverse signaling leads to a better T cell activation, especially 
during suboptimal signal 1-mediated T cell activation,87 as well as 
improved dendritic cell-mediated T cell priming.88

4–1BB agonists implementing at least two non-4-1BBL 
blocking binders by binding to CRD1 (e.g., urelumab, 
HOT1030) or to CRD4 (e.g., ABL50, ABL111,65 

AGEN2373,51 PM1003, PM1032,49 CTX-47135) may lead 
to systemic 4–1BB activation, especially at high soluble 4– 
1BBL levels. ND-021/NM21-1480, however, can only bind 
one 4–1BB receptor and therefore cannot hyper-crosslink 
4–1BB receptors in the absence of simultaneous PD-L1 
binding. In the presence of PD-L1, soluble 4–1BBL levels 
can potentiate the functionality of ND-021/NM21-1480.

For most 4–1BB agonist the epitope has not been disclosed, 
although it has been predicted to be one of the main para
meters to determine safety and functionality.26

Ratio of binding sites and binding affinities

4–1BB agonism relies strongly on efficient crosslinking of 
several 4–1BB receptors.85 Previous publications have shown 
that a higher ratio of 4–1BB over crosslinking target sites is 
beneficial for an optimal 4–1BB signaling leading to T cell 
activation.32,74,89 Nevertheless, most bi-, tri- or tetraspecific 
agonists display an even number of 4–1BB and crosslinking 
target sites, described in Figure 2b as 1 + 1, 2 + 2 or 
2 + 2 + 2 + 2 or 3 + 3 ratios. Only four molecules implement 
an odd number of 4–1BB binding sites in favor of 4–1BB 
agonistic binding sites, a 2 + 1 (MP0310 and BT7480) or 
3 + 1 ratio (RG7827 and RG6076). An uneven ratio can lead 
to a better 4–1BB hyper-clustering in the case of lower cross
linking target expression (Figure 4) and lower target expres
sion is needed for the same 4–1BB receptor hyper-clustering 
and 4–1BB signalosome formation.85

This could be particularly important in the case of mole
cules with a higher molecular weight (Figure 5) where activa
tion is desired in tissue with low crosslinking-target expression 
(like FAP expression on fibroblastic reticular cells in tumor- 
draining lymph nodes). Although preclinically these advan
tages of a higher 4–1BB to target binding site ratio have been 
demonstrated,32,89 the extent to which this translates into the 
clinic is an open question. For example, in cases where the 
target expression is high, the advantage provided by a molecule 
with a higher 4–1BB-to-target binding site ratio may not be 
significant. Furthermore, a high target site binding affinity 
leading to a high-affinity difference between target binding 
site and 4–1BB binding site (4–1BB KD/target KD) has been 
discussed as a potential advantage to induce better 
functionality,59,77 especially in case of low target expression.77 

High crosslinking-target site affinity has been defined to be in 
the lower pM range, like ND-021/NM21-1480 with a PD-L1 

Figure 3. Schematic binding epitopes to the 4–1BB receptor (if disclosed). (a) The 
trimeric 4–1BBL interacts with CRD2 and CDR3 of three 4–1BB receptors, a type 
I transmembrane protein. (b) The epitope location of different antibody-based 4– 
1BB agonists is indicated. Non-4-1BBL-blocking binders are indicated in red, 4– 
1BBL-blocking binders are indicated in blue.
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target binder displaying an affinity of 7 pM.59 A favorable 4– 
1BB KD/target KD ratio was reported to be between 10075 or 
500.77 As shown in Table 2, the reported KD values display 
a wide range of affinities and affinity ratios. Nevertheless, 
Gen1046/BNT311, a PD-L1-targeted 4–1BB agonist with 
a low 4–1BB KD/target KD ratio of 0.94 and a PD-L1 affinity 
in the higher pM range (150 pM), has already shown function
ality in a clinical Phase 1 trial.45

Molecular weight and half-life

Most of the molecules show antibody-like PK either by the 
inclusion of an Fc that binds to FcRn or an HSA binding 
site.20,81 Antibody-like PK allows molecules with a high 

molecular weight to achieve high systemic exposures, 
a requirement for sufficient tumor accumulation of 
macromolecules.90,91 The bicyclic peptide BT7480, however, 
does not have a half-life stabilizing mechanism. This molecule 
is 20-times smaller than a normal IgG (Figure 5) and, despite 
a rapid clearance, it has been shown to penetrate the tumor and 
tumor-draining lymph nodes in mice rapidly. Indeed, based on 
PK data collected from mice and cynomolgus monkey, a target 
coverage of 1–3 days with a once weekly dosing was predicted. 
In mice this was sufficient to lead to tumor growth reduction 
and partial regression.75 Likewise, DSP107 has no half-life 
improving mechanism. In clinic studies, DSP107 is adminis
tered once weekly during a 28-day cycle (NCT04440735, 
NCT04937166), presumably to compensate for a faster half-life.

Figure 4. Theoretical impact on hyper-crosslinking based on the different 4–1BB receptor to crosslinking-target binding site ratios. The number of 4–1BB receptors 
(yellow) is fixed to six receptors, whereas the number of crosslinking targets (blue) and number of drug molecules varies to demonstrate the impact of different binding 
site ratios. (a) In case of even ratios of crosslinking target to 4–1BB receptor binding sites (1 + 1, 2 + 2 or 3 + 3), a higher number of molecules is needed to gain equal 4– 
1BB receptor hyper-clustering. (b) An amplification occurs if the ratio of crosslinking target to 4–1BB receptor binding sites is uneven and in favor of 4–1BB binding sites 
(1 + 2 or 1 + 3). In this case a lower number of crosslinking targets is needed to elicit the same 4–1BB receptor hyper-crosslinking.
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Cis- and trans-setting and localization of 4-1BB 
agonism

A recent publication implies that 4–1BB agonism works 
independently of simultaneous signal 1, but the co- 
localization of 4–1BB receptor and CD3 in one T cell 
synapse display an additive effect (the so-called cis- 
setting).92 Therefore, the crosslinking mechanism plays 
a role in optimal 4–1BB agonism, as shown in Figure 6. 
Mechanistically one can distinguish a cis-, a trans- and an 
autocrine-setting (Figure 6b). A target expressed on tumor 
cells is supposed to have advantages in the cis-setting; 
however, 4–1BB co-stimulation will only be delivered in 
the tumor environment, and not during the T cell priming 
phase in the lymph nodes. The success of checkpoint inhi
bitors targeting the PD-1/PD-L1 axis has demonstrated 
their role in T cell priming,93 as well as the inability to 
reverse the status of late exhausted T cells.94,95 This obser
vation may suggest that 4–1BB agonism is essential not 
only in the tumor, but also in the tumor draining lymph 
nodes to elicit an optimal anti-tumoral immune T cell 
response. Targets like FAP, PD1, PD-L1, OX40 and CD40 
will provide 4–1BB co-stimulation during the priming 
phase, and thus may help to induce a robust long-term 
memory formation of CD8 T cells.11 PD-L1 and CD40 are 

expressed on antigen-presenting cells (cis-setting), whereas 
FAP is expressed on fibroblastic reticular cells of tumor- 
draining lymph nodes (trans-setting). Crosslinking via 
FcγRIIB or CD40 can lead to a cis-setting in the lymph 
nodes and a trans-setting in the tumor. The autocrine 
setting was not yet tested directly head-to-head with the 
cis- or trans-setting, and therefore it remains to be deter
mined how it compares to a trans- or cis-setting. For the 
PD-1 targeted 4–1BB bispecific antibody IBI319, it has 
been shown that the molecule is active in a trans- or 
autocrine setting as part of its MoA.66

The tetraspecific molecules GNC-035, GNC-038 and 
GNC-039 are all tumor-targeted, implementing a ROR1, 
CD19 or EGFRvIII binding site, respectively (Table 1, 
Figure 2b). So far, no scientific publications are available 
describing the full MoA of these molecules. However, the 
desired MoA has to be a tumor cell-mediated cis-setting, 
where the molecule crosslink T cell and tumor cell while 
delivering CD3 (signal 1) and 4–1BB (signal 2) to the 
T cells and inhibiting PD-L1 expressed by the tumor 
cell. The risk of such molecules is a polyclonal and unspe
cific T cell activation outside of the tumor. Therefore, 
a trans-setting in non-tumoral tissue should be prevented, 
for example by a high avidity to the tumor target.

Figure 5. Molecular weight of 4–1BB agonistic drugs. The molecular weight of each molecule was taken from literature or estimated from their formats, and molecules 
were sorted by their molecular weight in kilo-Dalton (kDa) starting with the smallest molecule (BT7480) on the left and the biggest molecules (~296 kDa) on the right. 
4–1BB agonistic binding sites are highlighted in yellow and targeting binding sites are indicated in blue. For the tri-specific molecules binding to HSA is shown in dark 
gray. For the tetra-specific molecules PD-L1 binding sites are shown in green and CD3 binding sites in dark gray. Abbreviation: 4–1BBL = trimeric 4–1BB Ligand 
ectodomain, CH/CL = constant domain of heavy and light antibody chain, DARPins = Designed ankyrin repeat proteins, Fcab = Fc-region with antigen binding, 
scFv = single-chain variable antibody fragment, sdAb = single monomeric variable antibody domain, SIRPα = Signal regulatory protein alpha ectodomain, 
VH = variable domain of heavy antibody chain, VHH = antigen-binding domain of camelid dimeric heavy chain antibodies, VH/VL = variable domain of heavy and 
light antibody chain, * = Fc-fragment contains mutations to increase Fcγ-receptor IIB-binding, # = Fc fragment contains mutations to attenuate Fcγ-receptor-binding.
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Limitations of animal models to study 4-1BB agonists

The first agonistic 4–1BB antibody urelumab induced two 
fatalities related to hepatitis in clinical trial (NCT00612664) 
at efficacious dose (1 or 5 mg/kg), whereas utomilumab was 
safe but displayed a lack of efficacy.22,23 The activation of 4– 
1BB on liver myeloid cells leading to an IL-27-dependent T cell 
activation has been described as the liver inflammation- 
inducing mechanism.96 Liver macrophages activated by non
specific hepatic memory CD8 + T cells triggered by 4–1BB 
agonism have also been predicted to be the cause.37 

Furthermore the soluble factor S100A4 secreted by liver 
macrophages has been shown to be critical, and 
a neutralizing antibody was able to prevent 4–1BB-induced 
liver pathology without affecting the antitumor efficacy in 
mice.37,97 Independently of the MoA, a strong increase in 
CD68+ macrophages and proliferating 4–1BB+ CD8 + T 
cells can be observed in the liver of mice after 4–1BB activation 
via agonistic 4–1BB mouse IgG1 antibodies.32

The isotype and subsequent crosslinking-ability by Fcγ- 
receptors32 and the 4–1BB epitope, but not the 4–1BB 
affinity,26 were described to be critical for the development 
of safe 4–1BB agonistic antibodies. Most of these studies have 
been performed in syngeneic mice26,35,40,51,53 or human 4– 
1BB transgenic mice53,55,64,70,73 with all existing limitations of 
these models and limited translation into humans. For exam
ple the expression and function of human and mouse Fcγ- 
receptors is different, and therefore the MoA cannot be easily 
translated into humans.80,98–100 When 4–1BB agonists, which 
do not have a mouse IgG but a human or a rat IgG isotype, are 
used in mice, the cross-species reactivity of mouse Fcγ- 
receptor binding has to be considered.101,102 Kamata- 

Sakurai and colleagues attempted to overcome some of 
these limitations by designing mouse surrogates called Sta- 
MB (for STA551) and Ure-MB (for urelumab) displaying an 
engineered constant region of mouse IgG1 (MB) to mimic 
FcγRII-crosslinking in mice, in order to approximate the 
MoA of FcγRIIB-crosslinking of 4–1BB IgG4 STA551 or 
urelumab in humans.25

Furthermore, it has to be considered that the mouse 4– 
1BB/4-1BBL complex is dimeric,103 different to the human 
trimeric 4–1BB/4-1BBL complex,24 and human 4–1BB can
not interact with mouse 4–1BBL. Therefore, the human 4– 
1BB transgenic mouse model cannot be used to predict 
effects of endogenous 4–1BBL competition or blocking 
endogenous 4–1BBL reverse signaling. Recently, human 
4–1BB/human 4–1BBL double transgenic mouse (C57BL/ 
6-Tnfrsf9tm1(TNFRSF9)Tnfsf9tm1(TNFSF9)/Bcgen), have been 
described that may improve the translatability into 
humans.

Clinical safety and functionality

The different hypotheses on the impact of affinity, epitope and 
crosslinking-dependency on safety and functionality, as well as 
the limitation to study them preclinically in mice, make the 
clinical outcome more decisive. The available published data 
on clinical results is limited because most trials are 
ongoing.38,39,41,45,47,50,52,54,57,104 As described above, hepatitis 
induction was the main challenge for first-generation 4–1BB 
agonist urelumab, a CRD1-binding IgG4 antibody. AGEN2373 
is a IgG1 antibody binding to CRD4 in a non-4-1BBL compet
ing manner. So far in a group of 19 patients treated with 0.03– 

Table 2. Reported dissociation constant (KD) values.

Molecule

4-1BB to 
crosslinking 
target ratio 

Binding sites
Measurement 

method
KD in nM 
for 4-1BB

crosslinking 
target site

KD in nM 
for 

crosslinking 
target

ratio 
4-1BB KD / 

crosslinking 
target KD Reference

Gen1046 / BNT311 1+1 BLI 0.15 PD-L1 0.16 0.94 42

Gen1042 / BNT312 1+1 BLI 0.17 CD40 1 0.17 150

IBI319 1+1 SPR 394 PD-1 0.1 3940 45

MCLA-145 1+1 SPR 1.9 PD-L1 0.51 3.7 41

ND-021 / NM21-1480 1+1 SPR 0.48 PD-L1 0.0069 69.6 57,75

ABL503 2+2 SPR 13.8 PD-L1 3.07 44

FS120 2+2 SPR 0.2 OX40 0.2 43

FS222 2+2 SPR 0.665 PD-L1 0.189 49

LBL-024 2+2 BLI 146 PD-L1 0.29 55

PRS-343 2+2 SPR 5.03 Her2 0.3 48

PRS-344 / S095012 2+2 SPR 4.84 PD-L1 0.68 47

DSP107 3+3 SPR 0.7 CD47 1.17 60

RG6076 / RO7227166 1+3 SPR 310 FAP 0.7 32

RG7827 / RO7122290 1+3 SPR 330 CD19 0.4 32

BT7480 1+2 SPR 6.3 Nectin-4 12 67,68

YH3267 / ABL105 2+2 SPR 3.36 Her2 0.48 53

CTX-471 IgG4 BLI 50 n.a. n.a. 35

PE0116 IgG4 SPR 17.6 n.a. n.a. 39

STA551 IgG1 SPR 9.82* n.a. n.a. 25

urelumab IgG4 SPR 22 / 16.6 n.a. n.a. 24,25

utomilumab IgG2 SPR 69 / 71.2 n.a. n.a. 24,25

Notes: KD values to human 4-1BB or crosslinking-target recombinant protein were collected from literature and values may not be directly 
comparable due to different assay set ups. Values were determined either by surface plasmon resonance (SPR) or bio-layer interferometry (BLI) 
as indicated. As it was not always clear if affinity or avidity were measured, only for 1+1 molecules the calculated ratio between KD (4-1BB) to KD 

(target) was calculated and shown. *KD measured in the presence of 100 μM ATP. n.a.= not applicable.
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2 mg/kg AGEN2373 across 5 cohorts, no drug-related eleva
tions in liver transaminases (ALT, AST) or bilirubin beyond 1 
grade were observed.52

LVGN6051 is a IgG4 antibody with improved FcγRIIB- 
crosslinking. In a group of 16 patients treated with 
LVGN6051 (escalating dose cohorts up to 7 mg/kg), no treat
ment-related adverse events (TRAE) occurred. However, in 
combination with pembrolizumab one patient with predomi
nant hepatic metastases and history of intermittent grade 2 
hepatic impairment experienced grade 3 increased ALT/AST 
on cycle 1 day 15 and this incidence was reported as dose 
limiting toxicity (DLT). It resolved back to baseline three 
days later without corticosteroids.54

The combination of 4–1BB agonism with PD-1/PD-L1 
inhibition may increase the liver inflammation risk, as liver 
injury is a well-known side-effect of PD-L1/PD-1 blockage105 

and constitutive PD-L1 expression has been described on non- 
parenchymal liver cells, including sinusoidal endothelial cells 
and Kupfer cells.106

In patients treated with Gen1046/BNT-311, a PD-L1 and 4– 
1BB bispecific antibody, treatment-related transaminase eleva
tions occurred in 26.2% of the patients (grade 1–3), whereby 
grade 3 was observed in 9.8% of patients. Although the transa
minase elevations improved rapidly with corticosteroid 

administration, 3 of the 6 patients discontinued treatment due 
to this TRAE.45 Similarly, in the dose escalation of MCLA-145, 
another PD-L1 and 4–1BB bispecific antibody, one of 34 
patients experienced an ALT/AST grade 3 increase, leading to 
a DLT at 75 mg flat dose. Grade 1–3 ALT and/or AST elevations 
were observed in six patients (17.6%), mainly at dose of 50 mg or 
higher.47

During treatment with CD40 and 4–1BB bispecific antibody 
GEN1042/BNT312, one patient of 50 developed a grade 4 trans
aminase elevation, which was resolved with corticosteroids. 
Whether other lower grade transaminase evaluation occurred 
in the same trial was not disclosed.50 So far, reported liver- 
toxicity events remain manageable with second generation 4– 
1BB agonists and below urelumab-related observations, where 
13.5–16.6% of the patients treated with efficacious doses above 
1 mg/kg developed a grade 3–4 treatment-related transaminase 
elevations, including two cases of fatal hepatotoxicity.22

All second-generation 4–1BB agonists with published clin
ical data describe in general a good safety and tolerability 
profile so far. Common adverse events (AEs) are mostly 
grade 1 and 2.38,39,41,45,47,50,52,54,57,104 Some side effects, like 
pneumonitis, pruritus, rash or injection-related AEs, ALT/ 
AST increase, hypothyroidism, diarrhea and colitis, are com
mon during cancer immunotherapies and could be defined as 

Figure 6. Expected MoA of 4–1BB agonists based on their targeting modality. (a) Summarize the main organs (tumor and lymphoid tissue) where 4–1BB agonists can 
improve the anti-tumoral immune response as well as the main targeted cells (shown in blue) and 4–1BB+ T cells (shown in yellow). (b) The predicted cellular 
interaction and MoA are outlined. 4–1BB crosslinking can occur in a cis-, trans- or autocrine-setting. Crosslinking cells can be tumor cells, fibroblasts, macrophages, and 
dendritic cells (shown in blue) or T cells themselves in an autocrine setting. (c) Names of 4–1BB agonistic drugs in clinical trials, which implement the predicted and 
outlined MoA. The tetra-specific molecules GNC-035, GNC-038 and GNC-039 are not included. Abbreviations: CAFs = Cancer Associated Fibroblasts, 
CEACAM5 = Carcinoembryonic Antigen Cell Adhesion Molecule 5, DCs = Dendritic Cells, EGFRvIII = epidermal growth factor receptor variant III, FcγR = Fc-gamma- 
receptors, FAP = Fibroblast Activating Protein alpha, FRCs = Fibroblastic reticular cells, Her2 = human epidermal growth factor receptor 2, PD-L1 = Programmed Death- 
Ligand 1, ROR1 = Receptor Tyrosine Kinase Like Orphan Receptor 1, PSMA = Prostate-specific membrane antigen, Mϕ = Macrophages, TAMs = Tumor Associated 
Macrophages, tdLN = tumor draining lymph node.
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common immune-related AEs (irAEs).107 If these irAEs corre
late with a better or a worse outcome is still not fully under
stood, but a first meta-study indicates that irAEs occurring 
during cancer immunotherapy correlate with better outcome 
shown as overall survival (OS) and progression-free survival 
(PFS).108 Therefore, in the future, irAEs management will be 
an important task to improve cancer immunotherapy 
treatments.109

Most immune activations reported are directly linked to 
increased CD8 + T cells and NK cell activation,38,39,45,47,50,104 

as they are the major cell types expressing 4–1BB.110 However, 
other immune cells have also been reported to express 4–1BB,5 

including CD4 + T cells,110 regulatory T cells (Tregs),111 den
dritic cells,88,112 monocytes and macrophages,113,114 mast 
cells,115,116 neutrophils117 and eosinophils from patients with 
IgG-mediated allergies.118 There are also reports of 4–1BB 
expression on nonimmune cells like adipocytes119 and athero
sclerosis- or cancer-induced 4–1BB expression on blood vessel 
endothelial cells.120,121 4–1BB agonism has both pathogenic 
and protective role in type 1 diabetes mouse models122,123 

and obesity-induced inflammations.119,124 All this may play 
a role in the 4–1BB-mediated MoA as well as irAEs, and has 
to be carefully considered. One obvious irAE is neutropenia, 
which occurs with a rate of 4.9–17.6%39,45,47,54,57 and may 
directly be linked with a 4–1BB MoA, as 4–1BB-activation on 
neutrophils has been reported to abrogate granulocyte- 
macrophage colony-stimulating factor-mediated neutrophil 
survival.117

The disease control rate of second-generation 4–1BB ago
nists in solid tumors seems to be around 56–70%.38,42,45 Stable 
disease rates are around 26–70%41,50,52,54 and overall response 
rates (ORR) between 3.6–40%.38,39 Partial (PR) or complete 
responses (CR) occurred and have been reported with 
a frequency of 4–21%.38,41,45,50,54 It has to be kept in mind 
that these data were collected during dose escalation with 
different cohorts, mostly in ongoing Phase 1 trials. Some data 
sets focused on all patients treated, other data sets were cleaned 
by focusing on patients treated with efficacious doses. 
Therefore, it is fair to say that the ORR appears until now 
quite similar between the different trials and a smart clinical 
strategy focusing on optimal dose prediction and combination 
strategy may be required.

Receptor occupancy and optimal dose finding

Receptor occupancy has been predicted as a key factor for 
optimal dose finding of agonistic antibodies. A maximum 
effect at a receptor occupancy of ~50% has been assumed, as 
outlined in Figure 7, leading to an optimal 4–1BB hyper- 
clustering supplied by a ternary complex of the target cell, 
the drug, and the 4–1BB expressing effector cell. Higher con
centrations of the drug resulting in a receptor occupancy of 
100% will prevent the optimal ternary complex formation and 
lead to a bell-shaped activation curve.36,48,59,125,126 Therefore, 
it is essential to understand the receptor expression in the 
tumor, though the prediction of 4–1BB expression in tumor 

is challenging, as 4–1BB expression on T cells is strictly con
trolled. Normally 4–1BB surface expression on CD3-activated 
peripheral blood mononuclear cell-derived T cells is observed 
between day 1 to day 3, whereas 4–1BB expression is not 
detectable after 5 days.8,32,127 4–1BB activation prolongs the 
4–1BB expression until day 5 and is stronger on CD8 + T cells 
than on CD4 + T helper cells, leading to a preferential increase 
of CD8 + T cells in the tumor microenvironment by 4–1BB 
agonism.32 At the same time 4–1BB agonism mediated by 
antibodies may also activate negative feedback loops like 4– 
1BB internalization,128 as well as shedding of 4–1BB leading to 
increased soluble 4–1BB levels.129,130

Different published data sets suggest that 4–1BB surface 
expression on CD8+ tumor infiltrating lymphocytes (TILs) is 
presumably transient and only a small fraction of TILs display 
4–1BB expression. Frequencies of 4–1BB+ CD8+ TILs of total 
CD8+ TILs have been published for human ovarian cancer 
(mean ~5-8% with a range of 1–26%), hepatocellular carci
noma (mean ~10% with a range of 0–39%), non-small lung 
cancer (mean ~2.5% with a range of 0–12%), intrahepatic 
cholangiocarinoma (mean ~3% with a range of 0–13%), color
ectal cancer (mean ~2.5% with a range of 0–10%), glioblas
toma multiforme (mean ~1% with a range of 0–3%) and 
melanoma (mean ~13% with a range of 0–40%).14, 131, 132 4– 
1BB expression on CD8+ TILs has been shown to correlate 
with PD-1 expression133 and other exhaustion markers,134,135 

but also with improved anti-tumoral functionality of these 
CD8+ TILs131,136–139 assuming that 4–1BB expression 

Figure 7. Predicted optimal dose dependent on receptor occupancy leading to 
a bell-shaped activity curve. Increased concentration of bispecific 4–1BB agonist 
will lead to saturation of both binding sites while abolishing optimal 4–1BB 
clustering. Max = maximum.
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correlates with a contemporary TCR engagement. In the case 
of bispecific antibodies implementing a high target site binding 
affinity (favorable 4–1BB KD/target KD ratio between 100– 
500), the receptor occupancy of the target site will become 
the driving parameter for the optimal dose and less dependent 
on the 4–1BB receptor occupancy.59, 77

The prediction of an optimal dose, however, does not only 
depend on optimal receptor occupancy and thus receptor 
expression, but it also depends on possible peripheral sinks 
mediated by soluble 4–1BB, soluble crosslinking target protein 
and soluble 4–1BBL. Mechanistic effects will also play a role, 
like receptor internalization after binding, affinity/avidity rela
tionship between 4–1BB and crosslinking-target binder or 
factors of tumor tissue penetration like the molecule size and 
PK.140 Therefore, the optimal dose finding in the clinic is 
expected to be challenging, especially in patient population 
with diverse 4–1BB and crosslinking-target expression, as the 
receptor expression level will affect the extent of the ternary 
complex formation.

The reported clinical trials have implemented different 
doses and scheduling of 4–1BB agonistic injections 
(Supplementary Figure S2), and in general, either a flat dose 
or a body weight-based dosing (mg/kg) regime has been 
chosen. At least for monoclonal PD-1 or PD-L1 checkpoint 
inhibitory antibodies, the flat dose principle is predicted to 
provide similar exposure to weight-based dose while redu
cing the chance of dosing errors and minimizing drug 
wastage.141

Different dosing schedules are being tested, including 
weekly (Q1W), every two weeks (Q2W), every three 
weeks (Q3W), every four weeks (Q4W) and/or every six 
weeks (Q6W) injection. As of today, only limited data on 
optimal dose finding is available. MP0310, targeting 4–1BB 
and FAP, has an anticipated therapeutic optimal range 
between 0.5 and 5 mg/kg.48 The active dose for PRS-343 
(targeting Her2 and 4–1BB) in a Phase 1 dose escalation 
study was reported to be on a Q2W schedule at or above 
doses of 8 mg/kg.38 Gen1046/BNT311, targeting PD-L1 and 
4–1BB, was tested in a Phase 1/2a trial Q3W in a flat dose 
range of 25–1200 mg. Improved pharmacodynamics mar
kers like increased IFNγ and C-X-C motif chemokine 
ligand 10 (CXCL10) levels, increased Ki67+ and effector 
memory CD8 + T cells counts, and activated NK cell 
counts in the peripheral blood were detected at doses at 
200 mg or lower. The 100 mg Q3W dose level was chosen 
as the expansion dose.45 Gen1042/BNT312, targeting CD40 
and 4–1BB, was tested in a Phase 1/2 trial Q3W in a flat 
dose range of 0.1–400 mg. Two partial responses were 
reported in melanoma and neuroendocrine lung cancer at 
doses of 3 and 30 mg, respectively. Based on predictive 
modeling, the investigators will move forward with 100 mg 
as the optimal dose in the study’s expansion phase. MCLA- 
145, targeting PD-L1 and 4–1BB, was administered at doses 
of 0.4–75 mg Q2W and patient enrollment continues at 
25 mg Q2W. Pharmacodynamic clinical activity was 
observed at 25 mg and above. At doses of 10 mg and 

Figure 8. Ongoing or planned combinations in clinical trials. Reported combination partners were set against the clinical trial number and clustered by the used 4–1BB 
agonist. Most clinical trials combine the 4–1BB agonist with a checkpoint inhibitor (e.g., PD1, PD-L1 or CTLA-4 inhibitor) and/or chemotherapy.
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above, peripheral T cell activation, including cytotoxic 
CD8 + T cells were observed.50 Adagene, testing their 
anti-4-1BB IgG4 antibody ADG106 (NCT3802955) 
reported an undisclosed predictive biomarker correlating 
with 3 of 4 patients displaying tumor shrinkage above 
30% after treatment with 3 or 5 mg/kg Q3W ADG106.42

Combination therapies

The success of the CAR T cell therapies tisgenlecleucel,17 

ciltacabtagene, and autoleucel18 underlines the importance 
of 4–1BB agonism in anti-tumoral CD8 + T cell biology for 
the treatment of relapsed or refractory hematological can
cer. Not surprisingly several 4–1BB agonists target hema
tological tumors. However, most 4–1BB agonists are tested 
in solid tumors (Table 1). 4–1BB expression has been 
positively correlated with functionality of anti-tumoral 
CD8+ TILs also in solid tumors,14,131 but 4–1BB expression 
on T cells seems to be diverse and is presumably dynamic. 
In line with this, soluble 4–1BB has been reported as 
a dynamic biomarker to monitor 4–1BB 
immunotherapies,85 but a pre-selection of patients with 
high 4–1BB expression has not been implemented so 
far.20 To enable the full potential of 4–1BB agonists and 
to foster optimal dose finding, a combination partner, 
which leads to an increased and a more homogeneous 4– 
1BB expression would be ideal. Possible combination part
ners are T-cell engagers facilitating a polyclonal CD3- 
mediated 4–1BB-upregulation on CD8 + T cells32,142 or 
ADCC-inducing antibodies leading to 4–1BB upregulation 
on natural killer (NK) cells.143 Standard therapies promot
ing T cell priming and activation like certain 
chemotherapies144 and/or radiotherapy145–147 could also 
serve as combination partners, though studies investigating 
4–1BB expression kinetics after these standard therapies are 
still missing. Nevertheless, different chemotherapies as well 
as radiotherapy have already been included in several clin
ical trial plans (Figure 8).

In preclinical studies the combination of PD1/PD-L1 inhi
bition with 4–1BB agonism has shown synergism.137,148 

Twelve 4–1BB agonists in clinical trials therefore incorporate 
inhibition of PD-L1 and PD-1 in the molecule design (e.g., 
bispecific antibodies targeting 4–1BB together with PD-L1 or 
PD-1). However, different needs for receptor occupancy 
toward an optimal MoA are predicted. For example, as 
shown in Figure 7, ~50% of PD-L1 receptor occupancy will 
lead to the maximal 4–1BB agonism, whereas an optimal PD- 
L1 inhibition would be reached at a PD-L1 receptor occupancy 
close to 100%. A 100% receptor occupancy of PD-L1, however, 
would reduce the 4–1BB activation based on the bell-shape 
curve hypothesis. Therefore, the additional combination with 
a non-competing PD-1 or PD-L1 inhibitor could be beneficial. 
Not surprisingly Gen1046/BNT311 as well as INBRX-105/ 
ES101, both PD-L1 and 4–1BB bispecific antibodies, are com
bined with the PD-1 blocking antibody pembrolizumab 
(Figure 8). Also, PRS-343, a Her2-targeted 4–1BB agonist, 
was planned to be combined with tucatinib to increase the 
Her2 inhibition (Figure 8). A skillful biomarker plan to sepa
rate target inhibition and 4–1BB agonism effects will allow the 

prediction of an optimal dose providing 4–1BB agonism while 
allowing a presumably suboptimal concentration of tumor- 
target inhibition.

Learning from CAR T cell therapy, the combination of 
targeted 4–1BB agonists with a tumor-targeted CD3 enga
ger of particular interest and has so far been implemented 
in two clinical trials (NCT04826003 and NCT04077723). 
A major challenge of CAR T cells in solid tumors is the 
absence of truly tumor-restricted targets, leading to on- 
target off-tumor toxicity.149 Therefore, targeting the CD3 
(signal 1) and 4–1BB (signal 2) agonists to different cross
linking targets can lead to less on-target-off-tumor- 
mediated healthy tissue damage and a better safety profile. 
This can further be enhanced by the possibility to dose and 
schedule both agonists differently.

The combination with a CD3 T-cell engager would also 
increase the number of 4–1BB+ CD8+ TILs that can benefit 
from 4–1BB costimulation at baseline, as the number of 4– 
1BB expressing CD8+ TILs is normally between 0–10% of 
total CD8+ TILs.14,32,131,136 At least in humanized mice, 
a CD3 T-cell engager increased the frequency of 4–1BB+ 
CD8 TILs from 10% up to 50% of total CD8+ TILs.32 

Furthermore, by not only engaging tumor-specific but also 
nonspecific bystander T cells,150 a better T cell to tumor cell 
ratio can be expected and may lead to a better outcome, 
especially for the patients with a low count of tumor- 
specific T cells. Finally, the off-the-shelf-approach will bene
fit a wider range of patients, which may not have access to 
CAR T cell therapy.

Conclusions

In the past 5 years, the study of second-generation 4–1BB 
agonists has substantially expanded and several strategies 
are being implemented to overcome the liabilities of first- 
generation 4–1BB agonists, resulting in a high diversity of 
molecules in development. While these molecules differ in 
size (molecular weight), half-life, affinities, the crosslinking 
targets (and therefore mechanisms), as well as the valency 
of target binding sites, they all aim to achieve safe and 
potent 4–1BB hyper-clustering. So far, all 4–1BB agonists 
seem to display good safety and tolerability profiles with 
manageable irAEs. Which molecule designs are ideal to 
induce anti-tumor response with a favorable safety profile 
remains to be proven. However, it can be predicted that, 
regardless of the design, overcoming challenges in the 
clinical development like optimal dose finding and optimal 
combination strategy will be an important aspect to estab
lish 4–1BB agonism in cancer immunotherapy. Therefore, 
investing into a good preclinical model for optimal dose 
prediction and a good clinical biomarker plan for optimal 
dose finding is essential. A good combination partner deli
vering signal 1 and therefore providing sufficient and more 
homogenous 4–1BB expression in the tumor will help 
during dose finding. In general, 4–1BB agonists can be 
considered as potent immunomodulatory agents, which 
should be developed right from the start as 
a combination partner and not as a single agent.
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Abbreviations

ADCC antibody-dependent cellular cytotoxicity
ADCP antibody-dependent cellular phagocytosis
AEs Adverse Events
ALT Alanine Aminotransferase
AST Aspartate Aminotransferase
ATP Adenosine Triphosphate
4-1BBL trimeric 4-1BB Ligand
CAR chimeric antigen receptor
CD19 Cluster of Differentiation 19
CD40 Cluster of Differentiation 40
CD47 Cluster of Differentiation 47
CR Complete Response
CRD extracellular Cysteine-Rich pseudo repeat Domains
CXCL10 C-X-C motif chemokine ligand 10
DARPins Designed Ankyrin Repeat Proteins
DLT Dose Limiting Toxicity
EGFRvIII Epidermal Growth Factor Receptor variant III
FAP Fibroblast Activating Protein alpha
Fc Fragment crystallizable
FcγR Fc-gamma-receptor
FcγRIIB Fc-gamma-receptor IIB
FcRn neonatal Fc-receptor
FDA U.S. Food and Drug Administration
Her2 Human Epidermal Growth Factor Receptor 2
HAS Human Serum Albumin
IFNγ interferon γ
IgG Immune globulin
irAEs immune-related Adverse Events
KD Dissociation Constant
MoA Mode of Action
NK Natural Killer Cells
ORR Overall Response Rate
OS Overall Survival
PD-L1 Programmed Death-Ligand 1
PFS Progressive Free Survival
PR Partial Response
PSMA Prostate-Specific Membrane Antigen
Q1W once per week
Q2W every two weeks
Q3W every three weeks
Q4W every four weeks
ROR1 Receptor tyrosine kinase like Orphan Receptor 1
SARS-CoV2 Severe Acute Respiratory Syndrome Coronavirus 2
scFv single monomeric variable antibody domain
sdAb single-chain variable antibody fragment
TCR T Cell Receptor
TILs Tumor Infiltrating Lymphocytes
TNFRSF9 Tumor Necrosis Factor Receptor Superfamily 9
TNFSF9 Tumor Necrosis Factor Superfamily 9
TRAEs Treatment-Related Adverse Events
Treg regulatory T cells
VH/VL Variable domain of Heavy and Light antibody chain
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