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Abstract
Purpose ATG-101, a bispecific antibody that simultaneously targets the immune checkpoint PD-L1 and the costimulatory 
receptor 4-1BB, activates exhausted T cells upon PD-L1 crosslinking. Previous studies demonstrated promising anti-tumour 
efficacy of ATG-101 in preclinical models. Here, we labelled ATG-101 with 89Zr to confirm its tumour targeting effect and 
tissue biodistribution in a preclinical model. We also evaluated the use of immuno-PET to study tumour uptake of ATG-101 
in vivo.
Methods ATG-101, anti-PD-L1, and an isotype control were conjugated with p-SCN-Deferoxamine (Df). The Df-conju-
gated antibodies were radiolabelled with 89Zr, and their radiochemical purity, immunoreactivity, and serum stability were 
assessed. We conducted PET/MRI and biodistribution studies on [89Zr]Zr-Df-ATG-101 in BALB/c nude mice bearing PD-
L1-expressing MDA-MB-231 breast cancer xenografts for up to 10 days after intravenous administration of [89Zr]Zr-labelled 
antibodies. The specificity of [89Zr]Zr-Df-ATG-101 was evaluated through a competition study with unlabelled ATG-101 
and anti-PD-L1 antibodies.
Results The Df-conjugation and [89Zr]Zr -radiolabelling did not affect the target binding of ATG-101. Biodistribution and 
imaging studies demonstrated biological similarity of [89Zr]Zr-Df-ATG-101 and [89Zr]Zr-Df-anti-PD-L1. Tumour uptake of 
[89Zr]Zr-Df-ATG-101 was clearly visualised using small-animal PET imaging up to 7 days post-injection. Competition stud-
ies confirmed the specificity of PD-L1 targeting in vivo.
Conclusion [89Zr]Zr-Df-ATG-101 in vivo distribution is dependent on PD-L1 expression in the MDA-MB-231 xenograft 
model. Immuno-PET with [89Zr]Zr-Df-ATG-101 provides real-time information about ATG-101 distribution and tumour 
uptake in vivo. Our data support the use of [89Zr]Zr-Df-ATG-101 to assess tumour and tissue uptake of ATG-101.
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Introduction

Several inhibitory immune checkpoint proteins have been 
identified, along with their corresponding ligands found 
on various cells, including dendritic cells and tumour 
cells. These immune checkpoint proteins engage in inter-
actions with their ligands, sending inhibitory signals to T 
cells, thus allowing tumours to escape immune surveillance 
[1]. Among these interactions, immunosuppressive effect 
induced by the interaction between programmed cell death 
protein 1 (PD-1) and programmed death-ligand 1 (PD-L1) 
is well-characterised in clinical immunotherapy. Multiple 
immune checkpoint inhibitors (ICIs) disrupting the PD-1/
PD-L1 interaction have been successfully developed, exhib-
iting durable therapeutic benefits in many cancers, while 
only a subset of cancer patients benefit from ICIs mono-
therapy [2, 3].

In response to this limitation, combination therapies 
involving different ICIs are under active development, with 
the goal of enhancing the therapeutic efficacy of single 
agents. Additional benefits have been demonstrated when 
ICIs are combined with chemotherapy, radiotherapy, and 
small molecule targeted therapy [4]. Although ICIs often 
yield durable responses in cancer patients, adaptive resis-
tance can develop over time. Blocking one immune check-
point can induce the upregulation of alternative immune 
checkpoints on T cells [5–7]. Consequently, combination of 
two ICIs targeting different immune checkpoints exhibited 
synergistic effects, leading to improvements in progression-
free survival and overall survival [8, 9]. Unfortunately, com-
bination therapies involving two ICIs have typically been 
associated with a significantly higher incidence of adverse 
effects compared to monotherapy [10, 11]. To address these 
challenges and enhance both efficacy and safety, bispecific 
antibodies that simultaneously target two distinct antigens 
have been developed [12]. The affinity and valency of 
bispecific antibody arms can be tailored to minimise dam-
age to normal cells.

4-1BB, also known as CD137 and TNFRS9, is an induc-
ible costimulatory receptor expressed by activated T cells, 
monocytes, and natural killer (NK) cells [13]. Stimulation 
of 4-1BB on T cells activates various signalling pathways, 
resulting in increased cytokine secretion, enhanced T cell 
proliferation, improved T cell survival, and enhanced effec-
tor function [14, 15]. Agonistic antibodies targeting 4-1BB 
demonstrated promising anti-tumour activity in preclinical 
studies [16, 17]. While moderate anti-tumour responses 
have been observed in patients receiving 4-1BB agonis-
tic antibodies, dose-limiting on-target-off-tumour hepato-
toxicity was observed [18, 19]. To address this challenge, 
bispecific antibodies targeting 4-1BB and other anti-tumour 
targets have been developed, with the potential to minimize 

systemic toxicity of 4-1BB by limiting the costimulatory 
effect to tumour geography. For instance, a bispecific anti-
body targeting B7-H3/4-1BB can elicit a 4-1BB-dependent 
anti-tumour response in tumours expressing B7-H3, without 
causing systemic toxicity [20]. Another bispecific antibody 
targeting HER2/4-1BB demonstrated strong 4-1BB acti-
vation and anti-tumour effects in h4-1BB knock-in mice 
bearing HER2-positive tumours [21]. Combining 4-1BB 
agonism with ICI targeting PD-L1 resulted in increased 
CD8+ T cell infiltration and induced tumour regression 
in preclinical models [22, 23]. The bispecific antibody 
ATG-101, an anti-PD-L1 IgG1 molecule linked with two 
anti-4-1BB scFV molecules, has been developed and dem-
onstrated potent anti-tumour efficacy in various preclinical 
models [24]. Importantly, this bispecific antibody exhibited 
good tolerance in non-human primates without significant 
toxicity.

The identification of target expression to select patients 
who are likely to respond to corresponding targeted thera-
pies or immunotherapies is important in drug development 
and management of cancer patients. The use of radiolabelled 
molecules in conjunction with advanced in vivo bioimaging 
techniques such as positron emission tomography (PET) 
has been employed to examine in vivo expression of spe-
cific immune targets and has demonstrated great potential 
for patient selection [25–28]. In this study, we conjugated 
and radiolabelled ATG-101 bispecific antibody, the paren-
tal anti- PD-L1 antibody, and an isotype control antibody, 
with the positron-emitting isotope 89Zr. We demonstrated 
the suitability of [89Zr]Zr-Df-ATG-101 for in vivo bioimag-
ing of PD-L1/4-1BB, supporting its potential application in 
clinical settings.

Materials and methods

Cell culture

MDA-MB-231 cells (ATCC, USA) were cultured in RPMI 
1640 medium supplemented with 10% foetal calf serum 
(FCS). The human PD-L1-transfected HEK293 stable cell 
line (HEK293/PD-L1, GenScript #M00544) was cultured in 
Dulbecco modified Eagle medium (DMEM) supplemented 
with 10% FCS and 400 µg/mL G418. HEK293/4-1BB 
cell line (BPS Bioscience #60,691), expressing full-length 
human 4-1BB, was cultured in MEM medium supple-
mented with 10% FCS and 100 µg/mL Hygromycin B. All 
cell cultures were maintained at 37 °C with 5% CO2.
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Flow cytometry (FACS)

The binding of antibodies to PD-L1 and 4-1BB was assessed 
by flow cytometry using HEK293/PD-L1, HEK293/4-1BB, 
and MDA-MB-231 cell lines. Briefly, 1 × 106 HEK293/
PD-L1, HEK293/4-1BB, or MDA-MB-231 cell were incu-
bated with 20 µg/mL of primary antibodies for 40 min at 
room temperature, followed by incubation with a phycoery-
thrin (PE)-conjugated goat anti-human IgG secondary anti-
body for 1 h at 4 °C. Flow analysis was performed using a 
FACS Canto II flow cytometer.

Antibody conjugation and [89Zr]Zr-labelling

The bispecific antibody ATG-101 and parental anti-PD-L1 
and anti-4-1BB were obtained from Antengene. All antibod-
ies were conjugated with the bifunctional metal ion chela-
tor, p-SCN-Deferoxamine (Df; Macrocyclics Inc.), at a 3 to 
10-fold molar excess in sodium bicarbonate buffer (0.1 M, 
pH 9.0). The reaction mixture was incubated at room tem-
perature for 1 h, followed by PD-10 gel filtration using 20 
mM sodium succinate (pH 6.0), 8% sucrose, and 0.02% 
Tween 80. A solution of [89Zr]Zr-oxalate (0.05 M, Austin 
Health Cyclotron) was neutralized with sodium carbonate 
(0.1 M, pH 10.8) and diluted with reaction buffer (20 mM 
sodium succinate, pH 6, 0.02% Tween 80). Df-conjugated 
antibodies in formulation buffer were added to the neutral-
ized 89Zr solution, and reaction mixture was incubated at 
room temperature for 15 min. Following incubation, purifi-
cation was performed by PD-10 gel filtration with 20 mM 
sodium succinate (pH 6.0), 8% sucrose, and 0.02% Tween 
80. Aliquots were stored at -80 °C until required.

Determination of Df-to-mAb ratios for Df-
conjugated antibodies

At the end of Df-mAb conjugation reaction, 25 µL of reac-
tion mixture was added to 25 µL of 0.05 M succinic acid. 
Subsequently, 3 MBq neutralized [89Zr]Zr-oxalate was 
added to the mixture to label both free Df and Df-mAb 
in solution. Complete labelling was determined by instant 
thin layer chromatography (iTLC) using a citrate mobile 
phase (20 mM sodium citrate, pH 5.0). Labelled free Df and 
Df-mAb were determined and quantified by iTLC using a 
methanol/TFA mobile phase (4% trifluoracetic acid in 50% 
methanol). The Df-to-mAb ratios were then calculated by 
using the following formula: (reacting Df: mAb ratio) × 
([89Zr]Zr-Df-mAb%)

Immunoreactivity and scatchard analyses

The immunoreactive fraction of [89Zr]Zr-Df-ATG-101 for 
PD-L1 and 4-1BB was determined by linear extrapolation 
to binding at infinite antigen excess using a Lindmo assay 
[29]. [89Zr]Zr-Df-ATG-101 (20 ng) was added to 0–10 × 106 
HEK293/PD-L1 cells or 0–60 × 106 HEK293/4-1BB cells in 
1.0 ml of medium. The cells were incubated for 45 min at 
room temperature and pellets were measured in a gamma 
counter. Percentage binding was graphed against cell con-
centration, and immunoreactivities were calculated as the 
y-intercept of the inverse plot of both values. Scatchard 
analysis was used to calculate the association constant and 
the number of antibody molecules bound per cell.

Ex vivo serum stability

Ex vivo serum stability was assessed by incubating 5.0 µg 
of [89Zr]Zr-Df-antibody in healthy donor human serum (100 
µL) at 37 °C for a 7-day period. Radiochemical purity was 
determined by iTLC and SE-HPLC, and single-point immu-
noreactivity assays were performed at 0, 2, and 7 days of 
incubation.

Animal model

In vivo characterisation was performed using the MDA-
MB-231 xenograft murine model, given high PD-L1 
expression on MDA-MB-231 cells [30]. Briefly, 10 × 106 
MDA-MB-23 cells were subcutaneously injected into the 
right flank of 5–6-week-old female BALB/c nude mice 
(Animal Research Centre, Australia), and tumour volume 
(TV) was monitored daily. TV was calculated by the fol-
lowing formula: (length × width2)/2. All animal studies 
were approved by the Austin Health Animal Ethics Com-
mittee and conducted in compliance with the Australian 
Code of Practice for the care and use of animals for scien-
tific purposes.

Biodistribution studies

BALB/c nude mice with established MDA-MB-231 xeno-
grafts (mean TV = 237.38 ± 44.83 mm3) received [89Zr]
Zr-Df-ATG-101, [89Zr]Zr-Df-anti-PD-L1, or [89Zr]Zr-Df-
huIgG1 isotype control (36 µg, 185 kBq) via intravenous 
injection. Groups of mice (n = 5 for each group) receiving 
[89Zr]Zr-Df-ATG-101 were sacrificed by over-inhalation of 
isoflurane anaesthesia and biodistribution was assessed on 
day 0 (2 h), 1, 2, 3, 5, 7, 10 post injection (p.i). Tissues, 
tumour, and blood were obtained for radioactive counting 
via a gamma counter and weighing. Mice receiving [89Zr]
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Statistical analyses

All data analysis was performed using GraphPad Prism V8. 
For multiple comparisons, one-way ANOVA was used with 
Tukey’s multiple comparison test. Data are presented as 
mean ± SD, unless stated differently. Flowjo V10 was used 
for flow cytometry analysis.

Results

Conjugation and radiolabelling of ATG-101 and 
controls

The bifunctional metal ion chelator p-SCN-Bn-Deferox-
amine (Df) was conjugated to ATG-101 and two monoclo-
nal antibody controls including anti-PD-L1 and anti-4-1BB 
mAbs, yielding Df-ATG-101, Df-anti-PD-L1, and Df-anti-
4-1BB. Given that chelator-antibody ratio can influence 
antibody characteristics such as stability and binding, we 
explored optimal Df-to-antibody ratio for preparation of 
Df-ATG-101. The reactions were performed at 3-, 5-, and 
10-fold molar excess of Df to ATG-101, resulting in pro-
duction of Df-ATG-101 (3:1), Df-ATG-101 (5:1), and Df-
ATG-101 (10:1), with the final conjugated Df-to-mAb ratio 
of 0.62, 1.16, and 2.33, respectively. When incubated with 
HEK293/PD-L1 cells, anti-PD-L1 mAb and ATG-101 dis-
played identical binding levels (Fig. 1a). Importantly, all 
variants of Df-ATG-101 and ATG-101 exhibited equivalent 
binding to HEK293/PD-L1 cells, indicating that the conju-
gation process did not change ATG-101’s binding capacity 
to PD-L1 (Fig. 1a). The binding of ATG-101 to 4-1BB was 
confirmed using HEK293/4-1BB cells. ATG-101 and anti-
4-1BB exhibited comparable binding to HEK293/4-1BB 
cells (Fig. 1b). All Df-ATG-101 variants demonstrated con-
sistent binding profiles to ATG-101 using HEK293/4-1BB 
cell, indicating that Df conjugation to ATG-101 did not alter 
its binding affinity to 4-1BB.

Df-ATG-101 immunoconjugates with different Df-mAb 
ratios were then subjected to radiolabelling with 89Zr, yield-
ing [89Zr]Zr-Df-ATG-101. Radiochemical yields, purities, 
and apparent specific activities of all [89Zr]Zr-Df-ATG-101 
constructs were found to be comparable (Supplementary 
Table 1). To assess serum stability, [89Zr]Zr-Df-ATG-101 
were incubated with human serum for up to 7 days. [89Zr]
Zr-Df-ATG-101 (5:1) and [89Zr]Zr-Df-ATG-101 (10:1) 
displayed the highest levels of radiochemical purity over 
time. Compared to [89Zr]Zr-Df-ATG-101 (10:1), [89Zr]Zr-
Df-ATG-101 (5:1) exhibited greater retention of binding 
to 4-1BB on day 7. Consequently, [89Zr]Zr-Df-ATG-101 
(5:1) was employed for all following studies. The same 

Zr-Df-anti-PD-L1 or [89Zr]Zr-Df-huIgG1 isotype control 
were assessed on day 2 and 7 p.i.

In vivo competition and imaging studies

Groups of BALB/c nude mice (n = 5 for each group) 
with established MDA-MB-231 xenografts (mean 
TV = 230.38 ± 35.60 mm3) received intravenous injection 
of [89Zr]Zr-Df-huIgG1 isotype control (36 µg, 3.9 MBq), 
[89Zr]Zr-Df-anti-PD-L1 (36 µg, 3.9 MBq), [89Zr]Zr-Df-
ATG-101 (36 µg, 3.9 MBq) alone or in combination with 
1 mg of cold ATG-101, 1 mg of anti-PD-L1, or 1 mg of anti-
4-1BB. Mice were imaged with positron emission tomog-
raphy (PET) and magnetic resonance (MR) on day 2 and 
7 using a small animal nanoPET/MR camera (nanoScan, 
Mediso). After imaging at each time point, five animals 
per group were analysed using a biodistribution study as 
described earlier. The co-registration of multi-modality 
scans and image analysis were performed using PMOD 3.8 
(PMOD Technologies LLC).

Immunohistochemistry (IHC) and haematoxylin and 
eosin staining (H&E)

Formalin fixed, paraffin embedded tumours were sectioned, 
then dewaxed in two washes of xylene, followed by rehy-
dration in decreasing concentrations of ethanol. Antigen 
retrieval was performed in EDTA buffer pH 8.0 at 90 °C for 
20 min. Slides were quenched with 3% hydrogen peroxide 
for 5 min, washed with water and blocked with 5% bovine 
serum albumin and 5% normal goat serum in Tris Buffered 
Saline with Tween 20 (TBST) for 1 h at room temperature. 
Slides were incubated with anti-PD-L1 (1:100; Cell Signal-
ling, #13,684) in 5% normal goat serum in TBST overnight 
at 4 °C. Isotype control (rabbit IgG; Dako) was incubated 
alongside the primary antibody. Slides were incubated with 
anti-rabbit HRP secondary antibodies (Aligent) for 1 h at 
room temperature. Sections were thoroughly washed prior 
to counterstaining with Heamatoxylin followed by blueing 
in Scotts Tap water and dehydration in increasing ethanol 
percentages and two final washes in xylene. For haemotax-
ylin and eosin staining, samples were dewaxed and rehy-
drated, stained with haematoxylin, rinsed in water prior 
to blueing in Scotts Tap Water, rinsed again in water and 
stained in 0.1% alcoholic eosin. Images were acquired on 
an Aperio AT2 Slide Scanner (Leica Biosystems). Images 
were processed using Aperio ImageScope software (Leica 
Biosystems).

1 3



European Journal of Nuclear Medicine and Molecular Imaging

affinity of 1.58 nM, it does not cross-react with murine 
4-1BB [24], and human 4-1BB knock-in mice were not 
available for investigation. Hence, biodistribution of [89Zr]
Zr-Df-anti-4-1BB could not be investigated in this study. 
The binding of ATG-101 and anti-PD-L1 mAb to MDA-
MB-231 cells was confirmed by FACS analysis (Fig. 3a). 
To explore the biodistribution of [89Zr]Zr-Df-ATG-101, 
mice bearing MDA-MB-231 tumours received intravenous 
administration of [89Zr]Zr-Df-ATG-101 (185 kBq, 36 µg) 
on day 0. The uptake of [89Zr]Zr-Df-ATG-101 in tumour 
peaked on day 3 (Fig. 3b). High uptake of [89Zr]Zr-Df-
ATG-101 was also observed in normal organs, including 
spleen, lung, kidney, and bone. Similar to uptake observed 
in tumours, splenic uptake also peaked on day 3. High 
PD-L1 expression and uptake of anti-PD-L1 mAb in spleen 
was previously reported in both immunocompetent and 
immunocompromised murine models [35–37]. The uptake 
in lung and kidney followed a similar clearance pattern as 
blood (Fig. 3b), suggesting that uptake in these organs was 
non-specific. High bone uptake of [89Zr]Zr-Df-ATG-101 
could be resulted from abundant PD-L1 expression in bone 
marrow cells. Given the murine PD-L1 cross-reactivity of 
the ATG-101, this model could provide a representative 
insight into the distribution of this antibody in humans. 
Additionally, [89Zr]Zr-labelled molecules could be metabo-
lized, leading to release of free 89Zr with affinity for bones 

Df-antibody ratio was applied to prepare all control anti-
bodies in this study.

The binding characteristics of [89Zr]Zr-Df-ATG-101 to 
PD-L1 and 4-1BB were investigated using a Lindmo cell 
binding assay and Scatchard analysis (Fig. 2). Notably, 
[89Zr]Zr-Df-ATG-101 exhibited high affinity binding to 
both HEK293/PD-L1 (Fig. 2a and b) and HEK293/4-1BB 
cells (Fig. 2c and d), with binding affinities of 1.2 nM and 
8.77 nM, respectively.

Biodistribution of [89Zr]Zr-Df-ATG-101 and controls 
in mice bearing MDA-MB-231 tumours

The expression status of PD-L1 varies among tumours from 
different patients, clinically classified as negative, low, or 
high PD-L1, based on the percentage of tumour cell staining: 
<1%, ≥ 1% and < 50%, or ≥ 50%, respectively [31]. The 
MDA-MB-231 cell line, originally derived from a female 
with metastatic breast cancer, is commonly used as a model 
to mimic human tumours with high PD-L1 expression, 
with a reported 97.5% of tumours cells being PD-L1 posi-
tive [32]. Given reported high level of PD-L1 expression in 
the MDA-MB-231 cells and tumours [30, 33, 34], this cell 
line was chosen for characterising [89Zr]Zr-Df-ATG-101 in 
vivo tumour targeting and biodistribution. Although ATG-
101 cross-reacts with murine PD-L1, displaying a binding 

Fig. 1 Flow cytometry of 
HEK293/PD-L1 and HEK293/4-
1BB cells with ATG-101 and con-
trol antibodies. a HEK293/PD-L1 
cells were stained with indicated 
antibodies that were detected 
with a PE-conjugated second-
ary antibody. b HEK293/4-1BB 
cells were stained with indicated 
antibodies that were detected 
with a PE-conjugated secondary 
antibody

 

1 3



European Journal of Nuclear Medicine and Molecular Imaging

Zr-Df-anti-PD-L1 was comparable to that of [89Zr]Zr-Df-
huIgG1. However, this might be attributed to the biodistri-
bution of [89Zr]Zr-Df-huIgG1 due to the absence of normal 
tissue targets for huIgG1, and high circulating blood levels 
(Fig. 4a and c). In contrast, the radioactivity of [89Zr]Zr-Df-
ATG-101 and [89Zr]Zr-Df-anti-PD-L1 in the blood was rela-
tively low, especially on day 7, while the tumour uptakes 
remained high. The tumour-to-blood ratio proves to be a 
superior parameter for assessing the uptake rate of radio-
tracers compared to tumour uptake alone [41, 42], as the 
background for PET imaging is largely derived from blood 
radioactivity. Specific tumour targeting effect of [89Zr]Zr-
Df-ATG-101 and [89Zr]Zr-Df-anti-PD-L1 is evident from 
the tumour-to-blood ratios (Fig. 4b and d).

Competition studies of [89Zr]Zr-Df-ATG-101 in mice 
bearing MDA-MB-231 tumours

A competition study was conducted to confirm the specificity 
of [89Zr]Zr-Df-ATG-101 biodistribution in vivo. Mice bear-
ing MDA-MB-231 tumours were administered [89Zr]Zr-Df-
ATG-101 (36 µg, 3.9 MBq) alone or in addition of 1 mg 
of non-radiolabelled antibodies including ATG-101, anti-4-
1BB, or anti-PD-L1 (Fig. 5). Uptake in spleen and bone was 
significantly decreased with addition of excess unlabelled 
ATG-101 and anti-PD-L1 but not with anti-4-1BB mAb 
(Fig. 5a and c). This confirms that biodistribution of [89Zr]

due to binding to hydroxyapatite [38]. Another study using a 
[89Zr]Zr-labelled anti-mouse PD-L1 also reported high bone 
uptake in tumour bearing mice [39]. In addition to targeting 
PD-L1, the deposition of [89Zr]Zr-Df-ATG-101 in spleen 
and bone marrow could be attributed to its interaction with 
FcRn in these tissues. The CH2 domain of Fc region of 
ATG-101 was mutated to abolish binding capacity to FcγRs 
while retaining the ability to bind to FcRn [24]. A FcRn dis-
tribution analysis by immunohistochemistry revealed high 
FcRn expression in normal tissue including spleen and bone 
marrow in mice [40]. The tumour-to-blood ratio of radioac-
tivity increased over time (Fig. 3c), suggesting specificity 
of the tumour localisation. The PD-L1 positivity in MDA-
MB-231 tumours was confirmed by IHC staining (Fig. 3d).

To further characterise the specificity of in vivo PD-L1 
binding, biodistribution of [89Zr]Zr-Df-ATG-101 was com-
pared to that of [89Zr]Zr-labelled isotype IgG control and 
[89Zr]Zr-Df-anti-PD-L1 on day 2 (Fig. 4a and b) and day 7 
(Fig. 4c and d). [89Zr]Zr-Df-anti-PD-L1 exhibited a simi-
lar biodistribution profile to [89Zr]Zr-Df-ATG-101 (Fig. 4a 
and c), suggesting that distribution of [89Zr]Zr-Df-ATG-101 
was mediated by PD-L1 binding in this model. In contrast to 
the PD-L1 targeting antibodies, blood retention of [89Zr]Zr-
Df-huIgG1 control antibody was much higher. PD-L1 rich 
organs, such as spleen and bone, acted as an antigen sink 
for [89Zr]Zr-Df-ATG-101 and [89Zr]Zr-Df-anti-PD-L1. The 
absolute tumour uptake of [89Zr]Zr-Df-ATG-101 and [89Zr]

Fig. 2 In vitro characterisation 
of PD-L1 and 4-1BB binding of 
[89Zr]Zr-Df-ATG-101. a Lindmo 
plots showing in vitro binding of 
[89Zr]Zr-Df-ATG-101 to increas-
ing concentrations of HEK293/
PD-L1 cells; b Scatchard plots 
of [89Zr]Zr-Df-ATG-101 bind-
ing to HEK293/PD-L1 cells; c 
Lindmo plots showing in vitro 
binding of [89Zr]Zr-Df-ATG-101 
to HEK293/4-1BB cells; d 
Scatchard plots of [89Zr]Zr-Df-
ATG-101 binding to HEK293/4-
1BB cells
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Interestingly, although competing ATG-101 and anti-PD-L1 
reduced tumour uptake of [89Zr]Zr-Df-ATG-101 on day 2, 
the blocking effect was not evident on day 7 (Fig. 5b). The 
binding and blockade of PD-L1 by competing antibodies in 
normal organs like spleen might progressively increase over 
time. This could potentially make MDA-MB-231 tumour 
cells more accessible to circulating [89Zr]Zr-Df-ATG-101 
after passage through the spleen. Another possibility is that 
the ATG-101 bispecific antibody may have target-mediated 
drug disposition effect, resulting in nonlinear clearance. A 
similar observation was reported in another study inves-
tigating anti-PD-L1 biodistribution in a murine model of 
melanoma [43]. Despite these factors, the tumour-to-blood 
ratios suggest that the blocking effect remained significant 
on day 7.

Zr-Df-ATG-101 is primarily mediated by the PD-L1 bind-
ing feature of ATG-101 antibody in this model. Although 
ATG-101 is an anti-PD-L1/4-1BB bispecific antibody, it 
exclusively binds to human 4-1BB and does not cross-react 
with murine 4-1BB. As anticipated, the presence of excess 
anti-4-1BB mAb did not significantly alter the biodistribu-
tion of [89Zr]Zr-Df-ATG-101 due to the lack of antigen in 
the mouse. Significantly lower tumour-to-blood ratios were 
observed with excess unlabelled ATG-101 or anti-PD-L1 
antibodies (Fig. 5b and d), further confirming specific bind-
ing of [89Zr]Zr-Df-ATG-101 to PD-L1. Due to the sink effect, 
high expression of PD-L1 in normal organs like spleen can 
result in the entrapment of the antibody within these organs 
when a low dose of the radiotracer was administrated. Con-
sequently, this could lead to a low level of radioactivity in 
blood. However, when an excess of cold competing antibody 
was co-administered, these antigen sinks became saturated, 
allowing more unbound radioactivity to remain in the blood. 

Fig. 3 Biodistribution of [89Zr]
Zr-Df-ATG-101 (185 kBq, 36 µg) 
in BALB/c nude mice bear-
ing MDA-MB-231 tumours. a 
Flow cytometry showing PD-L1 
binding of ATG-101 to MDA-
MB-231 cells; b Biodistribu-
tion of [89Zr]Zr-Df-ATG-101 
in BALB/c nude mice bearing 
MDA-MB-231 tumours; c 
Tumour-to-blood ratios of [89Zr]
Zr-Df-ATG-101 over time. Bars 
indicate mean ± SD (n = 5). d 
Representative images for H&E 
and anti-PD-L1 IHC of MDA-
MB-231 tumour, n = 3, scale bar 
= 50 μm. The rabbit IgG and 2nd 
antibody were used as controls
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PET imaging on day 7 showed good alignment with the 
image analysis (Figure S1).

Discussion

Immunotherapy has significantly advanced the treatment of 
cancer patients, with T cells playing a crucial role in effi-
cacy of immunotherapies like ICIs and adoptive cell thera-
pies. The state of T cells within tumour microenvironment 
is closely linked to effectiveness of these therapies. T cell 
exhaustion, characterised by gradual loss of effector func-
tion and self-renewal capacity, is inversely correlated with 
the success of immunotherapy [44]. Activation of 4-1BB 
signalling in exhausted T cells has been shown to promote 
their proliferation and differentiation [45, 46], making 
4-1BB an attractive target for developing immune based 
therapeutics, especially in tumours that display a relatively 
immunosuppressed tumour microenvironment. However, 
anti-4-1BB antibodies have exhibited dose-limiting on-
target-off-tumour hepatotoxicity in the clinic [47], which 
could be mediated through liver macrophages activated 
by nonspecific hepatic memory CD8+ T cells triggered by 
anti-4-1BB [48]. Different strategies have been proposed to 
bypass the dose-limiting toxicities. A common strategy is 
to develop bispecific antibodies that bind both 4-1BB and 
another target specific to tumours, confining most of the 
4-1BB costimulatory activity to tumour geography. These 
bispecific antibodies, such as 4-1BB/HER2 [49], 4-1BB/
B7-H3 [20], and 4-1BB/PD-L1 [24], have shown poten-
tial in preclinical and clinical settings. Not only can the 
bispecific antibody enrich 4-1-BB agonism in tumours and 
reduce its level in liver, but it may also improve the efficacy 
of monotherapies through an additive or synergistic effect.

The ATG-101 bispecific antibody, designed to target both 
PD-L1 and 4-1BB, activates 4-1BB positive T cells in a PD-
L1-crosslinking dependent manner. It exhibited potent anti-
tumour effect in various preclinical models, including those 
sensitive and resistant to anti-PD-L1 treatments [24]. Cyno-
molgus monkeys receiving ATG-101 did not show signifi-
cant hepatoxicity based on levels of alanine transaminase 
and aspartate transaminase in serum [24]. Phase I clinical 
trials (NCT04986865, NCT05490043) for ATG-101 are cur-
rently ongoing. This study aimed to develop radiolabelled 
ATG-101 for immuno-PET imaging, which can be used to 
select patients for ATG-101 therapy in clinical trials. At a 
time when identification of optimal dosing for further stud-
ies is under close regulatory scrutiny [50], exploration of 
the biodistribution of [89Zr]Zr-Df-ATG-101 across a range 
of potentially active doses could provide additional infor-
mation to select a dose that optimizes PD-L1 antagonism 
and 4-1BB agonism, whilst minimizing the potential for 

PET/MRI imaging studies with [89Zr]Zr-Df-ATG-101 
in mice bearing MDA-MB-231 tumours

Biodistribution of [89Zr]Zr-Df-ATG-101 in the MDA-
MB-231 model was visualised using PET/MRI. Each mouse 
bearing MDA-MB-231 tumours received [89Zr]Zr-labelled 
antibodies (36 µg, 3.9 MBq) followed by PET/MRI scans 
on day 2 and day 7 p.i. The PET and PET/MRI images dem-
onstrated uptake in tumour and bone tissue on day 2 and day 
7 p.i (Fig. 6). [89Zr]Zr-Df-anti-PD-L1 radiotracer displayed 
similar imaging profiles to [89Zr]Zr-Df-ATG-101. Bone 
uptake of [89Zr]Zr-Df-ATG-101 and [89Zr]Zr-Df-anti-PD-
L1 increased on day 7, while the radioactivity in blood was 
lower compared with day 2 (Fig. 6). Due to the absence of 
a binding target for [89Zr]Zr-Df-huIgG1, its level remained 
high in bloodstream on both day 2 and day 7, as demon-
strated by the biodistribution study. The high uptake val-
ues of [89Zr]Zr-Df-huIgG1 in tumours shown by PET could 
be attributed to high blood flow in tumour tissues, which 
are known for their angiogenic characteristics. These PET 
results align with the findings from the biodistribution 
analysis (Fig. 4). Post-mortem biodistribution analysis after 

Fig. 4 Biodistribution of [89Zr]Zr-Df-ATG-101, [89Zr]Zr-Df-anti-PD-
L1, and [89Zr]Zr-Df-huIgG1 isotype control (36 µg, 3.9 MBq). a Bio-
distribution of indicated radiotracers on day 2 p.i; b Tumour-to-blood 
ratios on day 2 p.i; c Biodistribution of indicated radiotracers on day 7 
p.i; d Tumour-to-blood ratios on day 7 p.i. Data are mean ± SD, n = 5 
for each group. Comparations were made only for biodistributions in 
blood, spleen, bone, and tumours, *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001
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was established in BALB/c nude mice lacking thymus and 
T cells, hence, thymus uptake of [89Zr]Zr-Df-ATG-101 was 
not investigated in this study. As 4-1BB is mainly expressed 
in T cells and ATG-101 does not bind murine 4-1BB, the 
biodistribution and in vivo characteristics of [89Zr]Zr-Df-
ATG-101 were driven by its PD-L1 binding, supported by 
the similar distribution profile of [89Zr]Zr-Df-anti-PD-L1 
in this model, and the results of competition with excess 
unlabelled anti-PD-L1. In the future, it will be worthwhile 
to investigate [89Zr]Zr-Df-ATG-101 biodistribution in a 
human 4-1BB knock-in preclinical model. However, the 
considerably greater affinity of ATG-101 for PD-L1 over 
4-1BB suggests that the data seen in these experiments will 
remain relevant to clinical trials.

The PET/MRI studies provided results consistent with 
the biodistribution and competition studies. Immuno-PET 
imaging allowed for clear visualization of uptake in tumours 

systemic toxicity. We have shown that radiolabelled [89Zr]
Zr-Df-ATG-101 are highly suited for clinical translation. 
This radiotracer maintained its integrity, high affinity and 
immunoreactivity in vitro for cell lines expressing PD-L1 or 
4-1BB. Additionally, it exhibited excellent serum stability 
and in vivo targeting properties.

In preclinical PD-L1 xenograft biodistribution studies, 
the expected uptake of [89Zr]Zr-Df-ATG-101 and [89Zr]
Zr-Df-anti-PD-L1 in spleen and bone marrow aligns with 
reported PD-L1 expression in these organs. This pattern is 
likely to be consistent in humans, supported by the findings 
from the [89Zr]-atezolizumab (anti-PD-L1) first-in-human 
study [28]. Given significantly high tumour-to-blood ratio 
of [89Zr]Zr-Df-ATG-101 and [89Zr]Zr-Df-anti-PD-L1, espe-
cially on day 7, we believe that these agents have potential 
to diagnose PD-L1 expression in tumours and provide sat-
isfactory imaging properties in patients. The murine model 

Fig. 5 In vivo competition study 
of [89Zr]Zr-Df-ATG-101 using 
cold antibodies. a Biodistribution 
of [89Zr]Zr-Df-ATG-101 with or 
without competing antibodies 
on day 2 p.i; b Tumour-to-blood 
ratios on day 2 p.i; c Biodistribu-
tion of [89Zr]Zr-Df-ATG-101 
with or without competing anti-
bodies on day 7 p.i; d Tumour-
to-blood ratios on day 7 p.i. 
Bars indicate mean ± SD, n = 5. 
Comparations were made for 
biodistributions in blood, spleen, 
bone, and tumours, *p < 0.05, 
****p < 0.0001
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with inoperable or late-stage cancers suitable for anti-PD-
L1 therapy.

Several radiolabelled antibodies against PD-L1 have 
been developed for detecting PD-L1 expression in tumours 
and assess response to PD-L1 blockade therapy [28, 53–55]. 
For instance, [89Zr]Zr-atezolizumab immuno-PET demon-
strated high uptake in PD-L1 positive tumours and spleens 
of cancer patients [28]. Clinical responses of these patients 
were better correlated with the immuno-PET signal than 
with immunohistochemistry-based predictive biomarkers 
[28]. In a preclinical study, [89Zr]Zr-avelumab exhibited 
tumour uptake in PD-L1 positive tumours and high splenic 
uptake [56, 57]. The biodistribution of a bispecific antibody 
is determined by its binding to both targets. As ATG-101 
concurrently binds to PD-L1 and 4-1BB, the distribution of 
[89Zr]Zr-anti-PD-L1 antibodies may not accurately reflect 
the actual distribution of ATG-101 in patients. Therefore, 
the development of [89Zr]Zr-ATG-101 is required to guide 
patient selection of clinical trials for this antibody. To the 
best of our knowledge, this [89Zr]Zr-Df-ATG-101 anti-
body is the first radiolabelled bispecific antibody targeting 
PD-L1 and 4-1BB. Although this study was limited by the 
absence of human 4-1BB expression in the murine model, 
our Lindmo-Scatchard analysis demonstrated that [89Zr]Zr-
Df-ATG-101 binds to 4-1BB with high affinity, validating 
its target binding characteristics.

and normal organs, underscoring the potential of [89Zr]Zr-
Df-ATG-101 for patient selection and optimal dose determi-
nation in clinical settings. When competition with excessive 
unlabelled ATG-101 or anti-PD-L1 antibodies was intro-
duced, reduced uptake in normal tissues and organs was 
observed, confirming the PD-L1 specificity of ATG-101.

Tumour PD-L1 expression is the most widely used bio-
marker for selecting patients to receive anti-PD1/PD-L1 
treatments [51]. For example, atezolizumab has been 
approved for treating locally recurrent unresectable or 
metastatic triple-negative breast cancer with more than 1% 
PD-L1 staining cells in total tumour area [52]. Currently, 
clinical evaluation of PD-L1 expression primarily relies on 
immunohistochemical assays. However, the use of these 
immunohistochemical assays in clinic presents several 
inherent challenges including the requirements of different 
companion diagnostic assays, high inter-assay heteroge-
neity on performance and cut-off points, and the potential 
difference in PD-L1 expression between different tumours 
in the same patient. These disadvantages may contribute to 
the lack of correlation between PD-L1 expression and treat-
ment response in clinic. In contrast, the immuno-PET-based 
PD-L1 diagnostic method can be standardised by establish-
ing a reproducible threshold of uptake to predict outcomes. 
Furthermore, it offers additional advantages, such as being 
a non-invasive approach that can visualise systemic PD-L1 
expression. This could be particularly valuable in patients 

Fig. 6 PET/MRI transaxial images of BALB/c nude mice bearing 
MDA-MB-231 tumours injected with [89Zr]Zr-labelled antibodies 
(36 µg, 3.9 MBq). MRI, PET, and PET/MRI overlay images were cap-

tured on day 2 and day 7 p.i of indicated radiotracers. Red arrows 
indicate the location of tumours. SUV, standard uptake value
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