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Radiolabelling and preclinical characterization
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bintrafusp alfa

Ingrid Julienne Georgette Burvenich1,2
& Yit Wooi Goh1

& Nancy Guo1
& Hui Kong Gan1,2

& Angela Rigopoulos1,2 &

Diana Cao1,2
& Zhanqi Liu1,2

& Uwe Ackermann2,3,4
& Christian Werner Wichmann1,2

&

Alexander Franklin McDonald1,2
& Nhi Huynh1

& Graeme Joseph O’Keefe3,4
& Sylvia Jie Gong3,5

&

Fiona Elizabeth Scott1,2 & Linghui Li6 & Wanping Geng6
& Anup Zutshi6 & Yan Lan6

& Andrew Mark Scott 1,2,3,4

Received: 29 July 2020 /Accepted: 8 February 2021
# The Author(s), under exclusive licence to Springer-Verlag GmbH, DE part of Springer Nature 2021

Abstract
Purpose Τhis study aimed to optimize the 89Zr-radiolabelling of bintrafusp alfa investigational drug product and controls, and
perform the in vitro and in vivo characterization of 89Zr-Df-bintrafusp alfa and 89Zr-Df-control radioconjugates.
Methods Bintrafusp alfa (anti-PD-L1 human IgG1 antibody fused to TGF-β receptor II (TGF-βRII), avelumab (anti-PD-L1
human IgG1 control antibody), isotype control (mutated inactive anti-PD-L1 IgG1 control antibody), and trap control (mutated
inactive anti-PD-L1 human IgG1 fused to active TGF-βRII) were chelated with p-isothiocyanatobenzyl-desferrioxamine (Df).
After radiolabelling with zirconium-89 (89Zr), radioconjugates were assessed for radiochemical purity, immunoreactivity, anti-
gen binding affinity, and serum stability in vitro. In vivo biodistribution and imaging studies were performed with PET/CT to
identify and quantitate 89Zr-Df-bintrafusp alfa tumour uptake in a PD-L1/TGF-β-positive murine breast cancer model (EMT-6).
Specificity of 89Zr-Df-bintrafusp alfa was assessed via a combined biodistribution and imaging experiment in the presence of
competing cold bintrafusp alfa (1 mg/kg).
Results Nanomolar affinities for PD-L1 were achieved with 89Zr-Df-bintrafusp alfa and 89Zr-avelumab. Biodistribution and
imaging studies in PD-L1- and TGF-β-positive EMT-6 tumour-bearing BALB/c mice demonstrated the biologic similarity of
89Zr-Df-bintrafusp alfa and 89Zr-avelumab indicating the in vivo distribution pattern of bintrafusp alfa is driven by its PD-L1
binding arm. Competition study with 1 mg of unlabelled bintrafusp alfa or avelumab co-administered with trace dose of 89Zr-
labelled bintrafusp alfa demonstrated the impact of dose and specificity of PD-L1 targeting in vivo.
Conclusion Molecular imaging of 89Zr-Df-bintrafusp alfa biodistribution was achievable and allows non-invasive quantitation of
tumour uptake of 89Zr-Df-bintrafusp alfa, suitable for use in bioimaging clinical trials in cancer patients.
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Introduction

T cell–mediated anti-tumour response requires engagement of
the T cell receptor on antigen-presenting cells as well as en-
gagement of the B7 ligand family through the CD28 family of
receptors. The B7 family comprises seven known members
(B7.1, B7.2, ICOS-L, PD-L1, PD-L2, B4-H4, and B7-H3) [1].
Interaction of B7 family members with co-stimulatory recep-
tors will increase the immune response. In contrast, interaction
of B7 family members with co-inhibitory receptors will atten-
uate the immune response [2]. Tumour cells use the latter
mechanism to suppress T cell–mediated killing. In recent
years, new therapeutics targeting the co-inhibitory signalling
pathways that lead to tumour immune suppression have seen
impressive outcomes in clinical oncology [3–5]. Programmed
death ligand 1 (PD-L1) has been identified as a key factor
associated with poor clinical outcomes. Antibodies against
PD-L1 and its receptor programmed death 1 (PD-1) have
shown significant improvement in patient survival in different
cancer groups (e.g. melanoma, lung cancer, renal cell cancer,
head and neck cancer) [6–13]. Despite the improvements in
clinical outcomes, only a subset of patients respond to PD-L1/
PD-1 targeted therapies. In addition, some patients suffer se-
vere toxicities (grade ≥ 3) in response to these therapies [6–10,
12]. Thus, there is a need to improve the objective response
rate in patients as well as a need to develop diagnostic tools
that can help with patient selection and prediction of toxicities.

Bintrafusp alfa (M7824) is an innovative first-in-class
bifunctional fusion protein composed of the extracellular
domain of the TGF-βRII receptor to function as a TGF-β
“trap” fused to a human IgG1 antibody blocking PD-L1
[14]. Bintrafusp alfa simultaneously binds PD-L1 and
TGF-β as demonstrated by two-step ELISA, thereby sup-
pressing tumour growth and metastasis more effectively
than treatment with either anti-PD-L1 or TGF-β trap
alone [14–16]. Moreover, bintrafusp alfa is effective in
combination with radiotherapy or chemotherapy [16].
This promising new strategy to target PD-L1 and TGF-β
simultaneously has recently been supported by the works
of Mariathasan et al. and Tauriello et al., demonstrating
that dual inhibition of the TGF-β and PD-L1 pathways
leads to tumour regression as a result of T cell penetration
into so-called cold tumours [17, 18]. “Cold” tumours do
not respond well to immunotherapy drugs because these
tumours lack T cells. Increased TGF-β signalling has
been found in the tumour microenvironment of non-
responders to PD-1 and PD-L1 therapies thereby
inhibiting the penetration of T cells in the tumour micro-
environment and excluding T cells from the tumour mi-
croenvironment [17].

Clinical trials with bintrafusp alfa have commenced and
early results indicate improved efficacy compared to current
anti-PD-1/PD-L1 antibodies [19, 20]. Like PD-L1/PD-1

antibodies, the responses are durable, but not every patient
responds to the same extent. SPECT and PET imaging of
PD-L1 in mice has been reported demonstrating the feasibility
of non-invasive in vivo imaging of PD-L1 expression in tu-
mours utilizing radiolabelled antibody constructs [15, 21–26].
These studies have demonstrated efficient and specific uptake
in PD-L1-expressing xenografts and monitored the impact of
PD-L1-rich organs on the distribution of anti-PD-L1 antibod-
ies. However, no prior study has explored the in vivo imaging
properties of a novel construct targeting dual immune path-
ways including PD-L1. We report the development and char-
acterization of 89Zr-Df-bintrafusp alfa as a molecular imaging
probe for PD-L1 and TGF-β expressed in tumours, thus pro-
viding evidence of the feasibility of this approach for exten-
sion into human trials.

Methods

Cell lines

Murine breast carcinoma cell line EMT-6 (ATCC CRL-2755
was obtained from the American Type Culture Collection
(ATCC, Manassas, MD, USA). A human PD-L1 transfected
HEK293 cell line (HEK293:hPDL1-17 cell line (HEK293/
PD-L1)) was provided by EMD Serono Research Institute
(Rockland, MA, USA). All cell lines tested negative for
Mycoplasma and were cultured according to ATCC’s recom-
mended standard culture method.

Antibodies

Bintrafusp alfa (Batch 60112) and avelumab (Batch
PD1G005) were obtained from Merck Serono S.p.A. (Italy).
Isotype control (mutated inactive anti-PD-L1 control anti-
body) and trap control (mutated inactive anti-PD-L1 human
IgG1 fused to active TGF-βRII) were obtained from EMD
Serono Research Institute (USA).

Assessing binding activity of bintrafusp alfa and
controls

Flow cytometry

PD-L1 binding was determined using HEK293/PD-L1 cells
via flow cytometry. Briefly, 1 × 106 cells were incubated with
10 μg/mL of bintrafusp alfa or controls, followed by phyco-
erythrin conjugated goat anti-human IgG secondary F(ab′)2
antibody (Merck, P8047). Flow analysis was performed using
FACS Canto II Flow Cytometry.
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ELISA analysis

Binding to TGF-β isoforms (TGF-β1, TGF-β2, and TGF-β3)
by bintrafusp alfa and controls was assessed by ELISA.
Briefly, ELISA plates were coated with 0.5 μg/mL recombi-
nant human TGF-β1, TGF-β2, or TGF-β3 (R&D Systems,
Minneapolis, MN, USA) in phosphate-buffered saline incu-
bated at room temperature overnight. Plates were blocked for
non-specific binding with 1% bovine serum albumin in
phosphate-buffered saline (pH 7.4) at room temperature for
1 h. Half-log serially diluted test samples from 10,000 to
0.0315 ng/mL were added to each well in duplicate.
Following incubation at room temperature for 2 h, horse rad-
ish peroxidase conjugated goat anti-human IgG (Jackson
Immunoresearch Laboratories, PA, USA) was used to detect
bound antibody constructs and after extensive washings visu-
alized with 3,3′,5,5′-tetramethylbenzidine (TMB) peroxidase
substrate (Sigma-Aldrich, Castle Hill, NSW, Australia). The
optical density (OD) was read at 450 nm using a
SPECTROstar plate reader (BMG Labtech).

Antibody conjugation and radiolabelling

Bintrafusp alfa, avelumab, isotype control, and trap control
were chelated with the bifunctional metal ion chelator p-
isothiocyanatobenzyl-deferoxamine (Df-; Macrocyclics Inc.,
Dallas, TX, USA) at a 5.0-fold molar excess (DMSO concen-
tration < 0.5%), similar to the method previously described by
Vosjan et al. [27]. Details of the conjugation procedure are
included in Online Resource Table 1. Prepared conjugates
were purified via dialysis (Slide-A-Lyzer G2 10K MWCO,
Thermo Fisher Scientific, USA) or Amicon Ultra
Centrifugal filter (Ultracel 10K MWCO, Merck Millipore,
Ireland) against 50 mM sodium acetate buffer (pH 5.6;
BDH/VWRChemicals, Australia) containing 5%w/v sorbitol
and 0.01% w/v polysorbate 20, and stored at −80 °C. To
assess retention of protein integrity following chelation,
SDS-PAGE analysis was conducted on samples (2 μg) of
each chelated antibody and compared to the native antibody
constructs under both non-reduced and reduced conditions.
NuPAGE™ gradient 4–12% Bis-Tris mini gels (Invitrogen)
were run according to manufacturer’s instructions. Suitable
molecular weight markers were used to denote the elution
position of the antibodies and protein bands were detected
with Coomassie blue staining. Df-conjugates were analysed
via LC-MS to determine the number of chelators per antibody.
However, LC-MS spectra suffered from low SNRs and were
inconclusive. Instead, chelator-to-antibody ratios were deter-
mined indirectly [28]. Briefly, aliquots of unpurified conjuga-
tion reaction mixtures were subjected to radiolabelling condi-
tions with 89Zr and the radiochemical yield of 89Zr-Df-anti-
body was measured via iTLC and adjusted for free 89Zr.

Following conjugation, each antibody conjugate was trace
radiolabelled as follows: a solution containing 51 MBq
(1.38 mCi) of 89Zr in 0.05 M oxalic acid (Austin Health,
Cyclotron, Heidelberg, Australia) was neutralized with sodi-
um carbonate (0.1M, 0.43 eq relative to volume of oxalic acid
containing 89Zr) and buffered with HEPES at pH 7.2 (0.5 M,
2.8 eq relative to volume of oxalic acid containing 89Zr). Df-
bintrafusp alfa or Df-controls (300 μg) were added to the
neutralized 89Zr mixture to give a total reaction volume of
472 μL and reactions were incubated for 1 h at 37 °C. The
mixture was then quenched with EDTA (10 mM, 0.1 eq rel-
ative to volume of oxalic acid containing 89Zr). The product
was purified by Amicon Ultra Centrifugal filter (Ultracel 10K,
Merck Millipore, Ireland) equilibrated with sodium chloride
injection BP 0.9% w/v (Pfizer, Sydney, Australia). Resultant
radioconjugates were assessed for radiochemical purity, anti-
body integrity, and immunoreactivity by cell binding analyses
using antigen-expressing cell HEK293/PD-L1 as described
below.

In vitro characterization of 89Zr-labelled bintrafusp
alfa and controls

Radiochemical purity was determined by instant thin layer
chromatography (iTLC) using silica gel impregnated glass
fibre iTLC strips (Gelman Sciences, Inc., Ann Arbor, MI,
USA) and 20 mM sodium citrate pH 4.8 (A) or
methanol:water (1:1 + 4% trifluoroacetic acid (TFA)) (B) as
mobile phase.

The immunoreactive fraction of radiolabelled bintrafusp
alfa and control constructs was determined by linear extrapo-
lation to binding at infinite antigen excess using a Lindmo
assay [29] as previously described [30]. Briefly, 20 ng of
radiolabelled antibody was added to 0 to 5 × 106 HEK293/
PD-L1 cells in 1.0 mL of culture medium. The cells were
incubated for 45 min at room temperature with continuous
mixing throughout to keep the cells in suspension. Cells were
harvested by centrifugation and washed three times with 1 mL
of culture medium to remove unbound antibody, and pellets
were measured in a gamma counter (Wizard, PerkinElmer).
Percentage binding of each construct (bound (%)) toHEK293/
PD-L1 cells was calculated by the formula: (cpm cell pellet /
cpm added radioactive antibody) × 100. Percentage binding
was graphed against HEK293/PD-L1 cell concentration.
Scatchard analysis was used to calculate the apparent associ-
ation constant (Ka) and number of antibody molecules bound
per cell [29].

Serum stability was assessed by incubating 5 μg 89Zr-Df-
bintrafusp alfa or controls in 100 μL of human serum at 37 °C
for a 7-day period. Typical volumes for this serum mixture
were approximately 105 μL, with the sample activity being
dependent on the specific activity of each labelled construct.
Radiochemical purity and single-point immunoreactivity
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assays at 0 (day of radiolabelling, no incubation), 2, and 7 days
of incubation were performed. HEK293/PD-L1 cells (2.5 ×
106) were used in the single-point binding assays under con-
ditions of antigen excess as described above in the Lindmo
assay. At each time point, a sample was taken from the serum
mixture and diluted in saline to formulate a 1 ng/μL solution
of 89Zr-Df-antibody. In total, 20μL of this solution was added
to HEK293/PD-L1 cells for the determination of immunore-
active fraction.

Radioconstruct integrity was assessed by size-exclusion
chromatography high-performance liquid chromatography
(SEC-HPLC). SEC-HPLC analyses were performed using
an Agilent 1200 series HPLC system with a micro degasser,
binary pump, and diode array detector (DAD). Scintillation
traces were recorded using a Packard Canberra Flo-one Beta
150TR flow scintillation analyser. A Phenomenex BioSep
5 μm SEC-s3000 column including GFC 3000 guard column
was used as the stationary phase and 50mMPBS pH 7.2 + 5%
isopropanol + 0.02% sodium azide served as the mobile
phase. Chromatograms were analysed using Agilent
ChemStation (Rev. B.04.03-SP2).

Animal models

In vivo investigations were performed in EMT-6 tumour-bear-
ing mice. As a syngeneic model, EMT-6 murine cells (0.2 ×
106 cells in 100-μL tissue culture medium were injected sub-
cutaneously in the left abdominal area of 4- to 6-week-old
BALB/cArc immunocompetent mice (Animal Research
Centre, WA, Australia). Tumour volumes were measured by
the use of a calliper. Tumour volume (TV) was calculated by
the formula:

TV ¼ L�W2

2

where L is the tumour length and W is the tumour width.

Biodistribution studies

BALB/c mice with established EMT-6 tumours (TV = 384.02
± 89.03 mm3) received intravenous injections of 89Zr-Df-
bintrafusp alfa or antibody controls (89Zr-Df-bintrafusp alfa
(5.0 μg, 0.624 MBq (16.85 μCi); n = 30 mice); 89Zr-Df-
avelumab (5.0 μg, 0.588 MBq (15.90 μCi); n = 10 mice);
89Zr-Df-trap control (5.0 μg, 0.551 MBq (14.90 μCi); n = 10
mice); or 89Zr-Df-isotype control (5.0 μg, 0.710 MBq
(19.2 μCi); n = 10 mice)). At designated time points after in-
jection of the 89Zr-Df-bintrafusp alfa radioconjugate, groups of
mice (n = 5) were sacrificed by over-inhalation of isoflurane
anaesthesia and biodistribution was assessed on day 0 (2 h),
1, 2, 3, 5, or 7 post injection. Mice injected with control anti-
bodies were assessed at day 2 and 7 post injection only. Mice

were exsanguinated by cardiac puncture, and tumours and or-
gans (liver, spleen, kidney, muscle, skin, bone (femur), lungs,
heart, stomach, brain, small intestines, large intestines, tail, and
colon) were collected immediately. All samples were counted
in a dual-channel gamma scintillation counter (Wizard,
PerkinElmer, Australia). Triplicate standards prepared from
the injectedmaterial were counted at each time point with tissue
and tumour samples enabling calculations to be corrected for
the physical decay of the isotope. The tissue distribution data
were calculated as the mean ± SD percent injected dose per
gram tissue (%ID/g) for each construct per time point.

EMT-6 competition biodistribution and PET/CT imag-
ing study

On the day of radioconjugate synthesis, BALB/c mice with
established EMT-6 tumours (TV = 158.92 ± 49.28 mm3, n =
60) received intravenous injections of 89Zr-Df-bintrafusp alfa
or antibody controls. Groups of mice (n = 10) received a dose
of 89Zr-Df-bintrafusp alfa (35.0 μg, 91.0 μCi) alone or in
combination with 1000μg bintrafusp alfa, 1000μg avelumab,
or 1000 μg trap control. For each group, PET imaging and CT
imaging were performed on day 2 and day 7 post injection in
two animals using small animal nanoPET/MR and
nanoSPECT/CT hybrid imaging systems (nanoScan®,
Mediso, Budapest, Hungary). After completion of imaging
at each time point, five animals per group were analysed using
a biodistribution study as described before.

All PET raw data were dead-time, random, and attenuation
corrected. The volumetric images were reconstructed with a
transaxial matrix size of 255 × 255, using the built-in quasi
Monte Carlo simulation algorithm combined with filtered
sampling and stochastic iteration.

The Mediso PET camera has a specification spatial resolu-
tion of 0.9 mm; however, due to the average positron kinetic
energy for 89Zr (402.7 keV) [31] compared to 18F (252 keV)
[32], a partial volume effect characterization measurement
was performed. For 89Zr, this results in a positron range of
1.27 mm [32] compared to 0.66 mm for 18F [31]. A series of
measurements using a solution of 89Zr with a concentration of
1 kBq/mL were undertaken utilizing volumes ranging from 5
to 1000μL. The resultant recovery coefficient (RC) curve was
parameterized to allow the RC value to be determined for a
given lesion volume. Lesion volumes ranged from 100 to
850 μL with corresponding RCs of 45% to 100% (Online
Resource Fig. 1). Based on the positron range of 89Zr range
determined by Jødal [31], the resultant PET spatial resolution
for 89Zr was calculated to be 1.5 mm. In order to account for
the loss of localization of uptake due to the positron range, a
deconvolution algorithm was applied to the data. The
Richardson-Lucy [33, 34] algorithm was applied and the op-
timal parameters were found to be a 3D Gaussian with 2-mm
FWHM with 5 iterations.
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The co-registration of multimodality scans, generation of
maximum intensity projection (MIP) PET images, and surface
rendering of CT images were performed using PMOD 3.8
(PMOD Technologies LLC, Zurich, Switzerland). PET im-
ages were normalized using the standard uptake value
(SUV), where SUV is a semi-quantitative index and defined
as:

SUV kg=mLð Þ ¼ Ct kBq=mLð Þ � 2
t
τ

Injected Dose MBqð Þ
Body Mass kgð Þ

where Ct is the radioactivity concentration (kBq/mL) in a spe-
cific image voxel at time t (h) after injection, τ is the 89Zr
decay half-life (78.41 h), ID is the injected dose (MBq), and
BM is the body mass (kg).

Imaging analysis was performed on the series of PET/CT
images acquired. Uptake (kBq/cc) in organs was determined
by mark-up of volumes of interest (VOI) in cross-sectional
PET/CT images. Organ volumes (mL) were determined based
on mark-up of VOI in cross-sectional CT images. To convert
(kBq/cc)/mL to %ID/mL, total uptake (kBq/cc) in an imaged
standard was measured as an approximation of injected dose
(ID). The uptake in organs of each mouse was decay corrected
for to the time interval between each imaged mouse and the
standard.

Immunohistochemical analysis of PD-L1 and TGF-β1
targets in EMT-6 tumour-bearing BALB/c mice

Tissues collected from EMT-6 xenograft-bearing mice at
study endpoint were formalin-fixed, paraffin-embedded, and
sectioned at 4-μm thickness. Antigens were retrieved by in-
cubating sections in Target Retrieval Solution, pH 9 (Dako,
Australia) in a 100 °C water bath for 20 min. Endogenous
peroxidase was quenched with 3% H2O2 for 10 to 15 min,
followed by non-specific blocking with 5% BSA in Tris-
buffered saline before probing with antibodies against PD-
L1 (1:100, 1 h at RT, Cell Signaling Technology, clone
E1L3N) or TGF-β1 (1:200, overnight at 4 °C, Abcam, clone
EPR21143). Anti-rabbit SignalStain® Boost IHC Detection
reagent (Cell Signaling Technology, Australia) and anti-
rabbit EnVision+ Peroxidase system (Dako, Australia) were
used to detect PD-L1 and TGF-β1 primary antibodies respec-
tively. Sections were counterstained with haematoxylin. All
slides were scanned using an Aperio ScanScope slide scanner
at × 20 magnification unless specified differently.

Statistical analysis

A two-sided unpaired t-test was used to determine significant
differences between 89Zr-labelled bintrafusp alfa and antibody
controls. For multiple comparisons, one-way ANOVA was

used with Tukey’s multiple comparison test. Analyses were
conducted with GraphPad Prism (Prism 8). Data are presented
as mean ± SD, unless stated differently.

Results

Chelation of bintrafusp alfa and controls

Chelation of bintrafusp alfa and three controls was achieved
without loss of structural integrity, as shown by SDS-PAGE
analysis under reducing and non-reducing conditions (Online
Resource Fig. 2). The three controls included avelumab, an
anti-PD-L1 human IgG1 control antibody; isotype control; a
mutated inactive anti-PD-L1 control antibody; and finally a
TGF-β trap control, consisting of a mutated inactive anti-PD-
L1 human IgG1 antibody fused to an active TGF-βRII.
Different reaction conditions for the conjugation of Df-SCN
to bintrafusp alfa or avelumab were investigated.
Radiolabelling of Df-antibodies prepared at 37 °C for 1 h
showed higher radiochemical yields compared to conjugates
prepared at 4 °C for over 64 h. Purification of 89Zr-labelled
conjugates using a PD-10 desalting column or spin filtration
was compared directly by splitting the crude reaction mixture
into two portions. Centrifugal filtration resulted in higher spe-
cific activities and higher radiochemical purities and was cho-
sen for further productions (Online Resource Table 2).
Conjugates were purified using dialysis after it was found that
purification by spin filtration leads to significantly reduced
stability of the radiolabelled antibodies as shown by lower
radiochemical purity and almost total loss of binding to
HEK293/PD-L1 cells (Online Resource Table 3). Chelator-
to-antibody ratios of Df-bintrafusp alfa, Df-avelumab, Df-
trap control, and Df-isotype control were found to be 0.55 ±
0.03, 1.14 ± 0.02, 0.77 ± 0.04, and 1.14 ± 0.07, respectively
(Online Resource Table 4).

Intact binding function to PD-L1 binding after chelation
was assessed for Df-bintrafusp alfa and Df-avelumab by
FACS analysis using HEK293/PD-L1 cells. Both Df-
bintrafusp alfa and Df-avelumab retained PD-L1 binding after
chelation (Fig. 1a).

Intact function of chelated constructs containing TGF-βRII
as a TGF-β trap (Df-bintrafusp alfa and Df-trap control) was
evaluated by ELISA (Fig. 1b). Both Df-bintrafusp alfa and Df-
trap control retained binding to plate-bound TGF-β1 and
TGF-β3, but not to plate-bound TGF-β2, similar to the orig-
inal bintrafusp alfa [16].

Radiolabelling of Df-bintrafusp alfa and controls

All radiolabelled antibody constructs demonstrated high ra-
diochemical purity and specific activity after labelling with
89Zr (Table 1, Online Resource Fig. 3). SEC-HPLC analysis
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of 89Zr-Df-antibodies showed very good antibody integrity
with low amounts of aggregates (Online Resource Figs. 4
and 5). HEK293/PD-L1 cells were used in single-point immu-
noreactivity assays to assess the PD-L1 binding of all con-
structs following each synthesis and before an in vivo exper-
iment was performed (Table 1). 89Zr-Df-bintrafusp alfa and
89Zr-Df-avelumab showed high immunoreactivity to
HEK293/PD-L1 cells and low non-specific binding was ob-
served with non-PD-L1 binding constructs (89Zr-Df-isotype
control and 89Zr-Df-trap control) (Table 2).

PD-L1 binding of 89Zr-Df-bintrafusp alfa and 89Zr-Df-
avelumab was further characterized via Lindmo and
Scatchard analysis (Fig. 2). 89Zr-Df-bintrafusp alfa and 89Zr-
Df-avelumab had a similar Ka of 11.7 × 109 M−1 and 14.85 ×

109 M−1 respectively. The number of binding sites per cell
determined with 89Zr-Df-bintrafusp alfa was 424,000 versus
411,270 with 89Zr-Df-avelumab. Stability analysis of 89Zr-Df-
bintrafusp alfa and 89Zr-Df-avelumab in human serum
showed that the radiochemical purity remained high at 88.3
± 5.7% versus 93.1 ± 5.7% respectively after 7 days of incu-
bation in human serum (Table 2). The immunoreactivity de-
creased to 50.4 ± 22.5% for 89Zr-Df-bintrafusp alfa versus
57.9 ± 26.0% for 89Zr-Df-avelumab after 7 days of incubation
in human serum (Table 2). SEC-HPLC analysis of 89Zr-Df-
bintrafusp alfa serum stability samples showed high stability
of the construct towards aggregation. The amount of free 89Zr
increased from 4.9 to 13.3% over the 7-day incubation period
(Online Resource Fig. 6).

Fig. 1 Binding analysis of Df-bintrafusp alfa and Df-controls. a Flow
cytometry analysis showing PD-L1 binding of Df-bintrafusp alfa and
Df-avelumab conjugates is retained. PD-L1 binding of bintrafusp alfa,
Df-bintrafusp alfa, avelumab, and Df-avelumab was determined using
HEK293/PD-L1 cells. b ELISA assessment of TGF-β isoforms binding

by bintrafusp alfa, Df-bintrafusp alfa, trap control, and Df-trap control.
TGF-β1 and TGF-β3 binding specificity following Df-chelate conjuga-
tion of both Df-bintrafusp alfa and Df-trap control was maintained.
Negligible binding to TGF-β2 was observed. Bars, mean ± SD; n = 3

Table 1 Radiochemical
properties of 89Zr-Df-bintrafusp
alfa and controls

89Zr-Df-antibody Radiochemical purity (%)*,** Specific activity (MBq/mg)* Immunoreactivity (%)*

Bintrafusp alfa 97.9 ± 2.4 103.2 ± 38.9 90.8±4.5

Avelumab 98.8 ± 1.2 89.9 ± 31.5 82.4±12.0

Trap control 98.3 ± 2.7 82.9 ± 31.5 3.1±1.5

Isotype control 98.4 ± 2.5 95.5 ± 39.6 2.7±1.5

*Data presented as mean ± SD, n = 5 (bintrafusp alfa and avelumab) and n = 4 (trap and isotype control);
**mobile phase A was used in iTLC

3080 Eur J Nucl Med Mol Imaging (2021) 48:3075–3088



Biodistribution studies with 89Zr-Df-bintrafusp alfa
and controls in EMT-6 tumour-bearing mice

In a first biodistribution study, tumour and tissue distribution
of 5 μg 89Zr-Df-bintrafusp alfa (0.215 MBq (5.80 μCi)) was
evaluated in EMT-6 tumour-bearing BALB/c mice (Fig. 3).
At this dose level, rapid blood clearance was observed with
only 0.57 ± 0.13 %ID/g bintrafusp alfa remaining in the blood
after 48 h suggesting the presence of an antigen sink. Highest
uptake was seen in lung, spleen, liver, and kidneys. Tumour
uptake was highest at 2 h post injection (6.81 ± 0.81 %ID/g)

and declined over time. An increase in bone uptake over time
was demonstrated and this is consistent with the release of
non-chelated 89Zr which has a strong affinity for phosphate
and has bone-seeking properties in mice [35]. However, due
to the presence of immune cells in the bone marrow, the pres-
ence of PD-L1 and TGF-β targets may contribute to the bone
uptake of 89Zr-Df-bintrafusp alfa observed.

To further investigate if PD-L1 binding, TGF-β binding, or
both contributed to an antigen sink, tumour uptake and tissue
distribution of 5 μg 89Zr-Df-bintrafusp alfa (0.215 MBq
(5.80 μCi)) were compared to control antibodies (5 μg 89Zr-
Df-avelumab, 0.204 MBq (5.50 μCi); 5 μg 89Zr-Df-trap con-
trol, 0.194 MBq (5.25 μCi); 5 μg 89Zr-Df-isotype control,
0.222 MBq (5.99 μCi)) on day 2 and day 7 post injection
(Fig. 4, Online Resource Fig. 7, Online Resource Fig. 8).
This study showed that the tumour uptake of the bifunctional
bintrafusp alfa construct is driven by the PD-L1 binding sites.
89Zr-Df-bintrafusp alfa and 89Zr-Df-avelumab displayed a
similar uptake in PD-L1-rich organs such as the lung and
spleen compared to the non-PD-L1-binding isotype control.
As a result, a significant increase in blood activity as well as a
reduction in lung and spleen uptake was seen with the isotype
control both on day 2 and day 7 post injection compared to
89Zr-Df-bintrafusp alfa and 89Zr-Df-avelumab. Similarly, the
trap control, which also has an abrogated PD-L1 binding site
but still has an active TGF-βRII site, shows a significant re-
duction in lung uptake and a significant increase in blood
activity. Despite an increase in blood activity, the active

Table 2 Serum stability properties of 89Zr-Df-bintrafusp alfa and 89Zr-
Df-avelumab over 7 days of incubation at 37 °C

In vitro test 89Zr-Df-antibody

Bintrafusp alfa* Avelumab*

Radiochemical purity (%)**

D0 97.9 ± 2.4 98.8 ± 1.2

D2 93.8 ± 5.3 96.9 ± 1.9

D7 88.3 ± 5.7 93.1 ± 6.1

Immunoreactivity (%)

D0 90.8 ± 4.5 82.4 ± 12.0

D2 68.7 ± 16.7 68.4 ± 18.9

D7 50.4 ± 22.5 57.9 ± 26.0

*Data presented as mean ± SD, n = 5; **mobile phase A was used in
iTLC

Fig. 2 In vitro characterization of
PD-L1 binding of 89Zr-Df-
bintrafusp alfa and 89Zr-Df-
avelumab. a, b Lindmo plots
showing binding of 89Zr-Df-
bintrafusp alfa (a) and 89Zr-Df-
avelumab (b) to increasing con-
centrations of PD-L1-expressing
HEK293/PD-L1 cells. c, d
Scatchard plots of 89Zr-Df-
bintrafusp alfa (c) and 89Zr-Df-
avelumab (d) using HEK293/PD-
L1 cells. n = 1
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TGF-βRII binding site of the trap control is not sufficient to
increase the tumour uptake compared to the isotype control.
This might be due to the significantly higher spleen, liver,
kidney, and bone uptake displayed by the trap control due to
the expression of TGF-β isoforms in these tissues, or partially
released TGF-β. Immunohistochemical analysis of EMT-6
tumours and tissues collected from EMT-6 tumour-bearing
BALB/c mice injected with 89Zr-Df-bintrafusp alfa at end-
point confirmed the presence of both TGF-β1 (Online
Resource Fig. 9) and PD-L1 (Online Resource Fig. 10) targets
in tumour, spleen, lung, liver, kidney, small intestines, duode-
num, and to a lesser extent brown adipose tissue (BAT).
Lastly, specific tumour uptake of 89Zr-Df-bintrafusp alfa and
89Zr-Df-avelumab is evident when comparing the tumour-to-
blood ratios. Significantly higher tumour-to-blood ratios are
seen with 89Zr-Df-bintrafusp alfa and 89Zr-Df-avelumab com-
pared to 89Zr-Df-trap control and 89Zr-Df-isotype control on
day 2 (Fig. 4b) and day 7 (Fig. 4d) post injection.

In a final biodistribution study, the influence of protein
dose on tumour uptake and the specificity of 89Zr-Df-
bintrafusp alfa were further investigated (Fig. 5). Figure 5
shows the biodistribution results at different dose levels in
the EMT-6 tumour model: 5 μg (0.25 mg/kg) 89Zr-Df-
bintrafusp alfa used in biodistribution studies, 35 μg
(1.75 mg/kg) 89Zr-Df-bintrafusp alfa used in imaging studies,
35 μg (1.75 mg/kg) 89Zr-Df-bintrafusp alfa plus 1000 μg
(50 mg/kg) non-radioactive trap control, 35 μg (1.75 mg/kg)
89Zr-Df-bintrafusp alfa plus 1000 μg (50 mg/kg) non-
radioactive bintrafusp alfa to allow competition of the radio-
active imaging dose, and 35 μg (1.75 mg/kg) 89Zr-Df-
bintrafusp alfa plus 1000 μg (50 mg/kg) avelumab. On day
2 and day 7 post injection, blood uptake increased with higher

doses. At the 35 μg dose, the highest tumour uptake (27.52 ±
5.29 %ID/g) was seen on day 2 post injection (Fig. 5, Online
Resource Fig. 11). This dose also resulted in the highest
tumour-to-blood ratio (58.4 ± 29.6) seen on day 7 (Online
Resource Fig. 11). However, a further increase observed in
spleen activity was observed, which could be due to migration
of PD-L1 cells into the spleen, or incomplete target engage-
ment. With the addition of an excessive amount of non-
radioactive bintrafusp alfa (1000 μg), a significant decrease
in spleen and bone uptake was observed on day 2 (Online
Resource Fig. 12) and day 7 (Online Resource Fig. 13) post
injection indicating effective blocking of the PD-L1 and
TGF-β targets in these tissues at this dose level, resulting in
high blood activity. A reduction in tumour uptake was also
seen at day 2, indicative of selective binding of the labelled
89Zr-Df-bintrafusp alfa blocked by excess of cold bintrafusp
alfa. At day 7, the improved tumour uptake is attributed to
excess antibody occupying sites in the spleen, lung, and bone,
allowing more labelled antibody to reach the tumour.

Imaging studies with 89Zr-Df-bintrafusp alfa in EMT-6
tumour-bearing mice

Tumour uptake of 35 μg 89Zr-Df-bintrafusp alfa determined
by PET image analysis was highly concordant with
biodistribution results on day 7 post injection (Fig. 6). The
addition of 1000 μg trap control did not change the
biodistribution pattern of 89Zr-Df-bintrafusp alfa significantly
(Fig. 6c, d, i, j). In the absence of competing cold bintrafusp
alfa (Fig. 6a, b), highest tumour uptake was seen on day 2 post
injection with reduced tumour uptake seen on day 7. In the
presence of 1000 μg bintrafusp alfa, the higher blood pool

Fig. 3 Biodistribution properties
of 5 μg 89Zr-Df-bintrafusp alfa in
EMT-6 tumour-bearing BALB/c
mice over 7 days (bars; mean ±
SD; n = 5)
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activity is evident from increased uptake in the heart and lungs
on day 2 post injection (Fig. 6e). In addition, in the presence of
competing non-radioactive bintrafusp alfa antibody, an in-
crease in liver uptake as well as a reduction in bone activity
was also confirmed by PET imaging analysis on day 7 post
injection (Fig. 6f, i, j). Imaging of 89Zr-Df-bintrafusp alfa in
the presence of cold anti-PD-L1 antibody avelumab resulted
in highly comparable changes in biodistribution pattern on
day 2 and day 7 (Fig. 6g, h) supporting the finding of a pre-
vious biodistribution study (Fig. 4) that tissue distribution of
bintrafusp alfa is mainly dominated by the PD-L1 binding site.

Discussion

The ability of cancer cells to evade the immune system is one
of the most deadly characteristics of the majority of malignant
tumours [36]. Accordingly, the recent development of

antibodies which target tumour cell evasion of immune check-
points such as the cytotoxic T lymphocyte–associated
antigen-4 (CTLA-4) as well as the programmed cell death
protein (PD-1) and the PD-1 ligand (PD-L1) has been a very
effective approach in the treatment and/or eradication of some
highly malignant forms of cancers [4, 5]. Unfortunately, not
all cancers respond equally well, and the success rate and toxic
side effects are unpredictable [4–10, 12]. Over the past de-
cade, research aimed at identifying how cancer interacts with
the immune system has identified several escape mechanisms
that can lead to inhibition of the immune system [37]. Whilst
induction of adaptive immune resistance through inhibitory
receptors such as PD-1 is one mechanism cancers use, other
mechanisms such as the establishment of an immunosuppres-
sive tumour microenvironment via cytokine production (e.g.
TGF-β, VEGF) can occur at the same time. With US Food
and Drug Administration (FDA) approvals of anti-PD-1 and
anti-PD-L1 therapeutic antibodies, the next-generation PD-L1

Fig. 4 Biodistribution properties of 5 μg 89Zr-Df-bintrafusp alfa and
controls in EMT-6 tumour-bearing BALB/c mice. a Tissue uptake on
day 2 post injection. b Tumour-to-blood ratios on day 2 post injection.

c Tissue uptake on day 7 post injection. d Tumour-to-blood ratios on day
7 post injection. Statistical analysis of biodistribution data is shown in
Online Resources Fig. 3 and Fig. 4. bars; mean ± SD; n = 5
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targeting molecules currently under development encompass
targeting of multiple immunosuppressive pathways simulta-
neously. One such molecule, bintrafusp alfa, is a bifunctional
anti-PD-L1/TGF-βRII fusion protein that allows simulta-
neous targeting and inhibition of the complementary immu-
nosuppressive functions of PD-L1 and TGF-β [15, 17, 18]. To
aid with patient selection and quantification of dynamic

changes in PD-L1 expression in upcoming clinical trial studies
of bintrafusp alfa, there is a need for non-invasive detection
methods of bintrafusp alfa biodistribution.

The current study has completed the preclinical
radiolabelling and characterization of 89Zr-Df-bintrafusp alfa.
Conditions for the chelation and radiolabelling of bintrafusp
alfa and avelumab, trap control, and isotype control antibody

Fig. 5 Influence of protein dose
on tumour uptake of 89Zr-Df-
bintrafusp alfa in EMT-6 tumour-
bearing BALB/c mice on day 2
(a) and day 7 (b) post injection
(bars; mean ± SD; n = 5). *,
P < 0.05; **, P < 0.01;
***P < 0.001
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constructs were determined to produce active and stable
radioconjugates. No differences were observed in the
in vitro binding properties of 89Zr-Df-bintrafusp alfa and
89Zr-Df-avelumab and radiolabelling did not interfere with
the PD-L1-positive cell binding properties of the
radioconjugates. The chelation chemistry did not impact the
protein integrity and PD-L1 or TGF-β binding properties of
bintrafusp alfa.

The nanomolar affinities seen with 89Zr-Df-bintrafusp alfa
and 89Zr-Df-avelumab are in good agreement with prior affin-
ity measurements with the HEK293/PD-L1 cell line by FACS
for bintrafusp alfa (EC50 of 48 ng/mL (0.27 nM,)) and
avelumab (EC50 34 ng/mL (0.24 nM)) [16]. ELISA results
with mock radiolabelled bintrafusp alfa and trap control were
in alignment with previous findings with plate-bound human
TGF-β1 and TGF-β3 (EC50 = 215.3 and 651.4 ng/mL, re-
spectively), but not plate-bound TGF-β2, due to low intrinsic
binding affinity between TGF-β2 and TGF-βRII [16].
Furthermore, 89Zr-Df-bintrafusp alfa was prepared with high
radiochemical purity (97.9 ± 2.4%), specific activity (103.2 ±
38.9 MBq/mg), and PD-L1 cell binding immunoreactivity
(90.8 ± 4.5%). These properties were highly comparable to

the radiochemical properties of 89Zr-Df-avelumab control.
All four radioconjugates demonstrated good stability when
incubated in human serum for 7 days at 37 °C with retention
of the radioconjugate’s immunoreactivities, integrity, and ra-
diochemical purities.

To compare the biodistribution of 89Zr-Df-bintrafusp alfa
to an approved anti-PD-L1 antibody, we utilized radiolabelled
avelumab as a positive control within the study. The
radiolabelled forms of inactive PD-L1 antibody mutant fused
to TGF-βRII and an inactive PD-L1 antibody isotype negative
control were also optimized and included in the study. The
pattern of biodistribution observed for 89Zr-Df-bintrafusp alfa
and 89Zr-Df-avelumab was highly comparable to published
biodistribution and imaging studies of other PD-L1 targeting
antibodies [21–24, 26, 38] indicating that the tissue distribu-
tion pattern of 89Zr-Df-bintrafusp alfa is dominated by its PD-
L1 binding site, and the construct size of bintrafusp alfa does
not impede tumour uptake. The presence of excessive
unlabelled antibody decreased splenic and lung uptake effec-
tively, improving the uptake of bintrafusp alfa in the tumour.
This provides an opportunity to use this reagent both in diag-
nostic and therapeutic applications in a theranostic approach.

Fig. 6 From left to right, each panel shows a surface-rendered CT image,
maximum intensity projection PET image, and the PET/CT overlay for
representative EMT-6 tumour-bearing BALB/c mice; arrows show loca-
tion of tumour. a, b 35 μg 89Zr-Df-bintrafusp alfa on day 2 (a) and day 7
(b). c, d 35 μg 89Zr-Df-bintrafusp alfa with excess 1000 μg cold M7284
on day 2 (c) and day 7 (d). e, f 35 μg 89Zr-Df-bintrafusp alfa with excess
1000 μg cold avelumab on day 2 (e) and day 7 (f). g, h 35 μg 89Zr-Df-

bintrafusp alfa with excess trap control on day 2 (g) and day 7 (h). i
Quantitation of 89Zr-Df-bintrafusp alfa uptake in the lung, liver, bone,
and tumour tissues via PET analysis of imaged mice on day 7 post injec-
tion (bars; mean ± SD; n = 2). j Quantitation of 89Zr-Df-bintrafusp alfa
uptake in the lung, liver, bone, and tumour tissues via biodistribution
analysis of imaged mice on day 7 post injection (bars; mean ± SD; n = 2)
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Different protein concentrations of bintrafusp alfa were eval-
uated in this study, and the impact of increasing protein doses
on biodistribution will be further assessed in the human
bioimaging trial.

Because bintrafusp alfa followed the biodistribution pattern
of a PD-L1 targeting antibody, our studies confirmed previous
findings in immunocompetent mice that the spleen and lung
are a significant sink for PD-L1 targeting antibody constructs
with the amount available in the tumour environment impact-
ed by splenic and lung uptake [38, 39]. The presence of PD-
L1 in the lung and spleen was confirmed via immunohisto-
chemical analysis. PD-L1 showed heterogeneous expression
patterns in the EMT-6 tumours which aligns with the slightly
heterogeneous tumour uptake seen in the PET/CT images and
previous reports of heterogeneous PD-L1 expression in hu-
man tumours [40]. Staining of PD-L1 in mouse kidney, liver,
and spleen confirmed previous findings by Josefsson et al.
[24]. In agreement with these studies, dosing with 1000 μg
(50 mg/kg) cold bintrafusp alfa or avelumab caused higher
exposure of the tumour to circulating 89Zr-Df-bintrafusp alfa
leading to greater than 2-fold increased tumour uptake and
reduced localization to PD-L1-rich organs of spleen and lung.
Another organ that might have contributed to the sink but was
not included in our study is the thymus [38].

We found that co-administration of excess bintrafusp alfa
or avelumab increased 89Zr-Df-bintrafusp alfa localization to
the liver in normal BALB/c mice bearing EMT-6 tumours,
with liver a known PD-L1-positive [41] and TGF-β-rich or-
gan [42]. In addition, when comparing the biodistribution of
89Zr-Df-trap control and the non-active PD-L1 isotype con-
trol, both antibodies showed increased blood activity com-
pared to 89Zr-Df-bintrafusp alfa or 89Zr-Df-avelumab; howev-
er, the trap control showed specific higher uptake in TGF-β-
rich organs such as the spleen, liver, kidney, and bone com-
pared to the isotype control. This is in agreement with studies
of human kidney specimens showing that the three major
isoforms—TGF-β1, TGF-β2, and TGF-β3—are expressed
in the kidneys [43]. TGF-β is also expressed in the bone
marrow. Although active TGF-β is only a small percentage
of the total pool of latent TGF-β (LAP/TGF-β), a recent study
has shown that TGF-βmay be active but still tethered to LAP
[44]. Together, our data suggests that PD-L1 and potentially
the TGF-β trap component are therefore involved in the
biodistribution pattern of bintrafusp alfa, and the PD-L1 bind-
ing portion of bintrafusp alfa is primarily responsible for the
uptake in tumour which then results in simultaneous inhibition
of PD-L1 and TGF-β.

In conclusion, the Df-conjugation and 89Zr-radiolabelling
of bifunctional bintrafusp alfa have been optimized to produce
a stable, pure, and highly immunoreactive radioconstruct that
binds PD-L1, whilst maintaining the TGF-β trap function.
The specificity of 89Zr-Df-bintrafusp alfa localization to tu-
mour in vivo and the impact of normal tissue PD-L1 antigen

sink was demonstrated by co-administration of excess
unlabelled bintrafusp alfa both via biodistribution studies
and quantitative PET studies. Furthermore, PET imaging
demonstrated that molecular imaging of 89Zr-Df-bintrafusp
alfa biodistribution was achievable, and allows non-invasive
quantitation of tumour uptake of 89Zr-Df-bintrafusp alfa.
These results also demonstrate that 89Zr-Df-bintrafusp alfa is
suitable for use in bioimaging clinical trials in cancer patients,
which have commenced (NCT04297748).
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