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Bispecific T-cell engager (BiTE) molecules exert antitumor activity by
binding one arm to CD3 on cytotoxic T cells and the other arm to a
tumor-associated antigen. Methods: We generated a fully mouse
cross-reactive mesothelin-targeted BiTE molecule that is genetically
fused to anFc-domain for half-life extension, andweevaluated the bio-
distribution and tumor targeting of a 89Zr-labeled mesothelin half-
life–extended (HLE) molecule in 4T1 breast cancer–bearing syngeneic
mice with PET. The biodistribution of 50 lg of 89Zr-mesothelin HLE
BiTE was studied over time by PET imaging in BALB/c mice and
revealed uptake in tumor and lymphoid tissues with an elimination
half-life of 63.4 h. Results: Compared with a nontargeting 89Zr-control
HLE BiTE, the 89Zr-mesothelin HLE BiTE showed a 2-fold higher tumor
uptakeandhigheruptake in lymphoid tissues.Uptake in the tumorcolo-
calizedwithmesothelin expression, whereas uptake in the spleen colo-
calizedwithCD3expression.Evaluationof theeffectofproteindoseson
the biodistribution and tumor targeting of 89Zr-mesothelin HLE BiTE
revealed for all dose groups that uptake in the spleen was faster than
in the tumor (day1vs.day5). The lowestdose,10lg,of 89Zr-mesothelin
HLEBiTEhadhigher spleen uptake and faster blood clearance than the
higher doses, 50 and 200 lg. 89Zr-mesothelin HLE BiTE tumor uptake
was similar at all doses.Conclusion:ThemesothelinHLEBiTEshowed
specific tumor uptake, and both arms contributed to the biodistribution
profile.Thesefindingssupport thepotential forclinical translationofHLE
BiTE molecules.
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Bispecific constructs engaging T cells are a novel form of cancer
immunotherapy (1). They engage T cells to tumors, leading to
T-cell–mediated tumor-cell killing irrespective of T-cell clonality.
The number of T-cell–engaging bispecific constructs has been

increasing over the last few years, with 38 constructs in clinical
oncology trials in 2019 (2,3).
Bispecific T-cell engager (BiTE; Micromet AG) molecules are

T-cell–engaging bispecific constructs of approximately 53 kDa
that exist as 2 single-chain variable fragments (scFv) connected
by a short linker (4). One scFv binds T cells via the CD3 receptor,
and the other scFv binds the tumor cell via a tumor-associated
antigen. Blinatumomab, a BiTE molecule targeting CD19 and
CD3, has been approved by the Food and Drug Administration
and European Medicines Agency for the treatment of B-cell acute
lymphoblastic leukemia. Other BiTE molecules are in clinical
evaluation (2,5–7). BiTE molecules show rapid clearance with a
serum half-life of a few hours (8,9) To maintain therapeutic serum
concentrations, they are administered via continuous intravenous
infusion.
To prolong plasma half-life and allow less frequent dosing, BiTE

molecules have been genetically fused to an Fc domain. This results
in a half-life–extended (HLE)BiTEmoleculewith amolecularweight
of approximately 106 kDa (Supplemental Fig. 1A; supplemental
materials are available at http://jnm.snmjournals.org) (10,11). In non-
human primates, HLE BiTE molecules showed an extended serum
half-life compatible with intermittent dosing (11).
Studies in immunocompetent mice showed the complexity of the

biodistribution of T-cell–engaging bispecific constructs. Increasing
the affinity for CD3 of a CLL-1 T-cell–engaging bispecific antibody
reduced its plasma half-life (12). A high-affinity CD3-targeting
murine EpCAM BiTE molecule showed high lymphoid uptake
and low tumor uptake (13). Moreover, uptake of HER2 T-cell–
engaging bispecific antibodies was higher in lymphoid tissues and
lower in the tumorwhenCD3 affinity increased (14). Biodistribution
of the CEA-targeted BiTE molecule 89Zr-AMG 211 was evaluated
in patients with gastrointestinal adenocarcinomas. PET showed
uptake in tumor lesions, although at moderate levels, as well as in
lymphoid organs (9).
Currently, 8 HLEBiTEmolecules are in clinical trials, of which 4

are in solid tumors (NCT03319940, NCT03792841, NCT04117958,
and NCT04260191) (15). Increasing the half-life and molecular
weight of a protein might influence the biodistribution and improve
tumor targeting (16,17). There are few data regarding the biodistri-
bution and tumor targeting of HLE BiTE molecules. Therefore, we
aimed to explore this preclinicallywithwhole-bodymolecular imag-
ing using PET and ex vivo analyses.
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We used an HLE BiTE molecule targeting murine CD3 and
murine mesothelin (mesothelin HLE BiTE) that we radiolabeled
with the PET isotope 89Zr. 89Zr is an attractive PET isotope because
of its long half-life (78.4 h) and efficient labeling to proteins (18).
Mesothelin is an attractive therapeutic target because of its high

expression on the cell surface of several human cancers, including
mesothelioma, ovarian cancer, pancreatic adenocarcinoma, and
triple-negative breast cancer (19). Mesothelin expression on normal
cells is primarily in the mesothelial cell layer (19). Mesothelin HLE
BiTE molecules have been reported, and multiple mesothelin-
targeted drugs are currently in development (19–23).
Here, we report the biodistribution of the 89Zr-labeled murine

mesothelin HLE BiTE molecule in tumor-bearing syngeneic mice
compared with a nontargeting control HLE BiTE molecule.

MATERIALS AND METHODS

HLE BiTE Molecules and Cell Lines
A mouse cross-reactive mesothelin scFv was generated using the

commercially available mouse antimesothelin antibody MN-1 (200-
301-A88; Rockland), and affinity matured to increase mesothelin bind-
ing. Themurinemesothelin scFvwas attached by a short linker to mouse
CD3 and a mouse cross-reactive Fcg-silenced Fc-domain (24), resulting
in the mouse mesothelin HLE BiTE molecule. For a nontargeting HLE
BiTE molecule, a BiTE molecule targeting human EpCAM and human
CD3was fused to a Fcg-silenced human Fc. Amgen provided themurine
mesothelin HLE BiTE molecule and the control HLE BiTE molecule.

The conjugation to tetrafluorophenol-N-succinyl-desferrioxamine-Fe
(TFP-N-suc-DFO-Fe; ABX) and labeling with 89Zr of the HLE BiTE
molecules are described in the supplemental materials (13,25). Labeling
of the HLE BiTE molecules with 89Zr resulted in [89Zr]Zr-DFO-N-suc-
HLE BiTE molecules (89Zr-HLE BiTE molecules).

The mesothelin-positive murine mammary carcinoma cell line 4T1
(ATCC) was cultured in RPMI-1640 medium (Invitrogen) containing
10% fetal calf serum (Bodinco BV). Cells were used between passages
5 and 20 after thawing and cultured under aseptic conditions at 37�C in
an incubator providing a humidified atmosphere of 5% CO2. The cells
were routinely tested for the presence of
Mycoplasma.

Animal Experiments
All animal experiments were approved by

the InstitutionalAnimalCare andUseCommit-
teeof theUniversityofGroningen.Eight- to10-
wk-oldfemaleBALB/cmice(BALB/cOlaHsd;
Envigo)were injectedwith53 1044T1cells in
50lLofRPMI-1640 in the lowermammary fat
padafter1wkofacclimatizing.Micewereallo-
cated randomly to the groups.

Tracers (4–5 MBq) were retroorbitally
injected when tumors reached approximately
200mm3.Retroorbital injectionswere chosen
similarity in distribution to intravenous tail-
vein injection, with no increased discomfort,
and facile execution (26,27). The mice were
anesthetized with isoflurane/medical air inha-
lation (5% induction, 2.5%maintenance) dur-
ing all procedures. Whole-body radioactivity
in the mice was measured with a calibrated
dose-calibrator (Comecer).

Small-animal PET scans were acquired
with a Focus 220 rodent scanner (CTI
Siemens). The data were reconstructed as
previously described (28).

ScanswereanalyzedwithPMODsoftware (version4.004;PMODTech-
nologies).Volumesof interestweredrawnas spheresbasedon theweightof
organs found in the biodistribution. Data are expressed as SUVmean.

PET scanswere visualized asmaximum-intensity projections scaled to
the same maximum, allowing comparison between groups. Blood elimi-
nation half-life was calculated using 1-phase decay (Prism 7; GraphPad).

The in vivo biodistribution of 50 lg of 89Zr-mesothelin HLE BiTE
was visualized in 8 tumor-bearing BALB/c mice by small-animal PET
scans at 1, 3, 5, 7, and 9 d after injection. This dosewas based on previous
experience with immune cell–targeting tracers (29).

The effect of theprotein dose on thebiodistributionand specific uptake
of 89Zr-mesothelinHLEBiTEwas investigated by comparing 10, 50, and
200 lg of 89Zr-mesothelin HLE BiTE and 50 lg of 89Zr-control HLE
BiTE at 1, 3, and 5 d after injection. After the last imaging time point,
an ex vivo biodistribution study was performed. All dose groups had 6
tumor-bearing BALB/c mice. Organs of interest and tumor were col-
lected, weighed, and measured in a calibrated Wizard g-counter (Perki-
nElmer). Axillary lymph nodes were discarded from further analysis
since their lowweight resulted inhighlyvariablevalues.Countsofknown
standards were used to convert counts into injected dose. Tissue radioac-
tivity is expressed as percentage injected dose per gram. Relevant tissues
were fixed in formalin and embedded in paraffin for further analysis.

Ex Vivo Tissue Analysis
Formalin-fixed paraffin-embedded blocks of tumor and spleen were

sliced into 4-lm sections. Tissue slides were exposed overnight to phos-
phor screens (PerkinElmer) in x-ray cassettes. The imaging screens were
read out by the Cyclone storage Phosphor System (PerkinElmer), and
autoradiography images were analyzed with ImageJ, version 1.52p.
These slides were stained with hematoxylin and eosin (H&E) to assess
tissuemorphology. To quantify autoradiography data, regions of interest
were identified inH&E-stained slides. These regionswere imported onto
the autoradiography images and quantified. Values were normalized for
activity injected.

In subsequent sections of the H&E-stained slides, the presence of
murine mesothelin and murine CD3 was visualized with immuno-
histochemical staining. For murine CD3, after antigen retrieval for

A
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FIGURE 1. PET scans over time after administration of 50 lg of 89Zr-mesothelin HLE BiTE in 4T1-
tumor–bearing mice (n5 8). (A) Representative maximum-intensity projections of PET images up to 9
d after tracer injection. Encircled are spleen (green), heart (red), tumor (blue), and thymus (yellow). (B)
Image quantification of heart, tumor, spleen, thymus, and muscle expressed as SUVmean. (C) Image
quantification expressed as organ-to-blood ratios. Data are presented asmean6 SD. MSLN5meso-
thelin; pi5 after injection.
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15 min at 95�C with a citrate buffer at pH 6, a rabbit antimouse
anti-CD3 antibody, clone SP7 (ab16669; Abcam), was used in a
1:50 dilution. For mesothelin, antigens were retrieved in a Tris/HCl
buffer at pH 9 for 15 min of incubation at 95�C, followed by over-
night incubation with a rabbit antirabbit antimesothelin antibody
(R32262; NSJ Bioreagents) in a 1:50 dilution. Thereafter, a
peroxidase-conjugated goat antirabbit antibody (Dako) and 3–3'-
diaminobenzidine (DAB) were added to visualize peroxidase
activity. Necrotic areas on H&E-stained
liver sections were quantified in QuPath
(30). With a limulus amebocyte lysate
assay (Endosafe-PTS; Charles River),
bacterial endotoxins were quantified in
the parental and conjugated mesothelin
HLE BiTE and in the final tracer solution.

The gastrointestinal tract was exposed
overnight to a phosphor plate at 220�C 9 d
after injection of 50 lg of 89Zr-mesothelin
HLE BiTE. Thereafter, sections of the tissue
were embedded with TissueTek optimal-cut-
ting-temperature compound (Sakura) and
stained with H&E.

Statistical Methods
SUVmean PET scan data are expressed as

mean 6 SD. An ANOVA among uptake of
multiple groups was followed by a post hoc
Tukey multiple-comparison test. P values
of 0.05 or less were considered significant.

Ex vivo biodistribution data are presented
asmedian percentage injected dose per gram,
with interquartile range. On these data, an
ANOVA among uptake of multiple groups
was performed with the Kruskal–Wallis
test. When statistically significant differ-
ences were found, a post hoc Bonferroni-
corrected Mann–Whitney U test was
performed. Between a pair of groups, the
similarity was tested with a Mann–Whitney
U test.

All statistical tests were performed in
Prism (version 7; GraphPad).

RESULTS

Conjugation and Radiolabeling of HLE
BiTE Molecules
The binding affinity of the parental

mesothelin HLE BiTE was 3.0 nM for
mouse mesothelin expressed on 4T1 cells
and 26.8 nM for CD3 expressed on T cells
for mouse CD3 (Supplemental Figs. 1B
and 1C). The 4T1 cell line expresses
5933 mesothelin molecules per cell
(Supplemental Fig. 1D). This mesothelin
expression is relatively low compared
with the ovarium carcinoma cell line
OVCAR8 and other human mesothelin-
positive cancer cell lines (Supplemental
Fig. 1E) (20).
The parental mesothelin HLE BiTE

molecule engaged mouse T cells to kill
4T1 tumor cells, with half-maximal lysis

of 29.15 pM (Supplemental Fig. 1F). Mesothelin HLE BiTE
activity was specific for mesothelin-expressing cells, as no activity
was observed against themesothelin-negative cell line B16F10 (Sup-
plemental Fig. 1G). The nontargeting control HLE BiTE molecule
did not have activity against either 4T1 or B16F10 cells, as expected.
Conjugation on the HLE BiTE molecules resulted in HLE

BiTE:DFO end ratios of 1:2.6 and 1:2.3, respectively. Conjugation
of themesothelinHLEBiTEdid not affect its ability to engage T cells

A B

C

FIGURE2. Dose-dependent biodistribution of 89Zr-mesothelinHLEBiTE in 4T1-tumor–bearingmice.
(A)Representativemaximum-intensity projectionsofPET imagesat1,3, and5dafter injectionof 10, 50,
or 200 lg 89Zr-mesothelin HLE BiTE (n5 6 for 10- and 50-lg doses, n5 5 for 200-lg dose). Encircled
are spleen (green), heart (red), tumor (blue), and thymus (yellow). (B) PET quantification of spleen, heart,
tumor, and thymus;dataarepresentedasmean6SD. (C)Exvivobiodistributionwithdatapresentedas
medianwith interquartile range. LNs5 lymphnodes;MSLN5mesothelin;pi5after injection. *P#0.05.
**P# 0.01
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and target cells, shown by maintained in vitro cytotoxicity and T-cell
activation (Supplemental Figs. 2A–2C). Also, the conjugated meso-
thelin HLE BiTE was intact, with a single protein peak at 280 nm on
the chromatogram (Supplemental Fig. 2D).

PET Imaging of 89Zr-Mesothelin HLE BiTE over Time
PET scanning after 50 lg of 89Zr-mesothelin HLE BiTE

administration was performed at 1, 3, 5, 7, and 9 d and revealed
uptake in the tumor, spleen, thymus, and liver (Fig. 1A). Time to
reach the maximum uptake varied for organs and tumor
(Fig. 1B). Spleen uptake was already highest at day 1 (SUVmean,

1.84 6 0.25) and decreased, whereas
thymus uptake was maximal at day 3
(SUVmean, 1.74 6 0.17) and remained
stable thereafter. Maximum tumor
uptake was reached at day 5 (SUVmean,
1.50 6 0.21).
Organ-to-blood ratios increased

between days 1 and 9 to 4.5 6 0.7 for
the thymus, 3.4 6 0.5 for the tumor, and
2.86 0.4 for the spleen, since blood levels
decreased (Fig. 1C). 89Zr-mesothelin
HLE BiTE blood elimination half-life,
based on the heart blood pool, was
63.4 h (R 5 0.96). Day 5 was chosen to
compare ex vivo biodistribution, when
organ-to-blood ratios were 2.1 6 0.3 for
the thymus, 1.9 6 0.3 for the tumor, and
1.7 6 0.2 for the spleen.

Dose-Dependent Biodistribution of
89Zr-Mesothelin HLE BiTE
On day 1 after 10 lg of 89Zr-mesothelin

HLE BiTE administration, a high spleen-
to-blood ratio (2.26 6 0.33) visualized
the spleen on PET scans, in contrast to
the 50- and 200-lg groups (1.26 6 0.15
and 0.92 6 0.13, respectively; Fig. 2A;
Supplemental Fig. 3A). Spleen SUVmean

inversely correlated with protein dose,
indicating target saturation (Fig. 2B).
Blood SUVmean for the 10-lg dose was
lower than for the higher doses. As a con-
sequence, on day 5 tumor uptake for the
10-lg dose was lower than that for the
50-lg dose, but no difference between
the tumor-to-blood ratios was found (Sup-
plemental Fig. 3A). In the thymus, no rela-
tion between uptake and protein dose was
seen (Fig. 2B). However, uptake was
higher for the 50-lg dose than for 10 lg
or 200 lg.
Ex vivo analysis on day 5 confirmed

the PET findings and revealed dose-
dependent uptake in themesenteric lymph
nodes (Fig. 2C; Supplemental Table 1).

Biodistribution of 89Zr-Mesothelin HLE
BiTE Compared with a Nontargeting
89Zr-Control HLE BiTE Molecule
Tumor SUVmean after 50 lg of 89Zr-

mesothelin HLE BiTE increased from
day 1 (1.40 6 0.11) to day 5 (1.52 6 0.22), whereas for 50 lg of
89Zr-control HLE BiTE, tumor uptake decreased from day 1 (0.91
6 0.14) to day 5 (0.77 6 0.11) (Figs. 3A and 3B). 89Zr-control
HLE BiTE did not show uptake in the spleen or thymus. Although
blood levels obtained with both tracers were similar, whole-body
radioactivity levels showed that the whole-body clearance of 89Zr-
control HLE BiTE was faster than that of 89Zr-mesothelin HLE
BiTE (Fig. 3C).
Ex vivo biodistribution at day 5 confirmed the similar blood levels

and specific uptake of 89Zr-mesothelin HLE BiTE in the tumor,
spleen, and thymus compared with the control HLE BiTE

A

C
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FIGURE3. Biodistributionof 50 lgof 89Zr-mesothelin HLEBiTEcomparedwith50lgof 89Zr-control
HLE BiTE. (A) Representativemaximum-intensity projections of PET images at 1, 3, and 5 d after injec-
tion of 89Zr-mesothelin HLE BiTE (n5 6) or 89Zr-control HLE BiTE (n5 6). Encircled are spleen (green),
heart (red), and tumor (blue). (B)PETquantificationof tumor,spleen,andheart. (C)Whole-body retention
measured by dose calibrator. Data are presented as mean6 SD. (D) Ex vivo biodistribution with data
presented as median with interquartile range. LNs 5 lymph nodes; MSLN 5 mesothelin. *P # 0.05.
**P# 0.01
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(Fig. 3D; Supplemental Table 2). 89Zr-mesothelin HLEBiTE uptake
was also higher than the control level in the liver, kidney, lung, adi-
pose tissue, and gastrointestinal tract.
White spots on the liverwere observed ex vivo in the various 89Zr-

mesothelin HLE BiTE groups. H&E staining revealed areas of
necrosis, whereas in the 89Zr-control HLE BiTE group the liver tis-
sue was unaffected. Higher protein doses of 89Zr-mesothelin HLE
BiTE showed an increased area affected by necrosis. Endotoxin
measurements of mesothelin HLE BiTE and the conjugated stock,
as well as the tracer solution, revealed no contaminations (Supple-
mental Fig. 4).

Ex Vivo Analysis of 89Zr-Mesothelin HLE BiTE Uptake by
Autoradiography and Immunohistochemistry
Autoradiography showed hot spots in the gastrointestinal tract of

mice 9 d after receiving 50 lg of 89Zr-mesothelin HLE BiTE (Fig.
4A). H&E staining of frozen sections identified the radioactivity
localized in the gut-associated lymphoid nodes, consistent with
binding of the tracer to T cells (Fig. 4B). Examining the slides 9 d
after injection instead of 5 d might have increased the signal-to-
background ratio (Fig. 1). Radioactivity hot spots in the spleen, iden-
tified 5 d after tracer injection, colocalized with the white pulp (Fig.
5A). Immunohistochemistry staining confirmed high CD3 expres-
sion in the white pulp, whereas mesothelin staining was negative.
In contrast, for 89Zr-control HLE BiTE, no hot spots and only a
low homogeneous distribution were seen in the spleen. Quantifica-
tion of autoradiography data confirmed the higher spleen uptake of
89Zr-mesothelin HLE BiTE (1,747 6 109.8) than of 89Zr-control
HLE BiTE (1,009 6 59.6, P , 0.01). It also showed the high
89Zr-mesothelin HLE BiTE signal in the CD3-rich white pulp
(2,763 6 119.2) versus the red pulp (1,516 6 86.9) (Supplemental

Fig. 5). 89Zr-mesothelin HLE BiTE auto-
radiography of the tumor showed that the
radioactivity overlappedwithmesothelin-
expressing tumor tissue outside the
necrotic core (Fig. 5B). The signal was
not increased in tumor areas that con-
tained CD3-positive cells. 89Zr-control
HLE BiTE uptake in tumor tissue was
low, but higher local uptake matched
with the small necrotic core (Fig. 5B;Sup-
plemental Fig. 6). 89Zr-mesothelin HLE
BiTE autoradiography of tumor tissue
with an adjacent lymph node showed
radioactivity overlapping with CD3
expression in the lymph node and with
mesothelin expression in the tumor. Inter-
estingly, radioactivity in the adjacent
lymph nodewas 2-fold higher than uptake
in the tumor (Supplemental Fig. 7).

DISCUSSION

To our knowledge, this was the first
biodistribution study with an HLE BiTE
molecule. The mesothelin HLE BiTE
showed specific uptake in the tumor and
lymphoid organs. Uptake of the tracer in
the spleen and mesenteric lymph nodes
was dose-dependent. Mesothelin HLE
BITE localized to the gut in the adjacent

lymph nodes. Both targeting arms clearly contributed to the meso-
thelin HLE BiTE biodistribution, with spleen uptake correlating
with the CD3 expression whereas tumor uptake related to mesothelin
expression.
Two variables changed with the mesothelin HLE BiTE compared

with the previously evaluated first-generation BiTE molecules. The
half-life was extended by fusing the BiTEmolecule to an Fc domain,
and the affinity for the tumor-associated antigen (mesothelin, disso-
ciation constant [Kd]5 3.0 nM)was higher than for CD3 (Kd5 26.8
nM). Our study showed that these modifications induced important
differences in the biodistribution. The biodistribution of the first-
generation BiTE molecule muS110, targeting mouse EpCAM (Kd

5 21 nM), and mouse CD3 (Kd 5 2.9 nM) was driven by its CD3
arm (13). For the mesothelin HLE BiTE molecule, both arms con-
tributed to its biodistribution. Intratumoral uptake colocalized with
mesothelin expression, and themaximum tumor uptake formesothe-
lin HLE BiTE was 6-fold higher than for muS110. Moreover, this
maximum uptake was reached later, namely on day 5 versus at 6
h after administration. Other first-generation BiTE molecules also
had lower tumor uptake in biodistribution studies in nude mice bear-
ing human tumors. Depending on the BiTE molecule and tumor
model used, uptake varied between 4% and 8% of the injected
dose per gram at 24 h after administration (28,31).
Spleen uptake colocalized with CD3 presence in the white pulp.

The Fcg-silenced Fc domain of mesothelin HLE BiTE, and uptake
in T-cell–rich white pulp versus lower uptake in the macrophage-
rich red pulp, rendered Fc-mediated spleen uptake, if present, min-
imal. We found that 5,933 mesothelin molecules are expressed per
4T1 cell, whereas around 105 CD3 molecules are generally
expressed per human T cell (32,33). In the spleen, this high CD3
expression possibly acts as a first “sink.” This organ, which

A B

FIGURE 4. (A) Activity retention in gastrointestinal tract 9 d after injection of 50 lg of 89Zr-mesothelin
HLEBiTE in4T1-tumor–bearingBALB/cmouse. (B)H&Estainingof frozensectionsof highlightedareas.
LN5 lymph node.

BIODISTRIBUTION OF
89ZR-MSLN HLE BITE � Suurs et al. 1801



functions as the primary filter for the blood, has leaky discontinu-
ous capillaries that permit fast accumulation (34,35). A dose of
10 lg resulted in immediate high spleen uptake, low blood levels,
and moderate tumor uptake. This rapid uptake seemed to limit the
available HLE BiTEmolecules in the circulation. A small increase
in the protein dose from 10 to 50 lg resulted in reduced spleen
uptake, higher blood levels, and higher tumor uptake. Increasing
the dose to 200 lg further reduced spleen uptake, but it did not fur-
ther increase tumor uptake, possibly because of binding saturation.
Dose-dependent uptake was not observed in the thymus, and
uptake in the thymus was slower than in the spleen. In contrast
to the spleen, the thymus has continuous capillaries limiting blood
extravasation from the vasculature (36). Both thymus and spleen
have an extensive availability of CD3-positive T cells, but dose-
dependent uptake is observed just in the spleen. The 9-fold higher

affinity of the mesothelin HLE BiTE
molecule for mesothelin may drive
uptake in the tumor, but the uptake
seems influenced by the availability in
the blood after rapid clearance.
Ex vivo biodistribution revealed that

89Zr-mesothelin HLE BiTE uptake was
increased in multiple organs such as the
liver, kidney, lung, adipose tissue, and
gastrointestinal tract, compared with
the control HLE BiTE. A slightly
increased uptake in the liver and kidney
is also found for radiolabeled antimeso-
thelin antibodies, compared with other
antibodies, in humans (37,38). Higher
uptake observed in the lung, adipose
tissue, and heart is consistent with
RNA expression profiles of mesothelin
(39). The gastrointestinal tract uptake
of 89Zr-mesothelin HLE BiTE is CD3-
mediated with uptake in the gut-
associated lymph nodes. Specific
immune cell–mediated uptake in the
gut has been previously observed for a
murine CD8-positive T-cell tracer and
a radiolabeled BiTE molecule targeting
CD3-positive T cells (13,40).
Unexpectedly, the livers of mice receiv-

ing 89Zr-mesothelin HLEBiTE showed an
increase in necrotic areas,whichwas tracer
dose-dependent,whereas the liver does not
express mesothelin (19,39). The buffer
components were similar, and we ruled
out endotoxin toxicity as a cause but
have yet to find an explanation for this
observation. Further investigation was
beyond the scope of this study.
In the clinic, BiTE molecules are

administered continuously and intrave-
nously, given their short half-life. In a
PET-imaging study with 89Zr-AMG
211 in patients with gastrointestinal
adenocarcinomas, rapid renal clearance
and relatively low tumor uptake were
observed (9). With the extended half-

life of HLE BiTE molecules, less frequent administrations and
higher tumor uptake are projected. Multiple HLE BiTE molecules
are currently being evaluated, and most have an affinity balance
between CD3 and the tumor-associated antigen similar to that of
the mesothelin HLE BiTE evaluated here (AMG 160, prostate-
specific membrane antigen Kd 5 14.8 nM and CD3 Kd 5 22.4
nM; AMG 757, DLL3 Kd 5 0.64 nM and CD3 Kd 5 14.9 nM)
(41,42).
Increasing the blood half-life of tumor-targeting antibody con-

structs raises the tumor uptake in mice (17). The effect of increas-
ing tumor affinity on tumor uptake is less straightforward (16). A
theoretic peak in maximum uptake seems to exist, in which a lower
affinity will prevent accumulation, and increasing the affinity will
hamper tumor penetration and accumulation (16,43). Therefore,
we hypothesize that the extended half-life is mainly responsible

A

B

FIGURE 5. Ex vivo analysis of spleen and tumor tissue (4T1) 5 d after injection of 50 lg of 89Zr-meso-
thelin HLE BiTE or 50 lg of 89Zr-control HLE BiTE. (A) Spleen tissue. From left to right are shown tissue
autoradiography, CD3 immunohistochemistry, and mesothelin immunohistochemistry. (B) Tumor tis-
sue. From left to right are shownH&E and tissue autoradiography, followed byCD3 immunohistochem-
istry andmesothelin immunohistochemistryofhigh-and low-uptakeareas. InH&Epanel, necroticcore is
shown as lighter-staining region. MSLN5mesothelin.
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for the increase in tumor uptake of the mesothelin HLE BiTE com-
pared with canonic BiTE molecules.

CONCLUSION

It is complex to predict the contribution of each targeting arm of a
bispecific antibody construct to its biodistribution. Our results indi-
cate that the circulatory half-life of the construct plays an important
role in this biodistribution. In this study, molecular imaging demon-
strated that the mesothelin HLE BiTE biodistribution is driven by
both targeting arms and has improved pharmacokinetic parameters
over BiTE molecules. These findings support the future clinical
development of HLE BiTE molecules and the use of molecular
imaging in this process to understand biodistribution and tumor
targeting.
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KEY POINTS

QUESTION: What is the whole-body biodistribution of HLE BiTE in
tumor-bearing syngeneic mice, and does it target tumors?

PERTINENT FINDINGS: This biodistribution study with a 89Zr-
labeled mesothelin-targeted HLE BiTE molecule and a 89Zr-control
HLE BiTE molecule revealed specific tumor uptake, with both tar-
geting arms of the mesothelin HLE BiTE molecule contributing to its
biodistribution. The mesothelin HLE BiTE molecule accumulated at
mesothelin and CD3-expressing tissues, such as the tumor and the
spleen.

IMPLICATIONS FOR PATIENT CARE: Multiple HLE BiTE mole-
cules are currently in clinical trials. This study in mice showed that
they have a favorable biodistribution profile and supports the
potential for clinical translation of HLE BiTE molecules.
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