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Abstract
B7-H3 is a transmembrane protein widely expressed in a variety of cancers and has been shown to play a role
in anti-tumor immunity. This study aims to develop a molecular imaging probe to identify B7-H3 expression in
tumors and to develop 89Zr-DS-5573a as a theranostic that could aid patient selection in clinical Phase I studies.
Methods: The anti-B7-H3 humanised monoclonal antibody DS-5573a was labeled with zirconium-89 (89Zr-),
and assessed for radiochemical purity, immunoreactivity (Lindmo analysis), antigen binding affinity (Scatchard
analysis), and serum stability in vitro. In vivo biodistribution and imaging studies were performed with positron
emission tomography and magnetic resonance imaging (PET/MRI) studies to identify and quantitate
89Zr-DS-5573a tumor uptake in a B7-H3-positive breast cancer model (MDA-MB-231) and a B7-H3-negative
murine colon cancer model (CT26). Imaging and biodistribution studies were also performed in MDA-MB-231
tumor-bearing SCID mice in the absence and presence of therapeutic DS-5573a antibody dose (3 mg/kg
DS-5573a).
Results: 89Zr-DS-5573a showed high and specific binding to B7-H3-expressing MDA-MB-231 cells
(immunoreactivity on day 0, 75.0 ± 2.9%), and low binding to B7-H3-negative CT26 cells (immunoreactivity on
day 0, 10.85 ± 0.11%) in vitro. 89Zr-DS-5573a demonstrated good serum stability in vitro with 57.2 ± 2.0% of
immunoreactivity remaining on day 7. In vivo biodistribution studies showed high uptake of 89Zr-DS-5573a in
B7-H3-expressing MDA-MB-231 tumor-bearing mice, achieving 32.32 ± 6.55 %ID/g on day 7 post injection in
BALB/c nu/nu mice and 25.76 ± 1.79 %ID/g in SCID mice, with minimal evidence of non-specific uptake in
normal tissues, and excellent tumor localization on PET/MRI. In a combined imaging/therapy study, receptor
saturation was demonstrated in tumors responding to therapy.
Conclusion: 89Zr-DS-5573a demonstrates specific and prolonged targeting of B7-H3-expressing tumors in
vivo. Saturation of binding sites was demonstrated in tumors responding to DS-5573a therapy. These results
indicate that 89Zr-DS-5573a has potential to target B7-H3-expressing tumors in cancer patients. Furthermore
89Zr-DS-5573a has the potential to provide important insights into T cell biology through its specific binding to
B7-H3.
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Introduction
T cell activation requires two signals; the first
occurs through the engagement of the T cell receptor
by the major histocompatibility complex on
antigen-presenting cells. The second signal is antigen
independent and occurs through the engagement of
the B7/CD28 family of co-stimulatory molecules. The
B7 family comprises seven members and can be
divided into three groups based on phylogenetic
analysis: group I (B7-1, B7-2, and B7h), group II
(PD-L1 and PD-L2) and group III (B7x and B7-H3) [1].
Immunomodulatory drugs targeting members of the
B7 family, such as PD-L1, have shown impressive
response rates in a variety of tumor types in early
phase clinical trials [2-7].
Human B7-H3 (B7 homolog 3 or CD276) is a type
1 transmembrane protein that has its extracellular
region encoded by duplicated V-like and C-like
immunoglobulin domains [8]. B7-H3 has a
co-stimulatory role through T cell proliferation and
interferon-γ induction [9]. Interestingly, B7-H3 has
also been shown to inhibit T cell-dependent responses
in B7-H3-deficient mice and inhibit natural killer cell
cytotoxic function, by binding to an inhibitory
receptor [10-12]. B7-H3 protein is not constitutively
expressed on immune cells, but its expression can be
induced in T cells, natural killer (NK) cells, and
antigen-presenting cells [13]. Although B7-H3 mRNA
has been reported in various normal tissues [9], B7-H3
protein expression is more limited [14-16]. In contrast,
B7-H3 overexpression has been reported in a variety
of cancers including breast [17, 18], prostate [19, 20],
ovarian [21], renal cell [22], colorectal [23] and
urothelial cancers [24]. B7-H3 expression is
significantly higher on tumor vascular endothelial
cells as compared to normal tissue [17, 20, 25]. In some
cancer types, B7-H3 overexpression is associated with
an aggressive cancer phenotype [26, 27] resulting in
an increase in risk of cancer recurrence, cancer
metastases and poorer patient outcome [1, 28-30].
Preclinical studies have shown that siRNA
knockdown of B7-H3 expression reduces cell
adhesion, migration, and invasion in melanoma,
breast and prostate cancer cells [26, 27].
Preclinical studies with contrast-enhanced
ultrasound imaging using microbubbles have shown
the potential in identifying cancerous lesions early in
preclinical models by targeting B7-H3 on endothelial
cells [17]. DS-5573a is an anti-human B7-H3
afucosylated humanized antibody generated by
Daiichi Sankyo [31]. DS-5573a induces high
antibody-dependent cellular cytotoxicity in vitro
against cell lines ranging from low (COLO205, 1.7 ×
104 receptors/cell) to high (NCI-H322, 3.4 × 105
receptors/cell)
B7-H3
expression.
In
vivo,
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dose-dependent anti-tumor activity of DS-5573a was
demonstrated in MDA-MB-231-bearing SCID mice
with significant tumor growth inhibition observed at
doses as low as 0.03 mg/kg [31]. This study aimed to
develop a molecular imaging probe to B7-H3, through
desferrioxamine chelation and 89Zr-radiolabeling of
DS-5573a, as well as characterizing the in vitro and in
vivo binding properties of the radioconjugate. In
addition to tracer development, combined imaging
and therapy studies in vivo were performed to
demonstrate the theranostic potential of DS-5573a,
i.e., to characterize the diagnostic properties of
89Zr-Df-Bz-NCS-DS-5573a
in combination with
treatment of the DS-5573a antibody itself.

Methods
Cell culture
The human B7-H3 antigen-expressing breast
cancer cell line MDA-MB-231 and negative control
murine colon cancer cell line CT26 were obtained
from the American Type Culture Collection (ATCC,
Manassas, MD, USA). The cells were cultured in
RPMI 1640 medium (Invitrogen, Carlsbad, CA, USA)
or Dulbecco modified Eagle medium respectively,
with 10% foetal calf serum, 2 mM GlutaMAX (Gibco),
and 100 units/mL of penicillin and 100 µg/mL of
streptomycin in a 10 mM citrate buffer (Gibco),
incubated at 37 °C with 5% CO2.

Animal model
Cells (MDA-MB-231, 20 × 106 cells; CT26, 2 × 106
cells) were injected subcutaneously in the right flank
of 5-6-week-old female BALB/c nu/nu mice or SCID
mice (Animal Research Centre, WA, Australia). All
animal studies were approved by the Austin Hospital
Animal Ethics Committee and were conducted in
compliance with the Australian Code for the care and
use of animals for scientific purposes.

Binding activity of DS-5573a by ELISA
Recombinant murine B7-H3 (Val29-Phe244) and
human B7-H3 (Leu29-Pro245) with a C-terminal
10-His tag were obtained from R&D Systems.
DS-5573, a full-sized anti-human B7-H3 afucosylated
humanized antibody (150 kDa) was obtained from
Daiichi Sankyo. Phosphate-buffered saline (PBS) was
added for reconstitution to a final concentration of 100
μg/mL. B7-H3 antigens (3 μg/mL in PBS; 50 μL per
well) were coated to 96-well maxisorp plates (Nunc)
overnight at 4 °C. Plates were blocked with 3% fetal
calf serum in PBS (240 μL/well) for 1 h at room
temperature. A serial dilution of DS-5573a or an IgG
isotype control antibody (10 μg/mL to 3.15 ng/mL)
were added to the plate in duplicate and incubated for
1 h at room temperature. Plates were washed three
http://www.thno.org
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times with washing buffer (0.05% Tween in PBS).
Secondary goat anti-human Ig Fc-horse radish
peroxidase-conjugated antibody (100 μL per well) was
added at a 1 in 2000 dilution and incubated for 1 h at
room temperature. After washing three times with
washing buffer, 3,3′,5,5′-Tetramethylbenzidine (TMB)
Liquid Substrate (Sigma) (100 μL/well) was added
and allowed to react for 10 min at room temperature
before adding stop solution (2 M H2SO4, 50 μL/well).
Absorbance was read using an ELISA plate reader at
450 nm.

Chelation and radiolabeling of 89Zr-labeled
DS-5573a
Analytical grade reagents, sterile technique and
pyrogen-free plasticware were used in all labeling
steps. DS-5573a was chelated with the bifunctional
metal
ion
chelator
p-isothiocyanatobenzyldesferrioxamine (Df-Bz-NCS; Macrocyclics Inc Dallas,
TX, USA) at a 3.0-fold molar excess as described
before [32]. Df-Bz-NCS-DS-5573a conjugates prepared
in 50 mM sodium acetate buffer (BDH/VWR
Chemicals, Australia), pH 5.6, containing 5% w/v
sorbitol (BDH/VWR Chemicals, Australia) and 0.01%
w/v Tween 80 (Croda, Australia), were aliquoted in
1.0 mg aliquots and stored at -80 oC until required.
Following chelation, DS-5573a was trace
radiolabeled as follows: a solution containing 99.9 ±
16.1 MBq (2.7 mCi) of positron-emitting 89Zr
(PerkinElmer, Melbourne, Australia) was mixed with
1.0 mg Df-Bz-NCS-DS-5573a for 45 min. The mixture
was then quenched with EDTA. The product was
purified on a Sephadex G50 column (Pharmacia,
Uppsala, Sweden) equilibrated with sodium chloride
BP, with resultant radioconjugates assessed for
radiochemical purity and immunoreactivity.

Quality control and in vitro characterization of
89Zr-labeled DS-5573a
Radiochemical purity was estimated by instant
thin-layer chromatography (ITLC) using silica gel
impregnated glass fiber ITLC strips (Gelman Sciences,
Inc., An Arbor, MI, USA) and 20 mM citric acid, pH
4.8 as mobile phase. The immunoreactive fraction of
the
radiolabeled
DS-5573a
constructs
with
antigen-positive MDA-MB-231 cells was determined
by linear extrapolation to binding at infinite antigen
excess using a Lindmo assay [33] as previously
described [34]. For this antibody-antigen system, 40
million cells were used in the binding assays under
conditions of antigen excess. Scatchard analysis was
used to calculate the apparent association constant
(Ka) and number of antibody molecules bound per cell
[33].

4201
Serum stability was assessed by incubating 20 µg
in 100 µL of human serum
at 37 °C for a 7-day period. Radiochemical purity and
single-point immunoreactivity assays at 0 (day of
radiolabeling, no incubation), 3 and 7 days of
incubation were performed with B7-H3-expressing
MDA-MB-231 cells (40 × 106) under conditions of
antigen excess. Single point immunoreactivity assays
were also performed with the B7-H3-negative cell line
CT26 on day 0. Radioconstruct integrity was assessed
by size exclusion chromatography (SEC) performed
on a Superdex 200HR 10/30 column (GE Healthcare)
at a flow rate of 0.14 mL/min and fraction size of 3.6
mL. The elution buffer was phosphate-buffered saline
at pH 7.4.
89Zr-Df-Bz-NCS-DS-5573a

Biodistribution study with 89Zr-labeled
DS-5573a
BALB/c nu/nu or SCID mice with established
MDA-MB-231 or CT26 tumors received a trace dose of
0.37 MBq 89Zr-Df-Bz-NCS-DS-5573a (5 µg, 10.1 µCi),
intravenously via the tail vein (0.1 mL). On day 0 (2 h),
1, 2, 3, 5, and 7 after injection, groups of MDA-MB-231
tumor-bearing BALB/c nu/nu mice (n = 5) were
sacrificed by overinhalation of isofluorane anaesthesia
and biodistribution of radiolabeled DS-5573a in
normal organs and tumors was assessed.
Biodistribution
studies
in
MDA-MD-231
tumor-bearing SCID mice (n = 3) and CT26
tumor-bearing SCID mice (n = 3) were performed on
day 3 or day 7 after injection only.
At the designated time points, the mice were
humanely sacrificed by isofluorane overinhalation,
exsanguinated by cardiac puncture, and tumors and
organs were collected immediately. All samples were
counted in a dual-channel γ-scintillation counter
(Wizard; PerkinElmer). Triplicate standards prepared
from the injected material were counted at each time
point with tissue and tumor samples, enabling
calculations to be corrected for physical decay of the
isotope. The tissue distribution data were calculated
as the mean ± SD percentage injected dose per gram
tissue (%ID/g) for the radiolabeled construct per time
point.

Molecular imaging of B7-H3
In vivo PET imaging of 89Zr-labeled DS-5573a
was performed on a separate group of three
MDA-MB-231 tumor-bearing BALB/c nu/nu mice
receiving a dose of 2.46 MBq 89Zr-Df-Bz-NCS-DS5573a (30 µg, 66.5 µCi). Mice were imaged with
positron emission tomography (PET) and magnetic
resonance (MR) on day 7 post injection with a small
animal camera (nanoScan PET/MR camera, Mediso,
Budapest, Hungary).
http://www.thno.org
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89Zr-DS-5573a

imaging in DS-5573a-treated
MDA-MB-231 tumor-bearing SCID mice

To investigate the use of 89Zr-DS-5573a as a
theranostic, 89Zr-DS-5573a PET/MR imaging was
performed in DS-5573a-treated mice. MDA-MD-231
tumor-bearing SCID mice with established tumors
(83.37 ± 13.13 mm3, n = 12) were randomized in two
groups of six mice. One group received weekly
intravenous injection of DS-5573a (3 mg/kg) and the
second group received vehicle control (phosphatebuffered saline, pH 7.4). After four weeks of
treatment, groups of three treated and untreated mice
were injected with 5 μg 89Zr-DS-5573a (13.3 μCi) with
or without the addition of 70 μg of unlabeled DS-5573
(3 mg/kg). PET/MR imaging was performed on day 3
and day 7 post injection. After the final scan, mice
were humanely sacrificed and organs were collected
and radioactivity was counted in a dual-channel
γ-scintillation counter. At the end of therapy (day 35),
percentage tumor growth inhibition (%TGI) was
calculated as follows: %TGI = [1-(T/T0 / C/C0) /
1-(C0/C)] ×100, where T = mean tumor volume of
treated at endpoint, T0 = mean tumor volume of
treated at time 0, C = mean tumor volume of control at
endpoint and C0 = mean tumor volume of vehicle
control at time 0.
At the start of therapy, a separate group of six
MDA-MD-231 tumor-bearing SCID mice with
average tumor size of 81.91 ± 20.66 mm3 were injected
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with 5 μg 89Zr-DS-5573a (20 μCi). Three out of the six
mice received an additional 70 μg of unlabeled
DS-5573 (3 mg/kg). A biodistribution study was
performed on day 3 after injection.

Statistical analysis
A paired t-test was used to determine significant
differences between tissues (%ID/g) of 89Zr-DS-5573a
biodistribution results in MDA-MB-231 and CT26
tumor-bearing
mice.
An
unpaired
t-test
(Mann-Whitney) was used to determine significant
differences between tumor volumes in treated and
untreated groups at each time point and to compare
tissues (%ID/g) of 89Zr-DS-5573a biodistribution
results in treated and untreated groups at each time
point. Data are presented as the average ± SD, unless
stated differently, and p-values of ≤ 0.05 were
considered significant. All analyses were done using
Graphpad Prism version 6.03.

Results
Conjugation, radiolabeling and quality
assurance of 89Zr-labeled DS-5573a
DS-5573a specifically binds to human B7-H3, but
not to murine B7-H3, as shown by ELISA (Figure
1A-B). Chelation of DS-5573a was shown to be
achieved without loss of structural integrity by
SDS-PAGE
analysis
under
reducing
and
non-reducing conditions (Figure S1A-B). Df-Bz-NCS-

Figure 1. In vitro specific binding of DS-5573a and 89Zr-Df-Bz-NCS-DS-5573a. (A) ELISA results showing specific binding of DS-5573a to human B7-H3. (B) ELISA
results showing specific binding of DS-5573a to murine B7-H3. (C) Lindmo plot showing binding of 89Zr-Df-Bz-NCS-DS-5573a to increasing concentrations of B7-H3-positive
MDA-MB-231 cells. (D) Scatchard plot of 89Zr-Df-Bz-NCS-DS-5573a to MDA-MB-231 cells. (E) Total binding of 89Zr-Df-Bz-NCS-DS-5573a to 20 × 106 B7-H3-postive
MDA-MB-231 versus B7-H3-negative CT26 cells (n = 2).
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Figure 2. Biodistribution properties of 89Zr-Df-Bz-NCS-DS-5573a in MDA-MB-231 xenograft BALB/c
nu/nu mice over 7 days. Bars, mean ± SD; n = 5.

The tumor-to-blood ratio increased
from 0.12 ± 0.02 (day 0) to 5.03 ±
0.73 (day 7).
A higher dose of 66.5 µCi of
89Zr-Df-DS-5573a was administered
to the mice for imaging studies.
Whole-body
PET/MR
images
confirmed excellent localization of
89Zr-Df-DS-5573a
to
tumors
established in the left flank on day 7
post injection (Figure 3). After
imaging, mice were sacrificed and
tumor uptake was compared at the
different dose levels (i.e., 10.1 µCi (5
µg) for biodistribution study versus
66.5 µCi (30 µg) for imaging study).
Comparable tumor uptake was
seen at the two doses (biodistribution, 32.32 ± 7.32 %ID/g;
imaging, 27.73 ± 3.30 %ID/g; P =
0.42).

DS-5573a was radiolabeled with 89Zr at an efficiency
of 88.9 ± 2.8% and high radiochemical purity (99.3 ±
0.2%). The immunoreactivity was 93.9 ± 1.5 % (Figure
1C). Specific activity of 89Zr-Df-Bz-NCS-DS-5573a was
86.95 ± 10.73 MBq/mg (2.35 ± 0.29 μCi/μg) protein.
Scatchard analysis indicated that the 89Zr-conjugate
had a Ka of 4.0 × 109 M-1 and the number of antibody
binding sites per cell was 87,000 (Figure 1D). In a
single-point binding assay, 89Zr-DS-5573a showed
high and specific binding to B7-H3-expressing
MDA-MB-231 cells (75.0 ± 2.9%), and low binding to
B7-H3-negative CT26 cells (10.85 ± 0.11%) (Figure 1E).
Stability data for 89Zr-Df-DS-5573a after 7 days in
human serum showed radiochemical purity remained
high at 94.6% and immunoreactivity decreased to 57.2
± 2.0%. The integrity of the radioconstruct was
maintained during the incubation period, as
demonstrated by size exclusion chromatography
analysis (Figure S1C-F).

Biodistribution studies and imaging with
89Zr-labeled DS-5573a
Figure 2 summarizes the biodistribution results
of 89Zr-DS-5573a in B7-H3-positive MDA-MB-231
tumors in BALB/c nu/nu mice. 89Zr-labeled DS-5573a
demonstrated high tumor uptake, with normal tissues
demonstrating clearance patterns typical of a
radiolabeled intact humanized antibody. On day 0 (2
h post injection), the mean ± SD levels of
radioconjugate in tumor was 4.58 ± 0.69 %ID/g,
increasing to 27.31 ± 4.61 %ID/g by day 3, which was
maintained to day 7 with a value of 32.32 ± 6.55
%ID/g of tumor. There was some minor bone uptake,
most likely due to localization of catabolized free 89Zr.

Figure 3. In vivo imaging of B7-H3 receptor in MDA-MB-231
tumor-bearing BALB/c nu/nu mice. (A) BALB/c nu/nu mouse bearing a
MDA-MB-231 tumor of 322 mm3. (B) BALB/c nu/nu mouse bearing a MDA-MB-231
tumor of 240 mm3. (C) BALB/c nu/nu mouse bearing a MDA-MB-231 tumor of 393
mm3. MR (surface rendered, top row), PET (maximum intensity projection, middle row)
and fused PET/MR (bottom row) images of each MDA-MB-231 xenograft mouse taken
on day 7 post injection of 89Zr-Df-Bz-NCS-DS-5573a.

http://www.thno.org
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Specific targeting of 89Zr-labeled DS-5573a in
vivo
SCID mice were selected for the remaining part
of the study because the therapeutic activity of the
DS-5573a antibody has previously been demonstrated
in SCID mice [31]. Firstly, biodistribution of
89Zr-DS-5573a (5 μg, 12.5 μCi) was compared in
MDA-MB-231 tumor-bearing BALB/c nu/nu (313.4 ±
51.8 mg, n = 3) and SCID (314.9 ± 137.2 mg, n = 3)
mice. In addition, to demonstrate specific targeting of
DS-5573a in vivo, 89Zr-DS-5573a was injected in human
B7-H3-negative CT26 (512.5 ± 218.6 mg, n = 3)
tumor-bearing SCID mice. Biodistributions and
PET/MR imaging were performed on day 3 post
injection to keep tumor sizes comparable between
each group.
Tumor uptake was significantly lower in
B7-H3-negative CT26 tumors (10.07 ± 0.79 %ID/g)
compared to both MDA-MB-231 tumors in SCID
(35.90 ± 3.59 %ID/g, P < 0.0005) as well as
MDA-MB-231 in BALB/c nu/nu mice (29.62 ± 5.71.30
%ID/g, P < 0.001), demonstrating specific targeting of
89Zr-DS-5573a in vivo (Figure 4). All other organs in
the two strains did not show significant differences in
89Zr-DS-5573a uptake, with the exception of the
spleen. Significantly higher spleen uptake was
observed in tumor-bearing SCID mice (MDA-MB-231,
28.95 ± 1.65 %ID/g; CT26, 30.35 ± 0.30 %ID/g) versus
BALB/c nu/nu mice (MDA-MB-231, 14.80 ± 0.50
%ID/g) (P < 0.005). The average spleen size of SCID
mice (47.2 ± 3.0 mg, n = 30) was significantly smaller
than BALB/c nu/nu mice (91.5 ± 2.6 mg, n = 30)
(Figure
S2A).
Although
comparable
%ID
89Zr-DS-5573a was measured in BALB/c nu/nu and
SCID mice on day 3 (Figure S2D; BALB/c nu/nu, 1.47
± 0.28; SCID, 1.35 ± 0.25) and day 7 (Figure S2E;
BALB/c nu/nu, 1.36 ± 0.25 %ID; SCID, 1.25 ± 0.16
%ID), a significant difference in spleen size between
the two strains on day 3 (BALB/c nu/nu, 0.101 ± 0.014
g; SCID, 0.046 ± 0.008 g; P < 0.05) and day 7 was
measured (BALB/c nu/nu, 0.096 ± 0.018; SCID, 0.059
± 0.003; P < 0.05) (Figure S2B-C) as well as a higher
%ID/g of 89Zr-DS-5573a in the spleens of
tumor-bearing SCID mice versus BALB/c nu/nu mice
on day 3 (BALB/c nu/nu, 14.53 ± 1.33 %ID/g; SCID,
29.33 ± 2.33 %ID/g; P < 0.05) and day 7 (BALB/c
nu/nu, 14.17 ± 2.06 %ID/g; SCID, 21.33 ± 2.89 %ID/g;
P < 0.05). This observation aligns with the differences
in Fc-meditated uptake of IgG1 antibodies measured
in non-targeted tissues of different mouse strains as
shown recently by Sharma et al. [35]. Whole-body
PET/MR images confirmed markedly reduced uptake
of 89Zr-DS-5573a in antigen-negative CT26 tumors
versus antigen-positive MDA-MB-231 tumors in SCID
mice on day 3 post injection (Figure 5).

Figure 4. Specific targeting of 89Zr-Df-Bz-NCS-DS-5573a in vivo.
Biodistribution of 89Zr-Df-Bz-NCS-DS-5573a in MDA-MB-231 tumor-bearing BALB/c
nu/nu and SCID mice versus CT26 on day 3 post injection. Bars, mean ± SEM; n = 3; *,
P ≤ 0.05.

Figure 5. In vivo imaging of B7-H3 receptor in tumor-bearing SCID mice.
(A) Representative whole-body surface-rendered MRI images (left column), maximum
intensity projection PET images (middle column) and fused PET/MRI images (right
column) of 5 μCi 89Zr-Df-Bz-NCS-DS-5573a injected in a MDA-MB-231
tumor-bearing SCID mouse at day 3 post injection. (B) Representative whole-body
surface-rendered MRI images (left column), maximum intensity projection PET images
(middle column) and fused PET/MRI images (right column) of 5 μCi 89ZrDf-Bz-NCS-DS-5573a injected in a CT26 tumor-bearing SCID mouse at day 3 post
injection.

Molecular imaging of B7-H3 with 89Zr-labeled
DS-5573a in combination with DS-5573a
therapy
A combined imaging/therapy study was
performed to demonstrate the theranostic potential of
89Zr-DS-5573a. A schematic diagram of the set-up of
http://www.thno.org
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the experiment is shown in Figure S3. SCID mice with
established MDA-MB-231 tumors (83.37 ± 13.13 mm3,
n = 12) were treated with DS-5573a (3 mg/kg in PBS)
or vehicle control (PBS) at a weekly basis for four
weeks in total (Figure 6, Figure S3 and Figure S4).
The percentage tumor growth inhibition (%TGI) after
four weeks of therapy with DS-5573a was 89.8%
(Figure 6A-B).
At commencement of therapy, a separate group
of nine mice (82.48 ± 20.80 mm3) was injected with
89Zr-DS-5573a (5 μg, 0.02 mg/kg). Three out of nine
mice received 5 μg labeled antibody (18.6 μCi), three
out of nine received 5 μg labeled antibody (18.6 μCi)
mixed with 70 μg of cold DS-5573a antibody to total a
therapeutic dose of 3 mg/kg, and three out of nine
mice received an imaging dose of 30 μg (112 μCi) with
45 μg of cold DS-5573a to total a therapeutic dose of 3
mg/kg. Figure 6C shows the results of the
biodistribution study performed on day 3 post
injection. Tumor uptake was significantly lower in the
groups of mice receiving therapeutic doses of
antibody (3 mg/kg), demonstrating saturation of the
B7-H3 binding sites at that dose level (5 μg
89Zr-DS-5573a,
58.98 ± 16.86 %ID/g; 5 μg
89Zr-DS-5573a + 70 μg cold DS-5573a, 16.04 ± 1.97
%ID/g; 30 μg 89Zr-DS-5573a + 45 μg cold DS-5573a,
17.90 ± 3.13 %ID/g).
All other organs did not show significant
differences in 89Zr-DS-5573a uptake, with the
exception of the spleen. Significantly higher spleen
uptake was observed in the 5 μg 89Zr-DS-5573a group
(29.72 ± 2.25 %ID/g) and the 30 μg 89Zr-DS-5573a + 45
μg cold DS-5573a group (38.24 ± 6.14 %ID/g) versus
the 5 μg 89Zr-DS-5573a + 70 μg cold DS-5573a group
(18.39 ± 4.07 %ID/g). Again, the differences in spleen
uptake were attributed to the differences in spleen
sizes between groups and its effect on Fc-mediated
uptake of DS-5573a antibody (spleen 5 μg
89Zr-DS-5573a, 41 ± 5 mg; spleen 5 μg 89Zr-DS-5573a +
70 μg cold DS-5573a, 52 ± 7 mg; spleen 30 μg
89Zr-DS-5573a + 45 μg cold DS-5573a, 24 ± 3 mg).
One week after the final administration of
therapy of DS-5573a or vehicle control, a combination
of a biodistribution and PET/MR imaging study was
performed. In each therapy group (n = 6), three mice
received 5 μg labeled antibody (13.3 μCi) and three
mice received 5 μg labeled antibody (13.3 μCi) mixed
with 70 μg of cold DS-5573a antibody to total a
therapeutic dose of 3 mg/kg. On day 7 post injection,
biodistribution was performed on all mice (Figure
6D). PET/MR imaging was performed on a
representative mouse of each group on day 7 post
injections (Figure 6E). Significantly reduced tumor
uptake was observed in the treated group (Tx) versus
the vehicle control group (PBS) injected with tracer
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dose of 5 μg 89Zr-DS-5573a (Tx = 16.17 ± 2.14 %ID/g
PBS = 25.76 ± 1.80 %ID/g; P < 0.001). Blocking of
binding sites was demonstrated by comparing tumor
uptake in mice receiving a tracer dose of 5 μg
89Zr-DS-5573a with tumor uptake in mice receiving a
blocking dose of 5 μg 89Zr-DS-5573a mixed with 70 μg
cold DS-5573a. Tumor uptake was reduced from 25.76
± 1.80 %ID/g to 12.48 ± 1.35 %ID/g in the vehicle
control group and from 25.76 ± 1.80 %ID/g to 13.24 ±
1.35 %ID/g in the DS-5573a-treated group (Figure
6D-E). This indicates that even one week after final
therapy injection, the binding sites in the
MDA-MB-231 tumors of DS-5573a-treated mice
remain blocked, suggesting that a weekly injection of
DS-5573a suffices to keep the B7-H3 receptors
blocked.
Biodistribution results on day 7 post injection
show that the majority of organs of the DS-5573a
treated mice (blood, heart, lung, stomach, kidneys,
small intestine, colon, bone, skin and tail) show a
significant increase in %ID/g compared to the organs
of the vehicle control groups (Figure 6D). The
increased activity in these organs suggests a delay in
antibody clearance in treated mice compared to
vehicle control mice due to the weekly injections of 3
mg/kg DS-5573a. In contrast, spleen uptake is
reduced in the treated mice versus untreated mice,
which can also be explained by the delayed blood
clearance and catabolism of 89Zr-DS-5573a in the
presence of increased blood levels of cold DS-5573a.

Discussion
Immunotherapy drugs are being evaluated in
essentially all tumor types and some, targeting CLTA
or PD-1, have already entered standard medical
practice [36-39]. However, there remain significant
challenges ahead, including optimising patient
selection and understanding mechanisms of
resistance. Development of new drugs is therefore
important; amongst these, are drugs targeting the
B7-H3 family.
A number of monoclonal antibodies targeting
B7-H3 have been tested in preclinical models [40, 41].
Enoblituzumab (MGA271) is a humanised IgG1
monoclonal antibody engineered to potentiate
antibody-dependent cell-mediated cytotoxicity [28].
Interim results from a phase 1 dose escalation study
(National Clinical Trial (NCT) 01391143) evaluating
MGA271 in a variety of high-B7-H3-expressing
tumors shows a favourable safety profile with early
evidence of efficacy [42]. A two-component cohort
expansion (NCT01391143) is underway. MGA271 is
also being evaluated in combination with ipilimumab
(NCT02381314) and pembrolizumab (NCT02475213)
in early phase clinical trials. 8H9 is a humanised IgG1
http://www.thno.org
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monoclonal antibody targeting B7-H3 [43]. 8H9
radiolabeled with 131I and 124I is being evaluated in
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CNS tumors (NCT01502917 and NCT00089245) and
peritoneal metastases (NCT01099644).

Figure 6. Theranostic properties of 89Zr-DS-5573a in MDA-MB-231 tumor-bearing SCID mice treated weekly with 3 mg/kg DS-5573 or vehicle control for
a total of four weeks. (A) Tumor volumes measured with a caliper in DS-5573a-treated and vehicle control mice (n = 6). (B) Tumors removed from DS-5573a-treated (lower
panel) and vehicle control (upper panel) mice at 35 days post treatment. Scale bar, 1 cm. (C) Specific targeting of 89Zr-Df-Bz-NCS-DS-5573a in vivo demonstrated at the start of
therapy. Biodistribution of different concentrations of 89Zr-Df-Bz-NCS-DS-5573a in MDA-MB-231 tumor-bearing SCID mice on day 3 post injection (n = 3). (D) Specific
targeting of 89Zr-Df-Bz-NCS-DS-5573a in vivo demonstrated at the end of therapy. Biodistribution of 89Zr-Df-Bz-NCS-DS-5573a in MDA-MB-231 tumor-bearing SCID mice
treated for four weeks with 3 mg/kg DS-5573a (Tx, n = 6) or vehicle control (PBS, n = 6) on day 7 post injection. One week after the final treatment, half of each therapy group
was injected with 5 μg 89Zr-Df-Bz-NCS-DS-5573a and the other half was injected with 5 μg 89Zr-Df-Bz-NCS-DS-5573a mixed with 70 μg cold DS-5573a (3 mg/kg). (E) In vivo
saturation of B7-H3 at a therapeutic dose level of 3 mg/kg DS-5573a demonstrated by PET/MRI. Representative whole-body surface-rendered MRI images (top row), maximum
intensity projection PET images (middle row) and fused PET/MRI images (bottom row) are shown on day 7 post injection of 89Zr- Df-Bz-NCS-DS-5573a in vehicle control-treated
mice (PBS) and DS-5573a-treated (3 mg/kg) mice (Tx). To demonstrate specific binding in each therapy group, mice were injected with 5 μg 89Zr-Df-Bz-NCS-DS-5573a (0.2
mg/kg) or 5 μg 89Zr-Df-Bz-NCS-DS-5573a mixed with 70 μg cold DS-5573a (3 mg/kg). The hot spot visible in PET and PET/MRI images of the PBS-treated mouse receiving 3
mg/kg is due to a blood crust (Figure S4). Bars, mean ± SEM; *, P ≤ 0.05; **, P ≤ 0.01.

http://www.thno.org

Theranostics 2018, Vol. 8, Issue 15
In this study, we report on the successful
radiolabeling of DS-5573a and explore the potential
theranostic use of 89Zr-Df-Bz-NCS-DS-5573a as an
imaging probe in combination with unlabeled
DS-5573a targeting B7-H3-expressing tumors.
Preclinical studies show DS-5573a has potent
antitumor activity mediated by antibody-dependent
cellular cytotoxicity and phagocytosis [31]. We report
the first imaging of B7-H3 expression on cancer cells
using 89Zr with a PET imaging approach showing
excellent resolution and ability to quantify tumor
uptake. The study demonstrated the specific targeting
of 89Zr-Df-Bz-NCS-DS-5573a in B7-H3-expressing
tumors, in vitro as well as in vivo using PET molecular
imaging of B7-H3 expression on tumor cells.
89Zr-Df-Bz-NCS-DS-5573a was stable in serum at 37
°C with retention of immunoreactivity, radiochemical
purity and construct integrity for up to 7 days. The
biodistribution study demonstrated high uptake of
89Zr-Df-Bz-NCS-DS-5573a in tumors, with levels
rising by day 3 and maintained to day 7. The stable in
vivo properties of 89Zr-Df-Bz-NCS-DS-5573a were
comparable to previously reported IgG1 humanized
antibodies [32, 44, 45]. Uptake of 89Zr-Df-Bz-NCSDS-5573a was higher in the spleen of SCID mice
versus BALB/c nu/nu mice. A smaller spleen size was
measured in SCID mice versus BALB/c nu/nu mice,
which can contribute to an increased uptake in the
spleen of SCID mice. A similar observation has been
made by England et al. in immunodeficient NSG mice
[46]. Furthermore, a recent publication by Sharma et
al. demonstrated that the immunodeficiency status of
the mouse host as well as both the biological origin
and glycosylation of the antibody contribute
significantly to differences in the biodistribution of
therapeutic monoclonal antibodies [35]. As shown by
Sharma et al., the interaction between Fc gamma
receptors (FγcRs) expressed by immune effector cells
of myeloid origin (such as monocytes/macrophages
prevalent in the spleen and a subset of dendritic cells
and neutrophils in the bone marrow) and the Fc
portion of antibodies results in anomalous
biodistribution
of
radioimmunoconjugates
in
non-target organs such as the spleen of mice that have
a highly immunodeficient background. Furthermore,
the glycosylation status of the DS-5573a, an
afucosylated human IgG1 antibody with increased
binding affinity for FcγRIIIa, could have contributed
to the non-target uptake of 89Zr-DS-5573a in organs
such as bone and spleen when compared to
previously reported 89Zr-labeled humanized IgG1
antibodies [32, 35, 44, 45].
A higher imaging dose of 66.5 µCi (30 μg) of
89Zr-Df-Bz-NCS-DS-5573a was initially administered
to the MDA-MB-231 BALB/c nu/nu mice for
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PET/MRI imaging. Comparable tumor uptake was
seen between the 30 μg imaging dose level and the 5
μg biodistribution dose level (biodistribution, 32.32 ±
7.32 %ID/g; imaging, 27.73 ± 3.30 %ID/g; P = 0.42). In
contrast, a biodistribution study in MDA-MB-231
tumor-bearing SCID mice showed that at a
therapeutic dose of 3 mg/kg (i.e., 30 μg mixed with 45
μg cold DS-5573a), saturation occurs. These results
show the ability of 89Zr-Df-Bz-NCS-DS-5573a to
measure receptor occupancy in vivo, and that receptor
saturation can be observed at doses required for
therapeutic effects.
A murine colon cancer cell line CT26 was used as
a negative control. We demonstrated that DS-5573a
does not bind the murine B7-H3, and therefore, the
use of this model was justified as no therapeutic
activity of DS-5573a in CT26 tumors is expected.
However, the absence of human B7-H3 in normal
mouse tissue does not reflect normal B7-H3
expression in normal human tissues and a clinical trial
study with 89Zr-Df-Bz-NCS-DS-5573a is needed to
show normal B7-H3 expression and related
89Zr-Df-Bz-NCS-DS-5573a uptake.
The impact of therapeutic activity of DS-5573a
on 89Zr-Df-Bz-NCS-DS-5573a biodistribution and
tumor uptake was investigated in a combined
imaging/therapy study. Both biodistribution and
PET/MR imaging demonstrated reduced tumor
uptake of trace radiolabeled 89Zr-Df-Bz-NCS-DS5573a (0.2 mg/kg) in the presence of 3 mg/kg
therapeutic dose of DS-5573a. Comparison of the
uptake of 89Zr-Df-Bz-NCS-DS-5573a (0.2 mg/kg) in
antigen-negative CT26 tumors versus uptake of
89Zr-DS-5573a at different dose levels (0.2 mg/kg
versus 3 mg/kg) shows that saturation occurs in
DS-5573a-treated mice, and that the tumors remain
saturated for at least one week after four weeks of
therapy. This offers the opportunity in a clinical
setting to measure saturation of B7-H3 in patients.
A full comparison on the effect on
biodistribution of B7-H3 acting as a sink was not
investigated. However, on day 3 post injection the
difference in blood activity when comparing blood
from MDA-MB-231 tumor-bearing mice versus CT26
tumor-bearing mice, can provide indirect evidence.
Blood activity in CT26 tumor-bearing mice was 14.41
± 0.72 %ID/g versus 9.96 ± 3.72 %ID/g in
MDA-MB-231 tumor-bearing SCID mice. This
difference suggests there might be a small effect on
biodistribution of B7-H3 acting as a sink.
The ability to use 89Zr-Df-Bz-NCS-DS-5573a as
molecular imaging probe for patients undergoing
immunotherapy treatment is part of a crucial effort to
enable patient selection and understand the biology of
these drugs better. As immune-modulatory drugs
http://www.thno.org
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become standard of care, evaluating tumor responses
can be challenging especially when attempting to
differentiate metabolically active cancer cells from
activated immune cells. Multiple molecular imaging
techniques using emission tomography have been
evaluated, including direct ex vivo labeling of T
lymphocytes with radioactive probes [47, 48], indirect
labeling of immune cells in vivo using PET reporter
gene expression [49, 50], small-molecule PET tracers
and radiolabeled intact antibodies. High PD-L1
expression has been shown to correlate with
anti-tumor response of anti-PD-1 therapy [51]. B7-H3
overexpression is associated with a poor outcome;
however, its effect on anti-tumor activity of
immunotherapies remains unknown. 89Zr-Df-BzNCS-DS-5573a has the potential to be an ideal PET
tracer by providing real-time quantitation, and
detection of heterogeneity and dynamic changes in
B7-H3 expression, all of which can be useful for
guiding and monitoring therapy responses and
therefore select patients most likely to benefit from
immunotherapy. Furthermore, 89Zr-DS-5573a binds to
B7-H3, which is typically only expressed in cancer
cells and therefore binding is not proliferationdependent.
In conclusion, this study has demonstrated
specific and prolonged targeting of 89Zr-Df-Bz-NCSDS-5573a in B7-H3-expressing xenografts. Therefore,
89Zr-Df-Bz-NCS-DS-5573a
has the potential to
quantify non-invasively B7-H3 target expression of
tumors in cancer patients, as well as aid with dose
selection in human phase 1 clinical studies.
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