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ABSTRACT: Programmed death ligand 1 (PD-L1) is a type 1
transmembrane immunosuppressive protein that is expressed on a
wide range of cell types, including cancer cells. Anti-PD-L1
antibodies have revolutionized cancer therapy and have led to
improved outcomes for subsets of cancer patients, including triple-
negative breast cancer (TNBC) patients. As a result, PET imaging
of PD-L1 protein expression in cancer patients has been explored
for noninvasive detection of PD-L1 expressing tumors as well as
monitoring response to anti-PD-L1 immune checkpoint therapy.
Previous studies have indicated that the in vivo stability and in vivo
target detection of antibody-based radio-conjugates can be dramatically affected by the chelator used. These reports demonstrated
that the chelator HOPO diminishes 89Zr de-chelation compared to DFO. Herein, we report an improved HOPO synthesis and
evaluated a series of novel analogues for thermal stability, serum stability, PD-L1-specific binding using the BT-549 TNBC cell line,
PET imaging in vivo, as well as biodistribution of 89Zr-labeled anti-PD-L1 antibodies in BT-549 xenograft murine models. A new
chelator, C5HOPO, demonstrated high stability in vitro and afforded effective PD-L1 targeting in vivo via immuno-PET. These
results demonstrated that an improved HOPO chelator is an effective chelating agent that can be utilized to image therapeutically
relevant targets in vivo.

■ INTRODUCTION
Immunoglobulin-like immunosuppressive proteins, such as
programmed death ligand 1 (PD-L1; also known as B7
homologue 1), are expressed on a wide range of cell types,
including cancer cells.1 PD-L1 binds the receptor programmed
cell death protein 1 (PD-1), leading to the inhibition of T-cell
proliferation, cytolytic activity, and overall immune response.
Complexation of PD-L1 with PD-1 hinders the activation state
of CD28/major histocompatibility complex (MHC) and results
in inhibition of T-cell proliferation.2,3 Clinical trials have
demonstrated that targeting the PD-L1/PD-1 axis with
monoclonal antibodies rejuvenates tumor-infiltrating lympho-
cytes.4−7 Several monoclonal antibodies that target either PD-1
or PD-L1 have been developed and used for cancer
immunotherapy,8−10 including nivolumab and pembrolizumab,
which target PD-1 and atezolizumab, durvalumab, and
avelumab, which target PD-L1.11−13 Advanced combination
therapies are underway, for example, a phase III clinical trial
study from IMpassion130 demonstrated efficacy and safety
when using atezolizumab plus nab-paclitaxel (immunotherapy
in combination with chemotherapy) to treat patients with PD-
L1 immune cell-positive unresectable, locally advanced or
metastatic triple-negative breast cancer (TNBC).14 This is
particularly encouraging as TNBC, defined based on the lack of

expression of estrogen (ER), progesterone (PR), or HER2
receptors, is the most aggressive breast cancer phenotype with
the poorest outcome. Many combination studies are on-
going.15−18

These results point to opportunities to develop new immuno-
PET imaging agents for both PD-L1 assessments in TNBC
patients and for use in monitoring response to immunotherapy.
Previous work has demonstrated that PET imaging of
radiolabeled anti-PD-L1 antibodies may offer significant
advantages in analyzing PD-L1 protein expression in vivo
compared to conventional immunohistochemistry, which has
many limitations, including the need for an invasive biopsy,
often provides inaccurate quantification of PD-L1 expression in
metastatic and damaged tissues, and is unable to detect changes
in PD-L1 expression due to dynamic changes in the tumor
microenvironment.19−21 In addition, anti-PD-L1 antibody PET
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imaging can evaluate both primary tumors and metastasis,
potentially alleviating the false negative rate in mulitfocal disease
and identifying toxicities due to bone marrow or spleen binding
via a noninvasive imaging procedure.22−31

Several immuno-PET agents, i.e., positron-emitting radio-
nuclides linked by a bifunctional chelator that has been
conjugated to a monoclonal antibody, have been developed
over the past several years.32 Zirconium-89 (89Zr), a positron-
emitting radionuclide, has received much attention for use in
antibody-based PET imaging33,34 because of its relatively long
half-life (78.4 h), which is compatible with the biological half-life
of antibodies, and its relatively low-energy positron (βavg = 395.5
keV), which affords high-resolution images and allows collection
of a large number of images. Several 89Zr-based antibody
imaging agents have been translated into clinical trials.34−40

Thus, further advancement of anti-PD-L1 antibodies radio-
labeled with positron-emitting isotopes may be useful for PET
imaging in order to monitor treatment response to immuno-
therapy in PD-L1 immune-positive patients.
Several chelators have gained attention in recent years capable

of sequestering longer-lived radiometals relevant to immuno-
PET.41 A well-known standard bifunctional chelator for 89Zr is
desferrioxamine B (DFO), a bacterial siderophore and
hexadentate ligand consisting of three hydroxamates that
provide six oxygen donors (3 anionic and 3 neutral) for
radiometal binding. DFO has a hexadentate capacity to form a
complex with 89Zr.42−44 Raave ́ et al.45 recently reported the
modification of DFO for the complexation of 89Zr. Still, Deri et
al.46 reported that DFO may not be an ideal ligand for 89Zr
because the uptake of radioactivity in the bone is high owing to
the accumulation of 89Zr4+ in the skeleton due to possible de-
chelation, as demonstrated when 89Zr was conjugated
specifically to trastuzumab, an anti-HER2 receptor anti-
body.47,48 De-chelation of radioactivity and deposition into
the bone cortex and marrow is especially problematic as the
bone marrow is a radiosensitive tissue. This observed de-
chelation in vivomay limit the use of DFO as a chelator for 89Zr.
Deri and colleagues also reported synthesizing a new bifunc-

tional chelator for 89Zr, 3,4,3-(LI-1,2-HydrOxyPyridinOne)
(HOPO).46 A non-hydroxamate-based ligand, HOPO consists
of four 1,2-hydroxypyridinones for metal binding (i.e., Zr4+) as
an octadentate chelator (i.e., 8 oxygen donors, 4 anionic and 4
neutral) with spermine as a backbone (Figure 1). 89Zr-HOPO-
trastuzumab was found to be a stable complex with lower bone
activity than the DFO conjugate. Tinianow et al.49 also reported
that the 89Zr-HOPO complex showed less bone retention than
did 89Zr-DFO.
Herein, we report an improved alternative synthesis of three

novel HOPO ligands with various carbon-chain lengths to link
the backbone of HOPO to a para isothiocyanate phenylthiourea
moiety used for the conjugation to proteins and monoclonal
antibodies. The in vitro thermal and serum stabilities of the novel
HOPO ligands chelated to zirconium-89were evaluated. Finally,
the most stable and easy-to-use ligand, C5HOPO, was
conjugated to two anti-PD-L1 antibodies, STM004 and
STM108,50 and we evaluated these new anti-PD-L1 radio-
conjugates in vitro, and in vivo in a murine xenograft model of
TNBC.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of Novel HOPO

Analogues. First, we described an improved synthetic strategy
leading to three novel HOPO analogues with three different
carbon chain lengths, hereafter known as C3HOPO, C4HOPO,
and C5HOPO. N-Protected amino-alkyl iodides 5a-c (Scheme
S3) of three different carbon chain lengths (n = 1, 2, and 3) were
prepared in three steps, with an overall yield of 70%. The
reaction of spermine with N-protected amino-alkyl iodides 5a-c
yielded mono-substituted spermine 6a-c with up to 81% yield
(Scheme S4). The reaction between the mono-substituted
spermine derivatives 6a-c and HOPO acid chloride 9a (1-
(benzyloxy)-6-oxo-1,6-dihydropyridine-2-carbonyl chloride)
was carried out in situ by treating compound 9 (Scheme S5)
with oxalyl chloride and yielded N-protected amino-alkyl
spermine-HOPO derivatives 10a-c with a 23% yield in 5 h,
relatively faster compared to the literature methods.46,51 The

Figure 1. Chemical structures of 89Zr-p-SCN-Bn-DFO and the novel 89Zr-p-SCN-Bn-C5HOPO conjugated with a representative monoclonal
antibody.
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low yield of these N-protected amino-alkyl spermine-HOPO
derivatives 10a-c (Scheme S6) was attributed to the formation
of mono-HOPO-protected, di-HOPO-protected, and tri-
HOPO-protected byproducts. The benzyl and benzyloxy
protecting groups were removed by acidic hydrolysis to obtain
compounds 11a-c, (Scheme S7) in a quantitative yield.
The amino-alkyl-spermine-HOPO derivatives 11a-c were

reacted with phenyl-di-isothiocyanate to obtain p-SCN-phenyl-
alkyl-spermine-HOPO derivatives 12a-c with up to 55% yields.
The final products, p-SCN-phenyl-alkyl-spermine-HOPO de-
rivatives 12a-c, were purified by preparative high-performance
liquid chromatography (HPLC) and characterized by 1H NMR,
13C NMR, and high-resolution mass spectrometry (HRMS).
The overall yields achieved starting from spermine and alkyl
iodide to p-SCN-phenyl-alkyl-spermine-HOPO derivatives

(12a-c, 4 steps, Scheme 1) were 10, 9.8, 10% for 12a, 12b,
and 12c, respectively. Compound 13d, termed p-SCN-Bn-
C2HOPO (C2HOPO),46 was synthesized using the synthetic
strategy from spermine, with five steps and an overall yield of
3.4% (Scheme 2).
In the literature, Deri et al. initially described a four-step

procedure to synthesize a mono-substituted spermine with
meager yield, long reaction times, and purification challenges.46

Bhupathiraju et al. also reported a procedure for mono-
substituted spermine formation with low yield (33%); however,
they still recovered unreacted spermine and encountered
purification issues.51 Due to the aforementioned purification
challenges, results often suffered from poor reactivity issues in
subsequent steps. To overcome these issues, this reaction was
tested under simpler conditions using 1 equiv of 5a, which

Scheme 1. Synthetic Scheme for the Preparation of p-NCS-Bn-HOPO (12a-c)
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essentially worked as a limiting reagent for the reaction and
avoided or limited the formation of undesired products, such as
di-, tri-, and tetra-substituted spermine. Because the spermine
consisted of two primary amine functionalities at both ends and
two secondary amines in the middle of the structure, this
provided the opportunity for multi-substitution. By controlling
or limiting the addition of 5a to 1 equiv, spermine as two
equivalents using triethylamine as a base, and room temperature
for 5 h of reaction time, 6a was synthesized with 81% yield
(Scheme S4). Since spermine was completely consumed in the
reaction and the mono-substituted product was very polar due
to the presence of the spermine backbone, purification involved
simple silica gel column chromatography using a 20%MeOH/
10%NH4OH/70%DCMeluent system, which afforded the pure
mono-substituted spermine in high yields.
Deri et al.46 also demonstrated the superior stability of 89Zr-

HOPO compared with 89Zr-DFO and performed the synthesis
in nine steps, and Bhupathiraju et al.51 reported an improved
synthesis of p-SCN-Bn-HOPO in four major steps. In this study,
the chain length of the linker is at one end with three carbons,
four carbons, and five carbons without disturbing the
functionality of the bifunctional linker. This synthetic strategy
provided a facile and more efficient route to synthesize p-SCN-
Bn-HOPO in four major steps (Scheme 1).52 Moreover, the
design involving HOPOwith five carbon chains is similar to that

of DFO with five carbon chains, thereby mimicking the linker
size in both structures. This increase in carbon chain length for
the HOPO analogue design would allow for more steric
freedom, ease of conjugation, more flexibility when the ligand
was conjugated to either proteins or antibodies, and extended
the juxtaposition distance between protein or antibody and
ligand.
In summary, we have developed three new HOPO analogues:

p-SCN-Bn-C3-HOPO (C3HOPO), p-SCN-Bn-C4-HOPO
(C4HOPO), and p-SCN-Bn-C5-HOPO (C5HOPO) utilizing
a more efficient synthesis strategy (Table 1). The stability of
HOPO analogues was compared to p-SCN-Bn-DFO (DFO) as
well as their efficacy as chelators for immuno-PET.

In Vitro Studies. First, the stability of novel HOPO ligands
(C3-C5HOPO), complexed with 89Zr was determined utilizing
a variety of metrics.

EDTA Challenge Test. Foremost, the stability of C3-
C5HOPO, C2HOPO, and DFO ligands (free chelates)
radiolabeled with 89Zr was tested in the presence of EDTA.
To do so, the free chelates were radiolabeled with 89Zr under
mild conditions, pH 7 at room temperature. DFO chelator
labeled within 1 h and HOPO derivates labeled within 2 h.
Labeling efficiency was quantified by radio-TLC and labeled
chelates were purified using a PD-10 column. To evaluate the
stability of the 89Zr-ligand complexes, complexes were incubated
with a 10-fold excess of ethylenediamine tetraacetic acid
(EDTA) at pH 5, 6, 7, and 8, at 37 °C for 7 days. Subsequently,
the stability of the complexes was monitored by radio-TLC
every 24 h for 7 days post initial incubation. The 89Zr-C3-
C5HOPO and 89Zr-C2HOPO complexes remained intact
(>99.5%) throughout the 7-day testing period and retained
stability at each pH (Table 2). In contrast, 89Zr-DFO complexes
were extremely unstable and demonstrated a high percent
transchelation, especially at pH 5.0 (Table 2). Thus, the 89Zr-
C3-C5HOPO complexes demonstrated excellent stability
during an ETDA challenge test, comparable to the stability of
the 89Zr-C2HOPO complex, and with significantly better
stability compared to the 89Zr-DFO complexes.

Thermal Stability. Next, the thermal stability of the HOPO
and DFO 89Zr-labeled complexes was tested when HOPO and
DFO chelates were conjugated to a biologically relevant protein,
BSA. DFO, C3HOPO, C4HOPO, C5HOPO, and C2HOPO
derivatives were conjugated to BSA through a thiourea moiety,
where the isothiocyanate functional group of the DFO or
HOPO derivative reacted with the amine functional group of
lysine residues. BSA conjugates were subsequently purified using
dialysis cassettes. BSA conjugates were radiolabeled with 89Zr
utilizing the same conditions as when radiolabeling the free
chelates. Radio chemical yields (n = 2 labelings) were 82, 95, 89,
90, and 98% for DFO, C2-HOPO, C3-HOPO, C4-HOPO, and
C5-HOPO, respectively. Molar activity (n = 2 labelings; Bq/
mol) were 8 × 1015, 6 × 1015, 7 × 1015, 7 × 1015, and 5 × 1015 for
DFO, C2-HOPO, C3-HOPO, C4-HOPO, and C5-HOPO,
respectively. Subsequently, they were incubated in PBS at 4 °C,
room temperature, and 37 °C, and stability was monitored by
radio-TLC at 24 and 48 h. Similar to the EDTA challenge, 89Zr-
C3-C5HOPO-BSAs and 89Zr-C2HOPO-BSA complexes dem-
onstrated high thermal stability, while 89Zr-DFO-BSA was less
stable at each temperature over time (Table S2).

pH Stability. The pH stability of the chelators was tested
when conjugated to monoclonal anti-PD- L1 antibodies
(STM004 and STM108) at 37 °C. After testing the conjugation
efficiency of all of the HOPO analogues, C5HOPO derivative

Scheme 2. : Preparation of p-SCN-Bn-C2HOPO (13d) Using
the Synthetic Strategy
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Table 1. Summary of HOPO Analogues Compared to DFOa

aThree new HOPO analogues were synthesized: p-SCN-Bn-C3HOPO (C3HOPO), p-SCN-Bn-C4HOPO (C4HOPO), and p-SCN-Bn-C5HOPO
(C5HOPO). In this table, the nomenclature and structure of each chelator are described and how they compare to p-SCN-Bn-DFO (DFO).

Table 2. EDTA Challenge Study of 89Zr-DFO, 89Zr-C3HOPO, 89Zr-C4HOPO, 89Zr-C5HOPO, and 89Zr-C2HOPO with BSA
Proteina

aData are mean% values ± standard deviation of their initial value (n = 3). Green color indicates the stability of 89Zr-labeled complexes >99%
intact. Yellow indicates 90−99%, orange indicates 70−90%, and red indicates <70% (unstable).
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proved to be the easiest to conjugate, and thus, this derivative
was selected for further evaluating new HOPO analogues
conjugated tomonoclonal antibodies. Both DFO and C5HOPO
were conjugated to the monoclonal antibodies STM004 and
STM108 using a ligand-to-antibody ratio of 5:1 (DFO) and 15:1
(C5HOPO derivative) and subsequently purified using dialysis
cassettes. The 15:1 ligand-to-antibody conjugation ratio was
chosen when conjugating C5HOPO because the 5:1 ligand-to-
antibody conjugation ratio proved unsuccessful. To determine
the maximum molar activities of each HOPO-antibody, the
starting volume of each HOPO-antibody was varied. 30 μL of
starting antibody yielded 20−39% labeling efficiency, and 60 μL
was sufficient to achieve maximum molar activity. DFO- and
C5HOPO-conjugated STM004 and STM108 were radiolabeled
with 89Zr, as described in Figures S1−S8 and Table S1. 89Zr-
C5HOPO-STM004 was obtained in a radiochemical yield of 52
± 4% (n = 6), and 89Zr-C5HOPO-STM108 was obtained in
only 6.5± 1.5% (n = 6) radiochemical yield, with amolar activity
of 9.4 ± 1.6 × 1015 Bq/mol. Poor radiolabeling of STM108 may
be attributed to a less efficient conjugation of bifunctional
chelator to the antibody, antibody aggregation,53 radiolysis,
and/or insufficient removal of hydrolyzed p-NCS-Bn-C5HOPO
after conjugation.
The pH stability of 89Zr-DFO-STM004, 89Zr-DFO-STM108,

89Zr-C5HOPO-STM004, and 89Zr-C5HOPO-STM108 was
evaluated at 37 °C in PBS at pH 5, 6, 7, and 8 over 7 days by
radio-TLC. 89Zr-DFO-STM004 showed significant instability
(34%) at pH 5.0 and moderate stability (65 to 76%) as the pH
increased from 6 to 8 (Table 3 (pH 7) and Table S3 (pH 5, 6,
and 8)). In contrast, both 89Zr-C5HOPO antibodies remained
highly stable at 37 °C in PBS at pH 5, 6, and 7, with only a
minimal decrease in stability at pH 8 (up to 90%± 3.0) (Table 3
(pH 7) and Table S3 (pH 5, 6, and 8)).

The stabilities of 89Zr-DFO and 89Zr-C5HOPO were further
compared. Stability was tested with BSA conjugates, STM004 or
STM108 monoclonal antibodies conjugates at 48 h at
physiological pH. The percent stability of conjugated 89Zr-
C5HOPO-BSA protein was 6.7 percentage points higher than
89Zr-DFO-BSA (Figure S9). Similarly, when comparing the
percent stabilities of the 89Zr labeled complexes conjugated to
monoclonal antibodies, the stability of 89Zr-C5HOPO-STM004
was 28 percentage points higher than 89Zr-DFO-STM004, and
the critical antibody 89Zr-C5HOPO-STM108 was 18 percent-
age points higher than 89Zr-DFO-STM108 (Figure S9). These
results indicated that 89Zr-labeled C5HOPO were significantly
(p < 0.0001, 2-way ANOVA, column factor DFO vs HOPO)
more stable in vitro than their corresponding 89Zr-labeled DFO
congeners.

Serum Stability. Next, the serum stability of 89Zr-DFO-BSA
and 89Zr-C5HOPO-BSA complexes in both human serum and
mouse serum at 37 °C for up to 72 h was tested and compared.
The serum stability of the 89Zr-DFO-BSA and 89Zr-C5HOPO-
BSA complexes was monitored by radio-TLC every 24 h for up
to 72 h post-incubation. 89Zr-DFO-BSA was extremely unstable
at 72 h (3.8% ± 2.92) compared to its initial value in human
serum and similarly unstable (10.7% ± 2.20 at 72 h) in mouse
serum (Table 4). This instability was due to the de-chelation of
89Zr from DFO. In contrast, the 89Zr-C5HOPO-BSA complex
was extremely stable (>99.5% at 72 h) in both human andmouse
serum (Table 4).
Next, the stability of 89Zr-labeled C5HOPO and DFO when

conjugated to monoclonal antibodies STM004 and STM108 in
both human serum and mouse serum was evaluated. Similar to
when the chelators were conjugated to BSA, the stability of 89Zr-
DFO-STM004 diminished significantly at 72 h to 28.0% ± 3.60
in human serum and 20.3% ± 4.50 in mouse serum (Table 4).
After 72 h, 89Zr-DFO-STM108 was stable in human serum

Table 3. pH Stability of 89Zr-DFO-STM004, 89Zr-DFO-STM108, 89Zr-C5HOPO-STM004, and 89Zr-C5HOPO-STM108 at
Physiologic pH (7) at 37 °Ca

aGreen color indicates stability of 89Zr-labeled complexes >99% intact. Yellow indicates 90−99%, orange indicates 70−90%, and red indicates
<70% (unstable).

Table 4. Serum Stability of 89Zr-DFO-STM004, 89Zr-DFO-STM108, 89Zr-HOPO-STM004, and 89Zr-HOPO-STM108
Complexesa

aData are mean% values ± standard deviations of their initial values (n = 3). Green color indicates the stability of 89Zr-labeled complexes >99%
intact. Yellow indicates 90−99%, orange indicates 70−90%, and red indicates <70%.
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(78.0% ± 5.19) but proved unstable in mouse serum (32.3% ±
3.05) (Table 4).
In contrast, 89Zr-C5HOPO-STM004 and 89Zr-C5HOPO-

STM108 were highly stable in human serum (99.1% ± 0.23,
99.9% ± 0.05) and mouse serum (98.7% ± 0.58, 99.8% ± 0.05)

at 72 h, respectively (Table 4). These results further

demonstrated the high stability of 89Zr-labeled C5HOPO

when conjugated to BSA or monoclonal antibodies (STM004

and STM108) in mouse and human serum.

Figure 2. Live cell binding assays of 89Zr-C5HOPO-STM004 (A) and 89Zr-C5HOPO-STM108 (B) in DMEM at 37 °C. Comparative PD-L1 specific
binding (binding of blocked or unblocked for the respective labeled antibodyminus binding of KO cell line for the respective labeled antibody) of 89Zr-
C5HOPO-STM004 or 89Zr-C5HOPO-STM108 in DMEM at 37 °C (C). Data are mean ± standard deviation (n = 3); KO, PD-L1 knockout; **p ≤
0.01, *p ≤ 0.05.

Figure 3. (A) Biodistribution of free or unchelated 89Zr at 144 h after injection of four mice bearing BT549 tumor xenografts. (B) Comparative
biodistribution of 89Zr-DFO-BSA, 89Zr-C3-C5HOPO-BSA, and 89Zr-C2HOPO-BSA (48 h post-injection, n = 4 for each labeled protein) in healthy
female athymic nude mice. Data are mean %ID/g value± standard deviation. %ID/g, percent injected dose per gram. (C) Representative PET coronal
maximum intensity projections of 89Zr-labeled-BSA: 89Zr-DFO-BSA, 89Zr-C4-HOPO-BSA, 89Zr-C5-HOPO-BSA at 24 and 48 h post-injection.
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Live Cell Binding Assay. After demonstrating that 89Zr-
C5HOPO has high stability by several metrics in vitro,
C5HOPO was evaluated as new chelator for immuno-PET. As
an exemplar application, imaging PD-L1 was selected. Two anti-
PD-L1 antibodies with relatively high (STM108) and low
(STM004) affinity for PD-L1 were selected for evaluation.50

First, live cell binding and blocking experiments were conducted
in order to confirm that STM004 and STM108, when
conjugated to C5HOPO, retained PD-L1 binding and expected

rank order of cell retention. BT549 cells, a high PD-L1
expressing human TNBC cell line, or BT549 PD-L1 KO cells
were incubated with 89Zr-C5HOPO-STM004 or 89Zr-
C5HOPO-STM108. For blocking experiments, excess of the
corresponding cold antibodies (STM004 and STM108, 50×)
was added 20 min before the addition of the labeled antibodies.
Cells were incubated with the labeled antibodies for 60min at 37
°C, washed three times with ice-cold DMEM, and cell-
associated activity was assessed by a γ counter and protein

Figure 4. (A) PET/CT imaging in vivo of 89Zr-DFO-STM108 and 89Zr-C5HOPO-STM108 at 1 day, 2−3 days, and 6 days post-injection (coronal
images at the top and coronal maximum intensity projection images at the bottom for each antibody) in mice with BT549 tumor xenografts. %ID/cc,
percent injected dose/cubic centimeter. Two exemplar mice were provided per group. (B) Biodistribution of 89Zr-C5HOPO-STM004 (n = 4), 89Zr-
C5HOPO-STM108 (n = 4), 89Zr-DFO-STM004 (n = 4), and 89Zr-DFO-STM108 (n = 4) at 144 h after injection in mice bearing BT549 tumor
xenografts. Data are mean%ID/g value ± standard deviation. %ID/g, percent injected dose per gram.
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mass by BCA assay. 89Zr-C5HOPO-STM004 showed relatively
low binding to BT549 WT cells (0.021 ± 0.005 cpmc·mL/mg
protein·cpmo) (Figure 2A), which was slightly diminished in
BT549 PD-L1 KO cells (0.013 ± 0.002 cpmc·mL/mg protein·
cpmo) and was minimally displaced by cold STM004.
Conversely, 89Zr-C5HOPO-STM108 demonstrated relatively
high cell binding to BT549 WT cells (0.59 ± 0.21 cpmc·mL/mg
protein·cpmo), which was significantly diminished in BT549
PD-L1 KO cells (0.10 ± 0.01 cpmc·mL/mg protein·cpmo) and
displaceable by ∼10-fold with cold STM108, confirming the
binding and specificity of 89Zr-C5HOPO-STM108 to PD-L1
(Figure 2B) and the expected rank order from the prior
literature. These results demonstrated that 89Zr-labeled
C5HOPO-conjugated anti-PD-L1 antibodies reflected the
known binding and specificity for PD-L1 of the native
antibodies50 (Figure 2C). Similar results were also obtained
when cells were incubated with 89Zr-labeled DFO-conjugated
anti-PD-L1 antibodies or incubated inMEBSS solution (Figures
S10 and S11). Rank order specificity was confirmed by
fluorescence microscopy. There was more specific binding of
STM108 by PD-L1 expressing cells compared to STM004 both
by the antibodies alone or when conjugated to C5HOPO or
DFO (Figure S12).

In Vivo Studies. Next, C5HOPO was evaluated as a new
chelator for immuno-PET by testing the binding and retention
of 89Zr-labeled anti-PD-L1 antibodies in mice harboring TNBC
BT549 tumors, the same cancer cells utilized for studies in vitro.
Prior to injecting 89Zr-labeled C5HOPO PD-L1 antibodies into
mice bearing BT549 tumor xenografts, we assessed the behavior
in vivo of free or unchelated 89Zr. 89Zr was neutralized, passed
through a PD-10 column, eluted with PBS, and injected into
tumor-bearing mice (n = 4), which were then imaged by PET/
CT. The resulting biodistribution demonstrated high uptake of
free 89Zr in the bone (25.76 ± 5.46% ID/g) (Figure 3A). This
served as a control for free 89Zr4+, generally known to accumulate
in the bone. The liver and kidney showed much less retention
than did the bone, and there was little specific binding in the
tumor.
Next, the overall biodistribution of C5HOPO was compared

to other chelators when conjugated to a nontargeted protein,
BSA. Healthy female athymic nude mice (n = 4 for each labeled
protein) were injected with 89Zr-DFO-BSA, 89Zr-C3-
C5HOPO-BSA, or 89Zr-C2HOPO-BSA, and mice were imaged
at 24 and 48 h by PET. The animals were humanely euthanized

after the 48 h PET scans. Organs were isolated and weighed, and
radioactivity was counted using a γ counter. The percent
injected dose per gram (% ID/g) was calculated (mean ±
standard deviation) for all labeled BSA conjugates. Comparative
biodistribution studies of 89Zr-DFO-BSA, 89Zr-C3-C5HOPO-
BSA, and 89Zr-C2HOPO-BSA at 48 h post-injection found only
slight retention differences. Most of the activity accumulated in
the liver and slowly cleared through the kidney (Figure 3B).
Overall, once chelated, across all labeled proteins, there was
minimal bone uptake compared to the high bone uptake seen
with free 89Zr. 89Zr-DFO-BSA and 89Zr-C5HOPO-BSA showed
the lowest bone uptake of 1.55± 0.15 and 1.68± 0.13% ID/g at
48 h, respectively. These results further demonstrated the high
stability of C5HOPO in vivo (Figure 3B,C).
Next, the tumor-targeting capacities of 89Zr-labeled

C5HOPO-conjugated anti-PD-L1 antibodies were character-
ized using the high PD-L1 expressing BT-549 TNBCmodel. 5×
106 BT-549 cells were implanted by subcutaneous injection into
the right flank of 5-week-old female athymic nude mice. Tumor
growth was monitored until tumors reached a minimal volume
of 100−150 mm3 (Figures S13 and S14). The mice were
injected with 89Zr-labeled-anti-PD-L1 antibodies through tail
vein IV injection (approx. 12−15 μCi/mouse) under anesthesia
and PET/CT scans were performed at 24, 48, and 144 h after
injection of the labeled antibodies. Biodistribution studies ex
vivowere carried out on all of the animals after PET/CT imaging
at 144 h.
Both 89Zr-labeled C5HOPO-STM108 and C5HOPO-

STM004 demonstrated good overall tumor targeting by PET/
CT (Figures 4 and S16). Biodistribution data demonstrated that
89Zr-C5HOPO-STM108 showed higher tumor accumulation
(9.21 ± 2.12% ID/g) compared to 89Zr-C5HOPO-STM004
(4.94± 0.46% ID/g) and lower overall liver accumulation, 6.7±
0.9% ID/g compared to 14.1± 1.8% ID/g, respectively (Figures
4 and S16 and Table 5). In addition, 89Zr-C5HOPO-STM108
had a more favorable tumor-to-blood ratio than 89Zr-C5HOPO-
STM004 at 144 h: 2.36 compared to 0.83, respectively; tumor-
to-liver ratio, 1.37 compared to 0.35, respectively; and tumor-to-
muscle ratio 30.6 compared to 9.8, respectively. These data
demonstrated that C5HOPO could perform as an excellent
chelator for immuno-PET. In addition, the better overall
performance of 89Zr-C5HOPO-STM108 compared to 89Zr-
C5HOPO-STM004 for in vivo imaging of PD-L1 was likely
reflective of the higher overall affinity of STM108 for PD-L1

Table 5. Biodistribution In Vivo (%ID/g)a

organ 89Zr-DFO-STM004 89Zr-HOPO-STM004 89Zr-DFO-STM108 89Zr-HOPO-STM108 p-value

blood 6.4 ± 1.8 5.9 ± 0.4 3.5 ± 1.9 3.9 ± 1.0 0.778518
muscle 0.8 ± 0.2 0.5 ± 0.2 0.3 ± 0.1 0.3 ± 0.0 0.527813
bone 2.5 ± 0.7 1.3 ± 0.4 2.2 ± 0.8 1.8 ± 0.2 0.442526
heart 2.5 ± 0.6 2.0 ± 0.4 1.1 ± 0.6 1.1 ± 0.1 0.821979
lung 2.6 ± 0.8 3.1 ± 1.2 2.0 ± 0.6 2.0 ± 0.5 0.981605
liver 6.8 ± 2.0 14.1 ± 1.8 4.2 ± 1.3 6.7 ± 0.9 0.023795
spleen 3.1 ± 0.4 2.6 ± 0.5 2.7 ± 1.0 2.7 ± 0.3 0.990775
pancreas 5.9 ± 2.0 0.4 ± 0.2 3.7 ± 0.9 0.4 ± 0.2 0.00057
intestine 0.9 ± 0.1 0.6 ± 0.0 0.6 ± 0.2 0.6 ± 0.1 0.795714
stomach 0.7 ± 0.1 0.5 ± 0.0 0.5 ± 0.2 0.6 ± 0.0 0.615244
kidney 2.4 ± 0.4 2.6 ± 0.3 2.9 ± 0.5 2.6 ± 0.4 0.461984
tumor 7.0 ± 1.1 4.9 ± 0.4 7.8 ± 2.8 9.2 ± 2.1 0.484761

aBiodistribution data of 89Zr-labeled DFO- and HOPO-anti-PD-L1 antibodies at 144 h after injection. Data are mean%ID/g value ± standard
deviation (n = 4). Results of unpaired t-tests of the respective ROI organ data comparing 89Zr-DFO-STM108 vs 89Zr-HOPO-STM108 are shown
(p-values). Adjusted acceptance level should be p < 0.004 when adjusted for multiple tests.
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compared to STM004. Similar results were also obtained when
DFO was used (Figures 4 and S16 and Table 5). In addition,
both 89Zr-C5HOPO-STM108 and 89Zr-C5HOPO-STM004
demonstrated a trend toward lower overall bone uptake
compared to 89Zr-DFO-STM108 and 89Zr-DFO-STM004 in
vivo (Figure 4B) as also seen with 89Zr-C5HOPO-BSA versus
89Zr-DFO-BSA (Figure S15), but not reaching statistical
significance.

■ DISCUSSION
In summary, an improved synthesis was developed for the
production and testing of p-SCN-phenyl-alkyl-spermine-HOPO
with three different carbon chain lengths (C3, C4, and C5) in
four major steps with 9.8 ± 0.2% overall yields. Thermal and
serum stability assessments demonstrated that the new HOPO
derivatives were significantly more stable in vitro compared to
DFO. Furthermore, when C5HOPO was utilized as a chelator
for immuno-PET using two anti-PD-L1 antibodies, STM108
and STM004, 89Zr-C5HOPO-STM108 and 89Zr-C5HOPO-
STM004 demonstrated high tumor binding in PD-L1 expressing
BT-594 xenografts and low overall bone uptake. Relative tumor
binding in this model was also reflective of the native affinity
differences of STM108 and STM004 for PD-L1, respectively.
These results are similar to those that compared the stability

of DFO to DFO* and DFOcyclo* conjugated to trastuzumab,
wherein it was found that DFO-trastuzumabwas very unstable in
vitro and that stability in vitro of DFO*-trastuzumab and
DFOcyclo*-trastuzumab were significantly improved. Similar to
HOPO, both DFO* and DFOcyclo* have additional coordinat-
ing oxygen moieties compared to DFO, allowing for greater
stability in vitro,45 similar to C5HOPO. However, when bone
retention of 89Zr-labeled C5HOPO-anti-PD-L1 was compared
to 89Zr-labeled DFO-anti-PD-L1, only minor differences in
overall biodistribution and tumor-specific binding between
labeled products were observed. In addition, regardless of in vitro
stability, all radiolabeled proteins demonstrated little bone
uptake and thus proved to be highly stable in vivo. Recently,
Sharma et al. demonstrated that bone retention in vivo of 89Zr-
DFO antibodies was highly dependent on the FcγR-mediated
binding of antibodies by myeloid cells, which have high FcγR
expression, and among other locations, reside in the bone
marrow. They also demonstrated that the immunodeficiency
status of the mice used in these experiments, which dictates the
levels of FcγR-expressing myeloid cells, directly affects the
amount of bone uptake and subsequent biodistribution of
different radiolabeled antibodies observed in vivo.54 Addition-
ally, antibody isotype and CDR occupancy also dictate FcγR
affinity and, because many chelator conjugation strategies are
not site-specific and the Fc fragment is the dominant site for
chelator attachment, chelator conjugate sites may also differ-
entially affect FcγR affinity of different antibodies.55,56 Thus,
variation in mice strains and antibodies utilized in different
experiments may have a direct affect on the variability of bone
retention and therefore inferred stability in vivo between
different radiolabeled proteins in different experiments. As
such, we postulate that although the number of oxygen
coordinators of the chelator is the dominant factor affecting in
vitro stability, antibody isotype, chelator location on the Fc
fragment, and engagement with FcγR on myeloid cells are the
dominant factors affecting stability in vivo. However, although
interactions with FcγRs likely dominate the apparent stability in
vivo of radiolabeled antibodies, in certain contexts and disease
states, the additional stability afforded by chelators such as

C5HOPO with additional coordinating oxygen donors may still
be beneficial and add additional improved stability over other
chelators such as DFO.
Overall, the results suggested that 89Zr-labeled C5HOPO-

STM108 was a robust candidate PET imaging agent for
assessing disease progression and treatment monitoring of
immunotherapy due to its significant PD-L1-specific binding in
vitro and significant tumor binding in vivo. Furthermore,
C5HOPO was demonstrated to be a high-quality chelator for
PD-L1 PET imaging owing to its ease of synthesis and stability
with significant potential for future applications.

■ EXPERIMENTAL PROCEDURES
Materials, Methods, and Synthesis Details. Synthesis of

all starting materials, intermediates, and precursors, as well as
their characterization are included in the Supporting Informa-
tion.
EDTA Challenge Study. This study was performed

according to a previously published procedure.35 After radio-
labeling of HOPO and DFO ligands with 89Zr, an initial
measurement of the percentage of labeling was made using
radio-TLC. Next, 275 μL of samples was prepared, consisting of
25 μL of 89Zr solution (∼50 μCi) at pH 7, 200 μL of 5 mM
EDTA at different pH levels (5, 6, 7, and 8), and 50 μL of 1 M
ammonium acetate at different pH levels (5, 6, 7, and 8) added
to maintain the required pH for the duration of the experiment.
All samples were incubated in a heat block at 37 °C for 7 days
with occasional shaking. The stability of the samples was
monitored by radio-TLC every 24 h for up to 7 days post-
incubation. Each sample was then spotted onto an ITLC strip,
developed in the mobile phase, and analyzed to obtain the
percentage of stable labeling. Samples were prepared at each pH
in triplicate.
Conjugation Experiments. Conjugation of Chelators to

BSA. Two cassettes were soaked in 0.1 M NaHCO3 (350 mL)
for 10 min. Next, 900 μL of 1% BSA in PBS was diluted with 600
μL of 0.1 M NaHCO3 as a stock solution. Then, 500 μL was
injected into each of two cassettes and placed in two separate
beakers containing 350 mL of 0.1 M NaHCO3 each. The
cassettes were rotated for 3 h. After 3 h, 0.1 M NaHCO3 buffer
was replaced twice. Cassettes were removed, and 1% BSA in PBS
was recovered into an Eppendorf vial.
Next, 13 μL of each compound (DFO, 12a, 12b, 12c [4 mg/

mL in DMSO] and C2HOPO [13d]) was added to 300 μL of
1% BSA in PBS in each of five Eppendorf vials. The vials were
incubated at 37 °C for 1 h. After 1 h, the contents of each vial
were transferred to five different cassettes and rotated in 350 mL
of 0.1MNH4OAc. The buffer was changed every 3 h twice. After
three buffer washes, the cassettes were taken out, transferred
into an Eppendorf vial, and stored at 4 °C for labeling
experiments.

Conjugation of Chelators to Anti-PD-L1 Antibodies. The
anti-PD-L1 antibodies STM004 and STM108 (STCube
Pharmaceuticals, Gaithersburg, MD) were conjugated with
DFO and HOPO in 0.1 M NaHCO3 solution (pH 8.4). Two
cassettes were soaked in 0.1 M NaHCO3 (350 mL) for 10 min,
then 300 μL each of STM004 (3.52 mg/mL) or STM108 (3.01
mg/mL) was injected into two cassettes, which were placed in
two separate beakers, each containing 350 mL of 0.1 M
NaHCO3. The cassettes were rotated for 3 h at 4 °C. After 3 h,
0.1 M NaHCO3 buffer was replaced twice at an interval of 3 h.
The cassettes were taken out, and STM004 and STM108 were
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recovered into two separate Eppendorf vials. Similar procedures
were used for all HOPO derivative conjugations.
Next, 13 μL of DFO (3 mg/mL in DMSO) was added to 300

μL of STM004 or STM108 (buffer-exchanged vial) into each of
the two Eppendorf vials. The vials were incubated at 37 °C for 1
h. After 1 h, the contents of each vial were transferred to two
different cassettes, which were rotated in 350 mL of 0.1 M
NH4OAc at 4 °C. The buffer was changed every 3 h thrice. After
three buffer washes, the cassettes were taken out, transferred
into two Eppendorf vials, and stored at 4 °C for labeling
experiments.
Then, 29 μL each of compounds 12a, 12b, and 12c (3mg/mL

in DMSO, pH adjusted to 7.0) was added to 300 μL of STM004
or STM108 (buffer-exchanged vial) into each of six Eppendorf
vials. All six vials were incubated at 37 °C for 1 h. After 1 h, the
contents of each vial were transferred to six different cassettes
and rotated in 350mL of 0.1MNH4OAc at 4 °C. The buffer was
changed every 3 h thrice. After three buffer washes, the cassettes
were taken out, transferred into six Eppendorf vials, and stored at
4 °C for labeling experiments.
Radiolabeling. 89Zr was received as 89Zr oxalate in 1.0 M

oxalic acid from the MD Anderson Cyclotron Facility. This
solution was neutralized with 1 M sodium carbonate to pH 7.0.
Stock solutions of both HOPO (0.25M) andDFO ligands (0.33
M) were prepared. Dilutions were made using 50 μL of each
ligand and 950 μL of 0.1 M ammonium acetate at pH 7.0 (0.172
μM).HOPO andDFO ligands were labeled bymixing 100 μL of
dilute solutions of each ligand with the neutralized 89Zr solution
at room temperature for 1 to 3 h. Samples were labeled with 600
to 800 μCi of activity. Reactions were monitored using radio-
TLC with ITLC-SA strips (Agilent Technologies) and 50 mM
EDTA at pH 7.0 as the mobile phase. 89Zr-ligand complexes
remained at the origin, while free 89Zr was scavenged with
EDTA in the mobile phase.
Stability Studies. All of the 89Zr-DFO-BSA and 89Zr-

HOPO-BSA complexes were tested for their thermal stability at
different temperatures (4 °C, room temperature, and 37 °C).
For each 89Zr complex, three sets of samples were made,
consisting of 225 μL of PBS (pH 7.4) and 25 μL (10 μCi) of the
89Zr-ligand-BSA complexes. The sample sets were kept at
different temperatures in triplicate for each temperature. The
thermal stability of the samples was monitored using radio-TLC
before being added to the PBS and every 24 h for up to 48 h of
incubation. The stability of the complexes was based on the
percentage of 89Zr that was retained at the origin of TLC. For the
EDTA challenge test of 89Zr-ligand complexes, complexes were
incubated with a 10-fold excess of ethylenediamine tetraacetic
acid (EDTA) at pH 5, 6, 7, and 8, at 37 °C for 7 days.
Subsequently, the stability of the complexes was monitored by
radio-TLC every 24 hours for 7 days post initial incubation.
Similarly, the pH stability of 89Zr-DFO-STM004, 89Zr-DFO-
STM108, 89Zr-C5HOPO-STM004, and 89Zr-C5HOPO-
STM108 was evaluated at 37 °C in PBS at pH 5, 6, 7 and 8
over 7 days by radio-TLC.
Serum Stability Studies. 89Zr-ligand-BSA complexes were

prepared according to a previously published radiolabeling
procedure.35 For each 89Zr complex, sample sets were made
consisting of 450 μL of 100% human serum and 50 μL of the
89Zr-DFO-BSA complexes as one set and 450 μL of 100%mouse
serum and 50 μL of 89Zr-HOPO-BSA complexes as the other set.
The samples were placed in a heat block at 37 °Cwith occasional
shaking. The stability of the samples was monitored using radio-
TLC before they were added to the serum and then every 24 h

for up to 72 h of incubation. The stability of the complexes was
measured based on the percentage of 89Zr that was retained at
the origin of TLC. Three samples were prepared for each
complex to obtain triplicate data.
Live Cell Binding Assay of 89Zr-Labeled Antibodies.

Live cell binding assays were performed according to a
previously reported procedure with modifications.57−59 24
hours before the planned binding assay, BT549 cells were
plated directly into six-well clear-bottom plastic plates at a
density of 106 cells per well in DMEM (2 mL) supplemented
with F12 (total of 9 plates for each labeled antibody experiment:
3 for BT549 knockout, 3 for BT549 WT for blocking, and 3 for
BT549WTwith cells attached, not a suspension). The cells were
about 80−90% confluence after 24 h. At 1 h prior to the binding
experiment, the culture medium was changed to 2 mL of pre-
warmed (37 °C with CO2) DMEM (pH 7.4 at 37 °C) per well
and the plates were incubated for 1 h to allow the cells to
equilibrate in the new medium. For the blocking experiment,
unlabeled (cold) monoclonal antibody (STM004 or STM108,
3.52 or 3.54 mg/mL, respectively) was added to three wells as 9
μL (50X excess). After 20 min, 89Zr-labeled antibody in DMEM
buffer (1 μCi in 30 μL DMEM) was added to each well plate
containing 2 mL of MEBSS. Plates were gently agitated on a flat
surface in forward-backward, left-right, and diagonal directions
several times before placing plates back in the incubator at 37 °C
with CO2 for 1 h. After 1 h, the plates were placed on ice. 1 mL of
supernatant was removed, and activity was measured on a γ
counter. These values were recorded as extracellular space
counts. The remaining supernatants were then aspirated, and the
wells were washed with 1 mL of ice-cold DMEM buffer (pH 7.4
at 4 °C) and aspirated with DMEM three times. For extraction
of protein from lysates, lysis buffer solution (2.5 mL of 1% SDS
and 10 mM sodium borate) was added to each well and pipetted
up and down several times. Proteins were extracted for 30 min at
room temperature, and 100 μL of lysate was collected from each
well. Tracer activity was counted on a γ counter. The remaining
lysates were stored at −80 °C for protein assays. Protein
concentration was measured after complete decay of activity
using a BCA assay.
Immunofluorescence Assay of STM004 and STM108

Cellular Binding. Ten thousand cells were plated in 300 μL of
complete media on eight-well chamber slides. 24 h later, 10 μg/
mL of the relevant antibody (STM004 or STM108 alone, or
antibodies conjugated to DFO or HOPO) were added to the
cells and incubated for 24 h in a 37 °C incubator with 5% CO2.
The cells were fixed with 4% paraformaldehyde for 20 min, then
permeabilized with 0.1% Triton X-100 for 5 min at room
temperature, and blocked with 3% BSA for 30 min at room
temperature. The cells were then incubated for 1 h at room
temperature with a 1:50 dilution of RPE-labeled secondary
antibody and a 1:100 dilution of Alexa Fluor 488-Phalloidin in a
1.5% BSA solution. The cells were then incubated for 15 min
with a 1:10000 dilution of DAPI in PBS at room temperature.
Slides were mounted with prolonged diamond antifade mount
overnight at 4 °C. The cells were imaged with a Nikon Eclipse Ti
microscope using a Hamamatsu camera and the 40x objective.
Exposure windows and times were as follows: GFP 500 ms,
TRITC 500 ms, and DAPI 1 s. Image quantification was
conducted using an in-house script implemented in Matlab
R2019b. Nikon nd2 images were read using Bio-format. The
average intensity of at least five fields per condition was
calculated by dividing the mean intensity of the TRITC image
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by the number of nuclei in the field. Nuclei were counted using
an implementation of the watershed transformation.
Biodistribution Studies. In vivo biodistribution studies of

89Zr-labeled DFO-BSA, 89Zr-labeled C2HOPO-BSA, and C3-
C5HOPO-BSA complexes were performed in healthy athymic
nude mice. The mice (n = 4 for each protein) were injected with
89Zr-DFO-BSA (25−35 μCi), 89Zr-C2HOPO-BSA or C3-
C5HOPO-BSA complexes (25−30 μCi) in PBS via the tail
vein. After injection, the mice underwent PET imaging every 24
h for up to 48 h. After 48 h, themice were euthanized by CO2 (g)
asphyxiation. The blood, muscle, bone, heart, lung, liver, spleen,
pancreas, intestine, stomach, and kidney were removed,
weighed, and assayed for radioactivity on a γ counter calibrated
for 89Zr. Similarly, all of the 89Zr-labeled DFO-STM004, DFO-
STM108 (25−30 μCi), or 89Zr-labeled C5HOPO-STM004 or
C5HOPO-STM108 (12−14 μCi) radioimmuno conjugates
were injected into mice bearing BT-549 TNBC xenograft
tumors (n = 4 for each antibody). The mice underwent PET
imaging at 24 h, either 48 or 72, and 144 h. After 144 h, all of the
mice were euthanized by CO2 (g) asphyxiation. The blood,
muscle, bone, heart, lung, liver, spleen, pancreas, intestine,
stomach, kidney, and tumor were removed, weighed, and
assayed for radioactivity using a γ counter calibrated for 89Zr. For
all radio-conjugates, γ counts were converted into activity using
a calibration curve generated from an 89Zr standard. Count data
were corrected for background and decay at the time of
injection, and the percent injected dose per gram (%ID/g) for
each tissue sample was calculated relative to the total activity
injected.
Bone Marrow Isolation. To quantify bone uptake of 89Zr

tracer after biodistribution, bones from all of the experimental
animals were soaked in 2 mL of SDS solution (20% w/v) for 30
min in individual tissue culture dishes (40 mm × 110 mm). SDS
was blotted off, and the bone marrow was extracted using a 25-
gauge ×1 needle into a γ-counting tube. A γ counter was used to
quantify 89Zr activity in bone and bone marrow (n = 4 for each
radio-conjugate).
Statistical Analysis. All data are presented as mean ±

standard deviation. Statistical analysis was performed using
GraphPad Prism version 7.03 for Windows. Differences in 89Zr
activity in live cell binding assays were tested for significance
using unpaired Student’s t-tests and ordinary one-way ANOVA.
P values <0.05 were considered significant.
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