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Abstract

Purpose The efficacy of most anticancer treatments, includ-
ing radiotherapy, depends on an ability to cause DNA double-
strand breaks (DSBs). Very early during the DNA damage
signalling process, the histone isoform H2AX is phosphory-
lated to form YH2AX. With the aim of positron emission
tomography (PET) imaging of DSBs, we synthesized a *°Zr-
labelled anti-yH2AX antibody, modified with the cell-
penetrating peptide, TAT, which includes a nuclear localiza-
tion sequence.

Methods *°Zr-anti-yH2AX-TAT was synthesized using EDC/
NHS chemistry for TAT peptide linkage. Desferrioxamine
conjugation allowed labelling with ®Zr. Uptake and retention
of ®Zr-anti-yH2AX-TAT was evaluated in the breast adeno-
carcinoma cell line MDA-MB-468 in vitro or as xenografts in
athymic mice. External beam irradiation was used to induce
DSBs and expression of YH2AX. Since **Zr emits ionizing
radiation, detailed radiobiological measurements were includ-
ed to ensure *°Zr-anti-yH2AX-TAT itself does not cause any
additional DSBs.
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Results Uptake of *Zr-anti-yH2AX-TAT was similar to pre-
vious results using '''In-anti-yH2AX-TAT. Retention of **Zr-
anti~yH2AX-TAT was eightfold higher at 1 h post irradiation,
in cells expressing YH2AX, compared to non-irradiated cells
or to non-specific IgG control. PET imaging of mice showed
higher uptake of ®Zr-anti-yH2AX-TAT in irradiated xeno-
grafts, compared to non-irradiated or non-specific controls
(12.1£1.6 vs 5.2£1.9 and 5.1+0.8 %ID/g, respectively;
p<0.0001). The mean absorbed dose to the nucleus of cells
taking up **Zr-anti-yH2AX-TAT was twofold lower com-
pared to ''In-anti-yH2AX-TAT. Additional exposure of nei-
ther irradiated nor non-irradiated cells nor tissues to *°Zr-
anti-yH2AX-TAT resulted in any significant changes in the
number of observable DNA DSBs, YH2AX foci or
clonogenic survival.

Conclusion %°Zr-anti-yH2AX-TAT allows PET imaging of
DNA DSBs in a tumour xenograft mouse model.

Keywords *Zr - yH2AX - DNA damage - PET - TAT

Introduction

DNA double-strand breaks (DSBs) represent one of the most
serious forms of DNA damage. They are the main mechanism
through which radiotherapy and some chemotherapeutic
agents kill cancer cells [1] and are involved in the genomic
instability that lies at the basis of oncogenesis [2]. Despite
being a key process of the highest importance to cell homeo-
stasis, methods for the non-invasive in vivo measurement or
molecular imaging of the extent of DNA damage or DNA
damage repair signalling are not widely available. To date,
only two methods exist [3, 4]. Both of these target the phos-
phorylated DNA damage repair protein, YH2AX [5]. Since
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DSBs are not very numerous—20-40 DSBs are induced for
every 1 Gy of X-ray absorbed dose [6]—they do not represent
a good imaging target. A good alternative, secondary target is
one of the earliest and universal events following DSB sens-
ing: the formation of YH2AX (this response is reviewed in
detail by Ivashkevich et al. [7]). In human cells, YH2AX is
formed when H2AX is phosphorylated on its serine 139 res-
idue by ATM or by other DNA damage response kinases such
as ATR or DNA-PKcs [5]. Expressed exclusively in the cell
nucleus, YH2AX exists as foci containing up to thousands of
copies around the site of DSB damage, making it a more
attractive target for non-invasive imaging. After its discovery,
the role of H2AX phosphorylation in DNA damage repair and
genomic stability was quickly recognized [8, 9] and immuno-
histochemistry of YH2AX has become a much-used assay in
radiobiology [10].

The first reported in vivo imaging method targeting
YH2AX involves transfection of cells of interest with recom-
binant versions of N-terminal and C-terminal halves of lucif-
erase (nLuc and cLuc), fused to H2AX and MDC1, respec-
tively [4]. Upon DSB-induced phosphorylation of H2AX-
nLuc, it acts as a binding partner for MDC1-cLuc as part of
the MRN complex, which leads to the merger of both halves
of luciferase, resulting in a luminescent signal after addition of
luciferin. This method is attractive as a high-throughput sys-
tem for in vitro assays or for imaging DSBs in xenograft
animal models. It is however not suited for translation to hu-
man subjects.

Previously, we developed the radioimmunoconjugate
""n-anti-yH2AX-TAT and showed that it can be used to
quantitatively image DSBs in tumour xenografts in athymic
mice [3]. As a single photon emission computed tomography
(SPECT) imaging agent, it was demonstrated that the com-
pound was retained in irradiated tumour xenografts, to an
extent that was linearly dependent on absorbed radiation dose
and the amount of DNA damage, as measured by the number
of YH2AX foci. A fluorescently labelled version of
anti-yH2AX-TAT co-localized with YH2AX foci in irradiated
cancer cells in vitro and in vivo. At higher specific activities
(the amount of '''In per gram of compound) the compound
can amplify the extent of DSBs and thereby causes inhibition
of tumour growth [11]. Furthermore, we applied YH2AX im-
aging for the very early detection of aplastic lesions in a mouse
model of HER2-overexpressing breast cancer [12]. The con-
jugate used in all of these studies was based on anti-yH2AX
antibodies conjugated to the cell-penetrating peptide, TAT
(GRKKRRQRRRPPQGYG), which also harbours a nuclear
localization sequence [13]. The compound was further modi-
fied using a bifunctional metal ion chelator, benzyl-DTPA, to
facilitate radiolabelling with '''In, which allows imaging
using SPECT.

Given the increasing availability of positron emission to-
mography (PET) imaging in the clinic and the ability of PET
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to provide quantitative results, compared to quantitative
SPECT imaging where methodology is lagging behind [14],
there is a need for a positron-emitting variant of '''In-
anti-yH2AX-TAT to aid clinical translation of YH2AX imag-
ing. ®Zr immuno-PET has shown excellent promise in the
past few years. Because of its relatively long half-life
(78.41 h), ®Zr is an excellent match for the relatively slow
pharmacokinetics associated with antibody-based imaging
agents.

Here, we report our results on the use of *Zr-anti-y H2AX-
TAT radioimmunoconjugates for the imaging of DNA DSBs
in tumour xenograft-bearing mice. In addition, we calculate
that, at least on the cellular scale, the radiation dose deposited
by *Zr is smaller compared to '''In. We finally include some
in vitro and ex vivo radiobiological observations to establish
the superiority of *Zr-anti-yH2AX-TAT, compared to the
"n-labelled compound.

Materials and methods
Synthesis and radiolabelling

897 r-labelled anti-yH2AX-TAT was prepared based on previ-
ously reported methods [3, 15]. TAT peptide conjugation was
achieved using EDC/NHS conjugation chemistry, and
desferrioxamine-p-SCN was used to allow radiolabelling of
the conjugate with *°Zr. Briefly, 100 pug of a rabbit
anti-yH2AX antibody (Calbiochem, Nottingham, UK; clone
DR1017), which binds both human and mouse YH2AX, was
dissolved in 0.1 M 2-(N-morpholino)ethanesulfonic acid
(MES) and TAT peptide (GRKKRRQRRRPPQGYG) incor-
poration was achieved using N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide/N-hydroxysuccinimide (EDC/NHS;
Pierce, Rockford, IL, USA) activation. TAT peptide was
added in fivefold molar excess for 2 h at room temperature.
Unconjugated TAT was removed using Sephadex G-50 gel
filtration (SEC) (Bio-Rad, Hemel Hempstead, UK), resulting
in a TAT to IgG ratio of 5:1. TAT to IgG-conjugation ratio was
determined by radio-iodination of the TAT peptide as previ-
ously described [16]. Anti~yH2AX-TAT conjugate, dissolved
in sodium bicarbonate buffer (0.1 M, pH 8.5), was incubated
with the chelator, desferrioxamine-p-SCN (1-(4-
isothiocyanatophenyl)-3-[6,17-dihyroxy-7,10,18,21-tetraoxo-
27-[N-acetylhydroxylamino)-6,11,17,22-
tetraazaheptaeicosane]thiourea; Macrocyclics, Dallas, TX,
USA), used at threefold molar excess, for 1 h at room temper-
ature. Excess unreacted desferrioxamine-p-SCN was removed
by G-50 SEC. **Zr*" (dissolved in 1 M oxalic acid;
PerkinElmer, Amsterdam, The Netherlands) was adjusted to
neutral pH using 2 M NaOH. Desferrioxamine-conjugated
anti-yH2AX-TAT (DFO-anti-yH2AX-TAT) was dissolved
in HEPES buffer (0.1 M, pH 7.0) and reacted with appropriate
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amounts of **Zr for 1 h at room temperature, resulting in *°Zr-
anti-yH2AX-TAT. Unreacted **Zr was removed using G-50
SEC, and quality control was performed using instant thin-
layer chromatography (ITLC) eluted with sodium citrate buff-
er (0.1 M, pH 5.0). A similar procedure was followed to pro-
duce a control compound based on non-specific IgGs from
rabbit serum (rgG) (Sigma-Aldrich, Dorset, UK), ¥ Zr-rlgG-
TAT.

Optimization of the radiolabelling reaction was performed
by evaluating radiolabelling yield using ITLC after reacting
varying amounts of DFO-anti-yH2AX-TAT with increasing
amounts of *Zr oxalate. After optimization, radiolabelling
yield was routinely >85 %. After purification using G-50
SEC, radiochemical purity was >96 %.

Radioimmunoassays

To confirm the affinity of binding of DFO-anti-yH2AX-TAT
to YH2AX, a competition radioimmunoassay (RIA) was per-
formed. MDA-MB-468 cells were irradiated (4 Gy) and incu-
bated for 1 h to allow maximum formation of YH2AX.
Biotinylated YH2AX-peptide (Bio-KKATQAS(P)QEY) was
used to coat the wells of a streptavidin-coated 96-well plate.
"n-labelled anti-yH2AX (0.2 pg/ml) plus either cold
(unlabelled) DFO-anti-yH2AX-TAT or native, unmodified
anti-yH2AX in increasing concentrations (range 0—1 uM)
were added to the wells. After incubation for 1 h at 37 °C,
wells were washed and the radioactivity in each well was
determined by quantitative autoradiography. As a control,
the same experiments were repeated without the addition of
the target peptide, or with addition of a 100-fold excess of
YH2AX C-terminal peptide (KKATQAS(P)QEY). To further
confirm the affinity of *Zr-anti-yH2AX-TAT, a saturation
binding assay was performed. Increasing concentrations of
897 r-anti-yH2AX-TAT were added to a 96-well plate with
immobilized biotinylated YH2AX-peptide as described
above. After a 1-h incubation at 37 °C, the plate was washed
and the radioactivity in each well was determined by quanti-
tative autoradiography.

Monte Carlo simulation of dose point kernels

In order to compare the absorbed dose around **Zr with that of
"', the respective dose point kernels of isotropic point
sources placed in an infinite liquid water medium were simu-
lated using the general-purpose Monte Carlo code PENE
LOPE [17]. The electron energy spectra of these radionuclides
were obtained from Eckerman and Endo [18]. Detailed (event-
by-event) simulation of electrons was performed with electron
cut-off energies set to 50 eV. The absorbed dose was scored in
1-nm-thick spherical shells around the decay site of **Zr and
"n. A total of 2x10° primary particles were simulated in
each run with a statistical uncertainty (2 SD) less than 0.1 %.

In vitro evaluation

MDA-MB-468 human breast adenocarcinoma cells were ob-
tained from ATCC. Cells were tested and authenticated by the
provider, and were used no longer than 6 months after retrieval
from liquid nitrogen storage. Cells were cultured in 5 % CO,
in DMEM cell culture medium (Sigma-Aldrich, Dorset, UK),
supplemented with 10 % fetal calf serum (Invitrogen, Paisley,
UK), and penicillin/streptomycin, 100 units/ml (Invitrogen,
Paisley, UK).

Cell uptake and in vitro radiobiology assays

To determine the effect of radiation damage to internalization
of ®Zr-IgG-TAT conjugates, aliquots of 2 x 10> MDA-MB-
468 cells were seeded in 24-well plates in 500 pl of cell
growth medium and allowed to adhere overnight. Cells were
exposed to *?Zr-anti-yH2AX-TAT or **Zr-rIgG-TAT
(0.25 pg/ml, 0.5 MBq/ug) for 1 h at 37 °C, irradiated using
a '¥’Cs source (4 Gy, 1 Gy/min) or mock-irradiated (0 Gy) and
incubated for a further hour. Cells were washed with 0.25 M
glycine-HCl in order to remove membrane-bound compound,
washed and lysed using 0.1 M NaOH and the amount of cell-
associated *Zr was determined by automated gamma
counting [16].

The influence of DNA damage on the retention of *°Zr-
anti-yH2AX-TAT in cells was determined by a load-and-
chase experiment, in a similar fashion as previously reported
[3]. MDA-MB-468 cells were exposed to **Zr-anti-yH2AX-
TAT or *Zr-rIgG-TAT (0.25 pug/ml, 0.5 MBq/ug) for 1 h at
37 °C. Cells were then irradiated using a '*’Cs source (4 Gy,
1 Gy/min) or mock-irradiated (0 Gy) and incubated for a fur-
ther hour. Growth medium was then removed, cells were
washed and supplied with fresh growth medium. After incu-
bation at 37 °C for another hour, the amount of cell-associated
897r was determined by lysis of the cells with 0.1 N NaOH as
described above. The amount of **Zr associated with the cell
membrane, cytoplasm or nucleus of cells was determined by
cell fractionation as previously described [16]. Detailed meth-
odology is laid out in the supplementary information.

Since the use of radionuclides can in itself lead to the for-
mation of DNA damage, the extent of DSBs after exposure to
897 r-anti-yH2AX-TAT was measured by counting YH2AX
foci. MDA-MB-468 cells were exposed to *°Zr-
anti-yH2AX-TAT or *Zr-rlgG-TAT (0.25 pg/ml, 0.5 MBg/
ug) for 1 h at 37 °C. Then, cells were irradiated using a '*’Cs
source (4 Gy, 1 Gy/min) or mock-irradiated (0 Gy), incubated
for 1 further hour and stained for YH2AX as previously de-
scribed, using monoclonal mouse anti~yH2 AX antibodies and
fluorescently labelled goat anti-mouse IgGs [3]. Microscopy
was performed using a Zeiss 750 confocal microscope, and
the number of YH2AX foci per cells was determined in at least
100 cells.
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Since YH2AX foci are a secondary marker of DNA dam-
age, the extent of DSB damage was also measured by neutral
comet assay. Cells were treated as above, and comet assays
were performed as previously described [11]. Additionally,
the effect of **Zr-anti-yH2AX-TAT or *Zr-rIgG-TAT on
clonogenic survival was studied. Cells were treated as above,
seeded in 6-well plates and supplied with DMEM with 20 %
fetal bovine serum (FBS). After 14 days, cells were washed,
stained with methylene blue (1 % in a methanol:water 1:1
mixture), and the number of colonies was counted.

Microdosimetry

To compare the absorbed dose in the nucleus of cancer cells
treated with %°Zr-anti-yH2AX-TAT or '''In-anti-yH2AX-
TAT, the MIRD formalism for cellular dosimetry was adopted
[19]. Detailed methodology is laid out in the supplementary
information. To determine the amount of activity in each cell
compartment, fractionation of MDA-MB-468 cells, 1 h after
exposure to 0.25 pg/ml **Zr-anti-yH2AX-TAT (0.5 MBg/ug,
0.25 pg/ml) or '''In-anti-yH2AX-TAT (0.5 MBq/ug,
0.25 pg/ml), was performed as previously described [20].

In vivo studies

All animal procedures were carried out in accordance with the
UK Animals (Scientific Procedures) Act 1986 and with local
Ethics Committee approval. MDA-MB-468 xenografts were
established in the right flank of female athymic BALB/c nu/nu
mice (Harlan, UK). After 3 weeks, tumours developed an
average size of 800 pl and were used for PET/CT imaging.
897 r-anti-yH2AX-TAT or ¥Zr-rlgG-TAT (5 pg, 0.5 MBq)
were administered intravenously. YH2AX was induced by
irradiation of the tumour (10 Gy), 1 h after injection of the
imaging probe. Radiation was delivered using a Gulmay
320 kV X-irradiator, 2.0 Gy/min. As a control, some mice
were mock-treated (0 Gy). For PET/CT imaging, mice were
anaesthetized using 2—4 % isoflurane in air at 24 h after injec-
tion of the radiopharmaceutical. PET/CT imaging was per-
formed using the Inveon PET/CT scanner (Siemens).
Volume of interest (VOI) analysis was performed using the
Inveon Research Workplace software package (Siemens).
VOIs were drawn around the major organs and the tumour.
A VOI drawn around the heart served as a measure for radio-
activity in the blood. After PET imaging, mice were eutha-
nized and blood, tumour and selected organs were removed,
weighed and counted for radioactivity. In order to evaluate the
influence of the use of radioactive *Zr on the number of DNA
repair foci, 10-pm-thick sections of tumour tissue were pre-
pared, which were stained for YH2AX foci as previously de-
scribed [3]. Three to six animals were evaluated per group.
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Statistical analyses

All statistical analyses and non-linear regression were per-
formed using GraphPad Prism (GraphPad Software Inc).
One- or two-way analysis of variance (ANOVA) was used
for multiple comparisons, with Tukey post hoc tests to calcu-
late significance of differences between groups.

Results
Synthesis

Optimization of the radiolabelling reaction was performed by
evaluating radiolabelling yield using ITLC after reacting varying
amounts of DFO-anti~yH2AX-TAT with increasing amounts of
897r oxalate. Results of these optimization efforts are summa-
rized in Supplementary Figure S1A-C. After optimization,
radiolabelling yield was routinely >85 %. After purification
using G-50 SEC, radiochemical purity was >96 %, as deter-
mined using ITLC and G-50 SEC (Supplementary Figure S1D).

To confirm the affinity of binding of DFO-anti-yH2AX-TAT
to native, unmodified anti-yH2AX, a competition radioimmuno-
assay was performed (Fig. 1a). The results showed that the ability
of DFO-conjugated anti-yH2AX-TAT to compete with ''In-la-
belled anti~yH2AX antibody was only slightly lower compared
to native, unmodified anti-yH2AX (ICso (95 % confidence in-
terval)=0.044 (0.042-0.049) vs 0.027 (0.025-0.029) nM, re-
spectively; p=0.0001). This ratio was not significantly different
to that previously obtained using DTPA-conjugated
anti-yH2AX-TAT (p>0.05) [3]. Binding of radiolabelled
anti-yH2AX to immobilized YH2AX peptide was blocked using
a competing amount of soluble YH2AX-mimicking peptide
(p<0.0001; Fig. 1b). Prevention of specific binding by omitting
the target peptide significantly reduced the binding of
radiolabelled anti-yH2AX (p <0.0001; Fig. 1c). Saturation bind-
ing assay showed a Ky of 5.14+0.31 nM (Fig. 1d).

Cell uptake studies

Internalization of radiolabelled compound into MDA-MB-
468 cells was evaluated by removal of all non-cell-
associated radioactivity by washing the cells and removal of
any membrane-associated compound by acid wash.
Internalization of %°Zr-IgG-TAT into MDA-MB-468 cells
was similar to that observed for '''In-mouse IgG-TAT [16]
(Fig. 2a). Some degree of saturation was observed at later time
points. Similar to ''In-anti-yH2AX-TAT, no significant dif-
ferences were observed between the internalization of *Zr-
anti-yH2AX-TAT in irradiated or unirradiated cells, or com-
pared to ¥ Zr-rIgG-TAT (p=0.5881) (Fig. 2b).

Retention of radiolabelled compound in MDA-MB-468
cells was evaluated using a load-and-chase experiment. The
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retention of ®*Zr-anti-yH2AX-TAT, measured as the relative
amount of cell-associated *Zr remaining after a 1-h chase,
was significantly higher in irradiated cells compared to *Zr-
rIgG-TAT in irradiated MDA-MB-468 cells (14.79+1.75 %
vs 1.88+0.25 %; p<0.001) (Fig. 2c). In non-irradiated cells,
3.76+0.40 % of ¥Zr-anti-yH2AX-TAT was retained, signifi-
cantly less compared to irradiated cells (p <0.001).

Taken together, the internalization and retention results
suggest that signal to background contrast can be generated

Fig. 2 a Interalization of *Zr-

through prolonged retention of ¥ Zr-anti-yH2AX-TAT in the
cells which express the target, yYH2AX, a result comparable to
that obtained using '''In-anti-yH2AX-TAT [3].

In vivo imaging and biodistribution
To test the ability of **Zr-anti-yH2AX-TAT RIC to visualize

DNA damage in vivo, MDA-MB-468 xenograft-bearing mice
were imaged using a small animal dedicated PET camera, 24 h
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following administration of *Zr-anti-yH2AX-TAT or *°Zr-
rlgG-TAT. Transverse images through tumours are shown in
Fig. 3a, and coronal sections are shown in Supplementary
Figure S5. VOI analyses of tumours were performed
(Fig. 3b), showing significantly higher tumour uptake of
897 r-anti-yH2AX-TAT in irradiated xenograft tumours com-
pared to non-irradiated tumours or control compound *°Zr-
rIgG-TAT (uptake was 12.1+1.6 %ID/g vs 5.3+1.9 %ID/g
and 5.1+0.8 %ID/g, respectively; p=0.0057). Tumour to heart
and tumour to muscle ratios were calculated and were signif-
icantly higher for *Zr-anti-yH2AX-TAT in irradiated tumours
compared to control (Fig. 3c). Bone uptake was also observed
(Supplementary Figure S5), amounting to 11 %ID/g (Fig. 3b)
which is ascribed to the presence of a small amount of free
897r in the preparation of *Zr-anti-yH2AX-TAT used for
imaging.

Following acquisition of images mice were euthanized and
selected organs removed and counted for radioactivity. These
necropsy data confirmed significant retention of *°Zr-
anti-yH2AX-TAT, but not 89er—rIgG-TAT in irradiated tu-
mours (Fig. 4). Uptake of ®Zr in irradiated tumours at 24 h
after administration of **Zr-anti-yH2AX-TAT was 6.07+1.16
%ID/g, significantly higher compared to non-irradiated tu-
mours or ¥Zr-rlgG-TAT (4.21£0.33 or 2.36=0.88 %ID/g,
respectively; p<0.0021). One noteworthy observation is the
significantly lower amount of *Zr-anti-yH2AX-TAT in the
blood of radiation-treated animals, resulting in a tumour to
blood ratio of 11.1+6.8. This was significantly higher than
in unirradiated controls or animals that were administered
the control compound **Zr-rIgG-TAT (0.59+0.23 and 1.05+

Fig. 3 a Representative PET a
images of mice, 24 h after

intravenous administration of I R +
89 Zr-anti-yH2AX-TAT or ¥Zr-
rIgG-TAT in xenograft-bearing
mice, with irradiated or non-
irradiated xenografts. Transverse
sections through the tumour
(white circles) are shown. T
tumour, B bone. b VOI analysis
of selected tissues of PET images.

b 15+

anti-yH2AX-TAT anti-yH2AX-TAT

1.03, respectively; p=0.02). Uptake in other tissues, or in the
whole body, was not significantly different, except for well-
perfused organs such as liver and lung, which may be ascribed
to the differences in the blood.

Radiobiological studies and microdosimetry

The deposited dose around a decaying **Zr or '''In nuclide
was calculated using Monte Carlo simulation (Supplementary
Figure S2). Taking into account all potential emissions, in-
cluding Auger and Coster-Kronig electrons, internal conver-
sion electrons and beta particles, the calculated mean absorbed
dose to the nucleus caused by emissions from the nucleus,
cytoplasm and cell surface per decay (i.e. the S-value) was
substantially less for **Zr (p=0.0713). The gamma emissions
for both isotopes were omitted as they contributed less than
2 % to the calculated S-values.

Fractionation of MDA-MB-468 cells exposed to **Zr-
anti-yH2AX-TAT for 1 h revealed similar results compared
to those using '''In-anti-yH2AX-TAT (p<0.05) (Table 1). S-
values for **Zr and '''In were calculated (Table 1). Dosimetry
using a like-for-like comparison (similar starting activities and
concentrations) showed that **Zr-anti-yH2AX-TAT exposure
gives rise to an absorbed dose of 85 mGy, compared to
166 mGy for the ''In-labelled compound, an approximately
twofold difference.

Counting the number of YH2AX foci in cells exposed to
897 r-anti-yH2AX-TAT revealed no significant increase when
compared to untreated cells. The number of foci was increased
by gamma irradiation as expected (up to 12-fold after a
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Fig. 4 Biodistribution of **Zr, 24 h post injection of **Zr-anti-yH2AX-
TAT or ¥Zr-rlgG-TAT in xenograft-bearing mice, with irradiated or non-
irradiated xenografts. Blood and major tissues are shown, including tu-
mour to blood (7/B) and tumour to muscle (7/M) ratios (n=3—6 per group)

radiation dose of 6 Gy; p<0.0001) (Fig. 5a), but additional
exposure to **Zr-anti-yH2AX-TAT, *Zr-rIgG-TAT or non-
radiolabelled controls did not significantly increase the num-
ber of foci per cell (p>0.05).

Clonogenic survival of MDA-MB-468 cells was signif-
icantly decreased by gamma irradiation (4 Gy). The num-
ber of colonies decreased by 60 % after irradiation
(»<0.0001) (Fig. 5b). However, additional exposure of
cells to rIgG-TAT, anti-yH2AX-TAT, *Zr-anti-yH2AX-
TAT or **Zr-rIgG-TAT did not lead to an additional de-
crease in clonogenic survival in either irradiated or non-
irradiated cells (p>0.05).

Neutral comet assays were used to study the effects of **Zr-
anti-yH2AX-TAT on DSBs directly. Even though the number
of YH2AX foci was not significantly affected, DNA repair
foci are a secondary measure for the extent of DSB damage.
Comet assays showed a significant increase in the level of
DSB damage by gamma irradiation (3 or 6 Gy, compared to
unirradiated cells; p<0.0001), but no statistically significant
changes in the number of DSBs after exposure to either *Zr-
anti-yH2AX-TAT or *Zr-rIgG-TAT in either irradiated or
non-irradiated cells (p>0.05) (Fig. 5¢).

Irradiation (10 Gy) of tumour tissue caused a significant
increase in the number of YH2AX foci per cell (from 12.9+

1.8 to 71.5+4.5 foci/cell; p<0.001); however, no additional
YH2AX foci were observed in tumour sections from mice
exposed to *Zr-anti-yH2AX-TAT compared to control com-
pounds, neither in irradiated tumour tissue nor in unirradiated
tissue (p>0.05) (Supplementary Figure S3).

Discussion

True personalized medicine in oncology can only be possible
with the development of new imaging agents that will enable
molecular staging of tumours, to predict, guide and monitor
treatment. PET, CT and MRI, alone or in combination, could
represent a step toward non-invasive imaging for patient strat-
ification and individualized chemotherapy [21]. PET imaging
has already delivered on its great potential for imaging in
oncology, as agents have been developed against most of the
hallmarks of cancer, even though many methods have yet to
make the translation from basic research to clinical practice
[22]. Radiopharmaceuticals have been developed to target an-
giogenesis, cell death, increased metabolism and energetics,
increased proliferation/immortality, proliferative signalling,
metastasis and invasion, and tumour-promoting inflammation
[23], but only one agent existed to date to target DNA damage
[3].

Here, we describe the use of 89Zr-anti—yHZAX-TAT, a
positron-emitter-labelled variant of the previously described
""In-labelled agent used for SPECT imaging [12, 3]. The
need for an alternative for PET imaging is motivated by the
increased use of PET versus SPECT in oncology research and
the acceptance of PET/CT as the standard of care [24].
Moreover, clinical PET is quantifiable. Even though imple-
mentation of accurate attenuation correction had been antici-
pated a decade ago, clinical SPECT systems generally remain
unable to provide quantitative information [25]. Our efforts to
develop a positron-emitting version of the anti-yH2AX-TAT
antibody construct based on our previously reported '''In-la-
belled version resulted in notable differences in the chemical
and radioactive properties. The most obvious of these is the
conjugation of two distinct radiometal complexes, ''In-

Table 1  Cellular S-values (mGy/Bq s) for MDA-MB-468 cells, as calculated using the MIRD formalism (using Rc=9.5 um and Ry=6.7)
S-values (Gy/Bq s) Activity (kBq)* Nuclear dose (mGy)

Radionuclide S(N—N) S(N—Cy) S(N—CS) Nucleus Cytoplasm Surface

871 509 107 545107 1.40 107 22.06+0.09 8.82+0.03 6.62£0.04 85.0%0.11

"n 7.07 107 81210 425107 22.840.3 8.08+0.02 6.63%0.01 165.7+0.30

Activities of ® Zr and " In measured on the cell surface, in the cytoplasm and in the nucleus of MDA-MB-468 cells and mean absorbed radiation dose

to the nucleus (nuclear dose), calculated based on S-values and activities

N nucleus, Cy cytoplasm, CS cell surface

# Accumulated activity was determined as the product of activity (in 500,000 cells) and incubation time (1 h)

@ Springer



1714

Eur J Nucl Med Mol Imaging (2015) 42:1707-1717

Fig. 5 a The number of YH2AX a

Dose (Gy)

foci was determined using

[ control

immunohistochemistry in MDA-
MB-468 cells after exposure to
irradiation (0 or 4 Gy) combined
with phosphate-buffered saline
(PBS) or **Zr-labelled or
unlabelled anti-yH2AX-TAT, or
rIgG-TAT. b Clonogenic survival
of MDA-MB-468 cells after
exposure to irradiation (0 or 4 Gy)
combined with PBS or %°Zr-
labelled or unlabelled anti-
YH2AX-TAT, or 1rlgG-TAT. ¢
Olive tail moment was
determined after a neutral comet
assay on MDA-MB-468 cells
after exposure to irradiation (0 or
4 Gy) combined with PBS or
897r-labelled or unlabelled anti-
YH2AX-TAT, or rlgG-TAT
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1004 ns

Clonogenic survival
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DTPA and ¥Zr-DFO, which provide differences in, for exam-
ple, charge, molecular weight, lipophilicity etc. It is likely,
however, that these variations are rendered negligible when
considering the large disparity in size between the radiometal
complex and the antibody to which it is bound, the latter of
which most likely dominates the overall chemical properties
of the whole construct. Another notable difference is that for
in vivo imaging experiments, **Zr-anti-yH2AX-TAT was la-
belled at a lower specific activity compared to the '''In-
anti-yH2AX-TAT imaging agent (0.1 MBq/ug and
0.5 MBq/ug, respectively). This is made possible by the in-
creased sensitivity of PET versus SPECT, which enables im-
ages of comparable quality to be acquired despite using lower
quantities of the radioactive probe. We predict that this will
provide advantages in terms of reducing radiation burden to
patients, their families and carers, and medical staff, although
we did not perform these calculations in the present study.
Promisingly, despite these differences, the **Zr-labelled
anti-yH2AX-TAT antibody construct revealed highly compa-
rable radiobiological behaviour compared with the analogous
"n-labelled version. Firstly, in a similar manner to the '''In-
labelled construct, *°Zr-anti-yH2AX-TAT also exhibits more
prolonged retention inside MDA-MB-468 breast cancer cells

@ Springer
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in vitro following gamma irradiation compared with control
experiments. It is this prolonged retention inside cells with
damaged DNA which is the critical factor in determining the
performance of **Zr-anti-yH2AX-TAT as an in vivo imaging
agent as it results in higher concentrations of radioactivity in
tumours compared to surrounding tissues. BALB/c nu/nu
mice, which are not radiosensitive, were used for this series
of experiments [26-28]. Since DNA damage repair is relative-
ly fast in normal tissues, little YH2AX remains several hours
after irradiation, leaving little target for the radiolabelled
anti-yH2AX-TAT compound to engage, resulting in little up-
take of ¥Zr-anti-yH2AX-TAT in normal irradiated tissues.
The single tissue to receive a significant amount of radiation
dose is the hind leg at the side of tumour implantation, but no
significantly increased uptake of either '''In- or *°Zr-
anti-yH2AX-TAT has been observed using SPECT or PET
imaging, respectively [3].

Furthermore, cell fractionation studies also indicate that the
distribution of the two imaging agents inside irradiated cells
was almost identical after 1 h incubation (Table 1) which
confirms that the modification of the antibody with *Zr-
DFO radiometal complex did not impede its ability to localize
in the cell nucleus compared with the '''In-labelled variant.
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Surprisingly, we observed a significant decrease in the amount
of ®Zr measured in the blood of mice with irradiated tumours
and injected with ®Zr-anti-yH2AX-TAT resulting in higher
tumour to blood values compared to '''In-anti-y H2AX-TAT.
Although this phenomenon is yet to be fully elucidated, we
hypothesize that this decrease may be the result of a combi-
nation of sequestration of radiolabelled compound from the
blood to tumour tissue and %°Zr biodistribution
(Supplementary Figure S4). No other significant differences
were observed between the different animal groups, such as in
the bone, suggesting that the lowered blood radioactivity in
irradiated mice was not due to additional sequestration of **Zr
to the bone (p>0.05), nor was it the result of increased excre-
tion (whole body measurements, p>0.05). The drop in %ID in
the blood [a difference (A) of 6.52 %ID in irradiated versus
non-irradiated animals injected with 897 r-anti-yH2AX-TAT]
can mainly be explained by a shift to tumour (A=-2.36 %ID),
the kidneys and bladder (A=-2.97 %ID), with the remainder
of the dose moved to various other organs. However, the
mechanism of this shift is not clear, especially since no differ-
ence was observed in terms of excretion from the whole body.
Future investigations will be the subject of further reports on
this intriguing matter.

Targeting of YH2AX by agents such as *°Zr-
anti-yH2AX-TAT may provide a solution for visualizing
the changes during early tumourigenesis, the inherent geno-
mic instability, the intrinsic lack of DNA damage repair in
existing tumours and reaction of tissue to anti-tumour ther-
apy. Applications of DNA damage imaging are nearly as
manifold as the use of H2AX phosphorylation as a histology
biomarker [7]. Imaging has the added advantage of being a
non-invasive, repeatable technique able to visualize DNA
damage throughout the whole body, whether it be in mice
for the purpose of translational research or in cancer patients
for clinical benefit. Firstly, applications of DNA damage
imaging could be envisioned in early detection of tumours,
which had been anticipated nearly a decade ago [8]. We
have used the DNA damage repair response to oncogenic
stress in a mmtv-driven neuT-overexpressing mouse model
of breast cancer [12]. Furthermore, DNA damage imaging
could aid tumour diagnosis. In some cases, overexpression
of YH2AX is even a better histological marker than the gold
standard method, as is the case for metastatic renal cell car-
cinoma, where markers such as RCC marker, have been
employed with varying success [29]. Also, YH2AX imag-
ing may be used as an aid for staging or use as a prognostic
biomarker, by determining genetic instability of diagnosed
tumours [8, 9, 30] or hypersensitivity of normal tissues [31,
27]. Finally, imaging DSBs using PET has applications in
therapy evaluation of chemo- and radiotherapy, where
short-term individualized window studies could shed light
on the usefulness of treatments or treatment combinations
[7, 32, 33].

A potential limitation of PET imaging of DSBs is that the
ionizing radiation emitted from the decaying radionuclide
could itself be causing additional DNA damage, which would
hamper the use of **Zr-anti-yH2AX-TAT as a radiotracer.
This effect has been apparent in previous studies involving
"n-anti-yH2AX-TAT when radiolabelled at specific activi-
ties greater than 3 MBq/ug, and therefore it was necessary in
this study to explore this possibility [11, 34, 35]. Furthermore,
unlabelled anti-yH2AX-TAT binds to the same phosphorylat-
ed serine residue on the H2AX protein needed as a docking
site for activation of other DNA damage repair proteins.
Therefore, occupation of this site by an excess of imaging
agent may lead to DNA damage repair abrogation, and further
genomic instability or cell death [36, 37]. Given these con-
ceivable side effects, it was necessary to investigate the effects
of unlabelled and '''In- and 3°Zr-labelled anti-yH2AX-TAT in
silico and in vitro, in MDA-MB-468 cells. High concentra-
tions of unlabelled anti-yH2AX-TAT slow down YH2AX foci
formation, but have no effect on the resolution of DSBs, as
shown by the neutral comet assay (data not shown). We pre-
viously showed that '''In-anti-yH2AX-TAT, labelled with
low amounts of '''In necessary for imaging (<1 MBg/ug),
similar to ®Zr-anti-yH2AX-TAT, also does not affect DSB
repair in vitro [11] or cause tumour growth delay in vivo
[12]. In this manuscript, we show that this is also the case
for the ®*Zr-labelled version, even though the spectrum of
emitted particles includes more energetic gamma rays and a
beta particle as well as low-energy electrons. We conclude
from these calculations that even if **Zr-anti-yH2AX-TAT
was radiolabelled at the same specific activity as the '''In-
labelled variant, it is less likely to cause the same degree of
DNA damage. This potential side effect was further examined
experimentally where a lack of difference in YH2AX foci
formation was observed in cells which were either incubated
with 3°Zr-anti-yH2AX-TAT (0.5 MBg/pg) or left untreated.
These results are in keeping with similar experiments involv-
ing the '''In-labelled variant when labelled at the same spe-
cific activity. Neutral comet assays, clonogenic assays in vitro
and measurements of the number of YH2AX foci in vivo all
corroborated these findings. Although these results are prom-
ising on the single-cell level, additional calculations and mea-
surements are necessary to study dosimetry on the whole body
scale. These will be the subject of further reports.

Conclusion

Taken together, **Zr-anti-yH2AX-TAT allows in vivo PET
imaging of DNA DSB damage in a mouse model of cancer.
In silico modelling showed that the mean absorbed dose to the
nucleus of cells taking up **Zr-anti-yH2AX-TAT was twofold
lower compared to '''In anti-yH2AX-TAT. In vitro and
ex vivo analysis showed that exposure of naive or irradiated
cells or xenograft tumour tissue to *°Zr-anti-yH2AX-TAT did
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not significantly change the number of DNA DSBs, the num-
ber of YH2AX foci or clonogenic survival.
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