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ARTICLE INFO ABSTRACT

Keywords: Pretargeting is a promising strategy to reach high imaging contrast in a shorter time than by targeting with
Antibody directly radiolabeled monoclonal antibodies (mAbs). One of problems in pretargeting is a site-specific, re-
Peptide nucleic acid producible and uniform conjugation of recognition tags to mAbs. To solve this issue we propose a photo-
Pretargeting conjugation to covalently couple a recognition tag to a mAb via a photoactivatable Z domain. The Z-domain, a
Photoconjugation

58-amino acid protein derived from the IgG-binding B-domain of Staphylococcus aureus protein A, has a well-
characterized binding site in the Fc portion of IgG. We tested the feasibility of this approach using pretargeting
based on hybridization between peptide nucleic acids (PNAs). We have used photoconjugation to couple tras-
tuzumab with the PNA-based hybridization probe, HP1. A complementary [*’Co]Co-labeled PNA hybridization
probe ([¥”Co]Co-HP2) was used as the secondary targeting probe. In vitro studies demonstrated that trastu-
zumab-ZHP1 bound specifically to human epidermal growth factor receptor 2 (HER2)-expressing cells with
nanomolar affinity. The binding of the secondary [*”Co]Co-HP2 probe to trastuzumab-PNA-pretreated cells was
in the picomolar affinity range. A two-fold increase in SKOV-3 tumor targeting was achieved when [*’Co]Co-
HP2 (0.7 nmol) was injected 48h after injection of trastuzumab-ZHP1 (0.5 nmol) compared with trastuzumab-
ZHP1 alone (0.8 * 0.2 vs. 0.33 * 0.06 %ID/g). Tumor accumulation of [*’Co]Co-HP2 was significantly re-
duced by pre-saturation with trastuzumab or when no trastuzumab-ZHP1 was preinjected. A tumor-to-blood
uptake ratio of 1.5 + 0.3 was achieved resulting in a clear visualization of HER2-expressing xenografts as
confirmed by SPECT imaging. In conclusion, the feasibility of stable site-specific coupling of a PNA-based re-
cognition tag to trastuzumab and successful pretargeting has been demonstrated. This approach can hopefully be
used for a broad range of mAbs and recognition tags.

Molecular imaging

1. Introduction

Radionuclide molecular imaging provides a promising non-invasive
tool for detection of cancer-associated biomarkers. Imaging companion
diagnostics offer essential information for patient stratification and ef-
fective use of corresponding therapeutic targeting agents. Monoclonal
Antibodies (MAbs) have long been considered useful tools for
RadioImmunoDiagnostics (RID) [1-3]. Today over 50 antibodies are
approved by the US Food and Drug Administration (FDA), and many
more are under development [www.fda.gov/drugs/
informationondrugs/approveddrugs]. Many of these approved mAbs

are directed against cancer. Their popularity/wide use is based on their
well-studied safety profile and ability to specifically recognize aber-
rantly expressed receptors on cancer cells with high affinity. However,
some functional limitations render this class of targeting agents im-
perfect for imaging applications [4]. The prolonged residence in blood
circulation engenders elevated background, which reduces imaging
contrast and sensitivity. Moreover, long waiting times between injec-
tions and image acquisition limits the choice of appropriate radio-
isotopes that can be used for adequate imaging in the given time
window.

Appreciable efforts have been directed into developing systems that
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circumvent these limitations. One approach has centered upon bioen-
gineering of smaller immunoglobulin formats, such as minibodies,
diabodies, and F(ab'), fragments, with improved pharmacokinetic
profiles [4,5]. These small immunoglobulin-based targeting vectors
demonstrated shorter residence time in circulation but their use was
associated with low tumor uptake and elevated renal retention of
radioactivity.

Engineered Scaffold Proteins (ESPs) have also proven to be pro-
mising candidates for targeting applications [6]. The most studied ex-
amples of ESPs are Affibody molecules. A number of affibody molecules
binding with high affinity to several cancer-associated molecular tar-
gets such as, HER2, EGFR, HER3, IGF-1R, PDGFRp and CAIX have been
developed. However the number of these target-specific affibody mo-
lecules remains limited and many others are still in early phases of
development. On the other hand, a large number of mAb candidates are
currently approved or in late stage development. Protocols for mAb
production are well established and products with high homogeneity
and antigen specificity to an “endless” number of targets have been
generated. Together this makes mAbs attractive vectors for the delivery
of diagnostic and therapeutic radionuclides to malignant tissues.

An alternative strategy to overcome the limitations associated with
the use of directly radiolabeled mAbs is pretargeting [7-11]. In pre-
targeting — or multistep targeting — the two components of radio-
nuclide-based targeting, i.e. the targeting vector and the radioactivity,
are uncoupled. The mAb recognizing a tumor-specific antigen contains
a recognition tag, forming the primary targeting agent. The secondary
agent, modified with another recognition tag, carries the radionuclide
and is developed to have an optimal biodistribution profile and fast
clearance in comparison with the primary agent. The primary and
secondary agents are injected separately and selectively assemble in
vivo at the tumor site. Several approaches to pretargeting have been
investigated. Earlier work included systems based on (strept)avidin-
biotin interactions. The abundance of endogenous biotin and im-
munogenicity of (strept)avidin has diverted the interest from this
method. To avoid cross-reactivity with biological molecules, several
groups worked on developing systems based on highly selective reac-
tions between the functional groups of injected components. Most
prominent examples include hybridization of complementary nucleic
acid analogues, bispecific antibody-hapten interaction and the bioor-
thogonal inverse electron demand Diels-Alder click reaction. We refer
the reader to two review articles for more detailed information about
the aforementioned methods [10,11].

A promising approach for pretargeting involves the use of nucleic
acid hybridization. Due to their rapid degradation by nucleases, the use
of DNA or RNA for in vivo pretargeting appeared to be inappropriate
and several alternatives to DNAs have been developed [12,13]. The
most studied analogues for pretargeting are the phosphorodiamidate
morpholino oligomers (MORFs) and peptide nucleic acids (PNAs)
[13-15]. We and others have worked with the synthetic DNA-analogue,
PNA [16-21]. PNAs possess a pseudopeptide backbone of repeating N-
(2-aminoethyl)glycine units connected via amide bonds [16,22-24].
Due to its unique nature, PNAs are not recognized by either nucleases or
peptidases. Their peptidic nature renders them easy to produce using
solid-phase synthesis [17]. High rate of PNA hybridization
(1.7 x 10° M~ 's™ 1) is advantageous for the secondary agent with fast
pharmacokinetics in vivo. Additional advantages include robustness to
harsh labeling conditions, lack of toxicity and immunogenicity, and the
possibility of chemical modifications. Earlier work from the Hnatowich
laboratory demonstrated the feasibility of PNA-based pretargeting
[16,25]. This group has clearly demonstrated that it was possible to
significantly improve accumulation of radioactivity in tumor in a mouse
model using PNA-coupled streptavidin and beads and [*°™Tc]Tc-cPNA
as primary and secondary injectate, respectively. However, this work
relied on nonspecific diffusion of PNA-coupled streptavidin and beads
into tumors. Later Leonidova et al. demonstrated that it was possible to
use PNA-mediated pretargeting to detect aberrantly-expressed EGFR
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receptors in mice using the mAb cetuximab [18]. We have recently
investigated the feasibility of PNA-mediated pretargeting using the anti-
HER2 Zygra:342 affibody molecule as a targeting agent [19,20]. Ex-
perimental therapy study in mice bearing HER2-expressing xenografts
showed that mice treated using affibody-based PNA-mediated ['7"Lu]
Lu-pretargeting had twice longer median survival compared to control
groups [21]. While the affibody-based pretargeting is a highly pro-
mising approach for targeted radionuclide delivery, however, as high-
lighted in the previous paragraph, only a limited number of affibody
molecules were developed for preclinical use. Alternatively, FDA-ap-
proved therapeutic mAbs are promising candidates for primary agents
in pretargeting due to their well-characterized safety profile in humans,
availability and specificity against a wide range of potential cancer-
associated targets.

Extensive research is being done into the conjugation of prosthetic
groups or payloads to mAbs [26,27]. Strategies based on N-hydro-
xysuccinimide (NHS) esters for reactions with amines and maleimide-
functionalized probes for thiols are commonly used. Because of the
random coupling, different numbers of prosthetic groups may be at-
tached to different positions on mAbs after conjugation, thus generating
heterogeneous products. Labeling of lysine residues has been shown to
result in a highly heterogeneous antibody product with as many as 20
different sites of modification [28], whereas partial reduction of the
interchain disulfide bridges as a strategy to obtain accessible cysteine
residues for chemoselective labeling results in more well-defined anti-
body conjugates [29]. We have earlier developed a novel photolabeling
technology to site-specifically decorate mAbs [30-32]. The Z-domain (a
derivative of domain B of Staphylococcus aureus protein A) is known to
have a well-characterized binding site in the Fc portion of IgG [33,34].
By introducing a photoactivable linker in the Z-domain, it was possible
to form a covalent bond between the Z-domain and the antibody after
irradiation with UV light. Site-specific conjugation provides a homo-
genous product with a defined degree of modification and predictable
pharmacokinetics, which is a serious advantage compared to random
coupling approaches reported previously, e.g. coupling of PNA using
amine-directed isothiocyanate chemistry reported by Leonidova et al.
[18].

In this study, we tested the hypothesis that the use of this novel
photoconjugation method for site-specific decoration of mAbs with PNA
would provide a primary agent, which is suitable for radionuclide
pretargeting in a living system. For proof-of-concept, the well-studied
FDA-approved therapeutic mAb trastuzumab (Herceptin“) was chosen.
Trastuzumab is commercially available and shows chemical robustness
making it withstand labeling conditions. It possesses high affinity to the
clinically relevant tumor biomarker, HER2. A scheme of the site-specific
and covalent labeling of trastuzumab with PNA via the Z-domain is
outlined in Fig. 1A. A Z-PNA chimera containing a photoactive cross-
linker, Z-HP1, was produced using sortase A catalyzed ligation [17]. Z-
HP1 was thereafter covalently crosslinked to the Fc region of the anti-
body using UV irradiation.

As a secondary agent, the complementary PNA probe HP2, con-
jugated to the versatile DOTA (1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid) chelator, was used (hereinafter denoted as
DOTA-HP2). We have shown earlier that DOTA permitted labeling of
HP2 with several radiometals [19,20]. The cobalt radioisotope
[®’Co]Co (T, = 271.8d) was used as a surrogate for the PET radio-
isotope [*>Co]Co (T, 2 =17.53d) due its long half-life and con-
venience. DOTA-HP2 labeled with [°”Co]Co was used both for in vitro
characterization and in animal studies (Fig. 1B).

2. Material and methods

The majority of the chemicals employed in the study were pur-
chased from Sigma-Aldrich Sweden AB. All buffers were prepared using
high quality Milli-Q water (resistance higher than 18 MQ cm). Buffers
for radiolabeling of HP2 were treated with Chelex 100 resin (Bio-Rad
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Fig. 1. (A) Schematic illustration of the production of T-ZHPI. (I) A variant of
the Z domain with a cysteine at position 35 and a sortase A recognition tag at
the C-terminal, Zg3sc-SR-He, was expressed in E. coli and purified using im-
mobilized metal-affinity chromatography (IMAC). The protein was reduced
using dithiothreitol (DTT) and the unique cysteine at position 35 was reacted
with the bifunctional photocrosslinker 4-(N-maleimido)benzophenone (MBP) to
produce Zgzscmpp-SR-Hg, (II) The PNA-based hybridization probe HPI was as-
sembled using standard Fmoc-protected solid phase synthesis, cleaved off the
solid support, and used for enzymatic conjugation to the Z-domain without
further purification. (III) HP1 was site-specifically coupled to the C-terminal of
Zxsscmep-SR-Hg using sortase A mediated ligation and the resulting protein-
PNA chimera, Z-HP1, was purified using IMAC and reversed phase (RP)-HPLC.
Trastuzumab, a commercially available higG1 full-length antibody, was site-
specifically and covalently modified with HP1 via the Z domain. (IV) Z-HP1 was
mixed with trastuzumab and the solution was exposed to UVA irradiation for
2 h. The Z domain has an affinity to bind to the Fc-region of IgGs, and upon UV
irradiation the activated benzophenone probe in Z-HP1 can covalently cross-
link to trastuzumab. As a last step the UV-crosslinked T-ZHP1 was purified
using acid wash and a protein concentrator with a molecular weight cut-off of
50 kD to remove any residual unreacted Z-HP1. (B) Schematic illustration of the
pretargeting strategy presented here. In the first step the primary tumor-tar-
geting agent, T-ZHPI, is injected. Once the primary agent has accumulated at
the tumor and cleared from healthy tissue a complementary and radiolabeled
PNA strand, [*”Co]Co-HP2, is administrated and is allowed to hybridize in vivo
with the primary agent.

Laboratories, Richmond, USA) to facilitate the removal of metal con-
taminants. [°’Co] cobalt chloride was purchased from PerkinElmer
Sweden, (Upplands Vésby, Sweden). All radioactive samples were
measured in an automated y-spectrometer with a ~ 7.6-cm (3-in) Nal
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(TD) detector (1480 WIZARD; Wallac Oy). The interaction between
modified trastuzumab and HER2 was evaluated using LigandTracer
Yellow (Ridgeview AB, Uppsala). LigandTracer Yellow was also used to
measure interaction between pretargeting components on cell surface
in real time.

2.1. Construction of expression plasmids, and expression and purification of
recombinant proteins

A plasmid coding for an affibody molecule with a sortase A re-
cognition tag and a His¢-tag for IMAC purification, pAY430-Zygr2:342-
SR-Hg, has already been constructed by us [17]. The DNA sequence
coding for Zygra:342-part was removed from the plasmid using restric-
tion enzymes Ndel and Accl (New England Biolabs), and the cut plasmid
was purified using agarose-gel electrophoresis and dephosphorylated
using alkaline phosphatase (New England Biolabs). The DNA sequence
for Zywr was PCR amplified from the plasmid pT7HisZyr, a kind gift
from Dr. Feifan Yu (KTH, Sweden) [35], using primers containing Ndel
and Accl restriction sites, double digested with said enzymes, and
subcloned into the cut plasmid producing pAY430- Zyr-SR-He. A cy-
steine (codon underlined in primer) was introduced at position 35 using
whole-plasmid mutagenesis with primers 5-CCAAAGTTTATGCGATGA
CCCAAGCCAAAG-3’ and 5-ATGAAGGCGTTTCGTTGTTC-3".

The thiol side-chain at position 35 was used for incorporation of the
bifunctional photocross-linker malemido benzophenone (MBP) to be
used for UV-radiation driven covalent cross-linking of the Z domain to
the heavy chain of trastuzumab.

A small-scale expression-test in E. coli revealed that the over-ex-
pressed protein is a mixture of Zwr-SR-Hg with and without the N-
terminal initiator methionine. To make sure that the starter methionine
is completely excised and a homogenous protein is expressed, an ala-
nine residue was introduced between the initiator methionine and the
first amino acid. The alanine was introduced using a round of site-di-
rected whole-plasmid mutagenesis of pAY430-Zkssc-SR-Hg with a for-
ward primer with a 5-GCG overhang, producing pAY430-Ala-Zgssc-SR-
He. All DNA sequences were verified using sequencing (Microsynth AG).
The resulting protein, hereafter called Zgssc-SR-Hg, has the following
sequence: AVDNKFNKEQQNAFYEILHLPNLNEEQRNAFIQSLCDDPSQS-
ANLLAEAKKLNDAQAPKVDGSGSGSLPETGGHHHHHH.

Expression and subsequent IMAC purification of Zygssc-SR-He and
the enzyme sortase A>* was done according to previously published
protocols for recombinant proteins [17,20], and used without further
purification.

2.2. Synthesis and purification of HP1 and HP2

The hybridization probes HP1 (GGGSS-atg ctg gat gta gtc-EK
(DOTA)-[AEEA]-E-NH,) and HP2 (DOTA-[AEEA]-SS-gac tac atc cag act-
EEY-NH,), where the amino acids are denoted with upper case letters,
PNA monomers are given in lower case letters, and [AEEA] corresponds
to [2-(2-aminoethoxy)ethoxy]lacetic acid, were synthesized using stan-
dard manual solid-phase synthesis using commercially available Fmoc-
protected building-blocks as described previously [17,20]. Details of
this are presented separately in the Data in Brief communication [36].
The secondary probe HP2 was purified using reversed phase HPLC to a
final purity of > 95%, freeze-dried from 10 mM ammonium acetate pH
4.5 and stored as dried powder at —20 °C.

2.3. Production and purification of Z-HP1

Zxasc-SR-He was reduced with 20mM dithiothreitol (DTT) in
50 mM phosphate buffer, 3M guanidine hydrochloride (Gdn:HCl), pH
8.0 for 1 h at 37 °C. The buffer was changed to PBS pH 6.6 using a PD-10
gel filtration column and reduced Zg3sc-SR-Hg was immediately reacted
with 20X excess of 4-(N-maleimido)benzophenone (MBP; Sigma-
Aldrich). The reaction, producing Zysscvpp-SR-Hg, was left to proceed
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over night at room temperature, and unbound MBP was subsequently
removed by a PD-10 column equilibrated with sortase A ligation buffer
(50 mM Tris base, 150 mM NaCl, 10 mM CaCl,, pH 7.5).

The primary probe HPI was site-specifically coupled to the C-
terminal end of Zgsscuep-SR-Hg using sortase A mediated ligation as
previously described for Zygro.342-SR-HP1 in detail in Altai et al. [20].
Briefly, HP1 (unpurified synthesis product) dissolved in 10% DMSO in
water was mixed with 2.5X excess of Zgsscmpp-SR-Hg in sortase A li-
gation buffer and a 5X excess of Ni?". The reaction was started by
addition of 5uM sortase A%*, left to proceed for 30 min at 37 °C and
subsequently stopped by the addition of an equal volume of HisPur
Cobalt Resin (Thermo Fisher Scientific), pre-equilibrated in IMAC
binding buffer without imidazole (25 mM Na,HPO,4, 150 mM NaCl, pH
7). After a 30-min incubation at RT the sample/resin slurry was applied
to an empty PD-10 column (GE Healthcare), the flow-through was
collected, filtrated through a 0.2 ym PVDF membrane and subjected to
reversed phase HPLC purification on a Zorbax C18 column (300SB-C18,
9.4 x 250 mm?, 5 um pore size; Agilent) with an elution gradient going
from 10 to 45% B over 35min (A: 0.1% TFA in H,O; B: 0.1% TFA in
CH3CN) and a flow rate of 3 mL/min. The column temperature was
elevated to 70 °C to increase separation. The resulting Zgsscvpp-SR-HP1
protein-PNA chimera has the following sequence: AVDNKFNKEQQN-
AFYEILHLPNLNEEQRNAFIQSLC(MBP)DDPSQSANLLAEAKKLNDAQA-
PKVDGSGSGSLPET GGGSS-atg ctg gat gta gtc-EK (DOTA)-[AEEA]-E-
NH; and is hereinafter denoted as Z-HPI. Fractions containing Z-HP1
were pooled, lyophilized and re-dissolved at a concentration of about
35uM in 20mM citrate-phosphate buffer, 150 mM NaCl, pH 6, and
stored in 3 mL aliquots wrapped in aluminum foil at —20 °C. The cor-
rect molecular weight of Z-HP1 was verified using mass spectrometry
on a MDS SCIEX 4800 MALDI TOF/TOF Analyzer (Applied Biosystems).

2.4. Site-specific cross-linking of Z-HP1 to trastuzumab

Trastuzumab (Herceptinm, Roche), a humanized IgGl HER2-tar-
geting antibody was provided as freeze-dried powder from Apoteket
AB, Sweden, dissolved in ultra-pure water to a concentration of 21 pg/
pL, and stored at —80 °C in 100 pL aliquots.

In a typical large-scale photoconjugation reaction 14.2 nmol tras-
tuzumab (2.10 mg; 100 pl of 21 pg/uL) was mixed with 71 nmol (5X
excess) of Z-HP1 (2.17 mL of 32.6 uM) and the volume was adjusted to
10 mL with 20 mM citrate-phosphate buffer, 150 mM NaCl, pH 6. The
mixture was transferred to a sterile polystyrene petri dish with a dia-
meter of 92 mm (Sarstedt) and placed on a bed of ice. UV crosslinking
was then performed for 120 min in a UVC500 Crosslinker (Amersham)
equipped with five 8V UV-A lights. The UV irradiation was paused
every 30 min to change ice and to agitate the solution. After cross-
linking the pH of the solution was lowered by the addition of 10 mL of
100 mM glycine-HCl, pH 3. To remove excess of Z-HPI not covalently
bound to trastuzumab, the solution was centrifuged through an Amicon
Ultra-15 centrifugal filter unit with a 50 kDa cut-off (Merck Milipore).
The conjugated antibody (hereinafter denoted as T-ZHP1) was washed
5 times in the filter unit with 10 mL of 100 mM glycine-HCI, pH 3, and
then the pH of the solution was returned to pH 6 by changing the buffer
to T-ZHP1 storage buffer (20 mM citrate-phosphate buffer, 100 mM
arginine-HCl, 150 mM NaCl, 100 mg/mL trehalose, 0.05% Tween-20;
pH 6) using the same filter unit. Following purification the solution was
passed through a 0.2 um syringe filter and kept at room temperature to
prevent protein precipitation.

2.5. Analysis of cross-linking

SDS-PAGE analysis was used to evaluate the conjugation yield for Z-
HP1 conjugated to trastuzumab, to assess the purity of T-ZHPI after
purification, and to evaluate HP2 hybridization to T-ZHP1 under re-
ducing and non-reducing conditions. For reducing gels, trastuzumab, T-
ZHP1 before and after purification, and pre-hybridized T-ZHP1:HP2
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samples were applied to NUPAGE 4-12% Bis-Tris gels (Thermo Fisher
Scientific) and run at 200V for 40 min at 4 °C under reducing condi-
tions. The gel was stained using GelCode Blue Stain (Thermo Fisher
Scientific) according to the manufacturer's instructions and scanned.
Gels used for protein band intensity measurements were color adjusted
using the Black & White adjustment tool in Adobe Photoshop CC 2015
(Adobe) and their protein band pixel intensities were analyzed using
the open source ImageJ software (http://imagej.nih.gov). The con-
jugation yield of T-ZHP1 in percentage was estimated as the ratio be-
tween the band intensities of the conjugated heavy chain to the un-
conjugated heavy chain x 100. For non-reducing gels, T-ZHP1 and pre-
hybridized T-ZHP1:HP2, were mixed with an SDS-PAGE loading buffer
without reducing agents and loaded directly onto NuPAGE 4-12% Bis-
Tris gels. The non-reducing gels were run at 200 V for approximately
2h at 4°C. Non-reducing gels were stained, scanned and protein band
intensities were analyzed with ImageJ as described previously for re-
ducing SDS-PAGE gels.

2.6. T-ZHP1 concentration estimation using SDS-PAGE analysis

SDS-PAGE analysis was used to quantify the T-ZHP1 concentration
after conjugation and purification. Known amounts of trastuzumab
(0.32, 0.63, 0.95, 1.26, 1.58 and 1.88 ug) were prepared in 20 mM ci-
trate-phosphate buffer, 150 mM NaCl, pH 6 from a 21 pg/uL trastu-
zumab stock solution. Trastuzumab standards and T-ZHP1 samples with
unknown concentrations were reduced with 50 mM DTT in 100 mM tris
buffer, 7 M urea, 2% SDS, 10% glycerol, 0.001% bromophenol blue; pH
8.0 for 30min at 37°C, and alkylated for 15min in the dark with
200 mM iodoacetamide. Trastuzumab standards and unknown T-ZHP1
samples (in two different dilutions) were loaded in duplicates on the
same 17-well NuPAGE 4-12% Bis-Tris gel. The gel was run, stained and
scanned as previously described for reducing SDS-PAGE gels. ImageJ
was used to analyze the protein band intensities of trastuzumab and T-
ZHP1. The intensities of the bands corresponding to the trastuzumab
light chain were plotted against the known trastuzumab content in pg.
A linear equation was fitted to the data points and the R-squared value
was calculated using Excel for Mac 2011 (Microsoft). The linear cali-
bration curve was used to determine the unknown amount of T-ZHP1
based on the intensity of the unmodified T-ZHP1 light chain band. The
T-ZHP1 concentration was calculated as the mean of the four sam-
ples * the standard mean deviation. Glycosylated trastuzumab has a
molecular mass of 148,400 g/mol (Herceptin Safety Data Sheet, Roche)
and a molecular mass of 161,800 g/mol was estimated for T-ZHP1
(assuming one Z-HP1 per IgG on average).

2.7. Surface Plasmon resonance based binding analysis

General Surface Plasmon Resonance: All SPR measurements were
performed at 25°C on Biacore systems (GE Healthcare) with CM5
sensor chips. The running buffer, which was also used for analyte di-
lution, was degassed PBS-T (10 mM Na,HPO,, 150 mM NaCl and
0.005% Tween-20; pH 7.4), and the flow rate was set to 50 uL/min in
all experiments. Standard NHS/EDC coupling was used to immobilize
the ligand covalently to the chip, and following immobilization, the
surface was capped with ethanolamine. A reference surface was pre-
pared on each chip by activating the chip surface and then immediately
capping it without ligand immobilization. The binding of T-ZHP1 and
trastuzumab to HER2-Fc was studied on a Biacore T200 system, while
the binding of HP2 to T-ZHPI1 and Z-HP1 was analyzed on a Biacore
3000 system.

For analysis of T-ZHP1 binding to HER2-Fc, 50 RU (resonance units)
of HER2-Fc (Sino Biologicals) was immobilized on the surface of the
sensor chip. The T-ZHP1 storage buffer was exchanged for SPR running
buffer using an illustra MicroSpin G-25 column (GE Healthcare), and T-
ZHP1 was injected over the surface at seven different concentrations
6-375nM (6, 12, 23, 47, 94, 188 and 375 nM). In another experiment,
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unconjugated trastuzumab was injected over the same HER2-Fc surface
at seven different concentrations 6-385nM (6, 12, 24, 48, 96, 193 and
385 nM), and the binding was analyzed using the same settings as for T-
ZHP1. Association and dissociation times were 300 and 1200s, re-
spectively. To further study the dissociation part of the binding process
375nM T-ZHP1 or 385nM trastuzumab was injected over the HER2-Fc
chip surface and the dissociation phase was extended to 5h. The HER2
surface was regenerated after each run with a 30s injection of 15 mM
HCI and the surface was left to stabilize for 1h with running buffer
before the next injection of analyte.

To study the binding of HP2 to T-ZHP1, approximately 1930 RU of
T-ZHP1 was immobilized to the surface of a CM5 sensor chip. To an-
other surface on the same chip 190 RU of Z-HP1 was immobilized, and
seven different concentrations between 12 and 750 nM (12, 23, 47, 94,
188, 375 and 750nM) HP2 were injected over both surfaces.
Association and dissociation times were 300 and 1200 s, respectively.
The T-ZHP1 and Z-HP1 surfaces were regenerated by a 30s pulse of
10 mM NaOH followed by a 30 s pulse of 10 mM glycine-HCl; pH 2, and
the chip was then left to stabilize with running buffer for an hour before
the start of the next experiment.

All SPR experiments were performed in duplicates and the sensor-
grams were double referenced by subtracting both the sensorgrams
from a blank surface and from an injection of running buffer. Kinetic
parameters were estimated from fitting the sensorgrams using a 1:1
Langmuir binding model in BIAevaluation version 4.1, in the case of
Biacore 3000, or in Biacore T200 Evaluation software version 2.0 (GE
Healthcare).

2.8. Radiolabeling chemistry

T-ZHP1 was radiolabeled with [*2°I]I using direct radioiodination
method. For this 25pug (0.16 nmol) T-ZHPI1 (62.5ug/mL PBS) was
mixed with [*2°I]Nal (3 uL, 8 MBq). Radioiodination was initiated by
the addition of chloramine-T (10 pL, 32 mg/mL in water), and the so-
lution was incubated for 2 min at room temperature. The reaction was
quenched by adding sodium metabisulfite (10 pL, 64 mg/mL in water).
For comparative purposes, the non-conjugated anti-HER2 mAb trastu-
zumab (2.1 mg/mL) was radiolabeled with the radioisotope 31 by
mixing 10 uL (21 pg) of the conjugate with 5 uL [**'I]Nal (6.9 MBq) and
then adding Chloramine-T (10 uL, 4 mg/mL in water) to start the re-
action. Two minutes later the reaction was quenched by the addition of
sodium metabisulfite (10 uL, 8 mg/mL in water). In both cases, a small
aliquot (1 pL) of the reaction mixture was analyzed by radio-iTLC,
eluted with 80% ethanol. For purification a NAP-5 size exclusion
column (GE Healthcare) pre-equilibrated with PBS was used.

For radiolabeling of DOTA-HP2 with [>”Co]Co, a solution of 25 ug
DOTA-HP2 in 70 uL 0.2M ammonium acetate, pH 5.5, was carefully
mixed with 9L (9 MBq) [*’Co]CoCl, solution. The mixture was in-
cubated for 40 min at 90 °C. A 1 pL aliquot of the reaction mixture was
taken and analyzed by radio-iTLC eluted with 0.2 M citric acid, pH 2.0.
No further purification was required as the radiochemical yield of the
labeling was > 99%.

2.9. Invitro cell studies

To determine the feasibility and specificity of our pretargeting
method in vitro, SKOV-3, BT474 and DU145 cell lines (all from ATCC)
with different levels of HER2 expression were used. Petri dishes seeded
with ca. 1 x 10 cells/dish of either cell line were divided into four
groups (n = 3). All dishes were treated using a standard protocol. First
the culture media was aspirated and dishes were washed with 1 mL
incomplete serum free medium. After washing, dishes from group 1, 2
and 3 were incubated with 30 nM of the primary targeting agent, T-
ZHP1, for 60 min at 4 °C. Thereafter media was discarded and cells were
additionally washed with 2 x 1 mL incomplete serum free media. The
radiolabeled secondary probe [*’Co]Co-DOTA-HP2 (hereafter
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designated [®”Co]Co-HP2) was added to all dishes. Cells were then
further incubated with %’ Co-HP2 (30 nM) for 60 min at 4 °C. The media
were removed and cells were again washed 2 x with 1 mL serum free
medium. Cells were then detached by trypsin and the cell-associated
radioactivity was measured using automated vy-spectrometer. To eval-
uate that pretargeting is HER2-mediated, dishes from group 2 were
pretreated with a 500-fold molar excess of trastuzumab prior to the
addition of T-ZHPI. To confirm that cellular associated radioactivity is
a result of hybridization between the PNA probes, dishes from group 3
were pretreated with 30 nM of non-labeled HP2 after incubation with T-
ZHP1 and prior the addition of 5’Co-HP2. The last set of dishes con-
tained no primary agent T-ZHP1I.

A study concerning the cellular processing and internalization of
both the primary targeting agent T-ZHP1 labeled with [**°I]I and the
cell-bound T-ZHP1:HP2-Co [*’Co] adduct by HER2-expressing SKOV-3
and BT-474 cells with time was performed according to a method de-
veloped and validated by Wéllberg and Orlova [37]. To evaluate the
processing and internalization of the primary targeting agent, cells were
incubated with 3 nM solution of [2°I]I-TZHP1 at 4 °C for 60 min. Media
were then discarded and cells were further incubated with fresh serum-
containing medium at 37 °C. At predetermined time points (1, 2, 4, 8
and 24 h) after incubation, cell-bound and internalized radioactivity
was evaluated using an acid wash method. In brief, media was collected
(to measure externalized radioactivity) and cells were treated with 4 M
urea solution in 0.2M glycine buffer, pH 2.5, for 5min on ice. The
solution containing detached membrane-bound radioactivity was col-
lected. The cells were then lysed using 1 M NaOH solution to measure
the internalized radioactivity at the respective time point. To evaluate
the processing and retention of the T-ZHP1:HP2-Co [%”Co] adduct, cells
were preincubated with non-radiolabeled T-ZHP1 for 60 minat 4 °C.
Thereafter media was discarded, cells washed with serum free medium
and further incubated with 30 nM solution of [*’Co]Co-HP2 for an
additional 60 min (4 °C). Further manipulations were done as described
above for ['2°I]I-T-ZHP1. The radioactivity of the media, acid wash and
base wash samples were then measured using an automated y-spec-
trometer.

Binding affinities of ['2°I]I-T-ZHP1 to HER2-expressing cells and
affinities of [°7Co]Co-HP2 to T-ZHPI pretreated cells were measured
using LigandTracer-Yellow (Ridgeview Instruments AB, Uppsala) and
analyzed by TraceDrawer software (Ridgeview Instruments AB,
Uppsala) as described by Tolmachev et al. [38]. Experimental details of
this approach are presented separately in the Data in Brief commu-
nication [36].

2.10. Animal studies

The animal experiments were planned and performed in accordance
with national legislation on protection of laboratory animals. The an-
imal studies were approved by the Local Ethics Committee for Animal
Research in Uppsala.

To evaluate the influence of PNA-modified Z-domain on trastu-
zumab biodistribution, twelve female NMRI mice (average weight
24.9 + 1.8g) were randomized to three groups with four mice each.
Each group was intravenously injected with a mixture of 300 kBq [*%°1]
I-T-ZHP1 and 170kBq [**'I]I-T, in 100 uL 2% BSA in PBS. The total
amount of injected protein of each was adjusted to 15 pg per animal by
adding the non-radiolabeled counterpart. A group of four mice was
sacrificed at 6, 24 and 48h post-injections. The mice were anaes-
thetized and euthanized by cervical dislocation. Blood was withdrawn
by heart puncture. The organ and tissue samples were collected,
weighed and measured for radioactivity using an automated gamma-
counter along with standards to determine the percentage of injected
dose per gram (%ID/g).

For studies involving mice bearing human xenografts, SKOV-3 cells
(8 x 10° cells per mouse) were subcutaneously implanted in the right
hind leg of female BALB/C nu/nu mice (6-8 weeks old at time of
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arrival) 3 weeks before experiment. The average animal weight was
18.8 = 1.1g and the average tumor weight was 0.3 = 0.1 gat the
time of experiment. Mice were divided into groups of four. The bio-
distribution was measured as described above.

The time required by the primary targeting agent to reach an op-
timal tumor-to-blood ratio was determined using a SPECT/CT imaging
study. For this purpose, three BALB/C nu/nu mice bearing SKOV-3
xenografts were injected with ['2°I]I-T-ZHP1 [30 ug, 5 MBq, in 100 uL
2% BSA in PBS]. Mice were then euthanized at 6, 24 and 48 h post
injection and whole-body SPECT/CT scans of the injected mice were
obtained using a nanoScan SC system (Mediso Medical Imaging
Systems).

The specificity of T-ZHP1 binding to HER2-expressing xenografts in
vivo was confirmed by injection of [***I]I-T-ZHP1 [80 ug, 15kBq, in
100 uL 2% BSA in PBS] in two groups of mice bearing SKOV-3 xeno-
grafts (n = 8). However, one goup (n = 4) was pre-injected (2 h) with a
100 X excess (7.5 mg) of non-labeled trastuzumab to saturate the HER2
receptors. Biodistribution was measured at 72h post ['2°I]I-T-ZHP1
injection.

To evaluate in vivo specificity of trastuzumab-based PNA-mediated
pretargeting, two groups of BALB/C nu/nu mice bearing SKOV-3 xe-
nografts (n = 4) were intravenously injected with 3.5pug (0.7 nmol)
[*”Co]Co-HP2 [3.5ug, 15kBq, in 100 uL 2% BSA in PBS containing
4 mg Gelofusine per mouse]. One of the two groups (n = 4) was pre-
injected with 80pg (0.5nmol) T-ZHP1 [80 g, in 100 uL 2% BSA in
PBS] 48h prior to the injection of [°”Co]Co-HP2. The molar ratio of
injected [*”Co]Co-HP2 to T-ZHPI1 was 1.4:1. Mice from both groups
were sacrificed 24h post [®”Co]Co-HP2 injection and organs were
collected and measured for radioactivity.

To evaluate the influence of the injected dose of the secondary agent
[*”Co]Co-HP2 on pretargeting, three groups of mice (n = 12) were in-
travenously injected with T-ZHP1 [80 ug/0.5nmol, in 100 pL 2% BSA
in PBS]. Forty-eight hours after injection of the T-ZHPI, mice were
injected with 15kBq [*’Co]Co-HP2 in 100 uL 2% BSA/PBS containing
4 mg Gelofusine per mouse. The injected mass was adjusted with non-
labeled HP2 to 3.5 ug (0.7 nmol, 1.4:1 HP2:T-ZHP1 molar ratio), 10 ug
(2nmol, 4:1 HP2:T-ZHP1 molar ratio) or 20 ug (4nmol, 8:1 HP2:T-
ZHP1 molar ratio). Twenty-four hours after [*”Co]Co-HP2 injection, the
animals were sacrificed and the distribution of activity was measured as
described earlier.

To confirm that pretargeting is HER2 mediated, an additional group
of BALB/C nu/nu mice bearing SKOV-3 xenografts (n = 4) was in-
travenously injected with T-ZHP1 [80 pg/0.5 nmol in 100 pL 2% BSA in
PBS]. Mice were injected with a 100 X excess (7.5 mg) of trastuzumab,
2h prior to the injection of T-ZHP1. Forty-eight hours later mice were
intravenously injected with 3.5ug (0.7 nmol) [*’Co]Co-HP2 [3.5 g,
15kBq, in 100 pL 2% BSA in PBS containing 4mg Gelofusine per
mouse]. Animals were then sacrificed 24 h post [°”Co]Co-HP2 injection
and manipulated as mentioned earlier.

2.11. Imaging

Results from the biodistribution experiments were confirmed using
SPECT imaging. Four BALB/C nu/nu mice bearing SKOV-3 xenografts
were divided into two groups (n = 2). One group of mice were in-
travenously injected with T-ZHP1 [80 ug in 100 uL 2% BSA in PBS].
Forty-eight hours later all four mice were intravenously injected with
3.5ug (0.7nmol) [*’Co]Co-HP2 [1.4:1 HP2:T-ZHP1 molar ratio,
2.7MBq, in 100uL 2% BSA/PBS containing 4 mg Gelofusine per
mouse]. Mice were then euthanized 24 h post [*”Co]Co-HP2 injection
and whole-body SPECT/CT scans of the injected mice were obtained
using a nanoScan SC system (Mediso Medical Imaging Systems).
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3. Results and discussion

3.1. Production, purification and site-specific cross-linking of Z-HP1 to
trastuzumab

Here we describe the site-specific labeling of trastuzumab with a
PNA-based hybridization probe, HP1, via the Z domain (Fig. 1A). The Z
domain has previously been used to modify commercially available full-
length IgGs with, for example, biotin, fluorophores and azide moieties
[30,32,39]. Earlier studies have identified position 35 in Z-domain as
the best position to introduce an unnatural amino acid with a ben-
zoylphenyl side-chain for efficient UV crosslinking to hIgG1 [40]. Our
Z-variant was bacterially expressed with a cysteine at position 35 and a
sortase A recognition tag, LPETG, at the C-terminus for downstream
conjugation with 4-(N-maleimido)benzophenone (MBP) via maleimide
chemistry and enzymatic conjugation to HPI, respectively. We have
previously used the enzyme sortase A for efficient and site-specific
conjugation of a PNA-based hybridization probe, HP1, to an anti-HER2
affibody molecule [17,20] and the same enzymatic strategy was used
here. The purity of the Z-HP1 construct was over 90% before the UV-
crosslinking to trastuzumab according to HPLC-MS analysis (theoretical
MW 13428.2 Da, experimental MW 13428.7 Da). Analysis of the UV
crosslinking efficiency shows that 50% of heavy chains in trastuzumab
were conjugated with Z-HP1 (Fig. 2A, lane 3) or, on average, one Z-HP1
per full-length antibody. A further characterization of IgG populations
under non-reducing conditions (Fig. 2B, lane 1) showed that 47% of all
intact antibodies were covalently conjugated with one Z-HP1 molecule,
while 22% were doubly conjugated. Taken together, this means that
approximately 69% of all IgGs were covalently labeled with at least one
HP1 probe. Pre-hybridization with HP2 produced small but distinct
shifts in the electrophoretic mobility of heavy chains (Fig. 2A, lane 4)
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Fig. 2. (A) Reducing SDS-PAGE gel of the cross-linking reaction. Lane 1: un-
conjugated trastuzumab, lane 2: un-purified T-ZHP1 after photoconjugation,
lane 3: purified T-ZHP1, and lane 4: T-ZHP1 incubated with an excess of HP2.
Analyses of the Z-HP1 bands before and after purification indicate that less than
14% of the free unconjugated Z-HP1 is left after purification. (B) Non-reducing
SDS-PAGE gel. Lane 1: T-ZHP1, and lane 2: T-ZHP1 incubated with an excess of
HP2. (C) Typical reducing SDS-PAGE gel used to quantify T-ZHP1 after pur-
ification. Six different standard amounts of trastuzumab (0.32-1.88 ug) were
run on the gel together with two dilutions of a T-ZHPI sample of unknown
concentration. All samples were run in duplicates. Light chain (LC) pixel in-
tensities for all samples were analyzed using ImageJ software and the average
pixel intensities of the trastuzumab standards were plotted against the protein
content in (D). A linear equation was fitted to the data points and this standard
curve was then used to determine the concentration (0.359 = 0.008 pg/pL) of
the T-ZHP1 sample.
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and full length IgGs (Fig. 2B, lane 2) conjugated to Z-HP1 in both re-
ducing and non-reducing SDS-PAGE gels. The calculated conjugation
efficiencies presented here are in good agreement with results pre-
viously published [32,40]. After purification by acid wash and filtra-
tion, performed in order to separate noncovalently bound Z-HP1 from
the antibody, the T-ZHP1 concentration was estimated using reducing
SDS-PAGE with a trastuzumab standard curve (Fig. 2C and D).

These results show that it is possible to site-specifically functionalize
a commercially available mAb with PNA, using a single UV conjugation
step. Importantly, the generated product has a defined stoichiometry, in
contrast to random labeling of lysine or cysteine residues. In theory, this
means that it would be possible to convert any therapeutic antibody
into its companion diagnostic agent, an important tool to measure the
therapeutic target expression during drug development and clinical
treatment. The strategy does not require further engineering of the
antibody, in contrast to e.g. the Thiomab technology, where site-se-
lective labeling is achieved by introduction of an unpaired cysteine
residue [41], or sortase A-mediated conjugation, relying on the addition
of a sortase A recognition motif to the antibody polypeptide chains
[42]. Preparation of the modified Z domain for the photolabeling re-
quires a few synthetic steps, but the strategy is versatile as the same
reagent can be used for labeling of a panel of different antibodies. A
tremendous amount of effort has gone into development of companion
diagnostic agents based on radiolabeled antibodies [43]. However, in-
herent limitations of antibodies, such as long half-life (several days),
have complicated their development as diagnostic agents [44]. We
believe that the developed novel site-specific conjugation method re-
ported in this study in combination with pretargeting represents a
suitable approach to address these limitations.

3.2. Estimation of the dissociation constants at equilibrium, Kp

Researchers at Genentech have previously estimated a sub-nano-
molar equilibrium dissociation constant, Kp, (0.5 = 0.1 nM) for the
interaction between Herceptin/trastuzumab and HER2-ECD using sur-
face plasma resonance (SPR) [45]. In Fig. 3A-C we used SPR to evaluate
if T-ZHP1 retains a high affinity to the HER2 receptor. The association
constant for the interaction, k, was estimated to 2 X 10°M~'s™ 1,
which is in excellent agreement with 2 X 10° M~ ' s~ ! measured for the
interaction between trastuzumab and HER2 on the same chip. These
values are also in agreement with the association constant previously
reported for Herceptin (k, = 7.1 + 0.5 x 10°M~*s™!) [45]. Dis-
sociation rate constants (kgs) for the interactions were too slow to be
determined from a 20-min dissociation phase in Fig. 3A and B, and the
dissociation phase was extended to 5h for 375 nM T-ZHP1 and 385 nM
trastuzumab in Fig. 3C. A kq value of 2 x 107> s~! was observed for
the interaction between T-ZHP1 and HER2-Fc, but this value is close to
the limit of accurate determination by the SPR instrument and should
only be regarded as an approximation. The dissociation of trastu-
zumab/HER2 complex was deemed too slow to be determined using the
Biacore T200 system (kg < 107° s, and no Ky could thus be de-
termined for trastuzumab. A Kp of 0.1 nM was estimated for the T-
ZHP1/HER2-Fc interaction, which indicates that T-ZHP1 retains a sub-
nanomolar affinity for the HER2 receptor.

Fig. 3 D and E shows HP2 binding to immobilized T-ZHP1 and to Z-
HP1, respectively. The association rate constants were very similar for
HP2 hybridizing to T-ZHPI (1.1 x10°M~'s™') and Z-HPI
(1.8 x 10°M~'s™1), and both are in excellent agreement with the k,
value (1.7 x 10°M~'s™!) determined previously by us for HP2
binding to Zygro:340-SR-HP1 [17]. The dissociation rate constants were
in both cases too slow to be determined from the sensorgrams in Fig. 3D
and E. HP2 binding to Zyggro.342-SR-HP1 has previously been shown to
have to have an extremely slow off-rate and even a 17h long dis-
sociation phase resulted in < 5% dissociation of the formed complex
[17].
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Fig. 3. Representative SPR sensorgrams of (A) T-ZHPI and (B) trastuzumab
binding to immobilized HER2-Fc. (C) Both trastuzumab and T-ZHP1 experience
a slow dissociation from the HER2-receptor with rate constants below (trastu-
zumab) or close to (T-ZHP1) the limit of accurate detection for the instrument.
Biacore sensorgrams of HP2 injected over (D) T-ZHP1 and (E) Z-HP1. HP2 was
injected over both surfaces at seven different concentrations 12-750 nM. All
experiments in A-E were done in duplicates.

3.3. Radiolabeling chemistry

Labeling of Z-HPI-conjugated trastuzumab (T-ZHP1) with 2511,
trastuzumab with ['*'I]I and the secondary agent HP2 with [>’Co]Co
was successful. The radiochemical yields were 67.5 = 3.5% for [*251]1-
T-ZHP1, 95.8 = 2% for [**'I]I-T and 99.2 + 0.98% for [*”Co]Co-HP2.
Size exclusion chromatography purification of [***I]I-T-ZHP1 provided
a radiochemical purity of more than 95%. Both [**11I-T and [¥”Co]Co-
HP2 required no further purifications. It is worth mentioning that the
use of DOTA would enable labeling HP2 with a broad range of radio-
nuclides [46]. Keeping in mind that HP2 demonstrates short half-life in
vivo (~13 min, as previously reported by us [21]), this means, that it
would be possible to utilize promising short-lived PET radioisotopes
like [®®Ga]Ga and [®*Cu]Cu for antibody-based pretargeted imaging.
This is conceptually innovative as otherwise the half-life of these ima-
ging radionuclides is too short to prove effective under the slow phar-
macokinetic conditions characterizing directly labeled antibodies.

3.4. In vitro cell studies

[*2°I]I-T-ZHP1 retained the capacity to bind to HER2-expressing
living cells with high affinity (Kp =1 * 0.4 and 0.5 + 0.3nM in
SKOV-3 and BT474, respectively) see Fig. 1 in the Data in Brief com-
munication [36] and Table 1. The dissociation constant at equilibrium
Kp of the parental mAb (trastuzumab) was 1.1 * 0.8 and
1.9 * 1.1nM in SKOV-3 and BT474, respectively. These results again
confirm that site-specific functionalization of the Fc-region of trastu-
zumab with Z-HP1 has no profound effect on the binding properties.

Results from the in vitro specificity experiment clearly demon-
strated the feasibility and specificity of our pretargeting method
(Fig. 4). Binding of [°”Co]Co-HP2 to three different HER2-expressing
cell lines pretreated with the primary targeting agent T-ZHP1 was
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Table 1
Equilibrium dissociation constants (Kp) for binding of radiolabeled T-ZHP1 and
trastuzumab to SKOV-3 and BT474 cells measured using LigandTracer.

Kp (nM)
SKOV-3 BT474

Trastuzumab 0.98 + 0.36 0.50 = 0.32
T-ZHP1 1.07 = 0.79 1.84 = 1.16
2
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Fig. 4. Binding of [*’Co]Co-HP2 to SKOV-3 (white), BT474 (black) and DU145
(grey). Cells of group 1 were first incubated with 30 nM T-ZHP1 for 1 h at 37°C
prior to the addition of 30 nM [*”’Co]Co-HP2. In group 2 a 500-fold molar ex-
cess of trastuzumab was added to block HER2-receptors prior to the addition of
the primary targeting agent T-ZHP1. To determine specificity of HP1-HP2 hy-
bridization, cells in group 3 were incubated with an excess of unlabeled HP2
after incubation with T-ZHP1 and prior to the addition of [%’Co]Co-HP2.
[*”Co]Co-HP2 was directly added to cells in group 4 without pretargeting. Cell-
associated activity is normalized to the average in the group 1. Data are pre-
sented as an average and standard deviation (n = 3).

significantly higher compared to all other control groups. Binding was
significantly reduced when no primary T-ZHPI was added, which
confirms a PNA-PNA hybridization-mediated cellular uptake of radio-
activity (Fig. 4). Cellular binding of [*”Co]Co-HP2 was also reduced
when cells were presaturated with trastuzumab prior to the addition of
the primary agent T-ZHP1I, this result clearly indicates that availability
of HER2 receptors is a precondition for successful pretargeting.

An important precondition for efficient pretargeting is the avail-
ability of the primary agent on the cell surface. Cellular processing
studies of ['2°I]I-T-ZHP1 demonstrated that after 24h, 21 + 1%
(SKOV-3) and 17 = 1% (BT474) of the added targeting vector was
membrane bound (Fig. 5). These results indicate that the primary agent
is available on the cell surface for the reaction with the secondary agent
even 24 h after the injection of T-ZHP1. It is apparent that shortening
the time interval between the administrations of the pretargeting
components would result in more efficient pretargeting due to better
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Table 2

Equilibrium dissociation constants (Kp) for the interaction of [%’Co]Co-HP2
with SKOV-3 and BT474 cells pretreated with 30 nM T-ZHP1 for 1h estimated
using LigandTracer.

Kp1 (pM) Kpz (nM)
SKOV-3 39 £ 25 44 = 34
BT474 67.6 = 0.54 123 = 5.7

availability of T-ZHP1 bound to the membrane. Results from the cel-
lular processing experiment support this assumption and there is a
higher proportion of T-ZHP1 bound to cell membrane at earlier time
points (Fig. 5).

Measurements of binding kinetics of [*’Co]Co-HP2 to HER2-ex-
pressing cells pretreated with 30 nM T-ZHP1 using LigandTracer are
shown in Fig. 2 in the Data in Brief communication [36]. Fitting of the
binding kinetics curves revealed that the interaction is determined by
two affinities; one in pM range Kp; (39 = 25 and 67.6 = 0.54, for
SKOV-3 and BT474, respectively) and the other in nM range Kp,
(44 = 34 and 12.3 + 5.7, for SKOV-3 and BT474 respectively), see
Table 2. We have observed a similar phenomenon earlier when devel-
oping an affibody-dependent PNA-mediated pretargeting system [19].
We believe that the binding kinetics between the radiolabeled sec-
ondary HP2 and cell-bound T-ZHP]1 targeting agents in living cells is not
determined only by the interaction between the two components on the
cell surface. The interplay of several interactions may also be involved.
These may include interaction of T-ZHP1 with HER2, interaction of
radiolabeled HP2 with cell-bound T-ZHP1 and the interaction of the T-
ZHP1:HP2-Co [*’Co] adduct with HER2 receptors. Bjorkelund and co-
workers have also shown earlier that the interaction between ligands
and HER receptors may be altered by the degree of homo- and hetero-
dimerization of these receptors [47]. This finding reveals an extra de-
gree of complexity to the ligand-cell interaction puzzle.

Data concerning the cellular processing and internalization of the T-
ZHP1:HP2-Co [*’Co] adduct are presented in Fig. 6A and B. The
radioactivity was efficiently retained by HER2-expressing cells. High
amounts of cell-associated radioactivity were retained after 24h in-
cubation at 37°C (67 = 0.1% for SKOV-3 and 70 * 1.8% for
BT474 cells). Most of the retained radioactivity was membrane-bound
in SKOV-3 cells after 24 h. However, for BT474 cells there was a more
equal distribution of retained radioactivity between the membrane and
intracellular fractions. High cellular retention after internalization is of
utter importance to elevate the tumor-associated radioactivity.

3.5. Animal studies and imaging

Biodistribution data showed that modification of trastuzumab by
site-specific conjugation of Z-HP1 to the Fc region of trastuzumab re-
sulted in a more rapid clearance of the targeting agent T-ZHP1 from
blood and other body compartments compared to the non-modified
antibody (Fig. 7). One possible explanation for this difference may stem

Fig. 5.In vitro cellular processing of ['**I]I-T-
ZHP1by SKOV-3 (A) and BT474 (B) cell lines. Cells
were incubated with 3 nM [*2*I]I-T-ZHP1 for 1 h at
37°C. An acid wash was used to determine mem-
brane-bound radioactivity. Cells were lysed using 1M
NaOH to determine internalized radioactivity. Data
are presented as a mean value and standard deviation
for three cell culture dishes. Error bars might be
smaller than the symbols and are therefore not seen.
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A _ B. _ ) Fig. 6. In vitro cellular processing of >’Co-HP2 by
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from the difference in interaction with the neonatal Fc receptor (FcRn)
that regulates the serum half-life of IgGs and protects them from de-
gradation. It was shown earlier that mutations of the FcRn binding site
in the Fc domain resulted in an enhanced elimination and abbreviated
serum half-life of IgGs [48,49]. Induced rapid clearance of T-ZHP1 from
blood is advantageous in pretargeting applications, as this would re-
duce interception of the radiolabeled secondary targeting agent by the
residual primary agent.

SPECT images of the in vivo distribution of the primary agent de-
monstrated that the optimal tumor-to-background ratio of radioactivity
was achieved 48 h after [*?°I]I-T-ZHP1 injection in mice bearing SKOV-
3 xenografts (Fig. 8). Moreover, the HER2-blocking experiment de-
monstrated that the binding of ['2°11I-T-ZHP1 to HER2-expressing
SKOV-3 xenografts in vivo is specific and mediated by HER2 (Fig. 9).

Comparison of [*’Co]Co-HP2 biodistribution with and without
preinjection of T-ZHP1 demonstrated that the tumor uptake of
[*”ColCo-HP2 is dependent on the presence of HPI1 (Fig. 10A). Pre-
injection of T-ZHPI1 resulted in a significantly higher uptake of
[*’ColCo-HP2 in the tumor (0.8 * 0.2 vs. 0.03 * 0.01% ID/g)
(Fig. 10A). We also observed significantly higher retention of [>’Co]Co-
HP2 in the blood and all normal organs and tissues. This, presumably,
reflects interception of injected secondary [*”Co]Co-HP2 by residual
non-cleared T-ZHP1 in the blood. Previous studies involving the de-
velopment of PNA-mediated pretargeting systems have demonstrated
similar results [16,18]. Increasing the time between the two injections
or the introduction of a clearing agent may reduce blood-borne activity
and improve imaging contrast, as well as provide better dosimetry in
pretargeted therapy [21,50,51].

Administration of trastuzumab prior to the injection of the primary
targeting agent T-ZHP1 resulted in more than 2-fold decrease of
[%”Co]Co-HP2 localization in HER2-expressing xenografts (0.8 + 0.2
vs. 0.3 = 0.05 %ID/g, respectively) (Fig. 10A). This blocking experi-
ment clearly indicates that our pretargeting approach is dependent on
specific binding of the primary targeting agent T-ZHPI1 to HER2-re-
ceptors, i.e. HER2-mediated.

We hypothesized that increasing the injected mass of HP2 may help
to saturate residual T-ZHPI in the blood and increase the amount of
radiolabeled effector to be delivered to the tumors (Fig. 10B). As ex-
pected, increasing the HP2-to-T-ZHPI injected mass ratio from 1.4:1
(3.5 pg/0.7nmol:80 pg/0.5nmol) to 4:1 (10 pg/2nmol:80 ug/
0.5nmol) and 8:1 (20 pg/4 nmol:80 pg/0.5nmol) decreased the re-
tention of radioactivity in the blood significantly. However, the tumor
uptake of [°7Co]Co-HP2 was also significantly (P < 0.05) reduced
(0.8 = 0.2 vs. 0.4 = 0.1 and 0.18 + 0.03 %ID/g, for 3.5, 10 and
20 pg injected [*”Co]Co-HP2, respectively). We have observed a similar
effect when developing non-immunoglobulin based pretargeting sys-
tems [19,52]. These data indicate that the optimal pretargeting and the
highest tumor-to-blood ratios were achieved at the molar ratio of 1.4:1
of HP2 to T-ZHPI. Importantly, the optimal dose finding experiment
also revealed a saturable character of HP2 accumulation in T-ZHPI-
treated xenografts. This provides additional evidence that localization
of [¥”Co]Co-HP2 in the tumor is primarily mediated by interaction of
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HP2 with HPI.

Pretargeting using ['2°I]I-T-ZHP1 and [*’Co]Co-HP2 at 24 h post-
injection provided an increase in radioactivity delivered to tumors
compared to direct targeting using trastuzumab at 72h (0.8 * 0.2 vs.
0.33 = 0.06 %ID/g). Combined with a decrease in the blood-borne
radioactivity (0.5 + 0.06 vs. 0.9 + 0.2 %ID/g), pretargeting sig-
nificantly improved tumor-to-blood ratios from 0.4 *= 0.03 to
1.5 = 0.3, which would translate to improved imaging contrast and
sensitivity (Fig. 11). The full data from Fig. 11 are presented separately
in Tables 1 and 2 in the Data in Brief communication [36].

We have earlier shown that for affibody-mediated pretargeting it
was possible to inject HP2 as early as 4h post affibody-HP1 injection
[19]. Rapid clearance of affibody-HP1 (as well as slow internalization)
enabled this early injection of radiolabeled-HP2, which allowed for
high radiation doses to be delivered to tumors through increased PNA-
PNA hybridization at the cell surface [19]. Therefore, to further max-
imize the benefits of using PNA-mediated pretargeting in combination
with mAbs we are currently developing a clearing agent designed to
accelerate the removal of residual mAb-PNA conjugate from circula-
tion. We envision that this would enable injection of radiolabeled HP2
at an earlier time point when more of T-ZHP1 is still located at the
tumor cell surface.

Earlier, Leonidova et al. reported pretargeting in mice bearing
EGFR-expressing A431 xenografts [18]. Mice were injected with a PNA-
cetuximab conjugate 24 h prior to the administration of [°™Tc]Tc-
radiolabeled complementary PNA. Twenty-four hours post injection of
[°°™Tc]Tc-PNA the tumor-to-blood radioactivity uptake ratio reached a
level of 0.48 + 0.09. Although a direct comparison may not be pos-
sible due to differences in targeted receptor (EGFR vs. HER2), compo-
sition of PNAs, method and degree of mAb conjugation, used radio-
nuclides, time of injection and administered doses, it would still be
reasonable to conclude that our currently investigated system provided
adequate tumor-to-non tumor uptake ratios, a prerequisite for high
contrast imaging.

Moreover, tumor to non-targeted organ uptake ratios have also
improved significantly using pretargeting. Of importance is the 5-fold
increase in tumor-to-bone uptake ratio compared to direct targeting.
This may be of great advantage for imaging of some types of cancer, e.g.
prostate cancer with distant metastases in bone or bone marrow.

On the basis of these promising results, proof-of-principle SPECT
imaging using pretargeting was conducted in nude mice bearing HER2-
expressing SKOV-3 xenografts (Fig. 12). Imaging confirmed the results
of the biodistribution experiments. Using pretargeting it was possible to
visualize HER2-expressing SKOV-3 xenografts 24 h after injection of
[*’Co]Co-HP2. In agreement with the ex vivo experiments, moderate to
low accumulation of radioactivity was observed in blood, liver and
kidneys. The tumor uptake exceeded the uptake in any other tissue
except the kidneys. No accumulation of radioactivity was observed in
the tumor in the absence of T-ZHP1. Cobalt-57 was used for this first
proof-of-principle study due to its long half-life and availability; the
substitution of [>’Co]Co with the long-lived positron emitter [>*Co]Co
(T1/2 17.5h) for PET imaging is envisioned [53]. We believe that
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Fig. 7. Comparative biodistribution of [***I]I-T-ZHP1 and ['*'I]I-T in NMRI
normal mice at 6 (A), 24 (B) and 48 (C) h p.i. The uptake in different organs is
expressed as %ID/g and presented as an average value from four animals +
standard deviation. Asterisks (*) indicates significant difference (p < 0.05 in
paired student’s t-test) between [2°I]I-T-ZHP1 and [**'I]I-T.
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Fig. 8. SPECT images of BALB/C nu/nu mice bearing SKOV-3 xenografts in-
jected with [*2°I]I-T-ZHP1. Mice were euthanized at 6 (A), 24 (B) and 48 (C) h
p. i. and whole body scans were obtained using a nanoScan SC system. (T)
Tumor.

@8 ["?°(])I-T-ZHP1 (non-blocked)
@8 [')I-T-ZHP1 (HER2 blocked)

Fig. 9. In vivo targeting demonstrating the HER2 specificity of [**I]I-TZHP] at
72 h p.i. without (black) and with (white) preinjection of 7.5 mg trastuzumab.
The uptake in different organs is expressed as %ID/g and presented as an
average value from four animals + standard deviation. Asterisks (*) indicates
significant difference (p < 0.05 in paired student’s t-test) in organ uptake.
**Uptake in gastrointestinal tract (GI tract) and remaining body is presented as
%ID per whole sample.

combining pretargeting and PET would have a profound outcome on
imaging sensitivity.

4. Conclusion

The feasibility of our antibody-based PNA-mediated pretargeting
system was demonstrated both in vitro and in vivo using the ther-
apeutic mAb, trastuzumab. Trastuzumab was site-specifically functio-
nalized with the hybridization probe, HP1, using a novel in-house de-
veloped conjugation method. Trastuzumab retained its binding capacity
after the conjugation to Z-HP1. Using pretargeting it was possible to
significantly increase accumulation of radioactivity in HER2-expressing
tumors while reducing the uptake in non-targeted organs compared to
direct targeting. SPECT imaging confirmed biodistribution results. The
presented method is versatile in its nature as it could be applied for
modification of mAbs targeting different biomarkers other than HER2.
PET imaging using mAbs in combination with short-lived PET-radio-
isotopes appears to be promising with the presented approach.
Additionally, the results from the current study indicate that further
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Fig. 12. SPECT imaging of BALB/C nu/nu mice bearing HER2-expressing
SKOV-3 xenografts 24 h post [*’Co]Co-HP2 (2.7 MBq, 3.5 ug) injection. In (A)
and (B) mice were pretargeted with 80 ug T-ZHP1 48 h prior to the injection of
[*”Co]Co-HP2. In (C) and (D) mice were only injected with [*’Co]Co -HP2 i.e.
without pretargeting. (T) Tumor, (K) Kidney, (L) Liver.

efforts to optimize our mAb-based PNA-mediated pretargeting should
be harmonized with the development of a clearing agent. Finally, the
method is versatile and may be extended to other applications. For
example, it could be employed for beta cell imaging to measure the islet
cell mass in the pancreas or following islet transplantation [54]. It may
also be applied to accurately localize infectious and inflammatory foci
throughout the body in patients suffering from chronic infectious or
inflammatory diseases [16,55].

BB [Co]Co-HP2, 3.5 pg
2.0 @B [Co]Co-HP2, 10 pg
[¥’ColCo-HP2, 20 ng

@B direct targeting ['2°I]I-T-ZHP1
@8 pretargeting [°Co]Co-HP2 (3.5 pg)
*

83

Biomaterials 203 (2019) 73-85

Fig. 10. (A) In vivo biodistribution of 3.5 ug
[®7Co]Co-HP2 24 h p.i. in mice bearing SKOV-3 xe-
nografts when mice were intravenously pre-injected
with 80 pg T-ZHP1 (white), mice were injected with
7.5 mg trastuzumab prior to pretargeting protocol
(black) and without pre-injection of T-ZHPI(grey).
(B) Influence of injected mass of [*’Co]Co-HP2 on
pretargeting. Mice were injected with 80 ug T-ZHP1,
48 h prior to the injection of either 3.5, 10 or 20 pg
[®’Co]Co-HP2. Mice were euthanized 24 h after
[*”ColCo-HP2 injection. Uptake is expressed as % ID/
g and presented as an average of four mice = SD.
**Uptake in gastrointestinal tract (GI tract) and re-
maining body is presented as %ID per whole sample.

Fig. 11. (A) Comparison of direct targeting (black)
72 h after intravenous injection of [***I]I-T-ZHP1 and
pretargeting 24 h post [*’Co]Co-HP2 injection
(white) in BALB/C nu/nu mice bearing HER2-ex-
pressing SKOV-3 xenografts. (B) Comparison of
tumor-to-organ uptake ratios for ['?°I]I-T-ZHP1
(black) and pretargeted [°”Co]Co-HP2 (white). Data
B is presented as an average value from four ani-
mals + standard deviation. Asterisks (*) indicates
significant difference (p < 0.05 in paired student’s t-
test). **Uptake in gastrointestinal tract (GI tract) and
remaining body is presented as %ID per whole
sample.
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