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Abstract

Affibody molecules are small (7 kDa), non-immunoglobulin scaffold proteins with a potential as
targeting agents for radionuclide imaging of cancer. However, high renal re-absorption of Affibody
molecules prevents their use for radionuclide therapy with residualizing radiometals. We hy-
pothesized that the use of Affibody-based peptide nucleic acid (PNA)-mediated pretargeting would
enable higher accumulation of radiometals in tumors than in kidneys. To test this hypothesis, we
designed an Affibody-PNA chimera Z, ¢z,.34-SR-HPI containing a 15-mer HPI PNA recognition tag
and a complementary HP2 hybridization probe permitting labeling with both 'l and '"In.
"MIN-Z,er2340-SR-HPI bound specifically to HER2-expressing BT474 and SKOV-3 cancer cells in
vitro, with a K of 6+2 pM for binding to SKOV-3 cells. Specific high affinity binding of the radio-
labeled complementary PNA probe ''In-/'®I-HP2 to Z,;34-SR-HPI pre-treated cells was
demonstrated. '"'In-Z, czy.340-SR-HPI demonstrated specific accumulation in SKOV-3 xenografts in
BALB/C nu/nu mice and rapid clearance from blood. Pre-saturation of SKOV-3 with non-labeled
anti-HER2 Affibody or the use of HER2-negative Ramos xenografts resulted in significantly lower
tumor uptake of '''In-Z,zy34-SR-HPI. The complementary PNA probe '''In/'*I-HP2 accumulated
in SKOV-3 xenografts when Z ez,.34,-SR-HP I was injected 4 h earlier. The tumor accumulation of
""In/'"®I-HP2 was negligible without Z,py34-SR-HPI pre-injection. The uptake of '''In-HP2 in
SKOV-3 xenografts was 19+2 %ID/g at 1 h after injection. The uptake in blood and kidneys was
approximately 50- and 2-fold lower, respectively. In conclusion, we have shown that the use of
Affibody-based PNA-mediated pretargeting enables specific delivery of radiometals to tumors and
provides higher radiometal concentration in tumors than in kidneys.
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Introduction

The use of monoclonal antibodies (mAbs) for
therapy improves the survival of patients with dis-
seminated cancer. However, the antibody treatment is
rather cytostatic than cytotoxic and in addition, many
tumors develop a resistance to antibody therapy.
Conjugation of mAbs with cytotoxic drugs or radio-

nuclides increases their therapeutic potential. The use
of radionuclides as cytotoxic payload offers the ad-
vantage of “cross-fire” effect, when particles emitted
by nuclides specifically delivered to cancer cells irra-
diate other surrounding cancer cells (1). Therefore, it
is unnecessary to deliver radionuclides to every ma-
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lignant cell in a cluster. Clinical mAb-mediated radi-
onuclide therapy (radioimmunotherapy, RIT) has
demonstrated a high potential for treatment of radio-
sensitive hematologic malignancies, but has failed to
improve the survival of patients with solid tumors (2).
Several Dbiodistribution features of whole-length
mAbs contributed to the failure to deliver sufficient
dose to the tumors without damaging healthy tissues,
e.g. long residence time in circulation, poor extrava-
sation and limited penetration into tumor mass. These
features are to a high extent determined by the large
size of mAbs.

One approach to overcome problems of RIT is
pretargeting. In this case, a mAb fitted with a recog-
nition tag is injected first. After mAb localization in
the tumor and its clearance from blood and other
non-targeted compartments, a radiolabeled secondary
agent, which can bind specifically to a recognition tag,
is injected. The secondary agent is typically smaller,
which provides rapid extravasation and localization
in tumors, as well as a rapid clearance from blood.
Proof-of-concept of pretargeting was demonstrated
using an avidin-biotin system for secondary recogni-
tion (3-4). The major issue with this system was the
immunogenicity of (strept)avidin (4) and interference
with endogenous biotin (5). To overcome this, a
number of alternative approaches to secondary
recognition have been developed. Examples are the
development of bispecific antibodies, with one of the
arms being specific to a small radiolabeled hapten (6),
the use of interactions of complementary oligonucle-
otides or their analogues (7-9), and the use of
bioorthogonal chemistry, e.g. the reaction between
trans-cyclooctene and electron-deficient tetrazines
(10).

In this study, we evaluated pretargeting using
Affibody molecules as targeting agents. Affibody
molecules are small (7 kDa), non-immunoglobulin
scaffold proteins that can be selected to bind with
high affinity to cancer-associated molecular targets
(11). Numerous preclinical studies demonstrated that
Affibody molecules can efficiently and specifically
image tumor xenografts in vivo (12). The radiolabeled
Affibody molecule ABY-025 has demonstrated spe-
cific high-contrast imaging of HER2-expressing tu-
mors in clinical studies (13). Clinical studies suggest
that Affibody molecules are non-toxic and
non-immunogenic. However, the renal clearance of
Affibody molecules is accompanied by nearly quan-
titative reabsorption and rapid internalization in
proximal tubuli. In the case of residualizing labels,
this causes radioactivity accumulation in kidneys that
is several-fold higher than the accumulation in tu-
mors. This prevents the use of such promising thera-
peutic radionuclides as the low-energy beta emitters

77Lu or 9'Tb for Affibody-mediated therapy. Never-
theless, features of the Affibody molecules such as
very slow internalization (20-30% after incubation
during 24 h) and rapid blood clearance (14) make
them attractive as primary targeting agents in
pretargeting.

In this study, we evaluated an Affibody-based
pretargeting mediated by peptide nucleic acid (PNA)
interaction with complementary PNA (Figure 1 B). In
a DNA polymer, the backbone is made up of repeat-
ing deoxyribose-phosphate groups whereas PNA has
a pseudopeptide backbone made up of
N-(2-aminoethyl)-glycine units connected through
amide bonds (Figure 1 A). PNA is capable of selective
and high affinity hybridization to a complementary
PNA strand obeying the Watson-Crick hydro-
gen-bonding rules (15). Importantly, PNA is
non-immunogenic and non-toxic (16-18). In addition,
PNA is not degraded in vivo by peptidases or nucle-
ases, as it is neither a regular peptide, nor a nucleic
acid. Earlier studies (8, 19-20) have demonstrated the
feasibility of PNA-PNA-hybridization in vivo. It has
to be noted, that in these studies PNA-conjugated
beads instead of tumors were used as models, or
non-specific accumulation of avidin-PNA in tumors
and inflammation sites were used, to deliver
non-labeled PNA to areas of interests. Strictly speak-
ing, true molecular target-specific PNA-mediated
pretargeting has not been shown.

The aim of this study was to provide a
proof-of-principle for Affibody-based PNA-mediated
pretargeting. The main hypotheses were that i) an
Affibody-PNA chimera can specifically localize in
tumors, ii) Affibody-based PNA-mediated pretarget-
ing provides specific accumulation of radiolabeled
PNA in tumors, and iii) Affibody-based
PNA-mediated pretargeting can provide higher ac-
cumulation of radiometals in tumors in comparison to
kidneys. To test these hypotheses, two complemen-
tary PNA-based hybridization probes, HP1 and HP2,
were designed (Figure 1 C). HP1 has a three-glycine
motif in the N-terminal and was designed to be cova-
lently attached to a recombinantly expressed Affibody
molecule, Zner234-SR-Hg (Figure 1 C), via sortase A
mediated ligation. A versatile DOTA chelator was
introduced in the design of HP1, and is thus present in
the Affibody-PNA chimera Zngro342-SR-HP1 (Figure 1
C). The chelator could be labeled with 11In or %Ga for
pretreatment monitoring of Zpgre32-SR-HP1 accu-
mulation in tumors using SPECT or PET, respectively.
This theranostic approach enables selection of pa-
tients, which accumulate sufficient amount of primary
probe in tumors and would most likely respond to
Affibody-based pretargeted therapy. The secondary
hybridization probe HP2 was conjugated with both a
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DOTA chelator and a tyrosine. The use of DOTA en-
ables labeling with a broad range of radiometals
suitable for therapeutic applications, such as 77Lu,
47Gc, 161Tb, 212Bj, 213Bj, and 22’Th. The introduction of
tyrosine makes labeling with a therapeutic radiohal-
ogen, 131, possible. In this proof-of-principle study,
we used surrogate radionuclides, "'In as a radiometal
and %[ as a radioiodine.

Materials and Methods

Detailed descriptions of materials, equipment
and methods used in this study are, unless otherwise
stated, given in the Supplementary Material.

Production and purification of hybridization
probes, proteins and the Affibody-PNA chi-
mera

A detailed description of materials and methods
used for the molecular cloning and expression of re-

A

combinant proteins, the synthesis of pretargeting hy-
bridization probes and the sortase A mediated
Zyzro342-SR-HP1 ligation is provided in reference (21).

Cell culture

For in vitro studies, human ovarian cancer
SKOV-3 and human breast cancer BT474 cell lines
with high (over 10° receptors per cell) HER2 expres-
sion (22-23) were used. As in vivo models,
HER2-positive ~ SKOV-3  ovarian cancer and
HER2-negative Ramos lymphoma xenografts were
used. All cell lines were from American Type Culture
Collection (ATCC). Cells were cultured in RPMI me-
dium (Flow Irvine), supplemented with 10 % fetal calf
serum (Sigma), 2 mM L-glutamine, and PEST (peni-
cillin, 100 IU/mL, and streptomycin, 100 mg/mL;
Biokrom Kg).

Base Base Base = adenine (a),
cytosine (c),
> ﬁ 0} o g:Janine (9),
0 O/IID_ N/\/N thymine (t)
O ln H n
DNA PNA
B
7'y
s
Radiolabeled-HP2
2, roaiSR-HP1 I
Step 1 Step 2
C
Hybridization probes, proteins & conjugates
Name Sequence
HP1 GGGSS-agt ctg gat gta gtc-EK(DOTA)-[AEEA]-E-NH,
HP2 DOTA-[AEEA]-SS-gac tac atc cag act-EEY-NH,
ZieroaiSR-H, #VDNKFNKEMR NAYWEIALLP NLNNQQKRAF IRSLYDDPSQ SANLLAEAKK LNDAQAPKs
VDGSGSGSLPET GGHHHHHH
z -SR-HP1  eVDNKFNKEMR NAYWEIALLP NLNNQQKRAF IRSLYDDPSQ SANLLAEAKK LNDAQAPKs

HER2:342

VDGSGSGSLPET GGGSS-agt ctg gat gta gtc-EK(DOTA)-[AEEA]-E-NH,

DOTA=1,4,7,10-tetraacacyclododecane-1,4,7,10-tetraacetic acid, [AEEA]= [2-(2-aminoethoxy)ethoxy]acetic acid

Figure 1: A) Structure of DNA (left) and PNA (right). In a DNA polymer the backbone is made up of repeating deoxyribose-phosphate groups whereas PNA has a pseudo-
peptide backbone made up of N-(2-aminoethyl)-glycine units connected through amide bonds. B) Schematic illustration of two-step Affibody molecule-based PNA-mediated
pretargeting in vivo. In step | the primary probe, the Affibody-PNA conjugate Zner2:342-SR-HPI, is injected and allowed to bind to HER2-overexpressing tumor cells. After a
certain time, selected to optimize the tumor-to-normal tissue ratio of Znera342-SR-HPI, the radiolabeled secondary probe HP2 is injected in step 2. The 15-mer PNA sequence
in HP2 is complementary to HPI and the probe is designed to hybridize to the Affibody-PNA conjugate that has accumulated in the tumor in step I. C) Sequences of hybridization
probes, proteins and conjugates. Amino acids are given in one-letter code (upper-case) and PNA monomers in lower-case letters (a, ¢, g and t). DOTA and [AEEA] denotes the
chelator 1,4,7,10-tetraacacyclododecane-1,4,7,19-tetraacetic acid and the spacer unit [2-(2-aminoethoxy)ethoxy]acetic acid, respectively. The parental sequence of the Zer2:342

Affibody molecule is surrounded by bullets.
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In vitro cell binding and processing of radio-
labeled ZHER2;342-SR-HP’ and HP2

In vitro specificity of MIn-Zpgrasa-SR-HP1
binding to HER2-expressing cells was tested by satu-
rating receptors by addition of a large excess of an
anti-HER2 Zpgro3s2 Affibody molecule (24). Another
set of experiments was performed to test if binding of
radiolabeled HP2 to «cells is dependent on
pre-treatment with  Zpgro342-SR-HP1 and  the
PNA-PNA interaction. Cells were pre-incubated with
Zurr234-SR-HP1 for 60 min, washed and radiolabeled
HP2 was added to the cells. After incubation for 60
min, cells were washed, detached by trypsin and
cell-associated radioactivity was measured. The fol-
lowing control experiments were performed: cells
were treated with a large excess of parental anti-HER2
Zyuprossr  Affibody molecule to prevent Zpgroaar-
SR-HP1 binding and with a large excess of
non-labeled HP2 to prevent specific binding of radio-
labeled HP2. Non-specific binding of radiolabeled
HP2 without treatment by Zpgr234-SR-HP1 was
measured. For experimental details see Supplemen-
tary Material.

In vitro cellular processing of In-Zpygr2a4-
SR-HP1 as well as of ™In-HP2 by HER2-expressing
SKOV-3 and BT474 cells were measured, after inter-
rupted incubation, by the acid wash method (24).
Cellular retention of 2I-HP2 was measured, after
interrupted incubation, without discrimination be-
tween internalized and membrane-bound activity, as
internalization would be underestimated for the
non-residualizing radioiodine label. For experimental
details see Supplementary Material.

Binding affinities of In-Zppr2342-SR-HP1 to
HER2-expressing cells and 12]-HP2 to
ZuEro342-SR-HP1 bound to HER2-expressing cells
were measured using LigandTracer Yellow and
LigandTracer Gray instruments (Ridgeview Instru-
ments AB, Viange, Sweden) and analyzed by Interac-
tion Map software (Ridgeview Diagnostics AB, Upp-
sala, Sweden) as described by Bjorkelund and
co-workers (25). For experimental details see Sup-
plementary Material.

In vivo evaluation of radiolabeled HP2 and
Z,ier2:342-SR-HP1

All animal experiments were performed in ac-
cordance with national legislation on laboratory ani-
mals’ protection and have been approved by the eth-
ics committee for Animal Research in Uppsala. Eu-
thanasia was performed under Rompun/Ketalar an-
esthesia.

A group of 4-6 mice was used for each data
point. The mice were euthanized at predetermined

time points post injection (p.i.) by overdosing of an-
esthesia followed by heart puncture and exsanguina-
tion. Blood and organ samples were collected and
their weight and radioactivity were measured. Organ
uptake values were calculated as percent of injected
dose per gram of tissue (%ID/g). In the case of the
dual label study, the whole spectrum of each sample
was recorded. The use of y-spectroscopy enabled the
biodistribution measurement of "'In and I in each
animal independently (26).

To determine an optimal injection route, biodis-
tribution of MIn-ZHEr2:340-SR-HP1 (25 kBq,‘
1ug/mouse) was measured after intravenous and
subcutaneous injection in NMRI mice (average weight
24+1 g) at 1, 4 and 24 h p.i. Earlier studies (27) have
demonstrated that biodistribution of monomeric Af-
fibody molecules in mice are nearly identical after
intravenous and subcutaneous injection. The use
subcutaneous injection of Affibody-PNA chimera
might help to avoid two tail vein injections during the
same day in pretargeting studies.

In vivo stability of conjugates was evaluated ac-
cording to the method developed for intact Affibody
molecules by Marek-Kramer and co-workers (28).
Two  NMRI mice were injected  with
MINn-ZHERo340-SR-HP1, M1In-HP2 or 25I-HP2 1 the tail
vein (1 MBq per animal). At 1 h after injections, the
animals were euthanized and blood was withdrawn
by heart puncture using a heparinized syringe. The
samples were centrifuged (4500 g, 10 min, 4 °C). Ra-
diolabeled probes (high molecular weight) were sep-
arated from radiocatabolites (low molecular weight)
using NAP-5 columns (5-kDa cut-off) eluted with
PBS. Radioactivity of each fraction was measured, and
a percentage of radioactivity in high-molecular-
weight fraction was calculated.

For establishing HER2-positive xenografts, ca.
107 SKOV-3 cells were subcutaneously implanted in
the right hind leg in BALB/C nu/nu mice. For
HER2-negative controls, ca. 5x10° Ramos cells were
subcutaneously implanted. At the time of experi-
ments, the average animal weights were 18+3 g and
19+1 g for mice bearing SKOV-3 and Ramos xeno-
grafts, respectively. The average tumor weights were
0.3+0.2 g and 0.28+0.2 g for SKOV-3 and Ramos xen-
ografts, respectively.

Specificity of Zugr2342-SR-HP1 binding to HER2
in vivo was tested by injection of 5 pg (30 kBq)
MIn-Zuer2342-SR-HP1 in two groups of mice bearing
SKOV-3 xenografts and one group bearing
HER2-negative Ramos xenografts. One group with
HER2-positive SKOV-3 xenografts was co-injected
with an excess amount (500 pg) of non-labeled pa-
rental Zngros42 Affibody molecule. The biodistribution
was measured at 5 h after injection.
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To evaluate the influence of injected probe dose
on tumor targeting, a dual label study was performed.
Mice were injected with "In-Zpgro34-SR-HP1 (20 kBq
per mouse). The injected probe dose was adjusted
with non-labeled Zpgr234-SR-HP1 to 5 (two groups),
30 or 100 pg per mouse. At 4 h after injection of
ZuEr2:342-SR-HP1, the mice were injected with 1 pg (20
kBq) of I-HP2. In addition, one group of mice
pre-injected with 5 pug Zuero342-SR-HP1 was injected
with 5 pg 1%I-HP2. To test if the tumor accumulation
of 1I-HP2 is mediated by Zngr2342-SR-HP1, one group
of mice was injected with 1 pg (20 kBq) »I-HP2
without pre-injection of Zugr2342-SR-HP1. All animals
were sacrificed and the biodistribution was measured
at 1 h after injection of 12]-HP2.

To evaluate pretargeting of "'In-HP2 and test its
specificity, two groups of mice were injected with 1 ug
(30 kBq) "MIn-HP2, and the biodistribution was
measured at 1 h after injection. One group was
pre-injected with 100 pg Zper2342-SR-HP1 4 h before
injection of "In- HP2.

Imaging

Imaging was performed to obtain a visual con-
firmation of ex vivo measurements. Mice bearing
SKOV-3 xenografts were used. Four animals were
injected with 1 pg of "In-HP2. Two of these mice
were pre-injected with100 pg Zuero342-SR-HP1 at 4 h
before injection of "In-HP2. For comparison, two
mice were injected with 2 pg of previously studied
Mn-DOTA-ZuEr2xss (29) Affibody molecule. All an-
imals were injected with 650 kBq of the radiolabeled
compounds 1 h before the image acquisition. Imme-
diately before imaging (1 h p.i.), the animals were
sacrificed by cervical dislocation. A single image of all
animals was acquired simultaneously. The imaging
experiment was performed using a GE Infinia gamma
camera equipped with a medium energy general
purpose (MEGP) collimator. Static images (30 min)
were obtained with a zoom factor of 3 in a 256x256
matrix.

Results

Preparation of hybridization probes, proteins
and the Affibody-PNA chimera

The production of hybridization probes,
Zner2342-SR-Hg and the Zpgro34-SR-HP1 chimera is
described in detail in a separate paper (21). Briefly, the
PNA-based hybridization probes, HP1 and HP2, were
successfully assembled using commercially available
building blocks and Fmoc-protected solid-phase
chemistry according to standard procedures. The
bacterial transpeptidase sortase A was used to
site-specifically and irreversibly attach HPI to a re-

combinantly expressed anti-HER2 Affibody molecule,
Z1ER2342-SR-Hg, to produce the Affibody-PNA chime-
ra, Zugr2:342-SR-HP1. The identity of the hybridization
probes and the Affibody-PNA chimera was verified
using electrospray mass spectrometry. The final pu-
rity of Zner2342-SR-HP1 and HP2, used for in vitro and
in vivo studies, was analyzed with HPLC and esti-
mated to be >90 and >95%, respectively.

Radiolabeling

ZyEr2342-SR-HP1 was labeled with ™In with a
yield of 96.840.0%. The purity after NAP-5
size-exclusion chromatography purification was
99.2+0.0%. Labeling of HP2 with "'In provided a yield
of 86.6+10.4% and a purity of 96+6% after NAP-5 pu-
rification. A challenge with 500-fold excess of EDTA
during 4 h confirmed stability of both ''In-labeled
conjugates. 1?I-iodination of HP2 resulted in 85+12%
yield and 96+6% purity after purification using
NAP-5. A stability test revealed no measurable release
of radioiodine after 4 h incubation in human serum at
37 oC.

Binding and processing by HER2-expressing
SKOV-3 and BT474 cells in vitro

Binding of Mn-ZHER2:342-SR-HP1 to
HER2-expressing SKOV-3 and BT474 cells was sig-
nificantly (p<0.00005) reduced by pre-saturation of
receptors by non-labeled anti-HER2 Affibody mole-
cule (Figure 2 A and B). In addition, binding to
HER2-negative UN-SCC74B cells was 400-fold lower
compared to binding to SKOV-3 cells, and could not
be saturated (see Supplementary Figure S4). This
demonstrates that binding of Zugr2342-SR-HPI1 is
HER2-dependent.

Binding of '2I-HP2 to both HER2-expressing cell
lines pre-treated with Zpgr234-SR-HP1 was signifi-
cantly (p<0.00005) reduced when receptors were
blocked with a large excess of parental anti-HER2
Affibody molecules, or when cell-bound
Zugr2342-SR-HP1 was saturated by a large excess of
non-labeled HP2 (Figure 2 C and D). Binding of
125]-HP2, i.e. binding without pre-treatment with
Zuer2342-SR-HP1, was also significantly (p<0.00005)
lower than with pre-treatment (Figure 2 C and D). The
same was true for binding of 1"'In-HP2 (Figure 2 E and
F). In addition, binding of both ?I-HP2 and "In-HP2
to HER2-negative UN-SCC74B cells pre-treated with
Zuer2:342-SR-HP1 was much lower compared to bind-
ing to SKOV-3 cells, and could not be saturated (see
Supplementary Figure S5). This demonstrated that
binding of Zpurro34-SR-HP1 to cells is dependent on
both HER2 and the presence of bound
Zner2342-SR-HP1.
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Figure 2. Binding specificity. Binding of '''In-Zer234-SR-HPI to HER2-expressing cells SKOV-3 (A) and BT474 (B) is saturable. '251-HP2 binds to SKOV-3 (C) and BT474 (D)
cells pre-treated with Zner2:342-SR-HPI (1). Saturation of HER2 by large molar excess of non-labeled Znr2:342 (2) or saturation of Znera342-SR-HPI by large molar excess of
non-labeled HP2 (3) reduced binding significantly. Binding of 25I-HP2 without pre-treatment with Znera342-SR-HP1 is significantly lower (4) than with pre-treatment. The same is
the true for '"'In-HP2 (E and F). Cells were incubated with the labeled compounds at 37 °C. Data are presented as a mean value and standard deviation for three cell culture

dishes. Error bars might not be seen in some, because they are smaller than the symbols.

Cellular processing of radiolabeled conjugates
by SKOV-3 and BT474 cells after interrupted incuba-
tion is presented in Figure 3. The pattern of cellular
retention and processing of ""In-Zugr2342-SR-HP1 was
similar for both cell lines. The initial dissociation
phase (ca. 4 h) was followed by a plateau at approxi-
mately 80% of initially bound radioactivity (Figure 3
A and B). Internalization was relatively slow for
Mn-Zner2342-SR-HP1. The internalized fraction at 4 h
was 8.0+0.3 % and 11+1% for SKOV-3 and BT474, re-
spectively. At 24 h, the respective values were
24.0£0.7 % and 21£3 %. The processing and retention
profile for the "In-HP2: Zpgro34-SR-HP1 complex
was similar to the profile of ™MIn-Zpygros4-SR-HP1,
with somewhat higher internalization rate (Figure 3 A

and B). The overall cell-associated radioactivity was
still approximately 80% of initially bound radioactiv-
ity at 24 h. The cellular retention profile of the
15]-HP2: Zpero342-SR-HP1 complex was different. An
initial release was not followed by a plateau, but by a
more shallow decrease. The profile of the second de-
scendent segment of the retention curve correlated
well with the profile of membrane-bound activity of
the "MIn-HP2:ZuEro342-SR-HP1 complex. The cellular
retention of radioactivity at 24 h was 4941 % and
40.2+0.4% for SKOV-3 and BT474, respectively.
According to LigandTracer measurements, the
equilibrium  dissociation = constant (Kp) of
MIn-Zugro342-SR-HP1 binding to SKOV-3 cells was
612 pM at both room temperature and 4 °C. The in-
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teraction of radiolabeled HP2 with
Zugro342-SR-HP1-treated HER2-expressing cells was
best fitted to a 1:2 interaction model, suggesting that
the interaction has two dissociation constants:
293112 pM and 12.8+6 nM for %I-HP2, and 33613
pM and 15+5 nM for "'In-HP?2 (Figures S6-8).

Animal studies

Comparison of intravenous (iv) and subcutane-
ous (sc) injection routes of ™In-Zngr2342-SR-HP1 (Ta-
ble S1) suggested more rapid blood clearance of
M]n-ZnuEro342-SR-HP1 after iv injection in comparison
to that after sc injection. Intravenous injection of
ZiEr2342-SR-HP1 was selected for further studies.

In vivo stability tests demonstrated that at 1 h
after injection, 96.8£40.5%, 98.7+0.2%, 49.7£0.2%, of
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blood-born radioactivity was associated with
MIn-ZpEro342-SR-HP1, MIn-HP2 or %]-HP2, respec-
tively.

Data regarding the specificity of

MIn-Zugro342-SR-HP1 are presented in Figure 4 A. The
uptake in both HER2-negative Ramos (0.16+0.06
%1ID/g) and saturated SKOV-3 (0.5£0.1 %ID/g) xen-
ografts was significantly (p <0.05) lower than the up-
take in non-saturated SKOV-3 xenografts (8+2%ID/g),
demonstrating  that tumor  targeting  was
HER?2-specific. The difference in biodistribution after
injection of 5, 30 and 100 pg ""In-Zper2342-SR-HP1 in
mice bearing SKOV-3 xenografts was within error of
measurements (Figure 4 B).
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Figure 3. Cellular processing of !''In-Zngr2:342-SR-HP1 (A and B), '''In-HP2 (C and D), and '25|-HP2 (E and F), by HER2-expressing SKOV-3 (A, C, and E) and BT474 (B, D and
F) cells after interrupted incubation with labeled compounds. In the case of labeled HP2, cells were pre-treated with non-labeled Zyr2:342-SR-HP 1. Cells were incubated with the
labeled compound at 37 °C. Circles show total cell-associated radioactivity. In the case of radiometals, an acid wash was used to discriminate between the membrane-bound
(squares) and internalized (triangles) radioactivity. Data are presented as a mean value and standard deviation for three cell culture dishes. Error bars might be not seen when they

are smaller than the symbols.
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Figure 4. In vivo targeting using '''In-Zngr2:342-SR-HPI at 5 h p.i,, demonstrating the
HER2-specificity of 'In-Zner2342-SR-HP1 in vivo (A). All animals were injected with 5
ug '""In-Zner2342-SR-HPI. The blocked group with HER2-positive SKOV-3 xenografts
was co-injected with an excess amount (500 pg) of non-labeled ZHER2:342 Affibody
molecule (green bars). A group with HER2-negative Ramos xenografts was used as a
negative control (red bars). Biodistribution in mice bearing SKOV-3 xenografts after
injection of 5 (blue bars), 30 (green bars) and 100 (red bars) pg'''In-Zera:342-SR-HPI
(B). Data are presented as an average %ID/g with standard deviation for 5 mice.

ratios were significantly higher for 1 pg injected
125]-HP? (Table 1).

The tumor uptake of "In-HP?2 after pre-injection
of Znupros42-SR-HP1 (19+2 %ID/g) was significantly
(p<0.05) higher than the uptake without pre-injection
(0.30.1 %ID/g) (Table 2). This suggests that the tu-
mor uptake of MIn-HP2 was dependent on pretar-
geting. Importantly, the uptake of the radiomet-
al-labeled HP2 was ca. 2-fold higher in tumors than in
kidneys (Table 2).

Table 1. Biodistribution of 125-HP2 in BALB/C nu/nu mice bearing
SKOV-3 xenografts at 1 h p.i. Zrer2:342-SR-HP I was pre-injected 4
h prior to 125]-HP2 injection. Data are presented as an average
%ID/g with standard deviation for 5 mice.

Pre-injection of Zugr2342-SR-HP1 at any tested
dose provided significantly (p<0.05) higher uptake of
15]-HP2 in SKOV-3 xenografts compared with the
uptake of 1%[-HP2 without pre-injection of
Zugr2342-SR-HP1 (Table 1). This indicates that the tu-
mor accumulation of ?I-HP2 is dependent on the
PNA-PNA interaction, i.e. pretargeting. Furthermore,
the tumor uptake after injection of 5 pg of 125[-HP2
was significantly (p<0.05) lower than the uptake after
injection of 1 pg, when animals were pre-injected with
5 ng of Zupro34>-SR-HP1. This demonstrates that the
tumor uptake of 125]-HP?2 is saturable.

At the injected 1%]-HP2 dose of 1 pg, the uptake
of 1]-HP2 in tumors was significantly higher than in
any organ or tissue including kidneys. The influence
of the injected Zngro342-SR-HP1 dose on the uptake of
15]-HP2 was moderate, but the uptake was signifi-
cantly higher in lung, spleen and kidneys after
pre-injection of 100 pg Zmueres4-SR-HP1 compared
with 5 pg. The kidney uptake of '%I-HP2 after injec-
tion of 5 pg was 4-fold higher than after the injection
of 1 ug. The tumor-to-blood, -lung, -liver and -spleen

Injected dose of 0 5 30 100 5
Zner232-SR-HP1

(ng)

Injected dose of 1 1 1 1 5

51HP2 (ug)
Uptake, %ID/g

Blood 0.8+0.2 14409 2109 21405 1.0+0.1
Lung 0.740.1 12406 22+#0.7 32409 1.01+0.06
Liver 04440.06  0.6x0.2 09403  1.0£0.3 0.45+0.03
Spleen 0.35¢0.08  0.6x0.2 0.9+04  1.0£0.2 0.53+0.06
Kidney 1.810.4 25+13 63432  5.6+1.2 10.1x0.5>
Tumor 0.340.12 1716 188 19+8 3.8£0.3
Muscle 0.19£0.06  0.640.5 04402  0.6£0.3 0.29+0.09
Bones 0.23+0.08  0.5%0.4 0503 05+03 0.4+0.1
Tumor-to-organ ratio

Blood 0.41+0.042 1045 8+1 9+3 4+0.6°
Lung 0.48+0.092 1344 8+1 612 3.8£0.4°
Liver 0.7£0.1a 207 1945 1945 8.5+0.9b
Spleen 0.9+0.22 2419 19+2 196 7+1b
Kidney 0.1740.022  6.6%3 29406 3309 0.38+0.01°
Muscle 1.740.4 35+19 416 30417 1445
Bone 1.440.32 32412 32#1 53436  11+4Pb

a significant difference (p<0.05) between values for uptake with and without
pre-injection of Zugr23412-SR-HP1;
b significant difference (p<0.05) between groups injected with 1 and 5 pg of 13I-HP2;

Table 2. In vivo specificity of !''In-HP2 in BALB/C nu/nu mice
bearing SKOV-3 xenografts at 1 h p.i. in the presence and absence
of Zner2:342-SR-HPI; one group of mice were pre-injected with 100
g of ZHer2:342-SR-HP1 4 h prior to injection of !''In-HP2. Data are
presented as an average %ID/g with standard deviation for 5 mice.

Injected Zner2342-SR-HP1 dose (ug) 0 100
Injected dose of 111In-HP2 (ug) 1 1
Uptake, %ID/g

Blood 0.7x0.3 0.4+0.3
Lung 0.8+0.3 0.9+0.2
Liver 0.5+0.3 0.30+0.04
Spleen 0.24+0.05 0.27+0.06
Kidney 101 1242
Tumor 0.310.1 19+2*
Muscle 0.2+0.01 0.17+0.07
Bones 0.21+0.06 0.2+0.1

Tumor-to-organ ratio

Blood 0.53+0.08 54+19*
Lung 0.44+0.03 23+6*
Liver 0.8+0.2 6219*
Spleen 1.2£0.1 72417
Kidney 0.03+0.01 1.8+0.3*
Muscle 2.3+0.5 123+38*
Bones 1.7£0.2 118+63*

* significant difference (p<0.05) between groups.
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A comparison of the biodistribution of In-HP2
and '2I-HP2 (both 1 pg, 1 h p.i.) in SKOV-3 xeno-
graft-bearing  mice  after  pre-injection  of
ZiEr2342-SR-HP1 (100 pg) is presented in Table S2.
There was no significant difference in tumor uptake.
The kidney uptake of "In-HP2 exceeded kidney up-
take of 1%I-HP2 2-fold. However, the concentration of
radioactivity in other organs was significantly higher
for 15]-HP2 than that of "In-HP2 at 1 h p.i. Conse-
quently, "In-HP2 provided significantly higher tu-
mor-to-blood, tumor-to-lung, tumor-to-liver, tu-
mor-to-bone, and tumor-to-muscle ratios than
125]-HP2 (p<0.05) (Table S3).

Imaging

The results of the imaging experiment are pre-
sented in Figure 5. Injection of MIn-HP2 after
pre-injection of Zugro342-SR-HP1 resulted in clear
high-contrast visualization of SKOV-3 xenografts
(Figure 5, group A). In agreement with ex vivo meas-
urements, the tumor uptake exceeded the uptake in
any other tissue type. Tumors were not visualized
when ™In-HP2 was injected without pre-injection of
ZuEr2342-SR-HP1 (Figure 5, group B). The reference
M]n-labeled DOTA-Zugr2xss Affibody molecules also
provided clear imaging of tumors (Figure 5, group C),
but the renal uptake was much higher than the tumor
uptake.

Figure 5. Gamma-camera imaging of HER2 expression in SKOV-3 xenografts using
radiolabeled '''In-HP2 and '"'In-DOTA-Zner2xs8 Affibody molecules. All animals were
injected with 650 kBq of a radiolabeled compound 1 h before image acquisition. A
single image of all animals simultaneously was acquired. Animals were pre-injected
with 100 pg Zner2:342-SR-HPI 4 h prior to injection of | ug '''In-HP2 (A). ''In-HP2
was injected without pre-injection of Zner2342-SR-HPI (B). Animals were injected with
2 pg '"'In-DOTA-Zner2xss (650 kBq) (C).

Discussion

Affibody molecule-based, PNA-mediated
pretargeting might be a powerful tool for improving
the delivery of radionuclides to tumors. However,
there are multiple possible pitfalls with this strategy.
For example, Affibody molecules and PNA might
create mutual sterical hindrances for binding to a
tumor-associated molecular target and a secondary
hybridization probe, respectively. The Affibody-PNA
chimera might bind nonspecifically to cells or blood
proteins, or might be internalized by target cells too
rapidly. All these phenomena would compromise the
intended accumulation of radionuclides in tumors.
Our study shows that this is not the case using our
design of hybridization probes.

The ™In-Zupros42-SR-HP1 chimera retained the
capacity to bind specifically to HER2-expressing liv-
ing cells (Figure 2 A and B), with a very high affinity
determined for the binding to SKOV-3 cells (Kp = 6+2
pM). The internalization of "In-Zpgr2342-SR-HP1 was
slow (ca. 10% at 4 h) in both cancer cell lines tested
(Figure 3 A and B), which is a precondition for a suc-
cessful pretargeting. The binding of 1%I-/111In-labeled
HP2 to cancer cells in vitro was very low without
Zuer2:342-SR-HP1 pre-treatment (Figures 3 C, D, E and
F). In vitro saturation experiments also demonstrated
that HP2 binding was mediated by PNA-PNA hy-
bridization and dependent on the binding of
Zner2:342-SR-HP1 to HER?2 cells (Figures 3 C, D, E and
F). Binding of radiolabeled HP2 to Zugr2342-SR-HP1
pre-treated HER2-expressing cells was described by
two apparent dissociation constants: a predominant
subnanomolar (293+112 and 336+13 pM, for 2[-HP2
and ™In-HP2, respectively) and a low nanomolar
(12.846 and 15£5 nM, ?I-HP2 and "In-HP2, respec-
tively). Both interactions had the same association rate
but differed in the dissociation rate (Figures S5 and
56). Interpretation of the affinity pattern is difficult, as
the system involves multiple interactions (interactions
of receptors of HER family on cells, an interaction of
ZuEr2342-SR-HP1 with HER2, an interaction of radio-
labeled HP2 with Zygro:342-SR-HP1, and interaction of
Zuer2342-SR-HP1:HP2 complex with HER2). We can
observe only binding and dissociation of HP2. Some
speculation might be based on the facts that affinity of
HER-family receptors to their ligands depends on
homo-and heterodimerization of receptors (25), and
that ZuEr2342-SR-HP1 interaction with
HER2-expressing cells has a single dissociation con-
stant. We may hypothesize that homo-and/or heter-
odimerization of HER2 influences binding of
ZEr2342-SR-HP1:HP2 and results in conformations
determining somewhat weaker binding. However, it
is difficult to test this hypothesis experimentally. The
use of radiometal label for HP2 provided better reten-
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tion of radioactivity (81.2 £ 0.8% and 78.9 £ 0.3% at 24
h for BT474 and SKOV3, respectively) than radioio-
dine (40.2 £ 0.4% and 49 £ 1 % at 24 h for BT474 and
SKOV3, respectively) presumably due to residualiz-
ing properties of ™In.

Importantly, the blood clearance  of
Zygr2342-SR-HP1 was rapid. The concentration of the
blood-born activity was 0.16+0.02 %ID/g in NMRI
mice at 4 h (Table S1) or 0.14£0.05 %ID/g in tu-
mor-bearing BALB/C nu/nu mice at 5 h after injec-
tion of MIn-Zpgro3s-SR-HP1. For comparison, the
blood concentration in BALB/C nu/nu mice at 4 h
after injection of three "lIn-labeled Zpgr2342 deriva-
tives, ABY-25, DOTA-Zygro2395-C  and synthetic
DOTA—ZHER2;342.pep2 was 0.21 + 0.03, 0.19 = 0.05 and
0.11 £ 0.03 %ID/g, respectively (30). Thus, the clear-
ance of HPI-conjugated Zpuproszewas as quick as
clearance of non-conjugated Zngro342, and binding of
Zuer2:342-SR-HP1 to blood components did not influ-
ence the blood clearance rate.

Further in vivo studies confirmed our hypothe-
ses. The binding of MIn-Zuero32-SR-HP1 to
HER2-expressing SKOV-3 xenografts was
HER2-specific (Figure 4 A). The accumulation of both
12]- and "'In-labeled HP2 in tumors was shown to be
dependent on  pretargeting, and  without
Zuer2:342-SR-HP1 pre-injection the tumor uptake was
very low (Tables 1 and 2, Figure 5). Affibody-based
PNA-mediated pretargeting can thus provide higher
accumulation of radiometals in tumors in comparison
with kidneys (Table 2). The use of radioiodinated and
radiometal-labeled HP2 provided equal uptake of
radioactivity in tumors (19+8 %ID/g and 18.5£1.5
%1D/ g, for 12I-HP2 and ""In-HP2, respectively) at1 h
after injection (Table S2). At this time point, the renal
uptake was significantly higher for "'In-HP2, but ra-
diometal-labeled HP2 provided significantly lower
uptake in blood, lung, liver, spleen and muscle. Such
pattern might be explained by difference in retention
of radiometabolites in the catabolic sites, especially
kidneys. We may expect that both 12[-HP2 and
Mn-HP2 are reabsorbed in kidneys to the same ex-
tent. However, the residualizing radiometal label re-
mains trapped in kidneys after proteolytic degrada-
tion, while “leaky” metabolites of non-residualizing
radioiodine label returned to blood circulation. The
results of in vivo stability test show much higher
fraction of low-molecular-weight catabolites in blood
for %[-HP2 than for'In-HP2, which supports this
reasoning.

Earlier, we have evaluated other approaches to
radionuclide therapy using Affibody molecules. The
slow internalization of Affibody molecules by cancer
cells, but rapid internalization in kidney, indicated
that the use of non-residualizing labels is possible.

This results in rapid excretion of radiometabolites
from kidneys, but long retention of radiolabeled Af-
fibody molecules on the surface of cancer cells. In fact,
we have shown that the use of non-residualizing la-
bels, such as !-para-iodo-benzoate (31) or
188Re-GGGC (32), provide higher uptake of radioac-
tivity in tumors than in kidneys. However, the high
energy of the beta-particles emitted by %Re makes it
suitable only for treatment of bulky, non-operable
tumors. The medium-energy beta particles emitted by
131] are more suitable for eradication of small tumors,
but the high abundance, high-energy gamma decay of
131] indiscriminately irradiates the patient’s whole
body. In contrast, the versatile DOTA chelator in HP2
enables labeling this probe with the alpha-emitting
radiometals 212/213Bi and 2?’Th for treatment of micro
metastases, the low-energy beta emitter 77Lu for
small tumors, and the high-energy beta emitter 2Y for
bulky lesions (33-34). This chelator can also be labeled
with MIn and %Ga for theranostics imaging.

A major advantage of pretargeting in compari-
son with conventional RIT is the rapid clearance of
radiolabeled HP2 from blood and the low accumula-
tion in bones, which reduces exposure of radiosensi-
tive bone marrow. We can foresee some potential
advantages in comparison with antibody-based
pretargeting methods. The major one is the rapid
clearance of Zpgr2340-SR-HP1 from blood, which
makes an additional injection of a clearing agent un-
necessary. In addition, Affibody molecules can be
cost-efficiently produced in high yields in prokary-
otes, and PNA-based hybridization probes can be
synthesized with relative ease using standard peptide
synthesis techniques. This would appreciably reduce
the costs of the agents in the case of clinical transla-
tion.

In conclusion, the Affibody-based PNA-
mediated pretargeting is feasible and provides higher
accumulation of radionuclides in tumors than in kid-
neys.
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