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Abstract

Human epidermal growth factor receptor type 2 (HER2) is overexpressed in various cancers;
thus, HER2-targeting single-domain antibodies (sdAbs) could offer a useful platform for
radioimmunotherapy. In this study, we optimized the labeling of an anti-HER2-sdAb with the
a-particle-emitter ?°Ac through a DOTA-derivative. The formed radioconjugate was tested
for binding affinity, specificity and internalization properties, whereas cytotoxicity was
evaluated by clonogenic and DNA double-strand-breaks assays. Biodistribution studies were
performed in mice bearing subcutaneous HER2® tumors to estimate absorbed doses
delivered to organs and tissues. Therapeutic efficacy and potential toxicity were assessed in
HER2P® intraperitoneal ovarian cancer model and in healthy C57BI/6 mice.
[*°Ac]Ac-DOTA-2Rs15d exhibited specific cell uptake and cell-killing capacity in HER2P°®
cells (ECso = 3.9+1.1 kBg/mL). Uptake in HER2"*® lesions peaked at 3 h (9.64+1.69% IA/g),
with very low accumulation in other organs (< 1% IA/g) except for kidneys (11.69+1.10%
IA/g). a-camera imaging presented homogeneous uptake of radioactivity in tumors, although
heterogeneous in kidneys, with a higher signal density in cortex versus medulla. In mice with
HER2"° disseminated tumors, repeated administration of [**Ac]Ac-DOTA-2Rs15d
significantly prolonged survival (143 days) compared to control groups (56 days and 61
days) and to the group treated with HER2-targeting mAb trastuzumab (100 days).
Histopathological evaluation revealed signs of kidney toxicity after repeated administration of
[?°Ac]Ac-DOTA-2Rs15d.

[#°Ac]Ac-DOTA-2Rs15d efficiently targeted HER2*® cells and was effective in treatment of
intraperitoneal disseminated tumors, both alone and as an add-on combination with
trastuzumab, albeit with substantial signs of inflammation in kidneys. This study warrants

further development of [*°Ac]Ac-DOTA-2Rs15d.
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Introduction

Targeted Alpha Therapy (TAT) exploits a combination of an a-particle emitting radionuclide
and a targeting moiety, that allows specific delivery of cytotoxic radiation to cancerous cells.
Due to their limited path length, a-particles are of particular interest for the treatment of
residual and metastatic diseases. Several relevant radionuclides for TAT are currently under
(pre-)clinical evaluation (1,2). #°Ac (ty» = 9.9 days) is an interesting radionuclide due to the
emission of four a-particles in its decay chain with a total deposited a-energy of 27.6 MeV.
Several clinical trials have shown high potential of **Ac-based TAT to treat advanced
cancers (3,4). It has recently been demonstrated that TAT with [*°Ac]Ac-PSMA-617 could
overcome emerging radio-resistance to f’-particle radiation. Moreover, the shorter range of
a-particles in tissue impacts hematologic toxicity in treated patients with diffuse red marrow
infiltration as these particles cause less toxicity compared to $-emitting radionuclides such
as Y and ""Lu, which release cytotoxic particles with significant longer path lengths (5,6).
Several ?*Ac-labeled monoclonal antibodies (mAbs) are being investigated in Phase I/lI
clinical trials to treat hematological cancers (7,8). However, the success of mAb-based TAT
in epithelial solid tumors is limited due to toxicities in well-perfused organs. High binding
affinity and specificity, fast clearance from blood and the ability to homogeneously distribute
in target tissues make small-sized single-domain antibodies (sdAbs) promising targeting
molecules for TAT (9-12). Previously, a HER2-targeting sdAb was successfully radiolabeled
with therapeutic radioisotopes such as ?°Ac, 2"'At, and """Lu (10,11,13). [***Ac]Ac-DOTA-
2Rs15d was found to be effective in inhibiting the HER2°*® cells proliferation in a dose-
dependent manner and in vivo accumulated in a HER2°® tumor in a specific way (10), with
uptake values comparable to what has been measured for its '’Lu-labeled counterpart (13).
However, in contrast to the '"’Lu-labeled variant, elevated liver uptake was observed, likely
due to ?**Ac non-specifically bound to the sdAb, which might have resulted in an in vivo
dissociation and accumulation in liver, as noticed earlier (10). In addition, it was shown to be
effective in mice bearing intracranial HER2P*® tumor xenografts (14). In this study, the same
sdAb was radiolabeled with **Ac using optimized reaction conditions, and fully
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characterized in vitro, after which its therapeutic efficacy was assessed in mice with

intraperitoneal HER2P°° tumor xenografts.

Materials and Methods

Preparation of [**>Ac]Ac-DOTA-sdAbs

All reagents were at least analytical grade and purchased from Sigma Aldrich (St. Louis,
MO), unless stated otherwise. **Ac was obtained from #*Th source by radiochemical
separation (15). The HER2-targeting sdAb 2Rs15d (PDB ID: 5My6, full sequence is in the
Supplementary Material) and the non-targeting control sdAb R3B23 (16) were coupled to p-
SCN-Bn-DOTA chelator and radiolabeled with ***Ac as described elsewhere (10). Briefly, the
desired activity (2.0-8.7 MBq) of ?*Ac was mixed with 0.8 M ammonium acetate (pH 5.0)
and incubated with sdAb-DOTA (100-150 ug) for 90 min at 55°C. The mixture was cooled to
room temperature, quenched with 50 mM DTPA and Chelex 100 (BioRad Laboratories) in
order to complex free 255¢, followed by purification on a PD-10 column (GE Healthcare,
Piscataway, NJ), collected in 0.9% NaCl containing 5 mg/mL L-ascorbic acid (pH 4-5, radical
scavenger) and filtered through a 0.22 pm filter (Millex, Merck Millipore, Burlington, MA).
Protein-associated radioactivity was determined using instant thin-layer chromatography
(ITLC) on silica gel impregnated glass fiber sheets (Agilent Technologies, Santa Clara, CA)
using 0.05 M citrate buffer at pH 4.0.

Cell lines and in vitro assays

SKOV-3 (ATCC Cat# HTB-77, RRID:CVCL_0532, HER2*) was purchased from the
American Type Culture Collection (Manassas, VA) and HER2”® SKOV-3-Luc-IP1
(SKOV3.IP1) cells were transfected to express the enzyme firefly luciferase (Fluc+). These
cells were specifically generated for intraperitoneal growth (obtained as a gift from prof. Marc
Bracke from Ghent University, Belgium) (17). Both cell lines were grown in McCoy’s 5A
supplemented with 10% fetal bovine serum, streptomycin (100 pg/mL) and penicillin (100
IU/mL), generating working cell banks of up to no more than passage 10. Working cell banks
were stored in liquid nitrogen and, upon thaw, propagated for no more than 5 to 10 additional
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passages. Absence of Mycoplasma was confirmed (Venor GeM Classic kit, Minerva Biolabs)
before start of in vitro experiments. Besides assessment of Mycoplasma, no cell line
authentication was performed.

Binding affinity, specificity and internalization of [***Ac]Ac-DOTA-sdAbs were determined as
described previously (10,18). In vitro cytotoxicity tests, including clonogenic assay (19) and
determination of DNA double-strand-breaks (DSBs) via y-H2AX foci imaging, were
performed on SKOV-3 cells and described more in detail in Supplementary Material.

Animal models

Female CRL:Nu-FoxN1™ mice (Charles River Laboratories, RRID:IMSR_CRL:088) were
inoculated subcutaneously (s.c.) in the neck with 10x10° SKOV-3 cells and grown until they
reached about 100-250 mm?® for biodistribution studies, and intraperitoneally (i.p.) with
0.25x10° SKOV-3.IP1 cells for the therapy study. Tumor growth was measured using caliper
(s.c.) or bioluminescence imaging (i.p.) (Biospace Lab, Paris) after i.p. injection of 100 pL of
D-Luciferin (Promega, Leiden, The Netherlands). Dose-escalation studies were performed in
normal female C57BI/6 mice (Charles River Laboratories, RRID:SCR_003792). All animal
protocols were approved by the ethical committee of the Vrije Universiteit Brussel.
Biodistribution and organ-absorbed doses

Specificity of targeting was evaluated in mice bearing s.c. SKOV-3 xenografts (n = 3) of 100-
250 mm?®. These tumor volumes were reached approximately 3 weeks after s.c. inoculation
with 10x10° cells. Mice were injected intravenously (i.v.) with 20.5+2.2 kBq (2.5+0.3 pg) of
[**Ac]Ac-DOTA-2Rs15d either alone or in the presence of 50-molar excess of 2Rs15d to
block HER2-receptors, or with 24.2+1.8 kBq (2.020.5 pg) of [**Ac]Ac-DOTA-R3B23.
Administrations were done in combination with 150 mg/kg of Gelofusine to reduce kidney
uptake as described previously (10). Mice were euthanized 1 h post-injection (p.i.), after
which major organs and tissues were isolated, weighed, and counted along with injected
standards on the automatic gamma-counter (Cobra Il 5003, Canberra Packard).

In parallel, mice (n = 3) were injected i.v. with 25.8+2.0 kBq (1.1+0.1 pg) [***Ac]Ac-DOTA-
2Rs15d together with 150 mg/kg of Gelofusine and euthanized at several time points starting
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from 1 h up to 168 h p.i., and processed as described above. The acquired uptake values,
expressed as a percentage of injected activity per gram of tissue (% IA/g), were time-
integrated to obtain the residence time per gram tissue by trapezoid integration method (13).
The absorbed doses were calculated using S values for **Ac obtained from RADAR
phantoms (www.doseinfo-radar.com/RADARphan.html). The S value for a 1 g sphere
(4.40x10° J/kBq.s) was used to calculate all organ doses (14) and includes the energy
deposition of all radioactive daughters of ?*Ac. The dosimetry calculation assumes that
decay of all daughter radioisotopes occur in the same location as the parent radioisotope.
a-camera imaging

The ionizing-radiation quantum imaging detector (iQID) camera was used for high resolution
ex vivo imaging (20). In brief, cryo-sections (10 ym) of tumors and kidneys of SKOV-3
xenografted mice co-injected with 150 mg/kg Gelofusine (n = 3/group) were transferred on a
scintillation film (EJ-440; Eljen Technology, Sweetwater). SKOV-3 tumor-bearing mice (n = 3)
received 120+0.4 kBq [*°Ac]Ac-DOTA-2Rs15d and were sacrificed after 1, 4 and 24 h.
Images were rebinned by summing neighboring voxels to reduce the noise. The histogram
and multi-term gaussian distributions were obtained through MATLAB R2020b
(RRID:SCR_001622). Homogeneity of cryo-slices was quantitatively determined by the use
of area under the curve (AUC) figure of merit analogous to the method described earlier
(21).

Dose-escalation and therapeutic efficacy of [***Ac]Ac-DOTA-2Rs15d

First, groups of normal female C57BI/6 mice (n = 3) were i.v. injected with 19, 38 or 75 kBq
of [**Ac]Ac-DOTA-2Rs15d, or an equal volume of 0.9% NaCl with 5 mg/mL L-ascorbic acid
and 150 mg/kg Gelofusine. Animals were weighed weekly and checked daily for general
health and wellbeing. Mice were euthanized when one of the following endpoints were
reached: (i) weight loss >20% of original body weight, (ii) physical appearance, (iii) animal
behavior.

Next, mice with i.p. SKOV-3.IP1 tumor xenografts (n = 8) were injected with either (i) one
dose (day 7 after tumor inoculation); or (ii) three consecutive doses (on day 7, 10, 14) of
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86.84+8.97 kBq [**Ac]Ac-DOTA-2Rs15d (5.46+1.28 pg); (iii) trastuzumab first at 7.5 mg/kg
loading (190 pg) dose followed by two maintenance doses of 3.5 mg/kg (90 pg) to mimic
patient treatment schemes (loading dose: day 7; maintenance dose: day 10, 14); (iv) a
trastuzumab regimen as described in (iii) followed by three consecutive doses of 86.84+8.97
kBq [?°Ac]Ac-DOTA-2Rs15d (day 7, 10, 14); (v) three consecutive doses of 34.33+21.78
kBq [?°Ac]Ac-DOTA-R3B23 (6.67+2.31 ug) on day 7, 10, 14; or (vi) an equal volume of
vehicle solution (0.9% NaCl + 5 mg/mL L-ascorbic acid) at identical time-points as the
treated groups. All samples were co-injected with 150 mg/kg Gelofusine. Tumor
development was measured over time using bioluminescence imaging. Dropouts were
considered when one of the following endpoints was reached: (i) severe ascites, (ii) sudden
>20% weight loss, (iii) physical appearance, (iv) animal behavior, (v) BLI signal exceeding
3x10°® ph/s/cm?/sr.

From all abovementioned treatment groups in both studies, various organs and tissues were
isolated, fixed in formalin, and embedded in paraffin wax. Sections of 4 ym thickness were
taken and stained with hematoxylin and eosin (H&E). The sections were examined by light
microscopy by AnaPath Services GmbH (Liestal, Switzerland) for signs of toxicity.

Statistical analysis

All in vitro data are presented as mean * standard deviation (SD) of at least three
independent experiments. Differences in cytotoxicity or tissue uptake were tested with a one-
tailed Student’s t-test using GraphPad Prism 5.01 (RRID:SCR_002798). A P-value below
0.05 was considered statistically significant. Differences in mean survival from therapy
studies were analyzed with the log-rank Mantel-Cox test.

Data availability statement

Data generated in this study are included in the article or uploaded as online Supplementary
Material. The raw datasets used and/or analyzed during this study are available from the

corresponding author upon reasonable request.
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Results

Radiolabeling and in vitro evaluation of [**>Ac]Ac-DOTA-sdAbs

Mass spectrometry revealed successful p-SCN-Bn-DOTA conjugation with an average of
one or two chelators per sdAb (Supplementary Fig. S1). The radiolabeling yield was >90%
(n = 21) for all bioconjugates labeled with ?*Ac (2.0-8.7 MBq) after 90 min incubation at
55°C, and the radiochemical purity was >98% (n = 21) after purification on PD-10 as
determined by ITLC. The specific activity of all radiolabeled compounds was 105-678
kBg/nmol.

Binding of [***Ac]Ac-DOTA-2Rs15d to HER2-receptor was specific (P< 0.001) as it could be
blocked by an excess of unlabeled 2Rs15d, whereas binding of [***Ac]Ac-DOTA-R3B23 was
negligible (Supplementary Fig. S2A). The determined Kp=3.50£0.17 nM for [***Ac]Ac-DOTA-
2Rs15d revealed high affinity towards HER2-receptor (Supplementary Fig. S2B). The level
of receptor-mediated internalization measured 36.03+1.73% after 1 h and dropped to
14.8310.54% at 24 h (Supplementary Fig. S2C).

The number of colonies decreased with increasing amounts of radioactivity (Fig. 1A). At low
radioactivity (0.1-0.8 kBg/mL) the surviving fractions (SFs) were approximately 100% with no
significant difference between [?°Ac]Ac-DOTA-2Rs15d and the control groups (P >0.42)
(Supplementary Fig. S3). The increased activity of [**Ac]Ac-DOTA-2Rs15d reduced SFs to
75.2+6.1% and 3.4+0.7% at 1.0 and 60.0 kBg/mL, respectively, while in the presence of an
excess of unlabeled 2Rs15d the SFs measured 95.9+2.7% and 8.2+0.7%, which was
significantly higher (P <0.004). Cells treated with non-targeting [*°Ac]Ac-DOTA-R3B23
resulted in SFs of 87.1£6.8% and 13.6£0.9% at 1.0 and 60.0 kBg/mL, respectively (P
<0.002). In case of the highest applied radioactivity (120 kBg/mL), the resulting number of
colonies was too low to observe a statistical difference between all treated groups. The
calculated ECs, values for the respective treatment groups were 3.9+1.1 kBg/mL for
[?°Ac]Ac-DOTA-2Rs15d alone, 7.4+1.1 kBg/mL when co-incubated with an excess of
unlabeled 2Rs15d, and 11.3+1.1 kBg/mL for [***Ac]Ac-DOTA-R3B23. The determined Dq
values were: 20.0+2.4 kBg/mL, 24.2+2.2 kBg/mL and 31.7+2.4 kBq/mL for [***Ac]Ac-DOTA-
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2Rs15d alone, blocked with an excess of unlabeled 2Rs15d and [**°Ac]Ac-DOTA-R3B23,
respectively (Fig. 1B).

The number of spontaneous DNA DSBs in non-treated (NT) SKOV-3 cells was 18.9+3.1 per
cell, whereas in cells exposed to [**Ac]Ac-DOTA-2Rs15d this number varied in a dose-
dependent manner (Fig. 1C and D) with values of 32.6+4.3, 45.5+7.7 and 78.8+4.9 (P<
0.03) after treatment with 15, 125 and 625 kBg/mL, respectively. In case of the two lower
radioactive concentrations the average number of DNA DSBs was higher than values
obtained for cells incubated with an excess of unlabeled 2Rs15d or non-targeting [**°Ac]Ac-
DOTA-R3B23, however not significantly different (P=0.215) (Fig. 1C and D).

Biodistribution and dose-escalation of [**°’Ac]Ac-DOTA-sdAbs

As presented in Fig. 2A, the accumulation of [*°Ac]Ac-DOTA-2Rs15d in SKOV-3 tumors
was specific and measured 7.491£0.74% IA/g at 1 h p.i., which was significantly higher than
what was measured for [?°Ac]Ac-DOTA-2Rs15d co-administered with excess of unlabeled
2Rs15d (2.31+0.06% IA/g; P <0.00015), or for [*°Ac]Ac-DOTA-R3B23 (0.25+0.09% IA/g;
P<0.00004).

The time-dependent biodistribution of [**Ac]Ac-DOTA-2Rs15d in SKOV-3 tumor xenografted
mice is presented in Fig. 2B and Table 1. The high tumor uptake was observed already after
1 h p.i. with a value of 8.36+0.23% IA/g, increasing to 9.64+1.69% |A/g at 3 h followed by a
decrease to 2.24+1.00% IA/g after 168 h. In kidneys, 8.98+3.30% IA/g was measured at 1 h,
which decreased to 1.91£1.15% IA/g at 168 h. Liver and bone uptake were very low at all-
time points, indicating no substantial loss of ?*’Ac. Radioactivity concentration in other
tissues was low always (< 0.85% IA/g). Tumor-to-liver ratios increased from 12.62+0.73 at 1
h to 33.40+12.13 at 6 h and later dropped to 5.60+0.66 at 168 h (Table 1), while tumor-to-
kidney ratios increased from 1.03+0.42 at 1 h to 1.55+£0.24 at 96 h, respectively. Organ-
absorbed doses were calculated for 1 kBq of [?°Ac]Ac-DOTA-2Rs15d and are summarized
in Table 1. The highest absorbed dose was delivered to tumor (115.58 mGy/kBq), while
kidneys received 103.50 mGy/kBq. Doses delivered to other healthy organs and tissues

were very low.
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In a dose-escalation study, groups of normal female C57BI/6 mice received a single
administration of increasing radioactive amounts of [**Ac]Ac-DOTA-2Rs15d ranging 19-75
kBg or non-radioactive vehicle solution (control). All animals in the control group were
included until the end of the study (200 days) and sacrificed at the end. In that case the
mean survival was considered undefined. Animal groups that received 75 and 38 kBq
counted for a mean survival of 166 and 145 days respectively (P = 0.277) (Fig. 2C). Weight
progression during dose escalation study of [**Ac]Ac-DOTA-2Rs15d in healthy C57BI/6
mice is presented in Fig. 2D. Histopathological analysis resulted in mild to serious
tubulopathy in mice receiving [?*Ac]Ac-DOTA-2Rs15d (Fig. 2E and F, Table 2).

Digital autoradiography of tumors and kidneys was used to evaluate distribution of
radioactivity after injection of [**°Ac]Ac-DOTA-2Rs15d with co-infusion of Gelofusine at 1, 4
and 24 h (Fig. 3). A clear intratumoral distribution was observed already 1 h p.i. and was
maintained until 24 h (Fig. 3A). In kidneys, a-imaging at 1, 4 and 24 h revealed marked
differences in intrarenal activity distribution (Fig. 3B). At 1 h, high-intensity areas of activity
were observed in the cortical region, decreasing over time indicating efficient clearance of
[#°Ac]Ac-DOTA-2Rs15d. Fig. 3C presents a quantitative analysis of the activity distribution
from the kidney 4 h p.i. depicted in Fig. 3B. The extracted histogram shows a non-uniform
uptake. Multi-term gaussian distributions were fitted to the histogram data of cortex ROI.
From Fig. 3D a wash-out over time can be observed. Homogeneity was assessed by plots
where the total signal fraction is displayed as a function of the total area fraction. A
completely uniform ROI corresponds to a linear function and an AUC of 0.5. Both cortex
ROls (Fig. 3E) as well as ROIs encompassing the whole tumor slice (Fig. 3F) show uniform
activity distributions - cortex: 0.6186 (1h), 0.6042 (4h), 0.6274 (24h); and tumors: 0.6754
(1h), 0.6477 (4h), 0.6092 (24h).

Therapeutic efficacy of [**°Ac]Ac-DOTA-2Rs15d

The therapeutic efficacy study scheme is presented in Fig. 4A. Both a single and three
consecutive administrations of [*°Ac]Ac-DOTA-2Rs15d resulted in a significantly longer
mean survival of 101 and 143 days respectively, versus 56 days for mice receiving vehicle
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solution (P <0.0001) (Fig. 4B). No significant difference (P = 0.2151) in survival was
observed between negative control groups receiving vehicle (56 days) or [?°Ac]Ac-DOTA-
R3B23 (61 days). No significant difference in mean survival was observed between the
trastuzumab regimen (100 days) and a single administration of [*°*Ac]Ac-DOTA-2Rs15d (101
days; P = 1.000), while three consecutive doses of [?°Ac]Ac-DOTA-2Rs15d (143 days)
increased the mean survival compared to the group receiving trastuzumab regimen or a
single dose of [*°Ac]Ac-DOTA-2Rs15d (P <0.0389). Trastuzumab regimen alone led to a
mean survival of 100 days, while trastuzumab regimen together with three consecutive
injections of [**Ac]Ac-DOTA-2Rs15d as an add-on therapy increased mean survival to 161
days; however, not significantly different from each other (P = 0.0558). These results are
confirmed by a more stable weight, indicating less tumor progression for all mice treated with
three repeated doses of [**Ac]Ac-DOTA-2Rs15d alone or together with trastuzumab (Fig.
4C). The calculated absorbed dose for single 85 kBq and the cumulative therapeutic activity
255 kBq (3x85 kBq) of [*Ac]Ac-DOTA-2Rs15d is about 9.8 Gy and 29.5 Gy in tumor,
whereas in kidneys is 8.8 and 26.4 Gy, respectively (Fig. 4D).

The anti-tumor effect of [**Ac]Ac-DOTA-2Rs15d was confirmed through bioluminescence
imaging (Supplementary Fig. S4). Disease progression was retarded for animal groups
treated with trastuzumab or [*°Ac]Ac-DOTA-2Rs15d compared to control groups. Mice
which received repeated injections of [?**Ac]Ac-DOTA-2Rs15d alone or in combination with
trastuzumab revealed a complete absence of BLI signal over time. However,
histopathological evaluation of kidneys revealed a number of substantial inflammatory
lesions consisting of tubular dilation in mice receiving a single (85 kBq) and triple dose (3x85
kBq = 255 kBq) of [*°Ac]Ac-DOTA-2Rs15d, while this was not observed in animals that

received vehicle solution (Fig. 4E-G).

Discussion
In this study, we report a complete in vitro and in vivo evaluation of the HER2-targeting sdAb
2Rs15d radiolabeled with the a-particle emitter ?°Ac. 2Rs15d has been evaluated previously
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as a vector for both imaging (22—-25) and targeted radionuclide therapy (TRNT) (13,14,26),
and is characterized by high binding specificity and affinity to HER2-receptor, and high
tumor-to-background ratios in vivo. Fast clearance from blood allows repeated
administration, though, with a risk of inducing long-term toxicity to kidneys. Indeed,
depending on the radionuclide used, fast clearance of radiolabeled sdAb can result in
significant accumulation and retention of radioactivity in kidneys. However, radioactive dose
fractionation has already indicated in the clinic that it can reduce toxicity to critical organs
and tissues in patients with multi-resistant neuroendocrine tumors (3) as this strategy allows
time for healthy tissue regeneration. Results of preclinical therapy studies with **Ac-labeled
trastuzumab (27) also suggest that fractionation is more effective particularly in treatment of
larger metastatic-clusters, as it avoids early mortality which is seen when administering
single high radioactive dose.

A few preclinical studies have described HER2-sdAb-based TRNT using a-particle emitting
radionuclides (11,14,28). We recently reported therapeutic efficacy [**°Ac]Ac-DOTA-2Rs15d
in mice with intracranial HER2°® tumor xenografts (14). The combination of trastuzumab and
[*°Ac]Ac-DOTA-2Rs15d resulted in a significant increase in survival compared to control
groups. In addition, [*"°Bi|Bi-DTPA-2Rs15d revealed to be promising with confirmed
therapeutic efficacy in mice bearing intraperitoneal HER2P* tumor xenografts (28).
Nonetheless, in vivo TAT appeared to be challenging due to the very short half-life of 2'*Bi
and resulted in a therapeutic index below 0.5. MAbs (e.g. lintuzumab) radiolabeled with 2'*Bi
and *®Ac were evaluated for various types of cancer (29,30); however, accumulation of
cytotoxic radiation in critical organs such as liver and bone-marrow remains a major dose-
limiting factor for mAbs. The recent clinical successes using **°Ac-labeled peptides such as
PSMA-617, Substance P and Octreotide have shown their potential in TAT (5,31,32). In this
study, we further investigated the use of [?*Ac]Ac-DOTA-2Rs15d to treat intraperitoneal
metastatic disease in mice.

[?*Ac]Ac-DOTA-2Rs15d was obtained with high radiochemical yield and specific activity.
Addition of DTPA and Chelex 100 prior to purification improved the radiochemical purity of a
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final product compared to what was reported before (10). [**Ac]Ac-DOTA-2Rs15d bound
HER2-receptor specifically both in vitro and in vivo, and targeting capacity was not affected
by conjugation of two chelators per one sdAb. The level of receptor-mediated internalization
of [®°Ac]Ac-DOTA-2Rs15d was higher compared to 2Rs15d radiolabeled with ?''At via
[?"'AtJAt-SGMAB (ca. 15% at 1-24 h), [*"'AtJAt-SAB (ca. 25% at 1 h and 15% at 24 h) and
[?"AtJAt-MSB (ca. 25% at 1 h and 20% at 24 h) or with "'l through [*'I]I-SGMIB
(9.13+2.37% at 1 h and 14.39+£1.95% at 24 h) prosthetic groups, respectively (11,26). This is
an important result taking into account a serial decay of *Ac into radioactive daughters,
since better internalization prevents the escape of those radionuclides from cancerous cells,
which may result in an increased therapeutic efficacy and lower toxicity (33,34). Higher
internalization levels were observed previously for mAbs labeled with radiometals compared
to radiohalogens. A potential explanation could be the increased intracellular retention of
catabolic products containing radiometals, perhaps within lysosomes (35). The level of
internalization obtained in this study for [*°Ac]Ac-DOTA-2Rs15d seems higher than what
was observed for the same sdAb labeled with radiohalogens. However, we have to keep in
mind that different radiolabeling methods were used, including one- or two-steps procedures
as for 2"'At (11). In addition, the results for [*'1]l-SGMIB-2Rs15d were obtained using a
different cell line, BT474/M1 (26).

[?*Ac]Ac-DOTA-2Rs15d was toxic to HER2P* SKOV-3 cells, with an ECs, value of 3.9+1.1
kBg/mL which was lower compared to the value obtained via the MTS assay (10.2+1.2
kBg/mL) (10). The clonogenic assay, performed in the current study, is considered to be
more reliable as it reveals the actual number of cells that survived treatment and can further
proliferate to form colonies, whereas the MTS measures the cell metabolism and does not
differentiate between cells in early or late stage apoptosis. In vitro cytotoxic effect of
[#°Ac]Ac-DOTA-2Rs15d was further supported by its ability to induce irreparable DSBs in
DNA. However, further assay optimization (e.g. incubation time) is still required since major
differences between [?°Ac]Ac-DOTA-2Rs15d and the controls were not observed. In vivo,
[#°Ac]Ac-DOTA-2Rs15d accumulated rapidly in tumor, with high uptake measured as early
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as 1 h p.i.. After 168 h (7 d), a significant amount of radioactivity was still retained in tumor.
Accumulation in normal organs and tissues was low at all time-points, except in kidneys. The
observed tumor uptake corresponds well to what was previously obtained with 2Rs15d
radiolabeled with *"'At, """Lu, ®F or #'*Bi when administered to the same mouse model
(11,13,23,28). We previously observed elevated liver uptake upon i.v. administration of
[?*Ac]Ac-DOTA-2Rs15d, probably due to non-specific binding of **Ac to the protein and not
through stable DOTA chelator complexation. It is known that non-complexed #°Ac highly
accumulates in liver (10). Addition of an excess of DTPA to the reaction mixture right after
25pc-complexation was described to result in reduced retention in liver (14). Therefore, in
the current manuscript, an excess of DTPA together with cationic Chelex resin was added to
the reaction mixture prior to purification of [**Ac]Ac-DOTA-2Rs15d, and successfully
avoided retention of radioactivity in liver.

The clearance pattern in kidneys was in line with what has been observed previously for
['"""Lu]Lu-DOTA-2Rs15d (13) and about twice lower to that measured for [*'*Bi]Bi-DTPA-
2Rs15d (28). All radiolabeled sdAbs were co-injected with 150 mg/kg Gelofusine which is
described to reduce the kidney retention with 40-50% (10,13,14). The different
physiochemical properties of radiolabeled sdAbs either with p-SCN-Bn-CHX-A”-DTPA or p-
SCN-Bn-DOTA as chelating moieties might influence the stability of formed complexes and
the extent of renal accumulation. Dosimetry estimations for [**Ac]Ac-DOTA-2Rs15d resulted
in a therapeutic index of 1.0 compared to a therapeutic index of 0.16 for [*"*Bi]Bi-DTPA-
2Rs15d (28). An explanation for this observation might be the higher uptake in kidneys of
[#Bi]Bi-DTPA-2Rs15d together with the high dose rate of the latter radioisotope, which
might increase the risk of inducing acute toxicity within cortical compartment of kidneys.
Therapeutic efficacy study in athymic nude mice was designed in such a way to understand
the therapeutic potential, even though we assumed that the chosen doses could cause late
stage toxicity, especially in kidneys. As a result, a single radioactive dose of 85 kBq
[?*Ac]Ac-DOTA-2Rs15d was selected based on the insights from dose-escalation study. For
this activity an absorbed dose in kidneys is 8.8 Gy, whereas in case of a cumulative
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therapeutic activity of 255 kBq (3x85 kBq) [**Ac]Ac-DOTA-2Rs15d is about 26.4 Gy, which
remains close to the renal toxicity threshold of 23 Gy. However, any reference to this limit
should be done with care, as it was determined via external beam irradiation and assumes
homogenous radiation distribution in kidneys, which is not representative in case of short-
range radiation of high LET a-particles emitted from radionuclides accumulated in tissue
(36). Moreover, a-camera imaging confirmed that radioactivity distribution in kidneys was
heterogeneous and appeared to be concentrated in the cortical compartment of kidneys.
Therefore, a mean absorbed dose to a whole organ seems not sufficient to accurately
assess dose limits on an organ and sub-organ level. In addition, when considering a-particle
radiation one should take into account the relative biological effectiveness (RBE) to enable
comparability between doses from different radiation types. An RBE value of 5 is often used
for studies with ?°Ac (3,4) which always results in a higher RBE-weighted absorbed doses to
organs and tissues. As a result the calculated RBE-weighed absorbed doses to kidneys for a
single administration (85 kBq) and three consecutive administrations are 44 Gy and 132 Gy,
respectively. However, the latter dose is an extrapolation done for a single injection of 255
kBq of [**Ac]Ac-DOTA-2Rs15d, while it was administered in a fractionated regimen for
therapy.

The high absorbed dose to tumor in case of [**Ac]Ac-DOTA-2Rs15d and the resulting
positive impact on survival indicates increased potency of a-particle radiation over more
conventional B -particle radiation. Indeed, administration of 46.25 MBq of "*'|-labeled 2Rs15d
resulted in an absorbed dose to tumor of about 15 Gy and 10 Gy to kidneys and led to a
mean survival of about 59 days in the same tumor-xenografted mouse model (26). Repeated
[#°Ac]Ac-DOTA-2Rs15d injections combined with trastuzumab further increased the mean
survival in comparison to trastuzumab regimen alone, which indicates the potential of 2B5pc-
labeled 2Rs15d as an add-on therapy to trastuzumab. Importantly, 2Rs15d binds domain | of
the HER2-receptor, whereas trastuzumab binds domain IV, so no binding competition exists
between both targeting moieties (24,26). Therefore, [**Ac]Ac-DOTA-2Rs15d might be also
considered as a therapeutic strategy in particular occasions where patients show resistance
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to treatment with trastuzumab or acquired resistance during therapy with final relapse and
disease progression. Moreover, [#°Ac]Ac-DOTA-2Rs15d might be applied in cases where
full intact monoclonal antibodies, like trastuzumab are not effective, for example in HER2P®
brain lesions (14). Despite very convincing therapeutic efficacy results presented in this
study, there is also an indication of renal toxicity at high radioactive doses. Small
radiolabeled peptides and proteins, such as [*°Ac]Ac-DOTA-2Rs15d, are characterized by
fast blood clearance and in a few cases these are subsequently retained in kidneys. More
so, 2'*Bi which originates from the decay of ?°Ac accumulates in kidneys as well (33). Both
pose concerns towards off-target toxicity. In case of 2138, the chelation of free radiometal,
competitive metal blockade, or the acceleration of renal clearance can reduce the
accumulation of ?*Ac daughters in kidneys (34). So far, clinical cases describing peptide-
based TAT using #Ac revealed no acute or sub-acute renal toxicity (32). Although, not
obtained in randomized clinical trials, these early results indicate that the toxicity profile in a
clinical setting is not yet fully understood and that the herein presented preclinical results
should be interpreted with care. Nevertheless, high kidney uptake of [*°Ac]Ac-DOTA-
2Rs15d underlines the need for thorough dose-reduction studies to identify the ideal dose
and fractionation scheme to achieve treatment efficacy while keeping toxicity to kidneys
minimal. In addition, it is worthwhile investigating how to further reduce the retention of
radioactivity in kidneys. One possible strategy is the introduction of amino-acid-linkers
between the sdAb and chelator complex (37—40) that are designed to be cleaved at the
proximal tubular brush border membrane. This might allow radiometal complex to be
separated from targeting moiety prior to interaction with lumen of the renal tubules, and
therefore efficiently excreted into urine. Alternatively, positively charged amino acids (L-
lysine or L-arginine) either separately or as a cocktail will be used in future studies to
effectively reduce kidney retention as previously shown in both preclinical (41) and clinical
studies in patients injected with ['"’Lu]Lu-DOTA-TATE, where renal toxicity was significantly
reduced with positively charged amino acids (42).

The present study demonstrates effective treatment of intraperitoneal disseminated tumors
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using [?°Ac]Ac-DOTA-2Rs15d, both alone as a single treatment as well as in combination
with the HER2-targeting mAb trastuzumab. [?°Ac]Ac-DOTA-2Rs15d holds promise for
further investigation; however, a better understanding of dose-response and dose-toxicity
relationships are needed. With the recent successful introduction of **Ac-labeled peptides in
the clinic, sdAb-based TAT might also find its way towards clinical translation.
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Table 1. Ex vivo time-dependent biodistribution of [?°Ac]Ac-DOTA-2Rs15d co-infused with 150 mg/kg Gelofusine in a s.c. HER2”* mouse tumor model (n =

3). Results are presented as mean % IA/g = SD. Dosimetry data are expressed as mGy/kBq.

Ex Vivo Biodistribution Dosimetry

Absorbed
Tissue / 1h 3h 6h 24h 48h 72h 96h 120h 168h AbSﬁQZed Dose x RBE
organ [mGy/kBq] factor (5)

[mGy/kBq]
Liver 0.66+0.02 0.81+0.19 0.32+0.09 0.79+0.08 0.63+0.01 0.52+0.13 0.40£0.11 0.44+0.04 0.41+0.18 13.56 67.80
Spleen 0.25+0.14 0.33+0.02 0.171£0.14 0.41+0.07 0.2310.07 0.15+0.06 0.16+£0.02 0.12+0.01 0.15+0.01 5.10 25.50
Lungs 0.15+0.05 0.09+0.01 0.05+0.03 0.06+0.02 0.07+0.01 0.03+0.03 0.02+0.01 0.03+0.01 0.04+0.01 1.08 5.40
Heart 0.10+0.02 0.06+0.02 0.05+0.01 0.10£0.04 0.06+0.04 0.05+0.04 0.05+0.05 0.06+0.05 0.06+0.03 1.59 7.95
Stomach 0.14+0.03 0.11+1.07 0.04+0.00 0.05+£0.03 0.0410.02 0.03+0.00 0.03+0.01 0.02+0.01 0.04+0.01 0.97 4.85
Kidneys 8.98+3.30 11.69+1.1 10.31+0.6 6.08+0.27 4.1310.20 2.80+0.71 1.93+0.13 3.35+1.03 1.91£1.15 103.50 517.50
Lg. Int. 0.05+0.03 0.08+0.01 0.04+0.00 0.05+0.01 0.04+0.01 0.01£0.01 0.0110.01 0.02+0.01 0.02+0.00 0.62 3.10
Sm. Int. 0.07+0.01 0.05+0.00 0.04+0.01 0.03+0.00 0.01£0.02 0.02+0.01 0.01£0.02 0.01+0.00 0.01+0.01 0.44 2.20
Pancreas 0.04+0.02 0.03+0.00 0.08+0.11 0.03+0.02 0.02+0.00 0.02+0.00 0.01+0.01 0.01+0.00 0.02+0.00 0.57 2.85
Muscle 0.08+0.03 0.03+0.01 0.04+0.01 0.02+0.02 0.01£0.01 0.0210.01 0.02+0.00 0.0310.01 0.04+0.02 0.64 3.20
Blood 0.23+0.20 0.01%0.01 0.01+0.00 0.14+0.21 0.1310.23 0.05+0.08 0.23+0.36 0.07+0.04 0.18+0.00 2.55 12.75
Bone 0.29+0.06 0.10+0.01 0.09+0.04 0.36+0.06 0.321+0.10 0.06+0.02 0.06+0.01 0.05+0.06 0.08+0.03 3.62 18.10
Tumor 8.36+0.23 9.64+1.69 9.87+1.38 6.58+1.78 6.20£1.00 4.24+0.68 3.73+0.58 1.70+0.64 2.24+1.00 115.58 577.90
T-to-Liver 12.62+0.73 12.08£1.71  33.40+£12.13 8.29+1.59 9.79+1.61 8.31£1.10 9.60+1.23 3.78+1.06 5.60+0.66 - -
-Iz-it(;)r;eys 1.03+0.42 0.82+0.13 0.95+0.08 1.08+0.30 1.50+0.22 1.55+0.24 1.92+0.18 0.60+0.46 1.54+1.32 - -
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Table 2. Histopathological analysis of kidneys sections from mice enrolled in the dose-
escalation study. Kidney sections were stained with H&E. Incidence and Mean Severity of
Findings in Kidney. GRADE 1 = Minimal, GRADE 2 = Slight, GRADE 3 = Moderate, GRADE
4 = Marked, GRADE 5 = Severe; description of the severity scores is detailed in the

Supplementary Material.

Groups [kBq]

Control

(0 kBa) 19kBg 38kBq 75kBq
Total Animals 3 3 3 3
Tubular cast, hyaline 1/1.0 2/2.0 3/1.6 3/1.3
Tubular basophilia 1/1.0 0 0 0
Tubular dilation 0 3/2.6 3/3.3 3/2.6
Cytoplasmic vacuolation 0 3/2.6 3/3.0 3/2.6
Tubular necrosis 0 3/3.0 3/3.6 3/3.3
Tubular regeneration 0 3/4.0 3/5.0 3/4.3
Fibrosis interstitial 0 3/3.0 3/3.0 3/3.6
Inflammation 211.0 3/2.0 3/2.0 3/2.6
Mononuclear foci 1/1.0 2/2.0 3/1.6 3/1.0
Karyomegaly 0 3/1.3 3/1.3 3/2.0
Glomerular atrophy 0 3/1.3 2/1.5 3/2.0
Mineralization 0 1/2.0 0 11.0
Pelvis dilation 1/1.0 0 0 0

Figure 1. Cytotoxic activity of (i) [*°Ac]Ac-DOTA-2Rs15d alone or (ii) blocked with cold
2Rs15d; and (iii) non-targeting [**Ac]Ac-DOTA-R3B23 control probe on SKOV-3 cells
determined via clonogenic (A-B) and DNA double-strand-break (C-D) assays.
Representative images (A) and survival fractions (SF) (B) of SKOV-3 cells from clonogenic
assay. C, The average number of yH2AX-foci quantified per cell; NT - control cells non-
treated with radioactivity. D, Representative images of detected yH2AX-foci in treated

SKOV-3 cells.
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Figure 2. In vivo specificity of [?*°*Ac]Ac-DOTA-2Rs15d alone or blocked with excess of cold
2Rs15d, and non-targeting [*°Ac]Ac-DOTA-R3B23 after 1 h p.i. in s.c. SKOV-3 tumor-
xenografted mice (A). *, P< 0.00015; **, P< 0.00004; ***, P< 0.000003. B, Time-dependent
biodistribution of [?°*Ac]Ac-DOTA-2Rs15d in a s.c. SKOV-3 tumor-xenografted mouse model.
C-F, Dose-escalation study of [?*Ac]Ac-DOTA-2Rs15d in healthy C57BI/6 mice with Kaplan-
Meier survival plots (C) and relative body weight (D) in various groups of treated mice.
Histopathological analysis of kidney’s sections from mice receiving only vehicle solution
0.9% NaCl (E) and 19 kBq of [*°Ac]Ac-DOTA-2Rs15d (F).

Figure 3. a-camera imaging of [**Ac]Ac-DOTA-2Rs15d activity distribution in cryo-sectioned
HER2"°® tumors (A) and kidneys (B) of s.c. SKOV-3 xenografts. All images were taken at 1,
4 and 24 h p.i. C, Histogram of the activity distribution of an a-camera image of kidneys 4 h
p.i. derived from ROIls encompassing the whole kidney area, including both cortex and
medulla. D, Multi-term gaussian plots fitted to the histogram data of cortex ROI.
Homogeneity of cortex (E) and tumor (F) was assessed by plots where the total signal
fraction is displayed as a function of the total area fraction. A completely uniform ROI
corresponds to a linear function (depicted as a dashed line) and an area under the curve
(AUC) of 0.5.

Figure 4. Therapy with [**Ac]Ac-DOTA-2Rs15d improves survival of mice bearing
disseminated intraperitoneal SKOV3.IP1 tumors. Treatment schedules (A) and Kaplan-Meier
survival plots (B) together with relative body weight (C) in various groups of treated mice. D,
Calculated absorbed doses (Gy), without considering of RBE factor 5 for a-particles, in
normal organs and tumor for one single therapeutic injection 85 kBq and total therapeutic
activity 255 kBq of [?°Ac]Ac-DOTA-2Rs15d. H&E sections of kidneys from mice receiving

0.9% NaCl (E), one single dose (F) and three injections (G) of [*’Ac]Ac-DOTA-2Rs15d.
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FIGURE 1
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FIGURE 2
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FIGURE 3
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FIGURE 4
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