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Abstract

Background: Epidermal growth factor receptors (EGFR) are overexpressed on > 90%

of pancreatic cancers (PnCa) and represent an attractive target for the development
of novel therapies, including radioimmunotherapy (RIT). Our aim was to study RIT of
subcutaneous (s.c) PANC-1 human PnCa xenografts in mice using the anti-EGFR
monoclonal antibody, panitumumab labeled with Auger electron (AE)-emitting, '''In
or B-particle emitting, '”’Lu at amounts that were non-toxic to normal tissues.

Results: Panitumumab was conjugated to DOTA chelators for complexing ' 'In or '”Lu

(panitumumab-DOTA-[""In]in and panitumumab-DOTA-'”/LulLu) or to a metal-chelating
polymer (MCP) with multiple DOTA to bind '"In  (panitumumab-MCP-{"""In]in).
Panitumumab-DOTA-['”/LulLu was more effective per MBq exposure at reducing the
clonogenic survival in vitro of PANC-1 cells than panitumumab-DOTA-""InJin or
panitumumab-MCP-{""'In]in. Panitumumab-DOTA-'”’LulLu caused the greatest density of
DNA double-strand breaks (DSBs) in the nucleus measured by immunofluorescence for y-
H2AX. The absorbed dose in the nucleus was 3.9-fold higher for panitumumab-DOTA-
['’LulLu than panitumumab-DOTA-"""In]in and 7.7-fold greater than panitumumab-MCP-
["""InJin. No normal tissue toxicity was observed in NOD/SCID mice injected intravenously
(v) with 100MBg (10pg; ~007 nmoles) of panitumumab-DOTAL""Inlin  or
panitumumab-MCP-{"""Inlin or in NRG mice injected iv. with 60MBq (10 ug; ~0.07
nmoles) of panitumumab-DOTA-['""’LulLu. There was no decrease in complete blood cell
counts (CBC) or increased serum alanine aminotransferase (ALT) or creatinine (Cr) or
decreased body weight. RIT inhibited the growth of PANC-1 tumours but a 5-fold greater
total amount of panitumumab-DOTA-["""In]in or panitumumab-MCP-['""InJin (30 MBg;
30 pg; ~021 nmoles) administered in three fractionated amounts every three weeks was
required to achieve greater or equivalent tumour growth inhibition, respectively, compared
to a single amount of panitumumab-DOTA-'”’LulLu (6 MBg; 10 pg; ~ 007 nmoles). The
tumour doubling time (TDT) for NOD/SCID mice with s.c. PANC-T tumours treated with
panitumumab-DOTA-""In]in or panitumumab-MCP-["""In]in was 51.8 days and 28.1 days,

(Continued on next page)

© The Author(s). 2020 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article's Creative Commons licence, unless indicated otherwise in a credit
line to the material. If material is not included in the article's Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


http://crossmark.crossref.org/dialog/?doi=10.1186/s41181-020-00111-y&domain=pdf
https://orcid.org/0000-0002-2673-2141
https://orcid.org/0000-0003-1038-7993
mailto:raymond.reilly@utoronto.ca
mailto:raymond.reilly@utoronto.ca
mailto:mwinnik@chem.utoronto.ca
mailto:mwinnik@chem.utoronto.ca
http://creativecommons.org/licenses/by/4.0/

Aghevlian et al. EINMMI Radiopharmacy and Chemistry (2020) 5:22 Page 2 of 19

(Continued from previous page)

respectively. Panitumumab was ineffective yielding a TDT of 153 days vs. 156days for
normal saline treated mice. RIT of NRG mice with sc. PANC-1 tumours with 6.0 MBg (10 ug;
~007 nmoles) of paniturumab-DOTA-[""LulLu increased the TDT to 209 days vs. 11.5
days for panitumumab and 9.1 days for normal saline. The absorbed doses in PANC-1
tumours were 88+30Gy and 26+03Gy for panitumumab-DOTA 'Inlin  and
panitumumab-MCP-['""In]in, respectively, and 116+49Gy for panitumumab-DOTA-
"Lu)Lu.

Conclusion: RIT with panitumumab labeled with Auger electron-emitting, '''In or p-
particle-emitting, '”’Lu inhibited the growth of sc. PANC-1 tumours in NOD/SCID or
NRG mice, at administered amounts that caused no normal tissue toxicity. We conclude
that EGFR-targeted RIT is a promising approach to treatment of PnCa.

Keywords: EGFR, Panitumumab, Pancreatic cancer, '''In, '"/Lu

Background

Pancreatic cancer (PnCa) is one of the most lethal cancers since most patients are
diagnosed when there is local invasion or metastasis, rendering these patients
ineligible for surgical treatment (Kamisawa et al., 2016). Surgery provides the only
opportunity for long-term survival in PnCa (Kamisawa et al., 2016). The median
survival for patients receiving surgery is 17-23 months while those with locally
advanced PnCa or metastases have a median survival of 8-14 and 4-6 months,
respectively (Cleary et al., 2004). Modest improvements in patient outcome have
been achieved with the introduction of FOLFIRINOX, a potent chemotherapy regi-
men that combines oxaliplatin, irinotecan, leucovorin and 5-fluorouracil but this
treatment is associated with high toxicity (Conroy et al.,, 2011). Thus, the outcome
for patients with PnCa remains poor and new therapeutic approaches with
improved effectiveness and lower toxicity are needed.

Epidermal growth factor receptor (EGFR) overexpression is found in >90% of
cases of PnCa and represents an attractive target for the development of novel
therapies (Troiani et al., 2012). However, clinical trials of anti-EGFR monoclonal
antibodies, cetuximab (Erbitux; Eli Lilly) (Crane et al, 2011) or panitumumab
(Vectibix; Amgen) (Halfdanarson et al., 2019) combined with chemotherapy have
not been as encouraging as hoped, possibly due to downstream KRAS mutation in
PnCa which obviates the effects of blocking EGFR (Eser et al.,, 2014). However, this
does not preclude EGFR-targeted radioimmunotherapy (RIT) of PnCa, since EGFR
overexpression is used only to selectively deliver radiation to tumours. Indeed, we
recently reported that panitumumab modified with a metal-chelating polymer
(MCP) to complex the B-particle emitter, '’’Lu [Efmax = 0.498 MeV (78.6%), 0.385
MeV (9.1%), 0.176 MeV (12.2%); t1, = 6.7 days] inhibited the growth of subcutane-
ous (s.c.) PANC-1 human PnCa xenografts in NRG (NOD-Ragl ™/~ ILZRg“u”) mice
despite these tumours exhibiting KRAS mutation (Ma et al., 2013), while treatment
with unlabeled panitumumab was ineffective (Aghevlian et al., 2019). The p-
particles emitted by '“Lu have a maximum 2mm range in tissues, which results
in low linear energy transfer (LET < 0.3 keV/pum). Our group has also been explor-
ing RIT of tumours exploiting the very low energy (< 20keV) but high LET (LET =
4-26 keV/um) Auger electrons (AEs) emitted by Ul (Ku et al., 2019). These
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nanometer-micrometer range electrons cause lethal DNA double-strand breaks
(DSB) in cancer cells, especially if emitted in close proximity to the cell nucleus.
The potency of ['''In]in-labeled radioimmunoconjugates (RICs) is amplified by
modification with nuclear translocation sequence (NLS) peptides which transport
the RICs to the cell nucleus (Costantini et al., 2007). Interestingly, the EGFR har-
bours an endogenous NLS in the transmembrane domain that mediates nuclear
importation of EGF (Lo et al., 2006) and cetuximab (Liao and Carpenter, 2009).
Thus modification of RICs with an exogenous NLS may not be required for EGFR-
targeted RIT. Moreover, recent studies have shown that a local bystander effect ex-
tends the therapeutic effects of AEs beyond the physical range of the electrons
(Paillas et al., 2016). In addition, '''In emits two abundant y-photons [Ey-171 keV
(90%) and 245keV (94%)] and '"’Lu emits a low abundance y-photon [Ey =208
keV (11%)] which enable single photon emission computed tomography (SPECT),
providing an opportunity to combine tumour imaging and RIT (i.e. “theranostic”
concept). We previously proposed that panitumumab-MCP dual-labeled with ""Lu
and ""In could represent a novel theranostic agent that combines SPECT and AE
and PB-particle mediated RIT (Aghevlian et al., 2018).

In the current study, we hypothesized that panitumumab labeled with AE-
emitting, '''In or P-particle emitting, '"’Lu would be effective for RIT of s.c.
PANC-1 human PnCa xenografts in non-obese diabetic severe combined immuno-
deficiency (NOD/SCID) or NRG mice, respectively, at administered amounts that
are non-toxic to normal tissues. Panitumumab was modified with DOTA (1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid) or conjugated to a MCP harbouring
multiple DOTA to complex '*'In or "’Lu. We previously reported that conjuga-
tion of panitumumab to this same MCP enables high specific activity (SA) labeling
with "'In or '’Lu (Aghevlian et al., 2018). RIT of s.c. PANC-1 tumours in NRG
mice with panitumumab-MCP-'""Lu was effective at administered amounts that
were non-toxic to normal tissues (Aghevlian et al., 2019).

Methods

Cell lines and tumour xenografts

EGFR positive PANC-1 human PnCa cells (4.0 x 10° EGFR/ cell) (Korc et al., 1986)
were purchased from the American Type Culture Collection (ATCC) and cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM) with high glucose (Gibco) supple-
mented with 1% penicillin and streptomycin and 10% fetal bovine serum (Gibco-Invi-
trogen). Tumour xenografts (7-9 mm diameter) were established at 4 weeks post s.c.
inoculation of 3—4 x 10° PANC-1 cells in DMEM (100 pL) into the left flank in female
NOD/SCID mice (Charles River) or in NRG mice (University Health Network, To-
ronto, ON). All animal studies were conducted in compliance with the Canadian Coun-
cil on Animal Care (CCAC) guidelines under a protocol (AUP 2843.3) approved by the
institutional Animal Care Committee at the University Health Network.

Radioimmunoconjugates (RICs)
The synthesis of hydrazino nicotinamide (HyNic) end-capped metal-chelation poly-
mers (HyNic-MCP; M, =~33kDa) that harbour 13 DOTA and 10 pendant
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polyethylene glycol (PEG) chains was previously reported (Lu et al, 2017).
Panitumumab-MCP (M, = ~220kDa) was constructed by conjugating panitumumab
IgG (Vectibix, Amgen) to an average of two HyNic-MCP through a 4-
formylbenzamide moiety introduced into the IgG (Aghevlian et al., 2018). The
synthesis and characterization of DOTA-conjugated panitumumab was previously
reported (Aghevlian et al, 2018). The immunoconjugates were purified and
exchanged into 0.1 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
buffer pH5.0 by ultrafiltration on an Amicon spin filter (30kDa MWCO;
Millipore) repeated 6 times. The purified immunoconjugates (5-70 ug; 4—12 pL)
were labeled with 0.75-49 MBq of [""In]InCl; (Nordion) or ["“Lu]LuCls
(PerkinElmer) at 42°C for 2h (Aghevlian et al., 2018). '''In was no carrier added,
radionuclide purity >99.9% and activity concentration >0.925 MBq/pL. '"’Lu had a
specific activity > 370 GBq/mg, radionuclide purity >99% and activity concentra-
tion > 3.7 MBq/pL. The final radiochemical purity was >95% measured by instant
thin-layer silica gel chromatography (ITLC-SG; Pall) in 0.1 M sodium citrate, pH
5.5 or by size-exclusion HPLC (SE-HPLC) on a BioSep SEC-S2000 column (Phe-
nomenex) eluted with 100 mM NaH,PO, buffer, pH7.0 at a flow rate of 0.8 mL/
min with UV (280 nm) and radioactivity detection. The EGFR binding affinity was
measured in a saturation binding assay using MDA-MB-468 human breast cancer
cells (1.3 x 10® EGFR/cell) (Aghevlian et al., 2018). The dissociation constant (Ky)
for binding of panitumumab-MCP-['""Lu]Lu and panitumumab-DOTA-["""Lu]Lu
to EGFR on these cells was 2.2 +0.6nmol/L and 1.0 +0.4nmol/L, respectively
(Aghevlian et al., 2018). The K4 values of [*''In]In-labeled RICs were not measured
since substitution of '*'In for '”’Lu was not expected to change the Kg.

Clonogenic survival assays and measurement of DNA DSBs

Clonogenic survival assays were performed by exposing 2 x 10> PANC-1 cells in 2.0 mL
of growth medium in 24-well plates to 2.5 nmoles/L (0.3, 0.6 or 1.2MBq) of
panitumumab-DOTA-["""Lu]Lu, panitumumab-DOTA-[""'In]In or panitumumab-
MCP-[""In]In for 16h at 37°C in growth medium or to unlabeled panitumumab-
DOTA or medium alone. Approximately 700 cells were then seeded into 6-well plates
and cultured for 12 days. Surviving colonies were stained with methylene blue and col-
onies (>50 cells) counted. The plating efficiency (PE) was determined by dividing the
number of colonies formed by the number of cells seeded. The surviving fraction (SF)
was calculated by dividing the PE for treated cells by that for untreated cells. Unre-
paired DNA double-strand breaks (DSBs) were assessed in the nucleus of PANC-1 cells
by immunofluorescence for phosphorylated gamma histone-2A (y-H2AX) as previously
described (Cai et al., 2008). The images were analyzed for the integrated density of y-
H2AX foci per nucleus area using Image] software (Cai et al., 2009).

Subcellular fractionation and cellular dosimetry

The subcellular distribution of activity on the cell membrane (CM), in the cytoplasm
(Cy) or in the nucleus (N) of PANC-1 cells incubated with panitumumab-DOTA-
['""LulLu were measured to estimate the absorbed doses in the nucleus for
panitumumab-DOTA-[""Lu]Lu and panitumumab-DOTA-[""'In]In. *'In and '"Lu
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are both strongly bound by DOTA [log Ky =25.4 and 23.9-24.5, respectively] (Bara-
nyai et al, 2020) thus, it was assumed that the subcellular localization of
panitumumab-DOTA-[""'In]In was predicted by that of panitumumab-DOTA-
[*”’Lu]Lu. Briefly, 2 x 10 cells cultured overnight in wells in a 24-well plate were incu-
bated for 1, 4, 8, or 24 h at 37 °C with panitumumab-DOTA-[*""Lu]Lu (1.2 MBq; 240
MBqg/nmole; 2.5 nmoles/L). Incubation was performed in the absence or presence of
excess panitumumab, or with non-specific IgG-DOTA-["""Lu]Lu to assess EGFR-
mediated cellular uptake. The medium was removed and the cells rinsed with
phosphate-buffered saline (PBS), pH 7.5. Activity on the CM was displaced with 1 mL
of 200 mM sodium acetate/500 mM NaCl, pH 2.5 at 22 °C. This procedure was repeated
twice and the combined CM fractions measured in a y-counter. The cells were then
lysed with 2 x 500 uL of Nuclei EZ Lysis buffer (Sigma-Aldrich) on ice for 60 min.
Lysed cells were transferred to 1.5 mL Eppendorf tubes and the tubes centrifuged at
3000xg for 5 min to separate the N and Cy activity (supernatant), which were measured
in a y-counter. The subcellular distribution of panitumumab-MCP-[""Lu]Lu in PANC-
1 cells was previously reported (Aghevlian et al., 2019) and was used to predict the sub-
cellular localization of panitumumab-MCP-['"'In]In .

The absorbed dose in the nucleus of a PANC-1 cell over the 16 h incubation period
used for clonogenic survival assays with panitumumab-DOTA-"""Lu, panitumumab-
DOTA-""In or panitumumab-MCP-'""In, were estimated as 3. D75 = 3. Ag X Srcs,
where Dy s is the mean dose in the nucleus (Gy) from activity in a subcellular or
extracellular source compartment (CM, Cy, N or medium), Ag is the time-integrated
activity (Bq x sec) in the source compartment, and S is the Snyder factor (Goddu et al,,
1994). Ago_16n in each cell compartment or medium was calculated from the area
under the curve from 0 to 16 h. Monte Carlo (MCNP Ver. 5.0; Los Alamos National
Laboratory) was used to calculate the medium and monolayer S-values for '”’Lu and
"n using the dimensions of a PANC-1 cell and N (radius = 8.5 um and 7.0 pm; re-
spectively) (Cai et al,, 2017; Cai et al,, 2010). The study volume was defined as a cylin-
der with a radius of 0.77 cm containing 1.05cm thickness water and a 0.1 cm thick
polystyrene bottom on which a monolayer of closely packed cells was attached. The detailed
spectra of Auger electron, conversion electron, X-rays and y-photons of *'In and '""Lu, as
well as the B full energy spectrum of '”’Lu were taken from the MIRD Radionuclide Data
(Eckerman and Endo, 2008) and used in the MCNP5 simulation. MCNP5 uses continuous-
energy nuclear and atomic data libraries with the energy cutoff for both electrons and pho-
tons at 1 keV. 2 x 10° electrons or photons were launched for each calculation on the energy
deposition per starting particle per tally volume to reach a statistical relative error lower
than 0.05 of one standard deviation. We were not able to estimate the absorbed doses in
the nucleus resulting from the 10 days in culture used for the clonogenic survival assays,
since we did not fractionate the cells during this period, but estimation of the doses for the
16 h incubation allowed correlation of the effects of absorbed dose with SF after exposure
to the RICs. In order to appreciate the relative biological effectiveness (RBE) of the AEs
emitted by '"'In compared to B-particles emitted by '“Lu, the SF was plotted vs. absorbed
dose (Gy) for PANC-1 cells exposed to panitumumab-MCP-[*""In]In, panitumumab-
DOTA-[""In]In or panitumumab-DOTA-["""Lu]Lu.
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Normal tissue toxicity

Normal tissue toxicity was assessed in non-tumour bearing NOD/SCID mice (n=5)
injected iv. (tail vein) with 10.0 MBq (10 pg; ~ 0.07 nmoles) of panitumumab-DOTA-
[*'In]In or panitumumab-MCP-[*"'In]In. This amount was selected because Ochakovs-
kaya et al. (Ochakovskaya et al., 2001) found that '"'In-labeled anti-CD74 antibodies ad-
ministered up to 12.9 MBq in SCID mice caused no toxicity. Since NOD/SCID mice,
similar to SCID mice harbor a germ line mutation in DNA repair (Biedermann et al., 1991)
and panitumumab-DOTA-["""Lu]Lu may be more toxic than panitumumab-DOTA-
[*"In]In, due to the cross-fire effect of the moderate energy [-particles (Reilly, 2005), we
assessed the normal tissue toxicity of panitumumab-DOTA-["""Lu]Lu at a lower activity
(6.0 MBg; 10 pg; ~ 0.07 nmoles) in non-tumour bearing NRG mice which are not deficient
in DNA repair. Control NOD/SCID or NRG mice received normal saline or panitumumab
(10 pg; ~ 0.07 nmoles). Body weight was monitored every 2—4 days for 14 days. The 14 days
period for assessment of toxicity was selected based on the requirements of Health Canada
for acute toxicity testing of new therapeutic agents (Anonymous, 1995). At 14 days, the
mice were sacrificed, and blood samples were collected for measurement of alanine amino-
transferase (ALT) and creatinine (Cr). A complete blood cell (CBC) count and hemoglobin
(Hb) were also obtained on a HemaVet 950FS instrument (Drew Scientific).

Radioimmunotherapy (RIT) studies

NOD/SCID mice with s.c. PANC-1 tumours were treated with 10 MBq (10 pg) of
panitumumab-DOTA-[""In]In (z = 12) or panitumumab-MCP-[**In]In (# = 7) admin-
istered i.v. (tail vein) in 100 pL of normal saline every 3 weeks for 9 weeks (Scheme 1).
NRG mice with s.c. PANC-1 tumours were injected i.v. with a single amount of 6 MBq
(10 pug; ~0.07 nmoles) of panitumumab-DOTA-[""’Lu]Lu in 100 pL of normal saline.
Control NOD/SCID or NRG mice received panitumumab (10 pg; # = 10) or normal sa-
line (n =10). Tumour length (mm) and width (mm) were measured using calipers every
2-3 days until the humane endpoint was reached. The tumour volume (V = mm?) was
calculated as V = length x (width)? x 0.5 (Euhus et al., 1986). The tumour growth index
(TGI) was calculated by dividing the tumour volume at each observation time point by
the volume at the start of treatment. Similarly, the body weight index (BWI) was calcu-
lated by dividing the body weight at each time point by the pre-treatment body weight.
The TGI vs. time curves were fitted to an exponential growth model by GraphPad
Prism Ver. 4.0 and the tumour doubling time (TDT) was calculated.

Tumour and normal organ dosimetry

Biodistribution studies were performed in NOD/SCID or NRG mice with s.c. PANC-1 tu-
mours injected iv. (tail vein) with panitumumab—DOTA—[mIn]In (10 MBg; 10ug) or
panitumumab-DOTA-["""Lu]Lu (6 MBg; 10 pg) to estimate the absorbed doses in the tumour
and normal organs. Briefly, at selected times from 24 to 168 h p.i,, groups of mice (1 = 5) were
sacrificed, and the tumour and normal organs collected, weighed and measured in a y-
counter. The tumour and normal organ biodistribution of panitumumab-MCP-[*""Lu]Lu was
previously reported (Aghevlian et al, 2019). The doses were calculated as 3. Dr.s = . Ag
xSts, where Dy g is the mean absorbed dose in the target organ (Gy) from activity in a

source organ, Ag is the time-integrated activity (Bq x sec) in the source organ, and S is the
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Days

PANC-1 Tumor

Normal saline

Panitumumab
(10 pg; ~0.07 nmoles)

g
By o
=

Panitumumab-DOTA-[**!In]In
(10 MBg; 10 pg; ~0.07 nmoles)

Panitumumab-MCP-[*11In]In
(10 MBg; 10 ug; ~0.07 nmoles)

mp -y
mp
mp

Panitumumab-DOTA-[*77Lu]Lu ﬁ
(6 MBq; 10 ug; ~0.07 nmoles)

Scheme 1 Design of radioimmunotherapy (RIT) studies. NOD/SCID or NRG mice were implanted s.c. with
EGFR-positive PANC-1 human pancreatic cancer xenografts. Tumour-bearing NOD/SCID mice were treated
with fractionated amounts of panitumumab (10 ug; ~ 0.07 nmoles), panitumumab-DOTA—[w”\n}ln (10 MBg;
10 pg; ~0.07 nmoles) or panitumumab-MCP-[""'In]in (10 MBg; 10 ug; ~ 0.07 nmoles) or normal saline every
3 weeks for 3 cycles. Tumour-bearing NRG mice were treated with a single amount of panitumumab-DOTA-
"’LulLu (6 MBg; 10 ug; ~ 0.07 nmoles) or panitumumab (10 ug; ~ 0.07 nmoles) or normal saline.

Snyder factor. For the tumour, Ay _ 1651 was obtained from the AUC, j4g1, Of 2 plot of activity
(Bq) vs. time (secs). Only for the tumour, A .. was calculated by dividing the activity at
168 h p.i. of the RICs by the decay constants for Hn 29x 107 %s™) or Y7Lu (1.2 x 107 °s7Y),
thus assuming elimination after the final time point solely by radioactive decay, since further
biological elimination was not anticipated in the tumour. For normal organs, the uptake
phase, AO _ oan was calculated by the Trapezoidal Rule as 0.5 x 24 h x 3600 s/hours x the activ-
ity (Bq) at 24 h. The elimination phase, Ay, _ .. was calculated by the AUC obtained by fitting
a plot of activity (Bq) vs. time (secs) to a single exponential elimination curve. Ap - . was
calculated as the sum of Ao _ 168h and 121168 _ « for the tumour and Ao _ o4, and 12124 _ for
normal organs. S-values for mouse organs were used (Bitar et al., 2007). The tumour dose
was estimated using the sphere model in OLINDA/EXM radiation dosimetry software
(Stabin et al., 2005).

Statistical analysis
Results were expressed as mean + SD. Statistical significance was tested using an
unpaired two-tailed Student’s t-test or one-way ANOVA (P < 0.05).

Results

Clonogenic survival assays and measurement of DNA DSBs

Clonogenic survival and DNA DSB assays were performed at constant RIC concentra-
tion of 2.5nM and increasing apparent molar activity from 60 to 240 MBq/nmole at
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the time of adding the RICs to the cells. There was no effect of unlabeled
panitumumab-MCP or panitumumab-DOTA on the SF of PANC-1 cells (Fig. 1a; 0.0
MBq). Panitumumab-DOTA-['""Lu]Lu was significantly more cytotoxic than
panitumumab-MCP-[""*In]In or panitumumab-DOTA-[*''In]In at all amounts tested
(0.3-1.2 MBg; 0.005 nmoles in 2.0 mL of growth medium). At the maximum amount
tested (1.2 MBq), panitumumab-DOTA-["""Lu]Lu reduced the SF of PANC-1 cells to
10.7 £2.5% vs. 53.9+6.9% for panitumumab-MCP-['""In]In and 68.9 +3.3% for
panitumumab-DOTA-[*"'In]In (P < 0.05). There were no significant differences in the
SF of PANC-1 cells treated with panitumumab-MCP-['"""In]In or panitumumab-
DOTA-["In]In at any amount tested. The absorbed doses in the nucleus were esti-
mated for RICs incubated with PANC-1 cells (Fig. 1b and Table 1) based on subcellular
fractionation studies and applying cellular dosimetry (see next section). The SF vs. dose
was plotted and fitted to a survival model: SF = exp.(—a*dose). Fitting revealed that a =
1.19+0.23 Gy ' for panitumumab-MCP-["""In]In; 0.37 + 0.08 Gy ' for panitumumab-
DOTA-[""In]In and 0.56 +0.11 Gy ' for panitumumab-DOTA-['"’Lu]Lu. The cyto-
toxicity per Gy in the nucleus was highest for panitumumab-MCP-['"'In]In, followed
by panitumumab-DOTA-['""Lu]Lu, then panitumumab-DOTA-['"'In]In, but there
were limited data points to fit the curves for '''In-labeled RICs.

Cells exposed to growth medium or unlabeled panitumumab-MCP or panitumumab-
DOTA exhibited few y-H2AX foci, representing sites of unrepaired DNA DSBs (Fig. 2a)
and the density of these foci were not significantly different than in untreated cells.
Panitumumab-DOTA-[*""Lu]Lu caused significantly more y-H2AX foci in the nucleus
of PANC-1 cells than panitumumab-DOTA-'""In at all amounts (Fig. 2b) and more y-
H2AX foci than panitumumab-MCP-'"'In at 0.6 MBq and 1.2 MBgq, but not at 0.3

a b

B Panitumumab-MCP-{"""In]In
[ Panitumumab-DOTA-[""In]In
] Panitumumab-DOTA-['"7Lu]Lu

1204
: * - * . * , 100 ® Panitumumab-MCP-['""In]in

100 T 1 — o Panitumumab-DOTA-['""In]In
? * * s '\
) T o B £ 8041\\ - Panitumumab-DOTA-['"Lu]Lu
g 80+ c "
= il =}
7] I k=
© [%]
i 604 o
o '
£ >
> -
E 40+ 2
S <
* @

20+

0- T T N I T'ﬁ_ L

0.0 0.3 0.6 1.2 6
Radioactivity (MBq)

Absorbed dose (Gy)

Fig. 1 a Surviving fraction of human PANC-1 cells exposed to 0.3, 0.6 or 1.2 MBq (2.5 nmoles/L) of
paniturnumab-DOTA-[""'In]in, panitumumab-MCP-['""In]in, or panitumumab-DOTA-['"’LulLu or unlabeled
radioimunoconjugaes (RICs; 0.0 MBq) in 2.0 mL of growth medium. Values shown are the mean £ SD (n =3).
Significant differences (P < 0.05) are noted by asterisks. b Surviving fraction of PANC-1 cells exposed to RICs
vs. absorbed dose (Gy) in the nucleus. Absorbed dose was calculated as described in the Methods and shown
in Table 1. The data was fitted to a survival model: SF = exp.(—a*dose). Fitting revealed that a=1.19+ 023 for
paniturnumab-MCP-['""In]in; 0.37 + 0.08 for panitumumab-DOTA-['""In] and 0.56 + 0.11 for panitumurmab-
DOTA-['"/LulLu
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MBq. Panitumumab-MCP-["""In]In caused more y-H2AX foci than panitumumab-
DOTA-[""'In]In at 0.3 MBq and 1.2 MBq, but not at 0.6 MBq. The higher density of y-
H2AX foci for panitumumab-DOTA-[""’Lu]Lu agreed with the higher absorbed dose
in the nucleus of PANC-1 cells than panitumumab-MCP-[*"'In]In or panitumumab-
DOTA-[""In]In (Table 1). The integrated density of y-H2AX foci in the nucleus of
PANC-1 cells exposed to RICs vs. absorbed dose to the nucleus (Gy) was fitted by lin-
ear regression (Fig. 2c). The slope for panitumumab-MCP-[""'In]In (1.7 +0.4) was
highest, followed by panitumumab-DOTA-["""Lu]Lu (0.46 + 0.08) and panitumumab-
DOTA-["""In]In (0.36 +0.19). Thus, both the clonogenic survival and DNA DSB assays
suggested that on a per Gy basis, the cytotoxicity decreased in the order of
panitumumab-MCP-[""'In]In, panitumumab-DOTA-[""’Lu]Lu and panitumumab-
DOTA-[*"In]In.

Subcellular fractionation and cellular dosimetry

The percentage of activity bound by PANC-1 cells incubated with panitumumab-
DOTA-["""Lu]Lu (2.5 nnmoles/L) increased over 24 h [Supplementary Information Fig.
Sla]. Co-incubation with a 50-fold molar excess of panitumumab (125 nmoles/L) sig-
nificantly decreased the binding of panitumumab-DOTA-['""Lu]Lu to PANC-1 cells,
and the binding was similar to that for non-specific higG-DOTA-["""Lu]Lu. Subcellular
fractionation revealed that in cells incubated with panitumumab-DOTA-['""Lu]Lu,

most activity was located on the CM, with much lower amounts in the Cy or in the N
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Fig. 2 a Representative immunofluorescence microscopy images of PANC-1 cells exposed to growth
medium, unlabeled panitumumab-MCP or panitumumab-DOTA or 1.2 MBq (2.5 nmoles/L) of panitumumab-
MCP-[""In]In, panitumumab-DOTA-[""In]in or panitumumab-DOTA-["’LulLu showing y-H2AX foci in the
nucleus, counterstained blue with DAPI. b Integrated density of y-H2AX foci representing unrepaired DNA
DSBs in the nucleus of PANC-1 cells exposed to RICs. Values shown are the mean + SD (n = 12). Significant
differences (P < 0.05) are noted by the asterisks. ¢ Integrated density of y-H2AX foci in the nucleus of PANC-
1 cells exposed to RICs vs. absorbed dose (Gy) in the nucleus. Lines were obtained by linear regression
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(Fig. S1b). There were no significant differences in the subcellular distribution from 1 h
to 24h. When incubated with 1.2 MBq (0.005 nmoles) of RICs in 2.0 mL of growth
medium for 16 h, the absorbed dose in the N was 3.9-fold and 7.7-fold higher for
panitumumab-DOTA-["""Lu]Lu (4.68 Gy) than panitumumab-DOTA-[""In]In (1.21
Gy) or panitumumab-MCP-[""'In]In (0.61 Gy), respectively (Table 1). The SF vs.
absorbed doses in the nucleus for exposure of PANC-1 cells to 0.3 MBq, 0.5 MBq and
1.2 MBq of RICs are plotted in Fig. 1b (results discussed in previous section).

Normal tissue toxicity

Administration of 10.0 MBq (10 pg; ~ 0.07 nmoles) of panitumumab-DOTA-[*''In]In
or panitumumab-MCP-[*"'In]In or 6.0 MBq (10 pg ~ 0.07 nmoles) of panitumumab-
MCP-['""Lu]Lu to NOD/SCID or NRG mice, respectively, caused no significant in-
crease in the mean serum Cr or ALT compared to mice receiving normal saline
(Fig. 3a,b). Administration of these amounts of RICs caused no change in CBC or Hb
(Fig. 3c-f). There were strain differences in normal Cr, ALT and CBC values between
control NOD/SCID and NRG mice receiving normal saline.

Radioimmunotherapy studies

The mean tumour volumes prior to treatment of NOD/SCID mice with panitumumab-
DOTA-[""'In]In, panitumumab-MCP-[*'*In]In, unlabeled panitumumab or normal sa-
line were 257 + 170 mm?®, 203 + 65 mm®, 93 + 38 mm® and 104 + 41 mm®. The TGI was
defined as the tumour volume at the observation time point post-treatment divided by
the initial tumour volume prior to treatment and was used to account for differences in
the initial tumour volume between groups. Administration of three single amounts
(10.0 MBg; 10 pg; ~ 0.07 nmoles) of panitumumab-DOTA-[*"'In]In or panitumumab-
MCP-[""'In]In separated by 3 weeks to NOD/SCID mice strongly inhibited PANC-1
tumour growth, while tumours grew rapidly in mice treated with unlabeled panitumu-
mab (10 pg; ~0.07 nmoles) or normal saline (Fig. 4a). The TDT for treatment with
panitumumab-DOTA-[*"'In]In, panitumumab-MCP-[**'In]In, unlabeled panitumumab
or normal saline were 51.8, 28.1, 15.3 and 15.6 days, respectively. At 43 days when at
least 3 mice remained alive in each group, there was no significant difference in the
mean + SD TGI for RIT with panitumumab-DOTA-[""'In]In or panitumumab-MCP-
["In]In 3.0+ 1.5 vs. 3.9+0.8, respectively; P> 0.05). However, RIT was 3.3-fold and
2.5-fold more effective, respectively than unlabeled panitumumab (TGI=9.9 +4.1; P<
0.001) or normal saline (TGI=9.8 +4.4; P<0.001). Administration of a single amount
(6.0 MBg; 10 pg; ~ 0.07 nmoles) of panitumumab-DOTA-["""Lu]Lu to NRG mice sig-
nificantly inhibited PANC-1 tumour growth compared to unlabeled panitumumab or
normal saline (Fig. 4b). The TDT were 20.9, 11.5 and 9.1 days for treatment with
panitumumab-DOTA-["""Lu]Lu, unlabeled panitumumab and normal saline, respect-
ively. At 33 days, when at least 3 mice remained alive in each group, the mean + SD
TGI for NRG mice treated with panitumumab-DOTA-["""Lu]Lu (1.8 + 0.7) was signifi-
cantly lower than in NOD/SCID mice receiving unlabeled panitumumab or normal sa-
line (6.1 £ 2.0 and 5.8 + 0.9, respectively; P < 0.001). There were no significant decreases
in BWI for NOD/SCID or NRG mice treated with RICs compared to control mice
receiving unlabeled panitumumab or normal saline (Fig. 4c).
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Fig. 3 a Serum creatinine (Cr), b Alanine aminotransferase (ALT), ¢ White blood cells (WBC), d Red blood
cells (RBO), e Platelets (PLT), and (f) hemoglobin (Hb) in non-tumour bearing NOD/SCID mice at two weeks
after i.v. injection (tail vein) of 10.0 MBq (10 pg; ~ 0.07 nmoles) of panitumumab-DOTA-[""'In]In,
panitumumab-MCP-['""In]in or normal saline, or in NRG mice injected iv. with 6.0 MBq (10 ug; ~ 0.07
nmoles) of pamtumumab—DOTA—[]77Lu]Lu. Individual values and mean values (horizontal lines) are shown

Tumour and normal organ dosimetry

The absorbed doses in s.c. PANC-1 tumours after administration of three amounts (10
MBg; 10 ug; ~ 0.07 nmoles) of panitumumab-DOTA-[*"'In]In or panitumumab-MCP-
["'In]In to NOD/SCID mice were 8.8 +3.0 Gy and 2.6 + 0.3 Gy, respectively (Table 2;
P <0.006). The absorbed dose in the tumour after injection of a single amount (6.0
MBg; 10 pg) of panitumumab-DOTA-["""Lu]Lu to NRG mice with s.c. PANC-1 xeno-

grafts was 11.6+4.9 Gy, which was not significantly different than that for

- Normal Saline

- Normal Saline

- Panitumumab

-+ Panitumumab-MCP-[""In]in
20, - Panitumumab-DOTA{"""In]in

A

T
_____ £

sas ¥

20

- Normal Saline
< Panitumumab
- Panitumumab-DOTA-["7Lu]Lu

-~ Panitumumab

- Panitumumab-DOTA-["""In]In
-+ Panitumumab-MCP-[""In]In
- Panitumumab-DOTA-["77Lu]Lu

12 24 36 48 60
Days

72

Days

12 24 36 48 60 72
Days

Fig. 4 Tumour growth index (TGI) vs. time (days) in (@) NOD/SCID mice with s.c. PANC-1 xenografts treated
with three iv. (tail vein) injections (10 MBg; 10 ug; ~ 0.07 nmoles) of panitumumab-MCP-"""In,
panitumumab-DOTA-"""In or unlabeled panitumumab (10 ug; ~ 0.07 nmoles) or normal saline separated by
3 weeks or in (b) NRG mice with s.c. PANC-1 xenografts treated with a single i.v. injection (10 MBg; 10 ug; ~
0.07 nmoles) of paniturumab-DOTA-""Lu or unlabeled panitumumab (10 ug; ~0.07 nmoles) or normal
saline. The TGl vs. time curves were fitted to an exponential growth model (lines) to estimate tumour
doubling times. The body weight index (BWI) is shown in (c) for tumour-bearing NOD/SCID and NRG mice
treated with the RICs, unlabeled panitumumab or normal saline
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panitumumab-DOTA-[""In]In (P =0.367) but was 4.5-fold significantly higher than
panitumumab-MCP-[""*In]In (P =0.01). The highest absorbed doses in normal organs
were in the liver, spleen and kidneys for all RICs and in the pancreas for
panitumumab-DOTA-['""Lu]Lu. The absorbed dose in the kidneys was significantly
lower for panitumumab-DOTA-[*"'In]In (5.3 +1.7 Gy; P =0.0485) and panitumumab-
MCP-[""'In]In (5.2+0.3 Gy; P=0.0038) than panitumumab-DOTA-["""Lu]Lu (7.8 +
1.1 Gy). The liver and spleen doses for panitumumab-MCP-[""'In]In (6.1 +0.6 Gy and
75+0.7Gy) were 22-fold and 1.7-fold significantly higher, respectively, than
panitumumab-DOTA-[""'In]In (2.8 + 0.6 Gy; P=0.0002 and 4.5+ 1.4Gy; P =0.0086)
due to greater uptake of panitumumab-MCP-[""'In]In in these organs (Supplementary
Information Fig. S2). The whole body absorbed doses for administration of
panitumumab-DOTA-['"Lu]Lu  (1.3+0.1Gy) was significantly ~lower than
panitumumab-DOTA-[""'In]In (1.7+0.2Gy, P=0.0117), but was not significantly
different from panitumumab-MCP-[""'In]In (1.5 + 0.1 Gy, P = 0.207).

Discussion

In this study, we evaluated the cytotoxicity in vitro of panitumumab labeled with AE-
emitting, "''In or B-particle-emitting, '”’Lu on PANC-1 human PnCa cells and corre-
lated the SF of these cells in clonogenic assays with unrepaired DNA DSBs in the
nucleus assessed by immunofluorescence for y-H2AX as well as the absorbed dose in
the nucleus. We further studied the effectiveness of ''In- and '””Lu-labeled panitumu-
mab for treatment of s.c. PANC-1 tumours in vivo in NOD/SCID or NRG mice,
respectively. Panitumumab was conjugated to DOTA chelators or to a MCP with
multiple DOTA to complex *''In or to DOTA to complex '”’Lu. Tumour-bearing mice
were treated with the RICs at amounts that caused no normal tissue toxicity.

Table 2 Absorbed doses in the tumour and normal organs in mice with subcutaneous PANC-1
xenografts treated with RICs

Absorbed Dose (Mean + SD; Gy) ?

Organ kI?anitumumab-DOTA-[’”In]ln lI:anitumumab-MCP-F”In]ln fanitumumab-DOTA-[’77Lu]Lu
Heart 19+ 04 22+ 0.1 25+03
Lungs 25107 23+03 40£13
Liver 28 +06 6.1 + 06 65+ 09
Spleen 45+ 14 75+07 63+ 1.1
Pancreas 14+£02 20+03 53+19
Stomach 12+02 18 +£0.1 09+ 0.1
Intestine 15+03 14+£02 06+ 0.1
Kidneys 53+07 52+03 78+ 1.1
Whole 17 +£02 1.5+0.1 13 +0.1
Body

Tumour 88 + 30 26+03 11.6 £49

2Estimated using D = 3" As x Sr._s, where As is the time-integrated activity (Bq X sec) in the source organ (see
Supplementary Fig. S2), and S is the Snyder factor for mouse organs (Bitar et al.,, 2007). The tumour dose was estimated
using the sphere model in OLINDA/EXM dosimetry software and the tumour size (Stabin et al., 2005)

PAbsorbed dose for NOD/SCID mice injected i.v. (tail vein) with three amounts (10 MBg; 10 ug; ~ 0.07 nmoles) of ''In-
labeled RICs separated by 3 weeks

“Absorbed dose for NRG mice injected i.v. (tail vein) with a single amount (6 MBg; 10 pg; ~ 0.07 nmoles) of

77 u-labeled RICs
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Panitumumab-DOTA-[*""Lu]Lu was more potent in vitro for killing PANC-1 cells on
a per MBq exposure basis than panitumumab-DOTA-[*"'In]In or panitumumab-MCP-
[""'In]In (Fig. 1a). However, comparing the surviving fraction of PANC-1 cells vs.
absorbed dose in the nucleus (Gy) using the limited data points revealed that
panitumumab-MCP-["""In]In was the most cytotoxic in vitro per Gy followed by
panitumumab-DOTA-[177Lu]Lu, then panitumumab-DOTA-[luln]In (Fig. 1b). None-
theless, panitumumab-DOTA-['"’Lu]Lu caused a higher integrated density of DNA
DSBs in the cell nucleus per MBq exposure (Fig. 2a,b and Table 1). Comparing DNA
DSBs vs. absorbed dose indicated that panitumumab-MCP-['"'In]In caused more DNA
DSBs per Gy than panitumumab-DOTA-['""Lu]Lu which caused moderately more
DSBs than panitumumab-DOTA-['"In]In (Fig. 2c).

The greater cyotoxicity of panitumumab-DOTA-['"’Lu]Lu may be explained by the
higher monolayer S-values to the nucleus for '”"Lu than '''In (Table 1) which is con-
tributed by cell-bound '"Lu and the cross-dose from neighbouring cells that also
bound '”’Lu. In addition, the cross-dose from '”’Lu from activity in the medium during
the 16 h incubation period used for the clonogenic assays may kill PANC-1 cells. How-
ever, cellular dosimetry revealed that 94% of the absorbed dose in the nucleus (4.39 Gy)
was contributed by panitumumab-DOTA-["""Lu]Lu that was cell-bound or from the
cross-dose from neighbouring cells that bound *”’Lu with 74% of the dose due to decay
of *’Lu on the CM of PANC-1 cells (3.47 Gy). The absorbed dose in the nucleus of
PANC-1 cells exposed to panitumumab-MCP-['"'In]In was 2.0-fold lower than
panitumumab-DOTA-[*"'In]In, due to a 2.6-fold lower time-integrated cell-bound ac-
tivity (total A = 4.2 x 10® vs. 10.9 x 10% Bq x sec; Table 1). The reason for the decreased
uptake of panitumumab-MCP-[*"'In]In by PANC-1 cells is not known but may be due
to slower kinetics of EGFR binding and internalization caused by the MCP modifica-
tion. However, we previously found that panitumumab-MCP-[*""Lu]Lu and
panitumumab-DOTA-[*"’Lu]Lu exhibited similar EGFR binding affinities (Kq=2.2+
0.6 nmol/L and 1.0 + 0.4 nmol/L, respectively) (Aghevlian et al., 2018).

To select the amount of RICs to be administered for the RIT studies, we assessed the
normal tissue toxicity of a single amount of 10.0 MBq (10 pg; ~ 0.07 nmoles) of
panitumumab-DOTA-[""'In]In or panitumumab-MCP-[""'In]In administered to non
tumour-bearing NOD/SCID mice or 6.0 MBq (10 pg; ~ 0.07 nmoles) of panitumumab-
DOTA-["""Lu]Lu to NRG mice. These amounts caused no hematopoietic system, liver
or kidney toxicity (Fig. 3). We previously reported no normal tissue toxicity for admin-
istration of 6.0 MBq (10 ug; ~ 0.07 nmoles) of panitumumab-MCP-["""Lu]Lu to NRG
mice (Aghevlian et al,, 2019). Liu et al. (Liu et al., 2014) found that RIT of Balb/c nude
mice implanted with s.c. UM-SCC-22B head and neck squamous cell carcinoma
(HNSCC) xenografts with 14.8 MBq of panitumumab-DOTA-'""Lu caused no decrease
in body weight, indicating no general normal tissue toxicity. Weber et al. (Weber et al.,
2016) found that 8.0 MBq of '"“Lu-labeled anti-CD22 antibodies administered to NRG
mice similarly caused no decrease in body weight. Although the amounts of
panitumumab-DOTA-[""'In]In, panitumumab-MCP-[""'In]In and panitumumab-
DOTA-["""Lu]Lu administered to NOD/SCID or NRG mice in our study did not cause
normal tissue toxicity, panitumumab does not bind to murine EGFR (Tabrizi et al,
2006). Thus EGFR-specific radiotoxicities caused by these RICs would need to be stud-
ied in humans in a future Phase 1 clinical trial. NOD/SCID mice harbor a germ line
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mutation in DNA repair and are radiosensitive (Biedermann et al., 1991) whereas NRG
mice do not exhibit unusual radiosensitivity, Therefore, non-EGFR mediated normal
tissue radiotoxicities from the RICs in these mice may be more predictive of those in
humans.

Administration of three fractionated amounts (total = 30.0 MBgq; 30 pg; ~ 0.21 nmoles)
of panitumumab-MCP-['"In]In or panitumumab-DOTA-[*''In]In separated by 3
weeks to NOD/SCID mice with s.c. PANC-1 xenografts (Scheme 1) strongly inhibited
tumour growth, while three amounts of unlabeled panitumumab (total 30 ug; ~ 0.21
nmoles) had no effect on tumour growth (Fig. 4a). A single amount (6.0 MBgq; 10 pg; ~
0.07 nmoles) of panitumumab-DOTA-[*""Lu]Lu (Scheme 1) inhibited PANC-1 tumour
growth in NRG mice, while tumours in NRG mice treated with unlabeled panitumu-
mab exhibited rapid growth (Fig. 4b). There was no decrease in body weight in mice re-
ceiving either 'In- or '”’Lu-labeled RICs (Fig. 4c). Liu et al. (Liu et al., 2014) found
that RIT with panitumumab-DOTA-["""Lu]Lu (14.8 MBq) arrested tumour growth in
Balb/c nude mice with s.c. EGFR-positive UM-SCC-22B human HNSCC xenografts,
while unlabeled panitumumab was not effective. In addition, we previously reported
that 6.0 MBq (10 pg; ~ 0.07 nmoles) of panitumumab-MCP-['”’Lu]Lu administered to
NRG mce with s.c. PANC-1 tumours strongly inhibited tumour growth while unlabeled
panitumumab was ineffective (Aghevlian et al., 2019).

The absorbed dose in PANC-1 tumours in NOD/SCID mice after administration of
three amounts of panitumumab-DOTA-['"'In]In (total = 30.0 MBq; 30pug ~0.21
nmoles) was 8.8 + 3.0 Gy (Table 2). There was a lower absorbed dose in NOD/SCID
mice treated with panitumumab—MCP-[H1In]In (2.6 £ 0.3 Gy; Table 2), due to a lower
time-integrated activity (A,) in the tumour (Fig. S2). The absorbed dose in the tumour
from administration of a total of 30.0 MBq (30 pg; ~ 0.21 nmoles) of panitumumab-
DOTA-["""In]In to NOD/SCID mice was similar to that for RIT with a single amount
(6.0 MBg; 10 pg) of panitumumab-DOTA-["""Lu]Lu (11.6 + 4.9 Gy) in NRG mice, while
the tumour doses were 4.5-fold lower for panitumumab-MCP-[*"'In]In (Table 2). We
previously reported that the absorbed dose in s.c. PANC-1 tumours in NRG mice ad-
ministered 6.0 MBq (10 pg; ~ 0.07 nmoles) of panitumumab-MCP-"""Lu was 12.3 + 0.9
Gy (Aghevlian et al,, 2019). MCP conjugation of panitumumab enables higher SA label-
ing with ""'In or '”"Lu than DOTA-panitumumab (Aghevlian et al., 2018) which could
theoretically deliver more activity to tumour cells per EGFR binding event, resulting in
a higher absorbed dose, but in the current study panitumumab-DOTA-['"'In]In and
panitumumab-MCP-["""In]In were labeled at the same SA (1 MBq/ug; ~ 144 MBq/
nmole). The SA of panitumumab-DOTA-['""Lu]Lu was also identical to that used in
our previous study of RIT with panitumumab-MCP-["""Lu]Lu (0.6 MBq/ug; ~ 87 MBq/
nmole) (Aghevlian et al.,, 2019).

Panitumumab-DOTA-[""'In]In appeared to provide greater tumour growth inhibition
in NOD/SCID mice with s.c. PANC-1 tumours (Fig. 4a) than panitumumab-DOTA-
['”"Lu]Lu in NRG mice with PANC-1 tumours (Fig. 4b). However, since a total of 30
MBq (30 pg; ~0.21 nmoles) of panitumumab-DOTA-'"'In was administered vs. 6.0
MBq (10 pg; ~ 0.07 nmoles) of panitumumab-DOTA-'""Lu (Scheme 1), panitumumab-
DOTA-'""In may be less effective per MBq administered than panitumumab-DOTA-
['”"Lu]Lu. Since NOD/SCID mice were used to engraft PANC-1 tumours for RIT with
panitumumab-MCP-[*"'In]In or panitumumab-DOTA-[*"'In]In and NRG mice for
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panitumumab-DOTA-["""Lu]Lu, it is difficult to make direct comparisons of the effect-
iveness of 'In or “Lu-labeled RICs. PANC-1 tumours grew more slowly in NOD/
SCID mice than in NRG mice, revealed by the slower tumour growth rates in mice
treated with normal saline or unlabeled panitumumab (Fig. 4a,b). Thus, it is possible
that panitumumab-DOTA-[""’Lu]Lu may be even more effective than panitumumab-
MCP-[""In]In or panitumumab-DOTA-[*"'In]In if administered to NOD/SCID mice,
but our concern was that panitumumab-DOTA-["""Lu]Lu may be unusually toxic in
these mice since NOD/SCID mice harbour a germ-line defect in DNA repair that
radiosensitizes normal tissues (Biedermann et al., 1991). Nonetheless, by increasing the
amount administered by 5-fold, apparently greater tumour growth inhibition was
achieved in NOD/SCID mice treated with panitumumab-DOTA-['"'In]In than
panitumumab-DOTA-['""Lu]Lu, while comparable tumour growth inhibition was
found for panitumumab-MCP-[""'In]In. The TDT for NOD/SCID mice with s.c.
PANC-1 xenografts that received a total amount of 30.0 MBq (30 pg; ~ 0.21 nmoles)
of panitumumab-DOTA-[""'In]In or panitumumab-MCP-['"!
and 28.1 days, respectively, which were 2.5-fold and 1.3-fold longer, respectively,
than in NRG mice treated with panitumumab-DOTA-['""Lu]Lu (20.9 days). In
addition, the mean + SD TGI in NOD/SCID mice at 43 days after administration of
panitumumab-DOTA-[*"*In]In (4.0 +0.3) or panitumumab-MCP-[*'*In]In (3.0 +
0.4), when at least 3 mice in each group remained alive, was similar to that at 33

In]In were 51.8 days

days after treatment of NRG mice with a single amount of panitumumab-DOTA-
[*"LulLu (2.9 + 0.4).

We previously found that *”’Lu-labeled bispecific radioimmunoconjugates (bsRICs)
that bind HER2 and EGFR were more effective for RIT of s.c. MDA-MB-231/H2N hu-
man breast cancer xenografts in athymic mice than the corresponding '''In-labeled
bsRICs when administered at the same amounts (11.0 MBq) (Razumienko et al., 2016).
However, the long range p-particles emitted by '7“Lu increase the risk for
hematopoietic system toxicity mediated by a “cross-fire” effect and this has been dose-
limiting for RIT with '”’Lu-labeled RICs (Vallabhajosula et al., 2016). Administration of
higher amounts of "“Lu-labeled panitumumab to increase the effectiveness for RIT of
PnCa would result in increased normal tissue toxicity. Alternatively, higher amounts of
"n-labeled panitumumab could be administered to achieve greater therapeutic ef-
fects, due to the absence of a cross-fire effect in the case of AE (Ku et al., 2019). Inter-
estingly, Behr et al. (Behr et al, 2000) reported that CO17-1A monoclonal antibodies
labeled with the AE-emitters, '*°I or '''In were more effective for RIT of human colon
cancer xenografts in mice than CO171A labeled with the B-particle emitters, **'I or
%Y, but the RICs were administered at equitoxic and not equal amounts. Notably, a
10-fold higher amount of '**I-CO17-1A (111 MBq) than *'I-CO17-1A (11.1 MBq) and
a 21-fold higher amount of 'In-CO-17-1A (85 MBq) than *°Y-CO17-1A (4 MBq) was
administered safely for these RIT studies. Nonetheless, '''In emits y-photons [Ey-171
keV (90%) and 245keV (94%)] that irradiate normal tissues, and at the high amounts
needed for RIT, may cause significant non-targeted normal tissue toxicity. AE emitters
with a higher ratio of electrons/photons such as 2°'Tl, '**™pt, 1**™pt, *"Hg, °Sh or
°ITh may reduce the potential for y-photon mediated toxicity from RIT (Ku et al.,
2019).
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Conclusions

Panitumumab labeled with AE-emitting, '*'In was less potent in vitro on a per MBq
exposure basis for killing PANC-1 cells in vitro than panitumumab-labeled with p-
particle emitting, '’“Lu. This lower cytotoxicity was correlated with fewer DNA DSBs
in the cell nucleus and a lower absorbed dose in the nucleus. RIT with panitumumab
labeled with ''In or '7”Lu was effective for inhibiting the growth of s.c. PANC-1 xeno-
grafts in vivo in NOD/SCID or NRG mice, respectively, at amounts that caused no nor-
mal tissue toxicity, while unlabeled panitumumab was ineffective. However, a 5-fold
higher amount of '''In-labeled panitumumab (total = 30 MBq; 30 ug; ~ 0.21 nmoles)
than '”’Lu-labeled panitumumab (6 MBgq; 10 pg; ~ 0.07 nmoles) was required to achieve
equivalent or greater tumour growth inhibition. Nonetheless, we conclude that RIT of
PnCa with "MIn or '"Lu-labeled panitumumab exploiting EGFR overexpression
present in >90% of cases is a promising approach that could overcome the resistance
seen with treatment with anti-EGFR monoclonal antibodies such as panitumumab.
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Additional file 1: Fig. S1. (a) Percent cell bound radioactivity at selected times after incubation of 2 x 10° PANC-
1 cells with 1.2 MBq (2.5 nmoles/L) of panitumumab-DOTA-[""’Lu]Lu, panitumumab-DOTA-['"’Lu]Lu combined with
an excess of unlabeled panitumumab, or non-specific hIngDOTAf[WLu]Lu. (b) Percent of cell bound radioactivity
at selected times on the cell membrane, internalized into the cytoplasm or transported to the nucleus in PANC-1
cells incubated with panitumumab-DOTA-""’Lu. The time-integrated radioactivity (Bq x sec) in each subcellular
compartment (A,) was calculated and used to estimate the absorbed doses in the nucleus as described in the
Methods of the main article and shown in the Results (Table 1). Fig. $2. Radioactivity vs. time in the tumor and
normal organs in NOD/SCID mice with s.c. PANC-1 xenografts injected i.v. (tail vein) with (a) panitumumab-DOTA-
["""InJin or (b) panitumumab-MCP-["""In]In, or (c) in NRG mice with s.c. PANC-1 xenografts injected with
panitumumab-DOTA-['"/LulLu. The time-integrated radioactivity (8q X sec) in the tumor and source organs (A;) was
obtained by integration and used to estimate the absorbed doses in the tumor and normal organs as described in
the Methods of the main article and shown in the Results (Table 2).
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