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Abstract

Purpose: Auger electrons emitted by radioisotopes such as '*’I have a high linear energy transfer and short
mean-free path in tissue (<10 pm), making them suitable for treating micrometastases while sparing normal
tissues. The authors developed and subsequently investigated a cancer cell-selective small molecule phos-
pholipid ether analog to deliver '*°I to triple-negative breast cancer (TNBC) cells in vivo.

Methods: A Current Good Manufacturing Practice (¢cGMP) method to radiolabel '*I-CLR1404 (CLR 125) with
>95% radiochemical purity was established. To estimate CLR 125 in vivo dosimetry and identify dose-limiting
organs, the biodistribution of the analog compound '**I-CLR1404 (CLR 124) was investigated using micro-
positron emission tomography (PET)/computed tomography (CT) in conjunction with a Monte Carlo dosimetry
platform to estimate CLR 125 dosimetry. In vivo antitumor efficacy was tested by injecting nude mice bearing
either MDA-MB-231-luc orthotopic xenografts or lung metastases with 74 MBq (3.7 GBg/kg) of CLR 125 or an
equivalent mass amount of nonradiolabeled CLR 125. Longitudinal tumor measurements using calipers and
bioluminescence imaging were obtained for the xenografts and lung metastases, respectively.

Results: Dosimetry analysis estimated that CLR 125 would impart the largest absorbed dose to the tumor per
injected activity (0.261+0.023 Gy/MBq) while the bone marrow, which is generally the dose-limiting organ for
CLR1404, appears to have the lowest (0.063+0.005 Gy/MBq). At administered activities of up to 74 MBq (3.7
GBg/kg), mice did not experience signs of toxicity. In addition, a single dose of CLR 125 reduced the volume of
orthotopic primary TNBC xenografts by ~60% compared to control vehicle (p <0.001) and significantly extended
survival. In addition, CLR 125 was efficacious against preclinical metastatic TNBC models by inhibiting the
progression of micrometastases (p <0.01).

Conclusions: Targeted radionuclide therapy with CLR 125 displayed significant antitumor efficacy in vivo,
suggesting promise for treatment of TNBC micrometastases.
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Background

B REAST CANCER is the most common noncutaneous solid
tumor in women worldwide, comprising 22.9% of all
invasive cancers.! In the United States, over 230,000 new
cases of breast cancer are diagnosed each year. Approximately
15%-20% of all cases are considered “‘triple-negative’’ breast

cancer (TNBC) due to a lack of estrogen receptor (ER-),
progesterone receptor (PR—), and human epidermal growth
factor receptor 2 (HER-2—-) protein expression, all of which
serve as major targets for targeted therapies. The incidence of
TNBC is higher in young minority women who face worse
prognosis (both higher rates of early recurrence and death from
their disease) than other ethnic groups.”> Even when clinically

"Department of Medical Physics, University of Wisconsin—Madison, Madison, Wisconsin.

2Cellectar Biosciences, Inc., Madison, Wisconsin.

3University of Wisconsin Carbone Cancer Center, Madison, Wisconsin.
Department of Human Oncology, University of Wisconsin—-Madison, Madison, Wisconsin.

Addpress correspondence to: Joseph Grudzinski; Department of Medical Physics, University of Wisconsin—-Madison; 1005 WI Institute
Medical Research, 1111 Highland Avenue, #1005 Madison, WI 53705

E-mail: grudzinski@wisc.edu



88

localized, TNBC represents a clinical challenge because it is
associated with a higher risk of relapse and poorer survival
compared to other breast cancer subtypes.”*

Inferior outcomes of clinically localized TNBC are, in large
part, attributable to (a) the common presence of micrometa-
static disease at diagnosis and (b) the absence of efficacious,
molecularly targeted therapies such as the antiestrogenic ar-
omatase inhibitors for ER+ breast cancer and the HER-2-
directed agents such as trastuzumab for HER-2+ breast cancer.”
The presence of micrometastases at diagnosis is a negative
prognostic indicator for TNBC that portends higher rates of
recurrence and death.® The therapies currently used to treat
clinically occult TNBC micrometastatic disease are limited to
conventional cytotoxic chemotherapies (e.g., anthracyclines,
taxanes) that possess modest activity.” Therefore, there is an
unmet medical need for effective treatment options that can
target and destroy micrometastatic disease in TNBC patients.
An agent that effectively targets and treats these micro-
metastases will improve the outcome of patients with TNBC.
The ideal therapeutic for this setting would demonstrate cancer
selectivity and a broad anticancer mechanism to address the
diverse molecular lesions observed in TNBC, yet, be less toxic
to normal tissue than current standard-of-care chemotherapies.

Snyder and Wood, and Snyder et al. proposed that the
overabundance of ether lipids in tumors arose as a result of a
lower capacity of tumor cells to metabolize these lipids.>° The
hypothesis that tumor cells have less “‘alkyl cleavage enzyme”
activity than normal cells was exploited by Counsel et al.
through the synthesis and evaluation of a series of over 30
radio-iodinated phospholipid ether (PLE) analogs as potential
tumor selective imaging agents.'™'! After basic investigation
into structure—activity relationships of an array of PLE and
alkylphosphocholine analogs, CLR1404 [18-(p-iodophenyl)
octadecylphosphocholine] was identified as a potentially opti-
mal cancer-specific agent (Fig. 1).

When the aromatic iodine (“X”” in Fig. 1) is substituted with
fluorophores, BODIPY (CLR1501) and IR-775 (CLR1502), a
very high degree of in vitro and in vivo tumor selectivity in
TNBC models is retained.'*™'* CLR1501 distributes to the cell
membrane and perinuclear organelles with no apparent up-
take in the nucleus. The selective uptake and prolonged
retention of antitumor alkyl-phospholipids has been attrib-
uted to the selective insertion of these types of compounds
into distinct areas of cell membranes that contain large ac-
cumulations of sphingolipids and cholesterol known as lipid
rafts.'>™'” Malignant cells have been demonstrated to have
greatly increased amounts (6—10x) of membrane lipid
rafts compared to normal cells**? and the selective uptake
and prolonged retention of CLR1404 in malignant cells
compared to normal cells has been demonstrated.'”
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FIG. 1. Structure of alkyl-phosphocholine analog CLR 1404
[18-(p-iodophenyl) octadecylphosphocholine]. CLR1404 can
be synthesized as different isosteres as either chemothera-
peutic (X= 1271y or radioactive iodine isotopes for PET im-
aging (X="2*I) or radiotherapy (X=""'T or X="'?I). PET,
positron emission tomography.
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In summary, the findings, combined with extensive studies
in literature, support that preferential uptake of PLE analogs,
such as CLR1404, in cancer cells is attributable to lipid raft
incorporation with translocation to the lipid bilayers of
perinuclear organelles. CLR1404-based PLE analogs have
been shown to selectively target a broad spectrum of cancer
cell tzpes and to exhibit a prolonged intracellular reten-
tion.'* A unique property of this diapeutic (*“‘theranostic)
agent is that it can serve as either a diagnostic or a radio-
therapeutic agent. Several Phase I and II clinical trials
evaluating the cancer imaging and therapeutic capabilities
of CLR1404 are currently underway or have been completed
for both '**I-CLR1404 (CLR 124; NCT01898273 Phase 2 in
newly diagnosed or recurrent glioblastoma was terminated,
NCTO01516905 malignant brain tumors is ongoing but not
recruiting patients, NCT01662284 Phase 1/2 advanced solid
malignancies was terminated, NCT00582283 nonsmall cell
lung carcinoma is ongoing but not recruiting patients, and
NCTO01540513 primary and metastatic brain tumors is on-
going but not recruiting patients®*) and '*'I-CLR1404 (CLR
131; NCT00925275 Phase 1 relapsed or refractory advanced
solid tumors has been completed,24 NCTO01495663 Phase 1
cancer that does not respond to treatment has been com-
pleted,”> NCT02278315 Phase 1 relapsed or refractory
multiple myeloma is currently recruiting participants, and
NCT02952508 relapsed or refractory select B-cell malig-
nancies is currently recruiting participants).

Preliminary preclinical data suggest that the longer-lived
isotope 1251 (t12=59.4 days) optimally matches the tumor
kinetics of CLR1404, whereby, maximum tumor uptake
occurs around 4 days postinjection with a prolonged reten-
tion phase thereafter. This has been shown both preclinically
with positron emission tomography (PET) imaging out to
10 days”® and clinically with single-photon emission com-
puted tomography (SPECT) imaging out to 21 days.'® The
radiobiological rationale for using iodine-125 over iodine-
131 for treating TNBC micrometastases is that '*°I decays
via the emission of a cascade of Auger electrons, which
deposit energy over a mean path length in tissue well below
10 um, resulting in a hi%h linear energy transfer (LET) on the
order of 4-26keV/um.*’ If deposited in close proximity to
the nucleus, this large LET of '*I also yields a large ra-
diobiological effect which can increase the fraction of lethal
DNA damage and limits the impact of hypoxia and cell cycle
dynamics on cancer cell kill.%® In combination, these radia-
tion characteristics are optimal for treatment of individual
cancer cells or small cell clusters. This is particularly rele-
vant for CLR1404 given its prolonged retention and peri-
nuclear intracellular distribution. In summary, the authors
hypothesize that '*I-CLR1404 (CLR 125) may be well
suited for therapy of TNBC, including micrometastases, due
to advantageous radiobiological and physical properties.

The aim of this work was to investigate the potential of
CLR 125 as a targeted radiotherapy agent for both subcu-
taneous xenograft and metastatic TNBC models.

Materials and Methods

Chemistry

Synthesis of 18-(p-iodophenyl)octadecyl phosphocholine
was carried out as previously reported."’ Previous physi-
cochemical characterization of CLR1404 has shown an acid
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dissociation constant pKa of 1.28, meaning that above pH
1.28, the compound is zwitterionic, which has been shown to
be an advantageous molecular property for improving the
signal-to-background ratios in diagnostic and therapeutic
applications.”~° CLR 125 was synthesized via isotope ex-
change reaction®' that typically affords specific activities of
2.775 GBg/umol. '*I was obtained from McMaster Uni-
versity. Once purified from the reaction mixture, the radio-
conjugate fraction was measured for activity in a Capintec
dose calibrator. A sample then underwent high-performance
liquid chromatography (HPLC) analysis and was compared to
an analytical reference standard of the '*'I stable isotope la-
beled CLR1404. Retention time and diode array spectral
analysis were used to establish identity of the isolated CLR
125. A radio detector signal confirmed that the isolated
fraction consisted of radiolabeled CLR 125. The fraction
containing radiolabeled CLR 125 was formulated (standard
formulation in 0.4% polysorbate 20 and 0.2% ascorbic acid in
saline) in a biosafety cabinet and sterile filtered through a
0.22 um filter into an appropriate volume sterile vial. Final
product analysis was performed using an Agilent 1100 HPLC
equipped with a diode array detector and a LabLogic Gamma-
RAM radio detector. Radiochemical identity, radiochemical
purity, total mass dose, impurities and/or degradants (area
percent), chemical identity by spectral comparison and reten-
tion time, specific concentration, specific activity, and pH were
evaluated. The final product was found to have no detectable
endotoxins at release and had no microbiota growth in medium
observed for 14 days following inoculation. Preliminary sta-
bility, which was also evaluated by HPLC, was assessed out to
14 days.

Tumor models

For all efficacy studies, female nude (nu/nu) mice (20-25 g,
6-8 weeks old) were purchased from Envigo (Indianapolis,
IN). Animals were housed in a temperature (20°C—24°C),
humidity (30%-70%), and light (12-hour light/dark) con-
trolled room and given ad libitum access to food (No. 2018C;
Harlan Teklad) and water. Tumor models were established
using the luciferase expressing cell line MDA-MB-231-luc-
D3H2LN (PerkinElmer), derived from MDA-MB-231 human
adenocarcinoma cells. This cell line produces metastases to
clinically relevant tissues such as lymph nodes, lung, and bone
and permits sensitive in vivo detection of both primary and
secondary tumor sites by bioluminescent imaging.** Cells
were maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum and 1% PenStrep
(Gibco-BRL, Life Technologies, NY) and incubated at 37°C
with 5% CO, in air.

To establish orthotopic xenograft TNBC tumor models,
mice were injected orthotopically into the mammary fat pad
with 2x 10° cells suspended in 100 uL phosphate-buffered
saline (PBS) to establish primary tumors. Metastatic TNBC
tumor models were established by injecting mice intrave-
nously with 1x10° MDA-MB-231-luc-D3H2LN cells sus-
pended in 100 uL sterile Dulbecco’s PBS.

Three-dimensional CLR 125 dosimetry

Internal validation has been performed to confirm that
even at masses, doses of 500 times the anticipated imaging
dose (CLR 124), the pharmacokinetics (PK) and biodis-

tribution of the blood, and plasma and organs of interest are
not perturbed (study not published). This confirms that CLR 124
can be used a PET imaging surrogate to estimate CLR 125
dosimetry. A Monte Carlo (MC)-based dosimetry assessment
platform was used to calculate preclinical dose distributions in
mouse-specific anatomy: Pseudodynamic PET/computed to-
mography (CT) images of mice bearing MDA-MB-231 xeno-
grafts injected with CLR 124 were acquired at 0, 24, 48, 96, 120,
and 144 h postinjection to produce a four-dimensional PK
profile of CLR1404. The data were then imported into an in-
house MC dosimetry platform® 3 and corrected for physical
decay differences to provide mouse-specific dose estimates for
the therapeutic agent CLR 125.

PET/CT imaging was performed using the Inveon micro-
PET/CT (Siemens, Nashville, TN) under imaging protocols
approved by the University of Wisconsin’s Institutional An-
imal Care and Use Committee (IACUC). Details of the im-
aging protocol are described elsewhere.”® In brief, mice were
injected with ~7.4 MBq (200 uL) of CLR 124 with a specific
activity of 1.85+0.74 GBg/umol via the tail vein. Following
acquisition, preprocessing of the image data and contouring
of the tumors and normal tissues was performed. CLR 124
activity concentration was converted to CLR 125 uptake at
each time point by correcting for the difference in physical
decay rates. CT and the PET images were used in the MC
simulation to define the geometry and the source distribution,
respectively. After computing the cumulative activity for
each PET voxel, the volume was imported into the MC
framework (Geant4 version 9.6) and used as source terms in
the simulation. To generate the simulation geometry, CT
volume data consisting of Hounsfield units (HU) were
transformed into mass density by applying the HU-to-density
CT scanner specific calibration curve. Using libraries from
the ENDSF (Evaluated Nuclear Structure Data File) database
(Brookhaven National Laboratory) which includes all  and y
radiation emitted per decay, each source decay was sampled
uniformly throughout each voxel and the energy deposition
was tracked to create a three-dimensional (3D) cumulative
dose distribution.

CT-based contours of the tumor and normal organs of
interest were used to quantify the in vivo concentration of
CLR 124 over time (PK) and describe the spatial distribu-
tion of the absorbed dose imparted by CLR 125 (dosimetry).

Efficacy studies

Dose escalation study. The aim of this study was to
investigate the potential toxicity of CLR 125 and determine
the maximum tolerable dose (MTD). To this end, 30 naive
female nude mice were injected with varying doses of CLR
125 (14.8, 29.6, 44.4 and 74 MBq) or administered control
vehicle injections whose mass dose was equal to the 74 MBq
treatment group. These dose levels were chosen based on in-
house studies of CLR1404 and dosimetry extrapolation.
Mice were weighed biweekly for 90 days postinjection to
assess possible toxicity from CLR 125 and were euthanized
if they experienced 15% body weight loss for 3 consecutive
days or 20% body weight loss for 1 day as per the IACUC
protocol. All mice receiving radioiodinated CLR1404 re-
ceived drinking water containing 0.1% potassium iodide
supplemented with 0.4% aspartame to block the thyroid
from 3 days pre- to 14 days postadministration.
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Orthotopic xenograft study. The aim of this study was to
determine if CLR 125 would inhibit the growth of xenograft
tumors and whether that inhibition was dose dependent.
Female nude mice (n=24) with orthotopic xenograft tumors
of 3-4mm (~2 weeks after inoculation) diameters were
injected with a single intravenous dose of CLR 125 or an
equivalent amount of '*’I-CLR1401 (three groups of n=8).
Tumor sizes were chosen to be small enough to mimic a
clinically occult human metastasis but large enough to be
accurately palpable and established. The equivalent molar
amount of CLR1404 was calculated using the specific molar
activity of the highest CLR 125 dose. The treatment groups
were injected with 44.4 or 74MBq of CLR 125. Tumors
were measured weekly using high-resolution calipers until
they reached 2500 mm?® or 60 days. To minimize interuser
variability, the same researcher (blinded to the treatment
group information) measured tumor volumes. The overall
survival was characterized using Kaplan—Meier curves, and
comparison was performed using the log-rank test. Mice
were euthanized when the tumor volume was >2500 mm?> ,
they experienced 15% body weight loss for 3 consecutive
days, or they experienced 20% body weight loss for 1 day as
per the IACUC protocol.

Lung metastasis study. The aim of this study was to
determine if CLR 125 would inhibit the growth of metas-
tases from TNBC. At the time of inoculation, female nude
(nu/nu) mice were injected intravenously via the tail vein
with TNBC cells. On the day of imagirTlhg, mice were an-
esthetized and placed supine in the IVIS =~ Imaging System
and imaged from the ventral view approximately 15—-17 min
after intraperitoneal injection of 150 mg/kg of b-luciferin in
water (Invitrogen, Carlsbad, CA) which was determined to
yield the most signal. Imaging acquisitions lasted up to 3
min. Only mice with evidence of lung metastases continued
in the experiment and were randomized into treatment or
control groups (eight per group). Experimental details of
when the mice are imaged and treated are outlined in Fig-
ure 2. Mice in the treatment group were administered a
single intravenous injection of 74 MBq (200 uL) of CLR
125 and the control group received an equivalent mass dose
of 'I-CLR1401 (200 pL).

Lung metastatic burden was quantified weekly by in vivo
bioluminescence using total photon flux as a surrogate.
Using Living Image® software (Xenogen), a rectangular
(2% 3 cm) region of interest that encompassed the lungs was
drawn and used to quantify total flux photons/second (p/s)

A
FIG. 2. (A) Biolumines-
cence imaging schedules for
mice injected intravenously. l
with MDA-MB-231-luc-

IV injection 1x10°
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(Fig. 2). Total photon flux with respect to time was plotted
for each treatment group. Mice were euthanized if they
experienced 15% body weight loss for 3 consecutive days or
20% body weight loss for 1 day as per the IACUC protocol.
Measurement of photon flux has been validated to correlate
with both tumor cell number and volume.*®*’

Statistical analyses. Longitudinal data were represented
using mean (tstandard deviation [SD]) and analyzed using
repeated measures two-way analysis of variance with post
hoc Tukey’s test. Survival analysis was performed using the
Kaplan—Meier curve and log-rank test. ***p<0.001,
**p<0.01, and *p<0.05. All statistical analyses were per-
formed using GraphPad Prism version 7.00 for Windows
(GraphPad Software, La Jolla, CA).

Results
Three-dimensional CLR 125 dosimetry

The results from estimating CLR 125 dosimetry using
longitudinal CLR 124 microPET/CT imaging are shown for
organs of interest and tumor in Figure 3. PET-based PK
analysis showed consistent tumor uptake and retention
throughout the study (4.40% +0.41% injecting dose per
gram at 144 h), while the highly perfused tissues that is,
kidney, lungs, heart (blood), and liver exhibited a rapid
clearance in the distribution phase but a prolonged terminal
phase. The larger concentration within the left femur bone
marrow (Lt femur BM) compared with the right femur bone
marrow (Rt femur BM), 2.01+£0.26 versus 1.06+£0.14 at
144 h, is most likely due to spill in from the tumor caused
by partial volume effects. Consistent with the PK results, the
dosimetry analysis showed that the tumor has the largest
absorbed dose per injected activity (0.261 £0.023 Gy/MBq)
while the Rt femur BM,” which is generally the dose-
limiting organ for CLR1404, appears to have the lowest
(0.063 £0.005 Gy/MBq). “‘Lt femur BM”’ appears to have a
larger dose compared with ‘Rt femur BM,”” which is con-
sistent with the PK results. Due to the prolonged reten-
tion within the blood of CLR1404, the lungs and heart have
the largest doses compared to the other normal organs an-
alyzed. These results provided a dosimetric foundation
for subsequent maximum dose finding and efficacy studies.
Because the MC radiation transport simulations are per-
formed on the voxel level, they have the potential of con-
tributing to accurate dose-response relationships for CLR
125 in TNBC.

Bioluminescent scan

D3H2LN cells to investigate cells

the efficacy of CLR 125 for a J/ l l l 1 l 1
metastasis model. (B) Illus-

trates how the biolumines- |d0 a1 d7  di4  d21 d28 d35 |

cence emitting from the lung
metastases was quantified. T
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FIG. 3. PK and dosimetric results of CLR 124/125 for mice bearing orthotopic MDA-MB-231 tumors. (A) MIP of a
decay-corrected imaging series of a representative mouse injected with CLR 124 and microPET/CT imaged at 0, 24, 48, 96,
120, and 144 h postinjection. (B) Summary results from the PK analysis showing the mean (£SD) concentration (percent ID/
g) of CLR 124 within each ROI over time, (C) Summary results from the dosimetry analysis showing the mean (£SD)
absorbed dose (Gy/MBq) of CLR 125 within each ROI. Consistent with the PK results, the dosimetry analysis showed that
the tumor has the largest absorbed dose per injected activity while the ‘Rt femur BM,”” which is generally the dose-limiting
organ for CLR 1404, appears to have the lowest. ‘Lt femur BM’” appears to have a larger dose compared to ‘‘Rt femur BM”’
which is consistent with the PK results. Due to the prolonged retention within the blood of CLR1404, the lungs and heart
have the largest doses compared to the other normal organs analyzed. CT, computed tomography; ID, injecting dose; Lt
femur BM, left femur bone marrow; MIP, maximum intensity projections; PK, pharmacokinetic; ROI, region of interest; Rt
femur BM, right femur bone marrow; SD, standard deviation.

Efficacy studies

MTD study. The mean (£D) animal weights of each dose
groups are shown in Figure 4. There is no significant differ-
ence between any two of the dose groups (p>0.05). Al-
though the results of the MTD study do not determine a
definitive MTD, they do show that the proposed radioactivity
levels to be used would be safe for use in subsequent efficacy
studies. No mice were euthanized due to weight loss.

Orthotopic xenograft. Tumor volume measurements and
Kaplan—Meier survival analysis data are shown in Figure 5.
From these results, it is evident that CLR 125 has caused a
considerable reduction in tumor volume compared with the
control group at day 60 (~60% reduction in volume). In
addition, all the mice that were injected with 74 MBq of CLR
125, which amounted to an approximate tumor dose of 19 Gy
according to the previous dosimetry analysis, survived past
60 days while all but two survived for the 44.4 MBq dose

group. Only 25% of the control group survived past day 60.
Based on the Kaplan—Meier survival curves, it is evident that
CLR 125 improved survival. However, according to the log-
rank test between cohorts, the survival difference between the
control group and 74 MBq group was the only statistically
significant (p <0.05) comparison.

Lung metastases. The results from the metastasis study
are presented in Figure 6. It appears that lung metastases
start to form after 3 weeks. At day 28, 74 MBq of CLR 125
starts to affect the progression of lung metastases but not
statistically significantly. Statistical significance is achieved
at day 35 where 74 MBq of CLR 125 reduces the progres-
sion of TNBC metastases compared with the control group.

Discussion

The authors have investigated a novel Auger electron-
emitting targeted radiotherapeutic (TRT) agent against TNBC.
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FIG. 4. The average mass (£SD) within each dose group is
plotted over time. There is a not a significant difference be-
tween any two of the dose groups (p>0.05), repeated mea-

sures two-way ANOVA with Tukey’s ad hoc test. ANOVA,
analysis of variance.

Furthermore, CLR 124 PET imaging supports the assumption
that CLR 125 targets TNBC in vivo and possesses prolonged
retention that is corroborated by excellent antitumor efficacy
in vivo in mice bearing both orthotopic TNBC xenografts
(p<0.001) and lung metastases (p <0.05). This is one of the
few studies to demonstrate antitumor efficacy after systemic
administration of an Auger TRT agent®®*' and the only study
to the authors’ knowledge that uses bioluminescence imaging
of metastases to investigate efficacy. Although f emitters are
likely to remain more effective for treatment of macroscopic
disease, Auger emitters are recognized to have potential ad-
vantages for treatment of micrometastatic cancer, including
higher LET and much shorter range than f emitters or X-
rays.***® The potential for Auger emitter therapy was con-
firmed by the results demonstrating a reduction of tumor
volume. Although the focus of this work was to test the
efficacy of CLR 125 against metastases, which should be
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advantageous for Auger emitters such as CLR 125, the results
of the orthotopic xenograft study provided support for the
cytotoxic nature of CLR 125 against cancer cells even though
p-emitting radioisotopes may have been more effective
against these relatively large tumors. In addition, the estab-
lishment of the orthotopic xenograft model aided us in
quantitatively measuring the uptake distribution of CLR 125
via CLR 124 microPET/CT and provided us with quantitative
3D data for estimating dosimetry and establishing dose-re-
sponse relationships. The heterogeneity of the CLR 124
combined with the local deposition of CLR 125 (illustrated in
Fig. 3) further reiterates that CLR 125 may be more effective
against metastases than larger tumors. However, the high up-
take and prolonged retention of CLR 125, substantiated by
CLR 124 microPET/CT imaging in this study and PET and
SPECT imaging in past studies, provide evidence that the long
physical half-life of '*°I (59.4 days) allows CLR 125 to sustain
tumor therapy by continuous exposure resulting in DNA
damage to TNBC. In addition, the dose-escalation study
showed no animal deaths, weight loss, or other signs of tox-
icity at any dose up to 74 MBq at the time points assessed.

Even though high-resolution calipers are the most widely
used and accepted tool for measuring tumor volumes in drug
efficacy studies, researchers argue that sometimes mea-
surements are not reproducible and are prone to bias. To
alleviate these concerns, researchers are starting to adapt
more sophisticated and ‘‘quantitative’” measurement tools
such as CT or bioluminescence imaging. Although CT has
the advantage of being able to produce high-resolution vol-
umetric results, it suffers from poor soft tissue contrast so that
nonviable tissue such as areas of necrosis are difficult to
discern and are incorrectly counted as viable tumor tissue. In
contrast, bioluminescence imaging has the advantage of im-
aging only the viable tumor cells. However, due to limitations
of near infrared imaging such as poor tissue penetration and
photon absorption and scattering, true ‘“‘quantitative’ optical
imaging is very difficult especially when imaging a xenograft
tumor because the tissue heterogeneity and changing volume
increase the quantitative uncertainty. Studies aimed at im-
aging thinner tissues such as metastases should possess less
uncertainty.
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FIG. 5. The mean tumor volume (mm3; +SD) (A) and Kaplan—Meier survival (B) after administration of CLR 125 or
control. The data in (A, B) were statistically analyzed with a repeated measures two-way ANOVA with Tukey’s ad hoc test

and log-rank test, respectively, ***p <0.001, **p <0.01.
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FIG. 6. In vivo bioluminescence imaging results for the

metastasis study. The figure shows the weekly mean signal
(p/s; £SD), which is proportional to metastatic progression,
after administration of CLR 125. p/s, photons/second.

With the short range of Auger electrons, a major challenge
is to achieve proximity to DNA to cause strand breaks. Using
confocal microscopy with a fluorescent analog of CLR1404,
CLR1501,'% the authors have previously shown that this
agent localizes not only in the plasma membrane but also to
the perinuclear organelles. The discrete perinuclear foci that
are observed are consistent with localization to the mitotic
spindle poles, which would bring the Auger emitter close to
DNA during mitosis, especially in anaphase when the con-
densed chromosomes are pulled toward the spindle poles.*’
Proximity is critical for direct DNA damage because, al-
though '*I emits ~20 Auger electrons per decay, most of
these have a range of less than 10 um.*® This provides an
additional layer of cancer specificity for CLR 125, as the
close vicinity between the spindle poles and chromosomes
would occur only in actively dividing tumors.

Studies have shown that '*’I exposure to normal cells
does not appear to cause harm, and exposure to weak iodine
X-rays perhaps would not be of major concern when treating
patients with large doses of '*’I. The relative inefficiency of
the Auger electron emitter '*°I for cell killing when the
radionuclide is located in the cytoplasm or outside the cell
makes '*’I superior to other high-energy radionuclides by
reducing the potential toxicity to nontarget cells.*” This may
effectively spare the bone marrow and blood cells leading to
less than expected hematologic toxicity. In this study, mice
did not experience any signs of toxicity after being admin-
istered 74 MBq of CLR 125, which equates to a human
equivalent dose of 22.2 GBq.

Despite positive preclinical efficacy data in many cancer
models found in the literature, 1251 has been limited clinically
as a systemically administered TRT and has not advanced past
Phase II clinical trials.?®**>* In clinical trials, it has been
difficult to reach a MTD for certain agents even at large doses
of I (several hundred millicuries), which was like what was
seen in the study. The projected MTD, estimated with dosi-
metric modeling, could cause occupational radiation safety
concerns because clinics are not equipped to handle patients
with such substantial amounts of radiopharmaceutical onboard,
and could be further complicated if the agent is cleared renally.
Combined with the long half-life, the use of '*°I is currently

logistically challenging. However, as more TRTs become
commercially available and clinics adapt to this change, it may
be beneficial to revisit the long-lived TRTs that have stalled
clinically. Viable solutions to improve clinical translation of
long-lived TRT agents are a paradigm shift in clinical trial
design, implementing patient-specific prescriptions, and com-
bination with conventional therapies. Instead of trying to find
the MTD of a drug, it may be more ideal for a TRT agent to
find the dose that causes the biological effect, or biologically
effective dose (BED). MTD studies are based around finding
the maximum tolerable radioactivity per body mass or surface
area while BED studies focus on the biological effect caused
by the radiation imparted on the body. BED studies aim to
establish dose—response relationships which help correlate ra-
diation dosimetry to changes in biological parameters. In ad-
dition, BED studies are better optimized using patient-specific
prescriptions of TRT doses to maximize the chance of efficacy
while minimizing toxicity. MTD studies, in contrast, pre-
scribed TRT doses on a population level, which unfortunately
leads to possible under- and overdosing. Finally, more research
has to be done with the combination of TRT agents with other
therapies. Inevitably, TRT has many challenges as a mono-
therapy for solid tumors but could prove advantageous as a
neoadjuvant therapy against disseminated disease. In addition,
the innate low-dose rate and targeted nature of TRT could
prove to have synergistic benefits when combined with con-
ventional first-line therapies.

TNBC represents a pressing unmet medical need due, in
large part, to a lack of efficacious targeted therapies that
serve as a cornerstone of treatment for other breast cancer
subtypes. Treatment of TNBC may benefit from leveraging
tumor targeting mechanisms that are more ubiquitous, such
as iodinated PLEs. CLR1404 is an interesting APC platform
whose ‘“‘bulk tolerance’ allows for multiscaled and multi-
modality optimization of TRTs. For example, information
gleaned from the optical and PET analogs of CLR1404 can
be leveraged for not only research and development but also
potential personalized medicine approaches. Based on the
preclinical results presented, CLR 125 is an intriguing agent
possibly worthy of further development, despite past diffi-
culties with other '*I TRTs.

Conclusions

Lipid raft-targeted radionuclide therapy with the Auger
electron emitter CLR 125 yielded specific TNBC cell kill in
both primary xenografts and lung metastases after systemic
administration, showing promise for treatment of TNBC.
Given prolonged plasma retention of CLR1404 demon-
strated clinically in Phase I trials, long-term hematological
toxicity and dosimetry studies are warranted to assess safety
for further translation of CLR 125.
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