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Abstract

Angiogenesis is widely recognized as one of the hallmarks of cancer. Therefore, imaging and
therapeutic agents targeted to angiogenic vessels may be widely applicable in many types of
cancer. To this end, the theranostic isotope pair, 86Y and 90Y, were used to create a pair of agents
for targeted imaging and therapy of neovasculature in murine breast cancer models using a
chimeric anti-CD105 antibody, TRC105. Serial positron emission tomography imaging with 86-
DTPA-TRC105 demonstrated high uptake in 4T1 tumors, peaking at 9.6 = 0.3%ID/qg, verified
through ex vivo studies. Additionally, promising results were obtained in therapeutic studies with
90Y-DTPA-TRC105, wherein significantly (o < 0.05) decreased tumor volumes were observed for
the targeted treatment group over all control groups near the end of the study. Dosimetric
extrapolation and tissue histological analysis corroborated trends found in vivo. Overall, this study
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demonstrated the potential of the pair 8/90Y for theranostics, enabling personalized treatments for
cancer.
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Radioimmunotherapy

Keywords

angiogenesis; CD105/endoglin; positron emission tomography (PET); radioimmunotherapy;
yttrium-86; yttrium-90; theranostics; cancer

INTRODUCTION

Treatments targeted to angiogenic vessels have shown great promise in treating cancer, both
clinically and preclinically,! mostly targeting the vascular endothelial growth factor pathway.
However, resistance often occurs when these inhibitory agents are used, therefore warranting
the use of combination therapy. One such option is radioimmunotherapy, or targeted
radionuclide therapy,? using beta-emitting isotopes such as %0Y or 177Lu. As angiogenesis is
a nearly universal characteristic of solid tumors, radioimmunotherapy agents that target
these new blood vessels may find application in a wide range of cancer settings. CD105, or
endoglin, is one of the markers that is overexpressed on angiogenic vessels in many cancers
and not found on many other tissues.3

Theranostic approaches, or the combination of both therapeutic and diagnostic entities, have
been gaining traction in the preclinical and clinical cancer realms in recent years.*
Additionally, the use of companion diagnostic tests for selecting patients to proper therapies
has shown its value, resulting in decreased treatment discontinuation and fewer side effects
for patients selected by these companion diagnostics.>8 While the majority of these tests are
biopsy-based, imaging techniques have begun to show promise for selecting patients for
targeted therapies.”8 Given the wide range of radiometals that have been reported to date,
the development of companion diagnostics and treatment options using theranostic pairs is
quite attractive.

One such example of a theranostic pair is 86Y and 90Y. While 86Y emits positrons with a
33% branching ratio and a 14.7 h half-life, %Y is a pure, moderately high, beta emitter with
a 64 h half-life. 90Y-based radiopharmaceuticals have demonstrated success in a number of
radioimmunotherapy trials;>-11 however, the lack of quantitative imaging options with this
nuclide makes dosimetric estimation and tracking of the radiopharmaceutical challenging.
Therefore, the use of a separate isotope of yttrium, 86Y, allows visualization of the tracer
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distribution and estimation of radiation dosimetry, while utilizing the exact same chemical
entity as the therapeutic agent.12 We therefore set out to develop and evaluate a theranostic
pair of agents using 8/90Y and an antibody targeting overexpressed CD105 on angiogenic
vessels, TRC105.

METHODS AND MATERIALS

Tracer Preparation

TRC105 (TRACON Pharmaceuticals) was prepared for radiolabeling through conjugation of
diethylenetriaminepentaacetic acid (DTPA, Macrocyclics) as reported previously.13 The
binding properties of DTPA-TRC105 have been evaluated in our previous works.13 The
nonspecific isotype control 1gG (Invitrogen) was prepared following the same protocol.

Cell Culture and Animal Models

4T1 murine breast cancer cells were purchased from the American Type Culture Collection
and cultured using standard procedures (RPMI 1640 medium with 10% FBS, 37 °C, 5%
CO»). Cells were used for in vivo experiments at approximately 75% confluence. All
experiments involving animals were conducted under an approved protocol by the
University of Wisconsin—Madison Institutional Animal Care and Use Committee. Female
BALB/c mice (Envigo) were inoculated with a 1:1 mixture of 4T1 cells and Matrigel (BD
Biosciences) in the lower flank when they were 4-5 weeks old. Mice were used for
therapeutic studies when tumors were approximately 8-10 mm in diameter.

86y Production and Antibody Radiolabeling

8Y (= 14.7 h, 31.9% B*, Egave = 660 keV) was produced using a 16 MeV GE PETtrace
cyclotron via the transmutation reaction 8Sr(p,n)86Y from enriched 86SrCOj5 targets of
pressed powder. The subsequent radiochemical isolation of 86Y from the irradiated 86SrCO5
was carried out as previously described.1* Briefly, the target material was dissolved in
concentrated HCI and then neutralized with NH,OH. The resulting 86 (OH); precipitate
was filtered and washed thoroughly with deionized water to remove remaining traces of
strontium. The final noncarrier-added 88Y stock solution was obtained by redissolving the
86y (OH)3 powder in 0.1 M HCI. All activity measurements were performed in a Capintec
CRC-15R dose calibrator.

DTPA-TRC105 was incubated with 86YCl3 in sodium acetate buffer, following similar
procedures as previously reported.13 After an hour-long incubation at 37 °C, a PD-10
column (GE Healthcare) was used for purification of the radiolabeled antibody, using PBS
1x as the mobile phase. Radiolabeling yields were measured via iTLC and were consistently
above 75% for both 86Y-DTPA-TRC105 and 86Y-DTPA-IgG.

PET Imaging and Biodistribution Studies

Mice bearing subcutaneous 4T1 murine breast cancer xenografts were injected via the tail
vein with 3-6 MBq of either 86Y-DTPA-TRC105 or 86Y-DTPA-IgG. PET scans of 20-30
million coincidence events per mouse were obtained using an Inveon PET/CT scanner
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(Siemens) at 0.5, 12, 24, and 48 h postinjection. Measurements of regions-of-interest in PET
images were completed using the Inveon Research Workspace (Siemens).

Following the final imaging time point, mice were euthanized via CO, asphyxiation, and
major organs were excised, wet-weighed, and their radioactive contents were measured
using a gamma counter (PerkinElmer). Results of PET ROI analysis and biodistribution
studies are presented as %ID/g.

Therapeutic Administration

90y-labeled TRC105 and IgG were prepared using similar methods as for the preparation of
PET tracers. DTPA-TRC105 and DTPA-IgG were incubated with 100-150 MBq of °YCl;

in sodium acetate buffer for 1 h at 37 °C, purified via PD-10 columns, and then prepared for
injection.

All agents were prepared for administration via tail vein injection in sterile PBS 1x.
Treatment groups are outlined in Table 1. Each treatment group contained 5-6 mice bearing
subcutaneous 4T1 tumor xenografts, with therapeutic agent dosing determined from
previous studies and literature.15

Treatment Monitoring and Cherenkov Imaging

Following administration of therapeutic agents, mice were monitored every other day.
Measurements of tumor dimensions were made using digital calipers, and body weight was
recorded as well. Tumor volume was calculated using length x width?, and relative tumor
volume increase was calculated by dividing the current tumor volume by that which was
measured on the day of therapeutic administration. At the same time, Cherenkov
luminescence imaging was performed using an VIS optical imaging system (PerkinElmer)
with an open filter to map the distribution of 9Y-containing agents. Mice were anesthetized
and placed in the lateral decubitus position, such that the tumor was facing upward.
Exposures of 60 s were recorded. Before administration of therapeutics, and at 7 and 14 days
postinjection, blood samples were collected via retro-orbital bleed, and complete blood
counts were analyzed using an Abaxis VetScan HM5 Hematology analyzer. Humane end
points were set to a tumor volume increase of more than 300%, body weight drop of more
than 20%, or if general health was deemed to be too poor to continue. The study time was
set to 14 days, given the half-life of %Y (64 h).

Tissue Analysis

Major organs, including the 4T1 tumor, heart, liver, and kidneys, were excised from the
treatment group mice following the conclusion of the study. Half of each organ was frozen
in Optimal Cutting Temperature Compound (Tissue-Tek) for immunofluorescent analysis,
while the other half was fixed for paraffin embedding and subsequent hematoxylin and eosin
(H&E) staining.

Immunofluorescent staining for CD105, CD31, and DAPI was performed as previously
reported.13 Slides were analyzed using a Nikon A1RS confocal microscope. H&E staining
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followed standard procedures, and slides were examined with a Nikon Eclipse Ti
microscope.

Radiation Dosimetry

With the use of OLINDA/EXM software,16 the biodistribution data obtained from PET ROI
analysis of 86Y-DTPA-TRC105 was used to extrapolate radiation absorbed doses to an adult
female following administration of 90Y-DTPA-TRC105. The dose-to-sphere modeling
capability of the software was also utilized to determine tumor doses from %0Y-DTPA-
TRC105.

Statistical Analysis

All quantitative data are presented as mean + standard deviation. Direct comparisons
between groups were made using a two-sided Student’s #test, where p < 0.05 was
considered statistically significant.

RESULTS

PET Imaging Visualizes 86Y-DTPA-TRC105 Uptake in Tumors

Following injection of 3-6 MBq of 86Y-DTPA-TRC105, serial PET images were acquired at
30 min as well as 12, 24, and 48 h postinjection of 4T1 tumor-bearing mice (Figure 1).
Tumors were clearly visualized after 12 h, when tumor uptake was 8.1 + 0.6 %ID/g (n=4);
additionally, this uptake further increased and peaked at 9.6 + 0.3 %ID/g at 24 h
postinjection (Figure 1B). The tracer cleared slowly from circulation, with 19.5 + 4.1 %ID/g
in the blood pool at 30 min, and 9.1 + 1.7 %ID/g remaining at 48 h. Consistent with the
clearance kinetics of antibody-based agents, the liver was the off-target organ with the
highest tracer accumulation (7.1 + 0.9 %ID/g at 48 h).

Similar studies were conducted using 8Y-DTPA-IgG, an isotype control antibody (Figure
S1). Tumor uptake peaked in this group at 48 h postinjection at 8.6 + 1.0 %ID/g. Similar
clearance patterns were observed with this tracer, with liver accumulation of 8.1

+ 1.4 %ID/g observed at the last time point.

While not statistically significant, higher tumor-to-normal tissue ratios with 86Y-DTPA-
TRC105 were calculated for all analyzed organs at the last time point over the nonspecific
tracer (Tables S1 and S2). Tumor-to-muscle ratios peaked at 6.2 + 1.1 for the specific tracer
and 5.2 + 1.8 for the nonspecific, both at 48 h postinjection. Similarly, the tumor-to-blood
ratio for 86Y-DTPA-TRC105 was 1 + 0.2 at 48 h, and 0.8 + 0.2 for 88Y-DTPA-IgG at the
same time point.

Ex Vivo Studies Verify PET Imaging Results

Following the last imaging time point, mice were euthanized, and main organs were excised,
wet-weighed, and their radioactive contents were measured (Figure 1C). Tumor uptake of
86Y-DTPA-TRC105 was 7.22 + 0.41% ID/g, while liver uptake was 4.64 + 0.08 %ID/g.
These values were slightly lower than those measured from ROI analysis, likely a result of
the difficulty in quantifying 88 due to the presence of many emitted gammas; however,
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similar trends were observed from ex vivo studies as were found from PET ROI analysis.
For the nonspecific tracer, 4T1 tumor uptake was calculated as 5.67 £ 1.25 %ID/g, and the
liver was calculated as 5.01 + 0.99 %ID/g.

90Y Treatments Show Promising Therapeutic Effect

Following treatment with ~4.4 MBq of %0Y-DTPA-TRC105, tumor growth was inhibited
relative to control groups, with significantly smaller tumor volume for the targeted group
than all others at both 10 and 12 days postinjection (p < 0.05, 7= 5-6). None of the mice in
the 90Y-DTPA-TRC105 group reached the tumor volume end point criteria (>300% of
initial) within the 2 week study, while 3 of the mice treated with %0Y-DTPA-1gG did, and 4/5
PBS-treated and 6/6 TRC105-treated mice did as well (Figure 2). This provided strong
evidence of a therapeutic effect from radioimmunotherapy using °°Y and TRC105 to target
tumor vessels. Cherenkov imaging of the 90Y-DTPA-TRC105 and 9Y-DTPA-IgG groups
visualized uptake of the agent within the 4T1 tumors, which persisted slightly longer in the
targeted over the nontargeted group (Figure 3).

Monitoring Therapeutic Side Effects Reveals Toxicity

While all of the mice treated with 90Y-DTPA-TRC105 showed significantly slowed tumor
growth, mice in this group, as well as in the ®0Y-DTPA-IgG group, demonstrated evidence of
notable toxicity from the radioimmunotherapy treatments (Figure S2). At the conclusion of
the study, 2/6 90Y-DTPA-TRC105-treated mice were close to the weight-loss end point
(<80% of initial), and one mouse had died, presumably due to treatment complications.
Similar trends were evident within the 0Y-DTPA-IgG group, although all mice reached the
tumor growth end point prior to the weight-loss end point.

Complete blood count analysis was performed prior to injection and at 7 and 14 days post-
therapy injection for the 9°Y-DTPA-TRC105 group (Figure S2B). When compared to
pretreatment values, significant drops in white blood cell, lymphocyte, monocyte, and
neutrophil absolute counts were observed, which persisted throughout the study. Decreases
were also noted in platelet counts; however, this value was slightly recovered at 14 days
postinjection compared to day 7.

Tissue Analysis Verifies Therapeutic and Toxic Effects

Both immunofluorescent staining and H&E staining were performed on tissues excised from
mice in the treatment groups (Figures 4 and S3). Immunofluorescent staining for CD31 and
CD105 revealed colocalization of these signals on new blood vessels in 4T1 tumors in the
PBS and 90Y-DTPA-1gG groups; however, no CD105 staining was observed in the 90Y-
DTPA-TRC105 group, indicating efficient targeting to and killing of these vessels.

H&E staining showed significant damage to 4T1 tumors in mice injected with 0Y-DTPA-
TRC105, with significant hemorrhaging throughout (Figure 4). Tumors from PBS-only mice
were necrotic in the centers due to their large size, with the edges of the tumor still showing
viable growing tissue. Tumors from the 90Y-DTPA-IgG group demonstrated slight damage
and necrosis as well. The liver was the only off-target organ with noticeable damage evident
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in stained tissues (Figure S3), likely due to the clearance of the %0Y-labeled antibodies
through this organ.

Dosimetric Extrapolation Using PET Data

With the use of OLINDA/EXM, dosimetric extrapolation to an adult human female was
performed with 8Y-DTPA-TRC105 ROI data (Figure 5A), using %Y decay data. As
expected, the off-target organ with the highest dose was the liver, at 0.079 + 0.007 mSv/MBq
(n=4). Given the high uptake of the tracer in this organ, and the long range of the beta
particles from 90Y, notable doses were also calculated for the stomach wall and colon. In a
similar manner, using the dose-to-sphere capabilities of OLINDA, tumor doses were
estimated (Figure 5B). For example, for a 1 g tumor mass, a dose of 197 + 11 mGy/MBq
was calculated.

DISCUSSION

The use of companion diagnostics and theranostic strategies is gaining traction in clinical
cancer treatments, providing more guidance for treatment decisions and greater
personalization. Most of these tests to date are based on tissue biopsies and ex vivo analysis
of specific markers; however, imaging-based techniques show increased potential, as they
may provide whole-body information, among other benefits.1” The theranostic pair of 86Y
and %Y thus may be promising for nuclear-medicine-based patient stratification (through
PET imaging) and treatment (using radioimmunotherapy).18 Herein, we report the imaging
and therapy of highly angiogenic murine breast cancer models using an antibody targeted to
CD105 and labeled with various isotopes of yttrium, 86/90Y-DTPA-TRC105. As TRC105
itself has demonstrated limited therapeutic effects clinically,1920 we hypothesized that
conjugating it with a beta-emitting nuclide (°0Y) would allow for efficient
radioimmunotherapy. While Cherenkov imaging is possible with 90Y; since the emitted beta
has high energy, this signal is limited to only superficial tissues?! and is not quantitative,
necessitating the use of another means of visualizing whole-body signals. Positron emission
tomography with 86Y solves the tissue penetration issue, as this nuclear imaging technique
provides extremely high sensitivity at all tissue depths.

Antiangiogenic therapies have, in general, shown limited efficacy in cancer patients due to
the nearly inevitable regrowth of tumors after treatment ceases and the development of
resistance to the therapies.2223 We hypothesize that combining these treatments with
targeted radiotherapy will bypass some of these resistance and regrowth mechanisms by
destroying the targeted cells, rather than simply inhibiting pathways.

There have been few reports of PET imaging with 86Y in the literature,24 likely since this
isotope is not yet readily commercially available; additionally, the majority of reports to date
employ small molecule or peptide tracers. However, its cyclotron-based production is being
optimized, and we expect this trend to change in the near future as a result. Having an
imaging counterpart to the widely used 90Y is certainly invaluable; nevertheless, PET
imaging with 86Y is not without its own issues. As a nonpure positron emitter, well over half
of the decays from 86Y are accompanied by gamma emissions, which cause a great deal of
false coincidence readings and confound imaging and quantification results. The thorough
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characterization of these decays and proper calibrations are thus very important.2® In our
study, this high background, while well-characterized, is clearly evident in the PET images,
in which minimum values for visualization were set to 1 %1D/g, rather than the typical

0 %ID/g. Even given these challenges, PET imaging with 86Y-DTPA-TRC105 was able to
clearly delineate tumors in our study at all time points after 12 h postinjection. We have
previously published imaging results of TRC105 in 4T1 murine breast cancer models using
a variety of radioisotopes;26-28 however, this was our first experience with 86Y. The results
observed in this study are consistent with those we have reported previously, further
validating the use of 86Y in PET imaging of antibodies, especially in theranostic settings
employing 0Y. The identical radiolabeling chemistry to that of 90Y and suitable half-life of
86y make it a promising PET isotope, as we have demonstrated herein.

4T1 murine tumors are highly aggressive and, as such, have very high levels of
angiogenesis, making them a perfect model for imaging of agents targeted to neovasculature.
However, along with the high levels of angiogenic markers, an increased enhanced
permeability and retention (EPR) effect results from the fast growth of the tumors.2930 This
may explain the relatively high accumulation of the nonspecific tracer in tumors in this
study. Future studies in which the biodistribution of the IgG tracer are mapped over a greater
time may be warranted to further evaluate this finding. We have previously reported specific
binding of TRC105 to vasculature cells, and minimal binding of the nonspecific 1gG, and are
thus confident that the specific tracer is, indeed, specific.13 Additionally, the elimination of
CD105 expression in tumors from the targeted treatment group provided further verification
of the tracer’s specificity. An additional means to explore the impact of the EPR effect
would be to use orthotopic models, wherein the 4T1 cells would be implanted in the
mammary pads of the mice. This would provide a more clinically relevant situation, with
more realistic vasculature properties and growth patterns, but would require more
sophisticated therapeutic monitoring, such as through transfected tumor cells for optical
imaging, or CT imaging.

We observed promising therapeutic trends with 90Y-DTPA-TRC105 in this study. Tumor
volumes were significantly decreased as compared to control groups near the end of the
experimental period, and mice thus had increased survival in this group. However, these
positive therapy results came at a price—there was evidence of significant hematoxicity in
the groups treated with 90Y-labeled agents. The toxicity of these treatments may be
explained by a few factors. First, antibody-based tracers have long circulation half-lives.
While this is beneficial for maximizing tumor uptake of agents since the exposure time can
be increased, this may also result in increased exposure of normal organs to the tracer.
Additionally, 90Y is a relatively high-energy beta emitter, as the emitted particle has a range
of over 1 cm in water. While this long-range may be advantageous in the treatment of solid
tumors in humans, in a mouse model, a 1 cm range is quite large. There thus was likely a
large amount of cross-fire between organs in the mouse, both while the tracer was still in
circulation and once it was cleared into the liver. Notably, OY-labeled antibodies are finding
applications in clinical cancer patients with hematological malignancies, taking advantage of
the aforementioned blood toxicity to either destroy cancerous cells in the bloodstream or
prepare for stem cell transplantation.11:31
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A few strategies may be employed to reduce the toxicity observed. For one, the targeting
ligand may be modified. Strategies such as pretargeting32:33 or antibody fragmentation34
may decrease the circulation time of the 90Y-labeled agent and as such reduce the associated
side effects. Also, a radionuclide with a shorter beta range may be more desirable in murine
models, to eliminate cross-fire effects. Optimization of dosing regimens (e.g., fractionated
doses) may also have an impact.

In conclusion, this study demonstrated promising results using the theranostic pair of 86Y
and %0Y. PET imaging with 8Y-DTPA-TRC105 verified high uptake in tumors, which was
corroborated by ex vivo gamma counting studies. In therapy experiments, we observed
significantly slowed tumor growth in mice using the targeted agent, °°Y-DTPA-TRC105.
Further evidence of targeted therapy was provided through immunofluorescent staining, as
no staining for CD105 was evident in tumor tissues treated with °Y-DTPA-TRC105,
whereas colocalization of CD105 and CD31 staining was found throughout tumors treated
with either ©0Y-DTPA-IgG or PBS. With use of biodistribution data from the imaging tracer,
dosimetric extrapolation to an adult female human calculated doses that matched those
expected, in line with the kinetics of an antibody-based tracer. Given the promising results
obtained in this study, we believe that the obstacles encountered along the way (i.e., messy
decay scheme of 88Y; side effects of therapy) are minor. Being able to track a chemical twin
of a therapeutic entity will prove invaluable for treatment planning and monitoring of
radioimmunotherapy treatments. While complete tumor eradication was not obtained with
the current dosing schedule, significant tumor growth inhibition was observed, which may
be synergistic with other treatment options, such as immunotherapy.3® We expect the
theranostic pair 8/90Y to have a measurable impact in cancer patient care in the near future,
enabling even more personalized treatment options.
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Figurel.
PET imaging of 86Y-DTPA-TRC105. (A) Serial representative PET MIP images reveal

prominent uptake in the 4T1 tumor, indicated by a red arrow. (B) ROI analysis of blood pool
and tumor uptake. (C) Ex vivo biodistribution of 88Y-DTPA-TRC105 at 48 h postinjection, 7
=4,
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Figure 3.
Serial Cherenkov imaging. Tumors are indicated by red arrows.
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Figure 4.
Immunofluorescent and H&E staining of tumor tissues. Colocalization of CD31 and CD105,

indicated by yellow arrows, shows angiogenic vessels. H&E staining visualized notable
damage to 90VY-treated tumors, with red arrows pointing out representative damaged areas,
and blue arrows indicating hemorrhaging.
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Figureb.
Dosimetric evaluation of 90Y-DTPA-TRC105. (A) Doses to off-target organs. (B) Dose-to-

sphere modeling of tumors of various sizes. N=4.
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Table 1

Groups and Doses for the Radioimmunotherapy Study?

treatment group therapeutic agent
90Y-DTPA-TRC105 ~4.4 MBq Y-DTPA-TRC105
OY-DTPA-IgG ~4.4 MBq Y-DTPA-IgG (human isotype 1gG control)
TRC105 only 45 pg of TRC105 in 50 pL of PBS 1x
PBS only 50 pL of PBS 1x

an= 5-6 per group.
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