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Radioimmunotherapy for solid
tumors: spotlight on Glypican-1
as a radioimmunotherapy target

Dhanusha Sabanathan, Maria E. Lund, Douglas H. Campbell,

Bradley J. Walsh"=" and Howard Gurney

Abstract: Radioimmunotherapy (i.e., the use of radiolabeled tumor targeting antibodies] is
an emerging approach for the diagnosis, therapy, and monitoring of solid tumors. Often using
paired agents, each targeting the same tumor molecule, but labelled with an imaging or
therapeutic isotope, radioimmunotherapy has achieved promising clinical results in relatively
radio-resistant solid tumors such as prostate. Several approaches to optimize therapeutic
efficacy, such as dose fractionation and personalized dosimetry, have seen clinical success.
The clinical use and optimization of a radioimmunotherapy approach is, in part, influenced by
the targeted tumor antigen, several of which have been proposed for different solid tumors.
Glypican-1 (GPC-1) is a heparan sulfate proteoglycan that is expressed in a variety of solid
tumors, but whose expression is restricted in normal adult tissue. Here, we discuss the
preclinical and clinical evidence for the potential of GPC-1 as a radioimmunotherapy target.
We describe the current treatment paradigm for several solid tumors expressing GPC-1 and
suggest the potential clinical utility of a GPC-1 directed radioimmunotherapy for these tumors.
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Introduction

Despite significant advances in the development
of anti-cancer therapies, cancer remains a leading
cause of death in Australia and globally, with one
in two Australian men and women being diag-
nosed with cancer by the age of 85. Rare and less
common cancers account for one in three new
cancer cases diagnosed and one in two cancer
deaths. Cancer is the leading cause of disease bur-
den in Australia and, although improvements
have been seen in survival rates over the past three
decades in tumors such as breast, bowel, and lung
cancer, there has been minimal improvement in
overall survival rates for pancreatic, esophageal,
and brain cancers.!

The clinical landscape in solid tumors has
changed dramatically over the past decades. The
advent of chemotherapy and radiotherapy pro-
vided non-targeted, “carpet bomb” therapy,

damaging tumor and normal tissue alike. The
next generation of therapeutics used antibodies
with some success, exploiting their native effector
functions and/or blocking ability to destroy tumor
cells via recruitment of the immune system or
inhibition of critical signaling pathways.?
Immunotherapy in the form of immune check-
point inhibitors (ICIs) represented a major break-
through in the treatment and survival of patients
with immunogenic cancers including melanoma,
non-small cell lung cancer, renal cell and urothe-
lial carcinoma, and Merkel cell carcinoma, where
durable clinical responses were observed.?5
However, the majority of patients do not respond
to these treatments, and a reliable and consistent
predictive biomarker is yet to be validated to
identify those that will. In those patients who do
demonstrate an initial response, a proportion will
ultimately progress to refractory disease when the
cancer develops resistance to the treatment.
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Furthermore, there are certain cancers that do
not respond at all to checkpoint inhibitors. This
may be expected given that several solid tumors,
such as pancreatic and prostate cancer, are con-
sidered “non-immunogenic”.%? Indeed, there is
significant unmet need for new therapies for the
treatment of non-immunogenic cancers. For
example, survival rates in patients with pancreatic
cancer have not changed significantly since the
advent of chemotherapy.® For those immuno-
genic tumors, recent clinical practice has seen the
combination of immune modulating substances
with other agents in order to increase the propor-
tion of patients who respond and result in a pro-
longed response. For example, in advanced
melanoma and renal cell carcinoma, combination
therapy with two checkpoint inhibitors or the
combination of a VEGF inhibitor or tyrosine
kinase inhibitor (TKI)-targeted therapy and a
checkpoint inhibitor has become the new stand-
ard of care (SOC), resulting in increased response
rates and prolonged survival times when com-
pared with single agent therapy.%-1!

Pioneered in the 1940s with the use of radioio-
dine to image and manage thyroid cancers, a
“theranostic” approach to the treatment and
monitoring of cancer has become an area of
increasing interest. The coupling of a therapeu-
tic agent with a diagnostic allows for patient
selection, dose optimization, and monitoring of
treatment outcomes. “Molecular targeting”
refers to the use of a tumor targeting molecule
(usually a monoclonal antibody or small mole-
cule, specific for tumor cells and with limited
binding to normal tissue), to target tumors either
with an imaging or therapeutic agent. From the
therapeutic perspective, molecular-targeted
radiotherapy allows selective delivery of thera-
peutic radiation to the tumor, while minimizing
the dose delivered to normal tissue, a potential
advantage over traditional radiotherapy. Further,
molecular-targeted radiotherapy, unlike conven-
tional radiotherapy, can achieve systemic expo-
sure following intravenous infusion and so has
the potential to target micro-metastatic disease
after resection. The targeting molecule may be
conjugated to an imaging isotope alongside a
therapeutic isotope, the former enabling visuali-
zation/detection of tumor lesions thus allowing
tailoring of therapeutic drug dosage to achieve
optimal therapeutic radiation dose to tumor
(personalized dosimetry), as well as monitoring
of disease post treatment.

Radioimmunotherapy (RIT) utilizes antibodies
as targeting molecules, harnessing their exquisite
specificity for their target antigen, along with their
relatively long circulating half-life, to optimally
deliver radiation to tumor, sparing healthy tissue.
Historically, despite the very promising clinical
responses achieved using RIT in hematological
malignancies,!? RITs have been broadly less
effective in solid tumors. However, a number of
approaches hold promise for unleashing the
potential of RIT in solid tumors,!? including the
combination of RIT with other therapies.
Ultimately, the success of an RIT approach
requires targeting of an appropriate tumor anti-
gen, that is, an antigen that is expressed at high
level and preferably homogenously on tumor tis-
sue and is not expressed on normal tissue. Several
antigens have been proposed for the molecular
targeting of various solid tumors, with varying
characteristics and expression profiles, for exam-
ple, carcinoembryonic antigen (CEA) in colorec-
tal cancers and epidermal growth factor receptor
(EGFR) in non-small cell lung cancer.14-20

GPC-1 is a heparan sulfate (HS) proteoglycan
that is critically involved in tumor cell signaling,
and cancer growth, invasion, and metastasis.?!
GPC-1 is over-expressed in a variety of solid
tumors, including prostate, breast, pancreatic,
bladder, mesothelioma, esophageal, cervical, and
ovarian cancers, as well as brain cancers glioma
and glioblastoma.?2-27 Importantly, the expres-
sion of GPC-1 is restricted in normal adult tis-
sue.22:28 Moreover, the safety of targeting GPC-1,
both in mice and in humans, is well estab-
lished.?2:28 This review explores the clinical utility
of RIT in solid tumors, including promising
approaches for the optimization of therapeutic
efficacy of RIT in these relatively radio-insensi-
tive tumors. We discuss evidence for the potential
role of GPC-1 as a novel molecular target in these
tumors, particularly as an RIT, and, finally, pro-
pose potential clinical utility for a GPC-1 directed
RIT. GPC-1 may have advantages over current
RIT approaches due to the wide range of tumors
in which it is overexpressed, and its lack of expres-
sion in normal tissues.

Radioimmunotherapy: a solid tumor
perspective

There is preclinical and clinical evidence for the util-
ity of antibodies as targeting agents for RIT.29-31
Antibodies as a class have several characteristics
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that make them appropriate delivery agents for
radiation. Assuming an appropriate tumor target
antigen has been selected (an antigen that is
expressed on the tumor but is lacking in normal
healthy tissue), antibodies are able to deliver radia-
tion specifically to the tumor, sparing healthy tis-
sue. The long circulating half-life (1-3weeks) of
antibodies, owing to their engagement of neonatal
Fc receptor (FcRn), improves the likelihood of
tumor exposure.3? Tumor accumulation, pene-
trance, and retention are, in part, a function of
antibody affinity, which can be engineered. Binding
of antibody to antigen often triggers cellular inter-
nalization — a characteristic critical to the cytotox-
icity of radiolabels with short path lengths. For
example, the alpha emitter, 225Actinium, requires
immediate proximity to the nucleus for cell killing,
relying upon internalization into the cell for effi-
cacy.?3 Finally, some antibodies may serve the dual
purpose of mediating effector function alongside
delivery of the therapeutic payload. For example,
in pre-clinical studies, anti-human epidermal
growth factor receptor 2 (anti-HER2) antibodies
block signaling while mediating antibody-depend-
ent cellular cytotoxicity (ADCC) alongside deliv-
ery of the therapeutic radioisotope, and it is
thought that the combination of these mechanisms
contribute to tumor cell killing.3* Manufacturability
and radiolabeling of antibodies are well character-
ized processes. Immunogenicity is generally not of
concern for fully human or humanized antibodies,
allowing safe multi-dose administration.3>

Clinically, most molecular-targeted radiothera-
pies, including RITs, have been developed for
therapy of the most radiosensitive tumors includ-
ing leukemias and lymphomas. Indeed, the radio-
sensitivity of the tumor is defined by the
radio-sensitivity of the parent cell. Thus, hemato-
logical malignancies tend to be more radio-sensi-
tive than solid tumors, with complete responses
possible with radiation doses in the range of 1500—
2000 cGy, as compared with the 3500-10,000 cGy
required to demonstrate a clinical response in solid
tumors.3%:37 Regardless of this lower radio-sensitiv-
ity, there is substantial preclinical and clinical evi-
dence for the potential utility of molecular targeted
therapies (including RIT) in the treatment of solid
tumors.?®4° Solid tumor RIT trials have been
reviewed in depth by Larson,>° Bartholom4,!? and
Krecisz.5! A selection of recent trials completed or
in progress is presented in Table 1.

Radiolabelled full-length antibodies have long half
lives in patients, with reported values of

24-111h.5253 While the long half life is beneficial
in maintaining high serum concentrations of the
radiolabelled antibody to allow maximum tumor
targeting, it also exposes the bone marrow to pro-
longed exposure to the radioisotope. As a result,
bone marrow suppression is almost exclusively the
dose-limiting toxicity for full-length antibodies in
the treatment of solid tumors.’® A number of
strategies have been investigated to reduce bone
marrow toxicity while maintaining the anti-tumor
response. Dose fractionation has been employed
successfully,>* while other approaches such as
smaller antibody fragments with shorter half lives
are also being tested in the clinic.5> Pre-targeting
approaches are also being investigated preclini-
cally and clinically56-38; however, the benefits of a
shorter half life need to be weighed against reduced
uptake to the tumor.>®

The efficacy of !""Lutetium (177Lu) using a
humanized antibody against prostate specific
membrane antigen (PSMA), J591, has been dem-
onstrated in patients with metastatic castration-
resistant prostate cancer (mCRPC). In the phase
I trial of 77Lu-J591, 35 patients with mCRPC
were treated with doses of 177Lu ranging from 10
to 75mCi/m2. A total of 20 patients had either a
stable or partial biochemical [prostate specific
antigen (PSA)] response to treatment. The main
dose limiting toxicity was myelosuppression and
the maximum tolerated dose was determined to
be 70mCi/m?2.%° This dose was then used for the
phase II study in which 47 patients were enrolled.
Approximately 60% of patients experienced a
decline after receiving a single dose. The overall
response rate in patients with measurable disease
was 75%. All patients experienced hematological
adverse events caused by radiation dose to the
bone marrow, which was reversible.®! Of note, in
both phase I and II studies, tumor targeting by
17Tu-J591 was sensitive and specific for known
tumor metastases, with 100% and 94% of lesions
identified on planar imaging, respectively. A
phase I/II trial of 177Lu-J591 tested fractionated
dosing in which fractionated doses of between 20
and 45 mCi/m?2 were administered 2weeks apart.
The study concluded that higher doses of radia-
tion could be delivered safely using dose fraction-
ation than could be achieved with a single dose
regimen, with an acceptable safety profile.5*

These clinical data complement the studies using
a small molecule binder of PSMA (PSMA-617)
to deliver the same therapeutic radionuclide
(1"Lu) and have demonstrated further clinical
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success.’27¢ The published literature, which is
limited to retrospective single arm studies,
describes PSA responses (defined as a serum PSA
fall of >50%) in 30-70% of patients with
mCRPC.%:7375 Given the nature of the studies
with varying treatment regimens and doses of
17Ty, interpretation of this data is difficult. In
one of the larger studies of 56 patients, overall
survival at 28-month follow up was 78.6%. The
first prospective phase II study, which was con-
ducted in Australia, saw a PSA response of >80%
achieved in 44% of patients.”® The main side
effects observed, which are attributed to targeting
of PSMA expressed in normal tissue, included
dry mouth, nausea, and thrombocytopenia. In
view of these results, trials are currently underway
investigating the effect of combination therapy of
"L u-PSMA with immunotherapy (PRINCE)
and with a poly ADP ribose polymerase (PARP)
inhibitor (LuPARP) as well as the effect of using
LLuPSMA in hormone naive  patients
(UpFrontPSMA). It is important to note that use
of 1"Lu labelled full-length antibody J591, as
opposed to the PSMA-617, have differences in
side-effect profile, with more hematological toxic-
ity observed for J591 and more non-hematologi-
cal adverse events observed for the small
molecule.”” The size of the antibody limits expo-
sure of certain normal tissue that the small mole-
cule accesses, for example, the lacrimal glands.

Dosimetry and personalized medicine: a

new paradigm

Achieving an optimal therapeutic window, that is,
delivering sufficient radiation dose to the tumor
with minimal dose to healthy tissue, in part
defines the clinical success of an RIT. The use of
paired diagnostic and therapeutic agents (the
same targeting molecule conjugated to an imag-
ing or therapeutic isotope) allows assessment of
the in-body distribution of the tumor targeting
molecule with an imaging radioisotope prior to
delivery of cytotoxic radiation. The biodistribu-
tion of the imaging radionuclide allows calcula-
tion of the expected therapeutic radionuclide
dose to tumor and healthy tissue. Commonly,
monoclonal antibodies are distributed to the liver,
spleen, and, in some cases, kidney, as a result of
normal clearance mechanisms. This results in an
inevitable dose of radiation to these organs, each
of which vary in radio-sensitivity. For example,
bone marrow and skin are more radio-sensitive,
tolerating just 150cGy, while lung and kidney
may tolerate 1500-2000cGy, and liver up to

3500cGy.3¢ Dosimetry calculations can inform
the optimal therapeutic dose to be delivered based
on an understanding of the dose to tumor required
for efficacy and safe levels of exposure to normal
tissue and is performed on a patient-to-patient
basis — an approach known as “personalized
dosimetry”.

Clinical studies using J591 labelled with !'Indium
(11n), 2°Yttrium (°°Y), and 77Lu demonstrated
the predictive value of !''In biodistribution for
radiation dose received during °°Y therapeutic
studies. However, there was some variation, with
an overestimation of liver dose by 25%. This study
proposed the use of 177Lu distribution as a poten-
tial surrogate for °°Y dose estimation.”® Optimally,
the same element would be used as the diagnostic
and therapeutic agent, as different elements may
exhibit different in wvivo behaviors. The use of
paired copper radionuclides [copper-64 (°4Cu) for
imaging, and copper-67 (°?Cu) for therapy] is an
approach in development. Currently, ¢Cu conju-
gated to SARTATE, which targets somatostatin
receptor type 2 (SSTR 2), is in clinical trials as an
imaging agent for neuroendocrine tumors and
phase Ila efficacy studies,” pairing SARTATE
64Cu (imaging) and °’Cu (therapy) for meningi-
oma (ACTRN12618000309280). Preclinically in
animal models, 4Cu conjugated to a bivalent
PSMA binder has shown improved targeting as
compared with monovalent PSMA binder.8°

The small molecule PSMA-617 has been used
theranostically, with Ga-PSMA-11 imaging to
guide clinical decisions as well as a treatment with
therapeutic 1"7Lu-PSMA-11.8! In a study using a
different ligand-binding small molecules, PSMA-
TUMI, in patients with mCRPC, all lesions
identified on %8Ga labelled PSMA-TUMI1 screen-
ing demonstrated high 177Lu uptake on post treat-
ment planar imaging.82 A phase II study of
1ML u-PSMA-617 screened patients with mCRPC
with a 98Ga-PSMA 617 scan, defining tumor
uptake greater than 1.5 times the level of liver
uptake as a positive scan. Patients with a positive
scan went on to 77Lu-PSMA-617 treatment,
which amounted to more than 70% of screened
patients.76,83

Optimising therapeutic window

A number of approaches have been proposed to
improve the efficacy of RITs by minimizing anti-
body accumulation in non-tumor tissue resulting
from on-target off-tumor binding or normal
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clearance mechanisms. This approach aims to
deliver minimal radiation dose to normal tissue
whilst maximizing the dose delivered to the tumor,
optimizing the so called “therapeutic window”. A
dose of non-radiolabeled tumor targeting anti-
body (“cold antibody”) may be delivered prior to
(or simultaneously with) the radiolabeled version
of the antibody, with the aim of saturating normal
clearance mechanisms with the cold antibody,
which reduces radiolabeled antibody uptake and
radiation dose in normal tissues such as liver and
spleen. The use of cold antibody also serves to
deplete any circulating soluble antigen that may
limit tumor exposure to the drug. Indeed, this
approach has seen success clinically. Liver clear-
ance of J591 was reduced significantly by pre-
infusion with 25-100 mg unlabeled antibody prior
to infusion of the radiolabeled antibody, resulting
in improved tumor lesion uptake.8* Similarly, ini-
tial clinical studies showed that Lilotomab (anti-
CD37 mAb) was localized predominantly to the
liver, presumably due to clearance mechanisms,
but tumor targeting could be improved by pre-
dosing with both 40mg flat dose and 100 mg/m?
dose of cold antibody as compared with no pre-
dose.8> Interestingly, the amount of unlabeled
antibody required to optimize tumor targeting is
empirical, depending on the unique antibody
itself, possibly a function of several factors includ-
ing affinity, tumor antigen expression, and levels
of circulating soluble antigen.

Dose-fractionation is the frequent dosing at lower
radiation dose levels and is another means to
increase cumulative tumor dose whilst minimiz-
ing off target exposure to healthy tissue.
Fractionated dosing can also overcome antigen
heterogeneity in the tumor by allowing more sta-
ble and uniform distribution of dose over time.86-87
Different parts of the tumor are accessed with
each subsequent dose of radiation and, as the
tumor responds, improved vascular permeability
and access to the tumor permits the delivery of
further radiation. This approach has been tested
clinically for 177L.u-J591, where fractionated dos-
ing achieved a dose dependent increase in overall
survival in men with mCRPC, suggesting that
dose fractionation is more efficacious than less
frequent, higher dosing.>* Using a similar
approach, %9Y-labelled humanized antibody cli-
vatuzumab tetraxetan (hPAM4) allowed delivery
of higher doses of radiation without dose limiting
toxicity in patients with advanced pancreatic
ductal carcinoma.88

Radioimmunotherapy: the target antigen
Ideally, a targeting antigen for RIT would be
exclusively and highly expressed on tumor but
not on normal tissue, theoretically eliminating
any risk of “on-target, off-tumor” antibody bind-
ing. However, in practice, there are few antigens
that exhibit such absolute specificity. Largely,
“tumor antigens” are expressed at low levels on
normal tissue or moderately expressed in a lim-
ited number of normal tissues. An example is
PSMA, which has high expression in prostate
cancer, moderate expression in salivary glands,
and minimal expression in other normal tis-
sues.”%8% Targeting of mutated tumor antigens is
one way to achieve targeting that is highly tumor
specific, since the mutations are expressed only
by the tumor cell. The caveat to this approach is
that tumor mutations are often not ubiquitous in
patient populations, limiting the utility of target-
ing such antigens during drug development.
Identification of a relatively specific tumor-asso-
ciated antigen with limited normal tissue expres-
sion, is critical to the successful design of an RIT.
Indeed, the clinical implication of low-level nor-
mal tissue expression may be mitigated by the
above described approaches, such as dose frac-
tionation and dosimetry.

GPC-1: a new targeting antigen with

potential for therapy of solid tumors

GPC-1 is one of six members of the vertebrate
family of glypican — a family of cell surface prote-
oglycans consisting of a core protein covalently
linked to HS side chains, all encoded by separate
genes.?0:91 GPC-1 exists on the surface of cells
attached by a glycosylphosphatidylinositol (GPI)
anchor. The role of GPC-1 is thought to be devel-
opmental,®? with expression restricted in normal
adult tissue,?2:93 and its expression is not required
for normal homeostasis.?® GPC-1 is expressed on
tumor cells, controlling signaling of Wnhnts,
Hedgehog, fibroblast growth factors (FGF), and
transforming growth factor-beta (TGF-). Acting
on these pathways, GPC-1 promotes tumor and
cancer stromal cell growth, tumor cell invasion,
and metastasis.’* GPC-1 is known to be overex-
pressed in a variety of solid tumors and is associ-
ated with poor clinical prognosis and an aggressive
phenotype, which is perhaps not surprising, given
its known role in tumor biology, as discussed
below. The biology of GPC-1 in several of these
solid tumors has been investigated, with a wealth
of evidence in pancreatic cancer.®’
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GPC-1in solid tumors: expression and
biology

Pancreatic cancer

The first study establishing the overexpression of
GPC-1 in pancreatic cancer was published in
1998, demonstrating overexpression of GPC-1
in pancreatic cancer cells as well as adjacent stro-
mal cells, but not in normal pancreatic tissue or
chronic pancreatitis specimens.®® These findings
were confirmed in a study by Kayed ez al. com-
paring GPC-1 mRNA expression in normal pan-
creatic  tissue  with  pancreatic  ductal
adenocarcinoma (PDAC) tissue samples.®
Although there was no statistically significant dif-
ference in the quantitative analysis of GPC-1
expression between node-positive and node-neg-
ative PDAC, there was a statistically significant
difference in the expression of GPC-1 mRNA
levels between all PDAC and normal pancreatic
tissue, whereby PDAC tissue exhibited higher
levels.®? Immunohistochemical (IHC) assess-
ment of GPC-1 on surgically resected pancreatic
cancer specimens and normal pancreatic tissue
show that GPC-1 expression was significantly
higher in cancer specimens compared with nor-
mal tissue.®” Importantly, GPC-1 expression was
linked to prognosis in PDAC, where high GPC-1
expression as measured by IHC was associated
with shorter overall survival time.?* There is a
growing body of evidence demonstrating the
potential of GPC-1 as a biomarker for pancreatic
cancer, with several reports demonstrating cor-
relation between serum levels of presumably
tumor derived GPC-1T exosomes with
PDAC.%:9 However, there is no consensus, as
some reports have shown no correlation between
the two — an area yet to be clarified by future
work in the field.91-98,100,101

Functional experiments explain a biological role
for increased expression of GPC-1 in PDAC. In
vitro, knockdown of GPC-1 in PDAC cell lines
COLO-357 and PANC-1, reduced anchorage-
dependent and independent growth, and inhib-
ited mitogenic responses to FGF2 and
HB-EGF.%:102103  Knockdown of GPC-1 in
athymic mice resulted in decreased tumor angio-
genesis and tumor dissemination when mice were
implanted with human pancreatic cancer cell
lines (PANC-1 and T3M4).1%¢ Moreover, knock-
down of GPC-1 in a KRASGI12D model of
PDAC inhibited tumor growth through influence
on angiogenesis and tumor metastasis.!%¢ GPC-1
appears to play a role in PDAC progression both

in tumor cells themselves, and in the tumor
microenvironment.®3

Breast cancer

GPC-1 staining was shown to be expressed dif-
ferentially in human breast cancer, as compared
with normal breast tissue, by both IHC and in
situ hybridization.?> Higher levels of GPC-1
expression were seen in Stage 2 and 3 breast can-
cer tissue as compared with Stage 1, suggesting
that GPC-1 expression correlates not only with
the presence of tumor but is increased with dis-
ease progression, in line with its known biology.23
In vitro data using an GPC-1 antisense construct
transfected breast cancer cells, demonstrated that
knockdown of GPC-1 protein levels led to a
decreased mitogenic response to heparin binding
growth factors, supporting its role in disease pro-
gression in this tumor type.23

Brain tumors: glioblastoma, gliomas

IHC analysis of brain cancers, including astrocy-
toma and oligodendroglioma, demonstrated signifi-
cant overexpression of GPC-1 when compared with
benign gliosis.?” In studies evaluating the role of HS
proteoglycans (HSPG) in human glioma cell lines,
the glioma HSPGs were found to promote FGF-
dependent tumor growth signaling via FGFRIc,
with the level of GPC-1 expression reflecting FGF-2
signalling.?” More recently, higher expression of
GPC-1 has been associated with increased meta-
static potential and significantly decreased overall
survival (OS) in patients with glioblastoma.19>

Prostate cancer

The expression of GPC-1 in prostate cancer
biopsy tissue was identified by IHC staining
with BLCA-38, murine parent antibody to
Miltuximab® — an anti-GPC-1 antibody in clini-
cal phase development (GlyTherix Ltd).
Expression was observed in 80% of malignant
prostate biopsy tissue samples but not benign
prostatic tissue and antibody reactivity increased
with increasing Gleason score, indicating an
association of GPC-1 with aggressive pheno-
type.22 Moreover, expression of GPC-1 in meta-
static prostate cancer lesions has been observed
by IHC (Bradley J Walsh, personal communica-
tion). Expression of GPC-1 in prostate cancer
cell lines has also been reported.'% Miltuximab®
conjugated to %’Ga for imaging has progressed
through a first-in-human phasel clinical trial,

journals.sagepub.com/home/tam


https://journals.sagepub.com/home/tam

D Sabanathan, ME Lund et al.

demonstrating targeting

lesions.107

to prostate cancer

Bladder cancer

BLCA-38 (also known as MIL-38) is an IgGl
murine monoclonal antibody (mAb) raised
against the human bladder cancer cell line,
UCRU-BL-17CL, and is the murine parent anti-
body to clinical stage antibody Miltuximab®
(GlyTherix  Ltd).22108  BLCA-38 antibody
detected cells in the voided urine from patients
with transitional cell carcinoma of the bladder but
showed no reactivity to cell sediments from nor-
mal control patients.!°® The antibody also bound
human bladder cancer cell lines. Binding of intra-
peritoneally injected radiolabeled (!3!Iodine or
153Samarium) BLCA-38 to orthotopic bladder
tumor xenograft tissue was later demonstrated in
a rat model.1% Subsequent work by GlyTherix
Ltd. showed that the BLCA-38 antibody recog-
nized GPC-1 as its target antigen.106

Colorectal cancer

Colorectal cancer (CRC) is a very heterogenous
disease, with evidence supporting a different dis-
ease course for left- and right-sided primary can-
cers. In a study looking specifically at right-sided
CRCs, strong staining for GPC-1 protein was
seen in well differentiated neuroendocrine tumors
by IHC, while there was less staining seen in
poorly differentiated cancers. This is in line with
observations in prostate cancer where higher
Gleason grades are associated with higher expres-
sion levels of GPC-1.11° Transcription levels of
genes encoding core proteins carrying HS chains
for GPC-1 demonstrated a statistically significant
difference between healthy tissue and tumors in
both non-metastatic and metastatic colorectal
cancers originating in the right side of the colon.!10

Cervical cancer

Matsuzaki er al.ll! investigated the expression of
GPC-1 via THC in cervical cancer. High levels
were detected in approximately half of uterine
cervical cancer tissues as well as in a relapsed
tumor post radiotherapy.

Gastro-esophageal cancer

IHC analysis in esophageal squamous cell
(ESCC) cancer tissues revealed GPC-1 expres-
sion in gastric cancer tissue as well as lymph node

metastases, with none observed in normal adja-
cent tissue.!!2 THC analysis of close to 200 esoph-
ageal cancer patients revealed 98.8% presence of
GPC-1. High GPC-1 expression was associated
with worse clinical prognosis, as compared with
low GPC-1 expression.!!3 Furthermore, GPC-1
expression correlated with chemoresistance to
platinum-based chemotherapy, pointing to the
expression of GPC-1 in aggressive cancer, but
also the potential for GPC-1 directed therapies in
resistant tumours.26112,114

Additionally, knockdown of GPC-1 controlled
cell proliferation in ESCC tumor cells i vizro. 112115
Knockdown of GPC-1 resulted in a decrease in
anti-apoptotic proteins as well as inhibition of
EGFR, AKT, and p44/42-MAPK signaling path-
ways in these cancer cell lines iz vitro.112 In vivo,
blockade of GPC-1 with an antibody inhibited
tumor growth in xenografts and patient-derived
xenografts, in a manner partly dependent upon
signaling blockade, influencing angiogenesis.!12

GPC-1 directed therapies in solid tumors

The critical role of GPC-1 in modulating tumor
biology and the microenvironment, its overexpres-
sion in a variety of solid tumors and the association
with poor clinical prognosis and a more aggressive
and resistant tumor phenotype, suggests its potential
as a therapeutic target. Indeed, several pre-clinical
studies have demonstrated the therapeutic efficacy
of targeting GPC-1 in different cancers using differ-
ent mechanisms.?39%102 In a mouse xenograft of
esophageal cancer, targeting of GPC-1 with an anti-
body was shown to inhibit tumor growth. This effect
was seen independently of complement dependent
cytotoxicity (CDC) or antibody dependent cellular
cytotoxicity (ADCC) but was reliant on direct inter-
action of the antibody with GPC-1, likely by a sign-
aling blockade. Interestingly, this study demonstrated
a reduction in angiogenesis using staining for CD31
within the tumor as a proxy, suggesting a role for
GPC-1 in establishment/maintenance of angiogene-
sis.!12 In an animal model of uterine cervical cancer,
a cytotoxic antibody drug conjugate targeting
GPC-1 demonstrated significant and potent tumor
growth control.!1!

Importantly, both preclinical and clinical data
demonstrate the safety of targeting GPC-1.
Protein expression of GPC-1 in normal adult tis-
sue is absent,?2:2%8 and knockdown of GPC-1 in
mice does not alter homestasis.?> Moreover, safety
studies in mice delivering an anti-GPC-1 antibody
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(50 mg/kg) that recognizes mouse GPC-1, showed
no adverse effects.111:112 A phase I first-in-human
clinical trial of Miltuximab® targeting GPC-1, at a
total antibody dose of 25 mg, proved safe.115

GPC-1 as a radioimmunotherapy target

Given the clinical potential for RIT in the treat-
ment of solid tumors, novel antigens for the deliv-
ery of radiolabels are required. Overexpression of
GPC-1 in a variety of solid tumors, its role in tumor
biology, its restricted expression in normal tissue
and the demonstrated safety of targeting GPC-1,
suggest its potential as a delivery molecule for RIT.

In a phase I study of Miltuximab® conjugated to
67Ga for imaging, targeting of GPC-1 was assessed
primarily for an endpoint of safety, which was
met. The secondary endpoint was tumor lesion
targeting, which was seen in two patients with
active prostate cancer lesions.!1® The observation
of targeting in this study suggests the potential of
targeting GPC-1 clinically for imaging and ther-
apy of prostate cancer lesions.

Preclinical studies have demonstrated the utility of
GPC-1 as an RIT target for the imaging and therapy
of prostate tumors.!!” Miltuximab® radiolabeled with
89Zirconium wvia a DFO chelate was used for the
PET visualization of DU-145 tumor xenografts in
mice. The study demonstrated specific accumulation
and retention of the antibody in the tumor out to
7 days, which was the experimental endpoint, as well
as expected clearance in normal organs including the
liver. Therapeutic studies using Miltuximab® conju-
gated to beta emitting !"/Lutetium vza DOTA in
mice, demonstrated specific accumulation and reten-
tion in the tumor (imaged by Cerenkov luminescence
at 3 and 5days post injection, and ex viwo organ bio-
distribution by measure of radioactivity). Mice that
received 3, 6, or 10 MBq "7Lu-Miltuximab® showed
significant inhibition of tumor growth compared with
control mice (Figurel). In survival studies using 3
and 10 MBq doses, improved survival was achieved
with a 3MBq dose, and significantly improved sur-
vival was observed with 10 MBq. Importantly, the
treatment was well tolerated with no adverse safety
signals, which included assessment of organ
histopathology.!1?

Rationale for the targeting of GPC-1 for the
delivery of therapeutic radiolabel is supported

by several studies using BLCA-38 (parent anti-
body to MIL-38/Miltuximab®). BLCA-38 con-
jugated to !>3Samarium was used to target
UCRU-BL-17 human bladder cancer ortho-
topic xenografts in mice.!!8 Intraperitoneal
injection of BLCA-38, radiolabeled with 131 or
153Sm allowed visualization of the tumor.!0°
BLCA-38 tumor targeting and biodistribution
in animals was compared with that of the J591
mADb that recognizes PSMA. Both were labelled
with 125] to treat human prostate tumor xeno-
grafts of LNCaP-LLN3 and DU-145 cell lines in
mice. The study showed comparable targeting
and no unusual localization in non-tumor tissue
with both antibodies.!!®* BLCA-38 was also used
as part of a cocktail of antibodies labelled with
Bismuth-213 (?13Bi) to inhibit PC3 tumor
growth and metastases in a mouse xenograft
model.120

The use of alpha-emitters such as 213Bi and
Actinium-225 (?25Ac) as a component of tar-
geted therapy has shown great promise both
preclinically and clinically.!?! In prostate can-
cer (with metastatic bone disease), for example,
the United States Food and Drug Administration
(FDA) in 2018 approved the use of the first
alpha-emitter, Radium 223 (223Ra). The real
interest in alpha-emitters is their potency and
short path length, minimizing the risk of dam-
age to surrounding tissue. Internalization of the
antibody—antigen complex allows proximity of
the alpha particle to the nucleus and potentially
better efficacy, thus internalizing antibodies are
optimal for targeting of alpha particles.122
Interestingly, there may be some advantage to
antibodies that internalize over those non-inter-
nalizing, for example, Boudousq ez al. com-
pared efficacy of internalizing anti-HER2 mAbs
and non-internalizing anti-CEA mAbs using
212Pb in peritoneal carcinomatosis,!?? finding
better efficacy with the internalizing mAb,
though the different target antigens should be
noted. The anti-GPC-1 antibody BLCA-38
demonstrated efficacy against PC3 primary
tumor and metastases, and, although internali-
zation of the antibody was not studied in the
report, findings in our laboratory have demon-
strated rapid internalization of Miltuximab®
antibody in GPC-1 expressing cell lines (unpub-
lished findings), suggestive of its suitability for
alpha targeting.
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Figure 1. (a) Safety of GPC-1-directed RIT ""7Lu-Miltuximab® (3-10MBg) in mice. (b-d) Efficacy measured
by growth inhibition of "77Lu-Miltuximab® (3-10MBg) in mice bearing DU-145 prostate cancer xenografts,
showing tumor volumes (b), tumor control index (c), and survival (d). Reproduced from Yeh et al.!"e.

GPC-1, glypican-1; RIT, radioimmunotherapy.

A GPC-1 RIT: potential clinical utility

Molecular targeting therapy, as a theranostic or
solely therapeutic approach, using antibodies, is an
emerging field in cancer treatment. Exciting devel-
opments, particularly in the treatment of prostate
cancer, have brought this approach to the forefront,
with the success of agents such as 77 LLu-PSMA-617.
However, novel targets are required to achieve
optimal tumor targeting with minimal normal tis-
sue exposure and to allow targeting of different
solid tumors refractory to available treatment.

GPC-1 is a target antigen with great potential,
exhibiting overexpression in a variety of solid
tumors, but without normal adult tissue expres-
sion. Indeed, its utility as an RIT target for pros-
tate cancer has been demonstrated in preclinical
models,!17 and a first-in-human clinical trial using
67Ga-labelled Miltuximab® has been completed
in prostate, pancreatic and bladder cancer

patients.!1® A phase I trial for GPC-1 positive
solid tumor patients using 89Zr Miltuximab® for
imaging and !"7LLu Miltuximab® for therapy is
planned.!2¢ Anti-GPC-1 RITs have potential for
use in a number of diseases where novel imaging
agents and treatments are needed, including
lethal tumors like glioblastoma, gastroesophageal
cancer, and pancreatic cancer. The use of differ-
ent radioisotopes (alpha versus beta emitters) may
have specific advantages in some tumors.
GlyTherix has ongoing preclinical programs
examining targeting and therapy of Miltuximab®
and Miltuximab® antibody fragments in combi-
nation with 8Zr, 177Lu, and 225Ac in prostate,
bladder, pancreatic cancer, and glioblastoma.

Glioblastoma
The advent of stereotactic radiosurgery (SRS) has
changed the way we treat glioblastoma and forms
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a component of standard of care together with
debulking surgery and chemotherapy. Despite
this, the prognosis of glioblastoma is poor, due to
recurrent disease, with a 5-year survival rate of
less than 5%,!25 with ultimate disease progression
causing neurological deficit and eventual death.
The utility of high-dose SRS is limited to smaller
lesions away from critical neural structures; how-
ever, these lesions need to be seen radiologically
to be treated — a barrier to effective use — particu-
larly given the infiltrative nature of the tumor.
Moreover, one of limitations of radiation treat-
ment of glioblastoma is the associated neurologi-
cal defect caused by radiation dose to surrounding
brain tissue. Targeting of radiation via the use of
an RIT to treat unresectable tumor while mini-
mizing dose to normal brain tissue, may have
clinical utility, and this approach has reviewed
recently been.!?¢ Drug delivery to brain tumors
has its own considerations, given the generally
poor accessibility of systemically delivered drugs;
however, there is precedence for antibody access
to the brain when delivered systemically, and
other delivery routes are available.126

Given the expression of GPC-1 in glioblastoma,
targeting by radiation via a GPC-1-directed RIT
may have utility as an adjuvant treatment post-
surgery, specifically targeting minimal residual
disease or micro-metastatic disease in order to
prevent recurrence, whilst sparing healthy brain
tissue. Indeed, calculation of dosimetry using an
accompanying GPC-1 targeting imaging agent
would allow determination and minimization of
radiation dose to normal brain, whilst ensuring
sufficient radiation dose to tumor. Fractionation
of RIT can potentially be used in older, more
fragile patients, whose tolerance to radiation is
dose limiting for SRS, in order to achieve thera-
peutic levels of radiation to the tumor whilst min-
imizing toxicity to surrounding normal tissue.!27
Alpha particle RIT has previously been investi-
gated in the treatment of glioblastoma, conju-
gated to an antibody against vascular endothelium
cadherin (E4G10).128 In mouse models of high-
grade glioblastoma 225Ac-labelled E4G10 showed
high accumulation in tumor tissues expressing the
antigen, with improved survival when compared
with controls. Furthermore, the combination of
temozolomide with this RIT resulted in further
survival benefit,!28 supporting the hypothesis that
RIT may be useful as a monotherapy and/or in
combination with SOC treatments to increase
clinical benefit.

Gastroesophageal cancer

Gastroesophageal cancer is aggressive, increasing
in global prevalence, and treatment options are
limited. Definitive chemoradiotherapy is accepted
as standard of care for these cancers; however, the
outcomes for these patients remain poor, with
only one in five patients surviving at 5years.
Studies investigating increasing the dose of radio-
therapy to the primary tumor have suggested that
this may increase local control and survival; how-
ever, this has not been proven in phase III stud-
ies.129 In addition, more intense radiation doses
confer higher incidence of toxicity, which can
limit treatment. Targeting of radiation using a
GPC-1 directed RIT may have utility for this
class of cancer. Targeting of esophageal tumors
with an anti-GPC-1 antibody has been demon-
strated in animal models.!!? The use of RIT with
an alpha emitter in this group of patients may be
particularly useful. Alpha emitters have short
path length and intense energy expenditure so
permit targeted tumor cell killing with less dam-
age to surrounding normal tissue.3? The increased
expression of GPC-1 seen in chemotherapy resist-
ant esophageal tumors would suggest the utility of
a GPC-1 RIT in this resistant patient population
for whom treatment options are limited.

Prostate cancer

Whilst targeting of PSMA with 8Ga-PSMA-PET
and 177Lu-PSMA-617 or 77Lu-J591 has shown
promise for imaging and therapy of prostate can-
cer, these therapies are not applicable to all
patients since not all patients’ tumors overexpress
PSMA.73 Furthermore, PSMA expression can be
heterogeneous within a patient. PSMA is not
expressed exclusively in prostate tumor tissue;
rather, it is overexpressed, with evident expression
in normal prostate, small intestine, proximal renal
tubules and salivary glands, which results in a
radiation dose to these tissues during therapy and
related side effects. IHC studies using BLCA-38
indicate that GPC-1 is not expressed in normal
adult tissue,?2 and other studies show it is not
required for normal homeostasis,?® thus GPC-1
may represent an attractive target antigen for
those patients not suitable for, or who have failed,
PSMA-directed therapy. Given the increase in
GPC-1 expression observed with increasing
Gleason grade, and the role for GPC-1 in tumor
progression, invasion, and metastasis, a GPC-1
targeted RIT may have special utility for monitor-
ing of disease and/or treatment response. Indeed,
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in a phase I study of °?Ga-Miltuximab®, targeting
was observed to prostate cancer lesions in two
men with particularly aggressive disease.!18

Pancreatic cancer

Pancreatic cancer treatment has seen minimal
improvement over recent decades.® Disappointing
responses have been seen despite the advent of
immunotherapy.8 Novel strategies for targeting
this cancer are required, and the well described
expression of GPC-1, and its role in the biology of
this tumor, suggest its potential clinical utility as a
targeting agent for RIT. The utility of RIT in the
management of pancreatic cancer is being
explored. In a study of °°Y labelled anti-0.634 inte-
grin antibody, single and double doses of the radi-
olabeled mAb showed significant reduction in cell
proliferation and tumor growth when compared
with treatment with unlabeled mAb.!13° Of note,
the double dose of radioimmunotherapy resulted
in increased myelosuppression compared with the
single dose.!30 This suggests that further studies of
dose fractionation are warranted to minimize tox-
icity whilst maintaining radiation dose delivery
and improving efficacy in this tumor type.

Conclusion

The potential for RIT in the treatment of solid
tumors has been demonstrated clinically, and
methods to optimize the therapeutic efficacy of an
RIT approach in these less radio-sensitive tumors
are well established. Novel tumor targets with ideal
expression profiles (tumor expression with limited
expression in normal tissue) are required to expand
RIT treatment options for solid tumors. GPC-1
plays a critical role in the growth factor signaling
pathways, controlling and promoting multiple
aspects of tumor growth and metastasis. Its expres-
sion has been identified in a number of solid
tumors, many of which have limited therapeutic
options despite the evolution of novel anti-cancer
therapies. Pre-clinical studies have demonstrated
that RIT using GPC-1 targeting antibody is a well-
tolerated and effective way of treating prostate can-
cer. Clinically, targeting of GPC-1 is expected to be
safe based on both clinical and pre-clinical data.
Further studies investigating the therapeutic poten-
tial of a GPC-1 RIT in a range of solid tumors
where novel therapies are needed is warranted.
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